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ABSTRACT

The Government of Japan implemented a new law to promote offshore wind m 2019. However, more
than 90% of the 9,074 TWh of Japanese annual wind generation potential 1s located m the deep ocean,
requiring the development of floating platform technology. This study, therefore, evaluates a conceptual
design for a spar-type concrete floater to support a 10 MW offshore wind turbme using precast segment
prestressed concrete. This conceptual design 1s developed based on the econonmc advantages of using normal-
strength concrete. The preliminary dynamic analysis considers the environmental conditions of the Sea of
Japan. The stability and motion analyses consader rregular waves under the operational storm, and centenary
condttions at the rated wind speed and cut-out wind speed of the wind turbme, as well as typhoon conditions.
The geometry of the spar 15 deteomined using a coupled dynamuc analysis to satisfy hydrostatic and
hydrodynanic stabilities under wind turbine operation performed by WAMIT and OpenFAST. A cross-
spectral analysis of the rigid body 1s then camied out to investigate the response motions of the proposed model
under the mput wind and wave conditions. The results show that the hughest force occumed under the rated
wind speed m stonm conditions, serving as the dominant case for the mvestigated stress and stram distributions;
although the typhoon conditions extubit lngher wind speeds. they comrespond to a relatively small thrust force
owing to the action of the wind turbine control system. The proposed concrete spar can be apphed to support
an RWT. and the structure 15 shown to avoid the structural resonance induced by wave excitation, as
confirmed by a spectral analysis that mdicated sigmficant response motions that are much smaller than the
mput wave energies. To mnvestigate and verify the hydrodynanic behavior of the proposed spar under wave
action, the model test of the spar-scaled model 1:100 apphied the Froude scale 1s camned out. The model 1s
excited by three megular wave conditions. operational. storm. and centenary, and the response motions are
captured. The expeniment results show good consistency with the full scale analysis.

The nonlinear behavior of the concrete structure excited by the cychic motions of the wind turbine
tower and moonng tensions 1s numerically studied using the finite element code COM3. The maxinmm forces
obtamed from the dominant case of the hydrodynanuc motion analyses under the wind turbine operation are

applied to the FE model investigating stress-stramn distnibution. The prehminary steel-concrete connections are



then designed. and prestressmg force 1s detenmined at the critical area indicated by the concrete ultimate tensile
stramn. The analytical results show the prelminary designed commections and prestressing force can prevent
microcrack generation and propagation at the spar's tower base and farrlead locations. The designed tower
connection can also prevent the bottom part of the steel tower from bucklhing failure and pulling out of concrete
due to a large bending moment under the operation of the wind turbine. Investigation and design of the hull
concrete have shown that although the hull concrete 15 under large hydrostatic and hydrodynanmc pressure.
However, the hull surface becomes under compression attributed to enough thickness of the lmll concrete,
mdicated by tensile stram. Therefore, 1t 15 not necessary to design honizontal prestressing tendons to resist any
tensile force mduced by water pressure.

Fmally, five types of farlead comnections are proposed m this research. The stress and stramn
distnibutions of each connection type are investigated. The analytical results show that all connection types
satisfied the desizn objective to control crack development. Concrete under tension and compression at the
farrlead connection zone sigmficantly affects structural service life; therefore, fatigue analysis is cammed out to
estimate the fatigne life of the proposed structure. For concrete under tension. the fatigue hife evaluated by FE
analysis 15 longer than the model code’s prediction. However, 1t 1s below the expected 1000 mullion cycles.
Lower tensile fatigue life indicates the possibility of cracking at the fairlead zone, which can be mmproved 1n
the following design phase. For concrete under compression. the compressive stram of four connection types
doesn treach the ultimate compressive strain, even if around 84 million cycles are apphied to the model, except
for the plate-plate model. which has a possibility of fatigue failure. The design of the plate-plate model can be
mproved in the next design phase.

On the deep discussion of expenmental and analytical results. the findings m the dissertation
successtully demonstrated an altemative concrete to steel floater based on assumptions to facilitate fiture mass
production. In this research. a precast segment prestressed concrete spar floating platform capable of
supporting a 10 MW floating offshore wind turbine 1s successfully performed.



CHAPTER 1
INTRODUCTION

1.1 Background and Motivation

Offshore wind farms have been developed as altemative sources for clean energy production. The
average annual growth of offshore wind energy from 2010 to 2018 was 30% and continues to exhibit a great
deal of unexplotted potential globally [1]. In 2019, Japan implemented a law enabling offshore wind farms to
be operated by local and foreign companies along 1ts 29,750 kan of coastal waters, which possess the potential
to generate 1,600 GW of wind energy. Greater than 90% of the 9,074 TWh of Japan's anmual wind energy
generation potential 1s i the deep ocean and will require floating platform technology to utihize [1]. Overall
the energy generated by global floating offshore wind turbine (FOWT) systems grew from 7.663 MW 1n
2019 to 26.529 MW 1n 2020 and 15 expected to mcrease further as several projects. mamly m Asian markets,
began their plannmg phases i 2020 [2].

Floating platforms that support offshore wind turbines m the deep ocean have been actrvely researched
as near-shore offshore wind fanms have become less competitive owing to limitations such as low harvesting
wind speed. high construction cost, and negative environmental effects around coastal areas [3]. Thus far,
three types of floating supporting structures have been studied in tenms of stabality [4]: gravity-based platforms,
which mclude spar platforms; waterplane-based platforms. which include senu-submersible platforms; and
extemal-constramt-based platforms. which mclide the tension-leg platform. The differences among these
concepts are associated with their comesponding motions i heave. roll and pitch: so-called vertical plane
motions [5]. As a senn-submersible platform has a small water-plane area. 1t has relatively high natural periods
m vertical modes; however, it requures flexible moonng and power take-off systems that can operate m
extreme conditions. A tension-leg platform 15 very rigid in the vertical direction but flexible when subjected
to honzontal motions because 1t relies upon tendon stiffness rather than water-plane stffness. A gravity-based
spar platform exhibits small heave motions owing to its deep draft, which 1s also advantageous for power take-

off cables. umbilicals, and moonngs [4]. Though this deep draft means that spar platforms cannot be used m



shallow waters (less than 100 m) [6]. the simple cylindnical shape of the spar-based concept has been shovwn
to be technically feasible and achieve cost reductions [7].

In 2009, Statoil Hywind launched the first 2.3 MW full-scale spar-buoy FOWT system mstalled close
to Karmey Island, Norway using steel matenals [7]. Furthermore, 1 2010, the Offshore Code Companson
Collaboration (OC3) for the Intemational Energy Agency (IEA) Wind Task 23 Offshore Wind Technology
and Deplovment [8] selected the same "Hywind" spar buoy concept for a companson of simulation codes.
The spar buoy was modified to mount the NREL 5-MW wind turbine. a model known as the OC3-Hywind
[9]. In 2012, a half-scale model of a hybnd spar mounted with a 100 KW wind turbine was mstalled at Goto
Island, Nagasaki Prefecture. Japan. to conduct sea-state expeniments [10]; i Apnl 2016, a full-size 2 MW
wind turbine was mnstalled at the same location after the half-scale turbine was removed [11]. Both spar
platforms were hybnd structures i which the upper and lower parts were composed of steel and prestressed
concrete, respectively. Notably, these structures suffered severe typhoons dunng mstallaton; however, they
expenenced no damage, and their structural stabihity was confirmed [10]. Smmulation codes mitroduced by
Utsunomiva et al. [12] and measurement data presented by Ishida et al. [10] were compared m [13]. [14]. and
[15]. which respectrvely mvestigated the dynamic response during severe typhoon events, vanous power
generation conditions, and the effects of extreme emvironmental conditions. In 2014, the Fulushima Forward
Project Phase 2 constructed the 7 MW "Advanced Spar” from steel. One of the general requurements of this
spar was to accommeodate the mstallation of 2—-10 MW class wind turbimnes to achieve economues of scale [16].
The Advanced Spar concept comprised three hulls: the center of bouncy (COB). muddle, and lower hulls. all
of wiuch contam water ballast tanks.

Importantly, a manne structure 15 susceptible to comosion that affects its long-term performance and
fatigue hife [17]. The decreasing fatgue hife attnbuted to comosion m the connection jomts of the hull 15 a
crucial concern when discussing steel platforms because offshore wind structures must withstand up to 10°
(1,000 mallion) load cycles during their nommal design service life of 20 to 25 years [18]. As a result, concrete
matenials have been mcreasingly used to develop FOWTs owmg to their advantageous properties, such as
high resistance to comosion. low matenal requirements. and low construction costs [18]. The recent

development of both bottom-fixed and floating concrete support structures demonstrates the likelihood of an



mcrease in the use of such structures m future offshore wind fanms [18]. Iost research to date has studied the
use of reinforced or prestressed concrete in manne substructures [ 18], but the use of precast concrete segments
prestressed by a post-tensioning system has not vet been widely mvestigated.

The ability of this approach to facilitate dockside pre-assembly followed by float-out to mstallation 15
expected to create a tuming pomt that will considerably decrease the costs of mstalling future concrete
supporting structures [ 18]. The precast concrete spar can be cast at any place before bemng transported to the
fabrication site. The use of an unbonded post-tensionimg system can then be employed to connect the precast
segments mstead of a pre-tensioning system. as the former method eliminates all grouting operations [19].
addressing the economic aspects of tlus study. However, the tendon anchorage zone must be an object of
focus to prevent strand corrosion owing to chlonde 1on mfiltration [19]. The prestressing force applied to
connect precast segments ensures the watertightness of the structure through the precompression induced by
the tendons, which considerably increases the extemnal force requared to crack the concrete, resulting in a strong,
tough, and stiff member [ 19]. The elmination of cracking (and limiting of crack widths) prevents the corrosion
of reinforcmg steel owing to chlonde 1on transport and diffustvity through the penetration of water mto the
concrete [20]. In addition, unlike steel fabnication. the production of precast concrete segments for use mn post-
tensioned spars does not requure lnghly slalled labor; workers m the local communities of most any area can

do thas job.

1.2 Objectives / Target and Scope of the Study

The maim objective of this research 1s to develop a precast segment prestressed concrete spar floating
platform capable of supporting a 10 MW floatmg offshore wind turbine. In order to achieve this main purpose,
this research mcludes four following sub-objectives:

L Investigation of the motion responses under wind turbine operation of the proposed precast

segment prestressed concrete spar.

[

Investigation of the nonlinear behaviors of concrete under the maximum forces during wind

turbine operation of the proposed precast segment prestressed concrete spar.



3. Investigation and design of hull concrete and steel-concrete connection systems of the proposed

precast segment prestressed concrete spar.

4 Propose farrlead connection systems for the proposed precast segment prestressed concrete spar.

In this thesis, the mumencal analysis 15 performed in two parts, and one expeniment 1s carmied out. First,
the coupling model comprising the target spar, reference wind turbine (RWT), and mooring lines is stuched
the coupled dynanuc analysis. Here, the response motions of the proposed spar are mvestigated and thereby
ensuring that the spar can be applied to support an EWT. Furthermore, the model test expeniment 1s conducted
for the venfication of the spar's hydrodynanuc model.

Second. the finite element (FE) analysis of the stresses in the concrete components 1s performed to
observe the nonlinear behavior of concrete. The prelimmary connection systems and prestressing force are
then designed to prevent stress transfer to the spar floater and prevent crack generation at the cotical area
mdicated by concrete ultimate tensile stram. Fmally, five farrlead commection types are proposed m thas thesis,
and the fatigue life of each type 1s mvestigated. This thesis effectively demonstrated an altemative concrete to

steel spar based on assumptions to facilitate fture mass production.

1.3 Outline of the Dissertation

This dissertation is composed of seven chapters which are bnefly explamed as follows.

Chapter 1 introduces the background and motivation of this research. The objectrves, target. and scope,
as well as the research methodology, are briefly described.

Chapter 2 reviews the basic knowledge of relevant theoretical backgrounds for analyzing and
designing a proposed precast segment prestressed concrete spar.

Chapter 3 illustrates the analytical sinlation of coupled dynamic analysis of a floating wind turbine.
Stability analysis and parametnc study to define the first feasible geometry of the spar and cross-spectral
analysis of the ngid body motion are also described. The geometry of the proposed precast segment
prestressed concrete spar 15 successfully defined m this chapter.



Chapter 4 1s related to the model test. the experiment to venfy the hydrodynamic model of the
proposed precast segment prestressed concrete spar under wave action.

Chapter 5 mvestigates concrete’s nonlinear behavior of the proposed precast segment prestressed
concrete spar under the maxmmum force ofthe wind turbine dunng operation through the analytical simulation
of FE analysis. The preliminary steel-concrete commections and structural design are also performed m this
chapter.

Chapter 6 proposes five farrlead connection types to resist the large tensile forces transfermng from
moorng lines to the proposed precast segment prestressed concrete spar. The fatigue analysis and fatigue life
estimation are illustrated m this chapter.

Chapter 7 concludes the findings of this research and recommendation for further studies

Nomenclature in Chapter 1
COB center of bouncy
FE finite element
FOWT floating offshore wind turbine
IEA International energy agency
RWT reference wind turbine
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CHAPTER 2
THEORETICAL BACKGROUND

2.1 Introduction

Studying of a prestressed concrete spar floating offshore wind turbine s a multidisciplnary area. It
encompasses structural mechanics, hydrodynamics, asrodynamics. and a wind turbmne control system. This
must be analyzed as an mtegrative simulation before performing a structural design [1]. The coupled dynamic
analysis of this thesis mamly focuses on the structure’s motions, hydrostatic stabality, and hydrodynanmc and
aerodynamic performance of a spar-type floating wind turbine. The concrete structural design 1s numencally
mvestigated using concrete fimite element analysis (FEA) considenng the nonlinear behavior of a prestressed
concrete spar under wind turbine operation. Then the life cycle assessment taken the crtical part has been
mvestigated considenng the effect of the time dependency of the concrete structure under hagh cychic fatigue.
In the post-peak region where the damage has been developed. time-dependent becomes significant and
affects the concrete structure's service hife [2]. The relevant theoretical backegrounds for the analysis and design
of a proposed prestress concrete spar are discussed i this chapter. First, an account of ocean waves,
hydrostatics. and hydrodynamics are given. Later, the constitutive laws of the nonlinear behavior of structural

concrete and the effect of ttme-dependency applied in the analysis have been discussed.

2.2 Ocean Waves

It should be reminded that the waves in the ocean environment are very complex and are normally
descrbed by their vanance density spectrum [3]. The wave may be regular or wregular. umidirectional or
ommidirectional, linear or nonlinear and etc. For a small offshore structure immersed i1 ocean waves, the
understanding of separate flow or Morison's Equation 15 required. However, for the mednum or large offshore
structure, diffraction analysis 1s needed. Several wave theonies describe the behavior of ocean waves and are
summanzed mn [3]. The Ay waves or Linear wave theory. which 15 lineanzed the exact solution obtained
from the potential theory, 1s applicable for waves that are not too steep, and the water depths are not too shallow.

In other circumstances, high-order approximations or nonlinear wave theories are applied. The well-known

-10-



nonlinear wave theones, for example. Stokes’s second-order. third-order. and fifth-order theones. Dean's
stream fumction theory for steep waves. and cnodial wave theory of Korteweg and de Vnies [3].[4]. However,

unlike natural waves, these waves are peniodic. not harmonic.

Linear wave theory and high-order wave theory

Begmn with the sinyplest assumption that waves are two-dimensional progressive, pemmanent gravity
waves of peniod (T). amplitude (H). and length (L) over a smooth honzontal bed, as shovwn m Figure 2.1 [3].
The wave was ideally created by the extemal impulse and the gravitational force; once t was created. 1t could
sustain itself contmually. This 1s fundamental to all other waves, from a sumple sine wave to Stokes' fifth-
order theory [3].

Wave speed,c z

————

2 W T~

Surfaoce elevation

Wave period, T=L/c d
shown at t=0

FIGURE 2.1: A progressive wave definition

The determination of wave speed (¢) and particle motion throughout the flow required a velocity
potential that satisfies the Laplace equation.

a%p ¢
_—— = 2-1
dx?  gz? 0 @D
The boundary condition at the seabed
= _ = — 2.2
== O0atz=—d (2-2)

The kinetic and dynanuic boundary conditions at the free surface are respectively grven by
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In Equations 2-3 and 2-4 above, there are several nonlmear terms, and the free-surface conditions need
to be applied at the mitial unknovwn free surface. The exact solution of the above equation 1s mdeed very
complex. However, by lineanization of the goveming equation assumng that wave amplitude (H) 1s much
smaller than wavelength (I.) and water depth (d). and ignonng the nonlnear terms, the boundary conditions
are satisfied atz=0.

The linear theory describes a regular sine wave m which the crest equals the trough. The free surface

profile of a wave (17) as a function of space (x) and time (t) 15 given by the following equation:
H
n(x,t) = > sin (kx — wt) (2-5)
Here, k 15 wave munber, and ¢ 15 wave frequency.

The linear theory 1s represented the sea states of mregular waves as a linear sum of i regular

components through superposition [5]. The phase shaft for each element 1s represented by €

n(t) = Z = nsin (wt — kjx + €;) (2-6)
i
When the wave height to water depth ratio increases. the crest amplitude becomes larger in companson
to the trough. The wave becomes steep; thus. the behavior changes. In this circumstance, the high-order wave
theories replace the hinear theory. The selection of the theory relies upon the wave height and water dept. Ay

waves have the advantage of being a linear solution. and spectral analysis can be apphed. Higher-order waves



are recommended for moormg and nser analysis, drag-domnated structures, stonm waves, and air gap

analysts [4].[6].[7].

2.3 Frequency and Time Domain of the Sea States

The sea state needs to be represented as a power spectrum in the frequency domain calculations. The
spectral amplitude per oscillation peniod charactenzes the wave conditions. Several spectral models have been
proposed: among them, ISSC. JONSWAP. and The Pierson-Moskowitz are well-known smgle-peaked
spectra [4]. Many widely-used models for the spectrum of waves are of the form [8].

A B
S(f)=f—5exp(—ﬁ) 2-7)
Where f 15 the frequency and A, and B are constants. [SSC spectrum 15 also referred to as this model:

however, 1t differs from other types m determining A and B parameters.

The time domamn calculation related to frequency domam spectral through mverse Founer transfonm.
The Coolev—Tukey algorithm 1s the most commeon Fast Founer Transform (FFT) algorithm for this solution.
I thus thesis, NREL's Open FAST 1s utilized. The explanation of the FFT for the ttme domain solution can

be found in [9]

2.4 Definitions of Rigid-Body Motions

Anry marine structures in the relevant sea conditions, waves, current, and wind will be subject to the
mduced loads and motions. The definttion of the motions of each structure 1s necessary because different
marine structures are relevant to different types of motions [1]. Motions of floating structures can be divided
mto wave-frequency motion, lngh-frequency motion, slow-dnft. and mean dnft motion [10]. The wave-
frequency motion 15 mainly linearly excited motion i the wave-frequency range of the sigmificant wave
energy. This motion 15 significant for a spar floatmg platform. which will be the focus of this research. High-

frequency motion 15 significant for TLPs platforms. In waves and currents, slow-drift motion and mean dnft
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motion are caused by nonlinear wave effects; and also, wind-induced doft and mean motion. Slow-dnift
motion anses from resonance oscillations; for a moored structure, it occurs m the surge, sway, and vaw [10].
Surge, sway, and heave are the oscillatory ngid-body translatory motions, in wlhich surge 15 the
longitudinal motion and heave 1s the vertical motion. The oscillatory angular motions are called the roll. pitch,
and yaw, m which roll 15 the angular motion about the longitudinal axis, and yaw 15 about the vertical axis.
Heave 15 an mmportant response motion for many manme structures, and the restoring force of the structure
may cause heave resonance that must be avoided. A deep draft spar extubits a small heave motion because
the deep draft 1s related to the waterplane area; therefore. it has a low possibility of heave resonance. Figure

2.2 shows an example of the definttion of ngid-body motion modes of a deep concrete floater [10].

FIGURE 2.2: Definition of the ngid-body motion modes for a deep draft concrete floater

2.5 Floater Hydrostatics and Upright Stability
Hydrostatic pressure o 1s the pressure distribution in a flid on a submerged body. It depends only on

the depth z with no sheaning stress [11]. The hydrostatic pressure can be defined as

= —pg (2-8)

Sl

Where g 1s gravitational acceleration 981 m/s. and p 1s a fhnd density.
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Hydrostatic restoning force provides stability for the floating structure attnbuted to the structure's
overall stiffness. Therefore. 1t 15 relevant to the platform motion and the natural frequency. The buoyancy
force acts on the centroid of the displaced fluad of the floating structure. The displaced volume of the structure

with n parts can be defined as

n

= Z v 29
=1

The centroid of the volumes m x. y. and z axes computed with reference to the keel pomt (K) are

1 ﬂ [y
T, Vixg IR, Viye IR, ?tzr) (2-10)

(Xp, ¥p, 2p) = ( v v v

In the static equilibrium, the structural wetght and the buoyancy force act on the center of gravity at the
same vertical lme i the opposite direction. When the structure tilts or rotates. the submerged geometry
changes. and the center of buoyancy 1s shifted. Here, the metacenter (M) 15 the point where the new action
line of buoyancy force intersects with the previous one, as shown i Figures 2.3 and 2.4 [12]. The distance of
this pomt to the center of gravity. so-called GM or metacentric height, expresses the mitial stabality of the
structure. If the GM 1s posttive, the floatmg structure 1s stable m that position. However, 1f 1t 15 negatve, the

structure will rotate until 1t achieves the static equilibrim pot [4].[12].

a.  Positive stability b, MNatural stability c. Negative stability

FIGURE 2.3: Stability conditions
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The metacentric height, referenced from keel K . 15 defined as

GM = KB + BM — KG (2-11)

FIGURE 2.4: Linear measurements in stabality

Here, KG 15 the height of the floater's center of gravity above the keel. KM represents the height of the
metacenter above the keel. The metacentric radms, the radius of the circle for the movements of "B" at amall

angles of the heel [12]. denotes by B M defined as;

BM ==~ (2-12)

In Equation 2-12, the term Iﬂ' means the moment of mertia of the waterplane area. When the x and
y-axes are defed as the longrtudmal and transverse axes. respectively, If the subscopt i 1s replaced with xx.

1t represents the roll motion. and yy represents the pitch motion.
The moment of mertia of area and moment of mertia of waterplane area of the closed polygon; or

known as vertices V (xy, ¥;) can be defined as shown in Figures 2.5 to 2.6 [13] and Equations 2.13 to 2.15.

respectively.
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FIGURE 2.5: Second moment of area: the moment of inertia of area
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b.  Cylmdncal geometry

FIGURE 2.6: Moment of mertia of water plane area

n
1
ey = E;{}’iz +vivin + J’[z+1)(x.!}’..!‘l - x.!-l-l.}'[l)
=1

n
1
Ly = EX(IEZ + XXy + Xf1) (XY = X141Vin)
=1

mn
1
Ly = EZ(-’QZ + XX + Xy + }"iz +¥yiyn + J’[z+1){x1}'11+1 — Xpp11)
=1

(2-13)

(2-14)

(2-15)

The hydrostatic forces affect the motion of the free-float body through hydrostatic stffiess or
hydrostatic restonng coefficients Cj; . wiich depended only on the waterplane geometry [1] For a

symmetnical waterplane body such as a spar with diameter D, the hydrostatic restonng coefficients Cyg

and Cgg 15 zero. and the moment of mertia of water plane area about all axis 1s [, = %.Hlenmmotﬂms

m the hydrodynamic stiffness matrx for a body with a symmetrical x — 2 plane assumimng small motion. can

be defined from the center of buoyancy (Z5) and the center of gravity (Z;) as [1].[10].
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Cazs = pgiyy

(2-16)

C35 =053 = —pg ﬂ;wpxn‘s (2-17)

Csa = pgV(Zg — Zg) + pg Lwi'zds = pgVGMr (2-18)
Css = pgV(Zg — Z5) + pg _U x*ds = pgVGM, (2-19)

Awp

Here A, 15 the waterplane area for a cylindncal geometry Aw,_,:sz_and V 15 the water's

displaced volume. GMy 1sthe transverse metacentric height and GM; 15 the longiudinal metacentric height.

Then the hydrostatic stiffness or hydrostatic restoning coefficients Cj; 15 defined as

00 0 0 0 0
00 0 0 0 0
100 G 0 s 0
%=loo 0 ¢, 0 o0 (2-20)
0 0 Cs 0 Css O
00 0 0 0 0

For a free float body assunung small displacement around the resting position. the lnear restoning

forces and restormg moment can be defined by [10].

Fr = —Cijny (2-21)

Where Fy, 15 the vector of restormg forces and 7); 1s the vector of displacements around the equilibrum
i

The stability of a gravity-based spar platform relies on buoyancy force and ballast Therefore,
hydrostatic restoration and upnght stability are cotical i the dynamic motion of the structure. In other types,
such as tension leg platform, which 15 very ngid m the vertical direction but flexible when subjected to
honzomntal motions. the stffness relies on the tendon or moonng lines rather than waterplane stiffness like a
spar.
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2.6 Floater Hydrodynamics
In this research, the calculation 1s based on the mumencal code WAMIT [14], wluch 15 a

rachation/diffraction program developed for the analysis of the interaction of surface waves with offshore

structures. Wost details are taken from [1]. [4]. [10]. and [14].

2.6.1 Potential Flow Theory

Potential flow theory can be accurate i predicting a large body's hydrodynamics forces that associate
with the nonzero relative veloctty of the summounding fhud and 1s not related to viscous effects [15]. In other
words, potential flow theory considers particularly boundary conditions of the natural flow fhud. It solves the
hydrodynanuc problem with a set of simphifications. Even though the lngh-order solution does exist, however
lineanization solution can reduce the complexity and provide prelnunary structural behavior dunng the
conceptual design process. Here, specific conditions are applied to the water and kanematics to reduce the
complexity. Water 1s defined as incompressible and homogeneous fluid; it 1s mviscid and has no vorticity [4].
These conditions allow the formation of the followmg equations.

If the water 1s mncompressible and homogeneous, we can have the equation of continuity as

—_— e — e —— .37
toot =0 (2-22)

Where u. v and w are the fhud velocity vectors m x. y, and z axes.

Ifthe fluid 1s mviscid and has no vorticity, then it 1s imotational and remaims constant. The fluad velocity
vector may be expressed by a scalar function. the velocity potential (¢b). Thus. the velocity vector (I}j can
be defined as the gradient (V) of the velocity potential Under this hypothesis, the hydrodynamic problem 1s

generated mn terms of the potential flow theory.
V =y (2-23)

The thud velocity potential reduces the contimuty equation to the Laplace Equation.
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If boundary conditions of the floating body surface. free surface, and the sea bottom surface (deep
water or mfinite distance from the body) are known. Together with the dynamic free surface and kinematic
boundary conditions are defined. the solution of the Laplace Equation can be obtamed. In practice, the problem

1s solved by expanding ¢ as a series of functions with increasing order [15].
¢ = e+ Poe (2-25)

Generally, loads related with ¢by (first-order wave load) and ¢b, (second-order wave load) are the most
significant problems of large floating bodies. The first-order problem 1s diided mto the radiation and
diffraction problems which are accurate in evaluating the hydrodynamics forces of a large body. The second-
order problem results m loads with different frequency (wi — @y) and sum frequency (wi + wj)
components. The difference-frequency wave loads excite low-frequency motions in the surge, sway, and yvaw

for typical floatmg structures and are important i the analysis of moormg systems [15].

In the linear solution, the fhud velocity potential ¢h(X5, t) m Equation 2 24 1s considered to compose

of two components: steady term or stead flow (). and unsteady term or oscillatory flow (tﬁ] which 1s

expressed by [4].
(o, t) = plx + Ut,x,2,t) = $() + $(Z,1) (2-26)

The unsteady term @(#, t) is composed of incident waves (incoming waves ¢/). diffracted waves

(¢"). and radiated waves (¢p®).
¢ =¢/ + " + pF (2-27)

Here, the radiation potential 15 the summary of the six oscillatory motions.
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¢" = Xcﬁf J = [1:6] (228)
=1

Finally, if the velocity potential 15 kmown, the fluid pressure can be deternuned by apphang the
Bemoulli Equation shown in Equation 2-29. Then the exciting force FE |, radiation force F®, and hydrostatic

force F¥ _ that acts on the structure can be obtamed [4].

i
p,0) = —p (32 +31V61 + g2o) (29)

Here, p(Xy, t) 1s the fluid pressure. p denoted as the fluid-specific mass, and g is the gravitational
acceleration. The hydrodynamic forces acting on the hull 15 the mtegration of the fluad pressure over the wetted

surface [4].

2.6.2 Wave loads on a Structure
Hydrodynanmcs forces are the ntegration of the water pressure field over the wetted surface of a ngid
body using the appropriate approach. It 1s dependent on the ratio of wave amplitude and size of the structure

comypared to the wavelength. as shown i Figure 2.7 [10].

!
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A
—-——
)
FEEEITTEEIIISE VisCOUg

FORCES

WAVE BREAXING

=Hr LIMIT ' e —
MASS
. FRCES
WAVE |
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FIGURE 2.7: Classification of wave forces



In Monson Equation. it 15 assumed that the structure 1s small enough so that 1t does not disturb the

pressure field around 1t. However, for the large structure, the existent body will change the pressure field.

Pressure effects on the floating structures may be draded mto

L

2.

Incident wave potential, the so-called mnertia or Froude-Erylov forces.

Radiation component due to relatrve velocity and acceleration between water and structure. Tt
assumes that the body 1s forced to oscillate m calm waters. As a reaction, the fluid exerts forces
and moments on the body, with therr related hydrodynamic added mass and damping forces. as
shown in Equation 2-30.

Diffraction component caused by diffracted waves on the body surface. Here, the structure 1s
assumed to be fixed and subjected to incident waves. For large-volume bodies, when the wave
A 15 much longer compared with the body length D (Figure 2.7). then the body 1s assumed not to

dhsturb the wave field around them: the diffraction effects can be negligible.

Radiation force 1s defined as

Fpi(w) = —ay(w)i; — by(w)x, (2-30)

where a;; and by are the added mass and radiation-damping coefficients. respectively.

2.6.3 Morison’s Equation

In flhwd dynamics. Monson's Equation serves to calculate the load on the structure by presenting them

as the sum of two force components: an inertia force and a drag force.

Momnson's equation for the fixed body m an oscillatory flow expresses by

1
F = pC,Vi +=pCiAu|u| (2-31)
—
Froude-Krylovv (Inertia)  Viscous (Drag)



In Equation 2-31, the first tenm represents the mertia or Froude-Krylov force. The second term is the
drag or viscous force. Here, 1t = % 15 the flow acceleration which 1s the time derrvative of the flow veloctty

u(t).and Cd and Cm are the drag and mass coefficients. respectively. The mass coefficient Cm = 1 + Ca.
and C, is the added mass coefficient. These coefficients should be calibrated based on experiments, but

reference values for typical cross-sections are provided i DNV-RP-C205 [16].

For a circular cylinder of diameter D in oscillatory flow, the reference area per unit length A = D_and

the volume per unit length V = “TDZ the formula 1s obtamned as follows [17].

2

D 1
F= pEmHTfa +Ep£‘dﬂu|u| (2-32)

Momnson's equation for the moving body i an oscillatory flow expresses by

1 .
F=pCuViu+—=pCild(u—v)|u—v|+pCy V(it —v) (2-33)
s 2 . S
Froude-Krylov Viscous Hydrodynamics Mass (Added Mass)
(Drag)

In Monson's Equation, the structure 1s assumed to be much smaller than the wavelength: hence, 1t will
not disturb the fhoud flow around them. Therefore, the fhnd flow acceleration 15 wiformy: the diffraction effects
can be ignored (Figure 2.7).

However, for a large structure, 1f the diameter of the body 15 not small compared to the wavelength,
diffraction effects must be taken mto account. Under this circumstance, the fhud flow becomes complicated
and attached to the structure. The flow deconposes to wave scattering, radiation. and diffraction components
as given m Equation 2-27. In thas work. the mumenical code WAMIT [14] 1s used for calculating wave loads
on the structure. It needs the 3D descoption of underwater geometry up to the mean water level. The geometry

15 discretized to the panel. which 1s descnbed by coordiates. Once the velocity potential 1s known, the pressure
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at the center of each panel is obtained from the linear term of the Bemoulli equation. Forces and moments of

the smx degrees of freedom are the pressure field mtegrated over the structure’s surface [4].

2.7 Constitutive Modeling and Time-Dependent Mechanics of Structural Concrete
In this research, the nonlinear behavior of concrete calculation is based on finite element cods COMS3 [18].
and most details are taken from [2].[19]. Unlike steel matenial. concrete 15 heterogeneous (non-homogeneous),
highly pressure sensitive, cohestve-frictional matenial. The compressive stress transfer 1s accomyplished by a
frictional force attributed to cement paste, aggregates. and remforcmng bars [2]. The stress-strain response of
concrete depends upon the rate of loading and the time history of loading. If the stress 1s kept constant for
some peniod of tume, the stram merease; this phenomenon is known as creep. If the straim 1s kept constant for
some length of ime, the stress will decrease; this phenomenon 1s known as relaxation [20]. When stress levels
m concrete exceed 70% of untaxial compressive strength. damage may occur in the form of creep rupture or
other defects. One key 1s contributed to the nonlineanty of softened compression. Here, near-peak and post-
peak regions are concemed i order to define the remaiming capacity of the structural concrete from the
structural safety point of view. There are two facts about structural concrete: first, confinement is very effective
for improving post-peak response, and second. time dependency becomes significant i the post-peak region.
Time-dependent constitutive models of structural concrete before and after cracks are discussing m thus

SES5101.

2.7.1 Elasto-Plastic and Fracturing Model in Compression

Time dependency becomes domunant when the stress levels m concrete exceed 70% of untazxial
compressive strength with regard to the nonlmeartty of compression softening after the post-peak region. At
this stage. damage may occur in the fonm of creep rupture within a shorter stress period. The loading rate
accelerates the damage bevond the peak shortening the period to collapse. The post-peak analysis 1s
concemned with structural safety, and the rate effect 15 becoming sigmficant m estimating the structure’s
capacity until it completely collapses [2]. To deal with this problem. the elasto-plastic fracture model 1s

proposed by Maekawa et al[19] . One system of uncracked concrete 1s composed of mfinttesimal elasto-
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plastic components mn parallel. The elasticity of concrete 15 attmbuted to the elastic deformation of coarse
aggregate and cement paste, which 1s a reversible reaction. It 1s modeled by Hook s law spring: each spring 1s
assumed to have different stiffness. The plasticity of concrete 15 an ireversible reaction represented by shiders,
contributed to the crushing of ar bubbles, slip between coarse aggregate and mortar, water movement
micropores of cement paste. etc. Concrete damage 1s assumed to occur when the elastic spnngs break. Here,
concrete stramn £ (the summation of plastic strain &, and elastic stramn £,) 15 used as the mndicator. Under
loadimg conditions, if no elastic spongs are damaged, we would have the perfect elasticity. However, if nuicro-
cracks and other defects occurred, we could say some elastic springs were broken. The total stress 15 taken as
the remanmng mtemal components presented by the fracture parameter Kp In other words, the fracture
parameter means the ratio of survived elastic springs. Figure 2.8 presents the elasto-plastic fracture model
(EPF) of uncracked concrete under compression [19]. This basic concept has extended to time dependency m

the form of the plastic rate function and damage rate function shovwn in Section 2.9,

::: [nitial condition A
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y4 L o0 oslress £y . elastic strain
s z g sbrain £, » plastic strain
p e E 0 : elastic stiffness K 0 : fracture parameter

FIGURE 2.8: Concept of elasto-plastic fracture model of uncracked concrete

After the concrete crack. due to the past loading lustory, the concrete stress becomes complicated
because of stress transfer along the crack and bond stress interfacing between concrete and remnforcmg bars.
The elasto-plastic fracture model can be used to express compressive stress parallel to the crack direction of
the crack concrete, under loading. unloading. and reloading conditions. or the energy absorption dunng the
cyclic load path. Compression field theory found that tensile stram causes damage that worsens strength and
stiffiness [19]: hence. under cyclic load, 1t has to be approprately taken mto account; otherwise, capacity can

be overestimated. Figure 2.9 presents the umaxial compression model parallel to the crack [19].
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FIGURE 2.9: Untaxial compression model parallel to crack

2.7.2 Model for Tension and Bond

After concrete crack attributed to the past loading history, the tensile strength of concrete decreases
because of the contimmum fracture under compression. Remforced concrete (RC) can stll support the part
under tension even after cracking because of the bond mterface between the concrete and reinforcing bar. This
phenomenon 1s known as the tension stiffenmg effect. which mcreases the overall stiffness of RC mn tension.
Figure 2.10 presents the space-averaged tension stiffening model [19]. Here the curve control parameter ¢
(the stfferng parameter). has been obtained from past expenments. For deformed bar ¢ = 0.4 and 02 for

welded wire mesh.

GI 'r I-I
| T j a1z
- 1 - g |
A i w10
average .f.rrn_:ul crack plane ? 0s
N AN 2 o5
Stresses in concrete | E ’
— | = 047
averags ! [
AN DA S
(AR, PN =
51 1 : i 0.1 0.2 0.3 04
SRresses i Shie Tensile strain &y (%)

FIGURE 2.10: Stress distnbution and space-averaged tension stifferang model

However. for the plamn concrete, it was found that the stram softens after cracking due to the localization

of single crack and tensile stress release [19]. This phenomenon 1s known as the tension softening effect. m
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which the fracture energy is dependent on the dimension of the specimen. Figure 2.11 presents the tension

softening model for plam concrete [19].
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FIGURE 2.11: Tension softenmg curves adjusted based on fintte element length

After cracking. under the cyclic reversal load. the crack will open when the load 15 given (loading). but
when the load 1s removed (unloading). the crack opening close, and the crack surface of the opposite side re-
contact agam. Even though the opening does not perfectly close or recover. however, some amount of
compressive stress can be transferred across the crack attmbuted to fragments of concrete. the roughness of
coarse aggregate, shear shp. and bond action. Figure 2.12 presents the re-contact model [19] wiuch the re-
contact stress will be added to the compression or tension model to form the total normal stress transfer of

cracked concrete [19].
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In RC, the bond stress transfers from deformed bar to concrete derrved from the bar hugs pushing
against summounding concrete. There are two functions i the bond between concrete and steel: interface
friction attnbuted to fine ageregate and mechamcal lock due to aggregate and bar lugs. Figure 2.13 presents

the mechamism of RC bond and the formation of a tensile crack [19].

Finbte element domain
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[a} bomd actions af bar's lug of deformed b (b} primary cracks

FIGURE 2.13: Mechamsm of bond and formation of tensile crack

In FE analysis, the mechanical lock 1s rarely possible to model since 1t needs to model a very fine finite
element mesh of each lug. On the other hand. the zero-thickness bond link element 1s placed between steel
and concrete element to deal with mterface bond‘'micro behavior [19]. Here, the bond-slip-stram model 1s
presented to consider the magmitude of damage mn concrete. Figure 2.14 presents the relation between bond
stress. slip. and strain [19]. The bond stress 1s affected by the compressive strength of concrete and the stramn
distribution of the rebar. which 15 related to the rebar diameter. The three parameters of bond., slip, and strain

have a mutual relationship; therefore, concrete strain can be expressed m tenms of slip and bond stress.

Sirain

a=hm
Distance from loaded end

FIGURE 2.14: Unique relation between bond stress, shp, and stramn

_78-



Under the reversed loading. the reduction in the tension stiffness of RC element after cracking can be
attributed to bond creep and cracking in the new section. Time-dependent plasticity and fracturing are the keys
of accumulated damage under tenston. Siilar to the compression model. the tensile fracture parameter K.
which stands for path-dependent mstantaneous fractunng, time-dependent tension creep. and accumulated

damage, 15 considered to the constitutive model shovwn mn Section 2.9.

2.7.3 Contact Density Model (Shear Transfer Model)

Stress transfer across crack contact may affect the deformation behavior and overall capacity of the
F.C and the structure. For normal concrete, the shape of the crack surface 1s rough regarding the crack path
gomg along the coarse ageregate, which 15 different from the lightweight of lugh-strength concrete m that the
crack path cuts through the aggregate. In nommal concrete, when the opening crack is subyected to shear
displacement or shear ship. the surfaces on the opposite side move relatively to each other and touch i some
locations. Here, it transmits shear and nommal compressive stress, which 1s depended on concrete strength and
aggregate size. The contact density function. using a simple tngonometric function. 1s proposed based on the
past expenments show m Figure 2.15 [19].
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FIGURE 2.15: Contact density of each direction

For a crack width, the contact area 1s larger for a rough surface crack; here, the effectrve contact area

denoted by K 1s mtroduced to present the effect of crack width attnbuted to the maxmmum size of coarse
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aggregate. Finally, the contact stress transfer at any unloading-reloading paths can be derived by numerical
mtegration by transfornming the crack displacement m the global coordinate to the local coordinate since the
constitutive model 15 defined with respect to the local coordinate. However, i FE analysis, the vigorous
mtegral formation 15 not conventent to directly mmplement m the fimte element program; the simpler shear
constitutive law, which directly computes shear stress from shear strain, 15 used mstead; details can be found

m [19]. The unloading and reloading curve of the simplified shear model shows in Figure 2. 16 [19].
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FIGURE 2.16: Shear transfer model for one-directional crack

2.8 Constitutive Model of Concrete with Multi-Directional Cracks

At present, an advanced concrete constitutive model that can consider cracks m up to 6 directions has
been developed and mmplemented m Finite Element Code COM3 [18], which 1s adopted m this research The
constitutive models were developed for the specific path-dependent nonlineanty of reinforced concrete,
mainly attnbuted to cracking remforcement plasticity, and bond mteraction between concrete and
remnforcement [19]. Before the concrete crack. the 3D elasto-plastic fracture model based on contimuum
mechanics 15 adopted for the uncracked concrete. After the concrete crack. the stress mechanism becomes
anisotropic m the crack direction. The constitutive laws of cracked concrete are presumed to comprise stress
transfer parallel to the crack axis. stress transfer nommal to the crack axis. and shear transfer along the crack,
which can be derrved from a stramn developed i the RC element. Figure 2.17 shows the spatially averaged

stress of plam or remnforced concrete elements according to the cracking state [19].
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In order to deal with the nmlti-directional crack condition, the active crack has been proposed. The
assumption 1s that, in multiple directions. when more than one crack occurs and the cracks mtersect with
neighbormg cracks. the most nonlmeartty will concentrate in the larger crack because stress transfer across the
crack 1s depended on crack width Here, the first active crack 15 selected based on tensile strain (as the logic
that cracks occur when tensile m concrete s greater than tensile capacity). and the crack coordinate 1s applied.
cracks m other directions can be 1gnored [21].[22][23][24]. Under loading condition. the active crack and
crack plane 1s re-judged based on the normal stress computed from the spatially averaged RC constitutive
model with quasi-orthogonal bi-directional cracking. This method has been extended to allow for more cracks
m 3D stress fields. Figure 2.18 show the switch coordinate with the active crack concept [19]. Figure 2.19

shows the crack concrete stress based on active crack [19]]21].
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2.9 Constitutive Model of Concrete for High-Cycle Fatigue in Compression,
Tension, and Shear

To consider the time-dependent-highcycle damage. the direct path-integral scheme is proposed
and enhanced to compression tension stiffenmg-softemng, and shear transfer models. The proposed
differential formula is verified by high cycle-fatigne experiments of dowel bars and pullout of
reinforcement crossing a joint of structure concrete [2], [19]. The cyclic degradation is expressed by
incremental plasticity and damage with respect to time and concrete strain Here, the fracture parameter

K 1s defined m the compression model. This value shows the capacity to store the elastic straimn energy,



and the elastic strain path controls the damage evolution Damage under high cyclic compression is
expressed by the fracture degradation mate A [251[26]. For the tension model. the tensile fracture
parameter K7 is a scalar to stand for path-dependent instantaneous fracture, time-dependent creep. and
accumulation of fatigue damage [27]. Parameter X is assumed as fatigue damage of shear transfer based
upon the contact density model and formmilated by Gebreyouhannes [25][26][28]. Factors related to

fatigue of the concrete model are histed m Figure 2 20 [19] and summanzed i the followmg section.
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FIGURE 2.20: Constitutive laws of concrete structure for hugh-cyele fatigue

2.9.1 High Cycle Fatigue of Concrete in Compression
The compression model of concrete 1s based on the scheme of elasto-plastic and fracture [27]. The
basic constitutive equations for expressing the elasto-plastic and damagmg concepts can be expressed as given

as

E= g+ & (2-34)
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The compressive stress o associated with the elastic stram and compression fracture parameter

K. defined as

o= Eye. K, (2-35)

Here, £ 1s the total compression stramn, &, 15 elastic strams, &, 1s plastic stram, and Ej 1s the mitial

stiffness of concrete. The rate of plasticity £, and the rate of damage K. are expressed as

de, = 9% dt + 9% d 2-36
=\t 3z, ) 5 (2:36)
dK -(ﬂKf)dH (aKf)d 237
=\t 3, ) “ce @37)

The stram mcrement indicates the instantaneous nonhneanity of the plan concrete as

de de dF, dF
—r_ —P) - _ |2 B = 7.
( ﬂsg) 0 when E, > 0,and ( ﬂsg) ( ase) / ( ﬂep) when F, =0 (2-38)

aFk)
oK K (
( ‘)=A whean{ﬂ,and( ‘)= A0, +A when F, =0 (2-39)

de, de, aF,
‘ “ (o)

A 15 the accumulated damage rate which defines the mstantaneous damaging of unconfined plam

concrete, which validated the plastic potential Fp and the damage Fk by the expenments. The relevant

parameters are defined as
F, = & —0.038 [exp [n%) - 1] (2-40)
Fi = K — exp[-0.738(1 — exp(—1.258))] (2-41)
! 7 (242)
B = ~035 In [1— 2[]]]
A= K*(1-K)*g.R (243)
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E—Eerp (2-44)

EE‘ LAY

R=9%%; y= —

0.6 . (2-45
g= 1T 10G0R=D when de, < 0, otherwise g =0

Where, K 15 the remaining effective volume, R 1s the effect of stram amplitude m hagh nonlineanty, y
mdicates the nomalized amplitude corresponding to updated stress vanation. &, ¢, denotes the tuming pomt

of compressive elastic stram. and £, 1,5, 15 maximum elastic stramn.

In order to apply for igh-cycle fatigue, the slow-rate creep associated with ambient states i micro-
pores becomes predominant at the nuddle and lower stress levels [2]. The simple linear creep rate represented

by the hnear viscous plasticity considered to cover the whole range of stress 15 added to the plastic rate function,

a
?Etz ; then. the rate fimctions of plasticity and damage are given as

d&, _ de, ) de, _ & (2-46)
at _¢(ﬂt)h’ (ac )b'n‘034[ex”[?] 1
_ el oKk oK K
‘P—Exp[—ﬁ Eé—z]‘ ; E—(ﬁ)hﬁx:ﬂ f[K—Fk_I]‘ (2-47)
&= 45(lp-u.5(1-exp (-ser]]] (2-48)

K — F, < 0.95. otherwise =0

Where, ¢ indicates the reduction factor m terms of the plastic evolution, and & 15 the integral

acceleration.
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2.9.2 High Cycle Fatigue of Concrete in Tension

Concrete 15 known as one that exlubits particularly large creep defonmation. even under daily workang
stress. Tensile fatigue of concrete 15 attributed to bond creep detenioration with delay the cracking of the
concrete, crack propagation, and reduction of tension stiffness of RC members after the mitial craclang
[24].[29]. Slar to the compression model. the tension nonlinearity 15 assumed to be govemed by fracture
damage rooted i cracks and expressed by stress and stram. Tensile stress o 15 associated with elastic stramn

&, and fracture parameter K as
o= 'EUEE‘KT (2-5[})

The fracture parameter Ky 15 a scalar and standing for path-dependent mstantaneous fracturing, tume-

dependent tension creep, and accumulated fatigue damage. Hence the total increment 1s given by
dK; = Fdt + Gde + Hde (2-51)

where, H 15 the mstantaneous evolution of tension fracture defined as

H= —(1+a) [;;_C—I] e%.e7@%2) . whende > 0and € = Emax (2-52)
(1]
H=0,whende < 00r < £nay

where £, 15 the crack stram equal to 2} / Ej. and £, 15 the maximum tensile strain m the past strain

history measured from the compressive plastic straimn
et 15 (.4 for RC; however, for plamn concrete, 1t depends on the fracture energy m tension and the
size of fimte elements [30]. Here, the rate of damage 1s formulated m terms of S as,

_ EoKre

S
fe

(2-53)

where, f; 1s the umaxial tensile strength. and the rate of time-dependent fracture denoted by F as
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F= —1075.5% (Ky — 0.5)* when £,4, < & (2-54)

F= —107%.5°% wheng . = £

The cychc fatigue damage in tension after cracking 15 expressed by 7 as

[¥
Gds = Kr (““‘ ).df; Gon = [ (Z—:) (2-55)

Tenp

This formula 1s apphed to the non-cracked state with g, /7, =1.0.

The rate of the stiffness decrease was proposed from the onginal contact density modeling as [27]

T=X. T, (8, ) (2-56)

- oo [ Q) 2ot

where, T, 15 the transferred shear stress_ § 1s the shear slip and w denotes the crack width, and X 15

the fatigue evolution factor to show the stiffness reduction of accumulated mtnnsic shear deformation [27].
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CHAPTER 3
COUPLED DYNAMIC ANALYSIS OF A FLOATING WIND TURBINE

3.1 Introduction

The aim of this chapter 1s to determine the feasible geometry of a concrete spar floater supporting a
100W offshore wind turbine. After that. the dymamic behavior of the spar coupled with the reference wind
turbine, steel tower, and moonng lmes will be numencally mvestigated m the couple dynamic analysis. The
first trial geometry of the spar 15 defined to aclueve hydrostatic stability m parametnc and sensitrvity analysis
by not considermg the moonng system. The motion behavior under wave action of the structure will be
evaluated using WAMIT [1]. and coupled dynamucs analysis duning the operation of the wind turbme
structure will be performed by OpenFAST [2]. Cross-spectral analysis of the ngd body 1s performed to
mvestigate the response motions of the proposed model and thereby ensure that the spar can be apphed to
support an RWT. The coupled dynamics simulation outputs in the time domain will be applied as the forces
m the FE analysis of the concrete. Figure 3.1 shows the concept of mterfacing modules employed to achieve

coupled dynamic and concrete FE analyses, which the yellow backeround 1s operated by OpenFAST.

i =g
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FIGURE 3.1: Interfacing modules emploved to aclueve coupled dynamics and concrete FE analyses
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3.2 Parametric Analysis

In the conceptual design presented in this research. the platform 1s considered to be a simple cylindrical
hull comprising two parts: a submerged part that cames the ballast tanks and an emerged part that consists of
fatrleads for the moonng lines and the tower connection. Nonmal concrete compressive strength 41 MPa with
a density of 25 kKN/m’ is considered in the design of spar concrete. The ballast control system is designed
considering the spar stallation process to compnse both solid ballast (black blast fumace slag with a unit
weight of 28.00 kN/m”) and liquid ballast (seawater with a density of 10.26 kN/m®). Each part of the spar is
defined using 11 parameters. labeled A to K. m the parametric analysis. The parameters A. D, and E are
modified to aclieve a feasible mitial trial geometry. Figure 3.2 presents the niamn spar dimensions and vanables

considered m the parametnic anabysis [3].

Parametnic vanable
A-Hull drafi
TOWER
L [ COMMECTION ZOME
. I 58 s | B: Hull air gap
S 1 S
I Unes C: Hull tower connection
D: Hull external diameter
- E: Hull thickness

F: Hull internal tank diameter

G- Hull mtemnal tank thickness

H: Hull mternal wall thickness

I: Fixed ballast height

J- Water ballast height

K: Bottom hd

FIGURE 3.2: Main dimensions and vanables of the spar considered during the parametric analysis.
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3.3 Sensitivity Analysis
A feasible spar geometry, regardless of the moonng system emploved. must have sufficient hydrostatic
stability as required by DINV's restniction [4]. The IEA 10-MW EWT [5] 1s used as a reference wind

turbine, and the key parameters are shown m Table 3.1.

TABLE 3.1: Key parameters of the IEA 10-MW EWT

Parameter Value

Wind Regime IEC class 1A

Fotor Orientation clockwise rotation-upwind
Control variable speed. collective pitch
Cut-in wind speed 4m's

Cut-out wind speed 25 m/s

Fated wind speed 11 m's

Rated electrical power 10 MW

Number of blades 3

Rotor diameter 198 m

Hub diameter 46m

Hub height 1190 m
MMinimum rotor speed 6.0 pm
Maximum rotor speed 8.68 rpm

Blade mass 47.700 kg (each)
MNacelle mass 542 600 ke

Tower mass 628442 kg

The spar diameter D 15 vaned from 12.00 to 24.00 m to detenmine a feasible geometry, and the hull
thickness E 15 varied from 0.45 to 0.85 m, considered to be within the range of appropriate prestressed concrete
thickness. The metacentric height (GM) and pitch angle are restncted mdicators used to characterize the target
structure. The lower hmit of GM is set to 1.00 m. and the upper hmat of the pitch angle 1s set to 7.00° [4].
Figure 3.3 shows the sensitivity analysis results of feasible geometries with five different hull thicknesses. The

results mndicated the preferability of the first trial geometry with a diameter of 18.00 m. thackness of 045 m,
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draft of 123.00 m. GM of 7.32 m. and pitch angle of 6.98°. These dimensions are confirmed to satisfy the

mitact stability criteria [4] and are therefore applied m the subsequent analysis.
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FIGURE 3.3: Sensitivity analysis of spar dimensions at different hull diameter and thicknesses

3.4 Hydrostatic Modeling

The hydrostatic properties at the equilibrium of the coupling model. comprising the target spar, RWT,
and moonng lines, are evaluated using EDToolsX® to prepare the model for hydrodynamic analysis using
the WAMIT code. In this case, mooring lines are included as an external linear stiffhess matroe m the WAMIT

model [6]. The EDToolsX® software [7], which calculates the full stiffness matrx using the formulation



presented in [8)], 1s used to evaluate the stiffness matrix. The non-diagonal terms attnbuted to the degree-of-

freedom coupling are also considered. The moonng line characteristics and coordinates are presented i Table

3.2, with each line at an angle of 120. The full-scale coupling model 15 presented in Figure 3.4

TABLE 3.2: Mooring system properties and coordinates

Line no. Material Chain diameter [m] Unstretched length [m] Moonng load [Ton]
Line 1 R4 stud 0095 550 104 96
Line 2 R4 stud 0095 550 10067
Line 3 R4 stud 0095 550 10067

Lineno. Anchor X [m] Anchor Y [m] Anchor Z [m]

Line 1 500 0.00 =220
Line 2 =250 43301 =220
Line 3 =250 —433.01 =220
Lineno. Fairlead X [m] Fairlead Y [m)] Fairlead Z [m]
Line 1 8.50 0.00 125
Line 2 —425 736 125
Line 3 —425 =736 125
200 4
E ’ . A
rJ
I\ " :
-200 - E— —
: = B0
00 — \\ 400
e N
Y mi 500 -4D0 ¥ [rm]

FIGURE 3.4: 3D view of the trial geometry including the mooring lines in Edtoolsx®
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3.5 Hydrostatic Equilibrinm

Table 3.3 shows the results of the main parameters at lydrostatic equilibriim. The structural properties
of the couphng model under no-wmd conditions are listed i Table 3 4. The results show that the spar diameter
D needs to be adjusted to 17.00 m. the fixed ballast height (solid ballast) I to 10.50 m. the water ballast height
J 0 5.73 m. and the hull thickness E to 0.60 m at hydrostatic equilibrivm. The final required draft 15 relatvely
close to the prebmimary geometry obtamned using a simple calculation: however, the spar diameter changed
owing to the inclusion of the moorng and ballast system. The nghtigheehng moment curves of the final
spar geometry at static equilibrum are shown m Figure 3.5. The hydrostatic property obtaned from this

section will be applied i the subsequent coupled dynamuc analysis.

TABLE 3.3: Trial geometry parameters

Parametric vanable [m]
A: Hull draft 120.00
B: Hull aur gap 10.00
C: Hull tower connection 5.00
D: Hull extemal diameter 17.00
E: Hull thickness 0.60
F: Hull mtemal tank diameter 8.00
G: Hull mtemnal tank thickness 0.40
H: Hull mtemnal wall thickness 0.40
I: Fixed ballast height 10.50
J: Water ballast height 5.73
K: Bottom hd 0.60
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FIGURE 3.5: Righting'heeling moment

TABLE 3.4: Spar properties at equilibrium condition

Structural property Value
Structural mass [ton] 26.965.00
Moonng vertical load [ton] 30631
Displacement [ton] 27.227.05
CG [m] ~021.0.00.51.53
CB [m] ~0.00. 0.00. 60.04
Draft [m] —120.08
GM [m] 10.63

3.6 Environmental Condition

3.6.1 Wave Condition

In this study, wave conditions from locations around the Japanese coast are selected and described
using the Intemational Ship and Offshore Structures Congress (ISSC) spectrum [9], as shown in Figure 3.6,
m which T'p represents the peak penod of the wave spectrum, and Hs represents the sigmificant wave height.
Three wave conditions are evaluated i this study: operational. storm., and centenary. The iregular wave

condition parameters for each condition are listed 1n Table 3.5 [6].
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FIGURE 3.6: ISSC wave spectrum for the selected Japanese environmental conditions

TABLE 3.5: Irregular wave condition parameters
Condition  Significant height (Hs)  Penod of peak (T'p)

Operational 250 9.00
Storm 9.60 13.50
Centenary 4.00 16.10

The ISSC spectrum can be expressed as follows.

Suw(f) =%up(—%) G-1)

where f represents the wave frequency and f;, represents the frequency of the peak of the wave
spectrum. defined as:

f = 1.25f, (3-2)
The a and £ parameters m Eq. (1) are expressed as follows:

a = 0.1107HZf* (3-3)

B = 04427f* G4
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3.6.2 Wind Condition

The wind conditions applied with irregular waves in the coupled dynamics analysis are

listed in Table 3.6.

TABLE 3.6: Wind speed condition parameters

Condition Wind speed U [m/s]
Mazximum operation 11.00
Cut-out wind speed 25.00
Typhoon 4190

3.7 Coupled Dynamic Analysis

3.7.1 Verification of Coupled Dynamic Model and Resonance Assessment

For the hydrodynamic stability and motion anabyses, the response amplitude operator (RAQ), defined
as Equation 3-5. 15 used to access the frequency-domaim hnear wave-body responses of the spar platform [10].
The FAOs mn the sway, roll. and yaw motions are found to be nearly zero because of the symmetnc condition
for a wave mcidence of 0°. The RAOs of the surge. heave, and pitch motions computed by WAMIT and
OpenFAST without wind conditions at wave incidence 0° are shown m Figure 3.7.

Compansons of the results obtamed using WAMIT and OpenFAST are undertaken to validate the use
of the OpenFAST model under conditions with waves only also shown mn Figure 3.7. Although OpenFAST
exhibited small deviations owing to the coupled dynamic response under the operation of the ServoDyn, wind
turbine control systen. the results imphed good agreement with WAMIT in terms of surge and heave motions
under no-wind conditions. However. this coupled dynamic response decreased the pitch motion response.
The effects of the wind turbme operation on the pitch motion must be therefore investigated m future stuches.

The maximum amplitudes of the RAOs represent the resonance phenomena from wiuch the
platform’s natural peniod can be derved. Ocean waves possess significant energy m the 5-25 s peniod range
[11]; the RAO results indicated that the natural peniod of the spar structure 1s beyond this range, except for the

heave motion. The natural period for heave 1s 22.00 s, nearly the same as the ocean wave peniod; however,
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this 15 beyond the expected range for the mstallation location considered i this study [12], as mdicated by the
wave spectra in Figure 3.6. These results mmply that the proposed FOWT structure can avoid any structural

resonance mduced by wave excitation.

WAMIT 2|
i QpenFAST
08 ? WAMIT
1.5 OpenFAST
o 0.6 | - z
g s E
i - I |
C 04 g o
:: ’ : Ve
I
0o 0.5
rd .____.-'/
ol o _
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T [s] T [s]
a. Surge motion b Heave motion
0.5
WAMIT
OpenFAST
0.4
E
F o3l
b=}
0 _
o 0.2
0.1 y
0
0 & 10 15 20 25 a0
T[s]
c.  Pitch motion
FIGURE 3.7: RAQ companson of WAMIT and OpenFAST results without wind
3.7.2 Spectral Analysis of Rigid Body Motion

A spectral analysis considermg ngid body motion 1s then conducted to estimate the dynamic properties

of the proposed model under actual mput wave and wind conditions to confinm thas behavior [13].
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The power spectrum of motion response can be calculated as

Su(f) = |RAO(H)I*S () (3-5)

where i represents the i-index comesponding to the DOF . wlach 1s 11, 33, and 55 for surge, heave,
and pitch motions, respectively, and 5, 1s the power spectrum of the wave.

The variance of the motion response can be estimated at the 0® moment my as
3-
mo = [ Su()af 9

Then. the significant motion response Hs can be computed as 4,/m,.
The significant response Hs of the cross-spectrum analysis using the three sea states

presented in Figure 3.6 and Table 3.5 are presented in Table 3.7.

TABLE 3.7: Spectral analysis results using WAMIT

WANIT
Wave Surge Hs Heave Hs Pitch Hs
Operational 037 0.01 041
Storm 298 1.80 232
Centenary 1.60 241 106

Examples of spectral analysis results are shown in Figure 3 8. in which the power cross-
spectra in the surge. heave, and pitch motion responses attributed to storm conditions are
presented together with the corresponding input wave ISSC spectrum. The results show that
significant response motions are much smaller than the input wave energies. This confirmed the

structure successfully avoids structural resonance induced by wave excitation.
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FIGURE 3.8: Power spectra of motion response attributed to the stonm condition

3.8 Coupled Dynamic Analysis Results

The examples of the force distnbutions along tower height at wind speed 11 m's under storm wave

obtamed from OpenFAST and the tower base forces mn the tme domiain at the same condition are presented
m Figures 3.9 and 3.10. respectively.
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FIGURE 3.9: Local tower load distribution at wind speed 11 m/s under storm condition
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In this research. the highest forces selected from the dommant case of coupled dymamics simlation
outputs n the time domain of OpenFAST will be apphed to the FEM as static forces. The tower base and
moorng forces of the mine evaluated cases indicate the stonm condition with a rated wind speed of 11 mfs
yielded the highest tower base forces and moonng forces, as presented in Table 3 8. These results are expected
because the rated wind speed of the RWT 1s set according to the maximum rotor thrust that can be
accommodated by ts control system [5]. These forces will be applied as the 20-time-step-monotomc static

load m consequent FE analysts.

TABLE 3.8: Maximum force obtained from coupled dynamic analysis

Operational Condition Strom Condition

Parameter

11[m's] 25[m's] 419[m's] 11[m's] 25[m's] 41.9[m's]
Max PwrBsFt [KIN] 2954 2046 -1194 3422 3354 -2907
Mean TwrBsFxt [KIN] 1385 538 =205 1318 536 =205
Max PwrBsFyt [KIN] -372 -947 111 -722 -1232 262
Mean TwrBsFyt [KN] 71 381 0 66 380 0
Max PwrBsFzt [KN] -13537 -13480 -13404 -13609 -13568 -13533
Mean TwrBsFzt [KIN] -13468 -13382 -13327 -134467 -13379 -13323
Max PwrBsMit [KN m] 47661 102025 -10711 80551 128953 -25624
Mean TwrBsMit [KNm] 18493 50098 -3 18003 499462 -7
Max PwrBsMyt [KN m] 261274 162804 -178273 305523 -291623 -344843
Mean TwrBsMyt [kN.m] 102501 18364 -72361 97250 18187 -72367
Max PwrBsMzt [KN.m] 3160 18407 4110 9841 30200 7808
Mean TwrBsMzt [KN .m] 861 12399 0 905 12293 -1
Max PtfnSurge [m] 23 1 2 21 11 4
Mean PtfnSurge [m] 15 8 2 15 0 2
Max Heave [m] 2113 5 5 6 6 6
Mean Heave [m] 1548 5 5 5 5 5
Max Pitch [°] 3 3 1 3 4 3
Mean Pitch [°] 0 0 1 0 0 1
Max RoThrust [kN] 2113 1150 412 2343 1610 753
Mean RoThrust [kN] 1548 721 175 1510 716 175
Mean MoorTension [KN] 7916 2363 15590 7514 2386 1623
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TABLE 3.8: Maximum force obtained from coupled dynamic analysis (continue)

Centenary Condition

Parameter

11 [ms] 25 [m's] 419 [m/'s]
Max TwrBsFaxt [KIN] 2988 2103 -1163
Mean TwrBsFxt [KN] 1350 538 205
Max TwrBsFyt [KN] 319 964 125
Mean TwrBsFyt [kN] 71 381 0
Max TwrBsFzt [KIN] -13590 -13534 -13449
Mean TwrBsFzt [KIN] -134587 -13382 -13327
Max TwrBsMbct [KN m] 42608 103313 11512
Mean TwrBsMit [kKN.m] 18402 50079 6
Mo TwrBsMyt [KN m] 259181 165663 -168402
Mean TwrBsMyt [KN m] 100778 18378 -72347
Max TwrBsMzt [KN m)] 3297 20783 -2562
Mean TwrBsMzt [kN.m] 839 12385 0
Max PtfmSurge [m)] 22 11 3
Mean_PtfmSurge [m)] 15 8 2
Max Heave [m)] 6 6 6
Mean_Heave [m] 5 5 5
Max Pitch [°] 3 4 2
Mean Pitch [°] 0 0 1
Max RoThrust [KN] 2207 1231 375
Mean RoThrust [KN] 1534 720 175
Mean MoorTension [KIN] 7781 2340 1590

The motion statistics obtained by the time domain calculation m OpenFAST, calculated considenng
only the steady-state range of the time senes are presented i Table 3.9. For the OpenFAST calculations, the
wind conditions presented m Table 3.6 are utihized to observe the impact of the wind turbme operation on the
motions. Combinations of different wave conditions and wind speeds are also considered. as presented
Table 3.9. Notably, wind turbine operation increases all sigmficant motions of the platform. particularly the

pitch motion, mmplying that wind effects must be considered m any further optimization processes.
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TABLE 3.9: Motion statistics obtained using OpenFAST

Ivlotion statistics (OpenFAST)

Wind Surge Surge Heave Heave Pitch Pitch
Wave condition

speed Hs Hineax Hs Hmex Hs Hmeoe
Operational No wind 0.78 3.08 0.04 045 049 1.81
Operational 11 mfs 5.69 2349 0.10 034 761 592
Operational 25mfs 248 11.34 0.08 041 7159 583
Storm 41mfs 330 6.92 097 1.37 1.84 587
Centenary 41mfs 202 581 0.89 1.16 097 3.80

3.9 Conclusion for Chapter 3

A precast segment prestressed concrete spar platform mtended for mass production capable of

supporting a 10 MW offshore EWT 15 developed and successfully demonstrated mn this study as an altemative

to a steel spar. The following conclusions are dravwn from the obtamed results:

L

[

The proposed concrete spar can be applied to support an RWT. The structure 1s shown to avoid
the structural resonance mduced by wave excitation, as confirmed by a spectral analysis that
mdicates sigmficant response motions that are much smaller than the input wave energies.
The motions of the wind turbine determuined by OpenFAST calculations indicate that the wind
turbine operation mereases all siemificant motions of the spar, particularly the prtch motion. The
wind effects nmist therefore be ncluded m fiurther spar design optinuzation processes.

A rated-wimnd speed under the storm condition. in which the waves extubit their nghest energy.
can be considered as the dommant case for the design of the spar. The highest forces can be
expected at the rated wind speed because at this value, the rotor thrust coefficient that governs
the rotor thrust force generated by the control system of the EWT 15 the highest. Although the
typhoon condition produces the lnghest wind speeds, this wind would result in a relatrvely small

thrust force as the control system will manipulate the wind turbine to shut 1t down.
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A
B
C
CG

COB

DOF

fo

FE

FOWT

GM

Humax

H;

i

ISSC

Max PtfinPitch
Max PtfmSurge

Nomenclature in Chapter 3

hull draft length

hull air gap length

hull-tower connection length
center of gravity

center of bouncy

hull external diameter

degree of freedom

hull thickness

wave frequency

peak of the wave frequency spectrum
hull mternal tank diameter
finite element

floating offshore wind turbine
hull internal tank thickness
metacentric height

hull internal tank wall thickness
maximum wave height
significant wave height

fixed ballast height

i-ndex corresponding to DOF
International energy agency
International ship and offshore structure congress
water ballast height

bottom lid height

maximum platform pitch angle

maximum platform surge motion
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M TwrBsFxt maxumum tower base shear force in the x direction
Max. TwrBsFyt maximum tower base shear force m the y direction

M TwrBsFzt maxtmum tower base shear force i the =z direction

Max TwrBsMt  maximum tower base bending moment in the x direction
Max TwrBsMyt  maximum tower base bending moment i the y direction
Max TwrBsMzt  maximum tower base bending moment in the z direction
M RoThrust maxtmum thmst force of the wind turbine rotor

Mean MoorTension mean moormng line tension

Mean PtfmPitch  mean platform pitch angle

Mean PtfmSurge  mean platform surge motion

Mean TwrBsFxt  mean tower base shear force in the x direction

Mean TwrBsFyt  mean tower base shear force m the y direction

Mean TwrBsFzt  mean tower base shear force in the = direction

Mean TwrBsMt  mean tower base bending moment in the x direction
Mean TwrBsMyt  mean tower base bending moment in the y direction
Mean TwrBsMzt  mean tower base bending moment in the z direction

Mem RoThrust  mean thrust force of the wind turbine rotor

MSL mean sea level

RAO response amplitude operator

RAON response amplitude operator of surge motion
RAOs; response amplitude operator of heave motion
RAOss response amplitude operator of pitch motion
RWT reference wind turbine

S1 power spectrum of surge motion response
S533 power spectrum of heave motion response
Sss power spectrum of pitch motion response

Sw power spectrum of wave
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thickness

Ty peak period of the wave spectrum
u wind speed
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CHAPTER 4
MODEL TEST

4.1 Introduction

The aim of this chapter 1s to investigate the hydrodynamic behasior of the proposed spar under wave
action. One of the indicators to vahidate this behavior 1s the Response Amplitude Operators (RAOs), wluch 1s
the response of the model to the wave, developed from model testing. In the expeniment, the spar-scaled model
1:100 1s excited by three wave conditions, and the response motions are captured. Once the time domain of
the recorded waves and response motions are successfully converted to the frequency domain and presented
m terms of the power spectrum. RAOs can be defined. Then RAOs of the expenmental results and the
simulation analysis can be compared. The expermmental results are converted by applying Froude Scaling to
represent the actual scale. The results show fairhy good agreement with the numerical analysis m terms of the
surge and heave motions; however, i pitch motion, the analysis shows higher RAO. The natural periods of
the model obtamed from the expenment are bevond the range of the waves, confirmed the model can avoid

resonance phenomena mduced by wave excitation. The results are consistent with the full-scale analysis.

4.2 Experiment Setup
4.2.1 Reduced Scale Model

The model designed for the experiment 1s 1/100 of the full-scale analysis model whach 1s represented
a long draft spar floater. as shown i Figure 4. 1a. and the reduced scale model 1s shown in Figure 4.1b. The
Froude Scaling [1] 1s apphied to this expenment (Table 4.1). It 15 the most commonly used in the water wave
problem because mertia 1s the most predommant force m the system. The Froude law considers the effect of
gravity on the system and contams the gravitational acceleration term which can be defined as the ratio of
mertia to gravitational force developed on an element submerged m fhud [1]. The mam dimensions and

properties of the floater are shown m Tables 4.2 and 4.3, respectively.
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(a) The mamn dimension of the scale model [mm] (b) A figure of the reduced scale model

FIGURE 4.1: Mamn dimensions and mass distribution of the scale model

TABLE 4.1: Scale factors using Froude Scaling
Charactenistic Scale Factor Charactenistic Scale Factor

Length [m] A Mass [kg] 22
Tmme [s] ALz Natural period [s] alz
Force [N] A2

TABLE 4.2: Main dimensions of the floater

Dimension Prototype Full Scale  Model Scale (1/100)
Draft 120 [m] 1200 mm
Diameter 17 [m] 1700 mm
Hull Thickness 0.6 [m] 600 mm
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TABLE 4.3: Main properties of the floater

Property Prototype Full Scale  Model Scale (1/100)
Structural mass 26.965 [ton] 27.1 [ke]
Water Displacement 27227 [ton] 27.1 [ke]
Water Line 120 [m] 1200 [mm]
cG 51.53 [m] 467.8 [mm]
CB 60.04 [m] 582.6 [mm]
GM 8.66 [m] 1163 [mm]

4.2.2 Wave Tank Setup

The expermments are perfonmed in a towing tank at the University of Tokyo. The dimension of the tank
15 85.0m x3 5m x 24 m (length x width x depth). The model 15 mstalled around 50 m. away from the wave
generator [2]. Four hontzontal moonngs composed of wires and springs are attached to the model to keep it in

posttion and prevent it from drifting. Details of the expenmental setup are shown mn Figure 4.2.

‘ 85m

i 50m

JOVIHHVYO
N39O IAVM
(5]

(5
3

FIGURE 4.2: Expeniment setup and towing tank dimension

In the wave expeniment, the six-degree-of-freedom (DOFs) motions of the model and the mcident
wave are measured. The SDOFs nigid body motions of the model are defined as the motion of the center of
gravity. The floatmg body motions are captured by the Qualysis® Optical Motion Capture System. having
four cameras. The wave probe 1s mstalled between the wave generator and the experimental model [2].



4.2 3 Environmental Conditions

Expenments under aregular waves are conducted under three different wave conditions, operational,
storm, and centenary. Each wave 1s performed in three wave signals. In the case of storm conditions, wiich
proceed highest wave energy, the wave height 1s reduced to 8 cm. to avoid the influence of wave reflechion
due to the himitation of the towmng tank The peak periods Tp and significant wave height Hs of each wave
condition are shown i Table 44. The ISSC spectra of the prototype full-scale wave and model-scale are

shown m Figure 4.3 [3].

TABLE 4.4: Irregular wave in full-scaled analysis and the model test

Significant Wave Heiglts (Hs) Peak Period (Tp)
Conditions Prototype Full Model Scale Prototype Full ~ Model Scale
Scale (1/100) Scale (1/100)
Operational 2.5 [m] 2.5 [cm] 9.0([s] 0.90[s]
Strom [m] 8.0 [cm] 13.5[s] 135([s]
Centenary 4.0 [m] 4.0 [cm] 16.1[s] 1.61 [s]
120 B 10
£ —— Operational Operational
100 Tp=135s Starm Btorm
He = 9.6m Centenary 8 Tp=135s Cantenary
., Hs = B.0cm .
80 "
o -
E 60 =
= / | z Tp = 161
“ . / |\ Tp=16.1s b 4 Ho = 4.0cm
Tp=90s | A Hs = 4.0m Tp=09s .
20 Hz=2 Em * ' 2 Hs = &.5cm
e — | 2
0 et A S . o e :
o 5 10 15 20 25 30 D 05 1 15 2 25 3
Wave Period [s5] Wave Period [g]
(a) Prototype full-scale wave (b) Model scale wave

FIGURE 4.3: Prototype full-scale wave and model-scale wave

The recorded wave amphitude m the time domam and the conversion to the frequency domain of the

mregular waves performed in the expenment are shown m Figures 4.4 to 4.6. We can observe that the
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operational wave proceeds the most energy between 0.5 Hz and 2.5 Hz_, the storm wave has the most energy

between 0.5 Hz and 2.0 Hz. and the centenary wave also has the most energy between 0.5 Hz and 2.0 Hz, as

shown in Figures 4 4b to 4.6b respectively.
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FIGURE 4.4: Operational wave’s signal and spectrum
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4.3 Response Motion of the Model
Two maimn experiments are conducted for the spar model test, the first 15 a free vibration test without

waves to define the natural frequency of the model. Second 1s the expermment with waves to observe the

response of the model under wave action.

4.3.1 Free Vibration Tests

The goal of the free vibration test 1s to define the natural frequency of the model i the condition without
waves. Here, the initial forces are grven to the model m 6DOFs, wlach are surge, sway, heave, roll, pitch. and
yaw motions. The model responds largely at first when the matial forces are given and gradually stop. as can
be observed in Figure 4. 7a to 4. 12a; then the process is repeated agam for few times. The motion responses
the time domain are captured. shovwn m Figures 4. 7a to 4.12a. and later they are converted to the frequency

domaimn presented m Figures 4.7b to 4.12b.
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(a) Surge response amplimde (b) Surge response spectrum

FIGURE 4.7: Surge motion response obtained from free vibration test
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FIGURE 4.10: Roll motion response obtained from free vibration test
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FIGURE 4.12: Yaw motion response obtamned from free vibration test

Here, we can observe very small peaks in some range of frequencies, but the highest peaks are clear to
be seen (Figures 4. 7b to 4.12b). In the free vibration test without waves, the response energy of the structure
15 not disturbed by the wave energy, the response represents the structural response ttself. therefore, a clear
peak 15 expected to be observed in each motion. The natural frequency of each DOFs can be defined at the
highest peak of the response spectrum. which means a specific range of frequency that the structure will
respond largest When w,, 1s the natural frequency of the structure unit Hz; the natural peniod can be defined

by
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The natural frequency and the natural period of the model scale obtained from the free vibration test

are shown mn Table 4.5.

TABLE 4.5: Natural periods obtained from the free vibration test
Degree of Freedom Natural Frequency w, [Hz] Matural Peniod Ty, [s]

Surge 0.088 1135
Sway 0.089 11.29
Heave 0.459 218
Roll 0379 264
Pitch 0382 262
Yaw 1429 0.70
4.3.2 Experiments with Waves

The goal of the expenment with waves 1s not only to define the FAOs. but also to confinm the natural
peniod of the structure; and to access the resonance phenomena that nust be avoided. The motion responses
m the time domaim ofthe expeniment with wave are captured and converted to the frequency domain presented
m Figures 4.13 to 4.30. Unlike the free vibration test, the response spectra of the model under wave action
show several peaks attnbuted to wave energies disturbing (Figure 4.13b to 4.30b). However. the highest peak
of the response spectrum, which means the natural frequency of each DOF of the model can be clearly
observed particularly m surge, heave, pitch and yvaw motions. The natural peniods of the structure under wave

actions, computed from Equation 4-1, are shown m Table 4.6.

TABLE 4.6: The peak period obtained from the experiment with wave

Peak Period Tp [s]
Degree of Freedom
Operational Stonm Centenary

Surge 11.56 1136 11.69
Sway 12.12 1162 11.76
Heave 217 216 216

Raoll 0.89 195 265
Pitch 264 262 263
Yaw 0.69 0.69 0.69
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FIGURE 4.15: Heave motion response obtatned from operational wave
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FIGURE 4.17: Pitch motion response obtained from operational wave
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FIGURE 4.18: Yaw motion response obtained from operational wave
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FIGURE 4.21: Heave motion response obtained from storm wave

-T73-



| 35107
l
3
qr o
S § 257
= 2f E
g g’
g0y g5t
o
< El
o
4F 05y, 4 hﬂpﬂ%&
i uquh | *w#ﬂhF“U%wAmw
100 200 00 400 500 00 o 05 1 15 2 25 3
Time [5] Frequency [Hz]
(a) Response amplitude (b) Response spectnun
FIGURE 4.22: Roll motion response obtamned from storm wave
5r 3,.1|:|<'
25
Ei 8
: : -
é or g 15
= =]
z £
3
05
-5 o _.ﬁ._) |~J|" M-
100 200 300 400 500 0 05 1 15 2
Time [5] Frequency [Hz]
(a) Response amplitude (b) Response spectnun
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157 , 2107
1l
= Enﬁ
s of =
- Eﬂﬁ
ERED g
E- At Fo4
A5 &
02 |
2
25 p temmatelrimtern o b
100 200 00 400 500 00 o o5 1 15z 25 3
Time [5] Frequency [Hz]
(a) Response amplitude (b) Response spectnun

FIGURE 4.24: Yaw motion response obtained from storm wave
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FIGURE 4.25: Surge motion response obtained from centenary wave
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FIGURE 4.27: Heave motion response obtained centenary wave
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In Figures 4.13b to 4.30b, we can observe a first peak occurred at very low-frequency ranges (for
example, Figure 4.30b), particularly m sway, roll, pitch, and yaw which are the low responses motions.
However. 1t doesn’t occur in the high response such as surge and heave motions. This 15 supposed to be the
effect of moormg spnngs mstalled to protect the model from drfting. Therefore, the natural peniods shown m

Table 4.6 has not considered this first peak.

To confirm the structure’s natural period. the comparison between responses under the free vibration
test and the expenment with waves are compared and shown i Table 4.7. It can be noticed that the natural
peniods obtamned from the free vibration test are close to the expenmment with waves, except for the roll motion,
which shows the different natural peniods i each wave condition. However, for a cylindncal spar, we can
observe the low response motions m sway, vaw, and toll (Figures 4.13b to 4.30b). The RAOs of sway, vaw,
and roll motions are also almost zero (Section 4.3.3); therefore, the sway. yaw, and roll motions are not
significant for a cylindncal symmetrical shape spar and are possible to be neglected in the motion analysis.

Compared with the peniod T'p of the waves (operational 0.9s. storm 1.35s, and centenary 1.61s from
Figure 4.3b). the natural periods of the model scale shown m Table 4.7 are beyond the range of the waves.

Therefore, 1t can avoid any structural resonance mduced by wave excitation.

TABLE 4.7: Comparson of natural periods between free vibration and wave tests

Free Vibration Test Expeniment with Waves [s]
DOFs [s] Operational Stomm Centenary
Surge 1135 1156 1136 11.69
Sway 1129 1212 11462 11.76
Heave 218 217 216 216
Roll 264 0.89 195 265
Pitch 262 264 262 263
Yaw 0.70 0.69 0.69 0.69
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4.3.3 Comparison of the Respanse Amplitude Operators (RAOs)

One goal of model testing 1s to develop the Response Amphtude Operators or RAOs. wlach 1s the
magnitude of the hinear transfer function H (ew) between force fimction and response function [1]. i other
words. it 15 the response of the model to the wave. When the time domaim of the recorded waves and response

15 converted to the frequency domain. the RAQs can be defined as

|H(w)I? = |IRAO(w)I* = Syy(@)/Sxx(w) (4-2)

where the 5, (w) 15 the autospectral energy density spectrum of the wave shown m Figures 4 4b to
4.6b. and S, (@) 1s the corresponding spectral density function of the responses, shown m Figures 4.13b to
4 30b. The plot of RAOSs results linuted the x-axis at the most energy range of each wave condition. are shown

mFigures 431 to4.33. (The RAOs m sway. roll, and vaw are found to be zero, which are not presented here).
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FIGURE 4.31: RAQs of the operational wave
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FIGURE 4.33: RAQs of the centenary wave

By applying Froude Scaling. the expenimental results can be converted to the actual scale. then RAOs
of the expenmental and the theoretical results can be compared. The RAOs 1s the linear transfer function. and
1t 1s nondmmensional: therefore, only the peniod T'p 1s converted to the actual scale using the scale factor shown
m Table 4.1. The companson of the RAOs between analytical results using numenical code WAMIT and the
expenmental results show in Figures 4.34 to 4.36. In numencal analysis, viscous damping 15 linearized;
therefore, it retums the linear RAOs shown in the WAMIT results. On the other hand, viscous damping of the

real flud flow can be nonlinear; thus, we can observe the fluctuated line in the expenmental results.

Figures 4.34 to 4.36 show good consistency trends between WAMIT and the experiment, particularly
m terms of the surge and heave motions; however, numerical results show higher responses for the pitch

motion which needs more mvestigation. Regarding the trend of the responses, these findings are consistent

with the full-scale anabysis m Chapter 3.
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FIGURE 4.34: RAOs comparison of the operational wave
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FIGURE 4.36: RAOs comparson of the centenary wave

Considerng the larger pitch motion of the mumerical analysis using WAMIT compared to the
expenmental results. three sources of the cause could be possible: the difference m mertia, viscous damping,
and hydrodynamic added mass (Equation 2-33). The inertia force 1s computed based on the platform’s mass
and moment of mertia of waterplane area; therefore. for a cylmdnical shape spar that 1s symmetnc mx — y
axes, 1t 1s supposed to be linear and constant. However, viscous dampmg and the hvdrodynanuc added mass
of the ngid body under the real flud flow can differ from the theoretical analysis. The lower responses of the
expenmental results may mply that there 15 higher damping in the actual flud flow or there 15 higher
hydrodynanic added mass m the numerical analysis model Pitch motion should be uvestigated more m

firture studies.
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4.4 Conclusion for Chapter 4

The expernment with waves of a spar-scaled model 1:100 is pedformed m the towmg tank The

response motions are captured to confirm the hydrodynamic model under wave actions. Based on the

expenmental results. the following conclusions have been obtamed.

L

[

It 15 observed that moonng springs mstalled to protect the model from dnfting may affect the
response motions. particularly in the low response such as roll pitch, and yaw motions, as can
be observed m the occurrence of a first peak at near-zero frequencies of the response spectrum.
The natural periods 1 6DOFs obtained from the free vibration test are close to the expermment
with waves (except for the roll motion). Therefore, the natural periods” range of the structure 1s
confirmed.

The RAOs in the sway., roll. and yaw of the spar are found to be zeroes; therefore, the sway,
vaw, and roll motions are not sigmficant for a cylindncal symmetncal shape spar and are
possible to be neglected m the motion anakysis.

The RAOs companson of the expernment and analyvtical analysis shows fairly good agreement
i terms of the surge and heave motions; however, the analytical results show higher responses
in pitch motion.

The difference m the pitch response between analytical and expenmental results 1s supposed to
cause by viscous dampmng and hydrodynanuc added mass. The higher viscous damping 15
expected i the real fluid flow, or i another case. 1t has higher hydrodynanuic added mass in
the numenical analysis model.

The results show the natural periods of the scale model are away from input waves; therefore,
it can avoid structural resonance induced by wave excitation.

The results obtamed from the model test are consistent with the full-scale analysis; therefore,

the hydrodynamic model 1s confirmed.

-81-



Nomenclature in Chapter 4

CcG center of gravity
CB center of bouncy
DOF degree of freedom
GM metacentric height
Hs significant wave height
H(w) linear transfer function
M1 mass number 1 (plate 1.5 kg)
M2 mass number 2 (tower 1.79 kg)
M3 mass number 3 (deck 0.514 kg)
M4 mass number 4 (spar model 5.73 kg)
M5 mass number 5 (plate 0.9 kg)
M6 mass number 6 (plate 5 kg)
M7 mass number 7 (plate 6.5 kg)
M3 mass number 8 (plate 6.5 kg)
RAO response amplitude operator
Sxx(w) the autospectral energy density spectrum
Syy (@) the corresponding spectral density function of the responses
T, peak period of the wave spectrum
Ta the natural period
iy the natural frequency
A scale factor
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CHAPTERS
CONCRETE FINITE ELEMENT ANALYSIS AND STRUCTURAL DESIGN

5.1 Introduction

This chapter aims to mvestigate the non-linear behavior of the proposed concrete spar floater
supporting a 10MW floating offshore wind turbine and design structural concrete. The forces at the tower
base and fairlead position are taken from the most donunant case of the couple dynamic analysis performed
by OpenFAST, mentioned i Chapter 3. The predommant hvdrodynamic pressure applied on the spar surface
15 taken from WAMIT. Finally, numernical analysis performed by Finite Element Code COM3 15 utilized to

capture the stress and strain distnbution and design structural concrete.

5.2 Finite Element Model

In this research, the Finite Flement Code COMS3, Concrete Model for 3Dimensional
problems developed by Maekawa et al. [1], 1s utilized to conduct non-linear behavior assessments
of the prestressed concrete spar. The constitutive models implemented m COM3 were developed
for the specific path-dependent nonlineanty of reinforced concrete, mainly attributed to cracking,
reinforcement plasticity, and bond interaction between concrete and reinforcement [1]. After the
concrete crack, the stress mechanism becomes anisotropic in the crack direction. The constitutive
laws of cracked concrete are presumed to comprise stress transfer parallel to the crack axis, stress
transfer normal to the crack axis, and shear transfer along the crack, which can be derived from a
strain developed in the RC element.

The FE model's mesh size of the proposed spar concrete 1s determined based on the function
of each part to ensure the FE analysis captures the system behavior while mimimizing the solution
time. The COM3 convergence index order 1s set between 0.1%—1% or less than 3% of the total
number of Gauss pomts i the non-linear event [2]. The final FE model 1s composed of 35,420
elements and 44,029 nodes. The mimimum steel mesh size 1s set to 3.8 x 4.0 x 70 cm to capture

the effects of high-stress localization 1n these parts; the mesh 1s set to various larger sizes for the



concrete parts, with a maximum size of 120 x120 x 200 cm. Figure 5.1 shows COM3 FE model

mesh details.

FIGURE 5.1: COM3 FE model mesh details

5.3 Material and Boundary Condition

The conceptual design developed in this study 1s based on a normal concrete compressive
strength of 41 MPa. The reinforcing bar Class SD40 with a yield strength of 390 MPa and a tensile
strength of 560 MPa, 1s emploved in the design. The reinforcement ratio is approximated using
the initial design estimation considering the requirements of each part [3]. A reinforcement ratio
of 0.1% 15 applied in all directions for the tower and fairlead connections. The remnforcement ratio
of 0.7 % 1s applied in the x-direction and y-direction and 1.4% in the z-direction for the concrete
hull to represent the prestressing tendons investigating stress-strain distribution at the beginning
of FE analysis. Steel matenial class 5355 with a yield strength of 355 MPa as defined in the
European standard DIN EN 10025-2 [4] 1s applied to the steel tower and preliminary designed

steel connection systems. Table 5.1 lists the concrete and steel materials utilized 1n the FE model.
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The bond interface between concrete and steel matenial 1s modeled by the bond element
under Mohr-Coulomb’s frictional law with a frictional coefficient y of 0.6. In other words. a bond
element 1s a thin element that transfers the force between two materials through the fictional force
without any deformation; therefore, the stiffness of the bond element can be large to prevent any
deformation. The bond element properties adopted on the contact surface are shown in Table 5.2.

The diameter of 15 mm of low-relaxation seven-wire strand class 270, with a tensile
strength of 1850 MPa with VSL multi-strand system class EG6-7 [5]. 15 considered to be stressed
by an unbonded post-tensioning system in the design. The ballast control system 1s designed
considering the spar installation process comprising both solid ballast (black blast furnace slag
with a unit weight of 28 kN/m®) and liquid ballast (seawater with a density of 10.26 kN/m?) [3].
Three lines of R4 stud diameter of 95 mm and unstretched length of 550 m. with each line at an
angle of 120°, are applied as moorning lines.

Fairleads connecting the mooring lines are placed above mean sea level (MSL). considered
to be restrained in the horizontal direction. The bottom end of the spar 1s constrained in the vertical

direction to avoid any instability in the FE analysis under the assigned boundary conditions [3].

TABLE 5.1: Concrete and steel material properties

Concrete Steel

Iaterial property Fatrleads and Class SD40  Class 5355

Ful tower connection  deformed bar
Initial stiffness [MPa] 22x10° 22x10° 2.1x10° 2.1 x10°
Poisson ratio 020 020 03 030
Unit weight [KN/m?’] 2500 2500 78.50 78.50
Tensile strength [MPa] 2.60 2.60 560.00 630.00
Compressive strength [MPa] 41.00 41.00 - -
Yield strength [MPa] . . 390.00 355.00
Reinforcement ratio % (x.v.Z)  0.7.0.7.14 0.1.0.1.0.1 - -
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TABLE 5.2: Bond element properties

Matenial property Bond
Shear stiffness in closure mode [N/mm®mm)] 2.0 x10°
Nommal stiffiess m closure mode [N/mm?/mm] 22 x10°
Frictional coefficient 0.6
Shear stiffiiess in open mode [N/mm*/mm)] 098
Normal stiffness m open mode [N/mm’/mm] 098

5.4 Hull Concrete under Water Pressure

In this study. hull concrete submerged in seawater 1s mvestigated. The mmpact of water
pressure on the hull concrete is investigated by applying only the hydrostatic and hydrodynamic

pressure to the hull surface. The load from upper part of the spar 1s not considered in FE analysis.

5.4.1 Hydrostatic and Hydrodynamics Pressure
Hydrostatic pressure 1s straightforward and depends on the water depth. It can be computed

directly by the pressure formula as

P = pgh (5-1)

Where g is gravitational acceleration 9.81 m/s, p represents the density of seawater 10.26 kN/m™ and

h denotes the water depth.

Hydrodynamic pressure, however, is taken from the predomunant case of numerical
analysis performed by WAMIT. The results show the storm wave with the wave heading
(incident wave) of 180°, peak pertod Tp of 13.5 seconds given the maximum pressure, as found
in the WAMIT pressure file. This 1s expected because a storm wave proceeds with the highest

energy mentioned in Chapter 3. The plots of hydrodynamic pressure exciting on four faces of the

-87-



hull surface are shown in Figure 5.2. The hydrostatic and hydrodynamic pressure profiles applied

to the COM3 FE model are shown in Figure 5.3.
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FIGURE 5.2: Hydrodynamic pressure excites on four faces of the hull surface using WAMIT
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FIGURE 5.3: Hydrostatic and hydrodynamic pressure profile applied to FEM.
From Figure 5.3, we can observe the hydrodynamic pressure has the lughest potential near the sea
surface and decreases m deep water, oppostte to hydrostatic pressure. In the case of a deep draft spar. the

largest hydrostatic pressure s observed at the bottom part, while the hydrodynamc pressure 1s relatively small
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This becomes one of the disadvantages of a spar floating platform compared to other short draft floating

platform concepts.

5.4.2 FE Analysis Results of Spar's Hull Concrete under Large Pressure

In order to mvestigate the hull concrete under this large pressure. only the pressure forces computed

from hydrostatic and hydrodynanic pressure shown m Figure 5.3 are applied to the COM3 FE model
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Despite that. there 1s concerming the structure could fail under the large hydrostatic pressure; however,
the analysts results show the hull surface becomes under compression indicated by ultimate tensile stram (200
ue) [6] as shown mn Figure 5.4, This is attnbuted to enough thickness of hull concrete; i this case, the
hydrostatic pressure fumctions as confinement. Therefore, the assumption of applying fixed in the vertical axis
at the bottom end of the spar in the boundary condition 1s reasonable.

In Figure 5 4. we can observe the tensile stramn m concrete doesn’t exceed the ultimate tensile strain,
the mdicator of microcrack generating due to matenal softening [1]. Although there 1s small tension on the
hull concrete, it 1s near zero and can be neglected. Therefore, 1t 1s not necessary to design circular prestressing
tendons to resist any tensile force in the honzontal axis due to the water pressure. Only the vertical prestressing

tendons need to be designed to resist the forces from the top part durmg the wind turbine operation.

5.5 Hull Concrete’s Sectional Design

In this section. the prestressed concrete design of the hull section will be first approximated

and designed by hand calculation: after that, it will be implemented in the FE model.

5.5.1 Free Body Diagram
As the results obtained from section 5.4, it 15 reasonable to simplify hand calculation by

considering only the forces transfer from the top part of the spar to define the design bending
moment of the section. Therefore, the forces applied to the structure are composed of the tower
base forces and mooring tensions obtained from Chapter 3. which 1s presented in Table 5.3. The
free-body diagram of the structure has been defined based on the structural deformation observed

in Figure 5.4, shown in Figure 5.5.
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5.5.2 Design Flexural Bending Moment
The design bending moment obtained from Figure 5.5, which 1s the combination of tower

base forces and mooring tension about the x-axis and the y-axis. 1s expressed in Equations 5-2

and 5-3
MX = —T =108 — Fy * 130 + Mx (5-2)
MY = Fx * 130 + My (5-3)
TABLE 5.3: Maximum force under the operational and storm conditions
o Operational Condition Storm Condition
Description
11 [m's] 25[m's] 419[m's] 11[m's] 25[m's] 41.9 [m's]
Fx [kN] 2994 2046 -1194 3422 3354 -2907
Fy [kN] -372 947 111 -722 -1232 262
Fz [kIN] -13537  -13480 -13404 -13609  -13568 -13533
Mx [kN-m] 47661 102025 -10711 80551 128953 -25624
My [kN-m] 261274 162804  -178273 305523 291623 -344843
Mz [kN-m] 3160 18407 4110 9841 30200 T808

Moonng Tension T [kN] 7916 2363 1590 7514 2386 1623
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It 1s found that the operational condition. wind speed 11m/s. vielded a maximum bending
moment MX of 855,627 kN-m. Therefore. this moment will be kept as the design bending

moment in subsequent analysis.

5.5.3 Ultimate Moment Capacity of a Circular Section Prestressed Concrete
The ulttmate moment capacity of the section can be defined by applying the assumption of ASCE/PCI

(1997) and ACI318 (ACI 2008) [7]. Figure 5.6 shows the concrete stress area and assumed stress distibution

accordmng to [7].
£ =-0.008— - 0.85f,
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g .
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Strain Cﬂmp- Ten.
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FIGURE 5.6: Concrete stress area and assumed stress distribution m a circular section

when:
C. = 085fc'Aa
Aa = compressive area of the annular concrete section defined by equivalent stress block £, C
By = 0.85 for concrete strength f¢'of 27 MPa: 0.757 for fc' of 41 MPa, and the minimum value 1s
0.65
C = extreme compressive fiber to the natural axis (where stram g = 0)

KC = 0.58,C
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The assumptions to define ultimate moment capacity are as followmgs;

- The ultimate moment capacity of a cicular at any given cross-section 15 a function of the
prestressing steel and concrete strains.

- Steel and concrete are considered in the elastic and plastic ranges, respectvely.

- The concrete compressive stress at failure 15 0.85f ¢ (as taken from equivalent stress block
methodology).

- The ultimate concrete compressive strain 1s £, = 0.003.

- The yield steel stram 1s £, = 0.01.

- The concrete tensile strength 1s neglected mn flesoural computations.

- The tensile strength of the prestressing tendons 15 neglected 1 the concrete compressive zone.

- The tensile strength of remnforcmg bars 15 neglected.

- The conditions of compatibility and equalibrium are met.

The tensile capacity of the section can be expressed by

Ts = ZApsifs (54

The nommal moment capacity of the section 1s defined as

M, = Tie; + EE(E - Kf) = APS[fEﬂE[ + f:ﬂ(f: - KC‘) (5—5}

The ultimate moment capacity of the section 15 defined as

M, = ¢M, (5-6)

¢ = 09

By tnal and emror until compatibility and equilibrmim are met, the prestressed tendons were arranged

to the hull section of the FE model. using 36 positions, with distancing between center to center of the adjacent
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tendons 15 10 degrees. Each position compnses 19 tendons uthzing low-relaxation 7-wire strands diameter of
15mm. Class270.

Figure 5.7 shows the stress and strain distribution of the section and the sectional design when the
conditions of comypatibility and equilibriim are met (T, = C.). The results. without considenng the safety
factor ¢b, show the nominal flexural capacity My, = 1.392.163 kEN-m. And by applying safety factor ¢p =
0.9, the ultimate flexural capacity can be defined as M,, = 1,252,947 kN-m whach 1s greater than the design

bending moment MX of 855,627 kIN-m and satisfied.
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FIGURE 5.7: Stress and stramn distribution of the section and the sectional design at equilibrivm

5.5.4 Interaction Diagram of the Section

In order to confinm the sectional capacity obtamed from section 5.53 1s capable of resisting the forces
transfer from the wind turbine durmg operation. the mteraction diagram of the section 15 determined m five
control pomts [8]. The capacity of the section at each pomt wlich 1s pure tension, pure moment. tension-
control. balance pomnt (or compression-control), and pure compression, are shown in Table 5.4, where Ma 15
nominal flexural capacity, and Ny 15 nonunal axial capacity.

The plot of the mteraction diagram 15 presented as the M- diagram and shown m Figure 5.8. The
results indicate the design section can withstand the force transferred from the wind turbme to the prestressed

concrete spar dunng wind turbine operation.



TABLE 5.4: Sectional capacity and the assumption at each control point

) UG PY Na Factor $Mn dMNn
Pont
[kN-m] [kN] ¢ [kN-m] [kN]
Pure Tension 0 178114 0.90 0 160302
T = LAF,
Pure Moment 1392163 0 0.90 1252947 0
Ts=C,
Tension-Controlled 1382527 -67156 0.90 1244274 -60441
g = —0.003, ¢, = 2.5¢,
Balanced Point 1454464 -217638 0.65 945401 -141465
g = —0.003, g, = 1g,
Pure Compression 0 -1131446 0.65 0 -735440
g, = —0.003,&, = 0.003¢,
<10°
) —#—nfactor
10 + 5Pure Compression s Eaelar
8 .
E
N\
4 Balance Point
g 4
=
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é 2 Control
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FIGURE 5.8: M-N diagram of the section at five control points
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5.6 Tower Connection and Fairlead Connection Design

The connection between the steel tower and concrete spar as well as the famrlead connections are
expected to have high potential stress concentrations because the forces transferred directly to these locations,
causing a large deformation m the elements. As these commections are located above MSL., hydrostatic and

hydrodynamic pressure have not been considered in this present FE analysts.

5.6.1 Study Cases and Loading Conditions

Table 5.5 shows five study cases of the FE analysis. C51 and C52 aim to observe the stress-
strain distribution of the normal concrete models with remforcement ratios of 0.1% and 1%
without any connection design. After that. in CS3, CS4, and CS55, tower-connection design,

mooring connection design and prestressed design will be applied to the model.

TABLE 5.5: The five study cases of FE analysis

Case Case Details

Cs1 A pormal remforced concrete (RC) with a 0.1% remforcement ratio
Cs2 A normal RC with a 1% reinforcement ratio

Cs3 Applied a preliminary designed tower connection to CS1

C54 Applied a prelimmary designed moonng commection to CS3
CS5 Applied preliminary designed prestressing force to C54

In this study, the highest forces selected from the dominant case of coupled dynamics
simulation outputs in the time domain of OpenFAST will be applied to the FEM as static forces
for a conservative structural design [3]. As presented in Table 5.3, the results mdicated that a
storm condition with a rated wind speed of 11 m/s yvielded the highest tower base forces and
mooring forces. The maximum tower base forces and mooring tension are therefore applied at the
bottom of the steel tower and fairlead connections. respectively, as nodal forces with 20-timestep

monotonic static loads.
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5.6.2.1 Siress-strain concentrations of the FE model without connection systems

Study case C51 is characterized by a normal reinforced concrete (RC) with a 0.1%
reinforcement ratio. Localized stress and strain values without applying any connection systems
and prestressing force are shown in Figure 5.9. For normal concrete, if the strain in concrete 1s
greater than the ultimate concrete tensile strain (200 pe), the microcrack starts to generate due to
the material softening [1]. Thus, the red-highlighted area in Figure 5.9a represents the critical
locations that must be strengthened to control crack development. Figure 5.9b presents the
principal tensile stress. Although the red zone 1s higher than the concrete tensile strength (2.60
IPa). this stress can be transferred by the reinforcing bars because it remained within the elastic
range of the steel material (yield strength of 390 MPa). Figure 5.9c shows that the principal
compressive stress of concrete 1s mostly less than the concrete compressive strength utilized 1

this study; therefore. the normal concrete with a compressive strength of 41 MPa 1s applicable to
design the proposed spar.
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FIGURE 5.9: Stress-strain localization of normal R.C with a 0.1%% reinforcement ratio

Study case C52 1s charactenized by a normal RC with a 1% reinforcement ratio. In this
case, the higher reinforcement ratio of 1% 1s applied to the FE model. The results show smaller
red areas than C51, as presented in Figures 5.10a and 5.10b. This means tensile strain and tensile
stress decreased due to more steels being implemented. However, the analysis results indicate that

the stress-strain concentration still has a high potential at the steel-concrete connection parts.
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Thus, it is necessary to design the connection system and prestressing force at the critical locations

shown in the red zone of Figure 5.9a and 5.10a.
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FIGURE 5.10: Stress-stram localization of normal RC with a 1% remforcement ratio

5.6.2.2 Tower-spar connection design

In study case C53. a preliminary designed tower connection to the model of normal RC
with a 0.1% remnforcement ratio 1s applied. In this study case. the steel tower-spar concrete
connection 1s designed by considering the critical area mentioned above. The preliminary
embedded steel ring with triple rib layers 1s first utilized, as shown i Figure 5.11a and the detailed
drawmgs presented in Figure 5.11b. This designed connection functions to lower and limat the
concrete tensile strain developing cracks under the tower base. The analysis results show the
pattern of strain distribution changed after implementing the designed steel ring. as presented in
Figure 5.11c when compared to Figures 5.9a and 5.10a. The strain has now accumulated in high
concentrations at the steel ribs and fairleads. The tensile strains of the critical elements located at

the top rib and at the fairlead location are still much greater than the ultimate tensile strain.

(a) Tower connection (b) Detailed drawings [cm]  (c) Maximum principal strain
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FIGURE 5.11: Prelimmary designed tower connection and stran localization after mstallation
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5.6.2.3 Fairleads connection design

In study case C54. a preliminary designed mooring connection to the model of normal RC
with a 0.1% reinforcement ratio installing tower connection (C5S3) 1s applied. In this study case,
the fairlead region is then investigated. This area 1s subjected to large tensile force transferred
from moornng lines to the spar concrete. Rather than resisting by the remnforced concrete, this
force 1s considered to be resisted by the two layers of a steel ring with triple connection plates
shown i Figure 5.12a, and the detailed drawings presented in Figure 5.12b. The strain
distribution after implementing this preliminary connection 1s presented in Figure 5.12¢c. The
result shows the strain at the fairleads 1s now lower than the limit due to utilhizing the steel material
to resist these large tensions. The strain of the cntical element at the tower connection are also
significantly reduced compared to Figure 5.11c. which confirms the applicable designed mooring
connection; however, it is still higher than the concrete ultimate tensile strain. Therefore,

prestressed design 1s necessary to strengthen this critical area and limit crack development.

I. h-”h
EM.I:I'I

(a) Mooring connection (b) Detailed drawings [cm] () Maximum principal strain

0 | B
s |

PraTRA e

"7

FIGURE 5.12: Preliminary designed moorning connection and stram localization after mstallation

5.6.2 4 Prestressed concrete design at the connection zone

In study case CS5, a preliminary designed prestressing force to the model of normal RC
with a 0.1% remforcement ratio mstalling both tower connection (C53) and mooring connection
(C54) i1s applied. The prestressing force i1s then designed in this study case to limit crack
generation and propagation at the critical area of the red zone presented in Figure 5.12¢c. Thus,

the surrounding area of the rib plates of the tower connection 1s the area to arrange prestressing
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tendons and apply prestressing force. Considering relaxation of prestressing steel that must not
affect the structural performance during its service life, the initial stress 0.6Fgy [5] or prestressing
force of 154 kN with nitial strain 0.0055, 1s applied to 7 tendons (total of 1078 kN) of the low-
relaxation 7-wire strands diameter of 15mm. Class270, utilizing the multi-strand anchorage
system. The profile tendons and reinforced details of a normal RC with a 0.1% reinforcement
ratio emploved 1 FE analysis are shown in Figures 5.13a and 5.13b. respectively. The strain
distribution after applying prestressing force 1s shown in Fig 5.13c. where the red-highlighted

area 1s now left only at the top rib.
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(a) Profile tendons (b) Reinforced details () Maximum principal strain

FIGURE 5.13: Preliminary designed prestressed concrete and straimn localization after mstallation

5.6.2.5 Stress strain relationship of the critical member after applying connection system and
presiressing force

CS5's stress-strain relationship in the z-axis, in which the concrete was pre-compressed by
prestressed tendons, and the maximum principal stress-strain relationship of the critical member
are plotted together with those of CS3 and CS4. The analysis results show that the concrete strain
15 greatly reduced attributed to applying prestressing force, particularly in the z-axis. as shown
Figure 5.14a. which 1s now lower than the ultimate tensile strain 200 pe. and the principal tensile
strain 15 reduced nearly to the limit, as presented 1 Figure 5.14b. which 1s acceptable. Therefore,

the prestressed design satisfies the design objective of crack control.
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FIGURE 5.14: Stress-stram relationship of a critical element of study cases C53, C54 and CS5

5.6.3 Structural Behavior of the Five Study Cases

The mclnation of the tower m vertical and honzontal directions subjected to the bending moment of
the wind turbine under operation are presented as the M- ¢b diagram shown m Figures 5.15a and 5.15b. In
C51, the tower deformation, represented by ¢b. has increased linearly m proportion to the applied bending
moment. Sumlarly, CS2 shows smaller deformation attmbuted to a higher remforcement ratio of 1%
mplemented. For CS3. C54. and CS5. the linear graphs have changed to steep slopes due to applying the
designed connection systems and prestressing forces. It shows much smaller tower deformation in both

directions than CS1 and C52, m which the connection system has not been installed.
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FIGURE 5.15: M- ¢b diagrams mn vertical and honizontal directions of the five study cases
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Interestingly, the difference in tower deformation between CS3 and C54 1s very small so that the graph
almost overlaps with each other and 1s near CS5. Tlus means the tower deformation 1s contributed to the tower
connection rather than the moorig connection and prestressed design. The moorng connection has prevented
the large tensile force transfermmeg to the tower connection zone, and the prestressing force has limited concrete
tensile strain; as a result. cracks generation and propagation stop.

The example of structural displacements before and after mplementing a tower connection system
(CS1 and CS3) are shown m Figures 5.16a and 5.16b. It can be observed that the tower connection prevents
the steel tower from buckling failure and pulling out of the concrete spar floater due to large bending moment
during wind turbine operation. The connection systems and prestressed design successfully prevent the tower
from large deformation and satisfy the design olyectrve of crack control.
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(a) C51's structural displacement about the x-  (b) CS3's structural displacement about the x-
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FIGURE 5.16: Structural displacements of study cases C51 and CS3 (scale factor 300)

5.7 FE Analysis Results of a Proposed Concrete Spar

Now it 15 tune to mtegrate the structural design of the proposed precast segment prestressed concrete
spar obtamed from Sections 5.5 and 5.6. The static forces applied to the FE model will comprise the maximum
tower base forces. moonng tension. hydrostatic and hydrodynamic forces. These forces will be apphed to the

FE model as nodal forces with 35-ttmestep monotonic static loads to avoid any mstability in FE analysts.
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FIGURE 5.17: Structural deformation and strain distribution (scale factor 1000)

The FE model m this study has mstalled tower comnection, fairlead connection, and prestressing
tendons obtamed from the previous sections. The mitial stram of 0.0055 1s applied to all prestressing steel: in
other words. the mtial stress below 0.6Fpy s applied to the tendons. Consequently, the effect of the relaxation
of prestressing steel will be very small and will not affect the structural performance durmg 1ts service hife of
25-30 years [5]. The remforcmg bars are designed for shear (stirmup) following JSCE [6] and ACI [8] design
standards. The bond remforcement 1s considered for the structure contamnng unbonded tendons [5]. Therefore,
the remforcement ratio 0.1% 1s applied in the x and v directions. and 0.2% 1s applied n the z direction in the

FE model.
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The FE analysis results show the proposed spar can resist the forces without structural failure and 1s
confirmed by low tensile stram. This mmplies that the proposed spar can support the 10MW reference wind

turbine. Figure 5.17 shows the structural deformation and stram distnbution of the FE analysis.

5.8 Advantages of the Proposed Concrete Spar

Stmple and competitive are the advantages of this proposed spar. Accordmg to the simple shape. it 1s
easy to cast, assemble and simple for unskilled laborers m any local community to join the concrete work.
Meanwhile, 1t's competiive i using low-cost materals, nommal concrete. and doesn’t require high-skall Iabor.
In terms of weight, the 130m-proposed spar weight of 18,000 Tons, a 6m-hull concrete segment weight of
700 Tons. and 20 hull concrete segments are needed for one spar. Figure 5.18 shows the sectional design of

precast segment hull concrete and the final remforcement of the hull and tower connection.
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(a) Precast segment hull concrete (c) Tower connection reinforcement

FIGURE 5.18: Precast segment hull concrete and final design reinforcement.

-104 -



To illustrate the idea, assuming a construction project of a floating offshore wind farm capacity of

1GW with a 30-year license, we will need 100-unit concrete spars weighing 1,800,000 tons of concrete. If the

concrete plants have a capacity of 900,000 tons per vear, the concrete work 1s possible to finish i two years.

Precast concrete 15 well known as mdustry mass production; therefore, construction work 15 possible to finish

faster than steel mamifacturers.

5.9 Conclusion for Chapter 5

The non-linear behavior of spar concrete was mvestigated m FE analysis. Steel-concrete connections

for towers and fairleads. as well as structural design for a prestressed concrete spar floater supportmg a 10

MW floatng offshore wind turbine. are demonstrated m this study. Based on the results, the following

conclusions are earned:

L

[

The highest hydrodynamic pressure 1s obtamed from a wave heading of 180°, peak peniod 13.5
seconds (storm wave) of the WAMIT analysis results. This 1s expected because a storm wave
creates the highest wave energy.

For a deep draft spar, hvdrostatic pressure becomes a dominant force i designing the structure.
Hydrodynanuc pressure has the highest potential near the seawater surface. but 1t decreases in
the deep water. On the other hand, hydrostatic pressure 1s relatrvely large exciting at the bottom
part of the spar. Thas becomes one of the disadvantages of a spar floating platform compared to
other short draft floatmg platform concepts.

Although there 15 a concem that the structural analysis could fail under the large hydrostatic
pressure, 1t 15 found that, for a spar concrete with thick enough hull thickness, the hull surface
becomes under compression. Therefore, 1t 15 not necessary to design pretesting force mn the
horzontal axis to resist any tensile force attnbuted to water pressure.

The FEA results show concrete compressive stress 15 generally lower than the compressive
capacity of the nommal strength concrete of 41 MPa applied m this study. Therefore, normal

concrete can be used to design a spar concrete to realize an economic structure.

-105 -



5. The highest stress and strain concentrations occur in the steel-concrete connection parts as
expected. A concrete strain that is over the ultimate tensile stram will mitiate craclang; this area
15 highlighted as the critical area for designing prestressing force.

6. The preliminary design of a steel nng with triple nib lavers applied at the tower connection can
change the pattem of dispersal strain distnibution under the steel tower by accumulating at the
steel nibs, which 1s useful for structural design.

7. The preliminary design of the two layers of a steel ning with tiiple connection plates applied for
the famlead comnections successfully resists the large tensile forces transferred from mooring
lines to the proposed concrete spar. It can also prevent these forces from transfernng to the
critical zone located around the tower base area. as confirmed by the concrete stran
significantly reduced m the critical element after implementing this commection type.

8. The preliminary connection systems and prestressed design have successfully prevented the
steel tower from buckling failure and pulling out of concrete due to the large bending moment
under the operation of the wind turbine, as well as the crack generation and propagation in
concrete parts of the proposed spar.

9. The proposed prestressed concrete spar can be applied to support an RWT dunmg operation. as
shown 1 the mteraction diagram of the section. Thas 1s confirmed by FE analysis results that
show no structural failure.

Nomenclature in Chapter 5

Aa compressive area of the annular concrete section defined by an equivalent stress block 8, C

Apgy area of each prestressing bar

Cc compressive capacity of the section (force)

= distance from the natural axis N4 of the section to the center of each prestressing bar

fc' concrete compressive strength

FE finite element

FEA fimite element analysis
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FEM finite element model

Foy yield stress of the prestressing bar

fai the tensile stress of each prestressing bar

Fx tower base shear force m the x direction

Fy tower base shear force m the y direction

Fz towert base shear force m the z direction

g gravitational acceleration 9.81 m's

water depth
Ec distance from the top fiber to the compression force of section = 0.5

Mx tower base bending moment m the x direction
M design flexural bending moment m the x direction
MY design flexural bending moment m the v direction
My tower base bending moment i the y direction
Mz tower base bending moment m the z direction
M, nominal moment capacity of the section

M, ultimate moment capacity of the section

NA natural axis of the section

P Wwater pressure

RC remforced concrete

T mooring line tension

Tp peak period of the wave spectrum

T, the tensile capacity of the section (force)
&g ultimate concrete compressive strain

Eg steel stram of prestressing bar

Egf steel stram of each prestressing bar

&y yield steel strain of prestressing bar

o density of seawater 10.26 kN/m®
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ultimate capacity safety factor 0.90 for flexural and 0.65 for axial capacity.
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CHAPTER 6
PROPOSED FAIRLEAD CONNECTIONS

6.1 Introduction
The chapter amms to design and propose the farlead connections. the position that mooring hines
connect to spar concrete. Frve types of fairlead connections are stuched, and the fatigue analysis 1s then camed

out to evaluate the structure's service life.

6.2 FE Model

As of the previous study in Chapters 3 and 5. the large tensile force transfers from mooring
lines to spar concrete through the fairlead positions. In this chapter, only the fairlead connection
15 investigated; therefore, only the connection zone 1s modeled 1n FE analysis.

First, the connection plate 1s approximated and designed by hand calculation to resist
maximum mooring tension obtained from the coupled dynamic analysis results, as mentioned 11
Chapter 3 and Chapter 5. The maximum mooring tension of 7.514 kN 1s selected from a wind
speed of 11m/s at storm conditions. Steel material class $355 with a yield strength of 355 MPa 1s
applied to design the steel plate. The FE model has installed tower connection and applied
prestressing force obtained from Sections 5.6. The bottom part of the model is fixed in the
applying boundary conditions. The 3D FE meshes model of the connection zone and the main
preliminary dimension of the steel connection plate, unit mallimeter [mm)]. are shown in Figure

6.1
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FIGURE 6.1: 3D FE model of the connection zone and main dimension of the steel connection plate
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6.3 Five Types of Proposed Fairlead Connections

There are five types of farlead connections proposed i this section wlich stress and straimn
distribution are mwestigated. Table 6.1 shows the name and the concept of each type. The drawings and FE
model of each connection type are shown in Figures 6.2 to 6.6.

In these models. the same steel matenial (class 5355) designed for the connection plate is applied to the
steel plate. The lngh-strength wire rope 6x37 class TWRC EEIPT diameter 74 mm 1s selected and applied to
the steel wire of the wire-plate and wire-wire models. Anchor bolts (AM). diameter 28 mm conformed to
535CN with tensile strength 490 MPa [1], embedded length of 1200mm. are utilized to the anchor bolt and
anchor bolt-prestress model. The deformed prestressing bar diameter of 36 mm with tensile strength 1030
Iv[Pa matial stram 0.003 1s apphied to the anchor bolt-prestress model.

Note that the concrete needs to be cast m full sections for four connection types (except for the anchor
bolt-prestress model) because the mterlocking mechamsm between steel and concrete 1s necessary to resist
large moonng tension. However, for type five, the anchor bolt-prestress model. concrete can be cast m a

hollow section due to prestressing force 1s applied to the connection system resisting the moormg tension.

TABLE 6.1: Name and concept of the fairlead connection systems

Name Concept

1. Plate-Plate model The connection plate 15 connected to the steel plate and

two-layer steel ring, the same concept as Chapter 5.

2. Wire-Plate model The connection plate 15 connected to the steel plate and
two-laver steel wire.

3. Wire-Wire model The connection plate 15 connected to the steel wire and
two-laver steel wire.

4. Anchor Bolt model The connection plate 1s connected to 6 anchor bolts

embedded in concrete. as a normal connection.
5. Anchor Bolt — Prestress model | The connection plate is connected to 6 anchor bolts

embedded 1n concrete, and deformed prestressing bar are

applied
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FIGURE 6.2: Drawing and FEM of Plate-Plate model

FIGURE 6.3: Drawing and FEM of Wire-Plate model
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FIGURE 6.4: Drawmg and FEM of Wire-Wire model
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FIGURE 6.6: Drawmg and FEM of Anchor Bolt — Prestress model

6.4 FE Analysis Results
6.4.1 Stress and Strain Distribution

In this section, the 20-time step monotomic static loads are applied to the FE model (Section 5.6). The
location of the critical element, with a high stress-strain concentration, can be mdicated by the distnbution of
principal strain, tensile stress, and compressive stress. Figures 6.7 to 6.11 show the results of the stress-strain

distnibution obtamed from FE analysis.
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FIGURE 6.7: Stress-strain distibution of Plate-Plate model
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FIGURE 6.8: Stress-strain distribution of Wire-Flate model
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FIGURE 6.9: Stress-strain distrnbution of Wire-Wire model
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FIGURE 6.11: Stress-strain distribution of Anchor Bolt—Prestress model

In all connection types, the location that stramns in concrete 1s over than the ultimate tensile
strain (200 pe) located above the connection plate. In this case, microcracks start to generate due
to material softening [2] at the red highlighted areas shown in Figure 6.7a to 6.11a. This can be
expected because it 1s consistent with the direction of mooring tension applied to FEM., as shown

in Figure 6.1. Therefore, concretes located around the top part of the connection plate are under
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tension. The tensile stress of concrete is over than the tensile strength of 2.6 MPa in this location,
as the red highlighted areas shown mn Figure 6.7b to 6.11b.

On the other hand, concretes located around the bottom part of the connection plate are
under compression. However, the compressive stress of concrete 1s lower than the compressive
capacity 41MPa. as shown 1n Figures 6.7¢ to 6.11c. Concrete under tensile force and compressive
force around the connection plate of fairlead connections significantly affect the structure's
service life which needs to be investigated. The fatigue analysis 1s then conducted 1n the following

section.

6.5 Fatigue Analysis
6.5.1 Load Conditions

Fatigue analysis 1s performed on the five connection types by applying the load magnitude obtamed
from section 5.6. First, the results of a storm condition with a wind speed of 11 m/s are selected. These forces
are apphed to the model with a 10-timestep monotonic static force to avoid any mstability of the element.
Therefore, the load magnitude is divided by ten. considening each tune step equivalent to one second.

Next, in the fatigue analysis, the model 1s treated by loading ten steps and unloadmg ten steps until the
failure occurs m the form of cracking. crushing, and other forms of concrete failure and vielding of
remforcement [3]. Therefore, it takes 10 seconds to complete one loading cycle (10 steps) and another 10
seconds to complete one unloading cycle. In sum. 20 seconds are needed to complete a cycle of loading and
unloading. In other words. the loading rate 15 0.2 Hz.

Smce 1t takes time to compute the time-dependent scenario when a huge mumber of cycles are needed,
the magnificent factor. £, in terms of the loganthmic derrvative, 1s apphed to speed up this computation [4].
By doing so. the load of 460 time-step with around 84.38 mallion cycles 1s applied to the FE model. Figure
6.12 shows load magnitude versus time of the moornng tension apphed at the farlead connection: the highest
magnitude 15 7,514 kN, and the lowest magnitude 1s 0 kKN

This magnstude 1s approxmmately 95% load level of the connection plate tensile capacity. Note that the

actual capacity of the proposed fairlead connections will be nuch higher considenng the interface between
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concrete and embedded steel matenal mntegrated with the connection plate capacity. However, the failure
mode of the system 1s expected to first appear at the connection plate m the form of vielding after resisting
large mooring tension. Therefore, 1t 15 reasonable that in fatigue analysis. the capacity of fairlead comections

15 considerad only the tensile capacity of the connection plate.
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FIGURE 6.12: Load amphtude of moonng tension versus tume apphed at farlead connection
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The critical elements of concrete under tension and compression can be defined as mentioned
Section 6.4. The location of the critical elements taken for fatioue analysis shows m Figure 6.13. Note that, n
thus model, the moonng tensions were applied to the FE model m the vertical direction (ZZ-axis). Therefore,
tensile stress and compressive stress of the elements in this axis are dominant and will be taken to evaluate the

fatigue life of the structure.
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(a) The critical element of concrete under tension (b) the crtical element of concrete under
COMPTession

FIGURE 6.13: Location of the critical elements taken for fatigue life estimation
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6.5.2.1 Fatigue life of concrete under tension
According to CEB-FIP model code 1990 [5]. the fatigue life of concrete under pure tension and

tension-compression can be evaluated as;

When Oermax = n'“26lar.mﬂ1|

LogN = 12(1 — Sct,max) (6-1)

where;

Setmax 15 the maxmmum tensile stress level defined by 0 g/ feek min
Ocmay 15 the maximum compressive stress

Oct may 15 the maxmmum tensile stress

fetkmin 1S minmmum tensile strength

Figure 6.14 shows stress amplitude and the number of cycles of the critical element under

tension. The element has started to lose tensile stiffness at around one million cycles (10%) in all
connection types. After that, we can observe tension stiffening behavior. which increases the

tensile stiffness after a concrete crack at around ten million (107) cycles.

As mentioned in Chapter 2, in high cyclic fatigue with low-stress amplitude, tensile fatigue
of concrete 1s attributed to bond creep deterioration and reduction of tension stiffness after the
mitial cracking. Time-dependent tension creep. path-dependent fracturing. and accumulated
fatigue damage become dominant. That the element has lost tensile stiffness because of these

S0Urces.
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FIGURE 6.15: Tensile stram and the number of cycles of concrete under tension
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Figure 6.15 shows the tensile strain and the number of cycles of the cntical element under
tension. The results complied with Figure 6.14 that the strain suddenly changed to a steep slope
after one million (10%) cycles due to loss of tensile stiffness. If the point that tensile strain 1s over
1000 ue set as the reference point, the fatigue life of the fairlead connections under tensile force

can be determined as shown in Table 6.2.

TABLE 6.2: Fatigue life approximated by the reference point of tensile strain

MName No. of Cycle [N]
1. Plate-Plate Model 4.8789¢
2. Wire-Plate Model 4.8789¢°
3. Wire-Wire Model 1.1379¢°
4. Anchor Bolt Model 1.0879¢°
5. Anchor Bolt — Prestress Model 8.8789%¢°

The results in Table 6.2 show the wire-wire model yields the highest fatigue life with 1.1 nulhon (10%)
cycles, the plate-plate and wire-plate models obtamed the lowest with 0.49 million (10%) cycles.

On the other hand. the fatigue life evaluated from the model code utihzing Equation 6-1 mdicates that
under tensile force, the wire-wire model yields the highest number of cycles N to failure of 0.96 million (103)
cycles, and the anchor bolt-prestress model obtamed the lowest of 0.02 nullion (10%) cycles atmbuted to
higher tensile stress levels ( S,y may ). The fatigue life and S-N relationship evaluated from the model code

are shown m Table 6.3.

TABLE 6.3: Fatigue life of the concrete under tensile force evaluated by the model code

Name St max LogN N
1. Plate-Plate Model 0.5837 49955 9.8978¢*
2. Wire-Plate Model 0.5837 4.9954 9.8937¢*
3. Wire-Wire Model 0.5016 5.9809 9.5689¢”
4. Anchor Bolt Model 0.5067 5.9200 8.3180¢°
5. Anchor Bolt — Prestress Model 0.641% 43044 2.0156e*
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The concrete fatigue resistance can be determmed by applymg the tensile stress levels S;; 10, (Table
6.3) and the number of cycles N (Table 6.2) to the S-N curve of CEB-FIP model code 1990 restriction. as
shown in Figure 6.16. The results show all conmection types are above the restnction line. However, the
expected fatigue life from the reference research [6]. [7] mentioned that offshore wind structures must
withstand up to 1,000 milhion (10%) load cycles dunng their normal design service life of 20 to 25 years.
Despite the fact that 1,000 nullion load cycles seem very huge and hardly occur m real service life, but the
lower fatigue life of concrete under tension indicates the possibality of crackmg at the fairlead zone, which can

be improved m the next design phase.

% Expected
E [ h
= Iy Fatigue Life
0 g4t Lo 18]
. —— CEB-FIP's 5-N Curve !
Plate - Plate !
*  Wire - Plate \f\\
0.2 # Wire - Wire !
O Anchor Bolt :
. Anchor Boll - Prestress |
10° 10° 10'°

Number of cycle N

FIGURE 6.16: 5-N relation of concrete under tension according to the model code

For the concrete under tensile force, we can observe the fatigue hife obtamed from analysis results 15
longer than the model code's prediction. As mentioned before. this FE model has mstalled connection systems,
prestressed tendons, and remforcmg bars embedded m the concrete. The interaction of concrete and steel
matenials i the 3-dimensional FE analysis has sigmficantly played an essential role m the fatigue life of
concrete under tension. On the other hand, the model code's formula has predicted the fatigue life based on

expenmental results of pure concrete material under umaxial force. Therefore, 1t 15 reasonable that, on the
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tensile side. the highest number of cycles to faitlure computed by the model code 1s lower than those

approximated by numencal analysis.

6.5.2.2 Fatigue life of concrete under pure compression
According to CEB-FIP model code 1990 [5]. the fatigue life of concrete under pure compression can

be evaluated from Equations 6-2 to 6-4.

For0 < Sgmin < 0.8

Lﬂg”l = (12 + 155:.:-11[11 + E.S'émm)(l - Sc.ma_r) ('5‘2]'
LogN; = 0.2LogN,(LogN; — 1) (6-3)
LogN3 = LogN,(0.3 — 0.375.5; 1max)/AS, (6-4)
here;
If LogN; < 6. then LogN = LogN,
IfLogN; > 6. and AS, = 0.3 — 0.375.5_ i - then LogN = LogN;
IfLogN; > 6. and AS; < 0.3 — 0.375.5, yy - then LogN = LogN;
where;

Semin 15 the minimum compressive stress level defined by |0 min/ fek.rat |

Semax 15 the maximum compressive stress level defined by |crfl,mu /fek rat |

A5, 15 the stress range

fek.far 1 fatigue reference compressive strength [5]. when the age of concrete (compressive
strength 41 MPa) at the beginning of fatigue loading after casting 1s 30 days: fey far =

28.75 Mpa

The compressive stress and the number of cycles of the element under compression in the
%x. v and z axes obtained from the FE analysis. are shown in Figures 6.17 to 6.19, respectively.

Although the amplitudes of the compressive stress are very small i all axes, the highest
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compressive stress magmitude occurs on the z-axis, as shown in Figure 6.19. This confirmed the
predominant stress amplitude to be taken for fatigue analysis.

In Figure 6.19. we can observe the concrete component started to lose compressive stiffness
after applying 10 million cycles (107); however. the stress amplitudes are relatively small
compared to the concrete compressive capacity 41 MPa; thus. 1t is possible that the concrete crack
under compression does not occur.

For a high cycle fatigue of concrete under compression with lower stress levels, the slow-
rate creep associated with ambient states in micro-pores becomes predominant. This creep 1s
added to the elastro-plastic and fracture model in the plastic term. It 1s an irreversible reaction and
represented by sliders. Compressive fatigue is attributed to time-dependent plasticity, path-
dependent fractuning, as well as accumulated cyclic fatigue damage, as mentioned in Chapter 2.

These are the sources that result 1n the compressive stiffness loss of an element.
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FIGURE 6.17: Stress amphitude in the x-axis and number of cycles of concrete under compression
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Figure 620 shows compressive strain and the mumber of cycles of the element under compression on
the z-axis. We can observe the slope of strain suddenly dropped after apphying 1 mullion (103) load cycles.
However, except for the plate-plate model. the stram amplitudes of other models are small and don't reach the
ultimate compressive stram (-3000 ue). This means the approcimated fatigue life 15 longer than 84 39 nulhon
(10%) cycles, the maxmmm number of load cycles applied in the analysis. For the plate-plate model. the
fatigue life can be approximated at the pomt that compressive strain has reached the ulttmate tensile stram. as
shown m Table 6.4.
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FIGURE 6.20: Compressive strain and the number of cycles of concrete under compression
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TABLE 6.4: Fatigue life approximated by the reference point of compressive strain

Name LogN N
Plate-Plate Model 7.8088 6.4388e7
Wire-Plate Model > 7.9263 > 8.4388e7
Wire-Wire Model > 7.9263 > 8.4388e7
Anchor Bolt Model > 7.9263 > 8.4388e7
Anchor Bolt — Prestress Model > 7.9263 > 8.4388e”

The fatigue life obtained from CEB-FIP model code 1990 utilizing Equations 6-2 to 6-4 15 presented

m Table 6.5. The results show that under compressive force, the number of load cycles N that cause fatigue

faiture is longer than 1000 million (10%) cycles m all models.

TABLE 6.5: Fatigue life of the concrete under compression evaluated by the model code

Name Scmax  Scmin LogN N
1. Plate-Plate Model 02378 0.0127 20.2567 1.8059e™
2. Wire-Plate Model 02752 0.0127 15.6134 4.1058e"°
3. Wire-Wire Model 0.2745 0.0048 15.0425 1.1027e"
4. Anchor Bolt Model 0.2805 0.0037 14.3720 2.3552eM
5. Anchor Bolt — Prestress Model 02649 00111 16.5989 3.9714¢'°

The concrete fatigue resistance 15 determmed by applymng 5, gy (Table 6.5). and the mumber of

cycles N (Table 6.4) to the S-N curve of the model code. The results show all connection types are below the

restriction line becanse the maxinmm load cycles apphed in this analysis is around 84 39 mallion (10%) cycles.

This number of load cycles 15 huge enough to observe the fatigue life of the structure. Nevertheless, except

for the plate-plate model. the concrete stram of other models 1s very small and doesn’t reach the ultimate

compressive strain suggesting that they are safe from fatigue fatlure under compression. In this analysis. only

the plate-plate model falls mto the failure zone; 1t 1s at risk of fatigue failure. The design of the plate-plate

model can be mmproved in the next design phase.

-124-



Sl::-.l'l'lll"l D
\ ® Wire - Plate
08 \\ #*  Wire - Wire
\ ) Anchar Bolt
1.‘\ &  Anchor Bolt - Prestress
E 081 Mid ® Plate - Plate
o A
' - Max.Appli |
0.4 Failure Zone, ™. ax.Applied Cycles
3
ol —
0.2+ T
Mon Failure Zone
D . . J
0 5 10 15 20 o5 30

Log N

FIGURE 6.21: S-N relation according to the model code

Although there 1s a chance of fatigue failure under compression. keep in mund that 1t results from a
small component taken from a superstructure. Therefore, 1t doesn’t mean the structure will fail if one
component failed. The fatigue life of the structure can be so much mmproved at the next design phase, and this

study has suggested that pont.

6.6 Conclusion for Chapter 6

Five fairlead connection types are proposed and studied. The fatigue life of each type 1s evaluated,
and the following conchusions are obtamned.

L All connection types satisfied the design olyective to control crack development at the fasrlead

connection zone; indicated by concrete tensile stram that 1s lower than the ultimate tensile strain.

1o

The results of the stress-stram distribution obtained from FE analysis of the five connection
types show that concrete components located around the top part of the connection plate are
under tension; concrete components at the bottom part are under compression. This complies
with the load applied to the FE model. The elements with high-stress concentrations are taken

from this location to mvestigate concrete fatigue under tensile and compressive force.
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3. The fangue analysis results of the concrete under tension show the fatigue life estimated by FE
analysis 1s longer than the prediction of the model code. The mteraction between concrete and
steel matertals implemented i 3-dimensional FE analysis 1s the source of this phenomenon.

4 Under tensile fatigue, the fatigue life evaluated by FE analysis 1s longer than the model code.
However. it 15 below the expected 1000 mallion cycles. Lower tensile fatigue life mdicates the
possibility of crackmg at the fasrlead zone. which can be mmproved i the followmg design
phase.

5. Under compressive fatigue, only the plate-plate model has a possibihity of fatigue fatture. The
compressive strain of other connection types doesn’t reach the ultimate compressive strain,
even if 84 million cycles are apphed to the model. The design of the plate-plate model can be
improved in the next desion phase.

6. Although there 15 a possibility of fatigue falure under compression, 1t 15 the result of a small
component taken from a superstructure. This doesn’t mean the structure will fal if one
component faled. The fatigue life of the structure can be drastically improved at the next design

phase. and this study has suggested that pomt.

Nomenclature in Chapter 6
FE finite element
FEA firte element analysis
FEM finite element model
fex compressive strength
fek.fat fatigue reference compressive strength
fetiemin minimum tensile strength
Hz Hurts
LogN commeon loganthm (base 10) of the number of cycles
N the number of cycles
RC reinforced concrete

-126 -



Sct max the maximum tensile stress level

Se.min the mummum compressive stress level

Se max the maximum compressive stress level

AS, the stress range

Ocmax the maximum compressive stress

Oetmax the maximum tensile stress

£ magnificent factor

LE NCTO stratt
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 General Conclusions

A precast segment prestressed concrete spar platform mtended for mass production capable of

supporting a 10 MW offshore EWT 15 developed and successfully demonstrated mn this study as an altemative

to a steel spar. Based on the expenimental and analytical results. the followmg conclusions are summanized.

7.2 Coupled Dynamic Analysis of a Floating Wind Turbine
The geometry of the proposed spar concrete is defined m thus chapter. and later it 1s coupled with the

100W FEWT and moormg lines to perform coupled dynamics analysis. The response motions dunng the

operation of the wind turbine structure are evaluated. The summary of the analytical results 15 obtamed as

follows:

L

[

The proposed concrete spar can be applied to support an RWT. The structure 1s shown to avoid
the structural resonance mduced by wave excitation, as confirmed by a spectral analysis that
mdicates significant response motions that are much smaller than the mput wave energies.

The motions of the wind turbine determined by OpenF AST calculations mdicate that the wind
turbine operation mereases all siemificant motions of the spar, particularly the prtch motion. The
wind effects must therefore be included m further spar design optinization processes.

A rated-wind speed under the storm condition. 1 which the waves exlubit their highest energy.
can be considered as the dominant case for the design of the spar. The highest forces can be
expected at the rated wind speed because, at this value, the rotor thrust coefficient that govems
the rotor thrust force generated by the control system of the EWT 15 the highest. Although the
typhoon condition produces the lnghest wind speeds, this wind would result in a relatrvely small
thrust force as the control system will mantpulate the wind turbine to shut 1t down,
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7.3 Model Test

The expermment with waves of a spar-scaled model 1:100 is performed m the towing tank The

response motions are captured to confirm the hydrodynamic model under wave actions. Based on the

expenmental results, the following conclusions have been obtamed.

L

[

It 15 observed that moonng springs mstalled to protect the model from dofting may affect the
response motions. particularly in the low response such as roll. pitch, and vaw motions, as can
be observed m the occurrence of a first peak at near-zero frequencies of the response spectrum.
The natural periods 1 6DOFs obtained from the free vibration test are close to the expermment
with waves (except for the roll motion). Therefore, the natural periods” range of the structure 1s
confirmed.

The RAOs in the sway, toll. and yaw of the spar are found to be zeroes; therefore, the sway,
vaw, and roll motions are not sigmficant for a cylindncal symmetncal shape spar and are
possible to be neglected 1 the motion anakysis.

The RAOs companson of the expernment and analyvtical analysis shows fairly good agreement
i terms of the surge and heave motions; however, the analytical results show higher responses
in pitch motion.

The difference m the pitch response between analytical and experimental results 15 supposed to
cause by viscous damping and hydrodynanic added mass. The lugher viscous damping 15
expected 1 the real fluid flow, or i another case. 1t has higher hydrodynanuc added mass m
the numenical analysis model

The results show the natural peniods of the scale model are away from input waves; therefore,
it can avoid structural resonance induced by wave excitation.

The results obtamed from the model test are consistent with the full-scale analysis; therefore,

the hydrodynamic model 1s confirmed.

-130-



7.4 Concrete Finite Element Analysis and Structural Design

The non-linear behavior of spar concrete was mvestigated m FE analysis. Steel-concrete connections

for towers and farrleads. as well as structural design for a prestressed concrete spar floater supporting a 10

MW floatng offshore wind turbine. are demonstrated m this study. Based on the results, the following

conclusions are earned:

L

[

The highest hydrodynamic pressure 1s obtamed from a wave heading of 180°, peak peniod 13.5
seconds (storm wave) of the WAMIT analysis results. This 1s expected because a storm wave
creates the highest wave energy.

For a deep draft spar, hydrostatic pressure becomes a dommant force in designmg the structure.
Hydrodynamic pressure has the highest potential near the seawater surface. but 1t decreases in
the deep water. On the other hand, hydrostatic pressure 15 relatively large exciting at the bottom
part of the spar. Thas becomes one of the disadvantages of a spar floating platform compared to
other short draft floatmg platform concepts.

Although there 15 a concem that the structural analysis could fail under the large hydrostatic
pressure, 1t 15 found that, for a spar concrete with thick enough hull thackness, the hull surface
becomes under compression. Therefore, 1t 15 not necessary to design pretesting force mn the
homzontal axis to resist any tensile force attnbuted to water pressure.

The FEA results show concrete compressive stress 15 generally lower than the compressive
capacity of the nommal strength concrete of 41 MPa applied m this study. Therefore, normal
concrete can be used to design a spar concrete to realize an economic structure.

The highest stress and stram concentrations occur i the steel-concrete connection parts as
expected. A concrete strain that is over the ultimate tensile stram will mitiate craclang; this area
15 highlighted as the critical area for designing prestressing force.

The prehminary design of a steel nng with triple nib layers applied at the tower connection can
change the pattem of dispersal stram distnbution under the steel tower by accumulating at the

steel nibs, which 1s useful for structural design.
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The prelimmary design of the two lavers of a steel ring with tnple connection plates applied for
the farrlead connections successfully resists the large tensile forces transferred from moonng
lines to the proposed concrete spar. It can also prevent these forces from transfernng to the
critical zone located around the tower base area, as confirmed by the concrete strain
significantly reduced m the critical element after implementing this connection type.

The preliminary connection systems and prestressed design have successfully prevented the
steel tower from buckling fatlure and pulling out of concrete due to the large bending moment
under the operation of the wind turbine, as well as the crack generation and propagation in
concrete parts of the proposed spar.

The proposed prestressed concrete spar can be applied to support an RWT durmg operation, as
shown 1 the mteraction diagram of the section. Thas 1s confirmed by FE analysis results that

show no structural fatlure.

7.5 Proposed Fairlead Connections

Five fairlead connection types are proposed and studied. The fatigue hife of each type 15 evaluated. and

the following conclusions are obtamed.

L

[

All connection types satisfied the design olyective to control crack development at the famrlead
connection zone; ndicated by concrete tensile stram that 1s lower than the ultimate tensile strain.
The results of the stress-stram distribution obtained from FE analysis of the five connection
types show that concrete components located around the top part of the connection plate are
under tension; concrete components at the bottom part are under compression. This complies
with the load applied to the FE model. The elements with high-stress concentrations are taken
from this location to mvestigate concrete fatigue under tensile and compressive force.

The fatgue analysis results of the concrete under tension show the fatigue hife estimated by FE
analysis 1s longer than the prediction of the model code. The mteraction between concrete and

steel matertals implemented i 3-dimensional FE analysis 1s the source of this phenomenon.
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Under tensile fatngue. the fangue life evaluated by FE analysis is longer than the model code.
However. 1t 15 below the expected 1000 mallion cycles. Lower tensile fatigue life mdicates the
possibility of crackmg at the fasrlead zone. which can be mmproved i the following design
phase.

Under compressive fatigue, only the plate-plate model has a possibility of fatigue fatture. The
compressive strain of other connection types doesn’t reach the ultimate compressive strain,
even if 84 mullion cycles are applied to the model. The design of the plate-plate model can be
improved in the next desion phase.

Although there 15 a possibihity of fatigue fatlure under compression, 1t 15 the result of a small
component taken from a superstructure. This doesn’t mean the structure will fal if one
component faled. The fatigue life of the structure can be drastically improved at the next design

phase. and this study has suggested that pomt.

7.6 Recommendations for the Future Study

L

[

This study demonstrates a simplified FE analysis by applying the maxinmm forces transferred
to the spar as timesteps monotomic static loads. In actual behavior, a FOWT 1s under dynamic
excitation attnibuted to wave and wind action as well as the effects of the wind turbme control
system. The dynamic forces should therefore be applied i future FE analyses.

The design load cases considered to design a proposed prestressed concrete spar are simplified
to mine cases for a feasible study. The load cases are obtamed from three wave conditions
performed with three wind conditions. considering winds and waves m the co-directional and
umi-chrectional directions. The complete set of design load cases specified i the design
standards (e g, ClassNEK, DNV, and IEC) should be applied in future studies.

The fatigue assessment of the proposed fairlead connections 15 evaluated by FE analysis. Tt

should be mvestigated more m the expenment on the structural scale m future studies.
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