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T6m tat noi dung luan van
THIET KE NEN COC BDON CHO TUABIN GIO NGOAI KHOIl

Su tbi wu hoa thiét ké la van dé cap thiét cho sy phat trién cta nganh céng nghiép dién gi6
ngoai khoi. Vi tién trinh ndy mat rat nhiéu théi gian nén cac thong sbé duoc lwa chon dé tinh toan toi
wu hoéa cang gidm dwoc nhiéu cang tét. T d6, moét van dé ndy sinh 1a c6 thé loai bd dwoc phan nén
méng trong qué trinh t&i wu héa nay hay khong. D& thdy dwoc tAm quan trong cla viéc k& dén coc
nén trong &ng x& déng lwc hoc cta toan bd céng trinh, trwdc tién can phai xac dinh cac kich thwéc
cta né dwa trén cac yéu cau vé thiét ké theo trang thai gidi han cwc han va trang thai diéu kién lam
viéc st dung céc tiéu chuan thiét k& hién hanh, sau dé so sanh &ng x& dong lwc hoc gitka md hinh
ngam tai day bién va mé hinh c6 phan két cdu nén. Viéc mé hinh héa phan nén duoc tién hanh bang
phwong phap dam trén nén dan hoi phi tuyén c6 ké dén (rng x& cla dat dinh va dat roi dbi voi coc
nén. Vé&i dy an tuabin gié ngoai khoi dwoc chon cé cong suat 7MW va chiéu cao 115m dén day bién,
viéc tinh toan cho thay can phai cé coc nén chiéu dai 26m, dwon kinh 6m va chiéu day 8cm. Ung xa
dong lwc hoc cia hai mé hinh cho thdy rang sé 1a khéng an toan néu bé qua phan két ciu nén trong
qua trinh tdi wu hda thiét ké. Ngoai ra kha ning déng gop sw gidm chan cla dat nén chiém ty trong
I&n nhét trong rng xt& déng lwc hoc clia toan bo két cAu. Két qua nghién ctru sé co ich trong viéc xem
xét cac théng sb can t6i wu héa trong thiét ké tuabin gié ngoai khoi, ciing nhw viéc chon lwa phuong

phép giai thich hgp cho cac phwong trinh déng luc hoc trong tién trinh téi wu héa.

Abstract

DESIGN MONOPILE FOUNDATIONS OF OFFSHORE WIND TURBINES

Design optimization is crucial to the development of the offshore wind turbine industry. This
time consuming process is better to be done with a number of input parameters that is as short as
possible. Whether the foundation pile part can be neglected in the design optimization process of an
offshore wind turbine structure is a question need to be answer. In order to see the importance of the
presence of the foundation pile in dynamic behavior of the whole structure, dimensions of the
foundation pile must be determined basing on requirements in ultimate limit state and serviceability
limit state in current design standards. Afterward, the differences in dynamic behavior between a fixed-
at-seabed tower model and a tower with foundation model must be observed. Beam nonlinear Winkler
Foundation model in addition to gapping and non-gapping behavior in pile-soil interface were used to
model the foundation. With the chosen offshore wind turbine project of 7MW and 115m high to
seabed, a foundation pile with a penetration length of 26m, diameter of 6m and wall thickness of 8cm
had been found. The dynamic behavior of the two models showed that it was not on the safe side if
the foundation was neglected in design optimization process. And that the internal damping of the soil
was the most important factor in behavior of the structure. These results will be useful for
reconsidering parameters in design optimization process of monopile offshore wind turbines as well as

choosing suitable methods to solve dynamic equations in the optimization procedure.
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The frequency at which the blades of a wind turbine pass the tower.
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reduction in wall thickness by corrosion (externally and internally)
during design life.
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seawater due to the action of tide or waves or both.
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Chapter I. Introduction
cE TR
1.1. Foundation of offshore wind turbines

“A one hundred yard high tower still has its foundation on the ground”

(Chinese Proverb)

All structures, large or small, require adequate foundations. A foundation is defined as that
part of the structure that supports the weight of the structure and transmits the load to underlying soil

or rock.

Figure I.1: Nysted Offshore Wind Farm

According to Design Standard of Offshore Wind Turbines (BSH, 2007), the overall mechanical
system of an offshore wind turbine consists of the components of the turbine and support structure
(see Figure 1.2). The support structure can be further subdivided into the tower and substructure. The

foundation elements form part of the substructure.
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Figure 1.2: Mechanical system of an offshore wind turbine

As a result of offshore wind turbines development, so far there are four main classes of
offshore foundations consist of:

- Piled foundations (Figure 1.3, Figure 1.4, Figure 1.5),

- Gravity base foundations (Figure 1.4b, Figure 1.6),

- Skirt and bucket foundations (Figure 1.7),

- Floating structures with moored foundations (Figure 1.8, Figure 1.9).

The piled and gravity base foundations can be further classified into three structural configurations,

namely:

- Monopiles, which are designed as piled foundations and exhibit simplicity in fabrication
and installation,
- Tripod or quadruped configurations, which can be both piled or gravity based,
- Lattice configurations, which offer the most economical structural solution in terms of steel
weight-to-capacity ratio.
13
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a) b)
Figure 1.3: a) Standard Monopile Structure, b) Supported Monopile Structure.

(DNV-0S-J101 2004)

a) b)
Figure 1.4: a) Tripod Structure, b) Gravity Pile Structure.
(DNV-0S-J101 2004)
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Figure 1.5: Lattice Tower.
(DNV-0S-J101 2004)
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Figure 1.6: Gravity Base Structure.

(DNV-0S-J101 2004)
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Figure 1.7: Suction Bucket Structure

(DNV-0S-J101 2004), and b) Installation Principle.

(Byrne and Houlsby 2003)
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Figure 1.8: Tension-Leg Platform.
(DNV-0S-J101 2004)

Figure 1.9: Low-roll Floater.
(DNV-0S-J101 2004)

1.2. Design Optimization Project for Offshore Wind Turbines.

-

PP |

Figure 1.10: First offshore wind facility Vindeby in
Denmark

It is about two decades since installation of the
first offshore wind farm in the early 1990s
where there was limited land available for
onshore wind energy production. The Vindeby
Facility in Denmark (Figure 1.10), completed in
1991, has eleven 450 kW turbines that provide
a total capacity of about 5 MW. Since then, the
trend has been to move wind turbines offshore
to take advantage of higher wind speeds;
smoother and less turbulent airflow and larger
amounts of open space.

However, cost is currently a major

inhibitor of offshore wind energy development. It is approximately 50-100% more costly per installed

rotor area as compared to conventional onshore projects. The reasons for this are primarily the added

complexity of having to install foundations and power cables offshore and secondly the increased

costs of the foundation itself. For offshore wind turbines, it is proven that the foundation may account

for up to 35% of the installed cost. Hence, optimization of foundation design for offshore wind turbines

is crucial for the development of offshore wind farms.

“Optimization of steel monopile offshore wind turbines” project has been carrying out under

the cooperation between the ANAST Department (ULg) and Arcelor Mittal Research Center (Walloon
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Region) in order to develop software named EOL-OS, which is dedicated to the structural optimisation
of the support structure based on minimization of production cost or weight. This master thesis is a
part of the sub-project named “Design and optimization of the structural foundation of offshore wind
turbines”. The general goal of this sub-project is to create an innovative module focusing on the
foundation part of offshore wind turbines, which will be integrated in the existing design and
optimization chain of the EOL-OS software.
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Figure 1.11: The interface of the software EOL OS

1.3. Which type of foundation should be chosen?

As mentioned above, there are many types of foundations currently used, depending on
geological and environmental conditions, as well as the type of wind turbine. In order to create a
module for “Design and optimization of the structural foundation of offshore wind turbines”, all types of
offshore foundation should be investigated and designed. However, in the framework of a master

thesis, the research will mainly focus on monopile foundations.

1.4. Tasks of the thesis

Having the title: “Design monopile foundations for offshore wind turbines” this thesis will
concentrate on design the structure part below water surface of offshore wind turbines, which is called
foundation pile (see Figure II.1). The tasks of the thesis seem quite clear:

- To determine the dimensions of the pile basing on ULS and SLS:
o Penetration length,

o Diameter,
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1.5.

1.6.

o Wall thickness.
To find the optimized wall thickness of the foundation pile
To assess the necessity of including foundation part in structure analyses of the whole
OWT structure.

Method to carry out

Dimensioning the foundation pile will be done by using DET NORSKE VERITAS
STANDARD (DNV-0S-J101, 2011).

After preliminarily having dimensions of the foundation pile, using FEM (SAP200 software)
to model the whole structure with plasticity behavior of the soil (nonlinear p-y curves) and
carry out time-history analyses to see the behavior of the whole structure under cyclic
loading. The stiffness of the foundation will be modified to fulfill requirements of the

manufacture in working ability of the turbines.

Structure of the thesis

The structure of the thesis consists of 7 chapters:

Chapter 1: Introduce the foundations of offshore wind turbine, the context of the thesis
and its tasks.

Chapter 2: Components of a monopile offshore wind turbine structure, their fabrications
and installations.

Chapter 3: Design methodology. In this chapter design objectives, design process, and
design criteria will be explained.

Chapter 4: Related theories. In this chapter the theories of wind load, wave load, dynamic
analysis, and soil model are reviewed.

Chapter 5: Preliminary design for the chosen offshore wind turbine project. In this chapter
all the input information for the chosen offshore wind turbine project will be shown. Design
optimization of the tower will be done using EOL-OS software. The output of this chapter
is internal forces of the tower at the seabed elevation, which will be used in ultimate limit
state design of the foundation pile in the following chapter.

Chapter 6: Foundation pile design. In this chapter the dimensions of the foundation pile
will be determined using ultimate limit state. Afterwards, the suitability of its stiffness will
be check using serviceability limit state. Finally, the effect of foundation as well as the p-y
curve in the dynamic behavior of the structure will be analyzed.

Chapter 7: Conclusions and Future works
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Chapter Il. Support structure of monopile OWTs -

components, fabrication and installation
¢t T XD
2.1. Introduction

A general knowledge of foundation piles as well as the whole OWT structure is necessary at the
beginning of the pile foundation design. This chapter is devoted to survey main components of an
OWT structure, how they are fabricated and their installation.

The contents are divided into four sections. Section 2.2 introduces briefly how an OWT works. As
the foundation pile is a part of support structure, all the components of support structure will be
surveyed to see their relationships with it in Section 2.3. The next section describes fabrication of
foundation pile. Section 2.5 surveys the installation processes of all the components. It is very

important when considering stabilities of foundation pile during construction phase.

2.2. How it works?

Once a suitable place for
the wind facility is located, piles
are driven into the seabed. For

each turbine, a tower is installed

on the pile foundation for
blade tower supporting the turbine
assembly, for housing the

remaining plant components

platform Offihzfe and for providing sheltered
S WIn

transition < turhing access for personnel. A matrix

3 suppo ] )

peex S of fiber glass mats impregnated

ladder

with polyester or epoxy is used
for making the rotor blades. The
turbine usually consists of a
v ) rotor with  three  blades,
foundation

pile connected through the drive
train to the generator. After the

turbine is assembled, the wind

Figure I1.1: Overview of offshore wind turbine terminology direction sensors turn the nacelle
to face into the wind and maximize the amount of energy collected (see Figure II.1). The nacelle is the

part that encloses gearbox, generator, and blade hub. The wind moving over the blades makes them
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rotate around a horizontal hub connected to a shaft inside the nacelle. This shaft, through a gear box,

powers a generator to convert the energy into electricity.
2.3. Components of the support structure

2.3.1. Definitions

The support structure is made up of three main components: the tower, the substructure and

the foundation.

Tower The tubular elements(s) supplied by the turbine manufacturer on top of which the
turbine is installed

Substructure  The part of the structure extending from the bottom of the tower down to the seabed

Foundation The part of the structure in direct contact with the soil, transferring the loads from the
structure to the soil

Refer to Figure II.1, for the monopile support structure, its substructure consists of a transition piece

and the above ground part of the foundation pile.

2.3.2. Design elevations

To facilitate communication between different parties involved in the design of an offshore wind

turbine, two key elevations must be defined:

- First the interface level is set. The interface level represents the interface between the
turbine manufacturer’s responsibility and that of the support structure designer in both a
physical and an organizational sense. The interface level is located at the connection
between the tower and the substructure. The elevation is chosen such that the main
platform, which is generally situated at the level of the flange connection with the tower,
cannot be hit by waves under extreme conditions.

- The other elevation that must also be defined is the hub height. The hub height is the
elevation at which the hub of the turbine is located.

2.3.3. Support structure components

a. Foundation pile

Foundation piles of a monopile offshore wind turbine are open-ended hollow tubular elements
that are installed vertically. Lateral loads are transferred to the soil by activating the horizontal

active soil pressure, whereas axial loads are taken by shaft friction and end bearing.

b. Secondary steel items

The substructure usually comprises several secondary items to enable access, export of electricity
and for protection of the structure itself. For a monopile support structure, following items will be
present:

= Boat landings

= Ladders

=  Platforms
20



= J-tubes

= Anodes

Boat-landing:  The boat-landing is the structure to which a vessel can moor to transfer personnel and
equipment to the substructure. The boat-landing consists of two mainly vertical
fenders connected by stubs to the main structure. Depending on the environmental
conditions and on the maintenance strategy of the operator, there may be one or
more boat-landings connected to a support structure.

Ladders: Ladders are required to allow personnel to access the main platform. If the distance to
cover is larger than a certain limit, the ladder should be covered by a cage and have
facilities for attaching fall arresters. Ladders for access to the main platform are
usually combined with the boat-landing to provide protection for transferring personnel
and to avoid difficult and dangerous steps to access the ladder from the vessel.

Platforms: Platforms are intended as safe working areas for personnel that need to work on the
structure. Different functions can be identified; there are access platforms, resting
platforms, and depending on the type of structures service platforms and airtight
platforms. Platforms on offshore wind turbines are usually equipped with grating, to
prevent excessive (air) pressure build up below the platform due to passing waves
and to avoid accumulation of water that would render the floor slippery.

J-tubes: To protect and guide the export cable into the support structure, a J-tube is installed
on the structure. The name derives from the shape that the tube makes as it curves to
a horizontal orientation near the seabed. J-tubes can be either internal, only to
protrude from the substructure at the seabed level, or external.

Anodes: To provide cathodic protection against corrosion, blocks of aluminum may be installed

as sacrificial anodes.

2.4. Fabrication

For a monopile support structure the production process for support structures starts with creating
the primary elements for the foundation pile and for the transition piece. Sheets of steel produced at a
steel mill are delivered at the fabrication yard. Each sheet has been produced to the required

dimensions for a particular tubular section.

The edges of plate are beveled in preparation for welding. Subsequently the sheets are rolled into
tubular sections. Several tack welds hold the ends of sheet together while the section is further
prepared for welding. This includes welding on endplates at both ends of the longitudinal weld to

ensure that no impurities end up in the welded joint.

The tubular section is welded at the seam from two sides. Whenever possible the welding is done
in an automated process. The welds are ground if required to reduce stress concentrations.
Tolerances with respect to out-of-roundness and eccentricities are checked and the quality of the weld

is ascertained by nondestructive testing, after which the section is ready for assembly.
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Figure I1.2: Rolling and welding of a foundation pile

The sections are aligned into the predetermined order. Before welding can commence the
edges of two adjoining sections are cut into the required weld shape. After preheating the steel
surrounding the joint the two sections are welded together. This can be done automatically by rotating

the pile while the welding machine remains stationary. Again, welds must be ground and tested.

When all sections are assembled, the primary structure is ready. For the foundation pile it may
be required to attach lifting trunnions at the pile top to facilitate upending in the installation phase.
Furthermore, when internal J-tubes are applied, holes must be cut in the pile near the seabed level for
the tubes to exit. Also, to ensure proper bonding at the grout to steel interface after installation, shear

keys may have to be welded at the location of the grout overlap.

Several items are still to be attached to the transition piece. The flange at the transition piece
top to which the tower will be bolted is welded on top of the transition piece. Care must be taken to
ensure that the transition piece is perfectly round when the flange is attached, as current large
diameter structures have a tendency to ovalise under their own weight. Stubs with flanges to which the
boat-landings and platforms can be connected at a later stage are welded to the primary structure.
Brackets for the attachment of ladders and anodes are also welded onto the structure. The grout skirt
at the bottom of the transition piece is attached and supports for the main platform are welded onto the
structure. Before the coating can be applied, the surface of the structure is prepared by shot blasting.

The structure is subsequently coated in a partly automated process.

Subsequently internal platforms are installed. If the J-tubes are internal, they are installed at
this time as well. The J-tubes are not yet extended downwards to their full extent, as the transition
pieces are transported upright. The final actions to be performed are the mounting of the main
platform, the attachment of the boat-landing, resting platform and ladders and the attachment of a

rubber grout seal at the base of the transition piece.

2.5. Installation

The installation process varies significantly for the different support structure concepts.
Monopile foundations may be transported to site by feeder barge, on the installation vessel itself or by
floating the piles out to the site. Subsequently the pile must be upended, lifted into position, aligned
and driven or drilled into the seabed. The next step is to install the transition piece onto the foundation
pile. It is subsequently leveled and fixed by means of grouting the annulus between the pile and

transition piece.
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The turbine tower is installed, generally in two pieces and bolted. Finally the rotor-nacelle
assembly is installed, sometimes with two blades pre-attached and lifting the final blade in place

separately or by installing the nacelle first and the pre-assembled rotor later.

In general, the installation procedure of a monopile offshore wind turbine follows the steps as
listed below. However, it should be noted that in some cases a slightly different approach may be
adopted. For instance, it may be decided that scour protection may not be required. It is also possible
to install the nacelle with (some) blades attached.

= Foundation pile

= Scour protection
= Transition piece
= Turbine tower

= Nacelle

= Rotor/blades

a. Foundation pile

Installation of a foundation pile can be done by driving or by drilling.

- Driving

The most common way is to install the pile by driving. The foundation piles are delivered to the
offshore site on a barge, usually several at a time. The pile is lifted off the barge using a crane fitted
with a lifting tool. The pile is lowered onto the seabed. The weight of the pile will usually cause the pile
to penetrate the soil for a few meters. The pile is gripped with an alignment tool at a certain distance

above the sea surface to ensure verticality of the pile during driving.

Figure 11.3: Pile driving at Offshore Wind Farm Egmond aan Zee

The hammer is lifted onto the pile, after which the pile driving can proceed. If required, driving
can continue when the hammer is under water. Usually depth markings are applied to the pile before
driving so that the penetration depth can be monitored visually. Driving can be done from a jack-up
barge or from a stable floating system, although it should be noted that a floating system is very much
dependent on favorable sea conditions.

- Drilling:

When hard soils are encountered, drilling may be the preferred option. A hole is drilled at the
desired location using a drilling tool operated from a jack-up barge. The pile can subsequently be

inserted in the thus created hole. Alternatively, the pile is placed on the seabed and the drilling tool is
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inserted in the pile. The hole is drilled through the pile,
while the pile is slowly lowered into the newly
excavated space. The pile is aligned vertically using an
alignment tool. Subsequently the pile is fixed in place
by injecting grout into the space between the pile and
the soil. During hardening of the grout the pile must be
held in place to maintain the vertical alignment. When

a foundation pile is installed by means of drilling the

Figure I1.4: Drilling equipment at Blyth appurtenances can be pre-attached directly to the pile.
Also the flange to which the turbine can be connected can be attached. In that case there is no need

for a transition piece, reducing the number of offshore operations.

b. Scour protection

If a pile is situated in a current, the current is locally

increased due to the disturbance in the flow caused

by the presence of the pile. In combination with wave

action this can cause sand particles to be picked up

from the seabed and deposited further downstream.

Figure 11.5: Schematic example of scour
protection Eventually this can lead to a significant scour hole

around the pile. To prevent this scour protection can be applied.

An example of a scour protection design is given in Figure 11.5. This is generally in the form of
a filter layer of relatively small stones to keep the sand in place on top of which an armor layer is
dumped consisting of larger rocks to keep the filter layer in place. The scour protection is installed with

the use of dedicated rock-dumping vessels.

With respect to installation two different approaches can be envisaged: static scour protection and

dynamic scour protection.

- Static scour protection:

In the case of static scour protection, the filter layer is put in place prior to installation of the
foundation pile. The pile is subsequently installed through the filter layer. Once the pile is in place the
armor layer is applied. This approach is aimed at preventing the occurrence of a scour hole during the

installation process.

- Dynamic scour protection:

When using dynamic scour protection the foundation pile is installed first. Only after the
foundation installation is complete the scour protection is installed. Usually the scour protection is
installed in one procedure for the entire wind farm. This implies that the installation of the scour

protection is commenced once (almost) all of the piles have been installed. In this case it is likely that
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a scour hole will develop before the protective rock layers are installed. The scour protection then

partially fills the scour hole.

- No scour protection:

Alternatively, it is possible to install an offshore wind farm without any scour protection. In this

case the development of a large scour hole is taken into account in the design.

c. Transition piece

The transition piece sits on top of the foundation pile. Its main
functions are to provide a flange for the connection of the turbine tower to
the foundation, to correct any misalignment of the foundation and to hold
the appurtenances, such as the boat-landing, J-tube, ladder and anodes.
A platform is located on top of the transition piece. The transition piece
can be connected to the foundation in the following three ways: using
grout, a flange or slip joint. Transition pieces can be transported to the
offshore location by barge along with the foundation piles. Alternatively,

they can be carried by the installation vessel.

Figure 11.6: Transition piece
installation

- Grout connection

This is the most common way to make the connection between the foundation and the
superstructure. The transition piece is lifted from the barge and is slid over the top of the foundation
pile. Spacers ensure that the required space remains between the pile and the transition piece.
Hydraulic jacks are used to align the transition piece vertically. Grout seals close off the bottom of the
annulus between pile and transition piece, after which the annulus is filled with grout. After the grout

has hardened sufficiently the seals and jacks are removed.

- Flange

The transition piece can also be connected to the foundation pile by means of flanges. The
transition piece is lifted into place. Once the flanges are correctly aligned, bolts are used to connect
the flanges. This procedure has the advantage that it can be performed quickly. However, great care

must be taken o ensure that the flange is not damaged during pile driving.

- Slip joint

A novel way of connecting two tubulars is by means of a slip joint. Both the top of the foundation
pile and the bottom of the transition piece have a conical section of which the sides make a small
angle with the vertical. The transition piece is lifted onto the foundation pile. Before the transition piece
is slid into place, it must be ensured that it is exactly vertical. Once this is achieved the connection can
be made by simply lowering the transition piece onto the foundation pile. The friction between the
conical sections of the foundation pile and the transition piece due to the weight of the transition piece
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is sufficient to form a reliable connection. The advantage of this connection type is that it is simple to
fabricate and allows for rapid installation. However, so far it has not been put to use for offshore wind

turbines.

d. Turbine tower

The turbine tower is usually installed in two or
three sections which are bolted together. Figure 1.7 shows
such a tower section being lifted for installation. The
connection between the transition piece and the turbine

tower is also made by bolting two flanges together.

Figure II.7: Lifting of a tower section for
installation

e. Rotor-nacelle assembly

The rotor-nacelle assembly can be installed either separately or using the Bunny-Ear method.

It should be noted that each turbine installation contractor has its preferred method.

- Separate

The nacelle is lifted onto the top of the turbine
. tower. The flange beneath the yaw bearing of the
turbine is bolted to the flange at the tower top
when the nacelle is in place, the hub and the
blades can be installed. These can be installed in
one piece — the rotor assembly as shown in
Figure 11.8, or separately. The blades are lifted in

a frame that allows for easy manoeuvring. With

the blade in a vertical position and with the blade

Figure 11.8: Installation of a rotor in one piece

root pointing upwards, the blade is carefully
positioned in line with its connection point on the hub. The connection is achireved by bolting the blade

to a flange in the hub. This procedure is repeated until all blades are connected.

- Bunny-Ear method

In case of a triple bladed turbine two blades can already be attached onshore. These blades
protrude upwards at an angle giving the rotor-nacelle assembly an appearance which has led to the
method’s distinct name. The advantage is that the rotor-nacelle assembly can be lifted into place with
two blades already attached. Only one blade needs to be installed offshore, saving a lot of valuable

offshore installation time.
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Figure 11.9: Various stages in the installation of a turbine using the bunny-ear method
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Chapter IIl. Design Methodology
BRI

3.1. Introduction

In this chapter, the contents are divided into three sections. Section 3.2 emphasizes the design
objective of the foundation pile in relation with the support structure. The next section is about the
design process for offshore wind turbine support structures. Finally, in Section 3.4, design criteria are

defined based on requirements to keep OWTs stable and work efficient.

3.2. Design objective

Before formulating a design objective the context of a support structure should be considered.
The support structure can be seen as a part in the larger offshore wind farm development. For the
offshore wind farm development the objective is to produce electricity at the lowest possible cost per
produced kWh. To achieve this objective the energy yield should be as high as possible, while the
costs of the overall development should be as low as possible.

For the individual components, such as the support structure this implies that the costs of the

component should be as low as possible, without jeopardizing up-time.

The purpose of a support structure is to hold the wind turbine in place allowing it to produce
electricity in a safe and reliable manner, such that the highest possible energy yield can be achieved.
Therefore the offshore wind turbine should be able to:

- Withstand all loads during envisaged lifetime

- Remain operable in all intended operational conditions

Furthermore the structure should be able to fulfill all secondary functional requirements, such
as accessibility and electricity export, while at the same time posing no threat to the environment and
other users of the marine environment.

The objective of the design is therefore to define the geometric and material properties of the
support structure, subject to requirements regarding the operability of the wind turbine, load resistance

and economics.
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3.3. Design process for offshore wind turbine support structures

3.3.1. Design Sequence

Design initiated (2)

Site-specific external ]
conditions (3) RNA design (e.g. IEC 61400-

1, standard wind turbine class)

@)

Design basis for
offshore wind turbine

(4)

Support structure design (5) RNA design (6)

Design situations and
load cases (7)

Load and load effect
calculations (8)

Limit state analyses

©)

Structural integrity
OK? (10)

Design completed (11)

Figure Ill.1: Design process for an offshore wind turbine

According to (IEC, 2009) the design process for an offshore wind turbine is as depicted in
Figure 1ll.1. This process is defined for a complete offshore wind turbine system, including Rotor
Nacelle Assembly (RNA). It assumes that the RNA is designed according to a standard wind turbine
class (1) and as such has been type certified by a certification body. Once the design has been
initiated (2) for a specific project, the external conditions for the project site must be defined (3). These
include site-specific environmental data, local bathymetry, geotechnical information and other relevant

oceanographic data. To allow different parties in the project to work with the same data, the
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environmental conditions together with the design criteria for the RNA are recorded in a design basis

(4). The design basis itself has to be certified by a certification body.

To be able to apply a type certified turbine at a specific offshore site it must be demonstrated
that the RNA still meets the design criteria for the site-specific loads. In the current industry practice
the verification of the RNA design (6) will be the responsibility of the wind turbine manufacturer,

whereas the support structure design (5) is the responsibility of the support structure designer.

The design process as illustrated in Figure 1ll.1 assumes that the support structure design and
verification of the RNA are performed in parallel. Both structures are modeled in structural analysis
packages that can account for dynamic response of the structure to external loading. Preferably this
entails a fully integrated analysis, but current industry practice also makes use of parallel models in
which the interaction between RNA dynamics and the support structure dynamics as well as

interactions between aero- and hydrodynamics and the structural response are taken into account.

3.3.2. Design Load Cases

When an initial support structure has been established, a series of Design Load Cases must
be defined (7). Different design situations can be identified covering all expected operational situations
as well as fault situations. These design situations are defined as follows in the standards for the
design of offshore wind turbines (DNV-0S-J101, 2011), (IEC, 2009):

Power production

Power production plus occurrence of fault
Start-up

Normal shut-down

Emergency shutdown

Parked (standing still/idling)

Parked and fault conditions

© N o ok~ 0w DN P

Transport, assembly, maintenance and repair

For each of the defined load cases, loads and load effects are calculated (8). This usually
entails time domain simulation of the wind and wave loads on a dynamic structural model, including
the aero-hydro-servo-elastic behavior of the turbine. The load effects are given by the response of the
turbine to these loads in terms of displacements, velocities, accelerations and section forces at the

nodes in the structural model.

3.3.3. Limit State Checks

Once the load effects for each of the simulated design load cases have been determined the
limit state analyses are performed (9). For different limit states are distinguished:
= Ultimate limit state (ULS)
= Serviceability Limit State (SLS)
= Accidental Limit State (ALS)

= Fatigue Limit State (FLS)
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The ALS and FLS are sometimes considered part of the ULS analysis.

In the ULS analysis, the structural strength of members and joints as well as the stability of members

are checked. Also the strength of the foundation must be verified.

The SLS is related to maximum acceptable deformations of the structure, the foundation and the RNA

during operational conditions.

For the ALS the effects of unintended impact loads such as ship impact and impacts due to dropped

objects are evaluated.

Finally, the ability of the structure to withstand the combined environmental loading over its intended

design life must be verified in the FLS analysis.

The results from these limit state analyses are usually expressed as a utilization ratio, defined
as the design load divided by the characteristic resistance. A utilization ratio larger than 1.0 implies
that the structure has insufficient resistance to withstand the design load. If the utilizations for all load
cases are less than 1.0 the structural integrity is guaranteed (10) and, according to Figure lIl.1 the
design is completed (11). If for some load cases the utilization is larger than 1.0 the structural integrity
of the system is not assured and changes to the support structure or the RNA must be made resulting
in lower utilizations for the critical load cases. To this end either the loads may be reduced or the

resistance of the structure may be increased.

To achieve either load reduction or increased resistance, the support structure design and the
RNA design are revised. In some cases the design load cases will have to be redefined, for instance
when a more detailed description of the Design Load Cases may lead to less conservative loads and
hence lower loads on the structure or RNA. Subsequently the load simulations are performed once
again and the limit state checks are executed. This process is repeated until both the support structure

and the RNA design meet the design criteria for all considered load cases and for all limit states.

3.3.4. Design evaluation

Figure 111.1 considers the design process to be complete when the structural integrity is shown
to be satisfied. If this is the only requirement very robust designs may result. Economic considerations
should also be taken into account, such that the contribution of the support structure and RNA to the
total cost per produced kWh is minimal. Besides checking whether the structural integrity of the
structure is guaranteed, it should also be ascertained if further reduction of the overall cost is possible.
Primarily this will be achieved by reducing the mass of the structure, thereby reducing the overall
material costs. However, it should also be verified that reducing the mass of the support structure does
not introduce unforeseen costs in other parts of the structure or for fabrication installation and
maintenance issues. To reflect the economic considerations the process shown in Figure 111.1 should
be updated to include a check for the minimum structure mass and costs. If the structural mass can be
further reduced the dimensions should be changed and the structural integrity should be checked
again. Only when the mass of the structure can be reduced no further without compromising the
structural integrity the design may be considered completed.
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3.4. Design criteria

3.4.1. Fromrequirements to criteria

In Section 3.2 the design objective is formulated as defining the geometric and material
properties of the support structure subject to requirements regarding the operability of the wind
turbine, load resistance and economics, thereby allowing safe, reliable and economical operation of
the wind farm. To assess the suitability of the support structure design, it should fulfill certain design
criteria. These criteria are related to the requirements for the wind turbine and for the support structure

itself. For the wind turbine the following requirements are considered:

- The turbine should be situated at a certain elevation above the sea surface, for effective
electricity production and to ensure sufficient safety

- The electricity produced by the generator must be fed into the electricity grid. For this
purpose provisions for the exporting of the electricity must be incorporated.

- To allow reliable operation the turbine must regularly undergo maintenance and repair.
Therefore provisions must be present for accessing the turbine.

- Sufficient clearance between the blades and the support structure must be maintained to
reduce loads on the turbine and to avoid collision of the blades with the structure.

- To avoid damage to components in the wind turbine the tower head motions should be

within predefined limits.

The support structure should ensure that all aforementioned requirements are fulfilled.
Furthermore the structural integrity of the support structure must be guaranteed. Therefore the support
structure must be able to withstand all loads from the wind turbine and from the environment onto itself
and to transfer these loads to the soil.

To satisfy these requirements criteria can be formulated regarding natural frequencies,
strength and deformations. In the following sections these criteria are discussed for the main
components making up the overall support structure: tubular members, joints and foundation

elements. Also requirements and criteria with regard to fabrication and installation are put forward.

3.4.2. Natural frequencies

Natural frequencies of the support structure are very important as they determine the dynamic
behavior of the offshore wind turbine. If the frequency of excitation is near a natural frequency,
resonance occurs and the resulting response will be larger than in the quasi-static case. This leads to
higher stresses in the support structure and, more importantly to higher stress ranges, an unfavorable
situation with respect to the fatigue life of the offshore wind turbine. Therefore it is important to ensure
that the excitation frequencies with high energy levels do not coincide with a natural frequency of the

support structure.

In the case of an offshore wind turbine excitation is due to both wind and waves. For fatigue
considerations sea states with a high frequency of occurrence have the largest effect. These are
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generally relatively short waves with a significant wave height H_ of around 1 m to 1.5 m and a zero-

crossing period TZ of around 4 sto 5 s.

The wind excitation frequencies that should be avoided are those that coincide with the range
of rotational frequencies of the rotor. This will be illustrated for the chosen 7MW turbine which will be
used during subsequent stages of this project. With a minimum rotational speed at the cut-in wind
speed of 4(1/min) and a maximum rotational speed of 14.2(1/min), the rotational frequency interval
ranges from 0.067 Hz to 0.237 Hz. This interval is indicated with 1P. Furthermore, the blade-passing
frequency interval should also be avoided. This interval, indicated with 3P for a triple bladed turbine is
equal to the rotational frequency interval times the number of blades, this value ranges from 0.2 Hz to
0.71 Hz.

3.4.3. Strength criteria

Yielding

Stresses in elements must remain below the vyield stress for metallic materials. Wind loads, wave
loads, gravity and inertia loads and pressure differences between inside and outside of element (hoop

stresses) all contribute to the acting stress in the element.

Buckling may occur before the full yield capacity of a cross section is reached. For foundation piles,
buckling is generally not considered a critical failure mode as the pile is normally supported by the soil

on both the inside and outside. Pile strength should be checked under extreme compression loads.
Buckling

For monopiles the wall thickness can vary along the length of the pile as the bending moment
increases from the top of the tower toward the seabed due to hydrodynamic and aerodynamic loading

and then decreases as load is gradually transferred to the soil.

The wall thickness should be sufficient to prevent buckling. Two forms of buckling can be identified:
global or beam buckling and local or sheet buckling. In the case of global buckling the structure
collapses in its entirety, whereas in the case of local buckling the buckling occurs only locally.
However, the occurrence of local buckling may initiate global buckling. The most important parameters
in the buckling analysis are:

= The buckling length, which is different for local and global buckling,
= The normal force in the structure or element under consideration,
= The bending moment in the structure or element under consideration,

= Aslenderness parameter

The outcome of the buckling check is a usage factor, which indicates to what extent the cross
section is utilized with respect to the buckling capacity. This value can be used to optimize the wall

thickness. Furthermore, the top of the pile usually requires a large wall thickness to cope with the high
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stresses due to pile driving. The pile toe is usually also dimensioned with a larger wall thickness to

prevent buckling during pile driving.
Fatigue

As the support structure is subjected to continuous load variations, the fatigue of the structure
needs to be checked. Preferably all load combinations of wind and waves with their directions are
incorporated in this check. But as the number of load cases is usually very large, it is desirable to use
a reduced number of load cases. This can be achieved by two methods, preferably simultaneously.
The first is by assuming that all loads act in the same direction. This approach is conservative as it
leads to an accumulation of fatigue damage in a single location on the circumference of the pile. This
is only valid in the power production state. For idling states (non-power producing states with unlocked
rotor) wind-wave misalignment may result in higher loads than when wind and waves are aligned. The
main reason for this is the lack of aerodynamic damping. Idling situations occur below cut-in and
above cut-out but may also occur within the range of power production, due to non-availability of the
wind turbine due to turbine errors. Therefore, the portion of idling state simulations must consider

wind-wave misalignment for the fatigue analysis of the support structure, especially for monopiles.

In reality, the fatigue damage is lower than estimated by the first method, as the damage is

spread over multiple locations on the circumference. In the second method, all the environmental
states in a wind speed bin are grouped. The corresponding H and T, are associated with the state

within the wind speed bin with the largest probability of occurrence.

The probability of occurrence of the grouped state is the summed probability of all contributing
states. Sometimes it may be more realistic to group the environmental states in a wind speed bin into
two or more grouped states. Either way, the resulting number of environmental states that serve as

input for the fatigue analysis is significantly reduced.

For each of these environmental states a time domain simulation is performed and the
bending stresses in the support structure are recorded. Near the welds, where there are discontinuities
in the structure, the local stress should be multiplied by an appropriate stress concentration factor.
Using a stress cycle counting method, the number of cycles in each stress range bin is counted. With
this information and using an S-N curve corresponding to the weld detail under consideration the
fatigue damage due to environmental loads can be determined. Furthermore, fatigue damage due to
transient events such as start-up and shutdown procedures and fatigue damage due to pile driving

should be included in assessing the total fatigue damage.

3.4.4. Design criteria for monopile foundations

For geotechnical design of monopile foundations, both the ultimate limit state and the

serviceability limit state shall be considered.

a. Design for the ultimate limit state
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For the design of the ultimate limit state, design soil strength values are to be used for the soil

strength ( Ry ), defined as the characteristic soil strength values (R, ) divided by the specified material
factor ()

R, =R (3.1)
7m

According to (DNV-0S-J101, 2011), the material factors ( ,, ) is given as following table:

Table Ill.1: Material factors

Limit states
Type of geotechnical analysis ULS | SLS

m | Im
Effective stress analysis 1.15| 1.0
Total stress analysis 1.25| 1.0

Each design load (SD) is defined as the characteristic load multiplied by the relevant

specified load factor. The loads are to be representative of the extreme load conditions (see (DNV-OS-
J101, 2011)).

The safety level of the foundation in ULS is considered to be satisfactory when the design load

does not exceed the design soil strength:
Sp <R, (3.2)
Two cases are to be considered:

- Axial loading

- Combined lateral loading and moment loading
Axial loading

For axial loading in the ULS, sufficient axial pile capacity shall be ensured by checking that the
design axial load on the pile head does not exceed the design axial resistance, obtained as the design

unit skin friction, integrated over the pile surface area, plus a possible pile tip resistance.

The effects of cyclic loading on the axial pile resistance should be considered in design. The
main objective is to determine the shear strength degradation, i.e. the degradation of the unit skin

friction, along the pile shaft for the appropriate prevailing loading intensities.
Combined lateral loading and moment loading

For combined lateral loading and moment loading in the ULS, sufficient pile capacity against this
loading shall be ensured. The pile capacity is formed by lateral pile resistance. Verification of sufficient

pile capacity implies that the following two requirements shall be fulfilled:
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(1) The theoretical design total lateral pile resistance, which is found by vectorial integration of the
design lateral resistance over the length of the pile, shall not be less than the design lateral
load applied at the pile head.

(2) The lateral displacement at the pile head shall not exceed some specified limit. The lateral
displacement shall be calculated for the design lateral load and moment in conjunction with

characteristic values of the soil resistance and soil stiffness.

b. Design for the serviceability limit state

For design for the serviceability limit state, characteristic soil strength values are to be used for
the soil strength. Characteristic loads are to be used for the loads. The loading shall be representative
of loads that will cause permanent deformations of the soil in the long term, and which in turn will lead
to permanent deformations of the pile foundation, e.g. a permanent accumulated tilt of the pile head.
For this purpose, the behavior of the soil under cyclic loading needs to be represented in such a
manner that the permanent cumulative deformations in the soil are appropriately calculated as a

function of the number of cycles at each load amplitude in the applied history of SLS loads.

For design in the serviceability limit state, it shall be ensured that deformation tolerances are not
exceeded. The deformation tolerances refer to permanent deformations.

3.4.5. Design requirements for manufacturing and installation

Beside the design requirements listed so far there are also numerous practical limitations to
what can be produced and installed. From the review of the manufacturing and installation processes
in Chapter 2 it could be seen that many handling and lifting procedures must be performed and that
accessibility during the fabrication and installation phases is important. Also during the operational

phase requirements can be set for accessibility for inspection.
Manufacturing

The first limitation encountered in the manufacturing process is the size of the plates that can
be handled. This is usually linked to a maximum mass, defined by the capacities of the steel mills
producing the plates. This means that the height of a section with a certain diameter and wall
thickness is limited. Usually segments of up to 4m are used in monopile fabrication. This affects the
number of welds that have to be made.

Furthermore the maximum thickness of plates that can be rolled may limit the design. Large
diameter sections with high D/t ratios are susceptible to elastic deformation or avalisation under their
own weight. This may present additional costs during manufacturing. Therefore limits should be set for
the maximum D/t ratios (see Section 6.2.3)

For the manufacturing of tubular joints, the angle between two connecting elements should not

be less than 30°, to ensure that the joint is suitably accessible for welding.
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Installation

Structural elements are designed for their in-place situation. However, during transport and
installation loads act on the structure, for instance dynamic wave loads leading to deformations and
accelerations during transport and bending moments in piles during upending. Structural elements

should therefore also be checked for transport and installation load situations.

Although strictly speaking not a technical limitation, but more related to the economics and the
availability of vessels is the lifting capacity of the installation vessel. The weight of components to be
installed in one piece should not exceed the operational lifting capacity of a vessel that can be secured

for the installation at an economically acceptable rate.

Pile driving equipment is currently limited to a maximum pile diameter that can be driven due

to the limited size of anvils. The largest pile top diameter is currently 5.2 m (Vries, 2011).

The footprint of substructures and of piles on barges determines the number of structures that

can be transported at one time, thereby influencing the logistics of the installation process.

It should be noted that the limitations mentioned in this section represent the current state of
the industry. If the market requires the development of larger and more powerful equipment or facilities

to increase cost effectiveness the industry will likely respond to meet this demand.
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Chapter IV. Related Theories
o Ee TR
4.1. Introduction

Although the main tasks of this thesis concerns the design of the foundation pile for offshore wind
turbines, understanding of the dynamic behavior as well as excitation forces of the offshore wind

turbines is essential beside the behavior of soil under cyclic loading.
The content of this chapter is divided into fourteen small sections, listed as following:

- Section 4.2: The basics of dynamics

- Section 4.3: Damping in offshore wind turbines structures
- Section 4.4: Sources of excitations

- Section 4.5: Statistical methods and Deterministic approach
- Section 4.6: Wind

- Section 4.7: Wave

- Section 4.8: Current

- Section 4.9: Combined Wind and Wave Loading

- Section 4.10: Effect of cyclic loading to foundation

- Section 4.11: Basis of Soil Mechanics

- Section 4.12: Types of Soil Model

- Section 4.13: Winkler model

- Section 4.14: Sap2000 and methods to solve a nonlinear dynamic analysis

4.2. The basics of dynamics

The importance of detailed modeling of the structural dynamics can be illustrated most
conveniently by considering a single degree of freedom mass-spring-damper system, as shown in
Figure IV.1. Note that a complete (offshore) wind turbine system can be thought of as being
constructed of a number of coupled mass-spring-damper systems (Jan van der Tempel and David-
Pieter Molenaar, 2004).

H—s

Spring
M —
~ - g )
j — F(ty=cos(w1)
Viscous damper

Figure IV.1: Single degree of freedom mass-spring-damper system
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When a harmonic excitation force F (t) i.e. a sinusoid, is applied to the mass, the magnitude

and phase of the resulting displacement U strongly depends on the frequency of excitation @ . Three

response regions can be distinguished:

a) Quasi-static
b) Resonance

¢) Inertia dominated

For frequencies of excitation well below the natural frequency of the system, the response will
be quasi-static as illustrated in Figure IV.2 a: the displacement of the mass will follow the time varying

force almost instantaneously, i.e. with a small phase lag, as if it were excited by a static force.

Figure IV.2 b shows a typical response for frequencies of excitation within a narrow region
around the system’s natural frequency. In this region, the spring force and inertia force almost cancel,
producing a response that is a number of times larger than it would be statically. The resulting

amplitude is governed by the damping present in the system.

For frequencies of excitation well above the natural frequency, the mass cannot “follow” the
movement any longer. Consequently, the response level is low and almost in counter-phase, as

illustrated in Figure IV.2 c. In this case the inertia of the system dominates the response.

It should be stressed, that in all three figures the magnitude of the excitation force F (t) is

identical, but applied at different excitation frequencies.

The normalized ratio of the amplitudes in Figure 1V.3, illustrate the general fact that, in steady
state, sinusoidal inputs applied to a linear system generate sinusoidal outputs of the same frequency,
but differ in magnitude and phase (i.e. shift between the sinusoidal input and output).

a b c

— excitation force)
--- response

F(t), x(1)

25 30 35 40 45 50 55 60

Figure IV.2: a) Quasi-static b) resonant and c) inertia dominated response
Solid line: excitation, dashed line: displacement

The magnitude and phase modifying property of linear systems can be conveniently

summarized in one plot: the frequency response function. The frequency response function (FRF)

depicts the amplitude ratio of the sinusoidal output to input, as well as the corresponding phase shift,
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as a function of the frequency of excitation. Figure 1V.3 shows the FRF of the single degree of freedom

system depicted in Figure IV.1.

The peak in Figure V.3 corresponds to the system’s natural frequency. The height of the peak
is determined by damping. Therefore any resonant problem can be counteracted with adequate
damping controls, should the budget allow for it. In dynamics, the frequency of the force is at least as
important as its magnitude. Resonant behavior can cause severe load cases, even failure, but it is
most feared for fatigue difficulties. For structure where dynamics are expected to be a problem,
detailed knowledge of the expected frequencies of the excitation forces and the natural frequencies of

the structure, or parts of the substructure, is vital.
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Figure IV.3: Frequency response function
Upper figure: magnitude versus frequency, and lower figure: phase lag versus frequency

The “normalized amplitude ratio” is also known as the “Dynamic Amplification Factor” (DAF).
The DAF is commonly used in calculations by the wind energy and the offshore technology
communities, in the preliminary design phase, to account for the effect of dynamic loads from static
response (thereby neglecting the phase information). In general, the required DAF’s are derived from

time-domain simulations similar to the ones shown in Figure IV.3.

In rules given by classification societies (for example (GL, 2005)), extreme loads are generally
multiplied by a dynamic amplification factor in order to take into account the modification of loads due
to the motions of the structure. This factor depends on the hub height, the average tower diameter, the

natural frequency of the structure and the average wind speed.
4.3. Damping in offshore wind turbines structures
4.3.1. Definition of damping
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Damping is a phenomenon by which mechanical
energy is dissipated (usually converted as thermal
A ., energy) in dynamic systems.

;’I: | 4 1 |1 I;" \ fa Representation of Damping in vibration analysis

E‘ | ] I|I II'. [ \/ VY For an n-DOF mechanical system, its motion
l'. [\ v is represented by vector x of n generalized
V ) coordinates x;. Equations of motion expressed in

vector-matrix form:

MX+d +Kx = f (t) (4.1)
= M is mass (inertia) matrix
» K is Stiffness matrix
= f(t) is forcing function vector
= d is damping force vector (nonlinear function of x and X)
Or this equation can be rewritten as:
M +Cx+ Kx = f (t) (4.2)
where: C=c,M+c,K -is damping coefficient.

C,, - inertial damping matrix
C, - stiffness damping matrix.

Usually, a parameter named damping ratio ({ ) is used to provide a mathematical means of

expressing the level of damping in a system relative to critical damping:

C
== 3
¢ c (4.3)

c

And the corresponding critical damping coefficient is: C, = 24K.M

There are three primary mechanisms of damping:
= |nternal damping — of material
=  Structural damping — at joints and interface

=  Fluid damping — through fluid-structure interactions.
4.3.2. Damping for piled offshore support structure

The damping of offshore wind turbines significantly influences the turbine reaction and the
dynamic loading. The overall damping of the first bending eigenvector frequency of wind turbine
support structures consists of the aerodynamic damping, damping due to vortex shedding and due to
constructive devices and additional damping, e.g. structural damping. Compared to onshore support
structures, the additional damping is influenced by further effects, e.g. soft soil and hydrodynamic

damping. As a result, the additional damping for offshore support structures is higher than for onshore
support structures.
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This additional offshore damping &4 <, (@S fraction of critical damping) consists of:

Gadd, oftsh = G radiation T Svis ydro T & steel T S soil (4.4)
With: & giation Damping from wave creation due to structure vibration
< vis, hydro Viscous damping due to hydrodynamic drag
¢ el Material damping of steel
S il Soil damping due to inner soil friction

- Damping from wave creation

Radial propagation of waves from the oscillation of the structure results in highly frequency

dependent damping that is proportional to the relative velocity between water and structure. g"radiaﬁon i

S
considered in the Morison equation by accounting for the relative velocities. For cylindrical structures
with slowly changing diameters in deep water, the linear potential theory may be applied according to
(Micheal F.Cook and J. Kim Vandiver, 1982). For a structure of several meters in diameter as well as

for a minimum diameter of D=1.2 m the result according to (Micheal F.Cook and J. Kim Vandiver,

1982) thenis: & =0.11%

radiation

- Viscous damping

The viscous damping of the fluid results from the relative velocity of the structure. As a drag

force it is proportional to the square of the relative velocity, increasing non-linearly with that. &, is

is, hydro
considered in the Morison by accounting for the relative velocities. The upper limit of the viscous

damping for uni-directional sea states is according to (Micheal F.Cook and J. Kim Vandiver, 1982):

é/vis, hydro = 015%

- Steel damping

The material damping of steel from internal friction is, as common in the literature, stated in
(Micheal F.Cook and J. Kim Vandiver, 1982) as:

0.2%< <0.3%

steel —

Additional damping of the grouted connection is not considered.

4.3.3. Damping of soil (piled structure)

Soil damping consists of internal and geometric soil damping. Compared to all other damping
contributions discussed, the internal soil damping is the most complex parameter having the highest
damping contribution. The internal frictional soil damping depends on the material hysteresis, thus on
the type of soil material. The geometric damping from wave creation of the structure in the soil

(comparable to the wave creation of the structure in water) is of much less importance. In (Micheal

F.Cook and J. Kim Vandiver, 1982) a value ¢

il Of 0.53% is experimentally determined whereas the
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theoretic calculation of the energy dissipation during one oscillation of the structure in the soil results in

a much higher value ¢ of 0.88%.

il
4.4. Sources of excitations

The harmonic excitations that act on the OWT structure are mainly due to:

- Hydrodynamic loads fluctuating with wave evolution;

- Aerodynamic loads when blades pass through turbulent eddy or in front of the tower;
- Soil displacements generated by earthquake;

- Load induced by drifting ice impacting the foundation;

- Generation of vortex at the rear of the tower or at the rear of the foundation.

Wake
turbulence

‘//,.

Low-level
jet

Turbulent
wind

Tidal & storm
surge drepth

Extreme
wave

Ship & ice
impact

Currents
and tides

4.5. Statistical methods and Deterministic approach

Dynamic loading caused as a consequence of the response of an elastic structure to alternating
loading acting on it must be seen under two different aspects: in the worst of case, the structure fails
“abruptly” due to extreme vibration amplitudes. Even if there is no failure of stability, the continuous
oscillations of the elastic structural components represent a considerable dynamic load as far as
fatigue is concerned. This aspect predominates in this case. As this is a problem of fatigue life, it is
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important to identify the exciting forces, and the resultant responses of the structure, completely with
respect to their natural frequencies and the frequency of occurrence within the life of the structure. For
this reason, statistical methods are particularly well suited to this task. This is, of course, also true
because of the stochastic nature of wind turbulence. The two most important mathematical methods

are known as the time-history method and the spectral method.

Time history method

If the time history of the active force is known, for example the variation of wind speed with time,
the resultant response of the structure versus time can be calculated. This requires an aerodynamic
model of the rotor, so that the variation of the aerodynamic force can be determined from that of the
wind speed. Using the elastic structure model, the response of the structure over time is obtained.

The advantage of this method is that all parameters are time-dependent, a form of presentation
which is advantageous for several purposes. Moreover, functional algorithms, for example for the
influence of the control system, can be taken into consideration. The influence of periodic forces, for
example from the shear wind gradient or tower interference, can also be determined well by means of
the time history approach. The serious disadvantage of this method is the more or less random
“segment” of wind turbulence used as a basis. This does not lead to a comprehensive picture. If this
were attempted, the calculation effort would become extremely high. Hence, this method is more
suitable for a selective “check”, rather than for comprehensive structural dimensioning with respect to

fatigue life.

Spectral method

In the so-called spectral method, frequency-dependent representations (spectra) of forces and
responses are processed instead of their progression over time. This method uses a statistical

turbulence spectrum of the wind as the load input.

It must be possible to represent the structure in the form of linear or linearized equations (linear
systems theory). The excitation spectrum causes excessive dynamic peaks of response in the regions
of the natural frequencies of the structure. The extreme values of the required parameters
(deformations, forces, etc.) which are decisive for the dimensioning of the structure can be
represented as follows:

Xmax = X + Koy

Where: X is the quasi-statically calculated mean value, o, the standard deviation of the dynamic
excursions about the mean value and K the so-called peak factor based on statistical reliability
calculations.

The link between the excitation spectrum and the spectra of the response reaction is established
via so-called transfer functions. “Aerodynamic admittance” leads from the wind spectrum to the
aerodynamic force parameters, “mechanical admittance” represents the link between the active forces
and the deformations or stresses of the structure.

The decisive advantage of the spectral method is the reliable acquisition of the entire, real load

spectrum caused by the wind turbulence. This method is thus predestined for calculating structural
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fatigue. The fact that the required deformation and stress parameters are only available as frequency-
dependent spectral, and not as plots against time is, admittedly, a disadvantage in view of some of the
technical problems at hand. For example, it is difficult to process the functional characteristics of a
wind turbine methodically, with respect to the influence of the control system on the loads (functional

model).
Deterministic approach

In contrast to the statistical methods described above, it is also possible to follow a deterministic
approach for calculating the dynamic structure responses. As in the example of the time history
method, one single event, for example a discrete gust, can be used as load input, rather than the
continuous progression of wind speed. The structural response derived from this provides information
on the dynamic load magnifications to be expected. From the results, all-inclusive “dynamic

magnification factors” for the quasi-statically calculated stress can be derived.

The continuous nature of wind turbulence and of the response of the structure is, of course, lost in
the process. It is also not possible to cover all of the load inputs with respect to the overall load
spectrum by this method. Up to a certain point, one can get by with assuming a certain frequency of
the various discrete events (gusts), but the validity of the results with respect to the structure’s fatigue

nevertheless remains questionable.

4.6. Wind

Knowledge of certain parameters and physical laws is of particular importance if the energy of the
wind is to be exploited. While the short-term behavior of the wind, the turbulence, is of significance
with regard to the structural strength and the control function of a wind turbine, the long-term
characteristics of the wind have relevance with regard to the energy vyield. The long-term

characteristics of the wind can only be determined by means of statistical surveys over many years.

4.6.1. Mean annual wind speed and wind speed frequency distribution

The mean annual wind speed (V,_, ), understood to be the “invariable” long-term mean value of the

ave
wind speed at one location can only be determined on the basis of measurements taken over
decades. Since there are not many reliable measurements available for periods longer than 30 years,
the measurements are limited to this period.

In practice, the problem is frequently that insufficient data about the frequency distribution of
the wind speeds at a particular location are available. In such a case, there is no alternative but to use
a mathematical approximation for the distribution curve. In normal wind regimes, a Weibull function will

provide a good approximation. The Weibull function is defined as:

O=1- ef(vwﬂ (4.5)
Where:

® = distribution function
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e = logarithmic base (normally the natural log, e=2.781)
A = scaling factor
k =form parameter
If nothing besides the mean wind velocity is known and an “usual” frequency distribution can
be assumed, this is characterized by a form factor of K =2. In this special case, the Weibull
distribution is called Rayleigh distribution. The relative frequency is obtained mathematically from the

cumulative frequency by differentiating with respect to the wind speed V,, .
4.6.2. Increase wind speed with altitude

The increase in wind speed with height can be described as the statistical mean of an assumed
steady-state speed distribution. This simplification is adequate with respect to problems based on the
long-term statistical mean of the wind speed, that is to say the calculation of the energy delivery of a
wind turbine. A conventional approach for describing the increase in wind speed with height is the
logarithmic height formula:

H
In—
— Z,
Vi, =V 0 (4.6)
In ref
Z0
Where
v, = mean wind velocity at elevation H (m/s)
Vi = mean wind speed at reference elevation H . (m/s)
H = height (m)
H,; = reference elevation (measuring elevation)
In = natural logarithm (base €=2.7183)
Z, = roughness length (see (DNV-0S-J101, 2011) for more information).

4.6.3. Wind turbulence

The study of a wind speed time history measured with sufficiently high resolution enables its most

important parameters to be defined. Ignoring short-term fluctuations, the level of the prevailing wind
speed determines the mean wind speedV, . It is generally averaged over a period of 10 minutes.

Using this steady mean wind speed, the instantaneous wind speed at a point in time t can be specified
as follows:

Vi (1) =V, +v; (1) (4.7)
The superimposed fluctuating part of the wind speed V; (t) is caused by the turbulence of the wind.

Thus, turbulence is the instantaneous, random deviation from the mean wind speed. The extent and

characteristics of the turbulence are dependent on a variety of meteorological and geographic factors.
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To characterize the turbulence, the term of turbulence intensity is used which is occasionally

also called the degree of turbulence. The turbulence intensity o, is defined as the ratio of the standard

deviation o, of the wind speed to the mean wind speed V,, in a certain averaging time and is specified

in percent:

4.6.4. Wind turbine classes

(4.8)

Offshore wind turbines shall be designed to withstand safely the wind conditions defined for the

site or the selected wind turbine class.

For an offshore wind turbine the definition of wind turbine classes in terms of wind speed and

turbulence parameters remains appropriate as the basis for design of the topsides structure (turbine

machinery). The values of wind speed and turbulence intensity parameters are intended to represent

the characteristic values of many different sites and do not give a precise representation of any

specific site. The goal is to achieve wind turbine classification with clearly varying degrees of

robustness governed by the wind speed and turbulence intensity parameters. Table VI.1 specifies the

basic parameters which define wind turbine classes.

Table IV.1: Basic parameters for wind turbine classes

Wind turbine class | Il 1 S
- Vi [m/s] 50 | 425 | 375
- Vae [m/s] 10 | 85 7.5
- Al [ 0.18 o
- af 2 S

o

- Bl [] 0.16 ij
- al] 3 0
- Clgs[] 0.145
- al] 3
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where:

Vs = reference wind speed

V., = annual average wind speed over many years at hub height

A = category for higher turbulence intensity values
B = category for medium turbulence intensity values
C = category for lower turbulence intensity values

I,s = characteristic value of the turbulence intensity at 15 m/s

a = slope parameter for turbulence characteristics.

A turbine designed according to the wind turbine class with a reference wind speed Vg is
designed so that it can withstand the environmental conditions in which the 10-min mean of the
extreme wind speed with a recurrence period of 50 years at hub height is equal to or less than V.

4.6.5. Wind Rose

To show the information about the distribution of wind
speeds, and the frequency of the varying wind directions,
one may draw a so-called wind rose on the basis of
meteorological observations of wind speeds and wind
directions. The compass is usually divided into 12 sectors,
one for each 30 degrees of horizon.

The radius of the 12 outermost, wide wedges gives
the relative frequency of each of the 12 wind directions, i.e.
how many percent of the time is the wind blowing from that
direction.

The second wedge gives the same information, but
Figure IV.5: An example of Wind Rose multiplied by the average wind speed in each particular

direction. The result is then normalized to add up to 100 percent. This shows how much each sector

contributes to the average wind speed at a particular location.

The innermost (red) wedge gives the same information as the first, but multiplied by the cube of the

wind speed in each particular location. The result is then normalized to add up to 100 percent. This

shows how much each sector contributes to the energy content of the wind at a particular location.

4.6.6. Assessment of wind loads on the support structure

a. Loads at tower top

When the wind flow passes through the rotor of the turbine, the blades rotate with a rotational
speed that depends on the torque imposed by the generator for the electricity production. The
limitation of rotational speed induced by this torque slows down the air flow passing through the
actuator disk, generating an axial load on the rotor. The rotor is also submitted to bending moments
due to the distribution of pressures along the blades.

Loads at tower top are often assessed thanks to the statistical analysis of time simulation

performed by dedicated software.
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b. Distribution of wind pressure on the tower

The wind turbine tower is in an air flow and is consequently submitted to a distribution of wind

pressure due to its drag. The wind pressure at a certain height depends on the air density p,;. , the

cross section A, the wind speed V and the drag coefficientC,,, :

F.=1cC

2
aero 2 aerop air AV (4'9)
The drag coefficient is mainly related to the roughness of the surface, the shape of the

structure and the wind speed.

c. Loads induced by the wake effect

The spatial distribution and the value of wind speeds in the offshore location are modified
because of the wake generated by each of the structures. An illustration of this phenomenon is
presented in Figure IV.6. The general consequences of the wake effect are:

- Anincrease of the turbulence intensity compared to the turbulence intensity in absence of

wind turbines;

- Areduction of the average wind speed in the wake;

- Anincrease of the site roughness, which increases the wind shear phenomenon.

Depending on the position of the structure in the
wind farm, the value of the wake induced loads are
related to the wake of one single wind turbine or to the
superposition of several wakes. In the absence of detailed
analysis (fluid dynamic analysis, for example), the design
of the wind turbine will be based on a higher turbulence
intensity.

Figure IV.6: lllustration of wake effect The wake effect will be more important if wind turbines
are close to each other. According to the rules given by Germanischer Lloyd (GL, 2005), the mutual
influence of the wake effects should be taken into account if the distance between wind turbines is
smaller than 10 times the rotor diameter.

4.7. Wave

The wave loads acting on an offshore wind turbine structure affect both the sub-structure and

the foundation. The wave loads can be represented by two main parameters, the significant wave
height, HS , and the spectral peak wave period, Tp .

The significant wave height is a measure of the intensity of the wave climate accounting for
wave height variability. It is traditionally defined as the mean height of the 1/3 highest wave, H1,3, but
can also be defined as four times the standard deviation of the sea elevation process (i.e. four times

the area under the wave spectrum, H_,) (DNV-0S-J101, 2011).
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The wave spectrum describes the frequency content of a sea state, typically based on a

Pierson-Moskowitz spectrum for a well-developed sea state or a JONSWAP spectrum for a limited

fetch and duration sea state. The spectral peak wave period, Tp , is related to the mean zero-crossing

period, T, , of the sea elevation process and is assumed to be constant (approximately 10-sec) over a
short-term 3 to 6-hour sea sate. The short-term 3 to 6-hour sea state is presented by a wave

spectrum, or the power spectral density function of the sea elevation process, S(a)) which is a

function of H and Tp and describes how the energy of the sea elevation is distributed between

frequencies.

4.7.1. General characteristics of waves

A regular travelling wave is propagating with permanent form. It has a distinct wave length, wave
period, wave height.

Wave speed,c

J—— ‘Z
AN D N s
1
Wave period, T=A/c d

Surface elevation
shown at t=0

Figure IV.7: Regular travelling wave properties

- Wave length: The wave length A is the distance between successive crests.

- Wave period: The wave period T is the time interval between successive crests passing a
particular point.

- Phase velocity: The propagation velocity of the wave form is called phase velocity, wave
speed or wave celerity and is denoted by C=A/T .

- Wave frequency is the inverse of wave period: f =1/T .

- Wave angular frequency: @=27/T .

- Wave number: K=27/A.

- Wave crest height A; is the distance from the still water level to the crest.

- Wave trough depth Ar is the distance from the still water level to the trough.

- Wave height: The wave height H is the vertical distance from trough to crest.

H=A +A
4.7.2. Reference sea states

For use in load combinations for design, a number of reference sea states and reference wave heights

are defined.
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4.7.3.

The Normal Sea State (NSS): is characterized by a significant wave height, a peak period

and a wave direction. It is associated with a concurrent mean wind speed. The significant
wave height Hg s of the normal sea state is defined as the expected value of the
significant wave height conditioned on the concurrent 10-minute mean wind speed. The
normal sea state is used for calculation of ultimate loads and fatigue loads.

The Severe Sea State (SSS): is characterized by a significant wave height, a peak period

and a wave direction. It is associated with a concurrent mean wind speed. The significant
wave height of the severe sea state HS]SSS is defined by extrapolation of appropriate site-
specific metocean data such that the load effect from the combination of the significant
wave height Hg s and the 10-minute mean wind speed U,  has a return period of 50

years. The SSS model is used in combination with normal wind conditions for calculation
of the ultimate loading of an offshore wind turbine during power production.

The Extreme Sea State (ESS): is characterized by a significant wave height, a peak
period and a wave direction. The significant wave height H . is the unconditional
significant wave height with a specified return period, determined from the distribution of

the annual maximum significant wave height. The Extreme Sea State is used for return

periods of 50 years and 1 year, and the corresponding significant wave heights are

denoted Hg g, ,, and Hy,  respectively.

Wave Modeling

Wave load predictions should account for the size, shape, and type of the proposed structure. For

piled foundations, Morison’s equation can be used to calculate the wave loads, consisting of a drag

force component and an inertial force component. The drag force is proportional to the overall

combined water particle velocity, V , according to the following:

Where:

dF, :%Cd p.DVZdL (4.10)
dFd = drag force component
Y2, = water mass density
D = tower diameter
dL = elemental length of tower
Cq = drag coefficient

The inertial force is proportional to the acceleration of the water particles due to Froude-Krylov forces

and added mass forces according to the following:
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dF, = p.AdL(a+C,a,) (4.11)

Where:
dF, = inertial force component
A = cross-sectional area of tower
a = water particle acceleration
C,  =added mass coefficient
a, = relative acceleration of water particles/tower

Diffraction effects may alter the wave pattern and loading for support towers that are large
compared to the wavelength, typically significant when the tower diameter is greater than 20% of the
wavelength (Watson, 2000). At this point Morison’s equation is no longer valid, and the inertial force

will dominate.

Where steep wave crests are prevalent, the support tower and sub-structure may be
subjected to highly localized impact loads, or slap forces, which are related to the rate of change of
added mass. For monopile foundations, this can be important for structural design as the slap forces
are not distributed as well as would be in a multiple-leg foundation. If wave steepness is assumed to
be constant and the wave height is scaled to the water depth, then the drag and slap forces are
proportional to the product of the squared water depth times the diameter, and the inertial forces are

proportional to the water depth times the squared diameter (Watson, 2000).

Viscous and potential flow effects should also be considered. Waves that break against the
structure are more prevalent in shallower waters where wind turbines will be located than typical water
depths for larger offshore platforms, and therefore should be considered separately from non-breaking
wave loads. There are three classifications to consider: surging, plunging, and spilling waves. These
waves can result in large amplification factors depending on the wave frequency relative to the natural

frequency of the structure.

A generic distribution, or scatter diagram, can represent the long-term probability distributions

of the significant wave height, HS, and the spectral peak wave period, T_, consisting of a Weibull

p?

distribution for H and a log-normal distribution of T .

In deeper water, the short-term probability distribution function of an arbitrary wave height H
is assumed to follow a Rayleigh distribution in term of H_. The maximum wave height in a 3-hour sea

state can be estimated to be equal to 1.89(Hs). In shallow water, the wave height is limited by depth,
and the maximum height can be assumed to be equal to 78% of the water depth (DNV-0S-J101,
2011).
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The long-term probability distribution of an arbitrary wave height H is found by integration

over all significant wave heights, which is used to calculate the distribution of the annual maximum

wave height H . . The wavelength, 4, is given by the following equation:

2rd
A= ZiT 2 % (4.12)
T
Where:
T = period
g = acceleration of gravity
d = water depth

Analytical and numerical wave theories can represent the wave kinematics according to their

ranges of validity. The linear wave theory that represents waves with a sine function is valid for
d/A>0.3. Stokes’s wave theory for high waves and the stream function theory are valid for

0.1<d /A1 <0.3, and the solitary wave theory for very shallow water is valid ford / A <0.1. The Airy
theory is valid for all ratio of water depth to wavelength (DNV-0S-J101, 2011).

4.8. Current

The current load consists of two to four components, depending on water depth and
geographical location: wind-generated current, tide-generated current, breaking waves (for shallow
water), and ocean circulation. The waves and currents are assumed to be statistically independent
(Watson, 2000). The wind and tide-generated currents can be represented by current velocities, which
vary with water depth (DNV-0S-J101, 2011).

The current velocity can be estimated based on water depth according to the following:

V(Z):Vtide(z)+vwind (Z) (4.13)
1
h+z)
Viide (Z) = Vhideo (Tj (4.14)
+Z
Viind (Z) = Viindo (hoh_] (4.15)
0

Where:

v(z) =total current velocity at level z

Vyee (Z) = tidal current velocity at level z

Vyina (Z) = wind-generated current velocity at level z

Z = distance from still water level, positive upwards

Vigeo = tidal current at still water level
Viindo = Wind-generated current at still water level

h = water depth from still water level (positive value)
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h0 = reference depth for wind-generated current

4.9. Combined Wind and Wave Loading
4.9.1. Horizontal to Moment Load Ratio

Load effects can combine to result in assumed intensities of multiple parameters acting during an
environmental state (i.e. when an intensity parameters acts at an assumed constant value over a 10-
minute to 1-hour period of time). Combine horizontal loads are generally equal to 1 to 5% of the
resultant moment created from wind, wave, and current loading due to the typical height of the rotor-
nacelle assembly. However, the ratio of moment to horizontal load fluctuates rapidly with time,
dependent on water depth, sea state, and wind conditions. This loading scenario is atypical to that of
other offshore structures due to their larger size, where the load ratios remain relatively constant
regardless of environmental conditions. Because the wind and wave loading may not be coincident,
the horizontal and moment loads may also not be coincident. However, the most unfavorable

structural response is when wind and wave loads do act coincidently.

4.9.2. Combination Methods

Two methods to combine wind and wave loads are the linear combination method and the
combination by simulation. The linear method simply combines the calculated wind load effect and the
calculated wave load effect by linear superposition. It works well as a preliminary combined load
evaluation or when dynamic effects are demonstrated to be negligible (e.g. in shallow water) (DNV-
0S-J101, 2011). The simulation method is based on structural analysis in the time domain for the

simultaneously-applied simulated time series of the wind and wave loads.
4.10. Effect of cyclic loading to foundation
4.10.1. Cyclic degradation effects

Laboratory and field data show that cyclic loading may cause a reduction in load capacity and an

increase in displacement of piles.
a. For piles in clay:

In order to express degradation effects conveniently, the concept of degradation factors has been

introduced, the degradation factor being defined as:

_ property after cyclic loading
B property for static loading

D

(4.16)

Cyclic effects cause the degradation for skin friction, ultimate base resistance and soil modulus.

The degradation factor depends on the number of cycles, but the majority of degradation occurs in

the first 10 or 20 cycles.
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Degradation for skin friction has been introduced in DNV standard (DNV-0S-J101, 2011) and will

be used to calculate T-Z curves in Section 6.2.1 (page 76) of this thesis.

Data on modulus degradation from cyclic triaxial tests by Idriss et al (1978) indicated that the

modulus degradation factor D, could be approximated as follows:

D.=N" (4.17)

where N : number of cycles
t: a degradation parameter which is a function of cyclic strain

Unfortunately, no direct data is yet available on the cyclic degradation of ultimate base resistance

of a pile in clay, as most tests to date have concentrated on cyclic effects on skin friction (H.G.Poulos).

The p-y curves used in the following part of this thesis, which is based on DNV standard, includes

a coefficient of 0.9 to account the degradation effects.
b. For piles in sand:

The limited information available on the effects of cyclic loading on piles in sand indicates that
remarkable reductions in load capacity and pile stiffness can occur. Permanent settlement of the pile
may continue to increase, even after a very large number of cycles. It was deduced that degradation of
base resistance was more severe than degradation of skin friction, and close examination of the sand

near the tip showed appreciable crushing of the grains.

Detailed data on the degradation of soil modulus has not yet been obtained for piles in sand. The
cyclic stiffness of a pile tends to decrease with increasing numbers of cycles, but it is not yet clear
whether the expression in Equation (4.17) can be applied in this case. Moreover, no data on the
degradation of ultimate base resistance is available, although the tests of Van Weele suggest that this

degradation may be important.

Consequently, it must be concluded that, at this time, there is a dearth of experimental data on the
effects of cyclic loading on piles in sand, although indications are that they can be more critical than for

piles in clay.
4.10.2. Loading rate effects

For piles in clay, the rate application has a significant effect on pile load capacity. The more rapid
the loading rate, the greater the pile capacity in clay. Typically, the load capacity increases by between
10 and 20% per decade increase in loading rate (H.G.Poulos). In situations where relatively rapid
cyclic loading is being applied to a pile, (such as with offshore piles subjected to wave loading) the
beneficial effects of high loading rate may be offset by the degradation of load capacity due to the
cycling of the load, and the ultimate load capacity may be less than or more than the ultimate static
capacity. For example, in the tests conducted by Kraft et al. (1981), the combined effects of one-way

cycling and rapid loading rate resulted in a load capacity which exceeded the static value by up to
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20%. Thus it is necessary to consider both cyclic and rate effects simultaneously in order to assess

the ultimate load capacity of offshore piles (H.G.Poulos).

There is no published evidence on the effects of loading rate on piles in sand. Laboratory
static triaxial tests show that the shear strength of sand is largely unaffected by loading rate (in
contrast to clays which are influenced in a similar manner to piles in clay). Thus it would seem that no
rate effects could be relied upon for piles in sand, so that cyclic loading would serve only to cause
degradation of pile load capacity and stiffness; if this is so, the significance of cyclic loading effects on

piles in sand may indeed be much greater than for piles in clay.
4.11. Basis of Soil Mechanics

4.11.1. Stress-strain behavior, stiffness and strength

Figure 1V.8 shows an idealized relationship between stress and

A ) strain and it is similar to the stress-strain curves for common
Ultimate stress = strength
® engineering materials like metals, plastics, ceramics and
] . . .
£ engineering roils.
kS Yield
£ Gradien = siiffness For soils and other granular materials, it is necessary to deal with
Irs|
something called effective stress to take account of pore
Siain.c  pressures in the fluid in the voids between the grains behavior
Figure IV.8: A typical including stiffness and strength, is governed by an effective
stress-strain curve for soil stress which is denoted by a prime (as in ')

Stiffness is the gradient of the stress-strain line. If this is linear the gradient is easy to determine
but, if it is curved, the stiffness at a point such as A may be quoted as a tangent or as a secant, as

shown in Figure IV.9 and given by:

_ do
Tangent stiffness = ——

&
. o'
Secant stiffness= ——
Ag
“ A -_1,"' Tangent
A T '
7
{f I
r I
Vi ]
S lae
ra
. i
xl\lS:nm ! -
A £

Figure IV.9: Tangent and secant stiffness moduli
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In simple terms the strength of a material is the largest stress that the material can sustain and
it is this which governs the stability or collapse of structures.

Stiffness and strength are quite different things: one governs displacements at working load and
the other governs the maximum loads that a structure can sustain.

4.11.2. Elasticity

Materials that are elastic are conservative so that all of the work done by the external stresses
during an increment of deformation is stored and is recovered on unloading; this means that all of the
strains that occur during an increment of loading are recovered if the increment is removed.

The usual elastic parameters are Young’s modulus E 'and Poisson’s ratiov'. These are obtained

directly from the results of uniaxial compression (or extension) tests with the radial stress held
constant (or zero), and are given by:

do,
E'= 2 4.18
dz (4.18)
v'——dg:3 (4.19)
de; '

Most texts on the strength of materials give the basic relationships among the various elastic
parameters and, for isotropic materials, there are:

E'
G=—— .
2(1+v") (4.20)
E'
K=o — .
3(1—21/') (4.21)

In soil mechanics the shear and bulk moduli, G"'and K 'are preferable to Young’s modulus E'
and Poisson’s ratio v 'because it is important to consider shearing or change of shape separately, or

decoupled, from compression or change of size.

4.11.3. Perfect Plasticity

When the loading has passed the vyield point in Figure 1V.8 simultaneous elastic and plastic

strains occur and the stiffness decreases. During an increment of plastic deformation the work done is
dissipated and so plastic strains are not recovered on unloading.

At the ultimate state there are no further changes of stress (because the stress-strain curve is

horizontal) and so all the strains at failure are irrecoverable. The plastic strains at failure in Figure 1V.8

are indeterminate; they can go on more or less forever and so we can talk about plastic flow.
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4.11.4. Combined Elasto-Plastic Behavior

With reference to Figure IV.8, the stress-strain behavior is elastic up to the yield point and is
perfectly plastic at the ultimate state. Between the first yield and failure there are simultaneous elastic

and plastic components of strain.

%4 In Figure V.10 material is loaded from O, and is elastic
Of=————————————— ' until yielding occurs atY,, where the yield stress is G;(l. Itis
L ; then strained further and unloaded to O, where there are
P I irrecoverable plastic strains d¢);. When the material is
g - - reloaded from O,it is elastic until yielding occurs atY,,

where the yield stress is o, . If the material is then strained

further and unloaded to O, on reloading, it will have a new

O, 2 : - yield stress J;3and so on. Thus the principal

£y
Lﬁ—l consequences of straining from Y,to Y, (or from Y,toY;)
" are to cause irrecoverable plastic strains and to raise the
Figure IV.10: Mateé;a::llibneghawor during load  yield point from o,t0 o, (r from o,,t00,;). This
increase of the yield point due to plastic straining is called
hardening and the relationship between the increase in the yield stress 50"X and the plastic straining

o€ is known as a hardening law.

Ey

(a) Strain hardening (%)} Strain softening

Figure IV.11: Yielding and Plastic Straining

Yielding and plastic straining may cause hardening (i.e. an increase in the yield stress), as
shown in Figure 1V.11(a), or softening (i.e. a decrease in the yield stress), as shown in Figure IV.11(b).
In the latter case the state has reached, and passed, a peak in the stress-strain curve, and this is a
feature commonly found in the behavior of soil. In each case the total strains are the sum of elastic
and plastic components and the plastic strains are related to the change of the yield stress by a

hardening law.
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4.12. Types of Soil Model

Various modeling techniques have been used to model offshore foundations. Some of these
models have been proven through industry implementation, while others are still in the research and
development stage.

4.12.1. Plasticity Models

The foundation response can be expressed in terms of force resultants on the footing and the
corresponding displacements, consistent with the time-domain approach used for structures which

enables simultaneous modeling between soil behavior and structure analysis.

Plasticity models include four components consisting of the yield surface which defines allowable
load combinations, a strain-hardening expression that defines how the yield surface expands or
contracts, a flow rule that defines the plastic displacements at yield, and a model for the elastic
response within the yield surface (see Figure 1V.12).

Yield surface

Figure IV.12: Example Yield Surface for Footings on Sand
(Byrne and Housby 2002)

The rule of behavior in the model is such that if a load combination is within the yield surface, an

elastic response results, otherwise plastic response results as defined by the flow rule.

A disadvantage to using this model is that the specific parameters, sometimes difficult to assess,
must be specified for each surface. However, the concept of continuous hyperplasticity, based on
thermodynamic principles, replaces plastic strain in conventional plasticity theory with a continuous
field of an infinite number of yield surface-specific plastic strain components. As indicated in Figure
IV.13, this theory closely matches laboratory behavior, and may prove to be a useful method of
implementing plasticity models.
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Figure IV.13: Comparison of a) Laboratory Test Data with b) Continuous Hyperplasticity Theory.
(Byrne & Houlsby 2003)

4.12.2. Finite Element Models

Finite element models (FEM) that evaluate foundation behavior are composed of structural
elements for the foundation and soil elements for the surrounding seafloor. FEM analysis accounts for

initial conditions, nonlinear soil-structure interaction, and nonlinear soil behavior.

Boundary conditions determine the constraints for coupling of the structural and soil elements.
They are described using differential and integral operators of time and space developed through local
schemes that are independent of the frequency of excitations, making them applicable for a time
domain transient analysis. For static analysis, boundary elements are assumed to connect to a rigid
surrounding, whereas in dynamic analysis, radiation damping at the soil interface needs consideration
through multiple degree-of-freedom models. Under typical conditions, a Winkler assumption is
preferred.

Many computer programs using FEM have been developed for the offshore industry. Examples
include ABAQUS, which uses different models such as the Mohr-Coulomb theory with soil
hardening/softening effects or a Drucker-Prager material model with a non-associated flow rule, or
Ramboll’s multiple FEM programs (e.g. ROSAP, RONJA, ROSOIL) for wind industry, which combine
linear structures with nonlinear foundations. Most of these programs automatically generate the range
of environmental and structural loads, in which any standard wave theory can be applied that comprise

load situations in all limit states, incorporating both elastic and plastic behavior of the soil in the design.
4.12.3. Other Technique

The effective fixity length technique, which is based on the clamping effect of the soil surrounding
piles, can be modeled using a rigid restraint located at an effective depth below the seafloor (Zaaijer,
2002). Using this approximate value of the effective fixity length (Table IV.2), preliminary dynamic
analyses can be conducted for offshore structures. Due to the lack of bracing through a support frame
as seen in typical offshore structures, monopile foundations exhibit different mode shapes of the
effective fixity model.

60



Table IV.2: Estimations of Effective Fixity Length. (Zaaijer 2002)
Effective fixity length

Stiff clay 35D-45D
Very soft silt 7D-8D
General calculations 6D
From measurement of an 3.3D-3.7D

offshore turbine (500 kW)

A stiffness matrix can be also used to represent the pile-soil stiffness at the seafloor, comprised of
forces, moments, displacements, and rotations of the pile head (Zaaijer, 2002). The advantages of a
stiffness matrix include the consolidation of foundation properties helping facilitate information
exchange between the geotechnical and structural engineers for frequency calculations. There are two
methods for obtaining the stiffness matrix: a load-displacement analysis with p-y curves, or Randolph
elastic continuum model (Zaaijer, 2002), which is based on the inverse of a matrix expression for pile
head flexibility derived from dimensional and finite element analyses of piles in an elastic continuum.
The Randolph model is parameterized in terms of both constant and linearly-increasing soil shear

modulus, and therefore works well for sandy soils.

4.13. Winkler model

4.13.1. Beam Nonlinear Winkler Foundation

The most common method for analysis of laterally loaded piles is based on the use of so-called p-
y curves. The p-y curves give the relation between the integral value p of the mobilized resistance
from the surrounding soil when the pile deflects a distance y laterally. The pile is modeled as a number
of consecutive beam-column elements, supported by nonlinear springs applied at the nodal points
between the elements. The nonlinear support springs are characterized by one p-y curve at each

nodal point.

The solution of pile displacements and pile stresses in any point along the pile for any applied

load at the pile head results as the solution to the differential equation of the pile:

d'y d

2
y
El " _ +a=0 4.22
v Q. v p(y)+q (4.22)
With
d’y dy d’y
El—2+0, 2 =0, and EI—2 4.23
dx® QAdx Q dx? (4.23)

Where X denotes the position along the pile axis, Y is the lateral displacement of the pile, El is
the flexural rigidity of the pile, Q,is the axial force in the pile, Q, is the lateral force in the pile, p(y)

is the lateral soil reaction, (is a distributed load along the pile, and M is the bending moment in the

pile, all at the position X.
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4.13.2. Pile-soil interface

The pile-soil interface is modeled separately on each side of the pile, thus allowing gapping and
slippage to occur on each side independently. The soil and pile nodes in each layer are connected
using a no-tension spring, that is, the pile and soil will remain connected and will have equal
displacement for compressive stresses. The spring is disconnected if tensile stress is detected in the
soil spring to allow a gap to develop. This separation or gapping results in permanent displacement of
the soil node dependent on the magnitude of the load. The development of such gaps is often
observed in experiments, during offshore loading, and after earthquake excitation in clays. These gaps
eventually fill in again over time until the next episode of lateral dynamic loading. The pile-soil interface
for sands does not allow for gap formation, but instead the sand caves in, resulting in the virtual
backfilling of sand particles around the pile during repeated dynamic loading. When the pile is
unloaded, the sand on the tension side of the pile follows the pile with zero stiffness instead of

remaining permanently displaced as in the clay model (M. Hesham El Naggar and Kevin J.Bentley,

2000).

i Sodl on Right Side of the Pila

i [Soil on Right Side of the Pile]

! Soil Reaction
Soil Reaction

Gap

‘ 1 { I‘ (

Pile Deﬂs-;'.-ti_on f Pile heﬂe;—i—on

| Gap
- —_
| I

Sail on Left Side of the Pile Soil on Left Side of the File |

Figure IV.14: Typical soil reaction - pile deflection Figure IV.15: Typical soil reaction - pile deflection
behavior for cohesive soils (gapping) behavior for cohesionless soils (cave-in)

4.13.3. Load-displacement relationship

The design procedure for offshore wind energy plants in Germany is given in the Germanische
Lloyd rules and regulations (GL, 2005). In this regulation, concerning the behavior of piles under
horizontal loading reference is made to the regulation code of the American Petroleum Institute (API,
2000). The Norwegian guidelines (DNV-0S-J101, 2011) also refer to API code. In the API code the p-

y method is recommended for the design of horizontally loaded piles.

In principle, the p-y method is a subgrade modulus method with non-linear and depth-dependent

load-deformation (p-y) characteristics of the soil springs.
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API (API, 2000) describes the construction of p-y curves for soft and stiff clay as well as for sandy

soils. Due to API, p-y curves for clay and sandy soils can be derived as follows:

a. Clay

For piles in cohesive soils, the static ultimate lateral resistance is recommended to be calculated

as:

3s +7'X)D+Js . X for0<X <X
pu—{( 7 X) ’ " (4.24)

~19s,.D for X > X,

Where X is the depth below soil surface and Xgis a transition depth, below which the value of
(3.5, +7".D)D+J.s,.X exceeds 9.5,.D. Further, Dis the pile diameter, S, is the undrained shear
strength of the soil, y'is the effective unit weight of soil, and J is a dimensionless empirical constant

whose value is in the range 0.25 to 0.50 with 0.50 recommended for soft normally consolidated clay.

For static loading, the p-y curve can be generated according to:

1/3
&(lj for y <8y,
Y

p=<21y, (4.25)
P, for y>8y,
For cyclic loading and X > X, the p-y curve can be generated according to:
1/3
Puf Y
2| = for y<3
0=1" [ Cj Y=Y (4.26)
0.72p, for y >3y,
For cyclic loading and X < XR , the p-y curve can be generated according to:
13
&(l] for y <3y,
2 1Y,
o=1072p,[1-[1- X |Y=3% | for 3y <y<isy. 4.27)
X ) 12y,
X
0.72p, — for y >15y,
XR

Here, Y, =2.5¢,D, in which Dis the pile diameter and &, is the strain which occurs at one-half

the maximum stress in laboratory undrained compression tests of undisturbed soil samples.

b. Sand
The maximum mobilized soil reaction force per unit length of the pile (or the static ultimate lateral

resistance) P, depends on the regarded depth under seabed X , the submerged unit weight of the

soil ¥, the pile diameter D and on the angle of internal friction ¢ 'of the sand:

(4.28)

u

(e x+C, X)X for 0<X <X,
|c,DyXx for X > X,
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Where the coefficients C,;,C, and C, depend on the friction angle ¢ as shown in

Figure 1V.16:
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Figure 1V.16: Coefficients as functions of friction
angle

Figure IV.17: Initial modulus of subgrade reaction k
as function of friction angle

The p-y curve is described by the following equation:
k.X
p =Ap,tanh [A— yJ (4.29)

" Fu

In which p is the soil resistance per unit length of the pile and Y is the actual horizontal deflection; K
is the initial modulus of subgrade reaction and depends on the friction angle ¢ as given in Figure
IV.17, and Ais a factor to account for static or cyclic loading conditions as follows:

0.9 for cyclic loading

= 4.30
(3—0.8%)20.9 for static loading (4.30)

The equations (4.28) and (4.29) are based on investigations of Reese and Cox (Reese, L. C.; Cox,W.
R.; Koop, F.D., 1974). They tested a 21 m long steel tube pile having a diameter of 61 cm under
different loading and then evaluated their results. For cyclic tests, a maximum number of 100 load

cycles was realized. The correction factor A according to equation (4.30) was adjusted based on the
measurements done.

4.14. Sap2000 and methods to solve a nonlinear dynamic analysis

4.14.1. Sap2000 software

SAP2000, a product of Computer and Structures, Inc. (CSl), is intended for use on civil structures
such as dams, communication towers, stadiums, industrial plants and buildings. The software has
many features necessary for offshore structures (CSl, 2011):

- Static and dynamic analysis
- Linear and nonlinear analysis
- Geometric nonlinearity, including P-delta and large-displacement effects
- Staged (incremental) construction
- Buckling analysis
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- Steady-state and power-spectral-density analysis

- Frame and shell structural elements, including beam-column, truss, membrane, and plate
behavior

- Nonlinear link and support elements

- Frequency-dependent link and support properties

- ...etc
4.14.2. Dynamic equilibrium

The force equilibrium of a multi-degree-of-freedom lumped mass system as a function of time can
be expressed by the following relationship:
F(t), +F(t), +F(t), =F(t) (4.31)
in which the force vectors at time t are:

F (t)I is a vector of inertia forces acting on the node masses
F (t)D is a vector of viscous damping, or energy dissipation, forces
F (t)S is a vector of internal forces carried by the structure

F(t) is avector of externally applied loads

Equation (4.31) is based on physical laws and is valid for both linear and nonlinear systems if
equilibrium is formulated with respect to the deformed geometry of the structure.
For many structural systems, the approximation of linear structural behavior is made to convert the
physical equilibrium statement, Equation (4.31), to the following set of second-order, linear, differential
equations:
Mii(t), +Cu(t), +Ku(t), =F(t) (4.32)
in which M is the mass matrix (lumped or consistent), Cis a viscous damping matrix (which is
normally selected to approximate energy dissipation in the real structure) and K is the static stiffness

matrix for the system of structural elements. The time-dependent vectors u(t)_, u(t), and(t) are the

absolute node displacements, velocities and accelerations, respectively.
There are several different methods that can be used for the solution of Equation (4.32). Each

method has advantages and disadvantages that depend on the type of structure and loading.

4.14.3. Step-by-step solution method

The most general solution method for dynamic analysis is an incremental method in which the
equilibrium equations are solved at times At, 2At, 3At, etc. There are a large number of different
incremental solution methods. In general, they involve a solution of the complete set of equilibrium
equations at each time increment. In the case of nonlinear analysis, it may be necessary to reform the
stiffness matrix for the complete structural system for each time step. Also, iteration may be required
within each time increment to satisfy equilibrium. As a result of the large computational requirements,
it can take a significant amount of time to solve structural systems with just a few hundred degrees-of-
freedom.

The advantages of this method are:
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- Itis easy to use because one does not have to worry about choosing
master degree-of-freedom or mode shapes.

- It allows all type of nonlinearities.

- It uses full matrices, so no mass matrix approximation is involved.

- All displacements and stresses are calculated in a single pass.

The main disadvantage of the step-by-step method (or called Full method — Ansys Documentation) is
that it is more expensive than either of the other methods.

4.14.4. Mode superposition method

Another common approach is the mode superposition method. After a set of orthogonal vectors
have been evaluated, this method reduces the large set of global equilibrium equations to a relatively
small number of uncoupled second order differential equations. The numerical solution of those

equations involves greatly reduced computational time.

The advantages of this method are:
- ltis faster and less expensive than the Full method for many problems
- It accepts modal damping (damping ratio as a function of mode

number)

The disadvantages of the method are:
- The only nonlinearity allowed is simple node-to-node contact (gap
condition)

- It does not accept imposed (nonzero displacements)

Because the behavior of the foundation will be modeled using nonlinear p-y curves, the mode

superposition method will not suitable to use in this thesis.
4.14.5. Solution in frequency domain

The basic approach used to solve the dynamic equilibrium equations in the frequency domain is

to expand the external loads F(t)in terms of Fourier series or Fourier integrals. The solution is in

terms of complex numbers that cover the time span from —o to co. Therefore, it is very effective for
periodic types of loads such as mechanical vibrations, acoustics, sea-waves and wind. However, the
use of the frequency domain solution method for solving offshore wind turbine structure in this thesis
has some disadvantages:

- The method is restricted to the solution of linear structural systems

- The method does not have a sufficient theoretical justification, for the
approximate nonlinear solution of soil/structure interaction problems.
Typically, it is used in an iterative manner to create linear equations.
The linear damping terms are changed after each iteration to
approximate the energy dissipation in the soil. Hence, dynamic

equilibrium within the soil is not satisfied.
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Chapter V. Preliminary Design

for Support Structure of a Chosen OWT Project
RS S~

5.1. Introduction

The aim of this chapter is to get roughly internal forces at the seabed for determining dimensions
of the foundation pile in the next chapter.

For that purpose, an optimization process taking into account the material strength and fatigue
criteria had been done using EOL-OS software. It should be pointed out here that the model in EOL-
OS software is a seabed-fixed one.

The structure of this chapter is as following:

- Section 5.2: Structure definitions and limitations. All parameters of the chosen turbine as well

as the tower (after optimization) will be shown.

- Section 5.3: Environmental conditions. It consists all the information such as site data, sea
conditions, wind conditions, etc... that will be the input for the software. Besides, the soil
conditions for the next chapter also included.

- Section 5.4: Load combinations for ULS. In fact, due to the limitation of the time for a master
thesis, there is only one load combination being used. For the load combinations for SLS of
the foundation, only wave load coming from some sea states will be considered.

- Section 5.5 and 5.6 are the relevant result getting from EOL-OS software.
5.2. Structure definitions and limitations

5.2.1. The chosen turbine

Parameter Value Unit
Rated power 7 MW
Hub height 115.0 m
Rotor diameter 118.0
Number of blades 3.0 -
Tower top mass (nacelle + rotor + wind turbine
and equipment) 390.0 t
Minimum rotor speed 4.0 1/min
Maximum rotor speed 14.2 1/min
Rated rotor speed 12.2 1/min
Technical design life time 20.0 year
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5.2.2. Tower and substructure design

........... #174.0m
Blade Tip iiiiciisisss
+115.0m
Hub Height 0] Foinis
Platform Level " an B5.0m
Mean Sea Lewel | | ey
—_ ~—— +30.0m
+27.0m
TP Bottom
0.0m
Seabed Level i
Pile toe Level 55

Figure V.1: Schematic dimension of the design structure
a. Platform

The platform is placed at the base of the tower. The determination of the height is based on the GL

standard (GL, 2005) with the expression:
Zplatform = LAT + AZtide + AZs,urge + AZair + 5* and g* = 5'HS,50max

Parameters in this formula are expressed in the following figure:

L1 L_L ki1
Interface level NS S :
Highest crest elevation Alr-gap
Wave crest
Storm surge
MSL Tide
LAT

Figure V.2: Determining the interface level

In this thesis, the interface level is +35 m Seabed.
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b. Support structure

In EOL OS software, the support structure is modeled from tower top to seabed in order to get the

internal forces at the seabed for foundation design. In Table V.1, Ztop, =5 mis the seabed level.

Table V.1: Model of support structure

ID ZBottom | ZTop | Height | Thickness Diameter Inf. Diameter Sup. Material
0 0.000 5.000 5.000 0.08000 6.000 6.000 S235
1 5.000 10.00 5.000 0.08000 6.000 6.000 S235
2 10.00 15.00 5.000 0.08000 6.000 6.000 S235
3 15.00 20.00 5.000 0.08000 6.000 6.000 S235
4 20.00 25.00 5.000 0.07600 6.000 6.000 S235
5 25.00 30.00 5.000 0.07000 6.000 6.000 S235
6 30.00 35.00 5.000 0.06400 6.000 6.000 S235
7 35.00 40.00 5.000 0.05600 6.000 6.000 S235
8 40.00 45.00 5.000 0.04800 6.000 5.700 S235
9 45.00 50.00 5.000 0.04800 5.700 5.700 S235
10 50.00 55.00 5.000 0.04400 5.700 5.700 S235
11 55.00 60.00 5.000 0.04200 5.700 5.700 S235
12 60.00 65.00 5.000 0.04000 5.700 5.700 S235
13 65.00 70.00 5.000 0.03800 5.700 5.700 S235
14 70.00 75.00 5.000 0.03600 5.700 5.500 S235
15 75.00 80.00 5.000 0.03400 5.500 5.300 S235
16 80.00 85.00 5.000 0.03400 5.300 5.100 S235
17 85.00 90.00 5.000 0.03200 5.100 5.100 S235
18 90.00 95.00 5.000 0.03000 5.100 5.000 S235
19 95.00 100.0 5.000 0.03000 5.000 4.000 S235
20 100.0 105.0 5.000 0.03000 4.000 3.500 S235
21 105.0 110.0 5.000 0.02800 3.500 3.500 S235
22 110.0 112.0 2.000 0.02400 3.500 3.500 S235
120 120
100 \X 100
E 80 E 80
© ©
g \ g
+ +
E 60 & E 60
c c
2 2
: \ :
3 40 S 3 40
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Figure V.3: Wall thickness of the tower

Diameter [m]

Figure V.4: Diameter of the tower
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Foundation pile:

The pile top elevation should be above MSL so that it is above the splash zone at all times in

order to facilitate installation. The diameter at the top of the foundation pile is fixed at 5.5 m as larger

diameter piles cannot be driven due to the limited size of anvils currently in the market. A conical

section tapers outward to a larger diameter. This allows the stiffness of the foundation to be controlled

while respecting installation limitations. A schematic representation of the foundation pile can be seen

in Figure V.5 page 70.
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c. Other secondary structures

Other secondary structures such as boat landing, ladders, platforms, J-tubes, anodes, and so on, will

not be considered here though they may increase the vertical load for the pile foundation.

5.2.3. Corrosion

The additional thickness due to corrosion may increase the weight of structure in the foundation

design. Within the splash zone, the following corrosion allowance should be used:

- Corrosion rate according to DNV standard: 0.3 mm/year
- Applicable corrosion period: 20 years
- Applicable corrosion allowance: 20x0.3mm=6.0 mm

Below the splash zone (submerged zone), the following corrosion allowance should be used:
- Applicable corrosion allowance:

20 yearsx0.15 mm/year = 3.0 mm

However, in this thesis, the additional wall thickness for corrosion will not be considered.
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5.3. Environmental conditions

5.3.1. Site data

The water depth at the wind turbine location is 30 m. This depth is related to the mean still water level

(MSL). Tide and storm elevations are not taken into account in this work.

5.3.2. Sea conditions

Significant Mean Probability
Sea state wave height ZEero up-crossing of the sea state

HS (m) period TZ (s) (%)
0 0.25 2.0 20.47
1 0.25 4.0 21.76
2 0.75 3.4 8.62
3 0.75 5.3 13.25
4 1.25 5.2 10.66
5 1.75 6.0 4.83

5.3.3. Wind conditions

The dynamic pressure zone at the offshore site is IEC IA. Wind loads at tower top were evaluated

thanks to the software AERODYN. The equivalent tower top load variations are given by:

Wind load Number Fx My
spectrum loading cycles (kN) (KNm)
0 1.0E7 470.0 2800.0

5.3.4. Currents

Current effects will not be considered in this thesis.

5.3.5. Further meteorological - oceanographical parameters

Parameter | Value | Unit
Gravity
acceleration
Sea water
density

9.81 | m/s2

1025.0kg/m3

5.3.6. Soil conditions

a. Soil profiles

For design of pile foundations, detailed knowledge is required regarding strength and bearing

capacity of the soil. This is usually gathered through in-situ sampling and analysis of drilled samples in

the laboratory. The first property measured for all types is the buoyant density 7;0“, usually for
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submerged soil, which is the wet (or bulk) density minus the density of water. For clay, the undrained

shear strength S, and the strain at 50% of the maximum stress &;,are measured.

For sand, the friction angle ¢ and the relative density of sand D, are derived directly from in-situ

measurements. The initial modulus of horizontal subgrade reaction, K, as in (4.29), can be derived

from the friction angle using Figure 1V.17 taken from (DNV-0S-J101, 2011) or from relative density

D

re

For this master thesis, soil conditions are taken from the Horns Rev offshore wind plant, Denmark.

Soil Name Depth Young Density Friction | Dilatancy | Poisson’s | Relative
Layers (m) Modulus yly' angle angle ratio density
E kN/m3 ¢ v v D,
kN/m2 degree degree
Layer 1 | Sand 1.0 31800 20/10 37.8 10.8 0.3 65
Layer 2 | Sand 3.5 57100 20/10 39.2 12.2 0.3 74
Layer 3 | Sand 5.5 52534 20/10 38.3 11.3 0.3 69
Layer4 | Sand 6.5 44100 20/10 37.5 10.5 0.3 63
Layer5 | Sand 7.0 58200 20/10 38.9 11.9 0.3 73
Layer 6 | Sand 8.5 72170 20/10 39.9 12.9 0.3 79
Layer 7 | Sand 10.0 52950 20/10 38.8 11.8 0.3 72
Layer 8 | Sand 11.5 35400 20/10 36.3 9.3 0.3 55
Layer 9 | Sand 12.5 23530 20/10 33.5 6.5 0.3 37
Layer 10 | Sand 135 13600 20/10 30.4 3.4 0.3 16
Layer 11 | Org. sand 20.0 3135 1717 19.4 0 0.3 1
Layer 12 | Org. sand 21.04 | 12950 1717 28.1 1.1 0.3 1
Layer 13 | Sand 41.8 36800 20/10 34.0 7.0 0.3 40
b. Scour

If no scour protection is planned, an additional depth in relation to scour effects has to be

assumed in accordance to the outer diameter of the foundation pile, D, to be (2.5% D) according to

(GL, 2005).

However, in this thesis, scour protection is assumed, by what no water depths variations due to scour

are taken into account.

5.4.

Tower top loads

Wind / wave misalignment

Load combination for ULS

Type

Wave conditions

Label
Fx
Fy
Mx
My
Mz
Sea state
Wave height
Wave period

Value
1698.5
952.5
4318.0
8888.0
6190.0
0.0
Regular
10.0
14.0

Unit
kN
kN
kNm
kNm
kNm
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5.5.

Results of internal forces for foundation design

5.5.1. For ULS design

Id Fx Fy Fz Mx My Mz

(kN) (kN) (kN) (kNm) (kNm) (kNm)
0 5701 1143 -15286 133198 378179 7428
1 5525 1143 -14513 127483 349884 7428
2 5168 1143 -13739 121768 322456 7428
3 4800 1143 -12966 116053 296787 7428
4 4411 1143 -12193 110338 273296 7428
5 4001 1143 -11457 104623 251716 7428
6 3624 1143 -10779 98908 231843 7428
7 3246 1143 -10159 93193 214086 7428
8 3177 1143 -9615 87478 198935 7428
9 3095 1143 -9161 81763 185044 7428
10 3004 1143 -8718 76048 171195 7428
11 2909 1143 -8311 70333 157403 7428
12 2817 1143 -7923 64618 143684 7428
13 2724 1143 -7553 58903 130047 7428
14 2660 1143 -7202 53188 116505 7428
15 2619 1143 -6875 47473 103082 7428
16 2583 1143 -6577 41758 89811 7428
17 2540 1143 -6290 36043 76720 7428
18 2490 1143 -6025 30328 63840 7428
19 2431 1143 -5779 24613 51210 7428
20 2370 1143 -5560 18898 38886 7428
21 2310 1143 -5378 13183 26886 7428
22 2249 1143 -5219 7468 15187 7428

Maximum internal loads at the seabed:

Vertical load:

Horizontal load:

Moment:

5.5.2.

V =F, =14513 kN

H_ = \/ F.2+F,’ =\55257 +1143" =5642 kN

Mo =M, ” +M,* =127483" +349884” =3.724x10° kNm

For SLS check

Loads for SLS analyses will be calculated in the next chapter.

5.6.

Results of natural frequency analysis

Table V.2: Natural frequency of the support structure in EOL OS

EsETEEE Resonance, UPper | Lower
mode | Trequency limit limit
(Hz) (0.95f) (1.05f)
1 0.334 0.317 0.351
2 2.312 2.196 2.428
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Table V.3: Excitation frequencies

1P (or “1n”) 3P (or “3n”)
Rotor speed excitation frequency Excitation frequency
4.0 (1/m) (minimum speed) flp = % =0.067 fop = 3% =0.2
12.2 (1/m) (rated speed) fp= % =0.203 fop = 3% =0.61
14.2 (1/m) (maximum speed) flp= % =0.237 fip = 3% =0.71

The Campbell diagram characterizing the offshore wind turbine shows the eigen frequencies with
+/- 5% variance compared to the rotational speed range of the rotor.

Campbell diagram

Frequency (Hz)

a 1 2 3 4 =] 5] 7 2 9 10 11 12 13 14
Rotational speed range (1 /min)

|— 1n —3n — 1st Eigen Freq  1st Eigen Freq-pl  1st Eigen Freq-p0 —2nd Eigen Freq — 2nd Eigen Freg-pl — 2nd Eigen Freq-p0

The “1n” excitation frequency doesn’t meet the 1st natural frequency of the support structure.
The “1n” excitation frequency doesn’t meet the 2nd natural frequency of the support structure.

An intersection between the “3 n” excitation frequency and the 1st natural frequency of the support
structure is found at the rotational frequency 6.68 (1/min).

The “3 n” excitation frequency doesn’t meet the 2nd natural frequency of the support structure.
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Chapter VI. Foundation pile design
& TR
6.1. Introduction

The structure of this chapter is divided into three main parts:

- Preliminary design for the foundation pile. In this part, internal forces at the seabed getting
from EOL-OS software is used for ULS design of the foundation pile. It is called preliminary
design because the inputs for the calculation were taken from the EOL-OS which did not
consider the presence of foundation part in its modeling.

- After having the dimensions of the foundation pile, a dynamic model for the foundation in SLS
design will be considered.

- Finally the effect of foundation in dynamic behavior of the structure will be accessed.

6.2. Ultimate limit state design

The load-carrying capacity of piles shall be based on strength and deformation properties of the pile

material as well as on the ability of the soil to resist pile loads.

As mentioned in Section 3.4.4, ULS design of the foundation pile will follow equation (3.2) and (3.1)
with 7,, =1.25for axial capacity and 1.15for lateral capacity. ULS design is carried out under the water

level of MSL = 30 m.

As calculated from Section 5.5.1, maximum internal loads at the seabed elevation of the support structure
are:
- Vertical load: V =14513 kN

- Horizontal load: H, . =5642 kN

- Moment: M__ =3.724x10° KNm

From the results of EOL OS software, section of the foundation pile should not smaller than following
values:

- Outside diameter: D =6.0m

- Wall thickness: t=80 mm

N
2

- Steel material: S235 with fy =235
mm

6.2.1. Axial capacity
a. The design axial resistance
The pile resistance, R, is composed of two parts, one part being the accumulated skin resistance, R,
, and the other part is the tip resistance, R :
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R=R,+R,-W ==f A, +q,A ~W (6.1)

where
fSi = average unit skin friction along pile shaft in layer i.
A, = shaft area of pile in layer i.
d, = unit end resistance.
Ap = gross end area of pile.
w = weight of the foundation pile.

a.1l). Accumulated skin resistance:

For piles in mainly cohesionless soils (sand), the average unit skin friction may be calculated according

to:

f,=K.p,tans <f (6.2)

in which :
K = 0.8 for open-ended piles

p(') is the effective overburden pressure
o is the angle of soil friction on the pile wall as given in Table VI.1
f,is a limiting unit skin friction, see Table V1.1 for guidance.

Table VI.1: Design parameters for axial resistance of driven piles

in cohesion less silicious soil (DNV-0S-J101, 2011)

Density Soil description ) f, |\|q q,
(degrees) (kPa) ) (MPa)

Very loose Silt 15 48 8 1.9

Loose Sand-silt ?

Medium Silt

Loose Sand 20 67 12 2.9

Medium Sand-silt ?

Dense Silt

Medium Sand 25 81 20 4.8

Dense Sand-silt ?

Dense Sand 30 96 40 9.6

Very dense Sand-silt

Dense Gravel 35 115 50 12.0

Very dense Sand

1) The parameters listed in this table are intended as guidelines only. Where detailed information
such as in-situ cone penetrometer tests, strength tests on high quality soil samples, model tests

or pile driving performance is available, other values may be justified.

2) Sand-silt includes those soils with significant fractions of both sand and silt. Strength values
generally increase with increasing sand fractions and decrease with increasing silt fractions.

a.2). Tip resistance:

The unit tip resistance of plugged piles in cohesionless soils can be calculated as:
0, = Ng.Pp <0 (6.3)
in which
Nq is the bearing factor, can be taken from Table VI.1

0, is a limiting tip resistance, see Table VI.1 for guidance.
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From results of calculation as shown in Figure VI.1 to Figure VL5, it is possible to find the sufficient length

of the pile to satisfy equations (3.2).In Figure V1.5, the horizontal line is the design vertical load and all the

pile length having design soil strength higher than this line is sufficient (L, =21m, and

Ry (L ) = 21790 kN > 14513 kN).

o
oo

o o o
~ © Lo

30
20
1

o
<

120,
110
100,

90

(ed>) uonouy unjs HUN

15 175

125

10

Depth (m)

Figure VI.1: Unit skin friction along the pile
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Figure VI.3: Unit tip resistance vs. pile length
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b. Axial resistance in cyclic loading

The effects of cyclic loading on the axial pile resistance should be considered in design (see Section

4.10 Effect of cyclic loading to foundation). The main objective is to determine the shear strength

degradation, i.e. the degradation of the unit skin friction, along the pile shaft for the appropriate prevailing

loading intensities.

N4 O
“4— O

t (vertical shear)

t-z cutrve
>- for side springs

z (vertical displacement)

% (vertical force)

y-Z curve
for toe spring

e
|
P

Q =TT

z (vertical toe displacement)

Figure VI.6: lllustration of the idealized model used in t-z load-transfer analyses
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Figure VI.7: lllustration of the t-z curve according to API
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b.1). The load-transfer (t-z) curves:

The load-transfer (t-z) method is probably the most widely used technique to study the problem of
single axially loaded piles, and is particularly useful when the soil behavior is clearly nonlinear and/or
when the soil surrounding the pile is stratified. This method involves modeling the pile as a series of
elements supported by discrete nonlinear springs, which represent the resistance of the soil in skin
friction (t-z springs). The soil springs are nonlinear representations of the soil reaction, t, versus

displacement z as shown schematically in Figure VI.6.

For both clay and sandy soil, the t-z curve can be determined as illustrated in Figure VI.7. Note

that for sand, after t_ is reached, the curve is horizontal because t, =t... (API, 2000).

The t-z curves can also be generated according to a method by which a nonlinear relation applies
between the origin and the point where the maximum skin resistance t_, is reached (DNV-0S-J101,

2011):

t
Zp -1 —
t
z=t—In——"™ forO<t<t_, (6.4)
GO 1_rL
"t

in which:
R denotes the radius of the pile,

G, is the initial shear modulus of the soil,

Z,c is a dimensionless zone of influence, defined as the radius of the zone of influence around
the pile divided by R,
I, is a curve fitting factor.

For displacements z beyond the displacement where t_ is reached, the skin resistance t

decreases in linear manner with Zuntil a residual skin resistance t, . is reached. For further

displacements beyond this point, the skin resistance t stays constant.

Equation (6.4) will be used in this thesis to determine the nonlinear curve before t__ is reached
because it uses some important parameters of the soil and pile to define the relationship. The t-z curves

in this thesis will be draw until the point where t__ is reached, after that point, it is understood that

t =1, until Z goes to infinity for sandy soil.

For sands, the initial shear modulus of the soil to be used for generation of t-z curves is to be

taken as:

m .
G, =—Y22%  yith m =1000tan ¢ (6.5)
2(1+v)
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In which o, =100 kPais a reference pressure and o, is the vertical effective stress, Vis the

Poisson’s ratio of the soil, and ¢ is the friction angle of the soil.

t-z curve

2.7 ¢
el

24 /"f

21

18

N4

12

09

Skin Resistance (kPa)

06

03

0 04 08 12 16 2
Ver. Disp lacement (mm)
Figure VI.8: t-z curve at X=0.5m
Figure V1.8 shows the t-z curve at X=0.5 m, for other elevation, t-z curves are shown in Appendix 1.

b.2). The Tip load Displacement (Q-z) curve

Q=T ———————— —— —=

2D Q/Qp
0.002 0.25
0.013 0.50
0.042 0.75
0.073 0.90
0.100 1.00

z, =010 x Pila Diameter (D)

zlo

Figure VI.9: Generic pile Tip load - Displacement (Q-z) curve

According to API (API, 2000), relatively large pile tip movements are required to mobilize the full
end bearing resistance that calculated from equation(6.3). A pile tip displacement up to 10 percent of the
pile diameter may be required for full mobilization in both sand and clay soils. In the absence of more

definitive criteria the following curve is recommended for both sands and clays.

z/D Q/Q,
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0.002 0.25

0.013 0.50
0.042 0.75
0.073 0.90
0.100 1.00

Where
Z = axial tip deflection, (mm)
D = pile diameter, (mm)

Q = mobilized end bearing capacity, (kN)

Qp = total end bearing, (kN), as shown in Figure VI.3.

25x10°
22510°
2x10°
17510°
15x10°
125410°
1x10°
750

500

Mobilized end bearing capacity (kN)

250

0
0 007 014 021 028 035 042 049 056 063 07

Axial tip deflection (m)
Figure VI.10: Q-z curve at depth X=21m

Figure VI.10 shows the Q-z curve at X=21 m, for other elevation, Q-z curves are shown in Appendix ... .

It should be mentioned here that Q-z curve in this thesis only drawn to the point where total end
bearing is reached, after that point, the curve is in horizontal direction until axial tip deflection reaches
infinity.

b.3). Settlement of foundation pile

As illustrated in Figure V1.6, the settlement of the foundation pile will be determined using that
model. From the results of calculation, the settlement of the pile of less than or equal to 21 m cannot be
obtained (because the solution cannot converge for these lengths). This is so because the mobilized
resistance of the 21 m long pile is smaller than the applied load when the effects of cyclic loading are
taken into account. Remember that it is only for a length larger than 21m that the foundation pile has a
design axial resistance larger than the applied axial load (see Section 6.2.1). For other lengths, the

settlement is reduced when the length is increased (see Table VI.2).
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Table VI.2: Result of pile settlement calculation

Pile length | Settlement | Pile length | Settlement
(m) (mm) (m) (mm)
22 -23.1 31 -10.5
23 -19.5 32 -10.0
24 -17.1 33 -9.6
25 -15.4 34 -9.2
26 -14.1 35 -8.9
27 -13.0 36 -8.6
28 -12.2 37 -8.3
29 -11.6 38 -8.0
30 -11.0
22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
40
= | | | | | | Pile Length(m)
6.0 [ SETTLEMENT VS PILE LENGTH
- D=6m; t=8cm
-8.0
-10.0
-12.0
-14.0

-16.0

-18.0

Settlement|(mh)
il

-20.0

-22.0

-24.0

Figure VI.11: Settlement vs. pile lengths

6.2.2. Lateral capacity

For combined lateral loading and moment loading in the ULS, sufficient pile capacity against this

loading shall be ensured. The pile capacity is formed by lateral pile resistance (DNV-0S-J101, 2011).

As mentioned in Section 3.4.4 Design criteria for monopile foundations, page 34, there are two

requirements about pile capacity that have to be fulfilled:

(1) The theoretical design total lateral pile resistance, which is found by vectorial integration of the

design lateral resistance over the length of the pile, shall not be less than the design lateral load

applied at the pile head.
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(2) The lateral displacement at the pile head shall not exceed some specified limit. The lateral
displacement shall be calculated for the design lateral load and moment in conjunction with

characteristic values of the soil resistance and soil stiffness.
a) Theoretical design total lateral pile resistance

The theoretical design total lateral pile resistance (ZPu ) which is found by vectorial integration of

the design lateral resistance over the length of the pile, shall not be less than the design lateral load

applied at the pile head (H,, ):

ZR, > H, . (6.6)
Im
IR, =Z(p, 1) (6.7)
in which y,, =1.15taken Table Il1.1;
[ = the static ultimate lateral resistance, determined by equation (4.24) or(4.28).

|i = the thickness of soil layer used for integration.

As shown in Figure VI.13, the condition (denoted in equation(6.6)) is satisfied for pile lengths
larger than 5.5 m. However, it is usually not enough to ensure that the lateral design load at the pile head
does not exceed the design total lateral resistance that is theoretically available. This is so because long
before the total available lateral resistance becomes mobilized by mobilization of all lateral soil resistance
along the pile, excessive (and unacceptable) lateral pile displacements will take place at the pile head. So
the pile length will be determined by considering the predicted pile head displacement as a function of pile
length and making sure that the selected length corresponds to the flat part of the corresponding

displacements-length curve (see Figure VI.17 and Figure V1.18).
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Figure VI.13: Total lateral pile resistance (ym

87



b) The lateral displacement at the pile head

b.1). The p-y curves

The method recommended by DNV Standard (DNV-0S-J101, 2011) is used here to calculate the
lateral capacity of the foundation pile under cyclic effects in ULS design. The procedure to produce these
p-y curves has been introduced in Section 4.13.3 Load-displacement relationship, page 62. Figure VI.15
is the p-y curve at the depth 6.75 m, and Figure VI.14 is the database for that p-y curve. As shown in
Figure VI.14, it is possible to see the ultimate lateral capacity of the soil at the depth 6.75 m under effects
of cyclic loading. And this value is smaller than the theoretical value calculated from equation (4.24) or
(4.28), shown in Figure VI.12 page 87.

Layer 5:

- Elevation of the top: top = 6.5 m

- Elevation of the bottom: bottom = 7 m

- Elevation of the middle: x:= 0.5 (top + bottom) =675 m

- Diameter of the pile: D=6 m gtlt:m:tdee;?ﬁamw

Calculation of p-y curve:
Valua\‘. = Vﬂll.lf_'p = ‘l-":ilma'\r = Valuep =
0 0 0 0

43 -0.014 43 | -2.872103 0 -0.1 \D -3.51059-103
44 -0.012 44 | -2.654-103 1 -0.098 1 -3.51059-103
45 -0.01 45 | -2.374-103 2 -0.096 2\‘ -3.51059-103
46 -8-10-3 456 | -2.025-103 3 -0.094 3 -3.510589-103
47 -6-10-3 47 | -1.604-103 4 -0.092 4 -3.510589-103
48 [ -4-103 48 | -1.115'103 5 -0.09 5 |\ -3.510588-103
49 -2:10-3 49 -572.113 6 -0.088 [ &3.51058?'103
50 0 50 0 7 | [ -0.086]< 7 | [-3.510586'103
81 2103 51 572,113 8 -0.084 8 -3.510584-103
52 4103 52 1.115-103 9 -0.082 9 -3.510581-103
53 6-10-3 53 1.604-10% 10 -0.08 10 | -3.510577-103
54 B-10-3 54 2.025-103 11 -0.078 11| -3.510572-103
L 0.0 55 2.374'103 12 -0.076 12 | -3.510564'103
56 0.012 56 2.654-103 13 -0.074 13 -3.510554-103
57 0.014 57 2.872:103 14 -0.072 14 -3.51054-103
58 58 15 15

Figure VI.14: Database for the p-y curve at the depth 6.75 m
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b.2). Choosing pile length

Sufficient pile capacity against combined lateral loading and moment loading can be ensured by

means of a single pile analysis in which the pile is discretized into a number of structural elements,

interconnected by nodal points, and with soil support springs in terms of p-y and t-z curves attached at

these nodes, at the pile tip the Q-z curve is used to find the mobilized tip resistance. Lateral forces and

overturning moments are applied to the pile head. Also axial forces acting at the pile head need to be

included because they may contribute to the bending moment and the mobilization of lateral soil

resistance owning to second order effects.

Analysis is carried out for 19 pile lengths. Results of the calculation (using Sap2000 software) are

shown in figures from Figure VI.16 to Figure VI.18 an

d

Table VI.3. Figure VI.16 shows the geometry model of that 19 piles and the nodal displacements

of some pile heads from Sap2000 software.
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Figure VI.16: Results of lateral analysis
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Figure VI.17: Lateral pile head displacement vs. Pile length
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Figure VI.18: Pile head rotation vs. Pile length

Table VI.3: Displacement and Rotation of pile head with the length

Pile length Lateral pile head displacement Rotation of pile head
(m) (m) (degree)
22 0.085 0.50
23 0.058 0.37
24 0.050 0.33
25 0.046 0.31
26 0.044 0.30




Pile length

Lateral pile head displacement

Rotation of pile head

(m) (m) (degree)
27 0.042 0.29
28 0.041 0.29
29 0.040 0.29
30 0.040 0.28
31 0.039 0.28
32 0.039 0.28
33 0.039 0.28
34 0.039 0.28
35 0.038 0.28
36 0.038 0.28
37 0.038 0.28
38 0.038 0.28
39 0.038 0.28
40 0.038 0.28

From the results of calculation, the “specified limit” which is mentioned in the second requirement for ULS

design for the lateral displacement is approximately 4 cm, and the minimum pile length that satisfies this

requirement is 26 m.
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b.3). Determining plastified soil zone of the chosen pile:

In order to find the length of the plastified soil zone, more springs need to be added near the pile
head of the chosen pile. This length will be the distance from the ground to the first spring that works in

Elasto-Plastic state. From the result of calculation (see Table VI.4), the plastified soil zone is about 75cm.

Table VI.4: Plastified soil zone of the chosen pile

Depth p-y curve Calculation Conclusion
Lateral Lateral
[p.] [v] Reaction | deflection
(kN) (m) (kN) (m)
0.1 24.18 0.028 24.18 0.0384 Plastified
0.25 62.02 0.034 62.02 0.0372 Plastified
0.50 129.26 | 0.032 129.26 0.0360 Plastified
0.75 201.74 | 0.036 201.73 0.0348
Not
1.00 279.45 | 0.038 279.43 0.0336 .
plastified
Not
1.25 362.39 | 0.040 279.43 0.0324 .
plastified
Not
1.50 450.56 | 0.042 362.34 0.0313 .
plastified
Not
1.75 543.96 | 0.042 450.44 0.0302 o
plastified
2.00 642.60 | 0.048 543.69 0.0291 Not
plastified
Not
2.25 746.47 | 0.056 642.02 0.0280 .
plastified
Not
2.50 855.56 | 0.050 745.37 0.0269 .
plastified
Not
2.75 969.89 | 0.054 853.46 0.0259 .
plastified
3.00 1089.45 | 0.054 966.25 0.0249 Not
plastified
3.25 1214.24 | 0.058 | 1084.46 0.0239 Not
plastified
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6.2.3. Structural Capacity of the steel pile

For the yield check, it is verified that the stress remains below the characteristic yield stress to
avoid plastic deformations in the structure due to yielding of the steel. The check is performed by
calculating the Von Mises stress at each node, taking the appropriate load factors into account and

ascertaining that:

fy
o, <— (6.8)
4
where ©,;is the Von Mises stress at node i,
N
f,is the yield stress, f =235—s;
mm

7w is the material factor, y,, =1.0 for tabular structure, according to DNV Standard (DNV-OS-
J101, 2011).
The foundation pile works as a beam-column structure, with the normal stresses (o-) acting normal to the
cross section of the pile and the shear stresses (r) acting in plane of the cross section.
Normal stresses, shear stresses, and Von Mises stresses are determined from equations (6.9) to (6.11)

respectively:

oY  Mc (6.9)
A
H.Q
. 6.10
T (6.10)

o, = Vo +372 (6.11)

Where:
V, M, H are internal axial force, moment, and shear force respectively,

| is the moment of inertia (or second moment) of the plane area (see Figure VI.20):
T 4 4
| =—(r, —r (6.12)
4( 2 1 )

Qs the static moment (or first moment) of the calculated area, changing depends on the relative
distance of the calculating point to the neutral axis of the cross section (see Figure VI.19). For
each circular section as in Figure VI.19, the static moment is determined using the following
equation:

Q=Axy (6.13)

In

Figure VI.21, the area AS is determined from:

A =axr? (6.14)
and the distance from gravity center of that shaded area to neutral axis :
— 2xrxsina
2= (6.15)
3xa

A'is the area of the hollow section of the foundation pile,
2 2
A=rx(r; -r7) (6.16)
C is the distance from the calculating point to the neutral axis of the cross section,
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b is the shear-width of the cross section at the elevation of calculating point (see

Figure VI.21).

gravity center

Figure VI.20: Normal stress and shear stress Figure VI.21: Parameters to determine static
on the foundation pile moment in a circular section
From the results of internal forces as shown in Figure VI1.22 and Table VI.6, maximum Von Mises

stress is calculated at each node based on the distributions of shear stress and normal stress on the

corresponding section. Finally the utilization ratio, which is a ratio between the Von Mises stress and £
Vwm

is calculated at each node. This ratio must smaller than 1 to prevent yielding of steel, but should not be
too small for economics reason. As shown in Figure VI.26, the utilization ratio is quite small at the depth
of 10 m and beyond. It is possible to reduce the wall thicknesses of those locations as long as they are
kept larger than the required minimum value for pile-driving (with soil having sustained hard driving (820
blows per meter) — according to API (API, 2000)):

D 6000 _

t>6.35+—=6.35+

66 mm (6.17)
100 100

with D =6000 mmis the diameter of the foundation pile.
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Figure VI.22: Internal forces of the 26m long pile
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Figure VI.23: Stress distribution of foundation pile at the depth 1.0 m
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Figure VI.24: Stress distribution of foundation pile at the depth 12.0 m

Table VI.5: Values of stress distribution on the pile section at the depth 20.0 m

Angle Normal Shear Von Mises Angle Normal Shear Von Mises
(degree) stress stress o (degree) stress stress o
\ \'
O T = O T =
(Pa) (Pa) (Pa) (Pa) (Pa) (Pa)
0.0 4.44E+07 0 4.44E+07 49.5 3.06E+07 2.41E+07 5.18E+07
4.5 4.42E+07 2.49E+06 4.44E+07 54.0 2.82E+07 2.57E+07 5.26E+07
9.0 4.39E+07 4.97E+06 4.47E+07 58.5 2.56E+07 2.71E+07 5.34E+07
13.5 4.33E+07 7.41E+06 4.51E+07 63.0 2.29E+07 2.83E+07 5.41E+07
18.0 4.24E+07 9.81E+06 4.57E+07 67.5 2.01E+07 2.93E+07 5.46E+07
22.5 4.14E+07 1.22E+07 4.64E+07 72.0 1.72E+07 3.02E+07 5.51E+07
27.0 4.01E+07 1.44E+07 4.72E+07 76.5 1.43E+07 3.09E+07 5.53E+07
315 3.86E+07 1.66E+07 4.81E+07 81.0 1.12E+07 3.14E+07 5.55E+07
36.0 3.69E+07 1.87E+07 4.90E+07 85.5 8.18E+06 3.16E+07 5.54E+07
40.5 3.49E+07 2.06E+07 5.00E+07 90.0 5.10E+06 3.17E+07 5.52E+07
45.0 3.29E+07 2.24E+07 5.09E+07
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Figure VI.25: Stress distribution of foundation pile at the depth 20.0 m

Table VI.6: Internal forces, stresses and utilization of steel strength

Max Max Max Utilization ratio
Elev. Shear Axial Moment Normal Shear Von Mises O ymax X Y
(m) e TCe (kNm) stress stress Stress — R WA
(kN) (kN) (Cma) | (Tng) | (Cuay) fy
(Pa) (Pa) (Pa)

0.00 -5617.82 14511.80 -372400.00 1.81E+08 2.45E+07 1.81E+08 0.77
-0.25 -5617.82 14541.00 -373804.46 1.82E+08 2.45E+07 1.82E+08 0.77
-0.50 -5555.81 14563.41 -375193.41 1.82E+08 2.42E+07 1.82E+08 0.78
-0.75 -5426.54 14579.21 -376550.04 1.83E+08 2.36E+07 1.83E+08 0.78
-1.00 -5224.81 14588.66 -377856.24 1.84E+08 2.28E+07 1.84E+08 0.78
-1.25 -4945.36 14591.62 -379092.58 1.84E+08 2.15E+07 1.84E+08 0.78
-1.50 -4582.98 14588.30 -380238.33 1.85E+08 2.00E+07 1.85E+08 0.79
-1.75 -4132.45 14578.57 -381271.44 1.85E+08 1.80E+07 1.85E+08 0.79
-2.00 -3588.56 14562.40 -382168.58 1.86E+08 1.56E+07 1.86E+08 0.79
-2.25 -2946.12 14539.77 -382905.11 1.86E+08 1.28E+07 1.86E+08 0.79
-2.50 -2200.00 14511.16 -383455.11 1.86E+08 9.58E+06 1.86E+08 0.79
-2.75 -1345.11 14476.65 -383791.39 1.86E+08 5.86E+06 1.86E+08 0.79
-3.00 -376.48 14436.45 -383885.51 1.86E+08 1.64E+06 1.86E+08 0.79
-3.25 713.53 14390.68 -383707.13 1.86E+08 3.11E+06 1.86E+08 0.79
-3.50 1923.53 14339.57 -383226.24 1.86E+08 8.38E+06 1.86E+08 0.79
-4.00 2398.53 14294.19 -382026.98 1.85E+08 1.04E+07 1.85E+08 0.79




Max Max Max Utilization ratio
Elev. Shear Axial Moment Normal Shear Von Mises Oymax X m
(m) force force (kNm) stress stress Stress — YR TN
(kN) (kN) (Cow) | (Tna) | (Oyy) fy
(Pa) (Pa) (Pa)
-4.50 3346.17 14145.19 -380353.90 1.85E+08 1.46E+07 1.85E+08 0.79
-5.00 4286.60 13996.36 -378210.60 1.83E+08 1.87E+07 1.83E+08 0.78
-5.50 5217.60 13847.69 -375601.80 1.82E+08 2.27E+07 1.82E+08 0.78
-6.00 6362.47 13675.78 -372420.57 1.81E+08 2.77E+07 1.81E+08 0.77
-6.50 7699.86 | 13480.66 | -368570.63 1.79E+08 | 3.35E+07 1.79E+08 0.76
-7.00 9110.50 13270.24 -364015.39 1.76E+08 3.97E+07 1.76E+08 0.75
-7.50 10707.62 13026.50 -358661.58 1.74E+08 4.66E+07 1.74E+08 0.74
-8.00 12350.77 12765.00 -352486.19 1.71E+08 5.38E+07 1.71E+08 0.73
-8.50 13887.55 12503.83 -345542.42 1.67E+08 6.05E+07 1.67E+08 0.71
-9.00 | 15466.66 | 12226.10 | -337809.09 1.64E+08 | 6.74E+07 1.64E+08 0.70
-9.50 17054.47 11931.83 -329281.85 1.60E+08 7.43E+07 1.60E+08 0.68
-10.00 18464.21 11637.88 -320049.75 1.55E+08 8.04E+07 1.55E+08 0.66
-10.50 19818.94 11337.72 -310140.28 1.50E+08 8.63E+07 1.50E+08 0.64
-11.00 21087.69 11031.37 -299596.43 1.45E+08 9.18E+07 1.45E+08 0.62
-11.50 22158.08 10725.33 -288517.39 1.40E+08 9.65E+07 1.40E+08 0.60
-12.00 22957.30 10421.03 -277038.74 1.34E+08 1.00E+08 1.34E+08 0.57
-12.50 23527.67 10118.55 -265274.90 1.29E+08 1.02E+08 1.29E+08 0.55
-13.00 23894.39 9824.86 -253327.71 1.23E+08 1.04E+08 1.23E+08 0.52
-13.50 24105.69 9539.89 -241274.86 1.17E+08 1.05E+08 1.17E+08 0.50
-14.00 24181.10 9324.47 -229184.31 1.12E+08 1.05E+08 1.12E+08 0.48
-14.50 24190.12 9178.42 -217089.26 1.06E+08 1.05E+08 1.06E+08 0.45
-15.00 24186.10 9032.55 -204996.21 1.00E+08 1.05E+08 1.00E+08 0.43
-15.50 24170.02 8886.84 -192911.19 9.47E+07 1.05E+08 9.47E+07 0.40
-16.00 24142.79 8741.29 -180839.80 8.91E+07 1.05E+08 8.91E+07 0.38
-16.50 24105.24 8595.90 -168787.18 8.34E+07 1.05E+08 8.34E+07 0.36
-17.00 24058.18 8450.68 -156758.09 7.78E+07 1.05E+08 7.78E+07 0.33
-17.50 24002.37 8305.61 -144756.91 7.22E+07 1.05E+08 7.22E+07 0.31
-18.00 23938.47 8160.69 -132787.67 6.66E+07 1.04E+08 6.66E+07 0.28
-18.50 23867.12 8015.92 -120854.11 6.10E+07 1.04E+08 6.10E+07 0.26
-19.00 23788.92 7871.30 -108959.65 5.54E+07 1.04E+08 5.68E+07 0.24
-19.50 23704.36 7726.82 -97107.47 4.99E+07 1.03E+08 5.59E+07 0.24
-20.00 23613.93 7582.49 -85300.50 4.43E+07 1.03E+08 5.54E+07 0.24
-20.69 22984.83 7218.74 -69228.42 3.67E+07 1.00E+08 5.38E+07 0.23
-21.04 22579.06 7030.43 -61401.01 3.30E+07 9.83E+07 5.29E+07 0.22
-21.52 21582.95 6742.25 -51041.20 2.80E+07 9.40E+07 5.05E+07 0.21
-22.00 19941.77 6338.82 -41469.15 2.33E+07 8.69E+07 4.66E+07 0.20
-23.00 16213.99 5492.68 -24284.34 1.49E+07 7.06E+07 3.79E+07 0.16
-23.50 14141.96 5057.64 -17213.36 1.13E+07 6.16E+07 3.31E+07 0.14
-24.00 11930.30 4617.91 -11248.21 8.28E+06 5.20E+07 2.79E+07 0.12
-25.00 7054.37 3724.21 -2935.56 3.85E+06 3.07E+07 1.66E+07 0.07
-25.50 4369.08 3270.18 -751.02 2.54E+06 1.90E+07 1.04E+07 0.04
-26.00 1502.04 2811.33 0.00 1.89E+06 6.54E+06 3.97E+06 0.02
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Figure VI.26: Maximum stresses and utilization ratios along the pile length
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Figure VI.27: The utilization ratio after changing wall thickness

An attempt has been made to reduce the wall thickness. As shown in Figure VI.27, the utilization
ratio increase significantly when the thickness reduced from 8 cm to 7 cm at the depth of 5m. However,
the final wall thickness should be given after doing a sensitivity analysis of the wall thickness to the
accumulated displacement of the foundation pile in SLS check.
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6.3. Serviceability limit state check

6.3.1. General

For design of the serviceability limit state, characteristic soil strength values are to be used for the
soil strength. Characteristic loads are to be used for the loads. The loading shall be representative of
loads that will cause permanent deformations of the soil in the long term, and which in turn will lead to
permanent deformations of the pile foundation, e.g. a permanent accumulated tilt of the pile head. For this
purpose, the behavior of the soil under cyclic loading needs to be represented in such a manner that the
permanent cumulative deformations in the soil are appropriately calculated as a function of the number of

cycles at each load amplitude in the applied history of SLS loads.

For design in the serviceability limit state, it shall be ensured that deformation tolerances are not
exceeded. The deformation tolerances refer to permanent deformations (DNV-OS-J101, 2011). With the
chosen wind turbine, the permanent tilting must be smaller than 0.5 degree. Assume that 0.25 degree is
the maximum tilting angle used for construction errors then the permanent tilting angle of the foundation

pile must be smaller than 0.25 degree.

6.3.2. Geometry model

Dynamic behavior of the entire structure is totally different from the model used in EOL-OS
software which considers the pile foundation is rigid (see Section 6.4). So after having the preliminary
dimension of the foundation pile, it is necessary to model a fully dynamic behavior of the structure in order
to get a reliable internal forces as well as displacement of the tower top. In the limited time for this thesis,
recalculation the internal forces for ULS design will be ignored and only accumulated displacements due

to loads in SLS check will be calculated.

When a soil is subjected to a sequence of cyclic loads, both cyclic strains and residual or
permanent strains develop. The latter are the strains that remain at the end of each cycle of load and
represent a cumulative effect that must be added to the effects of previous storms. Both the peak cyclic
displacement that occurs during a storm as well as the permanent displacement will be considered in this

SLS analysis.

As explained in Section 4.13.2 Pile-soil interface, and because all the layers of the chosen site
are sandy soil, it is possible to use the Kinematic model for hysteretic response of the soil (CSI, 2011)
(see Figure VI.28 and Figure VI.30). The backbone curves are taken from the p-y curves recommended
by DNV (DNV-0S-J101, 2011).

These p-y curves are already calculated in the section 6.2 Ultimate limit state design (page 88).
The modification for them to use in this SLS check is merely the way of imposing a sufficiently fine
discretization near the origin of the p-y curves in order to get a correct representation of the initial slopes
(see Figure VI1.29).
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Figure VI.28: Kinematic model simulates non-gapping behavior
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Figure VI.29: An example of the modified p-y curve for SLS analysis
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Figure V1.30: An example of hysteretic behavior of Link 124 in the model
6.3.3. Loads

Monopile offshore wind turbine developments are sited in very shallow water and therefore the
wave loads are much reduced (because the large waves will have already broken and the lever arm for
moments is small). In these circumstances, wind loads may begin to dominate. However, the aim of this
master thesis is to study the behavior of the tower with foundation under cyclic loadings, and then wind
load determination will not be paid any attention.

Typically onshore wind turbine load simulations have 10 minute duration, whereas the offshore
industry has used 3 hour simulations (Watson, Structure and Foundations Design of Offshore Wind
Installations, 2000). As shown in Figure VI.31 to Figure VI.34, the magnitude of maximum wave load is
varied significantly when changing simulation duration (in 10 minute simulation it is 200N instead of 150N
in 100 second simulation).

An attempt has been made to calculate the displacement of the whole structure under a cyclic
wave load in 10 minute simulation. It took about 100 hours of computation to complete this analysis. In
order to save time for analyzing the behavior of the whole structure with foundation, simulation time of
100 seconds will be chosen in this master thesis.
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Figure VI.33: Wave load of Sea-state 0 in a 10 minute simulation (at seabed level)
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Figure VI.34: Wave load of Sea-state 0 in a 100 second simulation (at seabed level)

Three sea states will be used in the following calculation of the thesis (see Table VI.7):

Table VI.7: Sea states for SLS check — taken from 112 states (TEMPEL, 2006)

Wind Significant Mean Probability
Sea state velocity at hub wave height Zero up-crossing of the sea state
Vy (m/s) Hs (m) period Tz (S) (%)
0 8 0.50 3 10.572
1 10 1.00 4 8.955
2 24 35 5 0.080
Sea State 0 Sea State 1 Sea State 2
0.1 T T 06 T T 8 T T
» » 0
2<\l 008 - 2‘<\l 2<\l
S ' S 0 e 6 .
N—r N—r .4_ - N
L o006F - o )
& 2 3 4 i}
; 0041 . ; ;
Y— A Y— Y—
o o 0.2 m o
@) L _ )] o 2r 7]
o 002 7 7
o a o
0 | | 0 | 0 |
0 05 1 0 05 1 0 05 1

Frequency (Hz)

Frequency (Hz)

Figure VI.35: Wave Spectrum of Sea States
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Figure VI.36: Time domain of Wave and Current Load from Sea State 0 at MSL
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Figure VI.37: Time domain of Wave and Current Load from Sea State 1 at MSL
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Figure VI.38: Time domain of Wave and Current Load from Sea State 2 at MSL
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6.3.4. Results of calculation

a. Single storm

In order to see the permanent displacement as well as the maximum displacement caused by a
single storm, these analyses will assume that after one single storm wave load will be zero while the
structure goes to its new equilibrium position.

As shown in Figure VI1.42, Figure VI1.44, Figure V1.46 and Figure VI.48, at the beginning structure
stays at an equilibrium position (when t=0 s). During the storm, it oscillates around a new equilibrium
position (when 0s <t < 100s). And finally, when the storm had gone, its vibration damps out (100s <t <
200 s) and a new equilibrium position is defined (t > 200 s). This new equilibrium position is different from

the original one, their distance gives the permanent displacement caused by the storm.

Table VI.8: Results of SLS calculations in single storm

Horizontal Displacement (Ux) Rotation Displacement (Ry)
SS Elev. Stdev. E—
Max. Mean g&?ﬁ]\é Per. émer Max. Mg)&/m Sf]dr?nvé Per. After
am
(i) (i) loading (i) outp (deg) (deg) loading (deg) di:lp

@ @) (©) (4) (®) (6) @) ®) ©) (10) (11 (12)

Tower top | 289.9 75.1 92.2 13.8 10.0 0.21 | 0.04 1.2e-3 6.38e-3 1.3e-4

! Seabed 10.4 55 1.55 1.9 0.29 0.07 | 0.028 | 2.5e-4 6.41e-3 2.2e-5
Note

(2): Sea states (7): Standard deviation after damp out
(2): Elevation (8): Maximum rotation displacements
3): Maximum horizontal displacements (9): Mean rotation displacements

(4): Mean horizontal displacements (20): Standard deviation during loading
(5): Standard deviation during loading (11): Permanent rotation displacements
(6): Permanent horizontal displacements (12): Standard deviation after damp out

Because the cyclic loading used for SLS calculation consists only wave loads, so it is impossible
to judge whether the pile foundation is sufficient or not in working conditions. However, for a practical
project, the magnitude of cyclic loading will be larger but the dynamic behavior of the structure is almost
the same.

In SLS analysis, the most important information need to be considered is the permanent tilting of
the wind turbine because it will affect the yield energy. From the results of calculation, under the cyclic
loading caused by Sea state 1, the permanent rotation displacements at the seabed and at the tower top
are almost the same, about 6.4x10 degree (this value should be smaller than the allowable value of 0.25

degree).
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b. Effect of previous storm

As shown in Figure V1.44, after suffering from one storm, the new equilibrium position of the tower is
defined. So at a certain time, this new equilibrium position will depends on the accumulated displacement

that caused by previous storms.

c. Two successive storms

As shown in Figure VI.51 to Figure VI.53 and Table V1.9, the maximum horizontal displacement Ux in
case of two successive storms is higher than it is in case of single storm. That means the new equilibrium
positions of the tower in case of two successive storms is further than in case of single storm (because

the origin of the p-y curve is moved further)
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Figure VI.53: Comparing Ux at the tower top between Single storm and two successive storms

Table VI.9: Parameters of the two normal distributions

Models Single storm Two successive storms
Mean values (mm) 6.68 6.75
Standard deviations (mm) 16 17
Maximum values (mm) 51 53
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6.3.5. Conclusions of SLS calculation

There is not any conclusion that is given for the chosen foundation pile about its validation in working
conditions because of the lack of wind loads and not enough sea states. However, from the result of
calculations, some important comments have been made:

- The “permanent accumulated tilt of the pile head” which is required by DNV standard (DNV-
0S-J101, 2011) to compare with “the deformation tolerances” can be calculated using
hysteretic behavior of the soil.

- The hysteretic behavior using in this thesis is non-degraded hysteresis type, which is only
suitable for problems with the medium range of soil strain, approximately below the level of
10'3(elasto-plastic behavior). For the shear strain level larger than about 107, soil properties
tend to change appreciably not only with shear strain but also with the progression of cycles.
It is termed degraded hysteresis type, and need further researches.

- To assess the validation of the foundation pile in SLS design, the permanent displacement of
each sea state should be calculated and put on the probability distribution diagram (as shown
in Figure VI1.54). Based on that diagram, the probability of the accumulated displacement will
be calculated. Finally, if the probability of the accumulated displacement which equals to the
allowable displacement value (for example 0.25 degrees for the tilt of the tower) is small
enough then the chosen dimension of the foundation pile is sufficient. Otherwise, the stiffness

of the foundation pile need to be increased until that condition is met.

2|
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| P(ss a): Probability of sea state a
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0 1 2 3 n-1 n displacement

Figure VI.54: Probability distribution diagram of displacements
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6.4. Effect of foundation in dynamic behavior of the structure

6.4.1. Reconsidering the model

When considering the foundation pile as a part of the model in analyses of offshore wind turbine
structures the behavior of the structures will be softer than the one fixed at the seabed which is used in
ELO-OS software. In order to see the differences in their behaviors, the steady-state analyses of both
models are carried out. It is of interest to point out that steady-state analysis seeks the response of the
structure at one or more frequencies to loading. And because the response characteristics of the
structures themselves are concerned, a constant frequency function will be used.

Of course, a conservative assumption must be made in order to do the steady-state analysis.
That is all the springs are linear with their initial stiffness (see Table VI.10). In fact, each of them is a

nonlinear spring with an arbitrary stiffness that is smaller than the initial value.

Table VI.10: Linear stiffness of springs

. Linear stiffness
Layer Ele(vni‘;'on (at the middle of the layer)
(KN/m)
Layer 1 0-1 2.138 x 10*
Layer 2 1-35 9.621 x 10*
Layer 3 35-55 1.924 x 10°
Layer 4 55-6.5 2.566 x 10°
Layer 5 6.5-7.0 2.886 x 10°
Layer 6 7.0-85 3.314x10°
Layer 7 8.5-10.0 3.955 x 10°
Layer 8 10.0-115 4597 x 10°
Layer 9 11.5-125 3.683 x 10°
Layer 10 12.5-135 2.562 x 10°
Layer 11 13.5-20.0 4.623 x 10*
Layer 12 20.0 - 21.04 2.633 x10°
Layer 13 21.04-26.0 7.827 x 10°
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Figure VI.55: Response of structure in spring model — Figure VI.56: Response of structure in fixed-at-
displacement at the tower top seabed model — displacement at the tower top
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Figure VI.57: Compare the responses of two models at tower top

Using three wave loads as in Figure VI.39, Figure VI.40 and Figure V1.41 in page 107, calculated from the
given sea states to calculate the corresponding responses, results are shown in Figure VI.58, Figure

VI.59, and Figure VI.60 respectively.

From the results of modal applied loads, it is obvious that in reality the behavior of the nonlinear
spring system is much softer, and then modal applied loads would be much larger and it implies that

displacements of the structure in this model will be larger than they are in a fixed foundation model.
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Figure VI.58: PSD of Responses at tower top caused by sea state 0

115



5
810 '0546 0691 ' i :
Spring Foundation
----- Fixed Foundation

§  6x10f .
(%)
[
o
o
8 5
o 4x10° I
Y
o
)
4 5
o 2x10°F i

0 |

0 1 15
Frequency (Hz)
Figure VI.59: PSD of Responses at tower top caused by sea state 1
4x10°
"0546 0691 ' _ i
Spring Foundation
----- Fixed Foundation

g 30’ .
(%2)
<
o
o
8 6
o 2x10° n
Yo
(@]
&)
L 6
o 1x10°F i

0 |

0 1 15

Frequency (Hz)

Figure VI.60: PSD of Responses at tower top caused by sea state 2

6.4.2. Spring foundation vs. fixed foundation

In order to see clearly the final effect of the foundation in behavior of the whole structure, this

section will be devoted to calculating rotation displacements of the tower top in both models.

Wave loads will be calculated from Sea state 0, and this is the only dynamic load acting on the

structure. Time-history wave loads are calculated at each 1m distance from MSL downward.

Nonlinear springs are used to represent the behavior of the foundation in the spring foundation model.
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Figure VI.64: Horizontal displacement of the tower top in the fixed foundation model

Display Plot Function Traces (TongHop)

Fie |
ST AT TIME —Legend
B0.0
Jairt: Tower_Top
48.0 | . | | bz Disp U
36.0 .
o Min iz -5.372e-02
240 ° at 2 546e+02
4 o Maw iz 411702
12.0 g at 2.635e+02
il e
120 E
B (=]
240 -
23607
4507 | ' | | I | ' | 1 | ! | | | ' [ (641, 50T7EG2]
L IIIII|IIII |IIII| T IIIIII |III III [ I 1 II| [ I|
0. 100, 160 2000 260, 300 3500 400 450 500

Figure VI.65: Horizontal displacement of the tower top in the spring foundation model
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Table VI.11: Tower top displacement in two models

Models Spring Foundation Fixed Foundation
Mean values (mm) 6.8 25
Standard deviations (mm) 17 4.7
Maximum values (mm) 54 17

From the results in Table VI.11, maximum horizontal displacement at the tower top is three times

larger in Nonlinear Spring Foundation Model than in Fixed Foundation Model.

6.4.3. Linear spring vs

.nonlinear spring foundation

In order to see the differences between nonlinear and linear spring model, the model with linear

spring foundation under cyclic loading caused by Sea state 0 had been calculated.

From the result of calculation, it is obvious that having the same wave load input but the amplitude of

displacements in the linear spring model are much larger than they are in the nonlinear spring model.

This is because internal damping is not included in the linear spring model of the soil.
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Figure VI.67: Power Spectral Density of horizontal displacements
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Figure VI.68: Result of Ux at the tower top in time domain
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Non-linear Spring

Linear Spring

Models

Foundation Foundation
Mean values (mm) 6.8 0.644
Standard deviations (mm) 17 290
Maximum values (mm) 54 967

6.5. Effect of p-y curve on the dynamic behavior of structure

In order to see the effect of the initial subgrade reaction in the dynamic behavior of the structure, the

relationship between Damping Coefficient and Horizontal Displacement are drawn for different values of

initial subgrade reaction of the soil. Figure VI.69 shows three curves named DNV, 140%DNV and

60%DNV. They correspond to the relationships when the initial subgrade reaction gets the value from

DNV standard, increases 40% and decrease 40% respectively. From the result, it is obvious that with a

higher initial subgrade reaction, the internal damping of the soil will be higher.
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Chapter VILI. Conclusions and Future works

7.1.

7.2.

Conclusions

Determining the dimensions of foundation pile for monopile foundations of offshore wind
turbines can be done using DNV Standard (DNV-0S-J101, 2011) using Beam Nonlinear
Winkler Foundation (BNWF) model.

Pile-Soil Interface in cyclic loading can be modeled using nonlinear spring on both sides of
the foundation pile with Kinematic behavior for cohesionless soils and Takeda behavior for
cohesive soil.

Behaviors of the tower in the fixed-at-seabed model and in the model with foundation pile are
totally different. Displacements of the structure are larger in the model with the presence of
foundation pile.

Damping of the offshore wind turbine structure mostly comes from internal damping of the
soil, which can be modeled using nonlinear springs and hysteresis behaviors. It is possible to
use nonlinear springs and dashpots instead of modeling hysteresis behaviors however the

permanent accumulated displacements cannot be observed in that case.

Future works

Degradation of soil stiffness makes the permanent displacements become more serious.
Including this kind of behavior in BNWF model would be useful in practical design.

Hysteretic behaviors need to be calculated in Step-by-step solution method in a dynamic
analysis. This will be a challenge job in integrating the foundation pile into design optimization

of the tower because it is time consuming.
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Appendix 1. T-Z curves

Layer 5:

- Elevation of the top:
- Elevation of the bottom:
- Elevation of the middle:
- Diameter of the pile:

- Effective depth of the spring:

zix, D) = Tigadlt) =
7.638°10-3 0
7.842-1073 7.54
8.056°10°3 15.08
8.283-10°3 22.619
8.523-10°3 30.159
8.78-10-3 37.699
9.055-10-3 45.239
9.355-10°3 52.779
9.683-10°3 60.319
0.01 67.858
0.01 75.398
0.011 82.938
0.012 90.478
0.012 98.018
0.013 105.558

Skin Resistance (kPa)

top = 6.5 m
bottom = 7.0 m

%= 0.5-{top + bottom) = 6.75 M

D=6 m
hi=1 m

tax %) = 37811 kN/m?
1= ﬂ.ﬂ.el..tmax{x} kPa

Tl.ﬂﬂ.d{t} = tm-[h kN

t-z curve

Ver. Displacement (mm)
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r 10:

- Elevation of the top: top = 12.5 m

- Elevation of the bottom: bottom := 135 m

- Elevation of the middle: x:= 05 (top + bottom) = 13 m
- Diameter of the pile: D=6 m

- Effective depth of the spring:  h:=1 m

LX) = 72822 kN/m?2

te=0,05.1 kPa

mnx{ x}

Tlnad{t} = t-m-[+h kN

#a, D1 = Tiqad(th =
0 0 -z curve

9.6282'10°5 9.425 a0
1.9299-104 18.85
2.9012-10-4 28.274
3.8769-10-4 37699 =
4.8569-104 47.124 g
5.8413-104 56.549 2
6.8302-104 65.973| £
7.8237-104 75.398| %
8.821710- 84.823| =
9.8243'104 94.248|
1.0832'103 103.673
1.1844-103 113.097
1.2861-10°3 122.522

1.3882°103 131.947

Ver. Displacement (mm)
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r12:

- Elevation of the top: top = 20 m
- Elevation of the bottom: bottom == 21.04 m
- Elevation of the middle: x = (.5-(1op + bottom) = 20.52 M

- Diameter of the pile: D=6 m

- Effective depth of the spring:

=
)

I m

Lyl X) = 33.617 kN/m2

t=0,05.1 kPa

max!®

Tlnad{t} = tm-[h kN

a, D= Tigad(t) =
0 0 t-Z curve

9.8721-10 9,425 o

1.9803 1074 18.85
2.9794-10-4 28.274
3.9847-1074 37699 =

4.995-104 47.124 %
6.0137-104 56.549 E
7.0377-104 65.973 z
8.0683'104 75398| 7
9.1054'104 84823| 2

1.0149°103 94.248|

1.12-10°3 103.673

1.2257+10°3 113.097
1.3322-10°3 122,522
1.4393°10°3 131.947 40

Ver. Displacement (mm)
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Appendix 2. Q-Z curves

Q-Z at the depth 25m

4
1x10 /
3 —
9x10 >

/

8x10°

7x10°

6x10°

5x10°

4x10° /
3x10° f/
2x10°

1x10°

Mobilized end bearing capacity (kN)

0 007 014 021 028 035 042 049 056 063 07

Axial tip deflection (m)
Q-Z at the depth 26m

12x10*

108x10"

9.6x10°

8.4x10° —
72x10°

6x10° /

48x10°

36x10°

24x10°

Mobilized end bearing capacity (kN)

12x10°

0
0 007 014 021 028 035 042 049 056 063 07

Axial tip deflection (m)
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Appendix 3. P-Y curves

Layer 5:
- Elevation of the top:

- Elevation of the bottom:

- Elevation of the middle:

top = 6.5 m

bottom = 7 m

%= 0.5-(top + bottom) =675 m

- Diameter of the pile: D=6 m
Calculation of p-y curve:
1\."zllue,,y. = "'s"aluf.',p = WValue,, = Valuep =
0 0 0 0
43 -0.014 43 -2.872-103 0 -0.1 0 -3.51059-103
44 -0.012 44 -2.654-103 1 -0.098 1 -3.51059-103
45 -0.01 45 -2.374-103 2 -0.096 2 -3.51059-103
46 -8-10-3 46 -2.025-103 3 -0.094 3 -3.510589-10°
47 -6-10°3 47 -1.604-103 4 -0.092 4 -3.510589-103
48 -4-10-3 48 -1.115-103 5 -0.09 5 -3.510588-103
49 -2-10°3 49 -572.113 6 -0.088 B -3.510587-10°
50 0 50 0 7 -0.086 7 | -3.510586°10°
51 2-10-3 51 572,113 8 -0.084 8 -3.510584-103
52 4-10-3 52 1.115-108 9 -0.082 9 -3.510581-103
53 6103 53 1.604-103 10 -0.08 10 | -3.510577-103
54 8103 54 | 2.025-103 11 -0.078 11 | -3.510572°103
55 0.01 55 2.374-10°3 12 -0.076 12 -3.510564-10°
56 0.012 56 2.654-10°3 13 -0.074 13 -3.510554-103
57 0.014 57 | 2.872:10° 14 -0.072 14 -3.51054°103
58 58 15 15
p-y curve
ax10°
3.2¢10°
24107
& a
g 1.6 10
9
5 800
o
E o
=4
T - RO
N
B 10
= 3
—2.4x10°
—3.2x10° | { { 'J
— g IEI'1

=01 -008 -006 -004 —002 0

002 004 006 008

Pile Lateral Displacement (m)

0.1
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Layer 10:

- Elevation of the top:

- Elevation of the bottom:

- Elevation of the middle:

- Diameter of the pile:

Calculation of p-y curve:

top = 12.5 m

bottom := 135 m

x = 0.5{top + bottom) = 13 m

D=6 m
‘u’aluep = WValue, = "t."alueI1 =

] 0 0
43 -1.749-103 1] -0.05 1] -6.229743-103
449 -1.509-103 1 -0.049 1 -6.210156°103
45 -1.264+103 2 -0.048 2 -6.189025-103
46 -1.016-103 3 -0.047 3 -6.166232+103
47 -764.891 4 -0.046 4 -6.141654-103
48 -511.254 5 -0.045 5 -6.115158+103
49 -256.027 6 -0.044 (] -6.086606°103
50 0 7 -0.043 7 | -b.055847-103
51 256.027 8 -0.042 8 -6.022724-103
52 511.254 9 -0.041 9 -5.987069-103
53 764.891 10 -0.04 10 | -5.948706°103
54 | 1.016°103 11 -0.039 11 | -5.907448-103
55| 1.264'103 12 | -0.038 12 -5.8631-103
56 1.509-103 13 -0.037 13 -5.815455-103
57| 1.749'103 14 | -0.036 14 | -5.764298:10°
58 15 15
p-¥ curve

‘u’alua,y. =
0
43 -7+10°3
44 -6°10°3
45 -5:10-3
46 -4:10°3
47 -3-10°3
48 -2-10-3
49 -1-10°3
50 1]
51 1-10-3
52 2:10-3
53 3-10-3
54 4-10r3
55 5-10°3
56 6'10-3
57 71073
58
&x10°
3
6.4¢100
4.8¢10°
E
= 32107
==,
a9 3
(5] |10
Ei
W
2 o
o~
= - 1L.&ao’
L
£ — 32100
E 3
— 4810
3
- 6.4¢10

- &x10°

=005 =004 =003 =002 =001

0,01

002 003 004

Pile Lateral Displacement (m)

0.05
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ri13 L26:

- Elevation of the top: top = 25 m

- Elevation of the bottom: bottom = 26 m

- Elevation of the middle: x:= 05 {top + bottom) =255 m
- Diameter of the pile: D=6 m

Calculation of p-y curve:

Value,y = ‘v’aluep = "'«"all.m\r = Valuep =
0 0 0 0
43 -7-10-3 43 -5.854-103 [i] -0.05 0 -2.561466-104
44 -5-10-3 44 -5.037-103 1 -0.049 1 -2.545682-104
45 -5-10-3 45 -4,211-103 2 -0.048 2 -2.529023-10¢
46 -4-10-3 46 -3.378-103 3 -0.047 3 -2.511447-104
47 -3-10-3 47 -2.5359-103 4 -0.046 4 -2. 492911104
48 -2-1073 48 -1.685-103 5 -0.045 5 -2.473369-104
49 -1-10-3 49 -848.335 b -0.044 [ -2.452776-104
50 0 50 0 7 -0.043 7 -2.431086°104
51 1-10-3 51 848.335 8 -0.042 8 -2.408248-104
52 2-10-3 52 1.695-103 9 -0.041 9 -2.384216-10¢
53 3103 53 2.539-103 10 -0.04 10 | -2.358939-104
54 4-10-3 54 3.378-103 11 -0.039 11 | -2.332366'104
55 5-10°3 55 4.211-103 12 -0.038 12 | -2.30444810¢
56 6-10-3 56 5.037-103 13 -0.037 13 -2.275133-10¢
57 7103 57 5.854-103 14 -0.036 14 | -2.244371-104
58 58 15 15
p-y curve
W10
2.4107
1810
E
Z 12107
g @0
E o
o
= - &x10°
=
% 1210
p=
~ 1.8x10"
— 24107

=310
=005 -0.04 =003 -002 -001 0 001 002 003 004 005

Pile Lateral Displacement (m)
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Appendix 4. Sensitivity Analyses

These analyses are used to see the sensitivity of the initial subgrade reaction of the soil to the
damping of the structure. In this calculation, the DNV initial subgrade modulus values are chosen
using DNV standard (DNV-0S-J101, 2011). For each case, these initial subgrade modulus values will
be changed with an amount of 10%. In APP. 2 the initial subgrade modulus values are varied from
50% to 150% of the DNV values. However, from the results of calculation, only the case of 60% and
140% are chosen to show because of their significant differences.

The equivalent viscous damping ratio is determined by modifying the free-vibration response
equation (Ray W. Clough & Joseph Penzien, 2003):

A — Abe—&ot

—In(A)=In(A))- Lot
oln(A)
Ca

_1aln(A)
o ot

A, - Initial amplitude of the free-vibration response

A : free-vibration response at the time t

&1 the viscous damping ratio

w : the circular frequency (considered as a constant values after each cycle)

Initial subgrade modulus
Layer (kN/m2/m)
DNV -40% 40% Function Name |RAMPTH
— Define Function
1 42760 25660 59860 Time Value
Jo1 J1800. add |
2 42760 25660 59860 o 0. o
0.z 0.
3 42760 | 25660 | 59860 : . [eeze |
4 42760 25660 59860
5 42760 25660 59860 - Fseti g
6 42760 25660 59860
7 42760 25660 59860
8 42760 25660 59860
9 30690 18410 42970
10 19700 11820 27580 __ DisolapGraph | EEE
11 27600 16560 38640 Carcel|
12 12830 7698 17960 APP. 1: Excitation Load
13 33280 19970 45690

APP. 2: Initial subgrade modulus of layers
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File

a. Reduce 40% of the DNV initial subgrade modulus values

Display Plot Function Traces (S5) |

15.07
-30.0°7
45.0°;

2T T

TIME

30.0

5.0

E0.0

45.0

30.0

]H,

15.0

0.0

i

At

I

Amplitude of displacement {mj

F0 140 210 280 350 420 430 560 E3.0 700

—Legend

| [20.64 . -5.283E-02]

APP. 3: Ux of the tower top in the case 60% of the DNV values

APP. 4: Damping coefficient in the case 60% of
the DNV values

At t A In(A) Aln(A) &

(1) (2) (3) (4) (5) (6)

1.9 0.50 | 0.3055 -1.1859 -0.5641 | 7.69%
1.9 2.40 | 0.1738 | -1.7500 | -0.2903 | 3.95%
1.7 4.30 | 0.1300 -2.0402 -0.2136 | 3.25%
1.6 6.00 | 0.1050 | -2.2538 | -0.1765 | 2.86%
1.7 7.60 | 0.0880 -2.4303 -0.1071 | 1.63%
1.7 9.30 | 0.0791 | -2.5374 | -0.1164 | 1.77%
1.6 | 11.00 | 0.0704 | -2.6538 | -0.1152 | 1.86%
1.6 | 12.60 | 0.0627 -2.7691 -0.0722 | 1.17%
1.6 | 14.20 | 0.0584 | -2.8413 | -0.0756 | 1.22%
1.6 | 15.80 | 0.0541 -2.9169 -0.0732 | 1.18%
1.6 | 17.40 | 0.0503 | -2.9901 | -0.0571 | 0.92%
1.6 | 19.00 | 0.0475 -3.0472 -0.0536 | 0.87%
1.6 | 20.60 | 0.0450 -3.1009 -0.0362 | 0.59%
1.6 | 22.20 | 0.0434 | -3.1371 | -0.0295 | 0.48%
1.6 | 23.80 | 0.0422 -3.1665 -0.0294 | 0.48%

At |t A In(A) | Aln(A) g
(1) (2) (3) (4) (5) (6)

1.6 | 2540 | 0.0409 | -3.1959 | -0.0217 | 0.35%
1.6 | 27.00 | 00401 | -3.2176 | -0.0138 | 0.22%
1.6 | 28.60 | 0.0395 | -3.2315 | -0.0241 | 0.39%
1.6 | 30.20 | 0.0386 | -3.2555 | -0.0186 | 0.30%
1.6 | 31.80 | 00379 | -3.2741 | -0.0138 | 0.22%
1.6 | 33.40 | 00373 | -3.2880 | -0.0140 | 0.23%
1.5 | 35.00 | 0.0368 | -3.3020 | -0.0323 | 0.56%
1.6 | 36.50 | 0.0356 | -3.3343 | -0.0008 | 0.01%
1.6 | 38.10 | 0.0356 | -3.3351 | -0.0113 | 0.18%
1.6 | 39.70 | 0.0352 | -3.3464 | -0.0106 | 0.17%
1.6 | 41.30 | 0.0348 | -3.3570 | -0.0011 | 0.02%
1.6 | 42.90 | 0.0348 | -3.3581 | -0.0087 | 0.14%
1.6 | 4450 | 0.0345 | -3.3668 | -0.0164 | 0.26%
1.6 | 46.10 | 0.0339 | -3.3832 | -0.0080 | 0.13%
1.6 | 47.70 | 00337 | -3.3911 | -0.0039 | 0.06%

4930 | 0.0335 | -3.3950
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b.

Increase 40% of the DNV initial subgrade modulus values

Display Plot Function Traces (S5) |

File
e o TIME —Legend
30,
] Displacament L
240l IL o | | Hini2142:01
180, ° at 1.600e+00
Al 0 (| Manis 2728601
2 D 8 at 5000201
(=]
SN AR AAAAARAARAAAAAAAR, [T
0 R RRAK =
il £
B0, J ! -
120,
180, [ (721, 8328E02]

50 100 150 200 250 300 350 400 450 500

APP. 5: Ux of the tower top in case 140% of the DNV values

APP. 6: Damping coefficient in the case 60% of
the DNV values

At |t A In(A) | Aln(A) g
(1) | (2 (3) (4) (5) (6)

2| 050 | 0.2728 | -1.2990 | -0.2526 | 3.264%
1.6 | 2.50 | 0.2119 | -1.5516 | -0.3219 | 5.200%
1.8 | 4.10 | 0.1536 | -1.8735 | -0.1776 | 2.550%
1.7 | 5.90 | 0.1286 | -2.0510 | -0.2262 | 3.439%
1.6 | 7.60 | 0.1026 | -2.2772 | -0.1222 | 1.974%
1.7 | 9.20 | 0.0908 | -2.3994 | -0.1692 | 2.573%
1.6 | 10.90 | 0.0766 | -2.5686 | -0.1202 | 1.942%
1.7 | 12.50 | 0.0680 | -2.6888 | -0.1043 | 1.586%
1.6 | 14.20 | 0.0612 | -2.7931 | -0.0618 | 0.999%
1.6 | 15.80 | 0.0576 | -2.8549 | -0.0613 | 0.990%
1.6 | 17.40 | 0.0541 | -2.9162 | -0.0712 | 1.150%
1.6 | 19.00 | 0.0504 | -2.9874 | -0.0413 | 0.667%
1.6 | 20.60 | 0.0484 | -3.0287 | -0.0381 | 0.616%
1.6 | 22.20 | 0.0466 | -3.0668 | -0.0464 | 0.749%
1.6 | 23.80 | 0.0445 | -3.1132 | -0.0304 | 0.491%
1.6 | 25.40 | 0.0431 | -3.1435 | -0.0225 | 0.364%
1.6 | 27.00 | 0.0422 | -3.1660 | -0.0325 | 0.526%
1.6 | 28.60 | 0.0408 | -3.1986 | -0.0228 | 0.368%

At t A In(A) Aln(A) &

(1| (@ 3) (4) (5) (6)

1.5 | 30.20 | 0.0399 | -3.2214 | -0.0020 | 0.035%
1.6 | 31.70 | 0.0398 | -3.2234 | -0.0154 | 0.249%
1.6 | 33.30 | 0.0392 | -3.2388 | -0.0219 | 0.354%
1.6 | 34.90 | 0.0384 | -3.2607 | -0.0068 | 0.110%
1.6 | 36.50 | 0.0381 | -3.2675 | -0.0191 | 0.308%
1.6 | 38.10 | 0.0374 | -3.2866 | -0.0159 | 0.257%
1.6 | 39.70 | 0.0368 | -3.3025 | -0.0145 | 0.234%
1.5 | 41.30 | 0.0363 | -3.3170 | -0.0089 | 0.153%
1.6 | 42.80 | 0.0359 | -3.3259 | -0.0047 | 0.077%
1.6 | 44.40 | 0.0358 | -3.3306 | -0.0135 | 0.218%
1.6 | 46.00 | 0.0353 | -3.3442 | -0.0120 | 0.193%

47.60 | 0.0349 | -3.3561 | 3.3561
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