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ABSTRACT

FRAGILITY APPROACH FOR PERFORMANCIBASED DESIGNIN FLUID-STRUCTURE
INTERACTION PROBLEMS, PART |: WIND AND WIND TURBINES,

PART II: WAVES AND ELEVATED COASTAL STRUCTURES

This dissertation focuses on a methodology forperformancebased design using
fragilities in fluid-structures interaction problem3wo types of fluidstructure interaction
problemsare investigadin this dissertation: Ral: wind-structureinteraction(for wind turbine
towerbase fatigug and Part Il: wavestructure interaction (for elevated coastal structsre
subjected tshear and uplift loading

The first problentypefocuses ormperformancebased desigof a wind turbingower base
connection subjected to wind loadinging a fatigue limit state. A finite element model for wind
turbinesis subjected to nonlinear wind loading time time domain. The relative motion ttie
actual wind speed and velocity of the moving blades inatbegwind direction creates force
nonlinearity for the applied wind load, and henoegcessitates fluid-structure interaction
model. Then, a model for fatigue assessment including crack propagation was develtped for
tower base connection. The inclusion of crack propagation is expected to extenditeeliée
of the tower compared to conventional fatigue life analysis using the ctérdstic SN
approach. By varying the tower thickness, diameter, and considering predevielsdolecrack
propagation, fragility curves based on a fatigue life limit state are afmatiforthe application
of performancéased design. The desired fatigue life of a wind turbine tower for diffesedt

sites can be obtained based on the fragilities. Finally, an illustrativepéxaf performance



based design for a typicatMW wind turbine throughout Coloradis used as an illustrative
example in this study.

The secondype of problem focuses on development afperformancdased design
methodology for elevated coastal structures such as bridges and builditigs.numerical
results are compared #&xisting data from dargescale bridge sectiotest and a full-scale
transverse wood wallested previously at the O.H. Hinsdale Wave Research Laboratory at
Oregon State University. These validations provideftlwadation for developing method of
wave generatiorfor interacton with bridge and buildingmodels. By introducing fragility
modeling, a variety of design options can be considered consisting of eithey theselevation
of the bridge or strengthening the structure itself in order to obtain the desirediliyolod

failure for aspecifiedof huricane surge and wave amtsity.
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Chapter L INTRODUCTION

This dissertation is a combination of two projects. The first project focuses on Angode
of wind turbine using Morison’s equation special for fatigue life estimation and mpenice
based design of wind turbine tower based connection. The second project focuses on developing
a performance based design methodology for elevated coastal ssustioch as bridges and
buildings. In order to predict the hurricane wave uplift and shear forces on elevattdrst
numerical model for fluid/structures interaction problem has been eethl®ince the two
projects share the same procedure for winddvitbine and wave/elevated coastal structure, the
dissertation is organized to cover the two problems in one general fluid/structnaction
problem. The results presented in this dissertation have been published in three journal
paperd?3with one additional paper in progress.
1.1. Wind turbine and fatigue problems

Wind energy is systematically becoming a more economical, sustainablesaénd
solution for alternative energy in lieu of fossil fuels. After the 2011 earthqualk&pian, nuclear
leaks from the Fukushima nuclear plant have highlighted the need for adopting sajgr ener
sources. The vast increase in the use of hydro power in developing countries this decade, on one

hand, has been protested by environmental activists because of its impact to thememtir

! Do, T.,Mahmoud, H., andan de Lindt, J(2014). "Fatigue Life of Wind Turbine Tower Bases
throughout ColoradoJournal of Performace of  ConstructedFacilities, ASCE,
10.1061/(ASCE)CF.1943-5509.0000612, 040141089.

2 Do, T. Q.,van de Lindt, J. W., and Mahmoud, H. (2015). “Fatigue Life Fragilities and
PerformanceBased Design of Wind Turbine Tower Base Connectiod®lrnal of
Structural Engineering, ASCE41(7), 1-13.

® Do, T. Q.,van de Lindt, J. W., an@ox, D.T. (2016. “PeformanceBased Design Methodology
for Inundated Elevated Coastal Structures Subjected to Wave”LBajineering Structures
Elsevierl17, 250-262d0i:10.1016/j.engstruct.2016.02.046
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which remains unknown for years. Solar energy, although one of the most relialdessolur
energy, is still considered by most to be too expensive for general use. Winy, eviaa is
available almost anywhere, is a reasonalilrrative over conventional energy in the modern
world (Morgan 2010). In the early 1990s the wind energy industry experienced rapid growth and
construction increased by more than 500%. This decade was also marked by a shéitatimeg
size wind turbines as well as offshore wind power (Manwell et al. 2@¥))erally, wind energy

is harvested by wind turbines, which generate electricity from rotatingpmexcited by wind

force.

Since 2011 the U.S. has experienced a 90% increase in installation of wind power
equipment, leading to a significant increase in wind energy production in 2012, which
contributed to 42% of the total annual energy capacity additions. In the U.S., Colosaclois
the top ten states producing wind power with a cumulative contribotidr8% (3,301 MW) in
place as of the end of 20{W/iser and Bolinger 2013)Although the cost of installing onshore
wind farms in the U.S shows a slightly decreasing trend (from 2,154 USD/kW in 2010 down to
1,940 USD/KW in 2012), it is still too high compared to other countries such as China, Denmark,
and India, with the cost of 1,354, 1,367, 1,460 USD/kW in 2010, regpyaiRENA 2012) In
the breakdown of onshore wind power cost, the wind turbine typically accounts for 64&6 of th
total cost. The tower itself accounts for a quarter of the cost (IRENA 2012)eB¢he design
of the wind turbine tower may reduce the cost of wind power.

From the structural engineering perspective, wind turbines can be comparel tiséig
buildings with a low frequency and heights ranging from @@@m. A typical modermwind
turbine consists of a-Blade- upwindhorizontal axis rotor mounteoh top of a fabricated steel

tube tower. Wind towers and rotor blades with lengths reaching up -i@@®@ are more



sensitive to aerodynamics but are becoming quite common in wind farms around lthe Avor
number of research projects have been conducted to develop coupled numerical modeds for w
towers and blades that are capable of modeling response to wind load. Current wind turbine
practices use aerodynamic analysis tools such as the FAST (Fatigue, Aenagy@tructures,

and Turbulence) coddonknman and Buhl Jr. 2008nd ADAMS (Automatic Dynamic Analysis

of Mechanical Systems) with A2AD (ADAMS to Aero Dynamic) code (Laino andskian
2001).

Anothercommon method of wind turbine analysis is the so called #batty dynamics
approach(Murtagh et al. 2005; Saravia et al. 2013). The idea of this method is to set up the
equations of motion for each part of a structure separately and then applyibyngoatditions
(constraints) to link these parts. Therefore, some higher vibration modes can lgereoshsr
eliminated in the analysis due to the level of accuracy required such as coupling oferdi
torsion(Jeong et al. 2013; Kooijman 199@jurtagh et al(2005)developed a model to couple
the rotating blades and tower under wind loading using modal an@gsiguse of the large size
of the rotating blades, wind forces acting on blades can change depending on the position of
blades. The base shear that results from this complex dynamic interactiorblafdée will then
will be transferred to the tower, thégechanging its dynamics. Chen et(@009)used the same
procedure to investigate the coupling vibration and applied the finite element mieEMY tO
analyze turbine behavior. Their study indicated that there is a signifidéeredce in the top
tower displacement for the coupled and4oonipled models. Quilligan et §2012)developed a
Lagrangian energy conservation method to construct the equation of motion in tadt fore
direction. These egtions are solved in the tirt®main. Wind data is typically processed in the

frequencydomain since it is a stationary Gaussian process. However, a method for converting



the wind spectral density based on an inverse Fourier Transform to a wocdywiine series
is often appliede.g. Aasjakobsen and Strommen 2001; Murtagh et al. 2004).

Unlike many otherengineering structures, wind turbines are designed for a target
economicallife of 20 years(Manwell et al. 2009; Nijssen 20Q7primarily because of fatigue
related failure of the turbine components. Since wind turbines are not designed fombccupa
comfort, windinduced vibrations can be higher than in a typical building. However, large
vibrations can lead to damage accumulation resulting in fatigue failure, apactithe tower
base connections where dynamic stress concentrations are generally Bglyp@tof damage
has also baeobserved in other slender structures subjected to wind loads such as transmission
towers and traffic polege.g. Dawood et al. 2013; Goode and van de Lindt 2007; Madsen and
Frandsen 1984; Repetto and Solari 2010).

The total fatigue life of any detail gerally consists of the crack initiation stage and the
crack propagation stage. Fatigue analysis of the initiation phase is typmatlucted using the
“S-N curve” approach(AASHTO 2012; Goode and van de Lindt 200while the crack
propagation phase is analyzed using different crack propagation models; the most common of
such is the “Paris Law(Paris and Edorgan 1963). In structural engineering design codes such as
the American Society of Testing and Material (ASTM) and the American Astgotiof State
Highway and Transportation Officials (ASSHTO), the aforementioned apprcacised to
provide a relationship between stress range and number of cycles that will pratincega
thickness crack under service live load. However, the development of a thhaclgtess crack
does not mean that the detail has reached the end of its fatigue life. Fatigueaadakavn to

propagate in a stable manner urfté track length is too large to tolerate and fracture occurs.



The SN curve fatigue assessment method is based on time domain as well as frequency
domain. In frequency domain, a stationary Gaussian processes is assumeadféoading
effects developedrédm the assumption of a narrdvand process (Crandall and Mark 1963)
ClosedForm Solution (CFS) based on a wddand process (Holmes 2002r even a
combination of narrovbanded Gaussian processg@bao and Moan 1990) Recently, an
improvement to CFS was proposed by Repetto et al. (2009;,20h&}h is believed to provide
dightly conservative approximations for predicting total damage and &gt While not
much computational demand is needed in the frequency domain, complex vibration response
calculations under various loading conditions as well as large computerrynaraagequired in
order to apply a time domain approach. Numerical algoritarasadopted for constructing the
histogram for the number of cycles at each stress level (stniegs histogram) in order to
calculate the accumulated fatigue damégese and Dalhoff 2000; Goode and van de Lindt
2006, 2007; Kumar and Stathopoulos 1998; Xu et al. 2009). Despite its computational demand,
the benefits of working in the time domain is that it can capture the force raitimia the
fluid/structure interaction problerfMorison 1953). This approach was utilized in this study to
apply the nonlinear wind loading in the coupled dynamic model.

In part | of this dissertation, the focus will not be adeveloping a new advanced model
for wind turbine analysis. However, a simplified model using FEM, which considersotig a
wind vibration only in the timelomain, is developed to obtain the bending stress as a time
series. This timéistory stress is aassential input for the fatigue assessment including fatigue
crack propagation as a post analysis stage. The developed FEM is validamugaring the
predominate frequencies and mode shapes to the those presented in Jonkman et ato( 2009)

ensure that the simplified model is a close representation to their systemsarialgsworth



noting that the simplified model used herein does not account for the variation of wetd spe
along the horizontal plane, which will results in torsional effett® results of the simulations
are used to develop fragilities for application of performarased design to the wind turbine
baseplateo-tower welded connection. The design charts are based on key designesariabl
(tower base diameter, thickness, and a predefined level of crack propagation) fated wel
connection at the tower base only.
1.2. Elevated structuresin coastal areas

Part Il of this dissertation focus on another performdrased design type. As a result of
global climate change, many experts anticipate an increase in hurricane disastgrshal
coastal area of the U.S. with potential implications demonstrated by merrlgan (2004),
Katrina (2005) and lke (2008), and most recently Sandy (2012). Elevated stractu@se of
the solutions to mitigate the damage and reduce risk to buildings and bridges alongshby
reducing the impact flow of surge and/or waves during hurricanes. In some suruestsyesr
fail or survive with just 0.5 m (1.6 ft) difference in elevation (Kennedy et al. 2011 wave
impact forces include shear (lateral wave force), uplift from undernkathktticture, and over
turning moment which all can result in significant damage to many typesuofuses including
highway bridges (Cuomo et al. 2009; Padgett et al. 2008). In addition, coastal acdastar
structures must resist forces due to buoyancy and hydrodynamic dudtghgeBom currents
associated with hurricane surge.

A large body of reseah exists for wave loading on fixed and floating ocean and coastal
structures and was conducted for offshore oil platforms, rublend port structures and
vertical caisson, etc(Goda 2000; Sarpkaya and Isaacson 1981). Early laboratory studies in

shallow water wave loading on elevated structures were conducted using catealyglraulic



models under simplified geometry and wave forces (Gramhry 1963; Kaplan 1992; Kaalan et
1995; Wang 1970). These studies focused on predicting the uplift forces including buoyancy,
slamming force, drag force as well as inertial force. These forces refieanty the wave
characteristics but also the dynamic response of the structures and oftenidistruftture
interaction between theawves and structure. Later in 1999, a series of tests on the offshore oll
platforms exposed to hucane waven-deck load(Bea et al. 1999)n Gulf of Mexico were
condicted. Those tests showed that clearance height between still water level anwebthaelck

of the platform is the critical parameter for designing an elevated struahjexted to waves as
one might expect. Other important parameters are the wave loeegitand its probability
distribution such as the peakedness of the sea state. Some folleesagsch projects used
different probability distributions such as the Rayleigh distribution for theeweaests in deep
water (Kriebel and Dawson 1993), wave overtopping (Cox and Scott 2008 truncated
Weibull distrbution for significant wave heighti() and peak periodl}) (Mori and Cox 2003)
were also conducted. However, most of bsearch has focused on deep water waves, and there
is less guidance for shallow water impacts, particularly for elevatethtsasictures.

A series of wave loading tests were conducted in the O.H. Hinsdale Wave Research
Laboratory at Oregon State University to determine gstasc equations for wave loadings on
structures. In 2011, Bradner et al. performed a test on a 1:5 scale condggeshperstructure
section under hurricane wave loads (Bradner et al. 2@ifferences between dynamic and
static forces have been observed experimentally. In 2013, a full scatd tegit frame wood
shear wall under tsunami load was tested by Linton €2@1.3)and confirmed thate transient
loading was 2.2 times that of the quasitic force. The Goda equation (Goda 2080klt by

many to present statd-the-art for predicting the static shear and uplift loading on a vertical



caisson. Following this equation, Wiebe et al. (Wiebe et al. 2@dvgloped the Goda pressure
formula for horizontal wave loads on elevated structures and validated itmathssaé tests.
Laboratory testing is both time consuming and costly and thus many ressdrabe focused on
development of robust computational fluid dynamics (CFD) models that can repléesit
results. In a CDF model, Navier Stokes equations are the governing equations lzasicteol

for modeling fluid dynamics in both deep and shallow water. In 2010, Bozorgnia et al.
(Bozorgnia et al. 2011)sed the commercial CFD code STAR CCM+ to apply the finite volume
method to solve the governing fluid equations. Using this method, the effect of entrapped air
wave impact and uplift forces on a 2D model of a bridge section was investigatszhtli,
Chen et al.(Chen et al. 2014used another open source package called OpenFOAM to
investigate wawestructure interaction. ABAQUS is a robust general commercial tool that can
also be aplied to this type of problem. In 2013, Como and Mahmoud (Como and Mahmoud
2013) used the Euleriahargangian model in ABAQUS tatigdy the impact loading on light
frame wood walls subjected to tsunami debris.

In order to introduce performant@ased design for elevated coastal structures, one option
is the development and application of fragility curves. Fragiliies conditional mbability
distributions which represent the conditional probability of the demand exceedingjfec $ipat
state or capacity as a function of one or more hazard intensities. Constfagihity curves for
performancebased design using fragility curves is not a new design concept. In 1996, the
Federal Emergency Management Agency (FEMA) funded a large project imnpanftebased
design for buildings subjected to earthquake (FEMA 1996). The fragility concepthea
studied by Rosowsky and Ellingwood (Rosowsky and Ellingwood 2002) for wood frame housing

for both wind and earthquake hazard. In earthquake engineering, the hazardyintenb the



spectral acceleration for a specified fundamental period of building. In wincheemnigg,
performance based design for wind turbine tower base connections was introduced bgcently
Do et al (Do et al. 2015).

In part Il of this dissertation, a procedure for performamasged design of elevated
coastal structures for hurricane waves using the fragility methodabgytroduced and
demonstrated on severaludtrative examples. ABAQUS finite element and ANSYS models
were validated based on existing laboratory test data. A series oficainsenulations using an
EulerianLagrangian formulation for a variety of combinations of significant wavehheigd
peakwave period were conducted. Then, fragilities for bridges and buildings designsideleva
and inundation level) were developed. The procedure to select a combination of structure
elevation and strength/capacity using fragilities to achieve the desifednpence level (in this
case failure probability) is then illustrated on several examples.

1.3. Objectivesof this Dissertation

This docoral dissertation entitled:Fragility Approach For PerformaneBased Design
in Fluid-Structure Interaction Probleriss presented in two parts with part | with the following
objectives:

Part I: Performanc8ased Design of wind turbine support towers:

1) Method for the design of wind turbine for fatigue related problem of the tower base
connection.

2) Development of asimplified but fully coupled dynamic model for investigation of the
effects of rotating blades on vibration of wind turbines with the movement ofettiblé

structure in a simulated wind field; specially for use in fatigue studies.



3) Develop fragility curves that cabe used as design aids for selection of basic wind
turbine tower design parameters based on a specific site location having fa&c speci
average mean wind speed.

4) Develop method for performantased design for fatigue.

5) Method for estimating service lifef avind turbine tower based on fatigue and crack
propagation.

Part Il: Performancéased Design of Elevated Coastal Structures

6) Model of wavestructure interaction for quantitative understanding the reactions of
elevated coastal structures subjected to tame wave and surge in a combination based
on the comprehensive analytical and experimental test results.

7) Develop performanebased design methodology for coastal elevated structures based on
a conditional probability for exceeding key thresholds suclobapse, andorce levels
under various combination of statistical sea states

8) Providebasic engineering approachies improving structure safety for those tgpef
buildingsand mitigating property loss.

1.4. Organization of ThisDissertation

This dissertations divided into eight chapters.

Chapter 1 entitled Ihtroductior?, presents the background and development of
performancebased design using fragility curves with potential applications for wirines and
coastal structures.

Chapter 2 entitled Fluid-Structure interaction methodologyntroduces two different
models: wind/wind turbine using finite element method, and wave/elevated cdastalres

using ABAQUS and ANSYS packages.
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Chapter 3 entitled “Procedure for Fatigue Life Calculation” explaimes model for
estimating fatigue life of a connection based on fatigue and crack propagation.

Chapter 4 entitledMethod for simulation of random processegplains the methods for
wind field and hurricane wave simulation which generate time series of avid wave data
from statistical data (power spectrum and type of distribution).

Chapter 5 entitledPerformancebased design and fatigue life of wind turbine tower base
connection$introduces performanebased design for fatigue, and the estimatioratgtie life
of wind turbine tower based connections based on the remaining life cycles te amitrack and
crack propagation until the structure collapses.

Chapter 6 entitled Wavestructures interaction model validation using existing tlata
uses thewo existing data sets to validate the ABAQUS and ANSYS models.

Chapter 7 entitledPerformancebased design of elevated coastal structuilésstrative
examples presents several illustrative examples for elevated coastal structuresusiegcal
models developed earlier in this dissertation.

Chapter 8 is entitledSummary, Conclusions, Contributions, dhdure work

11



Chapter 2 FLUID-STRUCTURE INTERACTION METHODOL OGY

2.1. Wind and Moving Structures using Finite Element Method (FEM)

The dynamic model for a wind turbine can be found in many commercial sttuctura
analysis softvare packages. In general, they can be classified in three types as desctieed b
et al.(2002). The classifications include a combination of mbtidy dynamics and assumed
modes or modal analysis approach which are widely adopted in wind turbine analygisite ca
the coupling between the rotating blades and-Wege vibration of the blades and towers
(Murtagh et al. 2004, 2005; Quilligan et al. 2012). The finite element method is beieeved
provide more robust results but at high computational (¢&s et al. 2002)Chen et al(2009)
used this approach together with Newmark’s method for analyzing a coupled dymaadiel in
the time dorain. For most of the aforementioned methods, a egta8t model representing the
wind loading is applied. However, Goode and van de Lindt (2006, 26@d) a FEM to analyze
the dynamic response of a high mast lighting support in which the relative wotyelcting
on a moving tower (Morison’s model) was taketo account. The approach presented in the
current study proposes combining a FEM and nidtly dynamics to describe not only the
coupling between the rotating blades and tower but also the coupling between the moving
structure and wind loading (resulting in nonlinear forces) in the time domain, fieuquasi
static loading hypothesis is no longer adopted.

First, the vibrations of the rotating blades are considered. While the bladts wind
loads acting on the blades will change due to the position of the blades. Since thedktigths
blades are quite large (60 to 100m), there is a substantial difference inelocdyat the base

and tip of the blade. Therefore, the rotating speed of the blades will affegintthdoad cycles
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and load intensities on the blades. In this model, the blades and tower are siraptifidivided
into frame elements. The equation of motion for a blade in thenisg direction only can be
written as:

Mg (X + X1top) + Cpxp + Kpxp = Fp(t) (2-1)
where Mg, Cp, and K are mass, damping andtiffness matrices of a bladéy,,, is the
acceleration of top toweriy, x5z andxy arethe acceleration, velocity and displacement vectors
of the blades, respectively.

While the mass and stiffness matrix can be obtained directly from blade geothetry
damping matrix was computed assuming Rayleigh dampihg. appearance ofXr.,, in
Equation (2-1)is analogous to ground acceleration which is well recognized in earthquake
engineering. However, this term was eliminated in this sifuithe top tower acceleration is very
small compared to the blade tip acceleration

As passing through the wind turbingind flow generates both lift force and drag force
on the blades. In this paper, only drag force, which is normal to the rotating ptzoresidered
since the lift force has a minor effect on the fl@ige direction compared to the drag force
(Quilligan et al. 2012) This is felt to be consistent with the simplified numerical model
employed for the purposes of investigating fatigue estimation modeling of windeudwer
bases in this papeAlso in this direction, by taking into account the moving speed of bkautks
tower the wind load on each bladig(t), is determined based on the relative wind velocity at

each node on the blade (Morison 1988)

1
FB (t) = EpairAnCdurel(t) Iurel(t)l (2_2)
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where p,;- is air density;A,, arevector of nodal projected areas in wind directi6p;is the
vector of drag coefficients, which change along tlade because of blade twisting and
geometries over its length.

While only flapwise vibration is considered, the relative velocity of wind at each blade

node is represented as:

Urer(t) = Uping(t) — Xp(t — AL) — Xreop(t — AL) (2-3)
where xr.,,(t — At) is velocity at the top of the tower at time- At. In this model, the relative
velocity at timet is updated from the velocity of the structure from the previous tstep
At whenAt is small.

The total basshear of each blade can be obtained by solving Equationegach time
step. By balancing kinetic forces at each node, the totaldbese at the base of each blade can

be written as:

Qs(6) = D Ky x5() = ) [Fs(t) — Maa(0) = Cotp(0)] 2-4)
i=1 i=1

in which, ng is the number of blade nodes. This procedure is repeated for the second and third
blades. Although all blades have the same characteristics, the diffareheg initial positions
(angles) results in different base shears at least in their phase angles. t8talthase shear of
the three blades is typical not equal to three times thesbhase of a single blade at any point in
time.

The vibration of the second body in the mitidy problem, namely the tower, can then

be expressed as:
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3
My + Criy + Kpxr = Fr(0) + ) Qp,(0) (2-5)
j=1

in which, Z§=1 QBj(t) is the total base shears from the three rotating blagesxr, x; are

acceleration, velocity and displacement vectorsheftower;M;,Cs, Ky: and mass, damping,
stiffness matrices of the tower. A concentrated mass at the top of the towstscoha lumped
mass of the top tower element, the mass of the rotor (including the three blades) reaxkliee
mass; Fy(t) is the relative wind force vector acting on the tower nodes and identified by
applying the same procedure to f&t).

When the blades pass through the tower, there will be a reduction in wind loading acting
on the tower. This may affect the fatigue life of the tower but has not been ohatutdes study.
The reader is again reminded that this simplified coupled dynamic model iserdioped for
the fatigue analysis. For design of wind turbines under extreme wind loadieg,dyhamic
effects ofwind turbines such as flutter instability as well as responses atsonant conditions,
the effects of blade and other loading characteristic {#anging/frequency content) could be
taken into account by using the FAST (Fatigue, Aerodynamics, Structures, andemaeat
ADAMS (Automatic Dynamic Analysis of Mechanical Systenesdes which are commonly
used in practice
2.2. Fluid-Structureinteraction modeling

The equations of motion for fluid are traditionally expressed by N&t@kes equations
for mass conservation and momentum conservation.
The principal of mass conservation for fluid problem can be express asdada@f mass in a
fix volume in time is equal to the net rate of mass flow across the surface. Thramaath

statement is known as the continuative equation as:
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dp dpuy;
ot Oxl-

=0 (2-6)

where p is fluid density t is time, x;'s are coordinate systenx(y,z), andu;’'s are velocity
componentsy, v, w).

For expressing wave/structure interaction, the equations can be limited to iassifler
fluids, which means that the fluid densipyis a constant and independent of pressure. Therefore,
the continuative equation can be express as:

aui
—_— 2-7
ax, 0 (2-7)
The full expression of the Equation (2i3)as below:

dJu OJdv Jw
Ix + 3y + i 0 (2-8)

The principal of momentum conservation is expressed based on the Newton’s Second
Law of motion for fluid dynamic which states that “the time rate of change of Imearentum
of a given set of particles is equal to the vector of sum of all the external &mtbeg on the
particles of the set, provided Newton’s Third Law of action and reaction govermternal
forces” (Reddy and Gartling 2010)The mathematical statement for n@aompressible flow

can be written as

aui ap aTl‘j

owi__9p 0t . 2
Pat = "ax T ax, TP (2-8)

where p is pressure;f; = (f;c,fy,fz) are the source termf, = fu,f, = fv,f, =—g,f =
20 sin ¢ is the Coriolis paameter (earth rotation effect), is angular rate of revolutiong is
geographic latitude, arglis gravity acceleration.

For near incompressible Newtonian fluid, the viscous stress tefisatan be express as the

function of the velocity field and viscosity, as
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ou; au]
= pu ( ) (2-9)

ox;  0x;

Spatial derivative of stress tensor:

aq, d aul d 6u] d aul d (0u; .10
ox; ~ PRox ox; ax] +pu ax] 0x; ~PEox, ox; ax] T PH S 0x; \ 0x; ( )
It is noted that% = % = 0 is the continuative equation statedHquation (2-7) then
Jj i

the second term in the right hand side of Equation (2-10) is vanished, therefore:

aTl'j d au
= pUo— (2-11)

0x; d0x; ax]

Substitute Fuation (2-11) into equation (2-8) the equation for conservation of

momentum can be written as

ou; ap d (duy; 212
Por = "ax  PHax, 6x] *+pfi (2-12)

The full expression of the NavieGtokesequation with regardless to the earth rotation

effects can be written as

ou 617 ow
axtayt o
Ju Op d /0u Jdu Jdu
'DE ax p’“‘ax(ax E+£)=0
(2-13)
Jv ap d (ov dv OJv
Pattay p’“‘ay<ax ay az>=0

aw ap 6<6W+6W+6W>+ _ 0
Poc Yoz P oz Py =

dx Jdy 0z
The above exgssion is called the Eulerian form of tNavier Stokesequation which

have four equations and four unknownsi{, w, and p).
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For solving the fluid/structure interaction problem, Lagrangian form should be

considered. The relation between the positiba particle and its velocities can be written as
ou;
xp=Xi+ f(u,t, a_tl) (2-14)

where,x;’s are the final positions arij’s arethe initial positiors.
The boundary conditions for tidavier Stokes equation is usually expressed as
5j0; —pb; = 0p;  on Iy,
u;0; = uy, on [, (2-15)
w;§; = Uy on [
where, 0;'s are the components of the tangent vector to the surface boundarg same the
components of the normal vector to the surface boundary.
2.3. ABAQUS modeling for fluid/structureinteraction
The coupled fluid/structure in ABAQUS model the structure wathLagrangian
formulation, the fluid with a Eulerian formulation with the underlying assumptiantkie water
can be modeled as a viscous and incompressible Newtonian fluid (ABAQUS 281lirzar
equation of state represented in the Hugoniot form (ABAQUS 20Wa&B) also employed to
determine pressure as a function of fluid density and internal energy per usit Tihase
parameters are required to define the water using this representation, namsty (L030
kg/m3 for sea water), the speed of sound in water (1500 m/s), and the dynamic viscosity (0.001
kg/m/s at20°C). The EulerianrLagrangian general contact approg&BAQUS 201la)was
applied for this analysis with the assumption of zero friction tangential tacearfa
In this dissertation, the two existing laboratory wave fluns¢ weere used to verify the
ABAQUS model and were demonstrated in Chapter 6. The simulation method then was applied

to investigate wave loading (uplift and shear) on the bridge section at full scale.
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2.4. ANSY S modeling for fluid/structureinteraction

In addition toABAQUS, ANSYS is another computatiaintool for modeling hurricane
wave and structureln this dissertation, 3D models for eastwry and twaostory elevated
residential buildingn coastal regionvereinvestigated using ANSYS.

Wavestructure interaction problems can be divided into two types:waye fluid-
structure interaction foa rigid structure (concrete buildisgr bridges), and tweway structure
interaction for flexible structusewith dynamic effects consided (wood/seel buildings) One
way fluid/structure problems can be modeled in ANSYS by using only lilnent-module
(ANSYS 2013). For this type of problem, structures are assumed to be rigid and adheg as
fixed boundary of the fluid volume.

On the other hand, twway fluid/structure problesare modeled in two different parts
namely thestructure domain anithe fluid domain. The two domains share common pressure and
displacemerivelocity at the contact surfaces. After each time stépe stressat the contact
surface ofthe fluid domain will be the load fothe structure and then thdisplacements athe

structureareupdated fothefluid boundaries.
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Chapter 3 PROCEDURE FOR FATIGUE LIFE CALCULATION

The procedure for calculating the total fatigue life is outlined in the flowclnmva in
Figure 3-1. As shown in the Figure, the total life is comprised of a crack initiation staba a
crack propagation stage. The following two subsections describe thesiaredgociated with

crack initation and crack propagation in more detail.

Select an annual mean wind Select design parameters of’
= speed, u, wind turbine tower/blades
L
Generate mean wind speed FEM Load/Response
u; and the correlated p; model
(Lognormal distribution)
‘ |

. Stress at tower base
For each u; , generate wind

time series at different
heights

|
Rain-flow counting for
effective stress range (i,/)

S-N curve model
(Crack initiation)

Total fatigue life (i,7)

Paris Law model
(Crack propagation)

i=i+1 no

j=i+1 no

Finish

Figure3-1. Flowchart outlininghe procedure for the fatigue life calculation
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3.1. Servicefatiguelifeusing S-N curve modé (crack initiation)

For a given time series of wind velocity, the equation of motion for the tovemived
numerically using Newmark’s method (Newmark 1959). The method had been condensed in
stepby-step for easier use by Chogfzhopra 2012) Then, moment dahe tower baseVl(t) can

then be obtained from the finite element model (FEM) as:

MO =) b (3-)

wheren; is the number of tower nodées, is the lever arm of the total nodal force in the flap
wise direction at nodé& (distance from tower base to nodlg F, = Krx(t) is the dynamic
force in the flapwise direction at node.

Once stress at the tower base is obtained by applying basic mechanicsfl@avramunting
method (Matsuichi and Endo 1968)applied to construct the stress histogram. The effective

stress range is then obtained udtamgrenMiner’s rule (Miner 1945)

Srefr = (Z fiSEi)

where S,; andf; are thei'" stress range and its probability of occurrence from the stress

W[

(3-2)

histogram. Based on-S curve approacfAASHTO 2012), the number of cycles of the weld
connection at tower base for tHfé& wind speedtan be determined as:
N; = ASyess (3-3)
whereA andm are the fatigue constant parameters for each detail category.
For a narronband random stress history, the expected frequency is the average number
of zero upcrossings per unit timevd (Crandall and Mark 1963). Therefore, if only & mean
wind speed is dmg on the wind turbine for the entire year, the expected fatigue life éor th

tower base connection can be expressed as:
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N;

Fli = 7 (365)(24)(3600)

[year] (3-4)

Using the service life over the yearly cycle and the assumed damage aticumtha
total service life to crack initiation can be computed using the PalphMjireer rule (Miner

1945) as:

Frp) = ————— -
life ?=1Dipi [year] (3 5)

in which, Fy;¢. is the computed fatigue life in yea#},is the probability of occurrence of thé

wind speed, an@); = % is the expected damage corresponding ta‘thwind speed.

Regarding fatigue constant parameters, many studies have shown thap¢éhefshe S
N curve does not change much while the fatigue constant has substantial unogttmiaky et
al. 2010). Although the standard for wind turbines is the International Electnaical
Commission (IEC) 61400 (Manwell et al. 20p%atigue and fracture assessmatgo can be
considered under other codes with more testing data available for fatigueisasalgls as
American Welding Society (AWS), ASSHTO, and British Standard (BS7910). #seden
ASSHTO, detail category E was assumed for the base fillet well@tection in this study,
thenm = 3.0 (fixed) andA = 36.1x10'° MPa3 which was modeled as a lognormal distribution
with meanu, = 65.9x101° MPa® and COV=0.26 (Chung et al. 2003). The MeGtlo
simulation method was then applied to genedate.g. 10,000 values). For detail categbrythe
threshold stress foafigue was set t81 MPa (AASHTO 2012) Any effective stress range less
than half of this threshold value will not affect the service fatigue life (Danv8007)and was

therefore neglected.
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3.2. Fatiguelife after athrough-thickness crack (crack propagation)

After the tower experiences a throutjiickness crack, the remaining fatigue life due to
crack propagation can still be substantial. In fact, the crack will continue togatepgradually
after each cycle until it reaches the critical size where brittle fracture octersaftain cycles
of loading (Mahmoud and Dexter 2005). However in current design codes, the fatigue life
associated withcrack propagation is not accounted for. The reason for this is because the
philosophy in design codes is that it is more conservative to ignore theeffegdue to crack
propagation. Consequently, most experimental fatidata do not include the lifassociated
with crack propagation. The procedure for estimating the propagation fateacks is
determined by the Paris LaWaris and Edorgan 1963)

da
N~ C(AKopr)" (3-6)

where( is the crack growth rate coefficientK, s, is the effective stress intensity factor range,
which depends on the effective stress ran§ig,£{) and crack length (a) as well as other
geometric factors, anth is a material constant. Closéarm solutions for the stress intensity
factors have been widely published in various resources and are well defingiisin &andard
(BS7910 2005). Since the ratio of wall thickness and curve radius for this probtesdsxhe
limit of a defined curve shell membe& AT > 100), a flat plate for througthickness crack will
be assumed to compute stress intensity range, therefore:

AKgpr = AKjorr = Y(Speps WTa (3-7)
whereS, ¢ can be a value that represents a constant amplitude stress range or an efiessive str

range that accounts for the tiraariation of the stress range.
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Since the plate width is very large compared to crack length, the assum@iombhite
width platewill be applied. On the other hand, the tower is under bending stress only (no
membrane terms) and it is assumed that there is no misalignment=sh,

By applying a closedform solution (Dowling 2007), the number of cycles the structure

can withstand after the first initial crack;¢) for each annual mean wind speed is defined as

1-m/2 1-m/2
a / —a; /

Ny = —2— 7 (3-8)
c(ASvVm) (1 —m/2)

where AS = S,.¢r is the effective stress range for tH& mean wind speed, ang is initial
crack length which can be set as the detectable crack size or the visible -tiiokigess crack.
This crack can be an initial flaw or in this case, is the thrdhighkness crack due to fatigue
defined by the 9\ curve. It can be assumed thaten a througithickness crack appears, the

crack length is already double the wall thicknésgyre3-2a).

-—=2a=2T - 2a -

R=6m

(a) (b)
Figure3-2. Development of tower wall throughickness crack at base
The final crack lengthay, is the crack length that can be tolerated before plastic collapse,
and will be determined by applying Fatigue Assessment Diagram (FAD)lAvedpresented in
BS7910 (2005) Some parameters needed for this procedure are listed below:

Fracture ratio at each mean wind speed

K
K, =—

- ch (3-9)
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whereK; = S, maxVma is stress intensity factor for an infinite width flat plgB57910 2005)

St max = [SCF (Srzi—g) +as] is the maximum tensile sts at tower base, ariﬂ is the

compressive stress due to dead load. The stress concentration factorgisG€)taken as 1.5
for a fillet weld (BS7910), and; is the secondary stress or residual stress which is equal to the
yield strength of thenaterial(BS7910) andK;, the is toughness of the material from a Charpy
V-Notch Impact test.

The load ratiat each mean wind speed can be expressed as:

s
s, =< (3-10)
Sy

where the reference stress, = Srzi +§ is the primary stress for an infinite width plate and

Sp = %(ay + 0y) < 1.20, is the mean value of yield strength and ultimate tensile strength.

Based on a level 1A (BS7910) for an acceptable region, while making sure thatiogsl.j is
less than 0.8 (no plastic collapse) and setting the stress intensity(f8ctaqual t00.707, the

critical crack length then can be determined as:

2
1/0.707K
ar = a, =~ <—’C> (3-11)

T\ Stmax
All the material constants in Equatio(3-6), (3-8), (3-9) and(3-11), are provided in
Table3-1.
By substitutinga, into Equation (38), the number of cycles the tower base can withstand
without plastic collapse while the crack propagates from its initial lengdht¢ final lengh
(ar) is determined. If one considers the fatigue life after the first cragk géiccounting for the
crack propagation), then the extended service life for each annual meanpsed can be

written as:
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1
S5 P (3-12)
[ A

Plife =

— + - - -
where D, = 2 (360(;3(24)(365) is the expected damage of tH& mean wind speed,P; is the
if

probability of occurrence of thié" mean wind speed, is the expected frequency of the stress

process for each @an wind speed.

Table3-1. Material constants for ASTM A36 Steel (BS7910)

Variable Value
K. 100 MPavm
T m/cycle
C 1.65x 10 —(MPa\/ﬁf
m 3
gy 250 MPa
oy 400 MPa
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Chapter 4 METHOD FOR SIMULATION OF RANDOM PROCESSES

In this Chapterthe generation of two different random processes is explained, namely a

wind field and shallow water waves, with applications presented later in thestdigs for
wind turbine tower fatigu@nalysis and uplift forces on coastal structures, respectively. Both
provide the loading for their respective analyses and illustration of tétfranethodology for
performancebased design.

4.1. Wind field smulation

Wind speed at a specific site is normally represented by an “annual mean wind speed” at

a reference height from the ground. For each annual mean wind speed and its assumed

distribution type, a probability density function (PDF) is plotted. The area eadle PDF curve
will be divided into a number of bins. The average value of wind speeds at each lsemtpre
the “mean wind speed” at the reference height. Mean wind speeds at different aeeghiso
computed by the logarithmic law. Finally, wind timeries or “wind speed” was generated for
each mean wind speethe wind speed in the along wind direction at heightin be expressed
as:
U(h,t) = Up(h) + up(t) (4-1)
The mean wind speed at heightU,,, (h), follows the logarithmic lawyHolmes 2004):

In(h) — In(z,)
“In(ho) — In(zo)

Un(h) = u (4-2)

whereu; is the mean wind speed measured at reference higighf is surface roughness.
Fluctuating wind speed at height u,(t) was determined by taking the inverse Fourier
Transform of the wind power spectral density (PSD) with spatial correlgiimmjakobsen and

Strommen 2001). However, only vertical correlation is of interest herein for theaKaimd
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spectra in the along wind direction instead of the vonm&dr spectrgSimiu and Scanlan 1986)

With this simple wind field model, every point in the horizontal direction which hasahe

height will experience the same wind velocity at the same tigeire4-1)

150 ————n 150 —— 150 —
| ‘ |

| |

| | I
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U, [m/s] G, [m/s] Turbulent Intensity (1 ),[%]

Figure4-1. Windfield simulation for7m/s mean wind speed 80m
In order to simulate the wind field, several other parameters must be identibied. F

discussion, assume the mean wind speed is measwB@nhdteight for an open terrain site. The
vertical height varies from 0 to 150m (the highest position of the wind turbine bippasd is
modeled in 10m increments. The cut-in and cut-off wind frequencies are selectptlite oa to

a threemin return period (180 sec) and the frequency rang@.085Hz to 6Hz with an
increment of0.005Hz. The selection of cuh frequency and increment are important for wind
time-history simulation. A lower cun frequency and smaller increment will result in higher
turbulence intensity. An example for generating a 7m/s mean wind speed at 80norelevati
duration of 3600 seconds is illustratedFigure 4-1 andFigure 4-2. However, this procedure

does not need to be used when the wind data in the time domain is available from field

measurements.
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Figure4-2. Wind speed at 10m and 80m generated from 7 m/s mean wind speed at ¢
The selection of annual mean wind speed and its turbulence intensity depends on the

wind site itself. Noda and Flag1999) indicated that the mean annual wind speed and its
turbulence intensity for a typical site in New Zealand are 10m/s and 17.5%, redperiilvea
mean annual wind speed of 7m/s with 15% turbulence for an oversea site. In thish&udy, t
annual mean wind speed at an elevation of 80m was varied from 6 m/s to 12 m/s with 17.5%
turbulenceThese values are representative of the state of Colorado from 30 years Afdd@A
(Atadero et al. 2008). The lognormal distribution produced from thiemhd Oceanographic and
Atmospheric Administration (NOAA) data for the contiguous United Statesused to generate

the time series shown earlier. The probability distribution function (PDF) canitbervas:
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1 1/Inu— 24\’
o) = e [—5( : )] *-3)

where, { and A are shape and scale parameters (mean and standard deviation of lognormal

distribution), and are defined in term of normal meanand standard deviatio) of annual
mean wind speed distribution &= In (1 + Z—z) andA =Inu — %(2. While u can be set to

be equal to the selected annual mean wind speed at 80m above grountl Weasljetermined
by assuming the annual mean wind speed distribution to haveame coefficient of variance
(o = uCOV = 0.35u). For each selected annual mean wind speed, the corresponding PDF is
plotted as shown idrigure 4-3. Each PDF was then divided into 51 bins each representing
different mean wind speeds;], within the PDF which were used for determining the dynamic
response of the wind turbine. The area under each bin represents the probability rehoecur
(p;) for each mean wind speeag ) (Goode and van de Lindt 2007).

It is important to note that the wind speedrifisition over a short time period used for
dynamic analysis was described by the normal digioh while the annual mean wind speed

was defined by the lognormal distribution.
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4.2. Wave power spectrum for deep and shallow water
The generation of shallow water waves is typically performed by ninditydeep water
sea state power spectral density function.
4.2.1.JONSWAP spectrum for deep water waves
The Joint North Sea Wave Observation Project (JONSWAP) started in 1967 and
simultaneously measured the wave and wind 160 km away from the island of Sylt in the
Germany Bright, and applied the results to develop theSM@AP spectrum for deep water sea
waves (Hasselmann et al. 1973)The original spectral formuld;(f), showed the fetch
dependence of the wave spectrum as

a 2

5 —4 ex _(f_fmz)z
S](f)=j%e)(pl__(f) ly p[ 202f2 (4-4)

4 \fn
where y = peak shape parametey,= 3.3 as an averagef,, = model frequency,f,, =

3.5(g/U)x~%33, also recognized as peak frequenfy, a = 0.076x°?* o = 0.07 for f <

fmand 0.09 for f > f,,; X = gx/U%, dimensionless fetch/;, = mean wind speed at 10 m;
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and g = gravity. For hurrtaneassociated wave spectra in the U.S., the JONSWAP spectrum
was modified to match the measurement of four major hurricanes (Ochi 2003).oTfesan

JONSWAP spectrum in term of significant wave height and peak frequencyessag as

(r fp)
_45g2H2f£ 0.34 Zazfz
SN =—Gmr F7ex [ 0125 l(95pr ) [ ]

(4-5)

in which the two parameters,and y from the original spectrum can be derived as
a =45fHZ; v = 9.5f,H)3*;

4.2.2. The TexeMARSENARSLOE (TMA) spectrum for shallow water waves

The TMA spectrum was developed to reproduce vgederated finite depth water
gravity waves and was named by Huglidsghes 1984pas a result of research conducted by
Bouws et al. (Bouws et al. 1985), which was used in the field verification and development of
the spectrum. The name TMA is a combination of the first three letter of the tieeseds:
Texel, MARSEN (the Marine Remote Sensing Experiment at the North Sea), ah®DER®e
Atlantic Remote Sensing Lardcean Experiment). The experiments covered the wind speed
measired at 10 m ranging from 4 to 25 m/s with a sea bed slope rangmglfd50 to nearly
flat, and with water depths between 5 and 45 m. TTM& spectrum effectively transforms the

infinite depth sea spectrum (JONSWAP) to finite depth wajers

Stua(f,h) = S;(N)®(w, h) (4-6)
where
®(w,h) = om0, ak(w - (4-7)
w, -
k=3 (w, )ak(a) ,00)

is the transform function. The numerical expressioniftw, h) was developed biitaigordskii

et al(Kitaigordskii et al. 1975as
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-1
2w K(wp)

sinh(Zw,le(wh))

®(wp) = {K(wp)} 2 1+ (4-8)

where  wj, = wy/ h/g and K(wy) can be  determined  from the  constraint
K(wp) tanh(w2K(wpy)) = 1.
4.3. Hurricane Wave Simulation

While deep water windenerated waves can often be treated as Gaussian, waves in
shallow water are ne@aussian due to high crests and shallow troughs as the waves near the
shore and the water becomes shallower. Recent studieddtaged on the simulation of non
Gaussian time series which match both the power spectral density (PSD) gndbhkility
density function (PDF). These simulation methods vary from direct simul&tioiterative
methods. Direct simulation includes ARMA models for +@@aussian signalfLawrance and
Lewis 2014; Li and Li 2012and Hermite polynomials lch generate nefsaussian processes
from a Gaussian procef#&/interstein 1988). Iteration methods first genemmt@aussian process
from the target PSD then transform them into a-@awnissian process. The simulated spectrum
may be distorted from the target PSD and PDF. The updated PSD is then computed fdr the nex
iteration until the simulated PSD and PDF match Hrget. These iterative methods are well
explained byYamazakiand Shinozuka (Yamazaki and Shinozuka 1988) further developed
by Grigoriu (Grigoriu 1998) by introducing the covariance function of the translation.

Methods for simulating neaussian processes have been developed for more efficient
and accurate simulation of the free surface. Deodatis and Mig¢Bletdatis and Micaletti 2001)
modified the Yamazaki and Shinozuiteration algorithm in order to generate a highly skewed
probability distribution. Another method introduced by Masters and G(Megters and Gurley

2003) used cumulative distribution function mapping instead of conventional probability
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distibution functions. For generating a broad range of-@anssian processes using Monte
Carlo simulation, GrigoriGrigoriu 2009)proposed translation models for the process which
can handle both direct and inverse problems of an arbitrary prescribed mardinialitchs
function. Recently, a simple and efficient translation process has been developeytheral
non-Gaussian stationary stochastic vector process (Shields and Deodatis, 2083 non
Gaussian and nestationary stochastic procesg&sm and Shields 2015; Shields and Deodatis
2013b).

The present study focuses on the original iterative method feGaossian simulation
proposed byYamazakiand Shinozuka (Yamazaki and Shinozuka 1988)ply as a tool to
reproduce shallow water wave sea states. TheGQaussia sea state was simulated from the
target PSD for shallow water (TMA spectrum), and the prescribed random weater PDF.
After several iterations, the PSD of the simulated wave provides a reasporatieto the target
PDS power spectrum as well as the prescribed wavéthdistribution. A reasonable match is
defined here as having an area under the PSD of within 5% of the TMA spectrum. The
expression for converting a Gaussian process to &amigsian process was written as

n=F(®",)) (4-9)
where, n, is Gaussian sea statg,represents nefsaussian sea stat€; ! is the inverse of
prescribed cumulative distribution function (CDF) of a 1@@amussian sea state, afddn,) is
standard normal CDF of Gaussian sea state.

The prescribed wave distribution is traditionally assumed to be a Weibulbdisin.
Once the target TMA spectrum and the sea state are defined, the Biésel transfdumation
(Biésel and Suquest 195ik) then applied to transform the height of the generated wave to the

displacement of the wave paddle in the time domain. For the numerical flume @delsgrihe
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simulation procedure described earlier in this paper, the paddle was not modeled, thstea
movement was replaced by the paddle velocity applied directly to the fluil ddabe boundary
conditions at one end of the flume. Therefore, dhiginal Biésel transformation function was
modified to obtain the paddle velocity instead of the paddle displacement. The proagdure f
getting wave paddle velocity is as below:
1- Choose the ctih and cutoff frequenciesf,,;, and f,,4,, and the resolution of the
spectrum,N. The TMA spectrum is divided intd bins. The width of each bin denotes
the frequency resolutiol\f = (fimax — fmin)/N). Random sea wave are then assumed

to be the combination & single harmonic waves.
2- Theit" singlewave has frequencl (f; = finin + IAf —%). The area under each bin
represents the discrete wave energy specwyiif;)
0_1? (f) = Srma(f)AS (4-10)
3- Compute wave amplitude for th& wave
a; =+/20%(f) (4-11)
4- Compute time series elevation for 4 wave with random phask®
n;(t) = a;cos(2xnf;t + 5;) (4-12)
5- Compute the Biésel transform function

For hingedtype wave maker

B (2) = h+z  kh [sinh(k;h) cosh(k;h) + k;h] (4-13)
= T 2 sinh(k;h) [1 = cosh(k;h) + kih sinh(k;h)]
For pistontype wave maker
inh(k;h) cosh(k;h) + k;h
g = Sinh(kih) cosh(kih) + ki (4-14)

‘ 2 sinh?(k;h)
6- Transform time series sea state to time series wave paddle movement for sirgle wav
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x;(t,z) = Bi(2)n;(t) = Bi(2)a; cos(2nf;t + &;) (4-19)

0(t,2) = BU(2) meni(0) = Bi(2)ay [2fisin (it +8)] (4-16)

7- Compute the time series sea state and time series wave maker velocity
n®) =X im(®);  x(t2) =X x(t2); v(t,z) = Z vi(t, 2) (4-17)
8- Apply this velocity profile to the numerical flume model in ABAQUS and get the sea

state spectrum at the desire locatiSy).(Compare the generated wave spectrum and the

Si

target TMA spectrum, compute the rafie= 5
TMA

9- Multiply v(t,2) in step 7 withké and repeat step 8 unfil = Sy,4

After obtaining the input velocities ready for wave generation, a finitaezglemodel for
the water flume was generated in the ABAQUS and ANSYS environni2etizils of the finite
element model will be discusd later. H; andthe wave spectrum at a specific location in the
numerical wave flume were collected and compared to the values from the TMAIspeTire
values will also depend on the location of the measured point in the flume. Thecbmging
the measuring locatimallows H; to be closd to the target values. A velocity coefficient for
different H; and the height of the numerical water flume was also applied to obtain the target
significant wave. This adjustment coefficient was applied to account for tpéfgation of the
numerical wave flume boundary conditions. In this study, the bottom of wave flume wa
modeled as having zero velocity or-sigp condition while water can slide freely along the side

walls (free slip condition) of the numerical flume.
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Chapter 5 PERFORMANCE-BASED DESIGN OF A WIND TURBINE USING WIND-

STRUCTURE INTERACTION MODEL

5.1. Fatiguelife of a wind turbine tower base connection
5.1.1. Wind turbine configuration and FEM modeling

The configuration of a typical-MIW wind turbine is described ilable 5-1. Since the
configurations of blades are complicated, these numbers will be used as the ihputEdvit for
the blades. The blades were modeled using 17 frame elements with 6 degreedaoh fat each
node. Although only flayvise vibration was considered, edgise stiffness, axial stiffness as
well as the torsional constant svalso taken into account.

Table 5-1. Distributed blade structural and aerodynamic properties (Jonkman et al. 2009)

RNodes| BMassDen| FlpStff EdgStff GJStff EAStff | AeroTwst| Atack
Node| (m) (kg/m) (N.m2) (N.m2) (N.m2) (N.m2) © angle ‘a
1 2.87 767.89 | 1.91E+10| 1.95E+10| 5.36E+09| 1.07E+10| 13.31 103.31| 0.50
2 5.60 607.25 | 1.12E+10| 1.54E+10| 3.59E+09| 7.83E+09| 13.31 103.31| 0.50
3 8.33 409.22 | 5.81E+09| 8.46E+09| 1.69E+09| 4.67E+09| 13.31 103.31| 0.35
4 11.75 425.85 | 4.65E+09| 7.17E+09| 8.47E+08| 4.17E+09| 13.31 103.31| 1.35
5 15.85 352.32 | 2.54E+09| 5.03E+09| 3.32E+08| 3.13E+09| 11.48 101.48| 1.39
6 19.95 338.17 | 2.02E+09| 4.47E+09| 2.57E+08| 2.58E+09| 10.16 100.16| 1.39
7 24.05 320.56 | 1.55E+09| 3.95E+09| 1.96E+08| 2.11E+09| 9.01 99.01 | 1.38
8 28.15 293.02 | 1.05E+09| 3.38E+09| 1.39E+08| 1.59E+09| 7.80 97.80 | 1.38
9 32.25 260.56 | 6.41E+08| 2.68E+09| 7.79E+07| 1.14E+09| 6.54 96.54 | 1.40
10 36.35 234.83 | 3.78E+08| 2.17E+09| 5.37E+07| 8.70E+08| 5.36 95.36 | 1.45
11 40.45 192.46 | 2.15E+08| 1.49E+09| 3.28E+07| 6.07E+08 4.19 94.19 | 1.45
12 44.55 160.55 | 1.18E+08| 1.11E+09| 1.99E+07| 5.01E+08 3.13 93.13 | 1.45
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13 48.65 134.48 | 8.40E+07| 7.56E+08| 1.54E+07| 3.53E+08| 2.32 92.32 | 1.46

14 52.75 102.81 | 5.50E+07| 4.85E+08| 8.54E+06| 2.27E+08 1.53 91.53 | 1.46

15 56.17 86.87 3.72E+07| 3.76E+08| 6.62E+06| 1.72E+08| 0.86 90.86 | 1.46

16 58.90 67.77 2.54E+07| 2.74E+08| 5.17E+06| 9.69E+07 0.37 90.37 | 1.46

17 61.63 46.26 7.89E+06| 8.73E+07| 2.23E+06| 3.09E+07 0.11 90.11 | 1.46

The tower was modeled using ten frame elements with an equal element length. The
sketch of the original tower is as shown Rigure 5-1. For the performanebased design,
stiffness and mass of the tower elements were computed using the FEM basbtebr2.

Table 5-2. Towerpropertiedor the 5MW wind turbine (Jonkman et al. 2009)

Variable Value

Tower mass density 8.5 kg/m3
Base diameter 6 m
Top diameter 3.87 m
Base thickness 0.035 m
Top thickness 0.025 m
The Young’s modulus 210 GPa
Shear modulus 80.8 GPa
Tower height 87.6 m
Structural damping ratio 1 %
Hub Mass (at top of tower) 56,780 kg
Nacelle Mass (at top of tower) 240,000 kg
Blades Mass (3 Bladesat top of tower), 35,220 kg
Blades rotation velocity 12.1 rpm
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Figure5-1. Sketch of wind tower and FEM discretization

As defined by Jonkman et gdR009) the effective mass density of the tower is higher
than normal steel mass density to account for paint, bolts, flanges and welds wehiobt a
accounted for in the tower thickness. The values of tower thickness shown in thisnithe
remainder of the paper are the original design thickness. In the anaiysas tdpering of the
tower section from bottom to top is also assumed. A comparison between the modal fesquenci
obtained using the developed FEM used and wehligted in Jonkman et al. (2009) is shown in
Table5-3.

The results are in good agreement with the previously published values and provide the
validation of the FEM for use in the present study. In addition, Yttergional frequency of the
tower added to Table-8 is about 22.6 times thé'franslational vibrationZ,00Hz compared to
0.31Hz), which means that torsional vibration can be considered a higher mode. Theregore, it i

reasonable to assume no torsional effects for this study of the wind tower.
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Table5-3. Comparison of the FEM model: Natural frequencies comparison

Natural Frequencies (Hz)
Description of Modes FEM ADAMS
model (Jonkman et al. 2009)
Tower T ForeAft 0.31 0.32
Tower ' Sideto-Side 0.31 0.32
Tower 2" ForeAft 2.70 2.86
Tower 2" Sideto-Side 2.70 2.94
Tower ' Torsion 7.00 Not given
Blades i’ Flap-wise 0.61 0.63
Blades ' Edgewise 1.01 1.09
Blades 2° Flapwise 1.77 1.65

5.1.2. Colorado wind distribution

Wind distribution characterization for Colorado sites was investigated lhevstaet al.
(2008) Based on this report, a Weibull distribution was adopted to describe the annual wind
distributions at a height of 10m for 17 sites spatially distributed throughout Colotael@cdle
and shape parameters of the Weibull distribution are taken Atatero etal. (2008), which
were then used for recovering the annual mean wind velocities for these $idas and rank
ordered for annual mean wind velocity from highest to lowest valueT@ale 5-4). Since the
operation of wind turbines is dependent on the wind velocity at the hub height, the Logarithmic
law (Manwell et al. 2009)s deemed to be acceptable for estimating the wind veloc@g@mat

(hub height) with the assumption of “crops terrain” for all the fields in Colorado ¢gurfa
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roughness lengthg,, is 0.05m). The cutin and cutout wind velocities for wind turbine are
based on the power curve for each wind turbine sygtdanwell et al. 2009) The cutin
velocity is the minimum wind velocity at which useful power can be delivered antltioit
velocity is the maximum wind velocity which is usually limited by engineering designevent

the system from instability. For the typicaMd/N wind turbine (Jonkman et al. 2009), the-out

and cutout wind velocities ar&m/s and 25m/s, respectively at a hub height 80m. The
probability of the mean wind velocity being betwedm/s and 25m/s is defined as the
effective time or the percentage of time when the wind turbine is in operatbieb-4). Based

on the wind power classification scgManwell et al. 2009yvhich is based on the annual mean
wind velocity at10m, only 8 sites in Table-8 (the top eight listed sitesjeasuitable for wind
power development (class 2 or higher) and are investigated in this study. As heghirghable

5-4, the wind potential siteg@all located in the East side of Colorado. It is interesting to realize
that Akron (wind power class 4), which is proper for most wind turbines, and Limon (wind
power class 3) experience 93% and 90% effective time, respectively. Biowesse Figures ifo
wind power class 2 range from 77% to 87% of operational time in a year. The Weibull

distributions for the 17 wind sites are presenteligure5-2.
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Table5-4. Weibull parameters and wind power classification for Colorado sites

Mean | Mean| Mean | Mean .
. Scale Shape at at at 90m | at 90m Effect Wind
No. Location Para. time | power
Para.| 10m | 90m | <3m/s | >25m/s
(m/s) (%) | class
(m/s) | (mis) | (%) (%)
1 |Akron/Washington g o0 | 5 414 566 |8.00 |676 |0.001 |93.24| 4
County Airport
2 | Limon 587 | 2111|520 |7.35 |11.00 |0.004 |88.99
La Juntal
3 | Municipal 5.69 | 2.035|5.04 |7.13 | 1256 |0.004 |87.44| 2
Airport
4 | AT Force| 5 55 | 1.832|4.93 |6.98 | 1577 |0.024 |84.21| 2
Academy
5 | Fort Carson/ Butts 5.13 | 1.551 | 4.61 | 6.53 |22.44 |0.110 |77.45 2
6 | Colorado Springs | 5.16 | 1.921 | 458 |6.48 |16.57 |0.002 |83.43 2
Denver
7 | International 5.06 | 2.136 (4.48 |6.34 |14.45 |0.000 |85.55 2
Airport — (DIA)
g |Pueblo Memoria) y o5 | 1 671|443 |6.27 | 2147 |0.023 |7850| 2
Airport
Alamosa
9 | Municipal 472 | 1.617, 4.23| 5.98| 23.98 0.021 75.99
Airport
10 | Buckley ANGB 474 | 1.791 422 |596 |21.08 |0.003 |78.91 1
11 | Denver- Stapleton| 4.71 | 1.981|4.17 |5.91 |18.60 |0.000 |81.40 1
12 | Hayden/Yampa |4.66 |1.883|4.14 |5.85 |[20.31 |0.000 |79.69 1
13 |Eadle  County , o5 | 1 gg5| 389 550 2249 0000 7751
Regional Airport
14 | Grand Junction 433 |1.975|3.84 |543 |21.66 |0.000 |78.34 1
15 | Fort Collins 4,24 | 1.814|3.77 |5.33 |24.76 0.000 75.24 1
16 éise‘l)g” - Sardy| 407 | 2534| 361| 511 17.44| 0000 8256
17 | Craig 292 |11.214|2.74 |3.87 |49.25 |0.014 |50.74 1
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Figure5-2. Weibull distribution for annual mean wind velocity at 90m for Colorado sites

Based on the International Electrotechnical Commission (IEC 2005) code, which is the
primary standard for wind turbines (Manwell et al. 2009), IEC 614@005)divides the mean
turbulence intensity at wd velocity of 15m/s into three classes. Class A stands for high
turbulence intensity from 149%6%, class B is for medium turbulence intensity fromral142,
and class C is for low turbulence intensity which is less than 12%. Since the viinkbroe
intensity ("'I) information for Colorado sites is not available, a range of turbulence intensitie
from 12% to 16% at wind velocity of 15m/s was selected for investigation to cowasals of
turbulent classes mention in the IEC codes.
5.1.3. Wind turbine under Colorado wind field
5.1.3.1. Dynamic response of wind turbine FEM model

Dynamic analysis was run for a 3688cond wind duration with an analysis time step of
0.1s while the wind time step wak5s. Figure5-3 shows the velocity timéistory response of
the blade tip and tower top relative to the fluctuating wind velocity féRma/s mean wind
speed at elevation @0m. It is interesting to note th#te velocities of the tip blades are close to

the wind fluwctuation while the velocity of the tower top is relatively small. Therefore, the
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assumption of steady state or gustsitic behavior is clearly no longer valid for analyzing blade

dynamics.
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Figure5-3. Compare velocity at tip of blade and top of tower to wind velocitd #an /s mean

wind speed a80m

When relative motion between the blades and the top of the tower is calculated, th

velocity as well as the acceleration at the tip of the blades experience sigmdahaction when

compared to those without relative motidfigure 5-4. It is clear that the root mean square

(RMS) acceleration at the top of the towe0.i809g, much higher than the acceleration limit of

0.005g for a commercial building(Griffis 1993) In addition, the tower top acceleration

(RMS=0.009g) is very small compared to blade tip acceleration (RM&30g). Therefore, the
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top tower acceleration presented in Equaiidfl) can be eliminatedFigure 5-4 also shows

some level of reduction of stress at the tower base when relative motion islapplie
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Figure5-4. Acceleration at blade tip aridwer top; Stress at tower base for 12m/s mean wi
speed at 80m
The effect of relative motion can be viewed as added aerodynamic damping. Inghis cas
aerodynamic damping of blades is much higher than that of the tower. In additiore 5&)

shows the base shear at each blade and the total base shear for the last 10 seconds.
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Figure5-5. Shear at blade bases for 12m/s mean wind speed at 80m
Base shear at blade based is present&iure5-6. A blade experience maximum base

shear and stress rangedat= 0°. The structure system experiences the maximum base shear at
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Figure5-6. Base shear at each blade and total base shear due to blade angles
5.1.3.2. Fatigue life using B-curve model (crack initiation)
Fatigue lifefrom the S-N curve model in Chapter 3 are shownHigure 5-7, which

presents the fatigue life for the eight potential winessiin Colorado listed iffable 5-4 for
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different turbulence intensities. As shown in the figure, fatigue life vanésly with turbulence

intensities and sites. At site 1 (Akron), for example, fatigue life gpecal 5-MW wind turbine

is only 24 years for 16% turbulence intensity. However, for 14% and 12% turbulence yntensit

fatigue life is extended by two times (55 years) and seven times (176, yegpctively. In

other words, fatigue life increases rapidlith the decrease of turbulence intensity, as one might

expect. It is worth noting that it is quantified here thereby enabling fully nmédrdecision

making during the wind turbine farm planning process.
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Figure5-7. Fatigue life of a typical 8M\W wind turbine at 8 Coloradsites

On the other hand, fatigue life also depends heavily on the annual mean wind velocity

and the distribution of wind velocity at each site. In general, sitdsthe higher annual mean

wind velocities experience the lower fatigue life, which is intuitively obviddewever,

depending on the variance of wind velocity in a year (the shape parameter of Weibull

distribution), fatigue life may not be proportional to the annual mean wind velocity. Famdes

as shown orFigure 5-7, fatigue life at the first three sites is around 50 years when turbulence

intensity is 14% and increases gradually with the decrease of annual nmelaveloicity. A site

4 (Air Force Academyand site 5 (Fort Carson), however, fatigue life drops to only 44 and 31
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years although these two sites experience the lower annual mean wind veloaitig¢iset first
three sites. The same trend is also identified for site 8 (Pueblo Memorial tAwguare the
annual velocity is smaller than all the other seven sites even when it experiencagedyrtat
fatigue life (about 50 years). On the other hand, for the same turbulence inte4%)y fatigue
life at site 7 (DenvetDIA) increased significaht to 207 years (more than six times the fatigue
life at site 5) even though the annual mean wind velocities at site 7 and 5 are not muehtdiffer
(see Tables-4). This is because of thaifferences in wind distribution for each site. A smaller
shape parameter results in a longer tail of the Weibull distribuigure 5-2b). As mentioned
previously, only wind velocities large enough to result in an effectiesstrange greater than
half of threshold stress will affect the service life. As showRigure5-2b, Fort Carson, with the
smallest shape parameter (1.551) has the highest probability of wind vedaiity in the
fatigue related zone which results in the lowest fatigue life. Coalyerenver DIA
experiences the largest shape parameter (2.316) and has the lowest probadihit/ \cflocity
in the fatigue zone; therefore, highest fatigue isfgoredicted Since the tail property of wind
distribution is in the fatigue related zorshape parameter of Weibull wind distribution is very
important for predicting the fatigue life of a wind turbine.

Figure 5-8 shows the fatigue life vulnerability as a function of base thickness and base
diameter when the blades do not rotdtgire5-8a) and at normal rotating spedédure5-8b).
In both cases, increasing the wall thickness or base diamgpeoves the fatigue life in a

different way.
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Figure5-8. Fatiguelife due to thicknesses and diameters at 7m/s annual mean wind sf

It is worth noting that at the parked state (blades are not rotating), fatiguare/ésss
than those in the case of normal rotation The reason behind this is that undieraging, uplift
and drag forces will drive the rotation of the blades. If blades are forced to stopadiowed to
rotate, shear forces at blade bases will increase in order to hold the blade® iarul therefore,
bending stress at tower base wiltiease and the fatigue life will decrease. However, detailed
investigation of this comparison is felt to be beyond the scope of the current study aoel will
investigated in a forthcoming study.

In addition, the relationship between wind distribution and output power is presented in
Figure5-9. This figure shows that although the designed capacity of the wibidhéus 5 MW,
the annual mean power harvested may be closer to 2 MW (40% of the designed/)capacit
Akron and La Junta (wind power class 4 and 3, respectively). The value for Fort Cagson a
Denver DIA is just around 1.5 MW (30% of the designed capacity). This is because the wind
distribution is not contained within the bounds of the power curve of the wind turbine. elowev
these numbers are also in the range of the average capacity factor fandt8rsine from 20%

to 50% (Wiser and Bolinger 2013nd are therefore considered acceptable.
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Figure5-9 .Wind velocity probability density and output power at four typical sites

Figure 5-10 compares the fatigue life and the annual mean output power for the eight
sites for an average turbulence intensityl4%. In general, the annual mean output power is
proportional to the annual mean wind velocity at each site. Although there is acaignifi
different in fatigue life between site 5 (Fort Carson) and site 7 (Deréh), the annual output
power of thesdwo sites is almost the same (almost 1.5 MW). This means that a wind power

project at Denver DIA (site 7) is far more economical than that at Fort Carson (site 5). These
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figures can be used for evaluating a wind power project by comparing the amounar@y e

harvested during the entire service life and the associated cost for toweaamat
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Figure5-10.Annual mean output power and Fatigue life at 8 sites when TI=14%
5.1.3.3. Fatigue life using Paris’'s Law Model (crack propagation)

As mentioned, in reality, at the end of service life, the thrabgtknesscracks will
continue to propagate until the tower collapses. By applying the Paris Lagrothith rate of
crack for this connectiocan be determined akown inFigure5-11 There are three regiotisat
define the fatigue growth rate of a cradRegion | ischaracterized by very small crack
propagation behavior where the crack spends most of itQ\lifg-, < AK,). Region Il defines
the stable crack propagation stage, which can be represented by the Paris Laabl& lggasith
is characterized by a propagation rate that varies linearly with the stessitjntangen a log
log scaleuntil the maximum s&ss intensity factor reaches the fracture toughness of material
(Kmax < K;c) at which the growth rate is rapid and plastic collapse may occurs (regic@nll
the other handhe crack size at onset of fracture is called the critical crack Bigeré5-12),

which depends on the annual mean wind speed.
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If the damage states are defined based on the ratio of crack size at fgjucetihe wall
thickness T), the extended life (time for an initial crack develop to crack size at failaseydon
Equation (3-12)s shown inFigure 5-13. At an annual wind speed &5m/s, this tower can
sustain up to four years from the initial crack development to the len@th ahd nine years to
the critical value. However, if the annual wind speetlisi/s, which is quite high, the extended
life is just one year for the initial crack development to critical crack length.

In addition, Figure 5-14 shows a level 1A fatigue crack assessment based on BS7910
using the methodology presented herdincan be seen from thEigure 5-14 that when the
anrual mean wind speed increases from 6m/s to 12m/s, all cases are well under tlablaccept
region, which means that plastic collapse (load ratio less than 0.8) or frattass (stensity

less than 0.707) will not occur based on the BS7910 level 1A.
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Figure5-13.Extended service life after first Figure5-14. Level 1A FAD (BS7910:2005)
throughthickness crack

Since the fracture is critical as it defindg® end of fatigue life, the ratio of the stress
intensity factor to the critical stress intensity is allowed to reach 0.707. thesgqformation,
the critical crack length is calculatela = 2a.). In case 1, when the limit on the crack length
is 2a; = 2.5T, the load ratio increases from 0.24 to 0.29 and the stress intensity ratio imcrease
from 0.52 to 0.60 when annual mean wind speed increase from2ents. In case 2, when the
limit of crack length2a, = 3.0T, the load ratio increases from 0.52 to 0.60 and the stress
intensity ratio increases from 0.57 to 0.67 when annual mean wind speed incoea<e tfy
12m/s. For this low stress level, stress intensityoréimit can be increased up to 1 (based on
level 2 FAD-BS7910) and hence, tloatical crack length can be longer.
5.2. Performance-Based Design Example Using Fragilities

PerformanceBased Design (PBD) using fragility curves is a new design, evaluation and
construction methodology for engineering facilities subjected to uncgrid@ésign parameters.
This design approach was first developed for fire system safety and then fojueket

engineeringe.g. Rosowsky and Ellingwood 2002or the fatigue life design carried out in this
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study for wind turbines, only the uncertainty of the fatigue constant of tkeé tetger base
connection provides the variability when etnucting the fragility curvesThis example
considers two design variables: the outside diameter of the towerasad the tower wall
thickness at the bas&)( The top diameter and thicknesfsthe tower remain unchanged to keep
the same connection to the nacelle on top of the tower. The thickness and diametemsed ass
to be linearly tapered from the base to the top of the tower and only the tapeang chinged.
These parameters willary around the original valueg & 35mm andD = 6.0m).

A fragility, F., can be expressed as

E.=P[D > C|I] (5-1)

whereD is the demand; is capacity, and | is the hazard intensity. In most cases, a fragility can
be expressedRoowsky and Ellingwood 2002)sing the assumption of lognormal peak
responses for the structure of interest as,

In(I) — mg (5-2)
& )
R

Fr(I) = @(
in which ®() is cumulative distribution function (CDF) of the standard normal distribution,
mg, &g are logarithmic mean and logarithmic standard deviation, respectively.
Figure5-15presents the fatigue life frdigy for the towerto-baseplate welded connection when
blades are rotating at the designed operation speet-pm). Figure5-15 also shows that for
this 5MW wind turbine configuration, the fatigue life of @htower base connection can
withstand 40 years, 30 years, and 20 years at annual mean wind speed f 7.9m/s, and
8.5m/s, respectively, with the same probability of failurd @f2. If the tower is built at a site

with 9m/s annual mean wind speed, there will be almost no chance of failure in th fresrs.

However, in the 28, 30" and 40" year, the probability of failure would be 14%, 68% and 95%,
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respectively. It is important to note that the results present&igure 5-15 only account for

service fatigue life where a thougthickness crack becomes visible.
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Figure5-15 Fatigudife fragility for base Diameter =6.0m, Thickness =35mm

Fragility curves are developed for different design variables and are shokiguire
5-16. The first two graphs present fragility curves showing the changes inoter wall
thickness at the base for a-g€arPBD (Figure 516a) and 36yearPBD (Figure 516b). A
design example can be inferred from these charts that by increasing thehickieests from
original value of 35mm to 40mm in site with an annual wind speeithe8.5m/s, the total
fatigue life of the base tower connection can increase from 20 years to 30wimathe same
probability of failure of1072. The same trends are for changing the tower outside diameters
instead of the thicknesses can be observedrigure 516¢c and Figure 516d. However,
increasing the tower diameter will result in largend loading on the tower and therefore, the
fatigue life will be affected. Based dfigure 516, designers can select which parameters to
adjust to obtain the desired fatigue life (with some probability of exceedamdée imost

economical way.
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Figure5-16. Fatigue life Fragility for Performandgased Design varying with different bas
outside diameterd)) and base thicknesseE) (
In terms of crack propagation, if the crack is allowed to propagate to different crack
lengths before reaching the critical values, the extended life will be addkd ioitial service
life. The resultingragilities are shown ifrigure 517, which shows that at if crack propagation
is allowed, a connection with service life of 20 years (no crack propaga&ian be extended to
30 years with the same probability of failure. In other words, with tineestrget failure

probability for a performanebased design, the tower may be able to tolerate higher annual
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mean wind speeds. On the other hand, by controlling the [eagths, the remaining service life

of the wind tower can be predicted.
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Chapter 6 WAVE-STRUCTURE INTERACTION MODEL VALIDATION USING

EXISTING DATA

6.1. Tsunami loads on wood-frame wall at full scale test

Numerous experiments have been conducted in {Bewave flume at Oregon State
University. One such test that was used for shear force validation of tA@B8 model is the
full scale lightframe wood wall test under tsunami loads tested by Linton et al. (Linton et al.
2013).The unprocessed data was compared to those from the undamaged test of 2x6 stud wall
with stud spacing 040.6¢m subjectedo offshore wave height (0.30m. The tsunami loading
was modeled as a single wave running up to the dry and flat shore line and hitthagskerse
wall. Figure 6-1 presents a solid model of the numerical simulation of the wave flume with a
light-frame wood wall.

Only three locations were used for validating the numerical mddglure 6-1). The
offshore wave height at location 1 was measured by wire resistance wave gaegenatore
wave at location 2 was measured with an ultrasonic wave gauge. Wave particle vedscity w
measured by acoustiopplervelocimeter a.09m above the reef at location 2. The wall was
equipped with 4 load cells at each corner to collect the horizontal forces omlth€inally, a
linear variable differential transformer was used at middid@fiottom of the wall (location 3)

to measure the wall displacement.
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The numerical simulations were simplified slightly for computational efficiendy the
idea that a large number of simulations would be needed to develop fragilities dyeiitual
transversdight-frame wood wall, as shown in Figui&, has dimension df.24x3.58m and
consisted of 2x6 studs sheathed with 13 mm plywood. This wall was modeled as a flat wood wal
with an equivalent thickness 66mm to have the same stiffness as the wall \2ib studs and
plywood sheathing. The wall was modeled with shell elements with redutsnsions of
approximately0.3m. Load cells were modeled as fix supports at the four corners as shown in
Figure6-1b.

In addition, the model of the flume in ABAQUS was shortened from 104 m to 35.2 m, as
shown inFigure6-1c, to reduce computational time. The flat section of the flume bathymetry in
front of thewave maker was reduced frok9m to 2.5m. The section after the wall, which is
used to dissipate ¢hwave, was reduced to only5m, since numerically this could be done
instantly. The flume consists of two parts: sea water material and emptyans&ea water
material has been defined in section 2. The empty material part consiate@mpty meshrgl
block. As the moving wave and hit the wall, water material will occupy the emptksldvave
height at a specific location is determined by the percentage of occupatidhe height of each
block in a vertical column of flume. Velocity and presscae be collected at any grid node as
the direct output variables from the model. As the water surface fluctuatey mmathke still
water level and when water hits the wall, regular meshes at these locations &beat h
resolution compared to other locations at showRigure6-1d for saving corputational cost.
Boundary conditions were defined as showrrigure 6-1d. The flume bottom wasiodeled as
zero velocity, which does not allow water to slide at the flume bottom. However, dacaie

only the velocity component which is perpendicular to the flume side wall wés seto. This
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will allow the water to slide freely at the side walls to keep the 2D representatibe thfime.
At the flow-out face (flume end), pressure is set to be zero, which means water can run out
freely. While a pistortype wave maker was used in the experiment, this was replaced by the
velocity profile of the iAflow face in the numerical simulation. The frequency and amplitude of
the input velocity was selected to generate same wave elevation that result ineteentp
Finally, general contact between the water and modeled transverse wallbwilater to move
along with the wall in the horizontal directiooiyt move freely up in the vertical direction and
drop due to gravity.

Initially, wave elevation time series were compared between the measured @ested)
the numerical model values at the toe of the slope (Location 1) which most agagptesents
the offshore wave height and at 3.6 m seaward of the wall (Location 2) for the onshore wave
height. The results are presented-igure 6-2. From inspection ofthis figure one can see that
the model was able to reproduce the same wave as was tested in windows 2a andr2b. Othe
aspects such as wave velocity, wave flux and transient wave loading on ltharevalso
computed and presented kigure 6-2c, 2d and 2e, respectively. All the results matched well
with the test datal'o our knowledge, this represents one of the first validations of the structural
response of &ll scalewood structure subjected to solitary (tsunami) folidee displacement is
presented irFigure 6-2f, which recall was matched by using a flat wall in place of the 2x6

sheathing with plywood.
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Figure6-2. Numericalvalidation for Tsunami loads on transverse wall test at full scale
a) Offshore wave height at location 1; b) Onshore wave height at location 2;
c) Wave velocity at location 2; d) Momentum flux at location 2;
e) Total horizontal force at 4 supports; f) [2etion at location 3
6.2. Uplift forces on alarge scale bridge superstructure
While the first verification using the liglitame wood wall provided shear force
validation for the modeling procedure, it was still necessary to validate thé foptiés. To

accomplish thisthe results from an experimental test of a 1:5 scale reinforced concragje brid
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super structure subjected to hurricane waves by Bradner(Bradner et al. 2011yas used for
comparison.

A simple layout of the test specimen can be foundFigure 6-3a & 3b. The bridge
specimen has ovefalimensions 0f1.94x6.45m and height 0f0.28m. Vertical forces (up lift
loads) were measured by four vertical load cell at four corners and tweorital load cells at
two offshore corners of the specimen. The bridge was mounted to the wave fluméh throug
reaction frame which can represent both rigid and flexible connections. For tbetigal only
rigid connections were considered. The load ceieemodeledas two rigid supports at offshore
corners and two simple supports at onshore corners. The bridge was modetid blements
with normal40psi concrete material properties.

The model of flume was also reduced as discussed earlier to reduce compuiatmnal t
Only the horizontal section with a length of 30 m was modeled as shofigure 6-3c. The
same modeling technique from the previous test was applied for the flume. Shelistebution
and boundary conditions were showrFigure6-3d.

Only one test trial was used herein. This consisted of a regular singe thatvwas
generated fronH =0.5m, T=2s. The still water level was at the bottom of the bridge girders to
modé a level of inundation caused by surge that was observed during hurricane Katima
New Orleans, Louisiana, USA, and was representative of the-wasstloadings. The total
uplift load computed for the bridge is shown in Figure 4 compared to ualdtriteeasured during
the test. Inspection of Figuredshows an excellent match in the peak force and agreement in

overall shape.
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Figure6-3. Testmodel set up for bridge subjected to waves
a) Flume crossiew; b) Flume plan view and instruments layout

¢) Numerical Model of flume model and bridge; d) Model flume mesh and boundary conditions
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Based on the two examples presented herein, one for shear force and one for uplift force
verification using two diffeent specimen materials (wood, concrete), the numerical model is felt

to match the test results well, and therefore the authors are confident that bt aused to

develop the fragility curves as explained in a latter section.
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Figure6-4. Comparison between tested and modeled uplift loading
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Chapter 7. PERFORMANCE-BASED DESIGN OF ELEVATED COASTAL

STRUCTURES: ILLUSTRATIVE EXAMPLES

7.1. Wave loading on elevated coastal structures
7.1.1. Wave loading on bridges using ABAQUS model

Recall that the objective of this study was to illustrate a perforraaeed design
methodology using fragilities for uplift capacity on elevated coastal stesciubjected to wave
loading. To accomplish this, a numericalwedlume, as described earlier, was utilized with a
3m height, 5m width and length ofl00m. The sea floor was assumed to be flat for the
illustrative examples in this study but could easily be altered for futudeest The other end of
the flume was modeled as a wall withh height and had zero flow velocity to store the water in
a resting ostill condition. Water was modeled such that it had the ability to spill out of the flume
end freely when the water level was ab8we by setting the zero pressure boundary condition.
Flow velocity was also assumed to be zero at the bottom of the fkimee 7-1 shows the
numerical model setup dimensions in a generic fashion for the prototype.

Prior to investigating the wave/structure interactioenayating a sea state from a given
wave spectrum is required. In order to do that, only the wave flume and water wgredna
without the presence of the structure. The model of the wave flume mesh and boundary
conditions can be found fRigure7-1b but without the bridge section. Again, sea water material
and empty material were used to define the flume. Initially, the sea water rhadsthns of
10x5x3m. Water can freely occupy thenpty material up tt6m above the initial water level. At
the bottom face, all particle velocity components were set equal to zero willictotwallow

water to slide freely. At the side faces, the velocity component whigarpendicular to the face
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wasset to be zero to prevent water from running out. Theflowt face was divided into two
parts. The lower part was associated with the initial water and had théeandary conditions

to that of the side face to keep the water in place. However, thertpght associated with the
empty material was sé&b zero pressure, which means water can flow through the face when the

water surface is higher than the still water level.
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Figure7-1. Full scale bridge section model and numerical wave flume

a) Bridge section and test set up ; b) Flume mesh and boundary conditions

67



This solution will reduce the effect of the reflecting wave when the wavehaternd
wall of the wave flume. At the iflow face, the input velocity profilev; = vw(z,t), was
applied to generate waves. The wave spectrum was collected along the wave flumepsrd com
to the target wave spectrum. The structure was then placed at the location where #tedyener
wave spectrum fits the desire wave spectrum.

Thestructure was modeled as a section of the prototyjiedridge (Bradner et al. 2011)
with simple supports at beam ends. The prototype bridge section is 5m long and theygeometr
was simplified slightly as shown the Figureld. The distancel,, from wave maker to the
structure was set equal to the location in the analysis where wave spectrum madchigl th
spectrum. The clearance heigtit,was set to 4 different values: 0.0, 0.5, 1.0, &seh above
the still water level as mentioned earlier.

The combinations of/; andT, used in this study for generatimgput velocities were
from an environment contour having a 1y#ar return period for the Gulf of Mexico

(Winterstein et al. 1996) as shownHigure7-2 for the 100-year pdf contour.
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Figure7-2. Environmental contours from deep to shallow water
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The existing data set only used a sea state Myithqual to or greater thalm. Sea states
with H; smaller than8m were obtained by extrapolation. The peak period was modeled as
conditional probability in relation to significant wave height, thus there are twevalf peak
period () which have the same probability of occurrence termed the upper andjo(¥able
7-1).

Table7-1.Sea state from 16¢ear PDF environmental contour for Gulf of Mexico

H,; (m)

4 5 6 7 8 9 10 |11 |12 | 128

Upper T, (s) 116 | 12.1]12.6|13.1| 13.6| 14.1| 145 14.7| 14.9| 14.4

Lower T,(s) 83 (8.8 |93 |98 |10.3/10.8|11.5|12.2|13.0|14.4

Figure7-3 throughFigure 76 present the results for a specific sea stdte< 12m, T, =
13s). The JONSWAP wave power spectrum of each sea siat€,| for deep water waves was
transformed to the TMA spectrum for a 3 m depth shallow water wave and is shévgura
7-3. From the TMA spectrum, a time series for the sea state was simulated numesioglithe
procedure described earlier in section 5 (step 7). This simulated tirag gkd sea state (water
elevation) was then trarined to the frequency domain for comparison to the target spectrum
in Figure 7-4a. It should be noted that the term “simulated” indicates the time sea&s is
transformed directly from TMA spectrum, matching target TMA spectrum as described in the
procedure. Recall that the time series also follows the Weibull distributidgheagrescribed
distribution. Finally, through this process the velocityfigdor the numerical wave maker can

be obtained.
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This velocity profile was then applied to the numerical water flume in step $&vage
the numerical waves. The time series for the water surface elevation generatedhissing
procedurenere specified as the “generated” waves as showigure7-4b. This generated time
series was then transformed to the frequency domain to create the “generatedpeciners
shown inFigure7-4a. The generated wave distribution in Ehgure7-4a is very closely matches
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the simulated wave distribution and the Weibull distribution as shovngire 7-5 andFigure

7-6. This generated wav&pectrum can be compared to the measured wavéapefrom the
experimental wave flume. The area under the spectrum represents the variance dahsea sur
displacementg?. The generated significant wave height was determinét,as 4o. This Hy,
decreases as the distance from the wave maker to the measurement locatioesinitreas
energy loss.

The model for the bridgen the numericawave flume in ABAQUSwere presneted
earlierFigure7-1. The maximum values for shear and uplift when the wave hits the structure for
four different clearance heightd & Om,d = 0.5 m,d = 1.0m,and d = 1.5m) are illustrated in
Figure #7. In this Figure, the left windows show the results for the upper peak period kile t

other side shows for the low&j values It should be noted that all thesg — T, combinations

have arequal occurrence probaility. In addition, tHgin deep water is shown on the abscissa of
each window plot and thereforepresents the reference significant wave height prior to its being
converted to the TMA spectrusince seastates are typically defined for deep wetara time
series generated for subsequent analysis. Shear and uplift forces vagmeddirectly from the
support reactionsn these figuredjnearregression wassed tdit to the data.

Inspection offFigure 77 indicates that wave loading appears to escalate almost linearly
with significant wave height in most cases. For example, an increase incsiginave height
from 8 m to10m increases thenaximum shear fron86kN to 126kN in Figure5-7a if d =
0.5m. as shown through the insert arrows. At the same tinfagure 77b, the maximum uplift

force increase890kN to 375kN for d = 0.5m.
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Figure7-7. Maximum impact loadings ohridge model
In addition, alsorom Figure 77, it is apparent that for the same significant wave height,
the sea states withshorterpeak period experience higher wave forces. For example, maximum
shear observed in the lowEy (Figure #7c) are almost double the case for the ugdpe(Figure
7-7a). In terms of maximum uplift force, it is interesting that in the upper case, maxipiift® u
do not exceedhe self weight of the bridge section although the wave surge level are at the

baottom of the bridge girder and; is at a height ofl2m (Figure 7#7b). However, the uplift
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forces exceed the self weight of stire in the lower cge Figure #7d) ford = Omandd =
0.5m, which may result in damage to the structure. The observation that (1) shorter periods
results in substentially larger uplift forces, and (2) certan combinatiods ahdT, results in
uplift forces greater than the selkeight of the bridge, is consistent with the conclusion from
Brader et al(Bradner et al. 2008) experimental work.

In addition,increasing the clearance height of the structure will also reduce the effects of
wave loading and is a routinely ultilized approach, but can be costly if approachesitmldgjee
are taken into account. For example, maximum shear decrease870&N to 230kN and
155kN when the clearance height is increased ffbdm to 0.5m and1.0m, respectively, for
the lowerT, case withH; = 8m (Figure #7c). Similar trends were observed for uplift forces.
For the same conditions, the nraxim uplift force falls from840kN to 580kN and450 kN
(Figure #7d).
7.1.2. Wave loading on buildings usitig ANSY'S kient Model
7.1.2.1. One-story elevated residential building

A typical onestory coastal eleted residental builing Kigure 7-8) was served as
example for an elevated residenthlilding in a coastal zoneFirst, the building was modeled
using solid elements in ANSYS as shownFigure 7-9. Next, the fluid domain around the
building was modeled as a rectangular block which has dimensiofi80af 1000 x 320in
(approximatelyl7.8 x 25.4 x 8.1m). For oneway fluid/structure interaction modeling, the fluid
domain was subtracted from the building making internal boundary surfaces for the flui
domain. In this analysis, the internal wdlbs building were removed and all building windows
and doors were opened. This internal boundary for the fluid domain remain as fixetbulés

fluid during the analysis.
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a) Front view b) Side view

0.00 150.00 300.00 {in)
I .
75.00 22500
c) 3-D view

Figure7-9. Model oftheonestoryelevated near coaltilding in ANSYS, all windows and
doors are opened
The fluid domain consists of two different mediums, namatywith a density of

1.225kg/m3 and seavaterwith a density 0fl003kg/m3. The at-cell meshmethod(ANSYS
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2013)with cubicelementdominantwas appliedo mesh the fluidThe dement sizeof the fluid
domain wasset to12 incheswhich is felt to be fine enough to load the structufectively. For
the five layers next to the building contactfaces, the element size was reduced smoothlyto
incheswith a grow rate of 1.2There werdotal 967,615elemens and 880,474 nodewhich are

shown inFigure7-10.

Figure7-10. Fluid domain meshed for osryelevatedbuilding in ANSYS

Boundary conditions then were applied to the moti¢hve direction was assumed
perpendicular to the front of the building. e flow-in face ofthe fluid domainopen chanel
boundary conditions with TMA wavespectrumwereapplied The initial water surface was set
to be a wavy condition to save timefor wave develoment as shown inFigure 7-12a
Input parameters for the TMA wave spectrum theesignificant wave heightH;), peak period
(T,), surge levelS) or water depth leveFigure7-11 explains the definition of surge level and
clearance heighused in this study.It is noted thatsignificant wave heighin shallow water
dependson surge level and surge level is alswaaiable (Figure 7-2). Therefore, reference
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significant wave heights &d in this analysis aref deep water onlyThe cutin and cut-out
frequency ard.1rad/s and2.0rad/s, respectivelwith aresolution of 50The flow-out face of

thefluid domain was also set to be zgm@ssure witlopen chanel boundary conditiand surge

level wasset to be the same to thefiaw face
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Figure7-11.Define of surge level and clearance height

For each case of wave height and surgellélre analysis was run for 300 seconds using
Compute Clusters at Colorado State Univengityh 24 cores for each job. It take 8 to 10 hours
to complete analysis for ercase.

Figure 7-12 shows thease ofhurricacne wavevith the TMA spectrumof significant
wave height at deep watél, = 6m, T), = 9.3s hitting the eleveted buildinglt can be seen that
start ofwater action to the building wall and slabcurs atl.0 second figure 7-12b). Then, it
propagateshrough theopened windovas shown irFigure7-12c andFigure7-12. The last two

windows offFigure7-12show the water break after the waves hite building.
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a) At 0.0 second b) At 1.0second

e) At 3.5second f) At 4.0 second

Figure7-12. Rendeing of thevolume fraction fothe sea water phase
Total shear and uplift on the building walls and slab were collected duringsisnahd

presented ifrigure 713 throughFigure 716. At surge level of 3.0m, shears and uplifts increase
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with the increase of significant wave heights. At the same trend, shear dhdrag@lso increase

when surge level grows from 1 to 3m at significant wave height of 9.0m.
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Uflift force, kN
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Total of 45 combinations of significant wave height and sungese analyzed in this
study forthe onestory building. Numbers of peak valukes shear/uplift wereleterminedy the
number of zero warossing duringhe 300-secondanalysisfor each combination. For every zero
up-crossing event, a peak value of shear/uplift was collected. The mean vathespehk for
shear/uplift for every combinaticaxe shownn Figure7-17. It is interesting that the mesof
the peaksalso increase gradually with significant wave height and surge. This featuesy
important for developin@ fragility surfaceslater in this study to ensure thptobability of
failure increase monotonically withthe hazardntensitysuch aghe combination oignificant

wave height and surge level
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Figure7-17. Mean of peak up lift and shear per unit width for one-story building
7.1.2.2. Two-story elevated residential building
A typical two-story coastal elevted residental builingigure 7-18) was usedas an
example forthis elevated building examplédgain, the building was model in ANSYS but all

windows and doors were noglosed Figure 7-19). The building was elevated to 3frtom the

ground.
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Figure7-18. Example of two —story elevated building in Carolina Island
(www.coastaldesign.com
The fluid domain has dimensien of 1700 x 1500 x 600in (approximately
43.2 x 38.1 x 15.2m) and the vave direction was assuchéo beperpendicular to the left side
(which has uncovered porch) of the buildiiitpe fuid domain mesh technique was used, which

was as thenestory buildingand element sizevas consistent with the earlier example. Finer
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resolution of the mesh was applied tbe contact stfacesand the five layers next to building
walls with a full mesh presented iRigure 7-20. Therewere a total of 1,567,005nodes and
1,432,613elementsMesh resolutiorwasoptimized to save computing resowse@adto ensure

that the analysisbtainedconvergence within 20 iteians at eachtime step of 0.01 seconds.

The undary conditioawereexactly the same as tl@aestory caseThe analysis was also for a
time duration of 300 seconds. With the same 24 core for each job, it took about 12 to 16 hours
completeone analysis.Figure 7-21 presents theresults ofwavestructure interaction for one

wave withH, = 12m,S = 1.5m.

0.0 S00.00 100000 G

I I ]
250,00 750,00

Figure7-19.Model fortwo-story elevated building in ANSYS, all windows and doors are closed
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Figure7-20. Mesh othefluid domain for two-story building in ANSY &ith smaller elements

near the buildingurfaces
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a) At 0.0 second b) At 0.5 second

1AL )

c) At1.0second d) At 1.5 second

e) At 1.75 second f) At 2.0 second

Figure7-21.Wavestructure interaction fal; = 12m,S = 1.5m
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The results of shear and uplift for 45 combinatiohseastate with reference significant
wave height at deep water, ranging from 42m; and surge from 1.0 t8.0m are shown in
Figure7-22 Total shear/uplift per unit width can be compared between thstoneand twe
story building by contrastingigure7-17 and Figure 7-232t can be seen that total shear forces
observed forthe twostory building are about 1.5 timebkose for the onstory building.

However, total uplifts are essentially the same as one would expect.
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@ (5]
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-10- L | i
4 6 8 10 12 4 6 8 10 12
Significant wave height in deep water (Hs), m Significant wave height in deep water (Hs), m
(a) Mean of peak shear force (b) Mean of peak uplift force

Figure7-22. Mean of shear force and uplift force per unit width for the two-story buildin

7.2. Performance-Based design of elevated coastal structuresusing fragility methodology
7.2.1. Performance-Based design concegl@fated costadtructures

As discussed earliergpgformancebased design is a concested to design structwéo
meet predefined and desired levels of performance under ussually extreme hazarmrondit
such as eartjuake, hurricane wasewind, tornado, fire, te. To defire the leves of damage or
performance, large scale or full seéésts are required to determithe levels of damagtat

corelate to the hmard intensitieskigure 7-23 explairs theconceptof performancebased design
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for elevated coastal structgreroposed in this disertatioRor example, at aertainwave heigh
and surge level, the perfoamce of a structure can béeviled irto levels such as:.Lthere isno
damage or the structure is still fully @ptional, 2) the structure has light damage and can be
used after someepairs 3.) the structurehassevere damage and cannot bedixhowever, it is
not collapsd and still h& enough time for evacuatiandthereforethere islikely no lossof life,

and 4) structure has collapdeand there is likely loss of lifefo quantify the fourarticulated
levels of peformance, some levels cdpaciy (uplift and shear,te.) mustbe defiredfor design.

If the wave loadingdemand) exceed theseapacitiesthe structure isssumed to have failed.
The probabilitythatthe wave loading exceed some structlrcapaciy given conditiols such as

wave heighd and surge levslis known asfragility curvesand are conceptually illustrate@d

Fullly operational Life safety
// Operational/ /Collapse

=

Figure7-23.

fol

Probability of exceedance P[f>

Hazard levels (Hs , S)
Figure7-23.Conceptuafragility curves forelevated coastal structures
The procedure for constructing a fragility curve for a elevateastal structuréor a
specifiedsignificant wave heightHg;) and surge levelS{) is explained inFigure 724. Surge
level canalsobe treated aa design variablenamely as clearance height(Figure 7-11). For

eachcombinationof significant wave heighand surge levekl time history ofuplift and shear
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force (f;;) can becollected fromthe analysis modelslescribed earlielThen N peak values of
the force correlated withv zero upcrossingsare collected. Therpbability of the peak values
exceethg a certain capacityy, is defined as one point of the fragility curve s Finaly, a

lognomal curve will be optained to fall the F;;'s pointsto make a complete fragility curve as

shown inFigure7-24.

For each §; =
k=0 r’ 08
T i
A 04
(v
7 0.2
Numerical Lognarmal fit
model 0
0 5 10

Get uplift/ Significant Wave Height, H15 (m)

shear fi;
Lognormal fit ->
Fragility curve

Compute N
peak values
PTI of fll

Figure7-24. Procedure for constructing a fragility curve for structure under wave load

7.2.2. Performance-Based design of coastal bridge using fragility curves
In this design examplefragility curves are constructed only for the uplift forces as a

function of H; and surge level or clearance heightfor illustrative purposeg:urther, fragility
curves are only generated for the case of the I@yevrhich resulted in higher significant wave
heights in shallow water and larger wave loading as shovlieréa Figure 7#7. The probability
of failure in a 300 second sea state (5 minutes) for an uplift force time serieetwwasined by
the number of maximum uplift in each event that exceeds the capgcitijyided by theotal
number of wave event$he number of wave events in a specific time period was determined as

the total time divided by the peak period for each sea state. The fragilrgsonere constructed
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by applying the lognormal fit to all the single failypeints as shown ifrigure #25a, Figure
7-2%, andFigure 725c for d = 0.5m,d = 1.0m,and d = 1.5m, respectively. Three levels of
capacity were specified to illustrate three different fragility curves doh ease. The levels of
capacity are assumed to B80kN, 600kN and 800kN, which are equal to 60%, 90%, and
120% of the selfveight of the prototype bridge structure. Thapaity level of 800kN
represents a case when the structure has been retrofitted to resist walith&drcan exceed its
selfweight.

In general,the probability of failure increases with the significant wave height and
decreases with an increaseciearance height], as one might logically anticipate. When=
0.5m andH; = 9m, for example, the probabilities that the maximum uplift exceeds three
different levels of capacityre24x1073,11.8x1073,and 6.4x1073, respectively, as shown by
the arows in Figure #25a. However, if the clearance height is raised! to 1.5m, these
numbers decrease significantly 28x1073,0.15x1073,and 0.71x103, respectively, as shown
in Figure 725c.

Obviously, hurricanes do not last for only 300 secofasexplain the probability of
failures for a huicane with a longer duration (e.g, 3 hours of a particular sea state), the
transform action function which was modified from the equation by Luco €Lwado et al.

2007)as

Pe[in X hours] =1 — (1 —PlinY hours])(é) (7-1)
canbe used. This indicates that the probability of failure in 3 hours is, of course,ttzagehat
for a shorter duration, i.e. 300 seconds. The fragility curves for uplift loadings in 3 hours are
presented irFigure 7-25d, Figure 7#25e, andFigure #25f for d = 0.5m,d = 1.0m,and d =

1.5m, respectively.
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Figure7-25 Fragility cunes for impact loading on structure
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From these figures for a known sea state, a design optimization can beslestaldin
these figures, six levels ohpacity are presented. To design a structure for uplift loading with a
target probability of failurePr, one can adjust the uplift capacify, or change the clearance
height,d. For example, a structure with an uplift capacity ofkb0@nd clearance height of
0.5m has a probability of failure equal to 0.31 during a hurricane Hjte= 9m (Figure 726).
By raisng the clearance height to in0the same probability of failure can be achieved with an
uplift capacity somewhere between &BCand 50BN, as shown in Figure-Z6. By applying
linear interpolation, the capacity for obtaining the same probability of failimenwaising a
structure to 1.8 is approximately50kN

To reduce the probability of failure, one can also obviously consider raisinpéinarce
height to reduce the uplift force. For the same significant wave heig@m,af a structure with
capacity of600kN is raised fromD.5mto 1.0mor to 1.5m the probability of failure decreases
from 0.31 to 0.19 and 0.02, respectively as showhigure 727a. If a retrofit solution was
applied to increase ¢huplift capacity toB00kN (120% seHweight), the probability of failure

decreases significantly as one can see in compBiguge 727a andFigure 7#27b.
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5. | ——f, =400 kN, d=1.0m
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Figure7-26. Design example using fragility curves for the same probabilityloféa

93



It is noted that although the probabilities of failure in the examples mentiboed are
significantly high, these are conditional probabilities (fragilitiesyl assume the occurrence of
an extreme event. If an unconditional probability of failure was desiredrab#ity would be
convolved with a hazard curve for the location of interest. The failure prokebititimputed
herein were based on the assumption &hatrricane with the stated significant wave height
occurred for 3 hours. The clearance height of an elevated structure also depends on the surge
level which could be varied in further analysis. The combination of significane \waight
distribution and surge level with the proposed fragility curves will result in gledenmodel of

probability of failure during a hurricane.
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(a) uplift capacityf, = 600 kN (b) uplift capacityf, = 800 kN
Figure7-27. Design example using fragility curves to reduce probability of failure
7.2.3. Fragilitysurfacedor Performance-Based design of sta residentiabuildings
Fragility surfacedor shear/uplift arehe conditional probability of shear/uplift exceed
specified capacity levelgiven hazard intensity defined as a combinatdrsignificant wave
height H) and surge levelS). The capacities levels explained in the previous section are based

on the guidelines at which the building will experience different performances.lduethis
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study,four levels of capacity are investigated. For shear design, isigvasd that buildingvill
remain operational if total shear is less than or equad@®N per unit width. If shear force is
smaller than50kN, the building will experience soméght damageand can be retued to
normal operation after some repairs. If sheaceis greater tha0kN but lessthan70kN, the
building will experience severe damage and cannot be repaired. Whenfahéeargreater
than90kN, the building mayfail and life safetyis an issueThe four capacity levelfor uplift
corresponding tothese levels of performancéor the building are assumed to be
150kN, 200kN, 250kN, and 300kN, respectivelyFor each of 45 combinations of significant
wave height and surge level for each building, the peak values of uplift and sheateated:ol
Probability of failure then was determined by taking the number of peak thatdsxtee
capacity over the total mber of zeros up crossings in 300 seconds. The procedure to get
probability of failure in 3 hours from the probability of failure in 300 seconds lrasdsl
mentioned earlier using Equati¢n-1).

Fragility surfacesfor shear and uplift for onstory and twestory building during a -3
hour hurricane have been demonstrate&igure 7-28 and Figure 7-29. The figures show the
effects of two hazard intensities to the prabitds of exceedancef shear/uplift. From the
figures, specific probabilitiesof exceedance can be foundtlife significant wave height and

surge level are given.
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Figure7-29. Fragility surfacedor uplift during 3-hour hurricanes
Whenthesurge level set equal to a single vaae.0m for exampldragility curveis

obtained from fragility surfacdsy taking a slide at that surge leva$ shown irfrigure7-30 and

Figure7-31.These fragilities can be used for performahased desigas shown in the earlier

bridgeexample.
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Chapter 8 SUMMARY, CONCLUSIONS, CONTRIBUTIONS, AND FUTURE WORK

This studyexaminedthe development of performancebased design methodology for
two fluid-structure interaction problems: wind and wind turbines, and hurricanesveane
elevated coastal structse

For the wind and wind turbine problem, a simplified coupled dynamic model was
developed and used to compute the vibration of wind turbines for application in fatigue life
problems and a fatigueslated design approach. Coupling thoh@main analysis with a finite
element model, the relative md loading on the structureasdetermined at each time step. The
simplified coupled dynamic model presented was used for this fatigue analgslier
serviceability state design only which has limitations for other aerodynaffects. An
important assumption made in this study is that the tower base weld connection haslno i
crack. After reaching its service life, which is defined by th¢ &irve, a thouglthickness crack
was allowed to develop with its initial length double the tower wall thicknésise crack is
allowed to propagate to its critical length, the estimated fatigue life of the comneatiobe
extended significantlyThe towerwas analyzed for both fracture damage due to fatigue and
plastic collapse due to bending stresses. It ardleat the life time of wind tower is dominated
by fatigue and fracture rather than by plastic collapse, as one would expect.

On the other hand, the computational demand of applying relative motion analyss in t
time-domain for wind turbine blades isawanted since the alofwgnd motion velocity of blades
is close to the wind velocity which therefore results in a significant changieei net wind
loadingon the structure. By applying relative motion analysis through Morison’s equdten, t

fatigue life is shown to be longer since actual wind loading on the structure is reduced.
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The method was applied to obtain fragility curves for application of performdrased
design concepts to a typicalNBW wind turbine. The resulting fragility curves can bediss
design aids for selection of basic wind turbine design parameters based offi@spetcation
having a specific average mean wind speed.

The method then was applied for specific wind sites in Colorado. An assessment of wind
power at differentiges in Colorado was made by comparing the amount of harvested energy for
a given fatigue life. The analyses showed that Eastern Colorado has more pfuentiak
turbine development which is supported by the fact that most wind farms in Colaeado a
currently located in the east side. In addition, the turbulence intensity of the windyelags a
very important role in evaluating the fatigue life of a wind turbine to the extentttican
overshadow the mean wind velocity itseif.addition the minimum required steel for a turbine
tower can be obtained at each combination of the tower thicknesses and diametéreseat di
wind sites in Colorado by @pying performancéased design.

For hurricane wave and elevated coastal structures proalpenformancebased design
approach for elevated coastal structures when a prescribed extreme sea statéeieedamnsing
fragility methodology. The closeidrm numerical method for generating random shallow water
waves from a target wave power spectrurd #me distribution type was presented. Different
hurricane sea state$iy(T,) for deep water (the JONSWAP spectrum) were transformed to
shallow water (TMA spectrum) at a 3 m depth where the hypothetical seweas located. The
numerical generatiomethod was validated itself by comparing the output and the g
power spectrum and the distribution type. The benefit of this method is the ganedfatull
scale waves, which typically cannot be replicated in a laboratory. By agpiyen coupled

EulerianLagrangian model for fluid/structure interaction in ABAQWS8d ANSYSFluent a
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numerical water flume simulation was utilized. The fragility methodology was th@ored to
illustrate the ability to select from various design options (combiratbrtlearance height and
capacity) to obtain a target probabilitf failure for a specified hurricane/sea state. The
illustrative example for a coastal bridged buildings design based on a target failure probability
demonstrates how the concepts présginerein could be applied for performatesed design

of coastal structures.

Several key contributions result from the work presented in this dissertation:
Contribution 1: The fragility methodology was refined and illustrated for confilel
structure interaction problems thereby providing a mechanism to extend thesdl to f

performancebased design when needed.

Contribution 2: The bridge and residential structures analyzed in Chapteh Bomne
refinements represent archetypes for gtigation of mitigation strategies in future analyses at a
single building or community level.

Contribution 3: The fatigue life based design approach showed that there is significa
fatigue life after crack initiation for wind turbine base connections.

Contribution 4: The coupled dynamic FEM model for the wind turbine using Morison’s
equation was able to capture tiedative motion in the timeomain for wind turbine blades and
the along-wind direction.

Recommended future work:

1- Develop a risknformed dsign methodology by integrating the fragility curve with
hazard curves for combined wave and surge to obtain the risk of a structure during its

lifetime.
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Develop predictive tools for hurricane loss by combining the developed fragilitye
with hurricandrack and surge levels for a specified coastal region or city.

Develop a model for winevavesurge for structures to investigate the response of
structures under an actual hurricane event; there are regressive approacheshbot m
the statistics are not available at this point.

Investigate the community level response of buildings and utility facilitidsitocane
wave and surge which can be used for community resiliency assessment.

Investigate the different wave angles reaching the structure and the effecevef w

breaking on one structure to another structure.
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