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Abstract

Offshore wind energy is a developing industry. One way to implement the wind turbine in the sea is to use
lattice structures. Since these structures are placed offshore, they must be able to withstand all kinds of loads.
One aspect of the design must take into account the natural frequencies. It is essential that the eigenfre-
quencies of the support structure do not correspond to the passing frequencies of the blades and any other
dynamic actions. To avoid this, the natural frequencies of the structure should be estimated during the de-
sign. The objective of this MSc study is the development of an easy to use finite element model to perform
the modal analysis of an offshore wind support structure. It was built based on relevant inputs, defining the
possible design of the lattice structure. Based on these parameters, the model can be adjusted and a high
number of designs can be tested easily.

The model is built in Matlab and consists of several modules, each one representing a different part of the
design. The program is named OwjEma, for Offshore wind jacket - Eigenvalues & modes analysis. The block
diagram of OwjEma is presented on Figure 1.

Figure 1: OwjEma block diagram

The user has access to a main script to enter all necessary inputs. Then the program starts and a second
function, named FE_model_builder.m, takes over. This second function is considered as the brain of the
program, in the sense that it gives orders to the other scripts and does not create outputs strictly speaking.
FE_model_builder.m is divided into five parts. The first, the definition of the geometry, creates the nodes and
elements composing the structure. Then, nodes are added to take into account the marine growth thickness
and visualize the local modes. The second part concerns the creation of matrices characterizing the model.
Each element is associated with two matrices: a local element mass matrix and a local element stiffness ma-
trix. Each is computed in a local frame of reference, then rotated and assembled into two global matrices,
representing the complete structure. To these two matrices, the effect of the environment is added: the cor-
rosion effect, the marine growth weight and the impact of the flooded elements. Once the two matrices have
been obtained, the equivalent stiffness characterizing the soil-pile interaction is calculated in the third part.
This calculation is based on the p-y curves and the t-z curve model. Depending on the pile size and the soil
properties, the equivalent stiffness is determined. Once the matrices completely describe the model, eigen-
values and mode shapes are calculated in the fourth part. From these outputs, the user can check whether
or not the natural frequencies correspond to the passing frequencies of the blades and other dynamic loads.
The fifth part of the function is the plotting of the structure.

The functionalities of the Matlab tool have been validated and thoroughly checked. Firstly by comparing
the analytical and numerical results of a simplified structure (a clamped beam), and secondly using a com-
plete structural model by comparing the outputs of the program with the outputs of the professional software
Bladed. All key results are verified such as the geometry, the mass of the structure, the stiffness matrix, the
implementation of the soil stiffness, the mass matrix, the effect of flooded members and the influence of ma-
rine growth. From these verifications, it can be concluded that the characterizing matrices of the structure
are correctly defined and that the model correctly represents the modal behaviour of a lattice structure.

The tool is ready to be used for sensitivity studies to verify which parameters most affect natural frequen-
cies. The model can also be used as a pre-design tool to quickly obtain and test different scenarios for an
offshore wind support structure. This is done for a structure with three legs and four legs. Both concepts are
modelled with the same parameters, in the same environment. Then, the natural frequencies of the four-
legged structure are calculated. This represents the reference configuration. The inputs of the three-legged
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structure are modified to obtain similar first natural frequency in both scenarios. Both models are then com-
pared. Cost, fabrication, installation process and load resistance are estimated in both cases. In conclusion,
the three-legged structure appears to be more effective than the four-legged design for these specific envi-
ronmental conditions. However, this is only true for this particular case.

The tool has some limitations such as the restricted number of possible designs/configurations, the assump-
tion that the transition piece is a rigid body, the use of the p-y curves that can overestimate the stiffness of the
soil, the non-linearity of the system that does not take into account the variation in time, the axial force in the
members affecting the stiffness no accounted for. Recommended future work may address these issues. Also,
since the model is built with different modules, it is possible to add new features such as a dynamic response
analysis section or a stress and fatigue calculation function.
The final conclusion is that the tool does what it is meant to do (i.e. quick and accurate modal analysis) and
that it can be further extended by adding new functions.
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1
Introduction

1.1. Wind energy objective
Wind energy has been used for centuries, as evidenced by the thousands of fourteenth-century Dutch wind-
mills. However, the first wind turbine used to produce electricity was built in 1887 by Charles Francis Brush
[1849 - 1929], with a capacity of 12 kW. Today, wind turbines can reach a production of 8 MW, with a rotor
diameter of 164 m (Vestas 164 - 8MW) [5]. The wind energy market has grown steadily in recent decades and
will continue to grow in the coming years.
In 2015, global electricity consumption was 21.36 trillion kWh [1]. Values have increased over the last century
and will continue to grow as shown in Figure 1.1. To meet the demand, new methods of energy production
must be developed in a sustainable way. As of December 15, 2015, 196 countries have signed the Paris Cop
21 agreement, which aims to reduce the world to 1.5°C by reducing greenhouse gas emissions. One way to
converge towards this goal is to increase the share of renewable resources in energy production.

Figure 1.1: World electricity consumption - source : www.enerdata.net

The increase in wind electricity production also responds to a logic of independence from oil resources and its
fluctuating prices. The price of wind energy is easier to predict in the long term since the wind is technically
unlimited.

1
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1.2. Why going offshore
Wind energy is already developed on land since it is easier to build a wind turbine onshore than at sea. Nev-
ertheless, offshore wind has some advantages. The main reason is there is more space offshore than on land.
With increasing rotor size, wind farms need larger area to be fully effective.
Another reason is visual pollution. A wind turbine in the sea will not create visual pollution of the landscape,
disturbs the environment with the noise and diminish the value of the property for the inhabitants. In addi-
tion, it is safer to have no one around a wind turbine (due to collapse or falling ice from the blades).
Another aspect is that wind resources are much higher offshore than on land. Therefore, going offshore also
responds to a logic of reducing the cost of the kW/h. Building a single offshore wind turbine makes no sense
economically. But implementing a whole wind farm in the sea will significantly reduce the cost of production
and is competitive with the onshore wind turbines.

1.3. Monopile vs Jacket
There are several types of offshore wind turbine foundations. It can be floating or structure based founda-
tion. This report focuses only on this last category. Two concepts mainly used are the monopile and the jacket
foundation type. The monopile consists of a single tubular element connected to the wind turbine through a
transition piece.
The jacket is a multi-member structure, connected to the wind turbine by a transition piece. The foundation
piles of the structure are driven through the legs. However, a similar structure called "tower" (not to be con-
fused with the wind turbine’s tower) has foundations attached to the legs by sleeves. Both structures are often
merged into the single-term jacket. This is the case for this report.
If the monopile structure is used for most of the offshore wind turbine, the concept of the jacket should not
be neglected. Indeed, the jacket concept is more effective than the monopile foundation in deeper waters.
However, since both structures are offshore, the design of each of them must withstand offshore conditions,
such as corrosion or hydrodynamic loads.

1.4. Modal analysis objective
The modal analysis is the evaluation of the structures’ eigenfrequencies and modes. These represent how the
structure is deformed at a given frequency.
The foundations of offshore wind turbines must be designed in accordance with rotor and blade frequencies.
The rotor rotates with a certain frequency range. This range is named 1P. As the rotor is composed of three
blades (in most cases), the frequency range 3P corresponds to the frequency of passage of the blades. In order
to avoid resonance, the eigenfrequencies of the structure must not be in these two ranges, 1P and 3P, as shown
in Figure 1.2.

frequency

1P 3P

Soft-soft Soft-stiff Stiff-stiff

f1 f2

Figure 1.2: Example of rotor and blade range of frequencies

The two red lines f1 and f2 represent the first two natural frequencies of the structure. These values are
supposed to be located in regions called "soft-soft", "soft-stiff" or "stiff-stiff" in order to avoid resonance with
the rotor’s frequency and the blades’ passing frequency. Modal analysis is also used to estimate the dynamic
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behaviour of a structure, depending on the modes shape and the eigenfrequencies calculated. The stress and
fatigue of the structure’s members can be estimated from this operation.
Therefore, modal analysis is one of the first steps in designing a structure, since its outcome influences the
rest of the study.

1.5. FE model definition
The finite element method is a way of discretizing the elements of a model. This method solves the problem
only for a finite number of points. As shown in the figure 1.3, a continuous element is discretized with a finite
number of nodes. These nodes interact with each other according to the mathematical expressions imple-
mented in the matrices. These matrices define the model and since they are finite, they can be implemented
in a numerical algorithm.

Finite Element model

Continous element

Discretized element

Figure 1.3: Finite element model definition

Since the model is discretized, the accuracy of the results is lower compared to an analytical method. The
choice of method depends on the purpose of the model. In this case, the model’s objective is to calculate
the modal behaviour of an offshore wind turbine jacket. Consequently, it is more efficient to use a finite
element method since we are interested in the general behaviour of the structure, and not in a specific part.
In addition, the jacket is a complex structure, with many different elements. It would be too difficult and time
consuming to use a continuous system for the model.
The output of such a model is the behaviour of the nodes used to discretize the elements, not the behaviour
of the element itself. However, if the distance between two nodes is sufficiently small compared to the length
of the element, the behaviour of the member can be approximated.

1.6. FE model objective
The finite element model developed in this report is the model of an offshore wind turbine jacket. The point
of this model is to return the structure’s modal behaviour, in other words, the modes shape and the associated
natural frequencies. With this model, the user should have a rough idea of the final design. This model should
be used to check if the structure is properly designed for the 1P rotor frequency and the 3P blade frequency. If
the natural frequencies obtained are not satisfactory, the user can easily modify the model’s inputs to increase
or decrease the eigenvalues.
The second goal of the model is to be user-friendly, which means it must be easy to understand and use.
The user must be able to customize the structure as much as possible. The idea is that anyone with little
knowledge of the offshore wind industry can use this finite element model without spending too much time
trying to understand it.
Finally, the model element FE, program with the software Matlab, must require a small computation effort.
This means avoiding as much as possible the Matlab functions that require a lot of resources and the creation
of unnecessary outputs.
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1.7. Master thesis objectives
The objective of the Master thesis is to design and program on Matlab a finite element model of an offshore
jacket that can be used to perform modal analysis. The program must return the structure’s modes shape
and the eigenfrequencies, but also the parameters characterizing the model such as the matrices of mass
and stiffness, or the list of nodes and elements. Based on these results, the user should be able to conduct
modal analysis and to get a preview of a jacket design. The second objective of the thesis is to make the model
user-friendly, so it can be used and improved by someone other than the one who coded it. Inputs must be
relevant, clear to everyone and easy to edit. The program must explain the calculation steps in real time, so
the user knows what is happening and why during the operating time. Finally, the model must be built with
different modules, which can allow an external person to modify and improve the code. Therefore, other
functions can be added to the program.

This report is divided into four parts. Part I, the literature review, focuses on existing finite element mod-
els, how they work, how they are related to the offshore wind industry, and what their limitations are. Models
similar to the one built in this report already exist in the offshore industry, such as Bladed, a software, devel-
oped by DNV GL. However, this program can be difficult to use and does not return the exact modes shape
and eigenvalues of the offshore wind support structure. It is more a tool to optimize the design of the wind
turbine. This is the subject of Chapter 2. Then, Chapter 3 of Part I details the possible inputs of a finite el-
ement model representing an offshore wind support structure. A selection among these inputs is made and
implemented in the model.
After defining the relevant entries for the model, the program is constructed. Part II explains how the model is
built and how the various functions of the program work. This part can also be considered as the user manual
because it details the inputs, outputs and internal logic of each component of the program. The specificity
of the model developed in this report is the ability to customize the structure with a finite number of entries.
The geometry does not need to be calculated separately and added to the program. In this model, geometry
construction and modal analysis are part of the same algorithm.
Before being used, the model must be verified. This is the subject of Part III. The different functions created
are tested and compared to another finite element model: Bladed. This part evaluates the model by checking
the results first with a clamped beam then with a multi-member structure. Several operations are performed
to check the program, such as the comparison of the analytical and numerical results, the verification of the
static response, the modal behaviour, the total mass and the additional mass of the structure.
Part IV details the comparison between a four-legged and a three-legged structure. This study is carried out
with the previously developed program. A four-legged structure is established as a reference model. Then,
a three-legged structure is modelled with the same inputs as in the reference design. The parameters of the
three-legged structure are modified to obtain a similar first natural frequency in both cases. The purpose of
this section is to evaluate the most appropriate design, based on cost, installation, fabrication and load resis-
tance.

Once the model has been designed, created, and tested, it can be used by other users to perform sensitiv-
ity studies, modal analyses, or to implement new functions in the model.
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2
Existing models

The goal of this thesis is to create a finite element model of a wind turbine support structure. The model
should be easy to use and offer the ability to customize the concept design. However, some models have
already been designed. Before starting to look at how to develop a finite element model, it would be wise to
check how other models work, what they offer and what their limitations are. In this chapter, several finite
element modelling programs will be studied. Two are commercial software (Bladed and Ansys), while the
others have been developed for a specific research project.

2.1. Bladed
The model created in this report has been designed in accordance with the DNV codes. This company has
also released a software to design a wind turbine, named Bladed. It’s a professional program with a lot of
possibilities for the user. It can be used to model the rotor, the nacelle and the support structure. The part of
the rotor and the nacelle is quite accurate and the large number of inputs can model precisely this element
of the wind turbine.
The software has existed for twenty years, so it can be assumed that the outputs are correct and accurate. This
could be a good basis for checking the validity of the finite element model design in this report.
The program wants to be able to represent any type of wind turbine support structure. Therefore, it is possible
to model a monopile or multi-member structure, an onshore or offshore wind turbine, or even a floating
structure. But the consequence of this large amount of possibility is that there is no quick option for pre-
designing a structure. The way elements of a structure are entered in the software makes impossible to create
the design without external tools. Since each element must be entered individually, modelling any type of
wind turbine structure takes a long time. Bladed is a tool for once a pre-design of the structure is established.
It should be used to optimize the design.
Another aspect of Bladed is the amount of possible outputs. Since the software is used to adjust the design, it
must return a lot of information to the user. However, the downside is that Bladed acts as a black box, in the
sense the calculations implemented in the code of the software are not explained. As a consequence, it can
sometimes be difficult to understand how to modify the parameters that influence the results.
The aspect of Bladed directly related to the subject of this thesis is the modal analysis. In Bladed, among the
possible outputs we can find the modes and the associated frequencies of the support structure. However,
these modes are not the natural modes of the structure. The Bladed User’s Manual states: "The tower modes
are not the natural modes of vibration of the tower. They are split into attachment modes which involve the
response to a unit load in one of six directions at the nacelle attachment; and normal modes which involve no
motion of the nacelle attachment node". The modes calculated in Bladed are used to estimate the dynamic
response of the structure. But strictly speaking, the eigenfrequencies and the associated deformation are not
correct. This will have two consequences on the model design in this report. First, the outputs of the modal
analysis should represent the actual deformation of the model corresponding to a certain natural frequency.
Secondly, in order to verify the model, a specific function must be created to compute the same type of modes
and frequencies as Bladed. Otherwise, comparing the two programs makes no sense.
As discussed earlier in this section, defining the geometry of the structure in Bladed can be complicated.
Then, some of the outputs of the model can be the inputs for the Bladed geometry. The idea is to create a

7
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pre-design with the model,and, based on the results, implement it in Bladed for optimization.

2.2. Ansys
Ansys is a company specialized in numerical simulations, mainly with finite element models. Therefore,
Ansys is not a finite element model properly speaking, but a software used to create finite element models.
Nevertheless, as it is a major software in numerical simulation, and since it is used in the offshore wind in-
dustry, it makes sense to spend time learning from it.
Several options are proposed in Ansys, such as the representation of fluid dynamics, dynamic structure, ther-
modynamic or electromagnetic behaviour. However, with the scope of the master thesis, this section will
focus on the dynamic part of the structure.
This software is a professional engineering program and it can be safely considered that the results are accu-
rate (implying a correct use of the software). There are two ways to implement a structure: with Ansys classic
or with Ansys Workbench. The first possibility helps to the design of simple structure. Consequently, it does
not apply to a jacket wind support structure. The Ansys workshop is more relevant for such work, although it
requires programming knowledge. Since Ansys is a general software, not specific to the offshore wind indus-
try, many options are present, and not all are relevant to the model. Consequently, it is difficult to model a
jacket quickly and easily as it is in Bladed.
Ansys can model a structure and define a mesh to simulate it. The consequence of this is accurate results.
However, the mesh of a structure like a jacket can take a lot of time, and even more for the calculation. For
this reason, with the objectives of designing a wind support structure, this software should be used once the
pre-design has been established. Then, it can be used to model a specific part of the structure, such as the
foundations or the transition piece.

2.3. Model created for a specific project
The two previous software presented are used to create models. But a lot of models of an offshore wind sup-
port structure have been developed for specific research projects. This section gives an overview of these
models and what can be learn from them in the design of a finite element model of a lattice structure.
The Stabil toolbox is a list of functions developed in Matlab by the Structural Mechanic Department of the
Katholieke Universiteit Leuven. This pack has been developed to assist in the creation of finite element mod-
els. It is easy to adjust and use because it is composed of different parts. The idea to create the model with
different modules is helping, since it allows to program to be extended in the future. An other person can
simply add a new module to the code to improve it.
In 2014, Kok Hon Chew, E.Y.K. Ng and Kang Tai [13] have created a finite element model to study the influence
of the number of legs on the structure’s behaviour. This parameter can be added to the model to estimate its
importance.
In the Upwind report, by Wybren de Vries [15], several concepts are studied for use in deep water. For the
Jacket concept, a model is created in Bladed to perform a sensitivity and cost analysis. The structure focuses
on various parameters, including the impact of the type of foundation (rigid or rigid) on natural frequencies.
These type of parameters can be included into the model since they seem to have an influence on the final
design.

2.4. Why a new model
The conclusion of the previous section is that a finite element model alone does not mean anything. A model
is created to represent something in particular. In this report, the model is created to perform a modal anal-
ysis of an offshore wind support structure. Consequently, the inputs in this model must be relevant for a
modal analysis. According to the studies [15] and [13], the number of legs or the type of foundation can be an
example of such inputs.
Based on the commercial software, Bladed, the model should be made specifically for the offshore wind in-
dustry, and be easy to custom. The user should be able to understand and easily access the program code.
The goal is not to create a black box, but a program that can ve used by anyone with a little knowledge of the
offshore wind industry.
The idea of this model is not to replicate exactly the structure, but to create a tool to established the pre-
designed concept, which can be optimized in a more complex software.
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Inputs definition

Before starting building the model, a thought must be given on which inputs and outputs are relevant for
the study. So, in this chapter, different inputs are going to be defined in order to obtain an extended list of
realistic offshore wind turbine support structure. This review of the entries will focus on the exciting and po-
tential concepts of multi-member support used in the offshore wind industry. Potential because if some of
the concepts are already in service, other presented in this chapter are just the combination of different brace
pattern, foundation and lattice structure that have never been experienced. This part won’t give an absolute
overview of all the concepts, but will try to represent as much as possible the reality of this industry. The
concepts will be defined with the elements presented on the Figure 3.1. In the section 3.2, the various com-
ponents of the multi-member structure concepts will be detailed, such as the batter inclination, the bracing
and the variation of the leg diameter. Section 3.3 will present the elements of the foundation model, which
are the type of foundation, the piling procedure and the number of piles.

Substructure

Lattice	Structure

Batter	Inclination

Bracing

Leg	diameter

External	parameters

(a) Lattice Structure Overview

Foundation type

Piling procedure

Number of	pile

External parameters

Foundation

(b) Foundation Overview

Figure 3.1: Multi-Member Structure Concept Overview

In Section 3.5 of this chapter, the external parameters affecting the structure’s modal behaviour will be devel-
oped (added mass, marine growth, corrosion, sacrificial anode, coating, corrosion allowance, flooded mem-
bers, scour effect and soil properties). The idea is to show how the eigenvalues will be modified, and what
the governing equations of these phenomena are. However, it should be noted that the presented parameters
won’t all be considered as inputs for the program, since they may be judged irrelevant to the study or not
representative of the offshore wind industry. The idea of this chapter is to create a list of potential inputs that
can be added to the model in the future. The objective is also to explain to the user what the inputs mean and
how they should be used.

9
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3.1. Terminology
Jacket: the term "jacket" relates to a certain type of foundation, where piles are driven through the legs. If the
piles are connected to the substructure with a pile sleeve, the correct term to be used is tower. However, in
this report the term "tower" refers to a wind turbine tower. Therefore, the term of "jacket" refers as well for
the jacket and the tower substructure.
Tower: the term "tower" refers to the wind turbine tower.
Brace pattern: this term designates the layout of the non-leg members in the lattices structure. Usually it is
associated to a letter representing its shape. This term is detailed in Section 3.2.3.

3.2. Substructure

3.2.1. Multi-member structure
The first step of the concept design is to choose an appropriate substructure shape. Each of them has its
advantages and inconvenients. A concept should be selected based on several parameters, such as the water
depth, the environmental conditions, the lifetime or the total cost. Five different options are detailed in this
section. Since this report is only about multi-member structure, the monopile foundation is not considered.

The lattice structure term describes several concepts. Among them are the full truss, the jacket or the tower
substructure. Each of these concepts can be conceived with three or four legs. The lattice structure is made of
tubular steel elements. The wind turbine tower is connected to the substructure via a transition piece, which
transfers the loads to the substructure, mainly in the axial direction.
For a jacket substructure, the piles are driven through the legs and then used as foundations. So, the legs
must be straight and with a constant diameter to allow the passage of the foundations.
The tower substructure concept (not the wind turbine tower) represents a lattice structure in which the foun-
dations are attached to the structure at the seabed. Then, the legs can be angled and offer a diameter varia-
tion.
In the full truss concept the rotor is directly connected to the lattice structure. Ergo, a wind turbine tower is
not present in this model. A transition piece is placed at the top allowing the nacelle to rotate. This type of
substructure will increase the weight and the cost of the wind turbine since it uses more steel than a regular
lattice structure. In the three cases, the large base of the structure increases the resistance to overturning.
Examples of these lattice structures are presented on Figure 3.2.

(a) Jacket concept
example

(b) Tower concept
example

(c) Full truss concept
example

Figure 3.2: Lattice structures examples
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The tripod [7] (see Figure 3.3) is a three-legged structure, using a small number of tubular elements. A central
vertical element of large diameter transfers the load from the tower to the substructure. Relatively lightweight,
the piles are driven into the seabed from 10 to 20 meters. The tripod can be used only in water depths larger
than 7 meters as the steel frame prevents the vessel from approaching [2]. The loads are transfer in the axial
direction and, as for the previous lattice structures, its large base prevent it from overturning. It uses less
steel and nodes than a traditional substructure. However, the welding and the design are complex, which
doesn’t necessarily reduce the manufacturing cost. This model has been used on the wind farm Alpha Ventus,
Borkum, Global Tech 1 and MEG Offshore 1.

Figure 3.3: A tripod in Bremerhaven

The twisted jacket. The legs of this structure are twisted with an angle from 0 to 90 degrees [19], which reduce
the amount of steel used and the number of nodes. This new type of substructure can reach a water depth of
60 meters. It has been installed on the wind farm Hornsea.

Figure 3.4: Twisted Jacket for the wind farm Hornsea

3.2.2. Batter angle
The batter angle is defined as the angle between the legs and the horizontal axis. In the case of a jacket, the
batter angle should remain the same to allow the pile passing through the legs. But in the other cases, the
batter angle doesn’t have to be constant, which give the opportunity to build higher substructure.
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3.2.3. Brace pattern
The brace pattern is defined as the configuration of the vertical, diagonal and horizontal elements between
the legs. The bracing transfers the loads from the top to the base. Several type of basic bracing can be consid-
ered such as the X - brace pattern, the diagonal brace pattern and the K - brace pattern (as shown on Figure
3.5). However, the final lattice structure can be a combination of all.

(a) X - bracing (b) Diagonal bracing (c) K - bracing

Figure 3.5: The three type of bracing

The X - brace pattern can be with or without horizontal member. The diagonal brace pattern also has some
variations, presented on the Figure 3.6. The optimum bracing is the X - brace pattern and the diagonal brace
pattern convergent 2, as they transfer the loads in the most efficiency way. However, other bracings exist and
their influence on the structure dynamics should be tested in this report.

(a) Diagonal bracing
convergent 2

(b) Diagonal bracing
convergent 4

(c) Diagonal bracing
parallel

Figure 3.6: Different type of diagonal bracing

3.2.4. Leg Diameter
In the case of very high lattice structure, the legs can be designed with a non-constant diameter. This will
increase the stability without increasing too much the amount of steel used. However, this is valid only for
foundations other than jackets, since the piles must be driven through the legs.

3.3. Foundation
3.3.1. Foundation type
In this report, three categories of foundation are presented: the tower foundation, the jacket foundation and
the suction bucket foundation.
The tower foundation consists of using sleeve attached to the corner of each leg [10], into which the piles are
driven. This can be done before (pre-piling) or after the substructure positioning (post-piling). In the case of
the jacket foundation, the piles are drive into the seabed through the legs. In consequence, the batter angle
should never exceed 1:6, to avoid operational problem and should also be constant.
The suction bucket, or caisson foundation represents the third foundation family in this report. It fixes the
structure to the soil by pumping out the sand and the water during the installation. For this reason, there is
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no need to drive pile into the seabed, which reduces the noise for the marine life. This method decreases the
weight of the structure and make the decommissioning easier.

3.3.2. Piling procedure

The piling procedure here is related to the tower foundation. It corresponds to the pre-piling and the post-
piling.
The post-piling process consists of inserting the pile once the substructure is on the seabed, while the pre-
piling consists of inserting the foundation in the soil before positioning the substructure on it. With this
technique, the piling and the substructure installation can be done on different days, which will lead to a
reduction in cost and to an increase in safety. However, the pre-piling requires a very accurate positing of
the pile. To achieve that, a template is used. This method has been used on the wind farms Alpha Venturis,
Thornton Bank, Ormonde and Nordsee Ost [3].

3.3.3. Number of piles per leg

The sleeve can be used to insert one or several piles, which will affect the structure’s dynamics and stability.
It should also be noted that, once in the soil, each pile has a zone of influence. Therefore, if adding several
pile increase the stability of the structure, they can interact with each other, which can have unexpected
consequences.

3.4. Top transition

The transition piece is placed between the substructure and the tower. It must be resistant to the bending,
the loads and the shear stress throughout the lifetime of the wind turbine. The choice of the transition piece
concepts depends on the type of substructure. For a tripod, it is similar to a monopile transition piece, and
for the other concepts, it is similar to a classic jacket transition piece.
However, since the idea of the report is to represent the global behaviour of the structure and not only of the
transition piece, it should be model as a rigid element with a mass. Different way of representing it are shown
on Figure 3.7.

Figure 3.7: Different transition piece modelization
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3.5. External parameters
3.5.1. Flooded members
Members below the sea level can be flooded or not flooded, which will change their buoyancy and mass. The
legs and the brace members can be flooded separately. When flooded, the mass of the elements increases,
reducing the natural frequencies. Additionally, the load exercised on the foundation won’t be the same, and
the dynamic of the system will be changed.

3.5.2. Material properties
The structure is mainly composed of steel, which is characterized by the yield stress, the tensile strength and
the elongation before breaking, given by the DNVGL-OS-B101 and presented in Table 3.1 [8]. Steel is divided
into three categories : normal strength steel, high strength steel and extra high strength steel, each defined by
the previous parameters and by their chemical composition.

Type of steel Yield stress - MPa Tensile strength - MPa Elongation at break - %
Normal Strength Steel 235 400 - 520 22

High strength Steel 265 - 390 400 - 660 20 -22
Extra high strength Steel 420 - 690 530 - 940 14 - 18

Table 3.1: Steel characterisation

The yield stress is related to the Young’s modulus, which is used to characterize the elements of the structure.
Each of them is represented with two nodes, the diameter, the thickness, the Young’s modulus, the density and
the Poisson’s coefficient of the material. The values recommended by the DNVGL-RP-C204 [9] are presented
on Table 3.2.

Material Young’s Modulus - GPa Density - kg·m−3 Poisson coefficient
Steel 210 7860 0,3

Table 3.2: Steel properties

3.5.3. Added mass
The added mass represents the inertia of the system caused by the water displacement around the struc-
ture. This added mass depends on the relative acceleration and on the added mass coefficient CA . It can be
determined using the equations provided by the DNVGL-RP-C205 [6]. This coefficient is dependant of the
Keulen-Carptenter number and of the drag coefficient. If KC < 3, then CA = 1. However, if KC ≥ 3, the added
mass coefficient is calculated using the Equation (3.1).

C A = max

{
1−0,044 · (KC −3)

0,6− (CD −0,65)
(3.1)

CD represents the drag coefficient, which can be calculated using the DNVGL-RP-C205 [6]. It depends on
the element’s size and on the surface’s roughness, which is also given in the DNVGL-RP-C205 and presented
on Table 3.3.

Material roughness - meters
Uncoated steel 5·10−5

Painted steel 5·10−6

Highly corroded steel 3·10−3

Marine growth 5·10−3 - 5·10−2

Table 3.3: Surface roughness
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3.5.4. Marine growth

Every submerged structures will face marine growth. In order to correctly model the wind turbine support
structure, some parameters related to marine growth must be taken into account. First, the marine growth
should be considered soft (grassy type material) or hard (layers of shell) [11]. These two types will have a
different density. The hydrodynamic loads will also be impacted, since the surface roughness won’t be the
same. The drag coefficient will be changed, and thus the added mass, as explain in Section 3.5.3. The density
and the thickness of the marine growth will differ depending on the emplacement and the depth of the lattice
structure, but also with the current, food supply, water temperature, salinity, Ph value, oxygen content and
cathodic protection [12]. Their is an infinity of marine growth type, however, some typical thickness values
depending on the region are given in the DNVGL-0S-J101: Design of Offshore Wind Turbine Structures [10]
and are presented on Table 3.4. According to the DNVGL-RP-C205 the marine growth thickness is assumed
to increases linearly for two years until reaching its final value [6].

Thickness [mm]
Water Depth Central & Northern

North Sea
Norwegian

Sea
Southern
North Sea

Central & Southern
California

Gulf of
Mexico

West
Africa

-10 meters 100 60 150 200 38 100
-20 meters 100 60 100 200 38 100
-30 meters 100 60 100 200 38 100
-40 meters 100 60 100 200 38 100
-50 meters 50 30 50 200 38 100

Table 3.4: Typical marine growth thickness

In West Africa, the marine growth can reach 300 mm in the splash zone. The density of the marine growth is
approximately 1325 kg.m−3 [10]. However, this value is just an estimation, and this report should use a larger
interval when modelling the impact of marine growth.
Biofouling increases the mass of the structure and influences the drag and added mass coefficient. As a result,
the damping and the added mass of the structure will be modified. [6]. Still, it won’t affect its stiffness, causing
a reduction in the natural frequencies [12].

3.5.5. Corrosion

As the multi-member structure is made of steel and placed in the sea, corrosion must be taken into account
with a protection which will reduce the risk of failure. The splash zone and the underwater part are subject
to corrosion [9] and must be protected. Sacrificial anodes, coating or corrosion allowance can be used to
prevent this phenomena.
Typical corrosion rate values for uncoated steel in seawater are given in Table 3.5 [17]. In freshwater, the
corrosion rate is divided by two.

Zone Corrosion rate - mm/year
Splash zone 0,15

Submerged zone 0,07
Abrasive sediment zone 0,3

Table 3.5: Typical Corrosion rates

The splash zone is the external structure’s surface periodically inside and outside the water. Its size can be
approximated as the wave height with a return period of 100 years [24]. This part of the structure should be
carefully monitored as it is the most exposed area to corrosion.
This phenomenon must be represented carefully in the finite element model since it is not homogeneous. A
member won’t be corroded the same way everywhere.
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3.5.6. Sacrificial anodes
A sacrificial anode is an alloy of zinc and aluminium. The interest of this protection is to be consumed instead
of the steel structure. This will happen if the potential of the anode is lower than the potential of the steel.

Eanode < Esteel (3.2)

Each sacrificial anode is designed for a period of time. Once the anode is completely consumed, the seawater
will begin to corrode the steel structure. Therefore, the mass of the sacrificial anode must be large enough to
withstand several years. The anodic mass is determined using Equation 3.3 [25].

manode =
Icur · tpr otecti on

uanode ·Qcur
(3.3)

Where:
manode : mass of the anode - kg
tpr otecti on : duration of the protection - h
Icur : current intensity - A
Qcur : current capacity of the anode - A.h.kg−1

uanode : efficiency factor ≈ 0,85

Usually, the anode mass is between 500 kg and 1000 kg, for a design of 25 years. Each of them must be at
least one meter below sea level and one meter above the seabed. At least one anode must be present per
member [9]. This will lead to additional mass on the structure, which affect modes and eigenvalues.

3.5.7. Corrosion allowance
The corrosion allowance is the additional steel layer supplied to the element in the splash zone, where the
sacrificial anodes are ineffective. It is designed so the members have a normal dimension at the end of the
structure’s life, and are able to withstand loads and stresses. However, corrosion allowance will lead to an
increase in the mass and the stiffness of the members. It will also increase the global structure surface, which
will modified the drag and inertia forces. All these aspects must be considered during the design of the off-
shore wind turbine.
The corrosion allowance is based on a minimum rate of 0,10 mm/year [9]. Consequently, for a 25 years design
it should be larger than 2,5 mm.

3.5.8. Coating
Another method to prevent corrosion is the coating. The members are covered by several layers of different
materials, in order to isolate them from the sea. These layers can have different compositions, as the one
propose by Ramesh Singh in Corrosion Control for Offshore Structures [24] and presented on Table 3.6.

n° Layer Thickness Density
1 EPOXY 300 µm 1,44 g .cm−3

2 Adhesive 300 µm
3 Solid polypropylene 8,4 mm 0,895 - 0,92 g .cm−3

4 Solid polypropylene 30 to 40 mm 0,895 - 0,92 g .cm−3

5 Polypropylene shield 4 to 5 mm
6 Polypropylene foam 30 mm 0,31 - 0,35 g .cm−3

7 Polypropylene outer shield 5 mm

Table 3.6: Exemple of coating layer

However, this composition seems to be extreme, usually the coating thickness don’t exceed a few millimetres.
It might be interesting to investigate on the impact of such a protection on the structure.
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3.5.9. Scour effect

The scour effect is caused by the moving water. It represents the hole in the soil appearing around a sub-
merged body. Its intensity is related to the structural design and the soil properties. The pile diameter and
the distance between the legs will have a large influence.

The scour effect is broken down in two parts:
- the local scour around each pile. It is caused by a horseshoe vortex, generated by a change in the surface
elevation [7]. The piles’ diameter and the Keulen-Carptenter number have a direct impact on the scour in-
tensity.
- the global scour around the complete structure. It is caused by the variation of the flow velocity and the
turbulence generated by the piles [26]. So, it depends on the chosen concept. The more "transparent" the
structure is, the smaller the scour effect will be. The number of piles and their configuration is then taken
into account.

The scour effect generates a hole around the piles and the structure, which reduces its stability and may
even leads to a structural failure. This risk is important and should be taken into account during the design
process.
According to the DNVGL-ST-0126 [7], the local scour effect is related to the Keulen-Carpenter number KC,
such as :

KC = 1,41 ·ur ms ·Tp

Dl eg + tmg
(3.4)

Where ur ms the standard deviation of velocity at seabed, Tp the wave peak period, Dleg the leg diameter and
tmg the marine growth thickness.
If KC Ê 6, the scour depth is expressed as:

S = 1,3 · (Dleg + tmg ) · (1−e−0,03·(KC−6)) (3.5)

If KC < 6, no scour effect is observed, since no horseshoe vortex is formed.
The local scour effect doesn’t appear suddenly, but develops over the years. The time development of the
scour effect is given by Equation 3.6.

St = S · (1−e
− t

T1 ) (3.6)

Where T1 is a coefficient calculated with the DNVGL-ST-0126 [7].

3.5.10. Soil properties

The foundations of the substructure are assumed to be vertical piles in this report. They are modelled as
beam with a constant cross section and their interactions with the soil are calculated by the use of p-y and t-z
curves. This represents the non-linear stiffness of the soil and it depends on the soil’s type (sand or clay), the
internal friction angle, the vertical strain and the untrained shear strength. An appropriate way to define the
p-y and t-z curves is described in DNVGL-OS-J101 Design of Offshore Wind Turbine Structures [10].
Since the soil can be composed of several layers, the effect of one on the other is incorporated to the model,
as explain by Lymon C. Reese and Willem van Impe [23]. The model of the pile-soil interaction can be viewed
on Figure 3.8.
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Figure 3.8: Example of pile-soil interaction in a multilayer soil

3.6. Inputs overview
Once all the inputs are identified, the lattice structure and the foundations are defined. Figure 3.9 and Figure
3.10 present all the possible combinations. It should be remembered that in the case of a jacket foundation,
the batter angle and the legs diameter must be constant, otherwise the piles won’t be able to pass through
the legs. These two figures do not represent the actual possibility of the model, but what can be done by the
addition of extra features. Moreover, this list of inputs is not exhaustive and can be completed by the user.

Tripod
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Jacket

Full	Truss

Constant	Legs	
Diameter
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Figure 3.9: Overview of the lattice structure possibility
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Figure 3.10: Overview of the foundation possibility

The model design in this report is based on the possibilities presented in Figure 3.9 and Figure 3.10. However,
it has been decided to exclude for now the concepts of tripod and twisted jacket as they are less representative
of the offshore wind industry than the three legs and four legs structures. The full truss concept has been
rejected for the same reason. The simplified list of inputs is presented on Figure 3.11. It has also been decided
to consider for now to only vertical pile foundation.
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Figure 3.11: Model final inputs overview
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4
Model Introduction

In Part I, relevant inputs to a finite elements model of of wind turbine jacket have been identified, such as
geometric, material, environmental and soil properties inputs. While not all these parameters are going to
be used by the program (as explained in Section 3.6), this gives an idea of the kind of wind support structure
that can be designed. This second part explains how the program, named OwjEma (for Offshore wind jacket -
Eigenfrequencies & modes analysis), is constructed in Matlab and how the different scripts interact with each
other. It describes the logic behind the algorithms and details the different functions. This first chapter gives
an overview of the model architecture and a short description of the functions.These functions are described
more in detailed in the next chapters.

4.1. Terminology
- Model: this term designates the interpretation of the reality, under which scope it is defined and how it can
be numerically represented.
- Finite Element Model: this specifies that the model is constructed with a finite element logic. It implies dis-
cretized structure’s elements.
- Algorithm: The algorithm is composed by all the logical steps taken by the model.
- Program: The program is the numerical interpretation of the algorithm, where all the steps are written in a
language that can be interpreted by a software. It this case, the software is Matlab.
- Script: In the same way the program is the numerical interpretation of the algorithm, the scripts are the
numerical interpretation of the logical steps of the algorithm.
- Function: It has a more global definition than the script. It is composed of a script that returns outputs for
given inputs.
- Matlab functions: The Matlab functions are the functions already implemented in Matlab and not build for
this program.
- Model architecture: It is the way the program is constructed, how the functions interact with each other and
in which order. It can be considered as the "road" the model is taking.

4.2. Model Architecture
The model architecture is shown on Figure 4.1. It represents the path taken by the program. This figure
is composed of six orange squares, each one representing a different part of the program. These parts are
associated to different chapters: the geometry definition (Chapter 5), the matrices construction (Chapter 6),
the soil-pile interactions (Chapter 7), the modal analysis (Chapter 8) and the response analysis (Chapter 9).
The first part, model introduction is treated in the present chapter. The blue square symbolizes the functions,
with the inputs and outputs of each one.
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4.3. List of the functions

This section presents the list of the function developed for OwjEma (except for the function cone.m which
has been coded by Waldemar Swiercz and downloaded from the website mathworks.com [4]). This list briefly
describes the goal of the functions. Each of them are detailed in the next chapters.

Function Description

accuracy_nodes.m
Creates extra nodes and elements in order to increase the model ac-
curacy

bladed_output.m Returns files that can be copied and pasted in the software Bladed

cone.m
Constructs a cylinder connecting two centers points. (coded
by Waldemar Swiercz and downloaded from the website math-
works.com [4])

corrosion.m Reduces the members wall thickness caused by the corrosion
drag_inertia_matrices.m Calculates the added mass and the drag coefficients
eigenvalue_calculator.m Calculates the modes and the eigenvalues of the model.

Element_Matrices.m
Returns the mass matrix and the stiffness matrix of one tubular ele-
ment

equivalent_stick_model.m Calculates the equivalent stick model and plots the results
error_check.m Checks if the inputs are correctly entered by the user
FE_model_builder.m Executes all the scripts related to the finite element model
FE_model_lattice_structure.m Creates a finite element model of the lattice structure
FE_model_tower.m Creates a finite element model of the tower
FE_model_transition_piece.m Creates a finite element model of the transition piece

flooded_member.m
Calculates the buoyancy of the structure according to the flooded op-
tion selected by the user. It adds to the mass matrix the water’s weight

marine_growth.m Adds the mass relative to the marine growth in the total mass matrix.

marine_growth_node.m
Creates extra nodes and elements to take into account the marine
growth

matrix_assemble.m
Transforms the elements matrices from the local frame of reference
to the global frame of reference. Then the total mass matrix and the
total stiffness matrix are assembled.

p_y_t_z_curves.m
Calculates the piles displacement according to the structure weight
and the statics forces applied on the top of the pile.

pile_sleeve.m Creates the members representing the effect of the pile sleeves.
rayleigh_damping.m Defines the Rayleigh damping matrix
response_analysis.m Determines the response to an harmonic load applied on the rotor

soil_boundary_condition.m
Includes the soil stiffness in the total stiffness matrix and create the
global mass matrix and the global stiffness matrix

START_OwjEma.m This is the main script, the one used to enter the inputs
stress_calculator.m Calculates the stress and the fatigue associated to the selected nodes
structure_plot.m Creates the figures in 3D of the complete structure

Table 4.1: List of the functions created for OwjEma
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4.4. START_OwjEma.m
The user only uses the main function: START_OwjEma.m. It is where all the inputs are defined. A copy of
the script START_OwjEma.m showing all the inputs can be found in Appendix A. The entries can be divided
into five categories: environmental (Table 4.2), material properties (Table 4.3), geometric (Table 4.6), soil
characteristics (Table 4.4 and Table 4.5) and the plot options. Each category is represented by a different
section in START_OwjEma.m, to avoid confusion for the user.

Input Description Unit
msl Mean sea level meter
rho_w Sea water density kg.m−3

splash_zone Amplitude of the splash zone. The splash zone is defined in Section 3.5.5. meter
u_current Current velocity m.s−1

current_dir Current direction rad
T Wave period s
wave_a Wave amplitude meter
wave_dir Wave direction rad
mg_region Geographical region (for the marine growth) -

mg
Marine growth thickness. If the region is unknown, the average marine growth is
entered here. Otherwise it should be entered ’N’

meter

rho_mg Marine growth density kg.m−3

Table 4.2: Environmental inputs description

Input Description Unit
rho_s Steel density kg·m−3

E_s Steel Young’s modulus Pa
nu_s Steel Poisson’s coefficient -
rho_TP Transition piece density kg·m−3

E_TP
Transition piece Young’s modulus. It should be noted that, in order to make the
transition piece rigid, its Young modulus is higher than the one of the rest of the
structure.

Pa

nu_TP Transition piece Poisson’s coefficient -

Table 4.3: Material inputs descriptions

The soil is considered to be made of different layers of sand and clay. Therefore, the parameters are entered
by the user in a table, where each line represents a layer. An example of it is shown on Table 4.4. In addition,
to the soil parameters, the foundation inputs are defined in Table 4.5.

Layer ID Top layer type Layer depth [m] γ [kg·m−3] φ [deg] su [Pa] ε [-] ν [-]
1 2 0 8000 0 25000 0.02 0.3
2 1 2 8000 30 0 0 0.3
3 2 4 10000 0 100000 0.005 0.3

Table 4.4: Example soil parameters inputs

Where:
- Layer type: represents the nature of the layer, sand = 1, clay = 2
- Layer depth: represents the depth at which the top of the layer is - meter
- γ: represents the layer density - kg·m−3

- φ: represents the layer friction angle - degree (for sand only)
- cu : represents the layer undrained shear strength - Pascal (for clay only)
- ε: represents the layer verticals strain (for clay only)
- ν: represents the layer Poisson coefficient
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Input Description Unit
Lf Pile length meter
Df Pile outer diameter meter
t_fun Pile wall thickness meter

Delta_z

Step interval for the p-y and t-z curves computation. It has to be kept in mind that
the value of Delta_z needs to be smaller than the smallest layer thickness. Other-
wise, the model won’t take into account all the layers to estimate the soil equivalent
stiffness.

meter

F_x Static load at the top of each pile in the x direction N
F_y Static load at the top of each pile in the y direction N

stiffness_type
Specifies how the equivalent pile stiffness is calculated: rigid foundation = 0, linear
stiffness = 1 and tangential stiffness = 2. If stiffness_type = 0, all the soil parameters
are disregarded.

-

Pile_sleeve Specifies the presence of pile sleeve or not (’Y’ or ’N’) -
Pile_sleeve_mass Represents the pile sleeve mass kg
Pile_excentricity Represents the pile sleeve distance form the leg meter

Table 4.5: Foundation pile inputs description

The geometric inputs are summarized in Figure 4.2 and Table 4.6. However, this figure represents only the
case when the batter angle is constant. If not, the lattice structure is defined as shown on Figure 4.3.

Input Description Unit
lifetime Designate the lifetime of the structure, used to calculate the corrosion year
L_max Maximum length of each element meter
NL Number of legs. Can be 3 or 4 -
Dl_bottom Outer leg diameter at the sea bed meter
Dl_top Outer leg diameter at the top meter
tl_bottom Leg wall thickness at the sea bed meter
tl_top Leg wall thickness at the top meter
Fl_leg Specifies if the legs are flooded or not (’Y’ for yes, ’N’ for no) -
Fl_brace Specifies if the brace members are flooded or not (’Y’ for yes, ’N’ for no) -
BA Specifies if the batter angle is constant or not (’Y’ for yes, ’N’ for no) -

Bay_inter
Represents the number of bays in the lower part of the structure if the batter angle
is not constant

-

Dt_bottom Outer tower diameter at the transition piece meter
Dt_top Outer tower diameter at the top meter
Tt_bottom Tower wall thickness at the transition piece meter
Tt_top Tower wall thickness at the top meter
M_nacelle Mass of the nacelle tons
M_rotor Mass of the rotor tons
Rotor_inertia Rotor moment of inertia kg.m2

Yaw_inertia Yaw moment of inertia kg.m2

Nacelle_length Nacelle length (for visualization only) meter
Nacelle_height The nacelle length (for visualization only) meter
Nacelle_width Nacelle length (for visualization only) meter
blade_size Length of the blades (for visualization only) meter
Bracing_type Defines the type of bracing(X , Z or K, see section 3.2.3) by entering ’X’, ’Z’ or ’K’. -
Nb Represents the number of bays -

Horizontal_member
Defines the presence or not of horizontal members between each bay with the
value ’Y’ for yes and ’N’ for no

-

D_brace Outer brace members diameter meter
t_brace Brace members thickness at the top meter

Table 4.6: Geometric inputs description
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Figure 4.2: Lattice structure inputs geometry parameters
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Figure 4.3: Lattice structure inputs geometry parameters with non constant batter angle
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The plot options inputs consist in asking the user which modes shape should be plotted, if the structure
should be plotted and if yes if it should be plotted with lines or with volumes.

4.5. FE_model_builder.m
Once the user launches the program, the script FE_model_builder.m takes over. It can be described as the
brain of the program. This function activates the scripts related to the inputs and saves the outputs. All the
inputs defined in START_OwjEma.m are saved in a file named Inputs. This file is transmitted to the different
functions of the program.
The first step of the function is to check the inputs. This is detailed in Section 4.6. Then the function activates
the scripts related to the geometry (Chapter 5),such as FE_model_lattice_structure.m, FE_model_transition_piece.m,
FE_model_tower.m, marine_growth_node.m, accuracy_nodes.m and corrosion.m. The result of this opera-
tion is the creation of two outputs: the list of the nodes and the list of the elements, which are detailed in
Section 5.8. These two lists are then transferred to the relevant functions.
Then the FE_model_builder.m script activates the global matrices construction (Chapter 6) with the func-
tions Element_Matrices.m, matrix_assemble.m, flooded_member.m, marine_growth. In this part two new
outputs are created, the global mass matrix and the global stiffness matrix. The drag_inertia_matrices.m
script creates the added mass matrix and the hydrodynamic damping matrix. These two are also returned to
the user and are used in the response analysis section. These outputs are part of the ones returned to the user
after being updated to account for the soil stiffness.
The soil-pile interactions (Chatper 7) are represented by an equivalent soil stiffness at the top of each foun-
dation pile. Such an operation is done by using the function soil_boundary_condition.m. This function
activates three other functions: the matrix_assemble.m and the Element_Matrices.m to establish the foun-
dation stiffness matrix and the p_y_t_z_curves.m script to calculate the soil resistance. This part of the
FE_model_builder.m script updates the mass, stiffness and damping matrices, which are now the definitive
versions shown to the user and also the ones used for the modal analysis.
After the computation of the nodes, the elements and the matrices, FE_model_builder.m activate the eigen-
value_calculator.m script (Chapter 8). This function uses the Matlab function eig to calculate the mode and
the eigenfrequencies. However, the main part of that script is the plotting of the selected mode shapes. In
this part, new outputs are created for the user : the eigenmatrix, the eigenfrequencies and the mode shapes
plots.
All the previous section were the core of the program, the user cannot disable them. It is not the case of the
next part, the response analysis. If the input modal_displacement_analysis = ’N’, the scripts rayleigh_damping.m
, response_analysis.m and stress_calculator.m are not activated. Otherwise, based on the choice of the user,
the program will determined the displacement, the loads and the stress exercising on the selected nodes in
the selected directions.
The last part of FE_model_builder.m concerns the activation of the scripts bladed_output.m (Section 4.7) and
structure_plot.m (Section 4.8).
The outputs of FE_model_builder.m are the outputs of the program: a list of nodes, material, elements, the
matrix of the equivalent soil stiffness, the eigenfrequencies, the eigenmatrix and the global mass, stiffness
and damping matrices of the system.

4.6. error_check.m
Before starting building the model, the inputs have to be checked, in order to verify if they have been correctly
entered by the user. This is done with the function error_check.m. If an input is wrongly enter (such as
a negative value, an impossible combination of parameters or a typo) the function stops the program and
returns an error message indicating which parameter is incorrect and which value should be entered. The
error_check.m function doesn’t have a proper output, it is only used to ensure that the program doesn’t crash
during the running, which could lead to a waste of time for the user. The other objective is to obtain accurate
results by making sure the inputs are correct.

4.7. bladed_output.m
This objective of the script is to rewrite the outputs (the list of nodes, the list of elements and the soil equiv-
alent stiffness) in a Bladed compatible form. The new outputs can be copied and pasted in Bladed and are
easier to understand for the user. An example of the nodes output is presented on Table 4.7.
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Node Height - m Local x - m Local y - m Point mass - kg Foundation
1 -50 -6 -6 0 Rigid
2 -48 -5,94 -5,94 0 -
3 -29,06 -5,40 -5,40 0 -
4 -11,86 -4,91 -4,91 0 -
5 3,78 -4,46 -4,46 0 -
: : : : : :

144 90 0 0 0 -

Table 4.7: Example of the output Bladed_nodes

The bladed_member output is presented on Table 4.8. Each member is defined by two lines in the bladed_member
output table, each one representing one extremity of the element. The "sealed" column specifies if the mem-
ber is sealed or not. It influences the structure’s buoyancy. In the same way, the "flooded" column specifies if
the member is flooded or not.

Member Node Diameter - m Wall - mm Material Id Flooded Marine thickness - mm Sealed
1 (End 1) 1 1,28 53,70 1 N/A 100 Yes
1 (End 2) 2 1,28 53,05 1 N/A 100 Yes
2 (End 1) 2 1,27 51,77 1 N/A 100 Yes
2 (End 2) 3 1,28 53,7 1 N/A 100 Yes

: : : : : : : :
466 (End 1) 142 0,73 20 2 N/A 0 Yes
466 (End 2) 143 0,73 20 2 N/A 0 Yes
467 (End 1) 143 0,73 20 2 N/A 0 Yes
467 (End 2) 144 0,73 20 2 N/A 0 Yes

Table 4.8: Example of the output Bladed_members

The column "Material Id" of Table 4.8 directly refers to an other outputs of bladed_output.m: the Bladed_material.
It associated to an ID all the material properties. An example is shown on Table 4.9.

Material Id Density[ kg·m−3] Young modulus [N·m2] Shear modulus [N·m2]
1 8500 2.10E11 8.07E10
2 8500 2.10E13 8.07E12

Table 4.9: Example of the output Bladed_material

The column "Foundation" of Table 4.7 refers to the soil stiffness. In the case of rigid foundation (if stiff-
ness_type = 0), no soil stiffness matrix are created since the degrees of freedom of the piles are constrained.
In the other cases, the foundation equivalent stiffness is named "Sand1" and the matrix associated is pre-
sented on Table 4.10.

∆x ∆y ∆z θx θy θz
Fx 5,44E8 0 0 0 0 0
Fy 0 5,44E8 0 0 0 0
Fz 0 0 6,41E8 0 0 0
Mx 0 0 0 0 0 0
My 0 0 0 0 0 0
Mz 0 0 0 0 0 0

Table 4.10: Example of output Bladed_stiffness_foundation
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4.8. structure_plot.m

This function creates 3D plots of the structure. Based on the temporary lists of nodes and elements, the
outputs of this section can be visualized on Figure 4.4. It can be noticed from Figure 4.4a that the nodes due
to the marine growth and the splash zone are correctly implemented. Figure 4.4a represents the skeleton of
the structure, the location of the nodes and the definition of the elements. On the other hand, Figure 4.4b
is here only for visualization, since the lines plotted on Figure 4.4a can be difficult to distinguish from each
other. However, Figure 4.4b takes more time to draw since it uses 3D elements. It is advisable to not use it
when performing several simulations in the row. It should be used only for final visualization.
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(a) Structure with nodes and
elements as line

(b) Structure represented with cylinders

Figure 4.4: Geometry outputs - visualization
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4.9. equivalent_stick_model.m
To estimate the transparency of the structure and calculate the hydrodynamic forces applied to the structure,
the model of the equivalent stick is computed. Although this operation is outside the scope of the study, it is
considered as the next step in the design process. The equivalent stick model returns the equivalent drag and
inertia diameters at each depth. These values are used in the Morison equation. An example of an equivalent
stick model is shown in Figure 4.5.
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(b) Equivalent drag diameter

Figure 4.5: Example of equivalent stick model

The equivalent diameters are based on the diameter, length and inclination of the elements. The direction of
the hydrodynamic loads is also taken into account. However, it should be remembered that this equivalent
stick model is an estimate and therefore, the results of the Morison equation are approximations.





5
Geometry Definition

The first step of the program is to define the geometry of the structure. This corresponds to the creation of
the nodes and elements.
This chapter deals with the structure geometry definition. It details how the program interprets the inputs
related to the lattice structure, the transition piece and the tower. The structure is geometrically built by the
functions described in this chapter, which are:
- FE_model_lattice_structure.m
- FE_model_transition_piece.m
- FE_model_tower.m
- pile_sleeve.m
- marine_growth_node.m
- accuracy_nodes.m
- corrosion.m
The construction of the scripts associated to the geometry has been designed carefully to optimize the calcu-
lation and to reduce the computational effort. Figure 5.1 shows how these different functions interact with
each other.

Chapter 5	:	Geometry
definition

FE_model_lattice_structure.m

FE_model_transition_piece.m

FE_model_tower.m

accuracy_nodes.m

User Inputs

Nodes,Elements

Nodes, 
Elements

marine_growth_node.m

corrosion.m

pile_sleeve.m

Figure 5.1: Geometry definition section

The nodes and the elements of the model are defined with the functions FE_model_lattice_structure.m,

35
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FE_model_transition_piece.m, FE_model_tower.m and pile_sleeve.m. Then the nodes corresponding to the
marine growth are added to the model with script marine_growth_node.m. The function accuracy_nodes.m
adds extra nodes to the different members, to allow the computation of the local modes shape. The last step
of this part is to reduce the elements wall thickness according to the corrosion effect.
The temporary outputs of this section are named Nodes and Elements, which correspond to a list of nodes
and elements describing the structure. These outputs are saved in the memory of FE_model_builder.m func-
tion in order to be used as inputs in other program’s functions.

5.1. FE_model_lattice_structure.m
This function defines the lattice structure geometry. In order to reduce the computational effort, only one
face of the lattice structure is calculated. Then the symmetries are used to reproduce this face and model the
complete jacket.

5.1.1. Batter angle
The batter angle, as defined in section 3.2.2, is the angle between the legs and the horizontal axis. The fol-
lowing demonstration is made for a constant batter angle, but the logic is the same for a structure with a non
constant batter angle. The only difference is that two m ratios will have to be calculated.
According to the inputs notation, the batter angle is:

α= Lbot tom −Ltop

2 · Jh
(5.1)

This value is used to define the length of the top and of the bottom member. Nb is the number of bay.

b1 = Lbot tom −2 ·h0 · t an(α) (5.2)

bN b = Lbot tom −2 · (Jh −T PL) · t an(α) (5.3)

5.1.2. m ratio
The lattice structure is defined according to a ratio mbay . Each bay height is a multiple of this ratio. It is based
on the number of bays, the jacket height and the width of the top and bottom. The mbay ratio is defined as
follow: the dimensions of each bay are equal to the dimensions of the previous one multiply by the mbay

ratio.
In other words, dimn = mbay · dimn−1. Then, if Nb number of bays are present:
dim2 = mbay · dim1

dim3 = mbay · dim2

:
dimN b = mbay · dimN b−1

Consequently, the first and last bay dimension can be related with the following equation:

di mN b = mN b
bay ·di m1 (5.4)

If we replace dimN b by bN b and dim1 by b1, the mbay ratio can be determined.

mbay = (
bN b

b1
)

1

N b −1 (5.5)

So, the heigh of each bay can be express with m :
h2 = mbay · h1

h3 = mbay · h2

:
hN b = mbay · hN b−1

Since the sum of all the bays height is known (in this case it is Jh - h0 - TPL), all the dimensions of the structure
can be easily calculated:

N b−1∑
i=1

hi =
N b−1∑

i=1
mi

bay h1 = Jh −h0 −T PL (5.6)

h1 =
∑N b−1

i=0 mi
bay

Jh −h0 −T PL
(5.7)
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5.1.3. Legs definition

Now that each bay height is found, the coordinates of each node in the first leg are calculated. The nodes are
located at each junction between a brace member and the leg. This list of nodes is then used to describe the
elements. Each member is represented by an identification number, two nodes, the diameter and the wall
thickness at each node, the Young’s modulus, the Poisson’s coefficient, the material density and the material
ID. Other parameters will be added latter, such as the marine growth and the added mass coefficient.
Once this first leg is defined, it is duplicated and rotated to create the other legs of the jacket. This operation
reduces the computational time, although its impact is not very significant.

5.1.4. Braces definition

The brace pattern is defined according to the value of Brace_pattern (X, Z or K) and Horizontal_member (’Y’
or ’N’) entered by the user, the diameter and the wall thickness. Here again, only the bays of the first face
are calculated. In the case of an X bracing, an additional node must be added to each bay. It represents the
junction between the two diagonal members.
This section offers five possibilities to customised the brace pattern, which are presented in Figure 5.2. It can
be noticed that the top and bottom horizontal members are always present. The input Horizontal_member
only concerns the horizontal members between the braces.

Brace_pattern = 'X’
Horizontal_member = 'Y'

Brace_pattern = 'X’
Horizontal_member = ’N'

Brace_pattern = ’Z’
Horizontal_member = ’Y'

Brace_pattern = ’Z’
Horizontal_member = ’N'

Brace_pattern = ’K’

Figure 5.2: Brace patterns

5.2. FE_model_transition_piece.m

The complete structure is defined from the seabed to the top. Therefore, after the jacket definition, the tran-
sition piece (between the substructure and the tower) is calculated. However, the goal is not the represent
the exact behaviour of this part, but the overall displacement. As a result, the transition piece is defined as
extremely rigid compared to the rest of the structure. This is done by increasing the Young modulus of the
transition piece, which the user can do by modifying the input E_TP. This value should be high enough com-
pare to the Young modulus of the rest of the structure, represented by the input E_s. As an example, if E_s =
2,10e11 Pa and E_TP = 2,10e13 Pa, the transition piece is considered as extremely rigid.
The transition piece is composed of four horizontal members (three in the case of a three legs structure) be-
tween the upper nodes of each leg, and four (three) diagonals members between the upper nodes of each leg
and the node at bottom of the tower( named transition piece node). It is represented by the yellow elements
on Figure 5.3.
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Figure 5.3: Transition piece representation

5.3. FE_model_tower.m
The tower is the last part of the structure to be defined. It is composed of cylinders and supports the rotor,
the nacelle and the turbine. Nevertheless, the wind turbine is not modelled geometrically, it is represented by
a top mass directly added to the mass matrix. Hence, the wind turbine plotted on the 3D figure is there only
for visualization. It doesn’t have a physical impact on the mode and the eigenfrequencies.
The tower is modelled as a vertical element between the transition piece node and the top node (which is an
additional output of this function since it is used to implement the top mass into the model). However, this
doesn’t make any sense for a modal analysis. For this reason, the tower is divided into a least 10 elements to
have a better representation of the modes shape. The interpretation of the tower is shown on Figure 5.4.
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Figure 5.4: Model of the tower
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5.4. pile_sleeve.m
The function pile_sleeve.m defines which nodes are connected to the foundation piles. If the rigid founda-
tions option is selected, the nodes located at the seabed are constrained. But if the foundations are considered
as stiff, the user has a choice. He can decide whether to connect the foundation piles directly to the legs, or
to use a pile sleeve between the piles and the legs. This choice is characterised by the input Pile_sleeve which
can be ’Y’ for yes and ’N’ for no.
As for the transition piece, the pile sleeves are modelled as rigid elements, in order to represent the structure’s
overall behaviour. The pile sleeves are represented as horizontal members, with a mass and a length defined
by the user. This leads to an eccentricity between the legs and the foundation piles. This distance influences
the structure’s natural frequencies.

5.5. marine_growth_node.m
As for every submerged structure, the marine growth must be taken into account. As explained in section
3.5.4, the thickness of marine growth varies every 10 meters. As a result, additional nodes are added every 10
meters, from 0 to -50 meters. A visual explanation of this function is given on Figure 5.5. It can be noticed
that the element numbers change thought the process although the nodes ID remain the same. It improves
the computation time since the identification numbers of the nodes and the elements are equal to their line
number. In consequence, it won’t be necessary to use the Matlab function find, which significantly increases
the running time. In the same way, extra nodes are added to represent the influence of the splashzone, de-
fined in section 3.5.5.

Height

Node 1

Node 2

znode 1

znode 2

- 30 m

Node 1

Node 2

Node 3

marine_growth_node.m

Element 1
Element 2

Element 1

Figure 5.5: marine_growth_node.m explanation

5.6. corrosion.m
As explained in Section 3.5.5, the corrosion is an important factor in the design of an offshore structure. After
a certain time, the elements’ wall thickness is reduced due to the corrosion. It is represented in the model by
the corrosion rates relative to the splash zone and the submerged zone presented in Table 3.5.
The model represents the state of the elements after a certain period. This is defined by the input Lifetime
(in year). Ergo, if the user doesn’t want to model the corrosion, he should enter Lifetime = 0. If Lifetime>0,
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the script corrosion.m removes a thickness of tcor r osi on = Lifetime· corrosion rate to all the elements in the
submerged zone. If tcor r osi on > 0,5·Del ement , the program stops and returns an error message. This message
encourages the user to reduce the lifetime or to increase the elements’ wall thickness.

5.7. accuracy_nodes.m
If the user chooses it, the accuracy of the model can be improved. This is quantified by Lmax , the maximum
length of each element. If the size of one member is larger than Lmax , it is divided into two elements by adding
an additional node in the middle. If these two new members still have a length higher than Lmax , the function
is applied a second time, until reaching a length smaller than the one defined by the user. The algorithm of
this function is shown on Figure 5.6.

accuracy_nodes.m

Node 1

Node 2

Element 1

L > Lmax

Node 1

Node 2

Node 3

Element 2

Element 1

L/2 > Lmax

L/2 > Lmax

accuracy_nodes.m

Node 1

Node 2

Node 4

Element 4

Element 1

L/4 < Lmax

L/4 < Lmax

L/4 < Lmax

L/4 < Lmax

Node 3

Node 5

Element 2

Element 3

Figure 5.6: accuracy_nodes.m explanation

This function has a short running time. However, this operation will increase the computation effort later
in the model, especially regarding the eigenvalues computation. For each new node, the matrices will be
increased by 6 lines and 6 columns, which can slow down the calculation by several minutes. The idea of this
function is to divide the members into small elements in order to be able to calculate the local modes, which
is impossible if a member is only characterized by two nodes.

5.8. Geometry outputs
The outputs of this geometric construction are the lists of all the nodes and elements in the lattice struc-
ture, transition piece and tower. These lists are not the ones returned to the user. They are reassembled to
be Bladed compatible and more comprehensible. This is done by the function bladed_output.m (4.7). An
example is given in Table 5.1 for the list of nodes and in Table 5.2 for the list of elements.

Node ID x coordinate [m] y coordinate [m] z coordinate [m]
1 0 0 -50
2 0.5 1.2 -48
: : : :

144 6 6 90

Table 5.1: Example of the nodes list
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ID Node1 Node2 D1 D2 t1 t2 E ρ ν Ca Cd mg Type IDmat Fl
1 1 2 1,289 1,284 0,053 0,053 2.1E11 8500 0.3 2,13 0.1 0.1 1 1 1
2 2 3 1,284 1,265 0,053 0,050 2.1E13 8500 0.3 2,13 0.1 0.1 1 2 1
: : : : : : : : : : : : : : : :

467 143 144 4,15 4 0,021 0,020 2.1E11 8500 0.3 0 0 0 0 1 0

Table 5.2: Example of the element list

Where:

- ID: An unique number associated to the members. This value is used to access to the element informa-
tion
- Node 1: The ID of the node at the first extremity of the element. It corresponds to the Node ID of Table 5.1
- Node 2: The ID of the node at the second extremity of the element. It corresponds to the Node ID of Table
5.1
- D1: The diameter of the element at the first extremity - meter
- D2: The diameter of the element at the second extremity - meter
- t1: The wall thickness of the element at the first extremity - meter
- t2: The wall thickness of the element at the second extremity - meter
- E: The Young modulus of the element - Pascal
- ρ: The material density of the element - kg·m−3

- ν: The material Poisson coefficient of the element
- Ca : The added mass coefficient associated to the element and calculated by the function drag_inertia_matrices.m
- Cd :The drag coefficient associated to the element and calculated by the function drag_inertia_matrices.m
- mg: The marine growth thickness associated to the element - meter
- Type: This value determines which part of the structure the element represents : lattice structure = 1 , tran-
sition piece =2, tower = 3. This parameter is used by the function flooded_member.m to determined if the
member is flooded or not. It has been created since the brace members and the legs can be independently
flooded or not. Therefore they had to be distinguished.
- IDmat : The ID of the element material. The parameter is relevant for the function bladed_output.m. The
value corresponds to the first column of Table 4.9
- Fl : it specifies whether the element is flooded or not with 1 for yes and 0 for no

The parameters Ca , Cd and mg are not defined in that Chapter. The list of elements is updated by the func-
tions marine_growth.m and drag_inertia_matrices.m in Chapter 6.
The last outputs of this Chapter are the top node ID, which correspond to the node attached to the nacelle,
and the foundation nodes ID, which are the nodes connected to the seabed. These outputs are important
since they are used to compute the boundary conditions of the model, developed in Chapter 6 and Chapter
7.





6
Matrices construction

In the previous chapter, the elements were defined as lines between two nodes and characterized by the
temporary lists of nodes and elements shown in Section 5.8. This Chapter 5 concerned the definition of the
geometry. The second part of the FE_model_builder.m script (Section 4.5), is described in this chapter, and is
associated to the functions:
- Element_Matrices.m
- matrix_assemble.m
- flooded_member.m
- marine_growth.m
- drag_inertia_matrices.m
The structure of this part of the program is shown on Figure 6.1.

Chapter 6:	Matrices	construction

Element_Matrices.mmatrix_assemble.m

flooded_member.m

marine_growth.m

Top_mass

Nodes, Elements

K_tot, M_tot

K_tot, M_tot

drag_inertia_matrices.m

M_added,
C_drag

M_tot =	M_tot +	M_added

Elements

Elements

Figure 6.1: Matrices construction section

This chapter describes the physical construction of the structure, with the material properties taken into ac-
count. To each element is added a mass and a stiffness. Both parameters are characterized by two matrices:
the element mass matrix and the element stiffness matrix. Later, a damping matrix will also be added to the
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model. These matrices describe the interactions between the two nodes of one element. Each matrix is de-
fined in a local frame of reference. Then a rotation is applied to both matrices to express them in a global
frame of reference. After this operation, the matrices can be assembled into two global matrices which char-
acterized the modal behaviour of the structure.
These two global matrices are independent of the environment. To model the impact of the water and the bio-
fouling on the structure, the functions flooded_member.m, marine_growth.m and drag_inertia_matrices.m
are used. The top mass is added to the global mass matrix at the end of this section.
The outputs of this part are named Mtot and Ktot . However, to describe completely the modal behaviour
of the model, the soil boundary conditions need to be added to the stiffness matrix. This is the subject of
Chapter 7.

6.1. flooded_member.m

With the functions Element_Matrices.m and matrix_assemble.m, the mass and stiffness matrices of the model
are calculated. Still, these parameters represent the structure but not the environment. The function flooded_member.m
is based on the inputs Fl_leg and Fl_brace, which specify whether the legs members and the brace members
are flooded or not. This affects the model’s buoyancy but also adds an extra mass to the submerged mem-
bers. This mass is the amount of water present in the elements. It corresponds to the element inner volume
multiplied by the sea water density.
The script flooded_member.m has two outputs :
- the updated list of elements, where the value 1 or 0 in column "Flooded" specifies if the member is flooded
or not
- the buoyancy force, which is used in Chapter 7.
The activation of this script leads to a decrease in the natural frequencies, since the mass of the model is
increased but not the stiffness.

6.2. marine_growth.m

The marine growth can be defined in two different way by the user: either by specifying a geographical area
with the input mg_region, or by entering an average value of the marine growth thickness with the input mg.
The first option is based on the nodes created by the function marine_growth_node.m (Section 5.5) and the
values of the marine growth thickness given in the DNVGL-RP-C205 [6] and shown in Table 3.4. The weight
of the marine growth corresponding to the element is calculated based on a biofouling density of 1325 kg·m3

[10], but, the user can change this value in START_OwjEma.m.
If the user chooses to enter an average value for the marine growth thickness, all the submerged members
will be associated to the same value of marine growth weight.
In both cases, the temporary output Elements (defined in Section 5.8) is updated with the column 13 replaced
by the values of the marine growth thickness. This column is reused by the function bladed_output.m (Sec-
tion 4.7). Another output of this function is the total weight of the marine growth, which is used by the script
soil_boundary_condition.m (Chatper 7).
As for the function flooded_member.m, the function marine_growth.m reduces the natural frequencies of the
model since it increases the mass without influencing the stiffness.

6.3. Element_Matrices.m

In the model, to each element is associated two matrices : an element mass matrix and an element stiff-
ness matrix. The two matrices are based on the work of JS Przemieniecki [1985] [22]. To compute these two
matrices, he assumed an element to be a beam with a constant cross section and without variation of tem-
perature. (It should be noted that in the case of non-constant diameter for the legs, the elements should be
small enough to account for this variation). Since the elements (presented on Figure 6.2) are composed of
two nodes, each one with six degrees of freedom (three translations and three rotations), the element stiff-
ness matrix and the element mass matrix have a dimension of 12 by 12. Each matrix is calculated in a local
frame of reference with the local x-axis defined as the axial axis of the beam.
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ux,1 uy,1

uz,1

uz,2

ux,2

uy,2

uα,1

u𝛄,1

uβ,1

uα,2

uβ,2

u𝛄,2

Figure 6.2: Beam element

To determine the element stiffness matrix, JS Przemieniecki [1985] [22] applied forces to the element at each
extremity: axial forces, shearing forces, bending moments and torsional moments. The element mass ma-
trix is calculated with Equation 6.1, where Vi represents the element volume and al ocal ,i the matrix of local
displacement. The following demonstration is made for the element i.

Ml ocal ,i =
∫

Vi

ρi at
local ,i alocal ,i dVi (6.1)

According to JS Przemieniecki, the matrix alocal ,i is expressed as:

at
l ocal ,i =



1−ξi 0 0
6(ξi −ξ2

i )ηi 1−3ξ2
i +2ξ3

i 0
6(ξi −ξ2

i )ζi 0 1−3ξ2
i +2ξ3

i
0 −(1−ξi )liζi −(1−ξi )liηi

(1−4ξi +3ξ2
i )liζi 0 (−ξi +2ξ2

i −ξ3
i )li

(−1+4ξi −3ξ2
i )liηi (ξi −2ξ2

i +ξ3
i )li 0

ξi 0 0
6(−ξi +ξ2

i )ηi 3ξ2
i −2ξ3

i 0
6(−ξi +ξ2

i )ηi 0 3ξ2
i −2ξ3

i
0 −liξiζi −liξiηi

(−2ξi +3ξ2
i )liζi 0 (ξ2

i −ξ3
i )li

(2ξi −3ξ3
i )liηi (−ξ2

i +ξ3
i )li 0



(6.2)

Where li is the length of the element i and the columns 1, 2 and 3 represent respectively the x displacement,
the y displacement and the z displacement. ξi , ηi and ζi are non dimensional parameters:

ξi = x

li

ηi = y

li

ζi = z

li

(6.3)

Element mass matrix and element stiffness matrix are presented respectively in Equation 6.4 and Equation
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6.5, where the matrices coefficients are expressed as a function of the diameter, the wall thickness, the Young’s
modulus, the density and the Poisson’s coefficient of the material:

- Ei : the Young’s modulus of the element i - Pascal

- li : the length of the element i - meter

- Ai : the cross section area of the element i - m2

- Iz,i : the second moment of area in the z direction of the element i - m4

- Iy,i : the second moment of area in the y direction of the element i - m4

- Ji : the polar moment of area of the element i - m4

- ki i : the shear deflection factor of the element i

- νi : the Poisson’s coefficient of the element i

- ρi : the density of the element i - kg·m−3

-Φy,i =
12 ·Ei Iz,i

Gi As,i · l 2
i

: the shear deformation parameter in the y direction of the element i

-Φz,i =
12 ·Ei Iy,i

Gi As,i · l 2
i

: the shear deformation parameter in the z direction of the element i

- Gi = Ei

2 · (νi +1)
: the shear modulus of the element i - Pascal

- As,i = ks,i · Ai : the cross sectional area effective in stress of the element i - m2

These matrices are associated with the degrees of freedom presented on Figure 6.2. The associated vector
can be written as: [ux,1,uy,1,uz,1,uα,1,uβ,1,uγ,1,ux,2,uy,2,uz,2,uα,2,uβ,2,uγ,2]t .
The script Element_Matrices.m computes the element matrices based on the outputs Nodes and Elements
defined in Section 5.8. This function is not activated by the function FE_model_builder.m but by the function
matrix_assemble.m (detailed in Section 6.4). This script transfers the element matrices from a local frame of
reference to a global frame of reference. The local element matrices are calculated, rotated and assemble one
after the other. The objective is to avoid saving all the element matrices, which consume memory resources
and slow down the program.
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6.4. matrix_assemble.m
Stiffness and mass matrices are calculated for each element in a local frame of reference. Before computing
the global matrices of the structure, all local matrices must be transferred to a global frame of reference.
This is the purpose of the function matrix_assemble.m. The inputs of this section are the lists of nodes and
elements defined in Section 5.8. During the process, the script activates the function Element_Matrices.m,
detailed in the previous section.
The local element matrices are transferred from a local frame of reference to the global frame of reference.
The x axis of the global frame of reference is defined as parallel to the first face of the structure. The z axis is
the vertical direction from the seabed to the mean sea level. The y direction is then defined in such a way the
global frame of reference is orthonormal.
The steps to compute the transfer matrix are explained in this section. The following demonstration is made
for the element i. It has to be done for each element individually. Consequently, a transformation matrix
must be built for each member. This matrix consists of the coordinates of the set of vectors representing the
local basis expressed in the coordinates system of the global basis. These three vectors corresponding to the
element i are noted ei ,1, ei ,2 and ei ,3. The first step of the transformation is to determine the coordinates of
this set of vector.
As defined in the local matrix, the element axis is collinear to the x-axis. The coordinates of the nodes of the
element i are noted [xi ,1, yi ,1, zi ,1] and [xi ,2, yi ,2, zi ,2]. So, the first vector of the basis is:

ei ,1 =

xi ,1 −xi ,2

yi ,1 − yi ,2

zi ,1 − zi ,2


∥∥∥∥∥∥

xi ,1 −xi ,2

yi ,1 − yi ,2

zi ,1 − zi ,2

∥∥∥∥∥∥
(6.6)

Where ‖ ‖ represents the norm of the vector. ei ,1 is normalized, since the transfer matrix has to conserve the
norm of the element matrices.
By definition, the second vector ei ,2 has to be orthogonal to the first vector ei ,1. Therefore, an arbitrary vector
N is introduced. Its coordinates are [0 , 0 , 1] (or [1, 0 , 0] if the element is vertical). This won’t affect the result
since the beam is a tubular element: the vector orthogonal to the x-axis can be in every direction, as long as
it forms an orthonormal coordinate system. The second vector of the basis is:

ei ,2 =
ei ,1 ∧N

‖ei ,1 ∧N‖ (6.7)

Where ∧ corresponds to the cross product operation. ei ,1 and ei ,2 are then orthogonal by construction. In
order to define the third vector, the cross product of ei ,1 and ei ,2 is calculated:

ei ,3 =
ei ,1 ∧ei ,2

‖ei ,1 ∧ei ,2‖
(6.8)

These three vectors represent the local frame of reference. The transformation matrix is computed in Equa-
tion 6.9.

ti =
ex,i ,1 ey,i ,1 ez,i ,1

ex,i ,2 ey,i ,2 ez,i ,2

ex,i ,3 ey,i ,3 ez,i ,3

 (6.9)

In order to correspond to the dimension of the element matrix, the matrix ti is compiled into a 12 by 12
matrix. The resulting transformation matrix is detailed on Equation 6.10.

Ti =


ti

ti

ti

ti

 (6.10)

The element matrices can now be expressed in the global frame of reference:

Kg l obal ,i = T −1
i ·Klocal ,i ·Ti

Mg l obal ,i = T −1
i ·Mlocal ,i ·Ti

(6.11)
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The matrices Kg l obal ,i and Mg l obal ,i of all the elements are expressed in the same frame of reference. They
can then be assembled into two total matrices: Ktot al and Mtot al . Yet, these two matrices are not those
used for the modal analysis. To them must be added the effect of the marine growth (marine_growth.m), the
flooded member (flooded_member.m) and the top mass. Then, the boundaries conditions associated to the
soil stiffness are considered. This is detailed in Chapter 7.

6.5. drag_inertia_matrices.m
The function drag_inertia_matrices.m is implemented into the program to model the interactions between
the structure and the environment. With this script, two coefficients are calculated: the added mass coeffi-
cient Ca and the drag coefficient Cd , which correspond respectively to the added mass and the hydrodynamic
damping. Each one is associated to a unique element.
Ca and Cd correspond to the coefficients present in the Morrison equation:

F (t ) = ρ f lui d (1+Ca)V (u̇ f lui d − ẍ)+ 1

2
ρCD A(u f lui d − ẋ)|u f lui d − ẋ| (6.12)

Where ρ f lui d is the fluid density, Ca the added mass coefficient, V the volume of the element, CD the drag
coefficient, A the cross section area perpendicular to the direction of the flow, u f lui d the fluid velocity and x
the element displacement.
The added mass matrix and the hydrodynamic damping matrix are calculated based on Equation 6.13 and
Equation 6.14 representing respectively the inertia force and the drag force.

fi (t ) = ρ f lui d (1+Ca)V (u̇ f lui d − ẍ) (6.13)

fd (t ) = 1

2
ρ f lui dCD A(u f lui d − ẋ)|u f lui d − ẋ| (6.14)

Because of the term |u f lui d − ẋ| Equation 6.14 is re written as:

fd (t ) =
{

1
2ρ f lui dCD A(u f lui d − ẋ)2 for u f lui d ≤ ẋ
1
2ρ f lui dCD A(u f lui d − ẋ)2 for u f lui d > ẋ

(6.15)

The drag force equation is still non linear. By using the Taylor expansion, the linear form is obtained:

fd (t ) =
{

1
2ρ f lui dCD Au2

f lui d −ρ f lui dCD Au f lui d
.
x +o(

.
x2) for u f lui d ≤ ẋ

1
2ρ f lui dCD Au2

f lui d +ρ f lui dCD Au f lui d
.
x +o(

.
x2) for u f lui d > ẋ

(6.16)

The first step of the drag_inertia_matrices.m function is to calculate the drag and inertia coefficients. The
drag coefficient Cd is estimated with the equations established in the DNV GL-RP-C205 [6]. The following
demonstration is made for the element i. It will be repeated for each member of the structure.
First, the ratio between the roughness and the element’s diameter is calculated.

∆i = ki

Di
(6.17)

Where ki is the roughness of the element i and Di the average diameter.
From ∆i , the relation between the drag coefficient and the roughness is determined:

Cd s,i =


0,65 for ∆i < 10−4

(29+4 · log (∆i ))/20 for 10−4 <∆i < 10−2

1,05 for 10−2 <∆i

(6.18)

Then, the wake amplification factor is calculated:

ψ(K ci ) =


Cπ,i +0,10 · (K ci −12) for 2 < K ci < 12

Cπ,i −1 for 0,75 < K ci < 2

Cπ,i −1−2 · (K ci −0,75) for K ci < 0,75

(6.19)
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Where Kci is the Keulen-Carpenter number of the element i and Cπ,i is:

Cπ,i = 1,5−0,024 · (
12

Cd s,i
−10) (6.20)

Finally, the drag coefficient can be calculated with the following formula:

Cd ,i =Cd s,i ·ψ(K ci ) (6.21)

The drag coefficient Ca,i corresponding to the element i is calculated based on the method given in the DNV
GL-RP-C205 [6]. Ca,i depends on the Keulen-Carpenter number and the drag coefficient number of the ele-
ment:

Ca,i =


1 for K ci < 3

max

{
(1−0,044(K ci −3)

0,6− (Cd ,i −0,65))
for K ci Ê 3

(6.22)

Once the coefficients Ca,i and Cd ,i have been calculated for each element of the model, the added mass matrix
and the hydrodynamic damping matrix are computed based on Equation 6.13 and Equation 6.16. These two
matrices are the outputs of the function drag_inertia_matrices.m.





7
Pile-soil interaction

Once the nodes, the elements, the mass and the stiffness characterizing the model have been calculated, the
impact of the soil-pile interaction is considered. The foundations of the structure are defined as vertical piles
located at the bottom of each leg. The pile are modelled as beam, as explain in Section 6.3. This chapter
detailed the part of the program simulating the soil-piles interaction, as shown on Figure 7.1. The idea of this
part is to calculate the piles’ static responses corresponding to a load applied at the top of the foundations.
This displacements are computed with the helps of the p-y and t-z curves. Once the displacements of the top
of the pile are known, the equivalent soil stiffness is calculated. To simulate the static response, the following
functions are used:
- soil_boundary_condition.m
- Element_Matrices.m
- matrix_assemble.m
- p_y_t_z_curves.m
The functions Element_Matrices.m and matrix_assemble.m have been detailed in Section 6.3 and Section
6.4.

Chapter 7:	Pile	– soil interaction

User inputs
K_tot, M_tot C_drag
Nodes, Elements

matrix_assemble.m

soil_boundary_condition.m

p_y_t_z_curves.m

Element_Matrices.m

K_pile
Top pile 
rigidity

M_glob ,	K_glob,	C_drag_glob
K_foundation

Figure 7.1: Geometry definition section

In the model, the user can choose between several representations of the soil-piles interaction with the input
stiffness_type. The interaction can be defined as rigid, with all the degrees of freedom constrained, or it can be
modelled as three or four vertical piles interacting with the soil. In order to reduce the computational time,
the top piles displacements are only calculated for one pile and then apply to the other foundations.
The outputs of the section are the final version of the global mass, stiffness and hydrodynamic damping

53
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matrices. In reality, only the values of the global stiffness matrix are changed with the addition of the soil
equivalent stiffness, but in the scenario of a rigid foundation, the dimensions of all the global matrices are
modified.

7.1. soil_boundary_condition.m

The function soil_boundary_condition.m is divided in two parts. The first one computes the p-y and t-z
curves. Once these values are known, the script p_y_t_z_curves.m is activated and the pile displacements are
calculated. The second part of the function updates the global mass, stiffness and hydrodynamic damping
matrices. Though, if the user choose stiffness_type = 0 , the rigid foundation option is activated and the first
part of soil_boundary_condition.m is skipped.

7.1.1. Rigid foundations

"Rigid foundations" means constraining the 6 degrees of freedom (3 translations and 3 rotations) of the nodes
located at the seabed. In other words, the nodes in contact with the seabed won’t be able to rotate or trans-
late. These restrictions are achieved by removing the rows and the columns corresponding to these displace-
ments in the mass and stiffness matrices of the structure. Once these degrees of freedom are removed, the
eigenvalues can be calculated. This option is selected if the user enter stiffness_type = 0 in the section 5.1 of
START_OwjEma.m. Figure 7.2 represents the effect of the rigid foundations option on the model.

stiffness_type = 0

Figure 7.2: Rigid foundation model

This method is the simplest and fastest way to represent the soil-piles interaction. Nevertheless, it is inaccu-
rate as it doesn’t account for the soil properties. Postulating the soil is infinitely rigid is a strong assumption
as in reality, it never is. Therefore, a more accurate model should be developed. This is discussed in Section
7.1.2.
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7.1.2. Stiff foundation

If the user enters stiffness_type = 1 or stiffness_type = 2 in START_OwjEma.m, the interactions between the
soil and the foundations are modelled with horizontal and vertical springs, as shown on Figure 7.3a. It can
be noted that, according to the way of representing the soil-piles interaction, the springs are considered as
linear, non-linear, coupled or uncoupled. It this model, the springs are represented as linear and uncoupled
if stiffness_type = 1 and non-linear and uncoupled if stiffness_type = 2.

stiffness_type = 1
stiffness_type = 2

(a) Effect of stiffness_type

∆𝑧

Seabed

Kx(z1)

Kx(z2)

Kx(z3)

Kx(z4)

…

…

…

Kx(zn)

Kz(z1)

Kz(z2)

Kz(z3)

Kz(z4)

…

…

…

Kz(zn) Ktip

(b) Pile - Soil interaction model

Figure 7.3: Stiff foundation model

The piles are modelled as a vertical beams with a constant cross section, with the functions Element_Matrices.m
and matrix_assemble.m, detailed in Section 6.3 and Section 6.4. However, the function soil_boundary_condition.m
calculates the behaviour of only one pile and reproduces the results for the other foundations. The pile is rep-
resented by a diameter, a length, a wall thickness, a Young modulus, a Poisson coefficient and a density. Based
on these values, the pile stiffness matrix is calculated. It represents the internal stiffness of the pile.
The springs attached to the pile represent the soil resistance. To obtain an accurate result, the pile is divided
into several elements with a length of ∆z. To each node, three springs are associated. One in the x-direction,
one in the y-direction and one in the z-direction. Then, the p-y curves (x and the y directions) and the t-z
curve (z direction) are calculated. These curves represent the soil resistance according to the node displace-
ment. At the tip of the pile, a spring modelling the tip resistance is added. The visualization of this model is
presented on Figure 7.3b.
As specified previously, the springs stiffness are calculated with the p-y and the t-z curves. These curves de-
pend on the type of soil (sand or clay), the internal friction angle (for the sand), the soil density, the soil layer
thickness, the undrained shear strength (for the clay), the vertical strain (for the clay) and the soil Poisson
coefficient. These values are entered by the user in the script START_OwjEma.m.
The idea behind this representation is to determine the equivalent stiffness at the top of the pile and im-
plement it in the global stiffness matrix of the structure. Once the p-y and the t-z curves are calculated,
the equivalent stiffness at the seabed is determined. To obtain this result, the stiffness of each spring corre-
sponding to a static load, applied at the top of the pile, is calculated. This can be done in several ways, which
is detailed in Section 7.1.6. After this operation, the displacement of the top of the pile is calculated and, since
the static load is known, the equivalent stiffness is determined. This equivalent stiffness is implemented into
the global stiffness matrix. It is also returned to the user as the output Bladed_stiffness (detailed in Section
4.7).
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7.1.3. P - y curve model
A possibility to represent the non-linearity of the horizontal soil stiffness is to use p-y curves. These curves
calculate the soil resistance according to the deflection of the pile. An example is shown on Figure 7.4.

Figure 7.4: Exemple of a p - y curve

The stiffness of each horizontal spring is determined by calculating the p-y curves at the corresponding depth.
Yet, according to the DNV - J101 [10], this method is correct only for the lateral pile capacity at the ULS. It
should be used with caution when calculating the equivalent spring stiffness model, especially regarding the
initial slope of the p-y curve.
The governing equation of the p-y curve is:

E I · d 4 y

d x4 +Q A · d 2 y

d x2 −p(y)+q = 0 (7.1)

Where:

E I · d 4 y

d x3 +Q A · d y

d x
=QL

E I · d 2 y

d x2 = M

QA : the axial force
QL : the lateral force
q: the distributed load along the pile
M: the bending moment

The DNV GL-ST-0126 [7] explains how to compute the p-y curves for sand and clay when the loads are static:
For the clay:

p =


pu

2
· (

y

yc
)

1
3 for y É yc

pu for y > yc

(7.2)

Where:

yc =2,5·εc ·Dpi l e
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pu is the static ultimate resistance. Its value depends on the depth:

pu =
{

(3 · su +γ · z) ·Dpi l e + J · su · z for z É zr

9 · su ·Dpi l e for z > zr
(7.3)

Where zr = 9 · su ·Dpi l e −3 ·Dpi l e · su

γ ·Dpi l e + J · su
. γ is the soil density, su the undrained shear strength and J a dimen-

sionless constant between 0.25 and 0,5.

The p-y curve of the sand is defined by the following equation:

p = Ast ati c ·pu · tanh(
kmod · z

Ast ati c ·pu
· y) (7.4)

In the case of sand, the static ultimate resistance is:

pu =
{

(C1 · z +C2 ·Dpi l e ) ·γ · z for z É zr

C3 ·Dpi l e ·γ · z for z > zr
(7.5)

Where kmod is the initial modulus of subgrade reaction, Ast ati c =(3-0,8· z

Dpi l e
)Ê0,9 a factor for static loading,

and C1, C2 and C3 three coefficients depending on the angle of friction. The value of each can be found on
Figure 7.5 [7]. The initial modulus of subgrade k defines the initial slope of the curve. It is defined according
to the angle of internal friction. The relation between these two parameters is shown on Figure 7.6 [10].

Figure 7.5: Coefficient variation according the internal friction angle - DNVGL-ST-0126
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Figure 7.6: Modulus of subgrade reaction as function of friction angle - DNVGL-ST-0126

Still, this demonstration was made for a homogeneous soil. If it is composed of several layer of sand and
clay, the impact of the upper layers on the others should be taken into account and added to the overburden
pressure pu .

0

z1

z2

z3

Layer 1

Layer 2

Layer 3

Figure 7.7: Example of a layered soil

The following explanation will be based on the layers shown on Figure 7.7. It is based on the computation
given by Lymon C. Reese and Willem van Impe [23].
The p-y curves of layer 1 can be calculated normally by using the equations established previously. Yet, this
won’t be the case for layer 2 and layer 3. The p-y curve of layer 2 are calculated normally except that to the
value of z is added an equivalent depth, corresponding to the layer 1 overburden pressure. The depth, noted
zeq is determined by using the following equation:∫ z1

0
pu(l ayer 1)d z =

∫ zeq

0
pu(l ayer 2)d z (7.6)

The idea is to represent layer 1 and layer 2 as one single layer with the properties of layer 2. The value of zeq

is found iteratively. Then it is added to the previous equation by replacing the value z with z + zeq .
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7.1.4. T - z curve model
The stiffness representing the skin resistance of the pile is calculated by the use of t-z curves. Those are
represented by the Equation 7.7 [7].

z = tski n
Rpi l e

G0
ln


zi f − r f

t

tski n,max

1− r f
t

tski n,max

 (7.7)

Where:
- tski n : skin resistance - Pascal
- Rpi l e : radius of the pile - meter
- G0: initial shear modulus of the soil - Pascal
- zi f : dimensionless zone of influence
- tski n,max : the maximum skin resistance - Pascal
- r f : curve lifting factor

G0 depends on the soil parameter. It can be calculated by using Equation 7.8.

G0 =
600su −170su

p
OC R −1 for clay

m

p
σaσv

2(1+νsoi l )
for sand

(7.8)

Where:
- OCR: the over-consolidation ratio. It’s the highest stress experienced divided by the current stress
- m = 1000tan(φ)
- φ: the internal friction angle of the soil layer
- σa = 100 kPa : the reference pressure
- σv = Hsoi l ·γsoi l : the vertical effective stress - Pascal
- γsoi l : the soil density
- su : the untrained shear strength

tmax is depending on the type of the soil (clay or sand). It can be determined by using Equation 7.9 [7]:

tski n,max =
{
αsu for clay

pu tan(φ) ≤ fl i m for sand
(7.9)

Where φ is the internal friction angle and α is dependant on su and pu :

α=


1

2
√

su/pu
for

su

pu
≤ 1

1

2(su/pu)1/4
for

su

pu
> 1

(7.10)

7.1.5. Tip resistance
The pile is modelled with a tip resistance. This is dependant mostly on the type of soil but also on the pile tip
area. According to the DNV GL-ST-0126, its value is:

qt i p =
{

9su for clay

Nq pu ≤ ql i m for sand
(7.11)

Where the value of Nq and ql i m are dependant on the internal angle of friction and can be found in Table 7.1
[7].
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Internal Friction Angle [deg] fl i m [kPa] Nq ql i m [Mpa]
15 48 8 1,9
20 67 12 2,9
25 81 20 4,8
30 96 40 9,6
35 115 50 12,0

Table 7.1: Tip resistance parameters for a sand layer

By multiplying this resistance by the area of the pile tip, the force in the upward vertical direction can be
determined.

7.1.6. Stiffness interpretation
Different interpretations are possible for the p-y curves. Two options are considered in this report: the linear
stiffness and the tangential stiffness. Both of them are based on the slope of the p-y curves. The linear stiffness
represents the initial slope, while the tangential stiffness the slope at any point of the curve. These definitions
are shown on Figure 7.8.

k0

ktan

Figure 7.8: Linear and tangential stiffness interpretation

Based on Equation 7.2 and Equation 7.4, the linear stiffness equation is indicated in Table 7.2. However, the
linear stiffness doesn’t take into account the deflection of the pile. The tangential stiffness returns a more
accurate soil stiffness model, at the cost of a higher computational effort.

Soil type Linear Stiffness Tangential stiffness

Sand kmod · z kmod · z · (1− tanh(
kmod · z

A ·pu
· y))

Clay ∞ pu

6 · yc
· (

y

yc
)−2/3

Table 7.2: Soil stiffness based on the p-y curve
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It seems that the linear stiffness is infinite, which corresponds to an infinite rigid soil layer. Furthermore,
this leads to a numerical problem in the Matlab function. Therefore, the initial slope can be calculate using
Equation 7.12 [7].

ki ni = ξ pu

Dpi l e (εc )0.25 (7.12)

Where ξ= 10 for consolidate clay and ξ= 30 for over-consolidated clay.

7.2. p_y_t_z_curves.m
The soil_boundary_condition.m function calculates all the parameters of the p-y and t-z curves. The function
p_y_t_z_curves.m uses all of these results to calculate the static response to a load applied on the top of the
foundation. This load is defined as a combination of three forces in the three directions : x, y z, respectively
noted Fx ,Fy and Fz . The values of Fx and Fy are entered by the user in the script START_OwjEma.m. The
load Fz corresponds to the structure weight plus the buoyancy (Section 6.1) and the marine growth weight
(Section 6.2).
Since the p-y and the t-z curves are non linear, the static displacement is found iteratively. Consequently, the
computation is much faster if stiffness_type = 1, which corresponds to a linear interpretation of the p-y curve
(Section 7.1.6). But in this case the result is less accurate than for stiffness_type = 2.
The output of this function is the static displacement of one pile. By dividing the static loads by the displace-
ment of the top of the pile, the equivalent stiffness is obtained. However, as it is specified in the DNV-J101
[10], this method is made for the ULS. As a result, the equivalent stiffness might be over-estimated by the
model.





8
Modal analysis

The last step of the program is the modal analysis. This consist in calculating the modes and the eigenvalues.
A representation of this part is shown on Figure 8.1. Only one function is used, the eigenvalue_calculator.m
function.

Chapter 8:	Modal	Analysis

eigenvalue_calculator.m

User inputs
K_glob , M_glob
Nodes
Elements

Eigenfrenquencies, Modes
Mode shape plot

Figure 8.1: Modal analysis section

The outputs of this section (the eigenfrequencies, the modes and the modes shape plots) are part of the
outputs returned to the user.

8.1. eigenvalue_calculator.m
The eigenfrequencies of the system are calculated with the global mass and stiffness matrices determined in
the previous chapters. By definition, the eigenfrequencies are the positive roots of the following equation:

det(−ω2 · (Mg l ob +Madded )+Kg l ob) = 0 (8.1)

To each eigenfrequency calculated, a mode shape is associated. It represents the deformation of the structure
when resonance occurs. This mode shape is represented by a vector where each line represents the spatial
variation of a degree of freedom. These displacements are not absolute, they are relative to each other. Con-
sequently, the modes return the shape of the deformation and not the amplitude of it. The amplitude can be
calculated but must be associated to an external force.
In eigenvalue_calculator.m, the modes and the eigenfrequencies are calculated with the Matlab function eig
where [V,D] = eig (Kg l ob , Mg l ob) corresponds to the following equation:

Kg l obVω = Mg l obVωDω (8.2)

Where Vω is the eigenmatrix and Dω the diagonal matrix corresponding to the eigenfrequencies.
Deformation can occur in the x-direction or the y-direction. If the structure is perfectly symmetrical, each
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64 8. Modal analysis

mode shape and eigenfrequency representing a deformation in the x-direction will have a "double" rep-
resenting the same deformation but in the y-direction. However, the eccentricity caused by the rotor will
"break" this symmetry and cause a deformation in the fore-aft direction different than in the side-to-side di-
rection.

8.2. Modal Analysis Outputs
The outputs of this section are the matrix of all the modes (the eigenmatrix) and the vector corresponding
to the natural frequencies. The results are presented in a table where each line correspond to a mode, the
associated natural frequency, the associated modal mass and the associated modal stiffness. An example of
this output is shown on Table 8.1. It can be noticed that all the modal mass are equal to one; it’s because the
modes are mass normalized.

Modes Eigenfrequencies [Hz] Modal Mass [Kg] Modal Stiffness [Nm2]
1 0,300 1,000 3,565
2 0,302 1,000 3,602
: : : :
8 4,946 1,000 965,952

Table 8.1: Example eigenfrequencies output

The modes shape can be plotted by adding the value of the deformation in the x, y and z directions to the
associated nodes coordinates. The result is shown on Figure 8.2. The function eigenvalue_calculator.m plots
only the modes specified by the user in the input Mode_plot. If the user enters Mode_plot = [1 5 8 13], the
program returns the plots of the modes 1, 5 8 and 13. If the user enters a mode number higher than the
number of degree freedom, the program stops and returns an error message asking to reduce the values in
Mode_plot. If Mode_plot is empty, no mode are plotted.
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Figure 8.2: Example of outputs of the eigenvalue calculator



9
Dynamic response analysis

This section of the program is not part of the initial objective: the modal analysis. However, the user may be
interested in simulating the dynamic response to a harmonic load on the structure. This is the purpose of this
section, represented by Figure 9.1.

Chapter 9:	Dynamic Response Analysis

rayleigh_damping.m

response_analysis.m

stress_calculator.m

Displacement,
Stress

User inputs
Eigenfrenquencies, K_glob
M_glob , Nodes, Elements

Figure 9.1: Dynamic response analysis section

This part is composed of three functions:
- rayleigh_damping.m
- response_analysis.m
- stress_calculator.m

The idea is to add a material damping to the structure with the function rayleigh_damping.m. This create
a new damping matrix, based on the eigenfrequencies obtained in Section 8.1. Once this damping matrix is
calculated, a harmonic load is applied on the top node, simulating the wind force on the rotor. The dynamic
response to this load is calculated with the function response_analysis.m. Finally, if the user specifies it, the
stress in the nodes is calculated with the function stress_calculator.m. The outputs of this section are plots of
the displacements, velocities and accelerations of the selected nodes and the stress applied on the nodes.

The damping matrix is essential to understand and estimate the dynamic behaviour of the structure. This
damping can take various forms, such as material, viscous or hydrodynamic damping. In this model the hy-
drodynamic damping has already been introduced in Section 6.5. The material damping can be modelled
with a Kelvin-Voigt damping or with a Rayleigh damping.
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66 9. Dynamic response analysis

9.1. Kelvin-Voigt damping
The Kelvin-Voigt damping is a way of representing a viscoelastic material. The classic representation of it is a
spring and a damper assembled in parallel. The model is presented on Figure 9.2. This damping definition is
not implemented yet into the model, this section gives an indication on how it can be added to the program.

Ei

𝜂i

Figure 9.2: Kelvin-Voigt model

According to L. Gaul (1999) [16],and to R.F.Kristensen, K.L.Nielsen and L.P.Mikkelsen (2008) [21], the Kelvin-
Voigt model applied to the element i can be expressed by the following equation :

Mi Ẍi +
ηd amp,i

Ei
Ki Ẋi +Ki Xi = Fi (t ) (9.1)

The demonstration of Equation 9.1 is made for the element i. The calculation is the same for all the other
structure’s members.
In this figure, Ei represents the Young’s modulus and ηd amp,i the viscous coefficient of element i. Since the
model is built in parallel, the strain is the same for the damper and the spring. In addition, the total stress is
equal to the sum of the spring stress and the damper stress. Consequently, the following equation is obtained:

σi (t ) = Eiεi (t )+ηd amp,i
dεi (t )

d t
(9.2)

The Kelvin-Voigt model can also be expressed with a complex dynamic modulus:

E∗
i (ω) = Ei + iωηd amp,i (9.3)

Since the mass and the stiffness matrices are known, it can be deduced:

Mi
..

Xi +Ki Xi = Fi (t ) (9.4)

Where Xi represents the vector of the displacements of element i. In the frequency domain, the equation is:

−ω2Mi
∼

Xi +Ki
∼

Xi =
∼
Fi (9.5)

Equation 9.3 is then substituted in Equation 6.4.

−ω2Mi
∼

Xi + iω
ηd amp,i

Ei
Ki

∼
Xi +Ki

∼
Xi =

∼
Fi (9.6)

By transferring Equation 9.6 into the time domain, it is finally obtained:

Mi
..

Xi +
ηd amp,i

Ei
Ki

.
Xi +Ki Xi = Fi (t ) (9.7)

The Kelvin-Voigt damping matrix is then expressed as:

CK V ,i =
ηd amp,i

Ei
Ki (9.8)

With this method, the damping matrix of each element is determined, then assembled into a global damping
matrix.
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9.2. rayleigh_damping.m
The Rayleigh damping introduces the material damping. The idea of such damping is to represent the in-
ternal damping of the structure, in other words the energy dissipation of the system. This method leads to a
proportional damping which is expressed on Equation 9.9.

CRaylei g h =αRaylei g h M +βRaylei g hK (9.9)

where αRaylei g h and βRaylei g h are respectively the mass and the stiffness damping coefficient. A method to
determine these coefficients is detailed by Indrajit Chowdhury and Shambhu P. Dasgupta (2003) [14]. The
purpose of this method is to estimate the value of these coefficients. It is known that the behaviour of the
system is characterized by Equation 9.10

M
..
X +CRaylei g h

.
X +K X = F (t ) (9.10)

Equation 9.10 is pre-multiplied by Vt
ω and multiplied by Vω, which is the eigenmatrix.

V t
ωMVω

..
X +V t

ωCRaylei g hVω
.

X +V t
ωK VωX =V t

ωF (t ) (9.11)

Equation 9.11 can be also written with the modal matrices notation such as:
- M∗ =V t

ωMVω
- C∗

Raylei g h =V t
ωCRaylei g hVω

- K ∗ =V t
ωK Vω

Thus, Equation 9.11 becomes:

M∗ ..
X +C∗

Raylei g h

.
X +K ∗X =V t

omeg aF (t ) (9.12)

By pre-multiplying the previous equation by M∗−1, the following equation is obtained:

I
..
X +M∗−1C∗

Raylei g h

.
X +M∗−1K ∗X = M∗−1φt F (t ) (9.13)

By construction, the modal matrices are diagonal. As a result, for each mode, an equation is derived and is
expressed in the following form:

..
xi i +

c∗i i

m∗
i i

· .
xi i +ω2

i · xi i =
f (t )∗i
m∗

i i

(9.14)

The modal damping ratios are introduced. They are expressed in the form:

ξi =
c∗i i

ccr
i i

= c∗i i

2
√

m∗
i i k∗

i i

= c∗i i

2m∗
i iωi

(9.15)

By substituting this into Equation 9.14, it is obtained:

..
xi i +2ξiωi

.
xi i +ω2

i xi i =
f (t )∗i
m∗

i i

(9.16)

Equation 9.9 is substituted into Equation 9.11.

V t
ωMVω

..
X +αV t

ωMVω
.

X +βV t
ωK Vω

.
X +V t

ωK VωX =V t
ωF (t ) (9.17)

M∗ ..
X +αRaylei g h M∗ .

X +βRaylei g hK ∗ .
X +K ∗X =V t

ω ·F (t ) (9.18)

By following the same steps detailed in Equation 9.13 and Equation 9.14, the following result is obtained :

c∗i i =αm∗
i i +βk∗

i i (9.19)

ξmod ,i =
αRaylei g hm∗

i i +βRaylei g hk∗
i i

ccr
i i

= αRaylei g h

2ωi
+ βRaylei g hωi

2
(9.20)

To solve this system of equation, two values of ξmod are needed. The modal damping is not known. However,
in the industry, some values are assumed for the first three modes. According to Golafshani, Ali Akbar and
Gholizad, Amin (2009) [18], the damping ratio for the first three modes are assumed to be ξ1mod , = 0.05,
ξmod ,2 = 0.03 and ξmod ,3 = 0.02. This assumption is also made by Madjid Karimirad (2014)[20] with ξmod ,1 =
0.05.
The output of this section is the damping matrix Cr ayl ei g h , which is used to estimate the dynamic response
of the model.
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9.3. response_analysis.m
If the selected modal_displacement_analysis = ’Y’, the program activates the function response_analysis.m.
The role of this function is to calculate the dynamic response to a harmonic load applied on the top node.
Such operation requires the global mass matrix, the global stiffness matrix and the damping matrices. Once
the modes and the eigenfrequencies are determined, the modal matrices are calculated :

M∗ =V t
ωMVω (9.21)

C∗ =V t
ωCVω (9.22)

K ∗ =V t
ωK Vω (9.23)

These matrices are diagonal and their coefficients can be written as m∗
i i , c∗i i and k∗

i i . From c∗i i the damping
ratio of each mode can be calculated:

ξi =
c∗i i

2m∗
i iωi

(9.24)

The next step is to calculate the modal displacement with Equation 9.25.

umod ,i (t ) = Ai exp(−ξiωi t )sin(ωi t
√

1−ξ2
i +ϕi )+ 1

m∗
i iωi

√
1−ξ2

i

∫ t

0
F∗

i (τ)sin(ωi

√
1−ξ2

i (t−τ))exp(−ξiωi (t−τ))dτ

(9.25)
Where Ai and ϕi are determined according to the initial conditions. Nevertheless, we are interested in the
steady-state response to the force. In consequence, the modal displacement can be written as:

umod ,i (t ) = 1

m∗
i iωi

√
1−ξ2

i

∫ t

0
F∗

i (τ)sin(ωi

√
1−ξ2

i (t −τ))exp(−ξiωi (t −τ))dτ (9.26)

Where F∗
i (t ) = x̂T

i · f (t ), x̂i the eigenvector i and f(t) the external exciting force.
From Equation 9.26, the general displacement can be computed:

x(t ) =Vωu(t ) (9.27)

Based on the user inputs, the program returns the displacement, velocity, acceleration and the force and mo-
ment applied on the selected nodes. The outputs are selected with the following inputs:

- Node_plot = [55 29] if the user wants to do the calculations for the nodes 55 and 29
- Dir_plot = [’x’ ’y’ ’z’] if the user wants to do the calculations in the x, y and a directions
- Displacement_plot = ’Y’ if the user wants to plot the nodes displacements
- Force_plot = ’Y’ if the user wants to plot the force applied on the selected nodes
- Moment_plot = ’Y’ if the user wants to plot the moment applied on the selected nodes
- Stress_plot = ’Y’ if the user wants to plot the stress applied on the selected nodes

The user has also the possibility to select the time of the simulation (in second) with the input time_simulation.

9.4. stress_calculator.m
From Section 9.3, the general displacements are known. So, the velocity and the acceleration vectors can be
computed. Once Ẍ ,Ẋ and X are determined, the loads applied on the nodes are calculated:

M · ..
X +C · .

X +K ·X = F (t ) (9.28)

From this equation, the axial loads in each member can be calculated, as well as the moments around the
local y and z axis. The stress applied on one specific node in one specific element is:

σ= Fx

A
+ My

V
+ Mz

V
(9.29)
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9.5. Dynamic response analysis
The outputs of this section are the plots of the displacement, velocity, acceleration, force, moment and stress.
These depend on the inputs, detailed in Section 9.3. Examples of these plots are presented on Figure 9.3 ,
Figure 9.4, Figure 9.5 and Figure 9.6. These plots correspond to the response of the top node (node 55) to a
force in the x direction with an amplitude of 100 kN and a frequency of 0.3093 Hz, which correspond to the
first natural frequency in this example.

Figure 9.3: Example of dynamic response

Figure 9.4: Example of force at a node
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Figure 9.5: Example of moment at a node

Figure 9.6: Example of stress at a node
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10
Test of a simplified structure

The program OwjEma was built to estimate the modes shape and eigenvalues of an offshore wind support
structure. Yet, before using the model, it must be tested to ensure that the program’s outputs are correct. The
first step in model verification is to define a simple structure. This check was done during the construction
of OwjEma, to ensure that the coding was correct before proceeding to the next step. The structure used is a
clamped beam with a constant cross section. Several checks are performed with this beam, as detailed in the
figure 10.1.

Modal	analysis
check

Static deflection check

Geometry check

User Inputs

OwjEma Ouputs

Figure 10.1: Verification steps of OwjEma

The three steps, geometry checks, static deflection checks and modal analysis, correspond respectively to the
verification of the inputs, the stiffness matrix and the mass matrix. If the two global matrices characterizing
the model are correct, the results of the modal analysis can be trusted.
In this chapter, the results of OwjEma are compared to the analytical results, provided by the equations related
to a clamped beam.
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10.1. Structure definition
The first check of the OwjEma program is to model a clamped beam. Such a structure can be modelled
easily. Its mass matrix and stiffness matrix are calculated via the functions Element_Matrices.m and ma-
trix_assembly.m. The clamped beam model is shown in Figure 10.2.

x

EI , A , ρ

x = Lx = 0

Figure 10.2: Model of a clamped beam

In this section, the values characterizing the model are:
- E = 210E9 Pa
- ρ = 8500 kg·m−3

- L = 70 m
- D = 2 m
- t = 0,02 m
The beam is discretized with 20 nodes. The result is shown on Figure 10.3. Visually, it can be confirmed that
the construction of the geometry is correct. But, this graph does not show the aspect of the volume of the
structure.

Figure 10.3: Clamped beam model in OwjEma

To ensure the model has correctly defined the beam geometry, the mass of all the elements of the model is
calculated and compared to the theoretical mass. The results are presented on Table 10.1.

Theoretical mass [kg] OwjEma mass [kg]
74022,20 74022,20

Table 10.1: Mass comparison for a clamped beam
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The results are exactly the same in both case, which can confirm the geometry definition is correct for a
simple structure.

10.2. Static check
To check whether the stiffness matrix is correct or not, a force is applied at the tip of the beam, as presented
on Figure 10.4.

F

x

EI , A , ρ

x = Lx = 0

Figure 10.4: Static force at the tip of a clamped beam

If the static force F is represented as a vector, the associated displacement can be calculated with the following
Equation:

qnumer i cal = K −1
g l obF (10.1)

Analytically, the tip displacement can also be calculated. It is know that the moment of the beam is:

M =−E I
d y2

d 2x
(10.2)

Since a force F is applied in the y direction at the location x = L, the moment M is:

M(x) = F (x −L) (10.3)

By substituting Equation 10.3 into Equation 10.2, it is obtained:

d y2

d 2x
= F (x −L)

−E I
(10.4)

Equation 10.4 is integrated twice. So, the static displacement is:

y(x) = F x3

6E I
+C1x +C2 (10.5)

The constants C1 and C2 are determined with the boundaries conditions. Since y(0) = 0 and
d y

d x
= 0, it is

obtained C1 =
1

2
FL2x and C2 =0. Then, if the static displacement at x = L is noted qanal y ti cal , it is obtained:

qanal y ti cal =
F L2

3E I
(10.6)

The value of qanal y ti cal and qnumer i cal are calculated and compared for a force F varying from 1 N to 100 kN.
The results are shown on Figure 10.5.
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Figure 10.5: Static displacement of the tip of the clamped beam

It can be noticed that even for a force of 100 kN, the difference between the analytical result and the OwjEma
result is only of 9,1957E-4 m, which can be neglected. The static displacements of the complete beam is also
calculated numerically and analytically. The results are presented on Figure 10.6.

Figure 10.6: Static displacement of the clamped beam

The results are similar in both cases with a maximum relative error of 1,4%. As a result, the stiffness calculated
with OwjEma for a clamped beam can be validated. However this is a validation only for a simple model. The
model should also be checked for more complex structure which will be performed in the next chapter.
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10.3. Modal analysis check
Once the stiffness matrix is validated for the clamped beam model, the mass matrix is checked. This is done
by calculating the modes and the natural frequencies of the beam with the global matrices Kg l ob and Mg l ob .
The natural frequencies of a clamped beam can be calculated by hand according to the Equations 10.7, 10.8
and 10.9.

ω1 = 1.8752

√
E I

ρAL4 (10.7)

ω2 = 4.6942

√
E I

ρAL4 (10.8)

ω3 = 7.8552

√
E I

ρAL4 (10.9)

Based on the the values of E, I ρ, A and L, the natural frequencies of the beam are :
- ω1,anal y ti cal = 2,4969 rad·s−1

- ω2,anal y ti cal = 15,6477 rad·s−1

- ω3,anal y ti cal = 43,8139 rad·s−1

The modes and the eigenfrequencies are also calculated with the Matlab function eig and the global matrices
Kg l ob and Mg l ob . The natural frequencies are:
- ω1,numer i cal = 2,4943 rad·s−1

- ω2,numer i cal = 15,5354 rad·s−1

- ω3,numer i cal = 43,0736 rad·s−1

The relative error for ω1, ω2 and ω3 are respectively of 0,10 %, 0,72 % and 1,72 %.
The modes shape corresponding to these three natural frequencies and calculated with OwjEma are pre-
sented on Figure 10.7. These modes correspond to the first, second and third mode shape of a clamped
beam.

Figure 10.7: Calculated mode shape of the clamped beam

Since the modes shape calculated correspond to the expected modes shape and since the analytical and
numerical natural frequencies are similar, the mass matrix is validated for a clamped beam.





11
Bladed comparison checks

In Chapter 10, it has been verified that the model was able reproduce the modal behaviour of a simple beam.
However, in order to validate OwjEma, verifications must be performed for a more complex structure. For
this check, the OwjEma results are compared to the result of the Bladed software, described in Section 2.1.
Since the method for calculating eigenfrequencies and mode shapes in Bladed and OwjEma are not the same
(as detailed in Section 11.4), additional steps must be performed in the check. The OwjEma code is adapted
to return the same output as Bladed.

Modal	Analysis

Soil stiffness

Matrices	construction

Geometry definition

User Inputs

OwjEma Ouputs

Figure 11.1: Verification steps of OwjEma

As shown in Figure 11.1 and as explained in the previous chapters, the algorithm is composed of different
steps: the definition of the geometry, the construction of the matrices, the definition of the soil stiffness and
the modal analysis. The part concerning the plotting of the structure is not considered in this chapter because
it can be assimilated to the geometry definition. All parts of OwjEma are checked with the Bladed outputs.
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11.1. Scenario definition
In Section 10.1, the stiffness matrix and the mass matrix constructed by OwjEma for a simple model have been
validated. Nevertheless, the matrices must be verified for a complex structure. Since the analytical solution
can not be calculated for a multi-member structure, OwjEma outputs are compared to Bladed outputs. In the
model, several parameters are implemented and must be checked. As a result, several scenarios have been
established to isolate the influence of these parameters and to verify if they have been correctly implemented.
The different scenarios are presented on Table 11.1.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
NL 4 3 4 4 4 4

Fll eg N N N N Y N
Flbr ace N N N N Y N

Nb 4 4 4 4 4 4
Brace pattern X X Z X X X

marine growth [m] 0 0 0 0 0 0,1
ET P [Pa] 2.10e13 2.10e13 2.10e13 2.10e11 2.10e13 2.10e13

Table 11.1: Scenario definition

All the scenarios are based on the inputs listed in Table 11.2.

rho_s [kg·m−3] E_s [Pa] nu_s rho_TP [kg·m−3] nu_TP
8500 2,10E11 0,3 8500 0,3P

Jh [m] L_bottom [m] L_top [m] h0 [m] TPL [m]
70 12 8 2 2

h_tp [m] Dl_bottom [m] Dl_top [m] tl_bottom [m] tl_top [m]
0 1,289 1,123 0,0537 0,0312

BA Nb Horizontal_member D_brace [m] t_brace [m]
Y 4 N 0,732 0,020

ht [m] Dt_bottomp [m] Dt_top [m] Tt_bottom [m] Tt_top [m]
70 5,5 4 0,034 0,020

M_nacelle [ton] M_rotor [ton] msl [m] rho_w [kg·m−3] splash_zone [m]
240 110 50 1025 2

Table 11.2: Base geometry

These scenarios should be tested for a case with rigid foundations and for a case with stiff foundations. The
soil parameters used for verification are presented in Table 11.3. The piles of the structure are modelled as a
vertical beam with a diameter of 1.22 m, a thickness of 0.01 m and a length of 30 m. The curves p-y and t-z
are calculated every 1 meter. The static forces in the x and y directions are both equal to 1 000 000 N.

Layer ID
Layer
Type

Layer
depth [m]

Density
[kg· m −3]

Friction
angle [deg]

Undrained shear
strength [Pa]

Vertical
Strain

Poisson
coefficient

1 Clay 0 8000 - 25000 0.02 0.3
2 Sand 2 8000 30 - - 0.3
3 Clay 4 10000 - 100000 0.005 0.3

Table 11.3: Soil stiffness scenario



11.2. Geometry checks 81

11.2. Geometry checks
The model has been verified for a simple structure, but this is not enough to validate it. Verifications must be
done for a more complex structure. Bladed software is used in this section to compare OwjEma results. The
first step is to check the construction of the geometry. A basic check is to compare the Bladed and OwjEma
plots for different structures, as shown in Figure 11.2 and Figure 11.3. These figures represent different varia-
tions in the design of the structure. It can be noted that the graphics are the same for both programs. Even if
this does not validate the model at all, it confirms that Bladed and OwjEma will perform a simulation based
on the same structures.

(a) Bladed geometry visualization (b) OwjEma geometry visualization

Figure 11.2: Comparison of the Bladed and OwjEma geometry output for scenario 1

(a) Bladed geometry visualization (b) OwjEma geometry visualization

Figure 11.3: Comparison of the Bladed and OwjEma geometry output for the scenario 2
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An output of Bladed is the multi-member structure’s mass. This only concerns the elements’ mass, without
the weight of marine growth and without the water in the members. As a result, the mass of Scenario 1, 2,
and 3 models are compared. The results are presented in Table 11.4. Lines 4 and 5 of the table correspond
respectively to a different brace pattern and to a different number to the bay. The idea is to compare different
configurations of geometry.

Scenario Bladed model mass [kg] OwjEma model mass [kg] Error (%)
1 886361 886221 0,016
2 723894 723773 0,017
3 769292 769152 0,018

Brace pattern K 906040 905901 0,015
3 bay 872466 872303 0,019

Table 11.4: Comparison of the mass model

The mass is similar in both programs, with a small relative error in each scenario. The differences may come
from the discontinuity of the model. Still, these results provide a good basis for confirming the geometric
definition in OwjEma.

11.3. Static checks
To check the stiffness matrix of the model, a static force is applied at the top of the structure. Then, the static
deformations of the model are calculated and compared to the results from Bladed. Yet, it is not possible to
directly apply a static charge in Bladed, the deformations are obtained from the loads caused by the wind on
the rotor. Ergo, the static loads are a function of the wind speed in Bladed. For a 61m wind turbine, and a
wind speed from 3 m· s−1 to 25 m· s−1, the loads are calculated. The results are shown on Figure 11.4.

Figure 11.4: Variation of the loads applied on the rotor according to the wind speed

Loads values are extracted from Bladed and implemented in OwjEma. From this, the static displacement of
the model is calculated. The results for scenario 1 with rigid foundations are shown on Figure 11.5.
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Figure 11.5: Static displacement of top node in scenario 1

The first thing to note about Figure 11.5 is that the deformation is not similar between OwjEma and Bladed
after the wind speed of 11 m·s−1. After the peak, the charges decrease, but the structure does not return to
its initial position. It can be viewed with the graph on the right of the figure. In OwjEma, the deformations
according to the loads are perfectly linear, which is not the case in the Bladed model. This could be explained
by the drag force that act on the structure in Bladed and which is not implemented in OwjEma. Apart from
the non-linearity of the deformation after the peak, the results from Bladed and from OwjEma are similar.
Static deformation is also tested for scenarios 1, 2, 3 and 4 at different nodes of the model. These nodes
are presented on Figure 11.6. Scenarios 5 and 6 are not statically tested because the changing parameters
(flooded members and marine growth) do not influence the rigidity of the model.
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Figure 11.6: Position of the nodes in scenario 1 to 4
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A static load varying from 77346 N to 720673 N ( corresponding to a wind speed from 3 m·s−1 to 11 m·s−1)
is applied at the top node of the structure in the x-direction. The static response obtained with Bladed and
OwjEma, for rigid foundations, are presented on Figure 11.7, Figure 11.8, Figure 11.9 and Figure 11.10.

Figure 11.7: Static response scenario 1 with rigid foundation

Figure 11.8: Static response scenario 2 with rigid foundation
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Figure 11.9: Static response scenario 3 with rigid foundation

Figure 11.10: Static response scenario 4 with rigid foundation

In all scenarios, static responses are similar to Bladed displacements. It should be noted that these results are
for rigid foundations. The same simulations are performed but with the soil properties defined in Table 11.3.
The results are presented on Figure 11.11, Figure 11.12, Figure 11.13 and Figure 11.14.
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Figure 11.11: Static response scenario 1 with stiff foundation

Figure 11.12: Static response scenario 2 with stiff foundation
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Figure 11.13: Static response scenario 3 with stiff foundation

Figure 11.14: Static response scenario 4 with stiff foundation

In each situation, the static responses at the different nodes are the same in Bladed and OwjEma. The con-
clusion of such results is that the stiffness matrix K g l ob defined in OwjEma can be trusted.
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11.4. Modal analysis check

The last part of the model to be checked is the modal analysis section. Since the stiffness matrix of the model
has been verified in the previous section, checking the results of the modal analysis is equivalent to verifying
the reliability of the mass matrix. Again, this check is done by comparing Bladed’s results to OwjEma’s results.
However, the modal analysis in Bladed is not the same as the one proposed by OwjEma. In Matlab, the func-
tion used for modal analysis is eig, which solves the following equation:

Kg l obVω = Mg l obVωDω (11.1)

Where Vω is the eigenmatrix and Dω the diagonal matrix of the eigenvalues.
In Bladed the modes of the structure calculated are not the natural modes of the model. In fact they are split
in two parts named attachment modes and normal modes. The attachments modes correspond to the struc-
ture static response to a unit load applied on the top node in one of the six direction. The normal modes
refer to the modes calculated when the top node is constrained. The calculated modes are coupled by the
equation of motion. For this reason, the natural frequencies are subject to change. Nevertheless, the natural
frequencies returned by the modal analysis in Bladed correspond to the model linearisation.
To obtain the natural frequencies of the attachment modes, a unit load is applied at the top of the model.
Each of the attachment modes corresponds to a different direction :

- Support structure fore-aft translational attachment node: force in the x- direction
- Support structure side-side translational attachment node: force in the y-direction
- Support structure vertical translational attachment node: force in the z-direction
- Support structure fore-aft rotational attachment node: moment around the x-axis
- Support structure side-side rotational attachment node: moment around the y-axis
- Support structure torsional rotational attachment node: moment around the z-axis

The definition of the Bladed modes is presented on Figure 11.15

Unit 
load

(a) Attachment modes
definition

(b) Normal modes
definition

Figure 11.15: Bladed modes definition
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The attachment modes correspond to the static deformation associated to the unit load. Consequently, the
mode shape is defined by:

Vat t achement ,i = K −1
g l obFi (11.2)

Where Vat t achement ,1 represents the attachment mode i and Fi the vector corresponding to the unit load.
Once Vat t achement ,1 is known, the associated frequency is calculated with Equation 11.3.

Mg l obVat t achement ,iω
2
i = Kg l obVat t achement ,1 (11.3)

It has to be noted that for the rotational attachment modes, the top node is considered as a hinge. The node
can only rotate, the translations are constrained.
To verify the mass matrix of the model, a function Bladed_mode.m is created in OwjEma. This function
calculates the modes and the natural frequencies the same way Bladed does. If the results are similar, the
mass matrix can be validated and the finite element model considered as relevant for modal analysis.
A modal analysis is done for the scenarios 1, 2 , 3 and 4 for rigid foundation. The scenario 5 and 6 are tested
in a different section since they represent the effect of an extra mass in the system. The simulations are done
in Bladed and OwjEma. The results are presented on Table 11.5, Table 11.6, Table 11.7 and Table 11.8.

Bladed
Frequencies [Hz]

OwjEma
Frequencies [Hz]

Mode Type Error
(%)

0,304 0,303 Support structure side-side translational attachment node 0,33
0,306 0,305 Support structure fore-aft translational attachment node 0,33
1,307 1,302 Support structure torsional rotational attachment node 0,38
1,698 1,697 Support structure side-side rotational attachment node 0,06
1,990 1,999 Support structure fore-aft rotational attachment node 0,45
2,029 2,035 Support structure normal mode 0,30
2,029 2,035 Support structure normal mode 0,30
4,777 4,826 Support structure normal mode 1,03
4,777 4,826 Support structure normal mode 1,03
4,982 4,991 Support structure normal mode 0,18
5,816 5,820 Support structure vertical translational attachment node 0,07
6,366 6,394 Support structure normal mode 0,44

Table 11.5: Modal analysis result scenario 1 - rigid foundation

Bladed
Frequencies [Hz]

OwjEma
Frequencies [Hz]

Mode Type Error
(%)

0,258 0,258 Support structure side-side translational attachment node 0
0,258 0,258 Support structure fore-aft translational attachment node 0
0,993 0,989 Support structure torsional rotational attachment node 0,40
1,540 1,538 Support structure side-side rotational attachment node 0,13
1,770 1,775 Support structure fore-aft rotational attachment node 0,28
1,828 1,835 Support structure normal mode 0,38
1,828 1,835 Support structure normal mode 0,38
4,445 4,450 Support structure normal mode 0,11
4,457 4,497 Support structure normal mode 0,90
4,457 4,497 Support structure normal mode 0,90
5,527 5,530 Support structure vertical translational attachment node 0,05
6,845 6,898 Support structure normal mode 0,77

Table 11.6: Modal analysis result scenario 2 - rigid foundation



90 11. Bladed comparison checks

Bladed
Frequencies [Hz]

OwjEma
Frequencies [Hz]

Mode Type Error
(%)

0,285 0,285 Support structure side-side translational attachment node 0
0,286 0,286 Support structure fore-aft translational attachment node 0
0,540 0,538 Support structure torsional rotational attachment node 0,37
0,798 0,801 Support structure normal mode 0,38
0,798 0,801 Support structure normal mode 0,38
0,892 0,891 Support structure side-side rotational attachment node 0,11
0,940 0,941 Support structure fore-aft rotational attachment node 0,11
2,115 2,119 Support structure normal mode 0,19
2,430 2,437 Support structure normal mode 0,29
2,539 2,547 Support structure normal mode 0,32
2,539 2,547 Support structure normal mode 0,32
3,965 3,968 Support structure normal mode 0,08

Table 11.7: Modal analysis result scenario 3 - rigid foundation

Bladed
Frequencies [Hz]

OwjEma
Frequencies [Hz]

Mode Type Error
(%)

0,100 0,100 Support structure side-side translational attachment node 0
0,100 0,100 Support structure fore-aft translational attachment node 0
0,884 0,885 Support structure torsional rotational attachment node 0,11
1,669 1,667 Support structure side-side rotational attachment node 0,12
1,904 1,907 Support structure normal mode 0,16
1,904 1,907 Support structure normal mode 0,16
1,965 1,974 Support structure fore-aft rotational attachment node 0,46
2,106 2,138 Support structure vertical translational attachment node 1,52
4,030 4,077 Support structure normal mode 0,99
4,030 4,077 Support structure normal mode 0,99
4,828 4,840 Support structure normal mode 0,25
5,878 5,900 Support structure normal mode 0,37

Table 11.8: Modal analysis result scenario 4 - rigid foundation

In every cases, the frequencies calculated with Bladed and OwjEma are similar. These calculations have been
done for rigid foundations. Stiff foundations shouldn’t make the natural frequencies differ since the soil stiff-
ness only impact the stiffness matrix, which has already been verified. However, to be sure of this assumption,
the frequencies are also calculated for scenario 1, 2, and 3 with stiff foundations. The results are presented in
Table 11.9,Table 11.10 and Table 11.11.
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Bladed
Frequencies [Hz]

OwjEma
Frequencies [Hz]

Mode Type Error
(%)

0,259 0,259 Support structure side-side translational attachment node 0
0,260 0,260 Support structure fore-aft translational attachment node 0
1,268 1,263 Support structure torsional rotational attachment node 0,39
1,371 1,368 Support structure side-side rotational attachment node 0,22
1,405 1,409 Support structure normal mode 0,28
1,405 1,409 Support structure normal mode 0,28
1,534 1,536 Support structure fore-aft rotational attachment node 0,13
3,943 3,951 Support structure normal mode 0,20
4,049 4,079 Support structure normal mode 0,74
4,049 4,079 Support structure normal mode 0,74
4,869 4,871 Support structure vertical translational attachment node 0,04
4,883 4,899 Support structure normal mode 0,33

Table 11.9: Modal analysis result scenario 1 - stiff foundation

Bladed
Frequencies [Hz]

OwjEma
Frequencies [Hz]

Mode Type Error
(%)

0,207 0,207 Support structure side-side translational attachment node 0
0,208 0,208 Support structure fore-aft translational attachment node 0
0,950 0,947 Support structure torsional rotational attachment node 0,32
1,229 1,226 Support structure side-side rotational attachment node 0,24
1,310 1,315 Support structure normal mode 0,38
1,310 1,315 Support structure normal mode 0,38
1,355 1,355 Support structure fore-aft rotational attachment node 0
3,701 3,724 Support structure normal mode 0,62
3,701 3,724 Support structure normal mode 0,62
3,764 3,769 Support structure normal mode 0,13
4,513 4,515 Support structure vertical translational attachment node 0,04
5,659 5,699 Support structure normal mode 0,71

Table 11.10: Modal analysis result scenario 2 - stiff foundation

Bladed
Frequencies [Hz]

OwjEma
Frequencies [Hz]

Mode Type Error
(%)

0,243 0,243 Support structure side-side translational attachment node 0
0,244 0,244 Support structure fore-aft translational attachment node 0
0,510 0,509 Support structure torsional rotational attachment node 0,20
0,748 0,751 Support structure normal mode 0,40
0,748 0,751 Support structure normal mode 0,40
0,792 0,791 Support structure side-side rotational attachment node 0,13
0,828 0,829 Support structure fore-aft rotational attachment node 0,12
1,913 1,918 Support structure normal mode 0,26
2,225 2,232 Support structure normal mode 0,31
2,315 2,324 Support structure normal mode 0,39
2,315 2,324 Support structure normal mode 0,39
3,782 3,785 Support structure normal mode 0,08

Table 11.11: Modal analysis result scenario 3 - stiff foundation

Here again, the natural frequencies in Bladed and OwjEma are similar. The last step of the modal analysis
verification is to compare the modes shape. The deformations from Bladed and OwjEma are compared on
Figure 11.16 for the attachment modes and on Figure 11.17 for the normal mode. On the figures, the plots



92 11. Bladed comparison checks

with the dots came from Bladed, the ones without the dots were from OwjEma. All the modes from Bladed
and OwjEma are similar. As a result, it is safe to assumed that the modal analysis of the finite element model
is correctly implemented in Matlab. This directly confirms that the mass matrix of the model is correct.
Both mass and stiffness matrix describe correctly the system and take into account correctly the soil stiffness.
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Figure 11.16: Attachment modes - scenario 1
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Figure 11.17: Normal modes - scenario 1

11.5. Extra mass check
In the previous section, the model mass and stiffness matrices were checked. However, the verifications
carried out do not take into account the mass induced by the marine growth and the flooded members. In
Bladed, these two parameters are accounted by specifying the thickness of marine growth around each mem-
ber, and specifying whether the elements are flooded or not.

Scenario 5 checks the flooded elements option. In this case, both legs and brace members are flooded. Bladed
has two parameters for characterizing flooded members, named sealed and flooded. The sealed parameter
sets whether the member is open or not. This influences the buoyancy of the model. If the member is chosen
to be sealed, the user can choose whether the item is flooded or not. In that case, the mass of the water and
the mass of the member are combined in the mass matrix of the element. In OwjEma, indicating flooded
members is equivalent to a sealed and flooded member option in Bladed. Verification of this statement is
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made with scenario 5 which considers that the legs and brace members are flooded. The modal analysis of
such a scenario is carried out in Bladed and OwjEma, considering rigid foundations. The results are presented
on Table 11.12.

Bladed
Frequencies [Hz]

OwjEma
Frequencies [Hz]

Mode Type Error
(%)

0,304 0,304 Support structure side-side translational attachment node 0
0,305 0,306 Support structure fore-aft translational attachment node 0,33
1,299 1,299 Support structure torsional rotational attachment node 0
1,690 1,689 Support structure side-side rotational attachment node 0,06
1,907 1,913 Support structure normal mode 0,31
1,907 1,913 Support structure normal mode 0,31
1,977 1,986 Support structure fore-aft rotational attachment node 0,46
4,094 4,109 Support structure normal mode 0,37
4,132 4,169 Support structure normal mode 0,90
4,132 4,169 Support structure normal mode 0,90
4,826 4,852 Support structure normal mode 0,54
5,644 5,660 Support structure normal mode 0,28

Table 11.12: Modal analysis result scenario 5 - rigid foundation

It can be noticed from the results presented in Table 11.12 that the frequencies calculated in Bladed and
OwjEma are similar for scenario 5. The maximum relative error is about 0,90%, which can be considered
negligible. It can be concluded that the flooded member effect is correctly implemented in OwjEma.

As for the flooded member option, the marine growth effect is verified with Bladed. According to the Bladed
user manual, the marine growth is considered as an extra mass on the members. Ergo, the marine growth
mass is combined to the element mass.
For this verification, the marine growth thickness is considered to be 100 mm around each submerged mem-
ber with a density of 1325 kg·m−3. The results of the simulation are presented in Table 11.13.

Bladed
Frequencies [Hz]

OwjEma
Frequencies [Hz]

Mode Type Error
(%)

0,304 0,304 Support structure side-side translational attachment node 0
0,306 0,306 Support structure fore-aft translational attachment node 0
1,305 1,300 Support structure torsional rotational attachment node 0,38
1,693 1,692 Support structure side-side rotational attachment node 0,06
1,942 1,956 Support structure normal mode 0,72
1,942 1,956 Support structure normal mode 0,72
1,981 1,991 Support structure fore-aft rotational attachment node 0,5
4,280 4,364 Support structure normal mode 1,96
4,280 4,364 Support structure normal mode 1,96
4,348 4,409 Support structure normal mode 1,40
5,215 5,322 Support structure normal mode 2,05
5,784 5,791 Support structure vertical translational attachment node 0,12

Table 11.13: Modal analysis result scenario 6 - rigid foundation

The frequencies calculated in Bladed and OwjEma with a marine growth thickness of 100 mm and a density
of 1325 kg ·m−3 are similar. For the modes 8, 9 and 10, the relative error is higher than in the scenarios without
biofouling. Even if these errors are relatively small (less than 2%), the result should be considered carefully
for higher modes.
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11.6. Conclusion verifications
In this part, the model has been verified in several ways, from simple checks to more complex verifications.
The clamped beam checks in Chapter 10 has shown that the physics implemented in the model was correct
for the basic structures.
Chapter 11 showed the model was able to reproduce the Bladed results. Assuming that the Bladed software
provides reliable outputs, it can be stated that the OwjEma program returns correct results. Since these out-
puts are based on the model’s mass and stiffness matrices, we can assume that the matrices are correctly de-
fined. In conclusion, even though the modes and eigenfrequencies can not be directly verified with Bladed,
their values are assumed to be correct. The modal analysis of OwjEma is validated for an offshore lattice
structure.
It has been proven that the model returns a correct result for a modal analysis. Still, it should be kept in mind
that the model is constructed according several assumptions, such as the design of the transition piece or
the use of the p-y curve to estimate the equivalent stiffness of the soil. These assumptions may influence the
results and the user should carefully consider the results based on the data provided to the model.
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12
Comparison between a three-legged and

four-legged structure

The program OwjEma offers the possibility to compare a three-legged structure with a four-legged structure.
Based on this option, a sensitivity study is conducted. The objectives of this Chapter 12 is to understand how
the inputs influence the structure’s eigenvalues and then estimate which structure’s configuration is the more
appropriate. For this sensitivity study, a methodology is defined:

- First a reference configuration is considered. The structure is modelled with four legs. Since the sensitivity
study is realised for the same location, the environmental inputs are assumed unchangeable. The hub height
and the turbine parameters are also non modifiable, since the study is only for the substructure design. The
rest of the geometric parameters are subject to change.

- Then, the modes and the eigenfrequencies are calculated. Since this output depends on the type of soil
rigidity, the study is done for the three cases stiffness_type = 0, stiffness_type = 1 and stiffness_type = 2. In
each case, the value of the first six natural frequencies are presented. Additionally, to each scenario are calcu-
lated the structure’s mass, the volume of steel, the surface (to estimate the "structure transparency") and the
number of nodes and elements. These parameters are used to choose the more appropriate scenario.

- After establishing the reference configuration, a similar three-legged structure is modelled in OwjEma. The
structure has the same parameters as the base case except for the number of legs. The natural frequencies
are calculated.

- The next step is the modification of the three-legged structure’s inputs until reaching a similar first natu-
ral frequency as the one from the reference configuration structure. The parameters modified are split in two
categories: the ones with a large influence, and the ones with a small impact on the natural frequencies.

- Once the parameters have been modified individually, they are combined to obtain an optimal three-legged
design. The mass, the amount of steel, the number of nodes and element and the structure’s surface are com-
puted for both configurations and compared. This comparison is used to estimate which concept is the best.
The behaviour of the other natural frequencies is also considered.
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12.1. Unchangeable parameters
Before modelling the four-legged structure, the environmental parameters are established. In this chapter, all
the scenarios are assumed to be at the same location. Consequently, the environmental parameters remain
the same in all cases. These inputs are listed in Table 12.1 and Table 12.2. The soil parameters are used when
the stiff foundations option is selected. For this study, the soil is composed of three layers, two of clay and
one of sand.

Input Description Values Unit
msl Mean sea level 50 meter

rho_w Sea water density 1025 kg.m−3

splash_zone Splash zone amplitude 2 meter
u_current Current velocity 0 m.s−1

current_dir Current direction 0 rad
T Wave period 100 s

wave_a wave amplitude 0 meter
wave_dir Wave direction 0 rad

mg_region Geographical region (for the marine growth) N/A -

mg
Marine growth thickness. If the region is unknown, the average ma-
rine growth is entered here. Otherwise it should be entered ’N’

0 meter

rho_mg Marine growth density 1325 kg.m−3

Table 12.1: Base case environmental inputs

Layer ID Layer type Layer depth [m] γ [kg·m−3] φ [deg] su [Pa] ε [-] ν [-]
1 2 0 8000 0 25000 0,02 0,3
2 1 2 8000 30 0 0 0,3
3 2 4 10000 0 100000 0,005 0,3

Table 12.2: Base case soil parameters inputs

Table 12.1 and Table 12.2 list the inputs which cannot be modified (not without changing the structure’s lo-
cation). The structure needs to be adapted to those parameters. However, it exists another type of inputs non
subject to change, the ones representing the turbine.
The turbine is considered as non-modifiable parameter for two reasons. The first reason is that the chosen
concept should not influence the production of electricity. Therefore, the wind turbine and the hub height
cannot be changed. The second reason is that the purpose of this section is to understand the differences
between a three-legged and a four-legged structure. Consequently, to obtain results as accurate as possible,
the turbine should not influence the results of the study.
The parameters of the turbine are presented in Table 12.3.

Input Description Values Unit
M_nacelle Mass of the nacelle 240 tons

M_rotor Mass of the rotor 110 tons
Rotor_inertia Rotor moment of inertia 38791490 kg.m2

Yaw_inertia Yaw moment of inertia 24000000 kg.m2

Hub height Hub height, from the mean sea level 90 meter

Table 12.3: Rotor inputs
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12.2. Reference configuration definition
To conduct this study, a reference configuration is defined. The main characteristic of this base scenario is to
be a four-legged structure. The rest of the scenario’s inputs are presented in Table 12.4, Table 12.5 and Table
12.6. The first table represents the elements’ material properties (density, Young’s modulus and Poisson’s co-
efficient), the second one the geometric inputs used to establish the structure’s shape. The third table is used
only when stiff foundations are considered (stiffness_type = 1 and stiffness_type = 2). This table represents
the foundation piles parameters, and is associated to the Table 12.2, presented in Section 12.1.

Input Description Value Unit
rho_s Steel density 8500 kg·m−3

E_s Steel Young’s modulus 2,10e11 Pa
nu_s Steel Poisson’s coefficient 0,3 -

rho_TP Transition piece density 8500 kg·m−3

E_TP Transition piece Young’s modulus 2,10e13 Pa
nu_TP transition piece Poisson’s coefficient 0,3 -

Table 12.4: Base case material inputs

Input Description Value Unit
NL Number of legs. Can be 3 or 4 4 -
Jh Jacket height 70 meter

L_bottom Bottom width 12 meter
L_top Top width 8 meter

h0 Distance from the seabed to the bottom horizontal member 2 meter
TPL Distance from the top horizontal member to the transition piece 2 meter
h_tp Transition piece height 0 meter

Dl_bottom Outer leg diameter at the sea bed 1,289 meter
Dl_top Outer leg diameter at the top 1,123 meter

tl_bottom Leg wall thickness at the sea bed 0,0537 meter
tl_top Leg wall thickness at the top 0,0312 meter
Fl_leg Specifies if the legs are flooded or not (’Y’ for yes, ’N’ for no) N -

Fl_brace
Specifies if the brace members are flooded or not (’Y’ for yes, ’N’ for
no)

N -

BA Specifies if the batter angle is constant or not (’Y’ for yes, ’N’ for no) N -

Bay_inter
Represents the number of bays in the lower part of the structure if the
batter angle is not constant

Y -

ht Tower height 70 meter
Dt_bottom Outer tower diameter at the transition piece 5,5 meter

Dt_top Outer tower diameter at the top 4 meter
Tt_bottom Tower wall thickness at the transition piece 0,034 meter

Tt_top Tower wall thickness at the top 0,02 meter

Bracing_type
Defines the type of bracing(X , Z or K, see section 3.2.3) by entering
’X’, ’Z’ or ’K’.

X -

Nb Represents the number of bays 4 -

Horizontal_member
Defines the presence or not of horizontal members between each bay
with the value ’Y’ for yes and ’N’ for no

N -

D_brace Outer brace members diameter 0,732 meter
t_brace Brace members thickness at the top 0,020 meter

Table 12.5: Base case geometric inputs
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Input Description Value Unit
Lf Pile length 30 meter
Df Pile outer diameter 1,22 meter

t_fun Pile wall thickness 0,01 meter
Delta_z Step interval for the p-y and t-z curves computation 1 meter

F_x Static load at the top of each pile in the x direction 10000 N
F_y Static load at the top of each pile in the y direction 10000 N

Table 12.6: Base case foundation pile inputs

12.3. Reference configuration analysis

The reference configuration is modelled in OwjEma. Based on the parameters defined in Section 12.1 and
Section 12.2, the structure’s natural frequencies are calculated. The first six natural frequencies are presented
in Table 12.7. The analysis is done for rigid and stiff foundations. The definition of the input stiffness_type is
given in Section 4.4 and 7.1.6.

Natural frequency [Hz]
Mode number stiffness_type = 0 stiffness_type = 1 stiffness_type = 2

1 0,304 0,258 0,259
2 0,306 0,260 0,260
3 1,301 1,097 1,105
4 1,495 1,153 1,162
5 1,622 1,258 1,274
6 2,651 2,313 2,333

Table 12.7: Base case natural frequencies

In addition to the modal analysis, some parameters characterizing the concept are computed. These param-
eters are the structure’s mass, the structure’s surface, the steel volume, the number of nodes and the number
of elements. The structure’s surface represents the total outer surface of the elements. This parameter is rel-
evant to estimate the structure’s transparency. It has an influence on the scour effect and the hydrodynamics
loads applied on the structure. These parameters’ values are presented in Table 12.8, and are named the cost
parameters.

Parameters stiffness_type = 0 stiffness_type = 1 stiffness_type = 2
Total mass [ton] 886,22 895,91 895,91

Structure surface [m2] - without foundation 3757,22 3757,22 3757,22
Volume of steel[m3] 104,26 105,40 105,40

Number of nodes 55 59 59
Number of elements 110 114 114

Table 12.8: Base case cost parameters

The values presented in Table 12.7 and Table 12.8 are considered as a reference. At this point of the study,
they are not meaningful, since they need to be compared to the values from other scenarios to be understood
properly. This is the objective of the next sections.
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12.4. Configuration for three-legged structure
In this section, a three-legged structure is compared to the reference configuration. To model this concept,
all the parameters are considered to be the same as the ones from the base case. The only exception is the
number of legs, which is changed from four to three.
The natural frequencies and the cost parameters are computed for this scenario. The results are presented in
Table 12.9 and Table 12.10.

Natural frequency [Hz]
Mode number stiffness_type = 0 stiffness_type = 1 stiffness_type = 2

1 0,258 0,207 0,207
2 0,259 0,207 0,207
3 0,988 0,944 0,956
4 1,336 1,002 1,008
5 1,435 1,053 1,059
6 2,563 2,243 2,262

Table 12.9: Three-legged case natural frequencies

Parameters stiffness_type = 0 stiffness_type = 1 stiffness_type = 2
Total mass [ton] 723,77 733,46 733,46

Structure surface [m2] - without foundation 3071,47 3071,47 3071,47
Volume of steel[m3] 85,14 86,29 86,29

Number of nodes 44 47 47
Number of elements 85 88 88

Table 12.10: Three-legged case cost parameters

One thing to be noted from this analysis is that the first natural frequency is smaller than the one from the
reference configuration. The objective is then to modified the inputs of the three-legged structure to increase
the natural frequencies until reaching the same values as in the reference case.
It can also be noted that cost parameter are smaller than in the reference configuration. This makes sense,
since the number of legs is reduced, the number of elements decreases, as well as the mass, the amount of
steel, the surface and the number of nodes. Logically, this structure is cheaper than the four-legged concept.
However, this is not the only criterion of selection. Assuming that the first natural frequency must be equal
to 0,304 Hz to withstand the loads, how the cost parameters are going to behave?

12.5. Parameters with a large influence
The parameters increasing the first natural frequency are split in two categories: the parameters with a large
influence and the parameters with a small influence. This section focus on the first category.

The first parameter to be modified is the structure’s top and bottom width (noted L_bottom and L_top in
Table 12.5). To increase the natural frequencies, the top and bottom width are increased. The parameters’
new values are different according to the type of foundations:
- For stiffness_type = 0: L_bottom = 18,5 m and L_top = 14,5m
- For stiffness_type = 1: L_bottom = 17,4 m and L_top = 13,4m
- For stiffness_type = 2: L_bottom = 17,5 m and L_top = 13,5m

The new natural frequencies and cost parameters are calculated. The results are presented in Table 12.11
and Table 12.12.
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Natural frequency [Hz]
Mode number stiffness_type = 0 stiffness_type = 1 stiffness_type = 2

1 0,304 0,258 0,259
2 0,306 0,259 0,260
3 1,303 1,124 1,137
4 1,570 1,192 1,207
5 1,726 1,227 1,246
6 2,712 2,316 2,343

Table 12.11: Influence of structure width on three-legged case natural frequencies

Parameters stiffness_type = 0 stiffness_type = 1 stiffness_type = 2
Total mass [ton] 779,85 779,31 780,23

Structure surface [m2] - without foundation 3410,60 3348,76 3354,32
Volume of steel[m3] 91,74 91,68 91,79

Number of nodes 44 47 47
Number of elements 85 88 88

Table 12.12: Influence of structure width on three-legged case cost parameters

With this larger width, the structure is less transparent and more impacted by the hydrodynamic loads. How-
ever, all the cost parameters are lower than the ones from the reference configuration. The increase of the top
and bottom width is considered as realistic. However, it can be combined to other parameters to optimized
the three-legged structure.

The next parameters to be tested are the legs diameter and wall thickness, noted Dl_bottom, Dl_top, tl_bottom
and tl_top in Table 12.5.They are all increased with the same proportion. The modified values are:
- For stiffness_type = 0: Dl_bottom = 1,882 m Dl_top = 1,640 m tl_bottom = 7,8 cm tl_top = 4,6 cm (+ 46%)
- For stiffness_type = 1: Dl_bottom = 1,637 m Dl_top = 1,426 m tl_bottom = 6,8 cm tl_top = 4,0 cm (+ 27%)
- For stiffness_type = 2: Dl_bottom = 1,663 m Dl_top = 1,449 m tl_bottom = 6,9 cm tl_top = 4,0 cm (+ 29%)

In the case of stiff foundations, the foundation wall thickness needs to be increase by 4 cm to support the
new structure weight. The result of this concept analysis are presented in Table 12.13and Table 12.14.

Natural frequency [Hz]
Mode number stiffness_type = 0 stiffness_type = 1 stiffness_type = 2

1 0,304 0,258 0,259
2 0,306 0,259 0,260
3 1,077 0,987 0,998
4 1,459 1,135 1,440
5 1,567 1,194 1,199
6 2,528 2,297 2,311

Table 12.13: Influence of legs diameter on three-legged case natural frequencies

Parameters stiffness_type = 0 stiffness_type = 1 stiffness_type = 2
Total mass [ton] 1030.97 941.41 955.68

Structure surface [m2] - without foundation 3437,66 3286,41 3302,33
Volume of steel[m3] 121,29 110,75 112,43

Number of nodes 44 47 47
Number of elements 85 88 88

Table 12.14: Influence of legs diameter on three-legged case cost parameters

The structure mass is significantly increased, as well as the structure surface. Moreover, the new values of
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the legs diameter and wall thickness are really high and look unrealistic. This scenario should be combined
to another to be feasible.

In order to reduce the augmentation of the legs diameter and wall thickness, the brace members and the
tower are also increased. Ergo, in this scenario, the diameter and the wall thickness of all the structure’s
members are increased by the same percentage. As for the previous case, the foundations’ wall thickness are
increased by 4 cm to support the new members’ mass. The modified parameters are: Dl_bottom, Dl_top,
tl_bottom, tl_top, Dt_bottom, Dt,top, Tt_bottom, Tt_top, D_brace and t_brace. The increased percentage ap-
plied to these parameters are:
- For stiffness_type = 0: +14%
- For stiffness_type = 1: +9,5%
- For stiffness_type = 2: +9,5%
The results are presented in Table 12.15 and Table 12.16.

Natural frequency [Hz]
Mode number stiffness_type = 0 stiffness_type = 1 stiffness_type = 2

1 0,304 0,258 0,258
2 0,306 0,259 0,259
3 1,180 1,075 1,086
4 1,495 1,209 1,216
5 1,575 1,265 1,273
6 2,991 2,593 2,616

Table 12.15: Influence of member diameter and wall thickness on three-legged case natural frequencies

Parameters stiffness_type = 0 stiffness_type = 1 stiffness_type = 2
Total mass [ton] 940,61 914,68 914,68

Structure surface [m2] - without foundation 3501,47 3363,26 3363,26
Volume of steel[m3] 110,66 107,61 107,61

Number of nodes 44 47 47
Number of elements 85 88 88

Table 12.16: Influence of member diameter and wall thickness three-legged case cost parameters

This scenario increases significantly the amount of steel and the surface of the structure. The increase of ele-
ments’ diameter and wall thickness are more realistic than in the previous case. However, the increase of the
structure’s surface is huge and may leads to a problem when considering the hydrodynamic loads.

In the previous scenarios, the elements’ diameter has been increased, causing an augmentation of the struc-
ture’s surface. What if only the wall thickness of the members is increased? Consequently, in this scenario the
hydrodynamic loads applied on the structure remains the same. The parameters concerned are tl_bottom,
tl_top, Tt_bottom Tt_top and t_brace. They are increased by:
- For stiffness_type = 0: +54%
- For stiffness_type = 1: +38%
- For stiffness_type = 2: +38%
Again, for the stiff foundations cases, the pile wall thickness are increased by 4 cm. The results are presented
in Table 12.17 and Table 12.18.
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Natural frequency [Hz]
Mode number stiffness_type = 0 stiffness_type = 1 stiffness_type = 2

1 0,304 0,258 0,258
2 0,306 0,259 0,259
3 1,196 1,096 1,108
4 1,422 1,149 1,156
5 1,493 1,197 1,204
6 2,850 2,510 2,533

Table 12.17: Influence of member wall thickness on three-legged case natural frequencies

Parameters stiffness_type = 0 stiffness_type = 1 stiffness_type = 2
Total mass [ton] 1100,09 1036,51 1036,51

Structure surface [m2] - without foundation 3071.47 3071.47 3071.47
Volume of steel[m3] 129,42 121,94 121,94

Number of nodes 44 47 47
Number of elements 85 88 88

Table 12.18: Influence of member wall thickness three-legged case cost parameters

The structure’s surface remains the same. This is not the case for the other cost parameters which are highly
increased. Moreover, the increased percentage applied to the members’ wall thickness is really high and can
leads to manufacturing problems. Therefore, this scenario, as all the other above, should be combined to
other parameters to obtain an optimal three-legged structure design.

12.6. Parameters with a small influence

The parameters considered in this section are the inputs that doesn’t affect enough the structure to obtain
the required first natural frequency. Nevertheless, these parameters have an influence and can be combined
to obtained an optimal structure design at small cost.

The program offers the possibility to add an horizontal member between the bays. This parameter, noted
Horizontal_member in Table 12.5, increases the natural frequency of the structure. However, this augmen-
tation is small. As an example, for rigid foundation, the new first natural frequency is 0,262 Hz when it was
0,258 Hz before. The downside of the presence of these new members is the increase of the structure’s mass
and surface. The cost/benefice ratio is not in the favour of the horizontal member and should therefore be
excluded of the final concept design.

According to Table 3.2, the steel density can be reduced to 7800 kg·m3. Here again, the increase is not im-
portant, from 0,258Hz to 0,260 Hz in the case of rigid foundation. Also, changing the steel quality can have
un-expecting impacts on the structure and should be considered carefully when calculating the jacket’s re-
sistance.

The number of bay have an influence on the natural frequencies. However, to increase the natural frequency,
the number of bay needs to be reducing, according to the OwjEma simulations. This option leads to a possi-
ble problem of structure integrity and might be dangerous.

The last parameter that can be changed is the brace pattern. In the current scenario, the brace pattern has
an X shape. However, since the diagonal and the K brace shapes seem to reduce the natural frequencies, this
parameter is not modified.
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12.7. Optimized scenario
Based on all the simulations from the previous sections, an optimal scenario is established. The modified
parameters are presented in Table 12.19.

Input stiffness_type = 0 stiffness_type = 1 stiffness_type = 2
L_bottom [m] 15 14,4 14,4

L_top [m] 11 10,4 10,4
Dl_bottom [m] 1,4179 1,289 1,289

Dl_top [m] 1,2353 1,123 1,123
tl_bottom [m] 0,0650 0,070 0,070

tl_top [m] 0,0378 0,040 0,040
t_brace [m] 0,0242 0,026 0,026

Tt_bottom [m] 0,0411 0,044 0,044
Tt_top [m] 0,0242 0,026 0,026

tf [m] - 0,02 0,02

Table 12.19: Optimal three-legged scenario inputs

The natural frequencies and the cost parameters are calculated for each foundation type (rigid and stiff). The
results are listed in Table 12.20 and Table 12.21.

Natural frequency [Hz]
Mode number stiffness_type = 0 stiffness_type = 1 stiffness_type = 2

1 0,304 0,258 0,258
2 0,306 0,259 0,259
3 1,188 1,133 1,142
4 1,512 1,155 1,168
5 1,622 1,183 1,194
6 2,794 2,463 2,492

Table 12.20: Three-legged structure optimized natural frequencies

Parameters stiffness_type = 0 stiffness_type = 1 stiffness_type = 2
Total mass [ton] 918,49 963,70 963,70

Structure surface [m2] - without foundation 3211,27 3119,40 3119,40
Volume of steel[m3] 108,06 113,38 113,38

Number of nodes 44 47 47
Number of elements 85 88 88

Table 12.21: Three-legged structure optimized cost parameters

The choice of these parameters’ value is based mainly on the structure’s surface, and then on the structure’s
mass and the steel’s volume. The objective is to obtain a structure’s surface smaller than the scenarios previ-
ously established.

12.8. Comparison analysis
Once the optimized scenario for a three-legged structure is established, it can be compared to the reference
configuration, the four-legged structure. Several parameters must be considered when comparing the two
scenarios, such as the amount of steel used, the number of welds, the transport and installation process, the
average cost, the structure’s transparency and the difference between the higher natural frequencies.

The reference configuration uses less steel than the optimized three-legged structure, respectively 105,40 m3

and 113,38 m3 for stiff foundations. This difference is explained by the increased in the structure wall thick-
ness, legs’ diameter and base width. Strictly based on the steel, the three-legged structure is more expensive
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than the reference configuration. However, the steel is not the only criterion considered when designing a
jacket. The complexity of the member and the welds have an important role.

In the three-legged scenario, 47 nodes and 88 elements are present, against 59 nodes and 114 elements in
the reference configuration. Therefore, if considering only welds at the extremity of the members, 84 welds
are performed in the three-legged scenario against 109 in the four-legged case. Even if some welds are more
complexed than other, the cost will be higher in the reference configuration. The small amount of members
in the optimized scenario reduces the production time and consequently the manufacturing costs.

The transport of both structures is similar. However, the three-legged structure has a advantage over the
reference configuration: the number of piles. Since only three piles need to be installed to support the struc-
ture, the installation time is considerably reduced, as well as the costs and the risks.

Apart from the manufacturing, transport and installation costs, the influence of the hydrodynamic loads are
taken into account. These loads are dependent on the structure’s surface. For the three-legged concept the
surface is 3119,40 m2 against 3757,22 m2 for the reference scenario. Therefore, the three-legged structure is
more efficient when considering the hydrodynamics loads. This can be confirmed by computing the equiv-
alent stick model of both scenarios. The results are shown on Figure 12.1 for the equivalent inertia diameter
and Figure 12.2 for the equivalent drag diameter. Both figures proved that the three-legged structure is less
impacted by the hydrodynamic loads than the four-legged design.
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Figure 12.1: Equivalent inertia stick models
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Figure 12.2: Equivalent drag stick models

The three-legged model has been designed to have the same first natural frequencies as the reference con-
figuration. But the other natural frequencies are also impacted. Table 12.22 shows the relative error between
the natural frequencies from the reference configuration and the ones from the optimized scenario. It can be
noted that the higher the modes are, the larger the relative error is. This should be considered carefully when
designing the structure. The natural frequencies does not change at the same rate as the other. Therefore,
the new configuration might be subject to resonance from harmonic loads that were not impacting the refer-
ence structure. If the external loads are known, a clear choice can be made between the four-legged and the
three-legged concept.

Relative error [%]
Mode number stiffness_type = 0 stiffness_type = 1 stiffness_type = 2

1 0 0 0
2 0 0,38 0,38
3 9,5 3,28 3,35
4 1,12 0,17 0,52
5 8,49 5,96 6,28
6 5,39 6,49 6,82

Table 12.22: Relative error between the natural frequencies of the reference configuration and the optimized scenario

Based on the previous parameters, the three-legged structure seems to be more relevant than the four-legged.
It seems to be less expensive, easier to installed and offer less surface to the hydrodynamic loads. However,
there are uncertainties on the higher natural frequencies. If the frequencies of the loads applied on the struc-
ture are known, the choice of the concept might change. Without this information, it seems for now that the
three-legged concept is the more appropriate.
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Conclusion

13.1. Model objective achieved
The goal of this master’s thesis is to design a finite element model for an offshore wind support structure. This
model is supposed to represent different lattice structure configurations. Then, with the program, the user
should be able to easily conduct sensitivity studies and understand the behaviour of the structure. The main
outputs of the model are the eigenfrequencies and the modes shape of the lattice structure.
This model was designed to make the simulations easy to perform, where other programs can appear to be
overwhelming for beginners. The program, coded in Matlab, was meant to be intuitive and user-friendly. For
this reason, it was decided to make it accessible to anyone with little knowledge of the offshore wind industry.
To avoid the "black box" effect, the program returns the details of the steps taken by the algorithm and returns
the most relevant possible outputs to understand the model.
The model can be used as a pre-design tool, which implies it must be fast and easy to modified the inputs.
This is why the interface offers many options for customizing the lattice structure’s design. Since this is a pre-
design structure, the model is made Bladed compatible, returning outputs that can be directly implemented
in the professional software.
Furthermore, OwjEma returns a more accurate result for modal analysis than Bladed does. This is justified
by the fact that Bladed doesn’t return natural modes. As a result, the use of OwjEma is more relevant to
understand the natural modes and frequencies of a lattice structure.

13.2. Inputs selection
One of the first steps of the project was to select the relevant inputs for the model. As a result, various pa-
rameters have been reviewed, such as the different designs of lattice structures, the possible brace patterns,
the design of the transition piece and the parameters influencing the mass and the rigidity. Yet, some of the
existing designs were out of the study’s scope, such as the tripod, the twisted jacket of the full truss concept.
Different versions of the foundations have been considered, such as the jacket foundation, the tower founda-
tion and the suction bucket. As the tower structure is more representative of the industry, it was decided to
give it more attention.
The overview of the selected inputs is presented on Figure 3.11. The list of the inputs is not exhaustive and
can be extended in the future to add more options to the model.

13.3. OwjEma possibility and limitation
With all of these inputs, the model offers various possibilities but also limitations:

- It is possible to model a lot of different lattice structures, to visualized them and calculate their modes and
natural frequencies. But this number of possible designs is also one of the limit of the program. The lattice
structure can be model only based on existing inputs. In other words, the number of possibilities is not infi-
nite and cannot represent any type of multi-member structures. Nevertheless, this problem can be partially
fixed in the future by increasing the number of possibility.

113
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- Another limitation of the model concerns the assumptions made. The transition piece is not entirely mod-
elled, but simplified as a rigid part of the structure. Consequently, the model can not currently give a result to
check the effect of the transition piece on the eigenfrequencies.

- Another assumption made with the model is the use of the p-y curves to estimate the equivalent stiffness
of the foundation. First, this stiffness has been calculated at the ULS, so it might be overestimated. Also, the
equivalent stiffness is considered linear in the model, which can lead to imprecision.

- For now, the model is linear and doesn’t take into account the effect of time dynamically. In consequence, it
has to be kept in mind that the model only represents a structure at moment in time, not through time.

- Finally, the last part added to the model (the dynamic response analysis), should be developed and checked.
For now, this section cannot be used to conduct simulation without major uncertainties. This is where the
model shows its limitation. Since the dynamic response analysis is not the initial objective, it should be con-
sidered as an extra feature of the program which could be developed later.

13.4. Comparison between three-legged and four-legged structures
The program OwjEma can be used to perform sensitivity studies and optimized a concept. An example of
such operation is presented in Chapter 12. A three-legged and a four-legged structure with the same first
natural frequency are compared. The objective is to establish which concept is the more appropriate, based
on the costs, the installation and the resistance to the loads.
The three-legged concept has been established based on the four-legged structures inputs. Since it is easy to
modify the parameters in OwjEma, the inputs of the three-legged structure have been changed until reaching
the same first natural frequency of the four-legged design.
The program is used to calculate the mass, the surface and the amount of steel used in both concepts. Ac-
cording to these parameters, an indication on the structures’ cost is obtained. A function named equiva-
lent_stick_model.m is used to calculate the equivalent stick model of both designs. Consequently, the influ-
ence to the hydrodynamic loads can be visualized.
According to all of these information, the best concept has been chosen. In this scenario, the three-legged
structure is more efficient than the four-legged structure.

13.5. Recommendation
Based on the possibilities and limitations detailed in the previous section, some recommendations can be
made for further researches:

- Sensitivity studies: the model was designed to represent the modal behaviour of an offshore wind sup-
port structure. The initial plan was to be able to conduct studies on the parameters that influence the most
the natural frequencies and the shape of the modes. Hence, the model can be used to try to understand the
dynamic behaviour of a lattice structure.

- Pre designed function: another characteristic of the model is its possible use as a pre design tool. It can
be used to get quick design’s proposals and check if these proposals are feasible. Then, based on these re-
sults, the established design can be implemented in other software, such as Bladed or Ansys, to perform
more advanced research and optimize the design.

- Check the dynamic response: this section has been added to the program as an extra function, representing
the next step of the program. Consequently, the dynamic response analysis section could be improved. This
section needs to be extensively checked and a way to improve the computational efficiency of the function
should be considered.

- Add new functions: based on the previous recommendations, the model can also be extended for other
purposes. For now, it correctly describes the modal behaviour of the structure and gives an indication of the
dynamic response. Other features may be added, such as the buckling effect or the computation of the resis-
tance at the ULS and FLS .
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- Equivalent stiffness non-linearity: the equivalent stiffness is estimated with the p-y and t-z curves. To ob-
tain such results, the user has to enter a static input force. Then rigidity is calculated as a constant value and
implemented in the model. Hence, the program does not take into account the non-linear part of the soil.
This approximation should be kept in mind and fixed in the future.

- Soil equivalent rotational stiffness: the equivalent soil stiffness only considers the soil’s lateral and verti-
cal resistance. However, the rotational stiffness should be also considered for more accurate results. This can
be done by modifying the functions soil_boundary_condition.m and p_y_t_z_curves.m.

- Inclined foundation pile: In OwjEma the piles are modelled as vertical beams. This is relevant for a tower
substructure, but for a jacket case, the pile should be considered as inclined. This can be done by modifying
the angle of the foundation pile in soil_boundary_condition.m and modified the piles’ surface in contact with
the soil layers.

- Addition of additional masses: It is possible to take into account the additional mass caused by the pres-
ence of sacrificial anodes, cables, ladders and other external parameters. Mass can be directly added to the
diagonal terms of the global mass matrix. The rows and columns of the mass matrix are those linked to the
nodes where the mass is present. This option is not in the program because the ladders, cables, sacrificial
anodes and other external masses are specific to each concept. The user can manually decide where to im-
plement these masses, and thus customize the structure.

- Axial load effect: In OwjEma, the effect of the axial load in the member is not considered. But these loads
affect the elements’ stiffness and consequently the structure’s natural frequencies. Therefore, they should be
considered when calculating the structure resistance and can be implement to the program in the future.

- Adaptation to the oil industry: the program has been designed for the offshore wind industry. Yet, the
core of the code can be used to adapt the OwjEma program to the oil industry. This can be done by making
the wind turbine tower really small, with a large diameter and a different density. Or the function FE_tower.m
can be deleted to directly add a higher mass to the upper node of the transition piece.
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START_OwjEma.m script

1 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
2 % OwjEma %
3 % FE model of a wind turbine jacket %
4 % Emeric Descourtieux %
5 % May 2018 %
6 % V 1.1 %
7 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
8

9 clear all
10 close all
11

12 %%%%%%%%%%%%%%%%%%%%%%%%% INPUTS DEFINITION %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
13

14 % Enter the configuration name :
15 Inputs = 'Configuration_test.mat' ;
16 %==========================================================================
17 %==========================================================================
18 % Section 1
19 % Environment inputs
20

21 msl = 50; % Mean sea level - meter
22 rho_w = 1025; % Sea water density - kg/m3
23 splash_zone = 2; % Amplitude splash zone - meter
24

25 u_current = 0; % Current velocity - m/s
26 current_dir = 0; % Current direction - rad. 0 in the x direction, pi/2 in
27 % the y-direction
28

29 T = 100; % Wave period - s
30 wave_a = 0; % Wave amplitude - meter
31 wave_dir = 0; % Wave direction - rad. 0 in the x direction, pi/2 in
32 % the y-direction
33

34

35 mg_region = 6; % Marine growth - region :
36 % 1 : Central and Northen North Sea
37 % 2 : Noregian Sea
38 % 3 : Southern North Sea
39 % 4 : Central and Southern California
40 % 5 : Gulf of Mexico
41 % 6 : West Africa
42

43 mg = 0; % Marine growth - meter : if region unknows, enter the
44 % average marine growth here. Otherwise enter 'N'
45

46 rho_mg = 1325; % Marine growth density - kg/m3
47

48 %==========================================================================
49 %==========================================================================
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50 % Section 2
51 % Material Properties Inputs
52

53 rho_s= 8500; % Steel density - kg/m3
54 E_s = 2.10e11; % Steel Young's modulus - Pa
55 nu_s = 0.3; % Steel Poisson's ratio
56

57 rho_TP = 8500; % Transition piece density - kg/m3
58 E_TP = 2.10e13; % Transition piece Young's modulus - Pa
59 nu_TP = 0.3; % Transition piece Poisson's ratio
60

61 %==========================================================================
62 %==========================================================================
63 % Section 3.1
64 % Jacket geometry Inputs
65 lifetime = 0; % Lifetime - years (will increase the elements
66 % thickness to prevent corrosion)
67 L_max = 200; % Maximum lenght of an element in the FE model - meter
68

69 NL = 4; % Number of legs. Must be 3 or 4
70

71 Jh = 70; % Jacket Height - meter
72

73 L_bottom = 12; % Bottom width - meter
74 L_top = 8; % Top width - meter
75

76 h0 = 2; % Distance seabed to bottom brace - meter
77 TPL = 2; % Distance top brace to transition piece
78 h_tp = 0; % Transition piece height - meter
79

80 Dl_bottom = 1.289; % Bottom Leg diameter - meter (outer diameter)
81 Dl_top = 1.123; % Top leg diameter - meter
82 tl_bottom = 0.0537; % Bottom Leg thickness - meter
83 tl_top = 0.0312; % Top leg tickness - meter
84

85 Fl_leg = 'N'; % Flooded leg members. 'Y' for yes, 'N' for no.
86 Fl_brace = 'N'; % Flooded brace members. 'Y' for yes, 'N' for no.
87

88 BA = 'Y'; % Constant batter angle or not : 'Y' / 'N'
89

90 %--------------------------------------------------------------------------
91 % Section 3.2
92 % Bracing
93 Nb =4; % Number of bay
94 Brace_pattern = 'X'; % The bracing type, enter 'X', 'Z' or 'K'
95 Horizontal_member = 'N'; % Enter yes 'Y' or no 'N' for an horizontal
96 % member (only in the case of an X or Z bracing)
97

98 D_brace = 0.732; % Brace diameter - meter
99 t_brace = 0.020; % Brace thickness - meter

100

101 %--------------------------------------------------------------------------
102 % Section 3.3
103 % If the batter angle is constant, do not fill section 3.3, go directly to
104 % section 4
105

106 L_inter = 8; % Width where the batter angle change - meter
107 Bay_inter = 3; % Number of bay before the batter angle change
108 Jh_inter = 30; % Height at which the batter angle change - meter
109 %==========================================================================
110 %==========================================================================
111 % Section 4
112 % Wind turbine inputs
113

114 ht = 70; % Tower height - meter
115

116 Dt_bottom = 5.5; % Bottom tower diameter - meter
117 Dt_top = 4; % Top towt diameter - meter
118

119 Tt_bottom = 0.034; % Bottom tower thickeness - meter
120 Tt_top = 0.02; % Top tower thickneness - meter
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121

122 M_nacelle = 240; % Mass nacelle - ton
123 M_rotor = 110; % Mass rotor - ton
124

125 Rotor_inertia = 38791490; % Rotor moment of inertia - kg/m2
126 Yaw_inertia = 24000000; % Yaw moment of inertia - kg/m2
127

128 %--------------------For vizualization only--------------------------------
129

130 Nacelle_length = 6; % Nacelle length - meter
131 Nacelle_height = 2.5; % Nacelle length - meter
132 Nacelle_width = 2.5; % Nacelle length - meter
133

134 blade_size = 61; % Lenght of the blades - meter
135

136 %==========================================================================
137 %==========================================================================
138 % Section 5.1
139 % Soil stiffness definition
140

141 % Stiffness_type :
142 % 0 : Rigid foundation (speed : ++ ; accuracy : --)
143 % 1 : linear stiffness k0 (speed : - ; accuracy : +)
144 % 2 : k_tan (speed : -- ; accuracy : ++)
145

146 stiffness_type = 0;
147

148 %--------------------------------------------------------------------------
149 % Section 5.2
150 % If Stiffness_type = 0, skip section 5.2. Go directly to section 6
151

152 % Foudations inputs
153

154 Lf = 30; % Pile penetration into the seabed - meters
155 Df = 1.22; % Pile diameter - meters
156 t_fun = 0.01; % Pile tickness - meters
157

158 Delta_z = 1; % Step interval for the p-y curve - meters
159

160 Pile_sleeve = 'Y'; % Presence of pile sleeve or not ('Y' or 'N')
161 Pile_sleeve_mass = 3000; % Pile sleeve mass - kg
162 Pile_excentricity = 1; % Pile distance from the legs - meter
163

164 %Soil layer definition.
165

166 % sl [Layer ID , Layer type (1 = sand or 2 = clay) , Layer Depth -meter ,
167 % Density - N/m3 , Friction Angle - deg , Undrained Shear Strength - Pa
168 % ,Vertical Strain , Soil Poisson coefficient ]
169

170 sl(1, :) = [1 ,2 , 0 , 8000 , 0 ,25000 , 0.02 , 0.3];
171 sl(2, :) = [2 ,1 , 2 , 8000 , 30 , 0 , 0 , 0.3];
172 sl(3, :) = [3 ,2 , 4 , 10000 , 0, 100000 , 0.005 , 0.3];
173

174 % Static load at the top of the pile:
175 Fx = 1000000; % Newton
176 Fy = 1000000; % Newton
177

178 %==========================================================================
179 %==========================================================================
180 % Section 6
181 % Plot option
182

183 plot_3D = 'Y'; % Enter 'Y' for plotting the volume of the structure.
184 % Otherwise simply enter 'N'
185 line_plot = 'N'; % Enter 'Y' for plotting the line of the structure.
186 % Otherwise simply enter 'N'
187

188 Mode_plot = [1 2 3]; % The modes that will be plotted
189

190 Stick_model = 'N'; % Enter 'Y' for plotting the equivalent stick model.
191 %==========================================================================
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192 %==========================================================================
193 % Section 7
194 % Modal displacement
195 modal_displacement_analysis = 'N'; % Selected 'Y' for yes or 'N' for no.
196

197 % Ignore the rest of this part if you do not want to calculate the
198 % modal displacement. Selecting 'Yes' will increase significantely
199 % the computational time.
200

201 force_ampl = 100000; % The force amplitude on the rotor - Newton
202 force_freq = 0.3093; % The force frequency on the rotor - Hertz
203 force_dir = 0; % Force direction - rad. 0 in the x direction,
204 % pi/2 in the y-direction
205

206 time_simulation = 100; % The duration of the simulation - second
207

208 Node_plot = [55]; % The nodes that will be studied.
209 Dir_plot = ['x','y','z']; % The direction that will be studied.
210 % Enter 'x' for the x-direction and 'y' for the
211 % y-direction.
212

213

214 Displacement_plot = 'Y'; % Enter 'Y' if you want to plot the diplacement
215 % the velocity and the acceleration of the
216 % selected node in the selected direction.
217 % Otherwise enter 'N'.
218

219 Force_plot = 'Y'; % Enter 'Y' if you want to plot the force of
220 % the selected node in the selected direction.
221 % Otherwise enter 'N'.
222

223 Moment_plot = 'Y'; % Enter 'Y' if you want to plot the moment of
224 % the selected node in the selected direction.
225 % Otherwise enter 'N'.
226 Stress_plot = 'Y'; % Enter 'Y' if you want to plot the moment of
227 % the selected node in the selected direction.
228 % Otherwise enter 'N'.
229

230 %%%%%%%%%%%%%%%%%%%%%% END OF THE INPUTS DEFINITION %%%%%%%%%%%%%%%%%%%%%%%
231 %% FE model
232 % !!! DO NOT MODIFY THIS SECTION !!!
233 save (Inputs,'msl','rho_w','lifetime','u_current','current_dir','T','wave_a','wave_dir',
234 'mg','mg_region','rho_mg','splash_zone','L_max','NL','BA','Nb','Jh','h0','TPL','h_tp',
235 'L_bottom','L_top','Dl_bottom','Dl_top','tl_top','tl_bottom','Fl_leg','Fl_brace',
236 'D_brace','t_brace','Brace_pattern','Horizontal_member','L_inter','Bay_inter','Jh_inter',
237 'ht','Dt_bottom','Dt_top','Tt_bottom','Tt_top','M_nacelle','M_rotor','Rotor_inertia',
238 'Yaw_inertia','rho_s','E_s','nu_s','rho_TP','E_TP','nu_TP','Lf','Df','t_fun',
239 'sl','Delta_z','stiffness_type','Fx','Fy','Mode_plot','plot_3D','line_plot',
240 'modal_displacement_analysis','force_ampl','force_freq','force_dir','Node_plot',
241 'Dir_plot','Displacement_plot','Force_plot','Moment_plot','time_simulation','Stress_plot',
242 'Nacelle_length','Nacelle_height','Nacelle_width','blade_size','Stick_model');
243 clearvars -except Inputs
244 [Bladed_member, Bladed_nodes, Bladed_material,Bladed_stiffness_foundation,
245 Modes,Eigenfrequencies,M_glob, C_rayleigh , K_glob, C_drag] = FE_model_builder(Inputs);
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