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ABSTRACT

Wind Turbines constitute a sustainable and effectwulution for the
production of energy using wind power. Offshore aviturbines
especially are becoming of special interest. Thp@se of this paper is
to provide a case study of fatigue life assessrfmnspecific cross-
sections of a standard offshore wind turbine witmanopile design,
under a probabilistic framework. Two potential sitd construction in
the Aegean Sea of Greece were examined. The reshtw the
dependence of fatigue life on the local wind andrieveonditions, the
cross-section geometry and the welded connectitailidg. All in all,
the more benign conditions in the Aegean allow $&mgonnection
details to still have acceptable performance.

KEY WORDS: Offshore Wind Turbine; Monopile Design; Fatigue;
Aegean Sea

INTRODUCTION

Wind turbines constitute a sustainable and effectwlution for the
production of energy using wind power. Wind turlsinenay be
constructed either in land areas (onshore) or @ aeas (offshore).
Offshore wind turbines are becoming of specialrggein recent years.
Although an offshore wind turbine usually startgdha@ higher initial

cost, it can outweigh a similar onshore one duiitsgservice life

regarding a number of aspects such as: higher ptiody due to

stronger winds over sea areas, larger availabl@aliason areas and
lower (or even non-existent) public nuisance. Téigel is especially
important in countries such as Greece where preglacourt battles
have hindered most onshore wind farms, inflictingstantial cost and
crippling delays.

A wind turbine could be considered as a structheg lies between a
civil engineering structure and a machine (Soren2eft4). In specific,
a wind turbine consists of structural elements @Qwubstructure etc.)
and a number of electrical and machine componeiits a control
system (gear box, drivetrain etc.). Under a civihgieeering
perspective, the main components of a wind turbaoald be
considered the tower and the substructure systdma.tdwer is the
element on the top of which the mechanical partthefwind turbine,
such as the nacelle and the blades, are inst3ltesltower is made of
steel and has a circular cross-section. It is lstebered i.e. the cross-
section size (e.g. diameter, thickness etc.) deeeeawith height,
typically in a linear fashion. The tower is conregtto the substructure,

i.e., the part of the wind turbine that is submdrge the water. The
substructure may be founded directly in the seatredased on a
floating platform. This type of the substructuré®indation usually
distinguishes an offshore wind turbine into twoegatries, namely
fixed and floating. Fixed wind turbines are usedeesally in sites of
low or medium depths, while the construction of laafing wind

turbine is cost-effective in the case of deep vgat€he most common
type of design for fixed wind turbines, which isedsfor depths up to
30 meters, is the monopile. This is probably thapsést structural
concept, where the tower is connected (directlyviar a transition
piece) to a pile that has been founded at the seabe

Regardless of the type of an offshore wind turbbmth structure and
substructure are subject to dynamic combinationsviofl and wave
loads with a wide range of frequencies. This faetymaise critical
issues during the turbine’s service life in ternfifatigue and power
efficiency (Jonkman, 2009). For this reason, spdoeus should be
devoted on the appropriate analysis and assessohahe dynamic
combination of loads during the design phase. eamtiore, since wind
turbines are complicated structures including a lmemof different
components, reliability analysis considering camsisreliability levels
and taking into account the dynamic nature of lohds received
considerable attention by researchers (Sorensed; 2dban 2014).
However, a great challenge in the above analysiposed by the
stochastic nature of the main loading mechanisramety wind and
wave, as their characteristics tend to vary rapidllyeir stochasticity
mainly depends on the climate at the area of cactn. Thus, one
could say that the design of an offshore wind nehs a highly site-
specific process. For this reason, the use of atewite anemological
and wave data is essential.

As far as the loads are concerned, the aforemetti@tochasticity
affects their magnitude and also subjects the tstre¢o cyclic stresses
making its components vulnerable to fatigue damé&gethermore, it
affects the overall performance and energy outRaesearch efforts are
currently under way to incorporate climate inforimatand relate it
directly to the calculation of fatigue damage (Passnd Branner,
2014) or the assessment of performance (Arwadel.et2811).

However the stochastic nature of the wind and wawass physical
phenomena, makes such an analysis very complicateécappropriate
methods from statistics and probability theory neeble incorporated.

The purpose of this paper is to provide a caseystfich probabilistic
fatigue life assessment for a standard offshorelwimbine located in



the Aegean Sea of Greece. In specific, a fixedhoffs wind turbine
with a monopile foundation is studied. Two potentiites of

construction, one in the north part and anothethm south part of
Aegean, with different wind and wave charactersstiare considered.
In both sites, extreme event load cases were noidfdo influence the
design, thus our focus is on fatigue damage fdemint wind-wave
states and for specific cross-sections of the strac Furthermore, an
estimation of the expected fatigue life is madédrmprporating Monte
Carlo simulation.

THE WIND TURBINE MODEL

The National Renewable Energy Laboratory (NREL) SMBAseline
Wind Turbine was selected as a standard offshane wirbine for this
study. The rated power is 5 MW. The tower of thebine is tapered
and of steel circular hollow cross-section. Theebdimmeter is 6.00 m
and the thickness 27 mm, while the top diamete3.& m with a
thickness of 19 mm. The height of the tower atadfs point (where the
nacelle is based) is at 87.60 m from the Mean Smell(MSL). The
rotor has three blades. The rotor disk has a diemeét126.00 m and its
center (hub height) is located at 90.00 m fromM&L. The cut-in and
cut-out wind speeds are 3 m/s and 25 m/s respéctiver additional
details regarding the characteristics of the stahdarbine the reader
may refer to Jonkman et al. (2009). The tower isnected to a
monopile foundation via a transition piece (TP).eTmonopile is
considered to be founded at a depth of 28 m. Itehaseel circular
hollow cross-section, 6.00 m in diameter and 60ninitkt The
connection of the base of the tower to the tramsifiiece is considered
to be at 10.00 m of the MSL (Fig. 1). Finally, gidi type of foundation
is assumed at mudline.
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Fig. 1. Wind Turbineviodel (adapted fromKooijman et al. 2003).
THEORETICAL BACKGROUND

Design criteria and analysis guidance are providgd published

standards. The analysis of offshore wind turbirsesnainly based on
the IEC 61400-3 standard (IEC, 2009). It speciffes context for the
assessment of external conditions and the desigrireznents to ensure

the engineering integrity of the structure. The IB@ndard also
provides an appropriate level of protection frofnhazards during the
planned lifetime of an offshore wind turbine. Indd@@n, the DNV
standards (DNV, 2010) can also be used for thesasgnt of loads on
marine structures subjected to wind, wave and otitoading.

Loads

The assessment of wind loads is critical for thalysis of an offshore
wind turbine. Although wind is essential for the eogtion and
efficiency of a wind turbine, it is also the enviroental factor with the
greatest contribution to the loading of the streetdror the assessment
of wind loads, time-series of wind speed at the height of the wind
turbine are used. The time-series may have beeelagi®md according
to specific spectrums (such as Kaimal or von Kajnbaased on the
characteristic (average) value of a 10-minute wamted. For this
process appropriate software can be used, sutte da1tbSim software
developed by NREL (Jonkman and Kilcher, 2012) ashopged in this
study. The wind time-series are then used as thet ito calculate the
values of reactions and deflections at the strectlure to the wind. In
this study, the FAST software was used (JonkmarBarnd, 2005).

Offshore wind turbines are also subject to waveldoahich in some
cases (e.g. in North Seas) may be very significatave
characteristics, such as the significant wave hei{gty) and peak
spectral periodT;), depend on the wind speed and the available sea
length, or fetch, over which the wind transfers rggeto the sea.
Several methodologies and associated wave speetravailable for
the calculation of the dynamic wave characteristicsery widely used
spectrum is JONSWAP (IEC 61400-3; DNV 2010) thdt also be our
choice. A simplified method to transform wave clotedstics into
forces on a structure is the Morison equation (Ktomi et al., 1950).
This is a semi-empirical method for calculating #wing force on a
body (e.g. a pile) that is submerged into movingewaThe general
form of the equation is as follows:

du

1
Z 1
T + CDZleulu (1)

F = CypA

where:D is the diameter of the member (pil€; andCy are the drag
and inertial coefficients respectively,is the water density4 is the
cross-sectional area ands the water velocity relative to the body. The
forces and the moments acting on the structureahene calculated by
integrating the height-wise contributions of Eq.For more details
about the application of the Morison equation, ris@der may refer to
DNV 2010.

Uncoupled vs Coupled Analysis

An important challenge in the analysis of an offghwind turbine is
the integration of the wind and wave effects tr@tsamultaneously on
the structure. In practice, two different approacheay be used,
namely the uncoupled and coupled method. In uneduphalysis the
loads due to the wind are calculated independérdty the loads due
to the waves and finally the total loads are cal@d by linear
superposition. In this case the assumption is nihdethe tower is
practically rigid. Thus it is essentially immobilmaking the absolute
wave velocity equal to the relative that appearEdnl. Similarly, the
position of the rotor disk is assumed not to b&uariced by the waves.
Of course, this assumption may not fully corresptmthe real acting
mechanisms of the wind and waves on the strucHmeever, despite
the above weakness, uncoupled analysis may be lusiete it is
associated with lower computational effort thamléyfcoupled analysis
(Moan, 2014) and it allows the blending of differesoftware to



perform the two types of analyses. Thus, commeffindte element
software can be employed that can capture thelsl@hthe structure
and achieve accurate stress calculations. On ther diand, in a
coupled analysis the wind and waves are act simedtasly on the
structure. It is clear that this method is mordisga (Moan 2014) as it
properly captures the dynamic nature of the problainthe cost of
needing specialized software.

In the initial phase of this study, both types pélgsis (uncoupled and
coupled) were performed. In the uncoupled analythis, wind loads

were calculated using FAST, while the wave loadsewealculated

from Eq. 1 for wind-compatible sea-states. Fig.hBves comparison
graphs of average values of the overturning moraentudline, which

corresponds to the reaction moment along globati¥ @op graph) and
of the maximum absolute value of that moment (otigraph) for

different wind speeds at hub height as they weleutated by using a
time-series of 10-minute length. As far as the mmaxh absolute value
of the overturning moment is concerned, the vafoes the coupled

analysis are quite higher. On the other hand, therao practical

difference in the average values. These finding® ¢ee views of other
researchers as well (e.g., Haselbach, 2013) anihough not

conclusively ruling out the possibility of usingagupled analysis, they
led us to only employ coupled analyses in our itigation.
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Fig. 2. Comparison of results between uncoupledcangbled analysis.
Average moments (top) are similar, while maximurnscdlite ones
(bottom) are not.

Fatigue
According to Eurocode 3 (EC3), fatigue is considems the damage in

a member of a structure through crack initiationd/an crack
propagation due to repeated stress fluctuationsodMa standards have

been published for the design of steel structugesnat fatigue. In the
Eurocode series, part 1.9 of EC3 (2002) providesatalysis context
for fatigue design of steel structures. For themegion of fatigue

damage, time-series of stress history associatéd thie structural

member of interest are needed. After those timesare obtained, the
stresses of various magnitudes should be grouptm droups of

specific stress magnitude. Then, the number of esydli.e. the

frequency) of each group is counted. A very widebed approach for
counting the number of cycles is the rainflow caumtalgorithm

(ASTM, 1997; Nieslony, 2009).

By incorporating rainflow counting, the number gftles of stress is
calculated for each of the different groups of ssreamplitudes.
Particular attention is paid to handling (or “clogl) half-cycles (e.g.
Hayman 2012) and adding their damage. Once the euailzycles for
each group is specified, the corresponding fatigaenage can be
estimated. In specific, if; is the number of cycles observed for stress
groupi, andNy is the number of cycles to failure for stress groguhe
corresponding damagkis:

d =2
= @

The total damagé® in a stress history of a specific length is then
calculated by the following formula (Palmgren-Mimate):

i @3)
i

D= di=

k
=1 i

k
i =1
The fatigue life of a structural member is the tiowil D reaches the
maximum allowable value of 1. Assuming tlathas been estimated
for a representative enough interval of duratitm over which its
accumulation may be assumed to be stationary, a gestimate
(assuming deterministic capacity) of the corresjpugndatigue life is

equal toTp/D. For instance, iD is the mean annual fatigue damage of
a member, the estimated fatigue life in years igktp 1D.

CASE STUDIES FOR GREECE

Offshore wind farms have been constructed andraopération in the
northern seas of Europe. On the other hand, nove Ieen installed in
the Mediterranean Sea. However, a number of pge ongoing for
examining the potential of design and installatmhoffshore wind
farms by several Mediterranean countries (MedPABU32. In this
paper, two case studies will be presented for teEnpinary assessment
of fatigue life in three different cross-sectiorfisaostandard offshore
wind turbine with a monopile foundation (Fig. 1n bpecific, two
different sites in the Aegean Sea of Greece wdeetgel, shown in the
map of Fig. 3.

The first site is located on the North part of #thegean, while the
second site on the South part. Each has its owrd wind wave
characteristics, in large part due to the diffeeeit the surrounding
geography. For the case of the North site, dudéoproximity of the
mainland, significant difference in fetch existy fhe various wind
directions, with the maximum appearing for a southeind. In the
case of the South site though, no much differermédcbe assumed
between the different directions and a practicalform fetch could
be used for the analysis.



Fig. 3. Map of Aegean Sea with the examined irestialh sites.
Analysis Process

For both sites of the study a similar process wakved for the
estimation of the fatigue life. First, anemologictdta was obtained
from the National Weather Service of Greece. Aigtiatl analysis for
specifying the major trends and the distribution tbat data was
performed. Given the relatively small fetch dis@smin the Aegean, the
wind speed is reasonably assumed to fully deterthieavave state as
well, something that would not be true, for example an ocean
environment. Thus, the wave characteristics (sicgnit wave height
and peak period) were calculated based on the JONS¥gectrum for
each possible value d6cal wind speed. Finally, the joint probability
density function (joint PDF) of wind speed,() and significant wave
height Hs) were estimated, a process that will be discussedore
detail in the next subsection.

For the analysis of loads, time-series of wind dpaethe hub height
were simulated using the TurbSim software. In dfpedime-series of

10-minute length were developed for a number ofdwspeed values,
ranging from 3 m/s (cut-in) to 25 m/s (cut-out)répresent operational
conditions and at 30 m/s for the parked turbinee &forementioned
time-series along with the corresponding wave dharastics

constituted the input for the FAST software, whehe coupled

dynamic analysis of wind and wave loadings wasqueréd.

A number of 10 simulations were performed for eaan wind speed
and direction. In each case, appropriate wavefdaaeriod and height
were generated according to the JONSWAP spectrum tiie
corresponding fetch distance at the site. At the @heach simulation,
10-minute time-series of reaction forces, momedtf]ections and
other values on the structure were obtained. Basdtiose time-series,
stress histories were assessed for different seigmef three
characteristic cross-sections of the structure fasvs in Fig. 1. In
specific, the cross-sections of the tower-basehefpile at the MSL
and of the pile at the mudline were examined. Rawnfcounting and
the Palmgren-Miner rule were used for the calcotatf the 10-minute
fatigue damage. The implementation of the rainflalgorithm by
Nielsony (2002, 2009) was employed in all cases]emyrouping of
magnitudes, accounting for unclosed cycles etdo@d established
standards (Hayman 2012). Damage was assesseq/atdle level of
the weld itself, rather than at the level of thdirensection, using
localized stresses rather than force and momealtaess. This enables
the determination of crack initiation at specifiegments of the cross-
section and the consideration of different weldadgtaccording to
structural steel codes, e.g., Eurocode 3 (CEN 2002)
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Fig. 4. S-N curves for structural steel from EC3tRz0

Two different classes of detail, namely 40 MPa &idMPa, were

assumed for the welded connection. A detail of 48aMorresponds to
fillet welds, while a detail of 71 MPa correspongsbutt welds for

connecting a circular hollow section to a ring-skdyflange plate. The
corresponding S-N curves of Eurocode 3 part 1.%veenployed. For
normal stresses, the Wohler coefficients, représgrhe log-slope of
S-N curves, are equal =3 andm=5, the latter applying to lower
stress ranges as shown in Fig. 4.

In total, 10 potential values of 10-min fatigue daya were estimated
for each of the selected wind speeds. These weed s fit a
lognormal distribution at each different mean wirsppeed. For
intermediate values of wind speed where no dataava#able, linear
interpolation was for determining the correspondiagameters of the
(lognormal) fatigue damage distribution. The fistdp was to estimate
the annual damage based on the 10-minute damaghexdstribution
of the annual wind speed data by employing a M@a#do simulation.
Thus, different samples of 10 min wind speeds vearailated for the
period of one year (52596 values in each). Oncatimeial damage is
calculated, the estimated fatigue life in yearsqdsal to its reciprocal.
In the present investigation, the turbine is assurt@ have 100%
availability, while discrete events (startup/shwtdp have been
discounted. Despite lacking some code-mandatedurtssatin its
implementation, the adopted approach comes withignifisant
advantage compared to conventional approaches eddadsoftware
such as MLife (Hayman 2012): Sources of uncertaingy be
efficiently introduced and propagated through tredcudation. The
aforementioned process of calculating the annuahagd®e (and the
corresponding fatigue life) can be repeated nunsetoues since the
distributions of the fatigue damage and the anegicdd data of the
site are known. In this study, 100 such evaluatiohthe fatigue life
were performed, for each of the three cross-sestdinterest, offering
a useful image of the accuracy achieved even wilhmaed-scope
analysis.

ANALYSIS RESULTS

Case 1: North Aegean Sea

The first site that was examined is in the nortit phthe Aegean Sea.
The distribution of wind speed at 10rd,() of the MSL in a typical
year is shown in Fig. 5. The mean value of windespwas 5.41 m/s
and the standard deviation 2.92 m/s. Interestiriglyas found that for
the specific site, the distribution of the wind egdés best modeled by a
lognormal distribution and not by the usual Weitagsumption that is



the general case for wind speed. The two optioacampared in Fig.
6, where it is shown that both options are rel&givaecurate for the
case at hand. Still, the lognormal can better cepthe tails of the
distribution in a quantile-quantile plot. Regarditige wind direction,
North-East (24.6%) and North (12.9%) constitute theeferred

directions in a typical year. Finally, as for thiegeography, Table 1
shows the values of fetch for each of the eight nmdirections

considered in this study.
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Fig. 5. Distribution of 10-minute non-zero wind sdeat 10 m height
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Due to the characteristic lack of actual joint meaments for wind and
wave, the next step in the analysis was to estirttagejoint PDF
f(Hs,U10) of wind speed and significant wave height:

f(Hs,Uo) = fu, u,,(Hs|U10) fu,,(U10) 4)

where: fy10(Usg) is the PDF ofU;o, which is assumed to follow a
lognormal distribution, as mentioned abaaed fiqu10(Hs|U10) is the
conditional PDF of significant wave heighi given the wind speed
Ujp. The distribution of the conditional PDF duringgiven storm is
assumed to follow a Rayleigh distribution accordingEC 61400-3.
Using Eqg. 4, the joint probability between wind sgeand significant
wave height can be estimated for each wind directi@nd
corresponding fetch) and the associated probabpigts can be
constructed. Fig. 7 shows a contour plot of thetj@DF for the North
site for all directions combined. The part of thentours forming a

characteristic ridge of highéts values corresponds to S/SW, where the

fetch is higher according to Table 1.

Table 1. Fetch for each of the directions consiiéhorth site).

Direction Fetch(km)
N 5.8
NE 6.0
E 8.8
SE 34.4
S 73.1
sw 113.6
w 86.2
NW 18.9
0.6
0.5
0.4
0.3
0.2
0.1
0 0:5 115 2

Hsl(m)
Fig. 7. Contour plot of the joinPDF f(Hg,U10) (North site)

Table 2. Wind speed and wave characteristics atltrth site.

U U Dominant Fetch

mie)  (miyy O HM  piecion  km)
3 221 126 008 NE 6.0
5 368 150 0.2 NE 6.0
10 735 193 020 NE 6.0
15 1103 224 030 NE 6.0
20 1470 248 040 N 5.8
25 1838 270  0.48 N 5.8
30 2206 290 052 N 5.8

From the above PDF, one can determine the directioth the higher
contribution for different wind speed values. Theection with the
highest contribution for wind speed values up tor/§ at hub height
(Uge) was the North-East (NE), while the North (N) diren
dominated speed values larger than 15 m/s. As shiowrble 1. the
aforementioned directions are associated with shieath values of
about 5.8 — 6.0 km, thus are associated with lowentaeights. The
results are shown in Table 2.

A power-law wind profile (IEC 61400-3) was assuméat the
distribution of the value of wind speed along tlegghtz. According to
this, if the wind speed is known at specific heigfthe wind speed at
height z is given by the formula:

U@ = UG (2) ©

where a is the power-law exponent, taken to be equal ta},0as
proposed by IEC 61400-3 for normal wind conditioRer the case at
hand,zy = 10 m (reference value) amé 90 m (hub height).

The values of wind speed at hub height and theesponding wave



characteristics constitute the input to FAST, whehe coupled
dynamic analysis was performed. At the end of eswgtulation, time-
series of stress history were obtained (e.g.,$ig.
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Fig. 8. Typical form of stress time-series.

Fig. 9 shows the histograms of annual fatigue danaagl fatigue life
at the tower base (D = 6 m, t = 27 mm) from the Mogarlo
simulation. The top plots of Fig. 9 correspond e #0 MPa detail,
while the bottom plots to the 71 MPa butt weldscéwing to the
results of the Monte Carlo analysis, the averagriahfatigue damage
for a detail of 40 MPa is equal to 0.0124 (withtanslard deviation of
0.0011) and the estimated fatigue life is 81.48ydwmith a standard
deviation of 7.53 years). On the other hand, ifetail of 71 MPa is
considered, the average annual fatigue damageuial ¢g 4.2%10*
(with a standard deviation of 5.510°) and the estimated fatigue life is
2370 years (with a standard deviation of 312.91rgjealhe huge
difference in the estimated life and the huge vatuthe case of detall
71 MPa is certainly attributed to the nearly 80%ghler fatigue
resistance that is associated with the better §lad more expensive)
detail (EC3, part 1.9).

For the cross-section at MSL (D = 6 m, t = 60mnYn-megligible
fatigue damage was observed only for a detail oM. The annual
fatigue damage and the estimated fatigue life veateulated in the
same manner as in the case of tower base. Howeewary low value
of fatigue damage was observed. In specific, tregae annual fatigue
damage equals 3.450° (a standard deviation of 3.680°) and thus a
huge fatigue life is expected (2933 years withamdard deviation of
313.71 years). This finding is mainly attributedtie larger thickness
of the cross-section (t = 60mm versus t = 27mm)inAthe case of the
cross-section at MSL, non-trivial fatigue damagelddoe estimated for
the cross-section of at the mudline only when aitlef 40 MPa was
considered. In specific, the average annual fatdpmage was found
to be equal to 0.0038 (with a standard deviatio8.86<10%) and the
corresponding fatigue life equal to 267.09 yearsth(va standard
deviation of 24.56 years).

Based on the results listed above, a significanclesion is that the
tower base is more vulnerable to fatigue than ttherotwo cross-
sections. This finding is easily attributed to #mealler thickness of the
cross-section. Furthermore, the detail of weld eation is a crucial
factor with a major contribution to fatigue. Finalbiven that fatigue is
expected to be the governing design situation fier Aegean (where
extreme wind-wave loads are generally of limited gniaude),

significant economies of scale can be achieved Hosing simpler
(and less expensive) weld details, and perhaps éviemer tower

cross-sections.

Case 2: South Aegean Sea

The second site of this study was selected to lleeirSouth Aegean. It
was also assumed that this site is far enough &toone in order to use
the same fetch (equal to 120 km) regardless ofctiime This
assumption is of course oversimplified but it Has advantage that it
does not require the consideration of wind direciio the analysis. At
this point, the authors would like to mention adklgmitation that may
arise. As of today, Greece has not declared anuEixel Economic
Zone and its territorial waters are extended u tautical miles from
the shore. Thus, any planned offshore wind farm levdave to be
placed inside the above 6-mile zone. For this reaaaite with such a
large omnidirectional fetch may not yet be avaatdr exploitation in
the Aegean Sea. However, the analysis was perfoimeatder to
evaluate the effect of a duration-limited (ratheaurt fetch-limited) sea
state. When the regional politics will allow it,ckua case can become
more of a practical, rather than a theoretical ipdgy.

Fig. 10 shows the distribution of the wind speed@tm at the South
site. A statistical analysis showed that the meslnesof the 10-minute
wind speed is equal to 7.74 m/s and the standandtam is equal to
5.10 m/s. Thus, a first inference is that South stcharacterized by
higher wind speeds than the North site. Finallyviéts found that a
Weibull (and not a lognormal) distribution with pameters. = 8.65
and k = 1.58 provides the best fit.

The same assumptions and analysis process as @agbeof the North
site were undertaken for the estimation of thegtetidamage. Table 3
shows the wind speed and wave characteristicsvwibeg used for the
dynamic analysis. From Table 3 it becomes obvibas, tas expected,
the wave intensity characteristics are quite mageificant compared
to those of the North site. Of course this canthiébated to the longer
fetch distances that were employed. Fig. 11 shéwscontour plot of
the joint PDFf(Hs,U0) for the South site, combining all directions.
Now, all contours have an “oval” shape since theeséetch is assumed
for all directions. In the North site, only SouthdaSouth-East winds
are practically fetch-unlimited, but generally lésmquent, this leading
to the lower-right lobe appearing in Fig. 7 thaalsent from Fig. 11.

The Monte Carlo analysis for a detail of 40 MPdinestes the average
annual fatigue damage at the cross-sections otaiver base to be
equal to 0.0407 (with a standard deviation of 08)03This value
corresponds to an estimated fatigue life of 24 &ary (with a standard
deviation of 2.17 years). On the other hand, fdetail of 71 MPa, the
average annual damage was equal to 0.0021 (withndard deviation
of 2.43<10% and the estimated fatigue life was equal to 494&ars
(with a standard deviation of 59.90 years). Thénbigralues of fatigue
damage (and the shorter fatigue lives) for the I$aite are obviously
be attributed to the higher wind and wave charities that are
associated with the South site. As in the casd@fcase of the North
site, non-negligible fatigue damage of the crosdise at MSL was
observed only for a detail of 40 MPa. The averageual fatigue
damage was equal to 0.0014 (with a standard dewiati 1.4%10%)
and the estimated fatigue life was equal to 746yB8rs (with a
standard deviation of 78.66 years). Higher fatigaenage and shorter
fatigue life were calculated for the case of thessrsection at mudline
in comparison with the North site. In specific, the detail of 40 MPa,
the average annual fatigue damage was equal to3®.QR®ith a
standard deviation of 0.0022) and the estimataduatlife was equal
to 43.58 years (with a standard deviation of 4.24rg). For a detail of
71 MPa, fatigue damage was observable but very llowpecific, the
average annual fatigue damage was equal to«3(7(with a standard
deviation of 5.3@10°) and the estimated fatigue life was equal to
3148.60 years (with a standard deviation of 543e's).
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Table 3. Wind speed and wave characteristics aébthugh site

Ugg (M/S) Uyo(m/s) Tp (s) Hg (M) Fetch (km)
3 2.21 3.42 0.36 120
5 3.68 4.08 0.59 120
10 7.35 5.23 1.24 120
15 11.03 6.08 1.94 120
20 14.70 6.78 2.70 120
25 18.38 7.40 3.50 120
30 22.06 7.96 4.36 120

15 2

0 0.5

H, (m)
Fig. 11. Contour plot of the joint PCH,,U4o) at the South site.

Based on the results of both sites, it is infetteat for site with higher
wind and waves (South site) considerably higheigliet damage is
expected. Furthermore, for both sites, the conoedt the tower-base
was found to be more vulnerable to fatigue, asmabiwation of a large
lever-arm relative to the hub and a small thicknafsis cross-section
compared to the pile foundation. The latter, astiéa this design, tends
to experience larger moments but significantly lowstresses.
Similarly, the cross-section at mudline is moreneuéble than the
cross-section at MSL: Higher moments are expectettt the mudline,
while both cross-sections of this cylindrical pdee the same. Finally,
as expected, the lower-quality fillet welds are enaulnerable to



fatigue than butt welds. Still, they are much clezap execute, and
thus a potential cost-reduction technique for sitéth less intensive
wind loads. This is expected to be a significantaadiage for sites in
the Aegean, where the environmental loads are gkyenore benign
compared to the European north.

CONCLUSIONS

A probabilistic fatigue life assessment for a stmdoffshore wind
turbine with a monopile design was presented. Twtential sites of
construction in the Aegean Sea of Greece with idiffewind and wave
characteristics were examined. A fully coupled dyitaanalysis for
the calculation of loadings due to wind and wave warformed using
the freely available FAST software. The assessmkfdatigue damage
(and corresponding fatigue life) for three specdiioss-sections of the
structure was made considering two different detaf welded
connections according to Eurocode 3.

The results follow the obvious trends: Turbineswatdier sites with
longer fetch distances are obviously more vulnerablfatigue. Lower
quality fillet welds similarly attract higher fatig damage compared to
more expensive butt welds. Still, it seems that thimd-wave
conditions encountered within a region of the mateedimensions of
the Aegean may vary enough to warrant significadifferentiating the
tower design. The detailed view of the effect ofemainty offered by a
detailed probabilistic approach can help in propepiantifying the
actual performance of the structural components thnd result to a
better compromise between safety and economy. pocating further
sources of uncertainty (corrosion, detail fatigurersgth) and
operational states of the wind turbine (e.g., stgrand stopping) will
only improve the accuracy in such predictions artp toffer a cost-
effective custom-made solution for a site of insere
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