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Abstract. Wind Turbines constitute a sustainable and effectimution for the production of
energy using wind power. Offshore wind turbinesesly are becoming of special interest.
However, their design poses great challenges, samceffshore structure is subject to com-
bined wind and wave dynamic loading that is chaggstic of the site of installation. The
purpose of this paper is to provide a case studwtijue life assessment for the cross-section
at mudline (foundation) of a standard offshore wintbine with a monopile design, under a
probabilistic framework and assuming the thicknesthe examined cross-section as the de-
sign variable. Two potential sites of constructinrthe Aegean Sea of Greece were examined.
A probabilistic approach was employed in order &iedmine the fatigue life based on ane-
mological data at each of the two sites of inter@stits basis is an extensive Monte Carlo
simulation of wind (velocity) and wave (height,ipd) characteristics. The results show the
dependence of fatigue life on the local wind andeveonditions, the cross-section geometry
(i.e. the thickness of the foundation’s pile) ahd tvelded connection detail. All in all, the
more benign conditions in the Aegean allow simptamnection details and smaller thickness
of foundation pile’s cross-section to still haveaptable performance.
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1 INTRODUCTION

Wind turbines constitute a sustainable and effectiwlution for the production of energy
using wind power. Wind turbines may be construaihler in land areas (onshore) or in sea
areas (offshore). Offshore wind turbines are beagnoif special interest in recent years. Alt-
hough an offshore wind turbine usually starts waithigher initial cost, it can outweigh a simi-
lar onshore one during its service life in a numifeaspects such as: higher productivity due
to stronger winds over sea areas, larger availaistallation areas and lower (or even non-
existent) public nuisance. The latter is especiatigortant in countries such as Greece where
protracted court battles have hindered most onshior@ farms, inflicting substantial cost and
crippling delays.

A wind turbine could be considered as a structhed ties between a civil engineering
structure and a machine [1]. In specific, a windbitoe consists of structural elements (tower,
substructure etc.) and a number of electrical andhime components with a control system
(gear box, drivetrain etc.). Under a civil enginegrperspective, the main components of a
wind turbine could be considered the tower andstiestructure system. The tower is the el-
ement on the top of which the mechanical partdhefwind turbine, such as the nacelle and
the blades, are installed. The tower is made @ sied has a circular cross-section. It is usu-
ally tapered i.e. the cross-section size (e.g. ditam thickness etc.) decreases with height,
typically in a linear fashion. The tower is conregtto the substructure, i.e., the part of the
wind turbine that is submerged in the water. ThHessucture may be founded directly in the
seabed or based on a floating platform. This tyjg@e substructure’s foundation usually dis-
tinguishes an offshore wind turbine into two categg namely fixed and floating. Fixed
wind turbines are used especially in sites of lovimedium depths, while the construction of
a floating wind turbine is cost-effective in theseaof deep waters. The most common type of
design for fixed wind turbines, which is used fepths up to 30 meters, is the monopile. This
is probably the simplest structural concept, whaeetower is connected (directly or via a
transition piece) to a pile that has been founde¢deaseabed.

Regardless of the type of an offshore wind turbbegh structure and substructure are sub-
ject to dynamic combinations of wind and wave loadts a wide range of frequencies. This
fact may raise critical issues during the turbingesvice life in terms of fatigue and power
efficiency [2]. For this reason, special focus diddae devoted on the appropriate analysis and
assessment of the dynamic combination of loadsaduhe design phase. Furthermore, since
wind turbines are complicated structures includingumber of different components, reliabil-
ity analysis considering consistent reliability éév and taking into account the dynamic na-
ture of loads has received considerable attentypnesearchers [1, 3]. However, a great
challenge in the above analysis is posed by thehastic nature of the main loading mecha-
nisms, namely wind and wave, as their charactesiséind to vary rapidly. Their stochasticity
mainly depends on the climate at the area of coctsbn. Thus, one could say that the design
of an offshore wind turbine is a highly site-specgrocess. For this reason, the use of accu-
rate site anemological and wave data is essential.

As far as the loads are concerned, the aforemettistochasticity affects their magnitude
and also subjects the structure to cyclic stressadgng its components vulnerable to fatigue
damage. Furthermore, they affect the overall parémrce and energy output. Research efforts
are currently under way to incorporate climate iinfation and relate it directly to the calcula-
tion of fatigue damage [4] or the assessment dbpaance [5]. However the stochastic na-
ture of the wind and waves, as physical phenomma&ges such an analysis very complicated
and advanced methods from statistics and probatikory need to be incorporated.
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The purpose of this paper is to provide a caseystfich probabilistic fatigue life assess-
ment for a standard offshore wind turbine locatethe Aegean Sea of Greece. In specific, a
fixed offshore wind turbine with a monopile founidat is studied. Two potential sites of con-
struction, one in the north part and another ingbeth part of Aegean, with different wind
and wave characteristics, are considered. Forditak dynamic loading analysis is performed
and the corresponding fatigue damage of the pdeiss-section at the mudline of the struc-
ture is calculated for different wind-wave stafée estimation of the expected fatigue life is
made by incorporating Monte Carlo simulation. Farthore, the thickness of the cross-
section is examined as the design variable. Thatgnations of the expected fatigue annual
damage and corresponding life are made for a rahgalues of thickness and inferences
about the influence of this parameter to fatigteedre made for both sites.

2 THE WIND TURBINE MODEL

The National Renewable Energy Laboratory (NREL) SNBASeline Wind Turbine was
selected as a standard offshore wind turbine fisr gtudy. The rated power is 5 MW. The
tower of the turbine is tapered and of steel cactlollow cross-section. The base diameter is
6.00 m and the thickness 27 mm, while the top diame 3.87 m with a thickness of 19mm.
The height of the tower at its top point (where tiaeelle is based) is at 87.60 m from the
Mean Sea Level (MSL). The rotor has three bladés.rbtor disk has a diameter of 126.00 m
and its center (hub height) is located at 90.00amfthe MSL. The cut-in and cut-out wind
speeds are 3 m/s and 25 m/s respectively. Foriandalitdetails regarding the characteristics
of the standard turbine the reader may refer td [& tower is connected to a monopile foun-
dation via a transition piece (TP). The monopileossidered to be founded at a depth of 28
m. It has a steel circular hollow cross-sectiof08n in diameter. The thickness of the pile’s
cross-section in the standard model is 60 mm. Dmaection of the base of the tower to the
transition piece is considered to be at 10.00 nhefMSL (Figure 1). Finally, a rigid type of
foundation is assumed.
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Figure 1: Wind turbinenodel (adapted from [7]).
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3 THEORITICAL BACKGROUND

Design criteria and analysis guidance are provliedublished standards. The analysis of
offshore wind turbines is mainly based on the IE@@-3 standard [8]. It specifies the con-
text for the assessment of external conditionsthadiesign requirements to ensure the engi-
neering integrity of the structure. The IEC staddalso provides an appropriate level of
protection from all hazards during the plannedihfe of an offshore wind turbine. In addi-
tion, the DNV standards [9] can also be used ferassessment of loads on marine structures
subjected to wind, wave and current loading.

3.1 Loads

The assessment of wind loads is critical for thalysis of an offshore wind turbine. Alt-
hough wind is essential for the operation and ifficy of a wind turbine, it is also the envi-
ronmental factor with the greatest contributionth@ loading of the structure. For the
assessment of wind loads, time-series of wind spédéae hub height of the wind turbine are
used. The time-series may have been developeddaagoto specific spectrums (such as
Kaimal or von Karman), based on the characterigierage) value of a 10-minute wind
speed. For this process appropriate software camsée, such as the TurbSim software de-
veloped by NREL [10] and adopted in this study. Wied time-series are then used as the
input to calculate the values of reactions andedéfhns at the structure due to the wind. In
this study, the authors used the FAST software. [11]

Offshore wind turbines are also subject to wavelsoahich in some cases (e.g. in North
Seas) may be very significant. Wave characterissiesh as the significant wave heighit)(
and peak spectral periodipf, depend on the wind speed and the availableesggH, or fetch,
over which the wind transfers energy to the seaef® methodologies and associated wave
spectra are available for the calculation of theahgic wave characteristics. A very widely
used spectrum is JONSWAP [8, 9] that will also be choice. A simplified method to trans-
form wave characteristics into forces on a structigrthe Morison equation [12]. This is a
semi-empirical method for calculating the actingceoon a body (e.g. a pile) that is sub-
merged into moving water. The general form of theation is as follows:

du 1
F=CypA— + CppDlulu 1)
where:D is the diameter of the member (pil€y andCy are the drag and inertial coeffi-
cients respectively, is the water density is the cross-sectional area ané the water ve-
locity relative to the body. The forces and the reats acting on the structure are then
calculated by integrating the height-wise contiidmg of Eq. 1. For more details about the
application of the Morison equation, the reader medgr to [9].

3.2 Fatigue

According to Eurocode 3 (EC3) [13], fatigue is ddesed as the damage in a member of a
structure through crack initiation and/or crackpgagation due to repeated stress fluctuations.
Various standards have been published for the desigteel structures against fatigue. In the
Eurocode series, part 1.9 of EC3 [13] providesahalysis context for fatigue design of steel
structures. For the estimation of fatigue damaigeg-series of stress history associated with
the structural member of interest are needed. Alffiese time-series are obtained, the stresses
of various magnitudes should be grouped into grafpecific stress magnitude. Then, the
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number of cycles (i.e. the frequency) of each grisugounted. A very widely used approach
for counting the number of cycles is the rainflosunting algorithm [14, 15].

By incorporating rainflow counting, the number gtles of stress is calculated for each of
the different stress amplitudes (or groups). Oheenumber of cycles for each group is speci-
fied, the corresponding fatigue damage can be astin In specific, i is the number of
cycles observed for stress grayandN; is the number of cycles to failure for stress grgu
the corresponding damadgis:

d; =— (2)

The total damagP in a stress history of a specific length is thaltalated by the follow-
ing formula (Palmgren-Miner rule):

D=Zdi=zn—"_ (3)

The fatigue life of a structural member is the tiomil D reaches the maximum allowable
value of 1. Assuming thd2 has been estimated for a representative enougivahtof dura-
tion Tp over which its accumulation may be assumed totégorary, a good estimate (as-
suming deterministic capacity) of the correspondatgyue life is equal t@p/D. For instance,
if D is the mean annual fatigue damage of a membereshmated fatigue life in years is
equal to 1D (in this casdlp=1).

4 CASE STUDIESFOR GREECE

41 Examined Sites

Offshore wind farms have been constructed andnaopération in the northern seas of Eu-
rope. On the other hand, none have been instaildtki Mediterranean Sea. However, a num-
ber of projects are ongoing for examining the poétof design and installation of offshore
wind farms by several Mediterranean countries [16]this paper, two case studies will be
presented for the preliminary assessment of fatif@dor the cross-section at mudline of a
standard offshore wind turbine with a monopile fdaton for a range of thickness values of
the cross-section. In specific, two different sitegthe Aegean Sea of Greece were selected,
shown in the map of Figure 2.

The first site is located on the North part of Aegean, while the second site on the South
part. Each has its own wind and wave charactesisticlarge part due to the difference in the
surrounding geography. For the case of the Not#) due to the proximity of the mainland,
significant difference in fetch (i.e. the unintegsted length of water over which waves can
develop) exists for the various wind directionsthathe maximum appearing for a southern
wind. In the case of the South site though, no ndifference could be assumed between the
different directions and a practically uniform fletcould be used for the analysis.

4.2 Analysis Process

For both sites of the study a similar process wéewed for the estimation of the fatigue
life. First, anemological data was obtained frora National Weather Service of Greece. A
statistical analysis for specifying the major trerahd the distribution of that data was per-
formed. Given the relatively small fetch distanocethe Aegean, the wind speed is reasonably
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assumed to fully determine the wave state as weihething that would not be true, for ex-
ample, in an ocean environment. Thus, the waveachanistics (significant wave height and
peak period) were calculated based on the JONSWp&etrsim for each possible value of
local wind speed. Finally, the joint probability densityction (joint PDF) of wind speed))
and significant wave heighH({) were estimated, a process that will be discugsadore de-
tail in the next section.

Figure 2: Map of Aegean Sea with the examined liagian sites

For the analysis of loads, time-series of wind dpagethe hub height were simulated using
the TurbSim software. In specific, time-series Ofrinute length, for a number of wind
speed values, namely 3 m/s (cut-in), 5 m/s, 10 @Ban/s, 20 m/s, 25 m/s (cut-out) and 30
m/s (parked turbine) were developed. The aforeroratl time-series along with the corre-
sponding wave characteristics constituted the im@puthe FAST software, where a coupled
(i.e. assuming that the wind and waves act simetiasly on the structure) dynamic analysis
of wind and wave loadings was performed.

A number of 10 simulations were performed for eastan wind speed. Of course, the
above number might be small for some of the morekbke wind-wave states, but it was se-
lected as a preliminary value due to the large adatmnal effort that the process requires.
At the end of each simulation, 10-minute time-senéreaction forces, moments, deflections
and other values on the structure were obtainede®an those time-series, the 10-minute
stress history, by incorporating the reaction feraed moments were calculated for the cross-
section of interest. As far as the geometry ofdtwss-section is concerned, the diameter was
kept equal to 6 m (as in the standard model) ahuesdrom the range between 25 mm to 60
mm (with a step of 5 mm) were examined for the kh&ss. Rainflow counting and the
Palmgren-Miner rule were used for the calculatibthe 10-minute fatigue damage. Two dif-
ferent classes of detail, namely 40 MPa and 71 MRee assumed for the welded connection
and the corresponding S-N curves of EC3 part 1.&wenployed. The Wohler coefficients
(which represent the slope of S-N curve) are etuai=3 and m=5 as shown in Figure 3. Ac-
cording to EC3, a detail of 40 MPa correspondsliet fvelds, while a detail of 71 MPa cor-
responds to butt welds for connecting a circuldiolosection to a ring-shaped flange plate.
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Figure 3: S-N curves for steel from EC3 Part 1.9.

From the above process, 10 potential values of itOfatigue damage were estimated for
each of the selected wind speeds. Based on thosald€s the empirical cumulative density
function of damage for each of the wind speeds eedsulated and thus the empirical distri-
bution of the damage was specified. For intermedivaiues of wind speed linear interpola-
tion was used for determining the correspondinigdi@ damage distribution.

The final step was to estimate the annual damagedban the 10-minute damage and the
distribution of the annual wind speed data. Oneeatinual damage is calculated, the estimat-
ed fatigue life in years is equal to the recipraafathat value. The process of calculating the
annual damage (and the corresponding fatiguedda)be repeated numerous times since the
distributions of the fatigue damage and the anegicdd data of the site are known. Thus, a
Monte Carlo simulation for 100 years was perfornredhis study, in order to estimate the
distribution of the fatigue life in the cross-sectiof interest. The results of this simulation for
both sites and details of connection will be préseéin the next section of the paper.

5 ANALYSISRESULTS

51 Casel: North Aegean Sea

The first site that was examined is in the northt paAthe Aegean Sea. The distribution of
the 10 min mean wind speed at 1Qhg) of the MSL in a typical year is shown in Figure 4.
A statistical analysis also showed that the mednevaf wind speed was 5.41 m/s and the
standard deviation 2.92 m/s. Furthermore the Bistion of the wind speed is best modeled
by a lognormal distribution with parameters 1.56 andr = 0.51. Regarding the wind direc-
tion, North-East (24.6%) and North (12.9%) constitthe preferred directions of winds in a
typical year. Finally, as for the surrounding getijyeTable 1 shows the values of fetch for
each of the eight main directions considered ig shudy.
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Figure 4: Distribution of non-zero 10 min mean wamked at 10 m height (North site).
There is also a ~30% probability of zero wind ocence.

Direction Fetch (Km)
N 5.8
NE 6.0
E 8.8
SE 34.4
S 73.1
SwW 113.6
W 86.2
NW 18.9

Table 1: Fetch for each of the directions considéiorth site).

The next step in the analysis was to estimate dimé PDFf(Hs,U10) of wind speed and
significant wave height. The joint PDF is calcutht® the following formula:

FH,Uyp) = Fa v,y (Hsfumjfu.n (Uso) (4)

where:fy10(U1g) is the PDF ofU;p, which is assumed to follow a lognormal distribuati as
mentioned abovandfysuidHJ/U10) is the conditional PDF of significant wave heightgiv-
en the wind speetlio. The distribution of the conditional PDF duringg@en storm is as-
sumed to follow a Rayleigh distribution accordingEC 61400-3.

Using Eq. 4, the joint probability between wind sgeand significant wave height can be
estimated and the associated probability plotskmacgonstructed. Since, the PDF takes into
account two variables its plot is depicted as daserin 3Dor in a 2D contour plot. Figure 5
shows a contour plot of the joint PDF for the Nasife studied. It is noteworthy that in Figure
5, the part of the contours associated with hidgtecorresponds to South directions, where
the fetch is higher according to Table 1. Thisesduse according to JONSWAP methodolo-
gy the higher the fetch the larger is thefor a specifidJo.

From the specific PDF, one can determine the daestwith the higher contribution for
different wind speed values. The direction with fiighest contribution for wind speed values
up to 15 m/s at hub heigktygp) was the North-East (NE), and the North (N) dir@ctfor
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speed values larger than 15 m/s. As shown in Thhilee aforementioned directions are asso-
ciated with fetch of 5.9 km and 5.8 km, respectiv&@ased on these values, the wave charac-

teristics for each speed were calculated, and psotad they are practically negligible. The
results are shown in Table 2.
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Figure 5: Contour plot of the joint POfHg,U;0) (North site).

A power-law wind profile (IEC 61400-3) was assuniedthe distribution of the value of
wind speed along the heightAccording to this, if the wind speed is knowrspecific height
Z, the wind speed at height z is given by the foanul

UE =06)(2) ©)

where:a is the power-law exponent, taken to be equal id,0as proposed by IEC 61400-3

for normal wind conditions. For the case at hagd; 10 m (reference value) arzd= 90 m
(hub height).

Ugo Uio Dominant Fetch
mis)y  (mis) ) BM o piection  (km)

3 2.21 1.26 0.08 NE 6.0
5 3.68 1.50 0.12 NE 6.0
10 7.35 1.93 0.20 NE 6.0
15 11.03 2.4 0.30 NE 6.0
20 14.70  2.48 0.40 N 5.8
25 1838  2.70 0.48 N 5.8
30 2206  2.90 0.52 N 5.8

Table 2: Wind speed and wave characteristics aitréh site.

The values of wind speed at hub height and theespanding wave characteristics consti-
tute the input to FAST, where the coupled dynanmalysis was performed. At the end of
each simulation, time-series of stress history wastained. A typical form of those time-
series is shown in Figure 6. The stress time-hedoare used in the estimation of fatigue
damage and the corresponding fatigue life for tifferént wind speed values following the
methodology of EC3 part 1.9 as mentioned in theretecal background of this paper. Thus,
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the annual fatigue damage and the correspondirguéatife could be estimated. To this end,
a simple Monte Carlo simulation was performed affl fossible values of annual fatigue
damage and corresponding fatigue life were caledl&r each of the two details and for the
different values of thickness for the cross-sectibstudy.
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Figure 6: Typical form of stress time-series.

o

Table 3 shows the results of the analysis for tieacteristics of the North Site. In specif-
ic, the average values of the annual damage andotinesponding estimated fatigue life for
both types of detail, as resulted from the MontédCsimulations of 100 years are listed. An
interesting finding is that the thickness of thess-section has a significant effect on the an-
nual damage for both details. In specific, as thiekhess increases the annual damage de-
creases. This trend makes an intuitive sense, sincess-section with larger thickness is
expected to tolerate greater loads and be lesgnalile to fatigue. For instance, for a detail of
40 MPa, the annual damage of a cross-section vithn2 of thickness is around 40 times
greater than a cross-section with 60 mm of thickn€ke results are also plotted in Figure 7.

Thickness DETAIL 40 MPa DETAIL 71 MPa
(mm) Annual Fatigue Annual Fatigue
Damage Life (yrs) Damage Life (yrs)
25 0.1519 6.58 0.0159 63.06
30 0.0801 12.48 0.0064 156.76
35 0.0449 22.26 0.0026 382.21
40 0.0262 38.16 0.0011 936.09
45 0.0156 64.29 4.043E-04 2473.80
50 0.0094 106.24 1.562E-04 6403.04
55 0.0057 174.55 4.839E-05 20671.37
60 0.0035 285.91 1.337E-05 74830.91

Table 3: Results of Analysis for the North site
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Figure 7: Annual damage and thickness of crossese(ibp graphs) and fatigue life and thicknessroks-
section (bottom graphs) for North site

The annual damage is directly associated with @ahigufe life. As mentioned in a previous
subsection, the fatigue life is approximately equoathe reciprocal of the annual damage.
From the results listed in Table 3, an inferendbas the fatigue life (which is a more tangible
magnitude in common sense than damage, sincemeasured in years) depends highly on
the thickness of the cross-section. In specifigardless of the detail, as thickness increases
the expected fatigue life increases as well. Ofseuhis finding is intuitively expected, since
a long fatigue life is associated with low annuahthge.

It is noteworthy that the estimation of the fatidiie may be of special interest during the
design phase of an offshore wind turbine. In otherds, based on the expected fatigue life
the designer is able to select an appropriate ries& for the pile’s cross-section. This is be-
cause, it could be estimated whether a specifectieh of thickness and detail of connection
will make the specific cross-section to last durihg whole design life of the structure. For
example, in the case of an offshore wind turbireestnucture’s life-time is usually considered
to be equal to 50 years. Based on the values deTalone could conclude that if a detail of
40 MPa is selected, the minimum thickness thakjeeted to last longer than the design life
(with respect to fatigue) is 45 mm. If a thicknésss than 45 mm is used, then a fatigue fail-
ure is expected sooner than the end of the dedegn.é. during the service life of the wind
turbine. For this reason a horizontal line is @dtin the bottom left graph of Figure 7 at the
level of 50 years. The role of this line is to dragally show the above inference.
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On the other hand, if a detail of 71 MPa for thdded connection is used, then no fatigue
failure is expected during the life of the windkune, even if a thickness of 25 mm is used.
This is because a thickness of 25 mm is assocvatbda fatigue life of around 63 years that
Is greater than 50 years. It is also noteworthy ifha thickness of more than 40 mm is used,
then the fatigue life is estimated to be thousawfdgears. The latter means that no fatigue
failure is expected in those cases. However, tiefiteof the absence of fatigue may be asso-
ciated with a high price such as higher constractosts (larger cross-section, advanced
welded connection).

5.2 Case2: South Aegean Sea

The second site of this study was selected to learSouth Aegean. It was also assumed
that this site is far enough from shore in ordenge the same fetch (equal to 120 km) regard-
less of direction. This assumption is of coursersiveplified but it has the advantage that it
does not require the consideration of wind diretiiothe analysis. At this point, the authors
would like to mention a legal limitation that maysa. As of today, Greece has not declared
an Exclusive Economic Zone and its territorial watare extended up to 6 nautical miles
from the shore. Thus, any planned offshore windnfavould have to be placed inside the
above 6-mile zone. For this reason, a site witlhsutarge omnidirectional fetch may not yet
be available for exploitation in the Aegean Seaweler, the authors performed an analysis
in order to evaluate the effect of a duration-leditrather than fetch-limited) sea state. When
the regional politics will allow it, such a casendaecome more of a practical, rather than a
theoretical possibility.

Figure 8 shows the distribution of the wind speed@Gm at the South site. A statistical
analysis showed that the mean value of the winédeequal to 7.74 m/s and the standard
deviation is equal to 5.10 m/s. Thus, a first iafere is that South site is characterized by
higher wind speeds than the North site. Finallywés found that a Weibull (and not a
lognormal) distribution with parametexs= 8.65 and k = 1.58 provides the best fit.

Probability

0 5 10 15 20 25 30
Wind Speed at 10 m (m/s)

Figure 8: Distribution of Wind Speed at 10 m hei¢buth site).
The zero-wind probability is practically zero.

The same assumptions and analysis process as @asheof the North site were undertak-
en for the estimation of the fatigue damage. Tdbéows the wind speed and wave charac-
teristics that were used for the dynamic analysiem Table 4 it becomes obvious that, as
expected, the wave intensity characteristics aree quore significant compared to those of
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the North site. Of course this can be attributedh longer fetch distances that were em-
ployed. Fig. 10 shows the contour plot of the jét@F f(Hs,U10) for the South site. Now, all
contours have an “oval” shape since the same fetaksumed for all directions. In the North
site, only South and South-East winds are pratyi¢atch-unlimited, but generally less fre-
quent, this leading to the lower-right lobe appsgin Figure 5 that is absent from Figure 9.

Ugo Uqo Fetch
(m/s) mis) e M

3 221 342 036 120
5 3.68 408 059 120
10 7.35 523 1.4 120
15 11.03 6.08  1.94 120
20 14.70 678  2.70 120
25 18.38 740 350 120
30 22.06 7.06 436 120

Table 4: Wind speed and wave characteristics athgh site

15

Al 0.5

: 0.05
15 2

0 0.5

1
H_ (m)
Figure 9: Contour plot of the joint POfHs U, o) at the South site.

The Monte Carlo analysis gave the results showrainle 5. The results, as expected, fol-
low the same trends as in the case of the Noréh Bibwever, due to the higher wind and
wave conditions of the site, very large valuesrofuaml damage and low values of fatigue life
were calculated. It is noteworthy that for a detdilO0 MPa, only if a thickness of 60 mm is
used, the fatigue life will be slightly greater [pmabout 6 years) than the design life. For this
reason only the combination associated with 60 rhthickness is above the reference line of
50 years in the bottom left graph of Figure 10. leaver values of thickness a detail of 40
MPa will give fatigue lives lower than 50 years. tdover, for very low values (lower than 40
mm) the estimated fatigue life is lower than 10rgea

If a detail of 71 MPa is selected, then longer galof fatigue life are expected. However,
it should be mentioned that even with the bettaaijeonly if the thickness of the cross-
section is larger than 30 mm, the estimated fatigaes greater than the design life of the
wind turbine. Finally, if a value of thickness larghan 50 mm is used then the estimated fa-
tigue is greater than 500 yrs (10 times the debighand no fatigue failure is expected in
practice.
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Thickness DETAIL 40 DETAIL 71
(mm) Annual Fatigue Annual Fatigue
Damage Life (yrs) Damage Life (yrs)
25 0.5791 1.73 0.0687 14.55
30 0.3130 3.20 0.0304 32.91
35 0.1812 5.562 0.0139 72.02
40 0.1087 9.20 0.0064 157.20
45 0.0676 14.80 0.0031 326.10
50 0.0429 23.29 0.0015 674.38
55 0.0276 36.20 0.0007 1394.30
60 0.0179 55.77 0.0003 3048.30

Table 5: Results of Analysis for the South site.
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Figure 10: Annual damage and thickness of crosese@top graphs) and fatigue life and thicknessrofs-
section (bottom graphs) for South site

5.3 Discussion of findings

Based on the results of both sites, it is infethed for the site with higher wind and waves
(South site) larger fatigue damage is expectealifdhe values of thickness examined in this
study. This finding is associated with shorterdgaé life for the cross-section of interest. This
certainly makes sense since larger wind and waagslare expected to act on the construc-



Dimitrios V. Bilionis and Dimitrios Vamvatsikos

tion. Finally, as expected, the lower-quality fillgelds (detail 40 MPa) are more vulnerable
to fatigue than butt welds. Figure 11 shows thattii@ case of the South site a fillet weld
might not be appropriate since it will result tdasigue failure before the end of the design
life of the wind turbine (with only exception thase of 60 mm thickness). Furthermore, even
in the case of North site, where the wind and waresmilder, the use of a fillet weld re-

quires at least 45 mm of thickness in order todasing the whole design life.
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Figure 11: Comparison of annual damage (left grayial) fatigue life versus thickness of cross-sedtiimynt
graph) for fillet welds (detail 40MPa) for the exaed sites

On the other hand, the use of butt welds is fountet a safe (albeit expensive) solution
regardless of thickness for the North site, simeedxpected fatigue life is longer than the de-
sign life, even when the smallest thickness is uBed the South site though, the use of butt
weld requires a minimum with of 35 mm (see Tablen5yrder the fatigue life to be longer
than the design life.

The inferences from the above discussion may bailusspecially during the design of
the foundation pile. Fillet welds might not be apgiate in a construction site characterized
by windy conditions, however they might be a pdentost-reduction technique for sites
with less intensive wind loads, since they are mcicbaper to execute than butt welds and
with an appropriate thickness may last more thardésign life.

6 CONCLUSIONS

In this paper, a probabilistic fatigue life assesstrfor a standard offshore wind turbine
with a monopile design was presented. Two potesiiak of construction in the Aegean Sea
of Greece with different wind and wave charactasstvere examined. A fully coupled dy-
namic analysis for the calculation of loadings tlu&ind and wave was performed using the
freely available FAST software. The assessmentabfide damage (and corresponding fa-
tigue life) was made considering two different dstaf welded connections according to
ECS3 for the cross-section at mudline of the stmectu

The results follow the obvious trends: Turbinesveidier sites with longer fetch distances
are obviously more vulnerable to fatigue. Lower Iqudillet welds similarly attract higher
fatigue damage compared to more expensive buttswélie thickness of the cross-section is
a crucial parameter for the design, since a srhadkmess may result in a very quick fatigue
failure, especially in the case of fillet welds.

Finally, as an overall conclusion of this work &t the accuracy offered by a detailed
probabilistic approach can help in properly quaird the actual performance of the structur-
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al components and thus result to a better compmbesween safety and economy. Incorpo-
rating further sources of uncertainty and operaili@tates of the wind turbine (e.g., starting
and stopping) will only improve the accuracy in lsyaredictions and help offer a cost-
effective custom-made solution for a site of insere

ACKNOWLEDGEMENTS

This research has been co-financed by the Eurogaam (European Social Fund - ESF)
and Hellenic national funds through the Operatidralgram "Competitiveness and Entrepre-
neurship” of the National Strategic Reference Fraark (NSRF 2007-2013) - Research
Funding Program: Bilateral R&D Cooperation betw&rece and China 2012-2014.

REFERENCES

[1]

[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

J.D. Sorensen, Reliability Analysis of Wind Bures Exposed to Dynamic Loads. A.
Cunha, E. Caetano, P. Ribeiro, G. Muller e#f. International Conference on
Structural DynamicsEURODYN 2014, Porto, Portugal, 2014.

J.M. Jonkman, Dynamics of Offshore Floating Wifurbines-Model Development
and Verification Wind Energl12, pp.459-492, 2009

T. Moan, Stochastic Dynamic Response Analgé®ffshore Wind Turbines in a Reli-
ability Perspective. A. Cunha, E. Caetano, P. Rib&. Muller eds9" International
Conference on Structural Dynami¢éSJRODYN 2014, Porto, Portugal, 2014.

P. Passon, K. Branner, Condensation of Longrlarave Climates for the Fatigue
Design of Hydrodynamically Sensitive Offshore Wiidrbine Support Structures.
Ships and Offshore Structur@saylor & Francis, 1-25, 2014.

S.R. Arwade, M.A. Lackner, M.D. Grigoriu, Prdiibstic Models for Wind Turbine
and Wind Farm Performanc&SME Journal of Solar Energy Engineeriidg3, No.
4: 041006, 2011.

J. Jonkman, S. Butterfiled, W. Musial, G. ScBtefinition of a 5-MW Reference
Wind Turbine for Offshore System Developmeérgchnical Report NREL/TP-500-
38060. NREL Technical RepoRational Renewable Energy LaboratoBglden,
Colorado, 20089.

H.J.T. Kooijman, C. Lindenburg, D. Winkelaar,LEvan der Hooft, DOWEC 6 MW
Pre-Design.Tech Report DOWEC-F1W2-HJK-01-046/9 (Public Vergidpetten,
Holland, 2003.

IEC 61400-3, Wind Turbines-Part 3: Design Reguments for Offshore Wind
Turbines. European Committee for Electrotechinal Standardirgt Brussels,
Belgium, 2009.

DNV-RP-C205, Environmental Conditions and Eonwimental Loads. Det Norske
Veritag Baerum, Norway, 2010.

B.J. Jonkman, L. Kilcher, TurbSim User’'s Guidfersion 1.06.00Tech Report
NREL/EL-xxx-xxx (Draft VersionlNational Renewable Energy LaboratoBglden,
Colorado, 2012.

J.D. Jonkman, M.L. Kilcher Jr, TurbSim UseBslide: Version 1.06.00.ech Report
NREL/EL-xxx-xxx (Draft VersionlNational Renewable Energy LaboratoBglden,
Colorado, 2005.

J. Morison, M.P. O'Brien, J.W. Johnson, S.Ah8af, The Force Exerted by Surface
Waves on PileRetroleum Transaction489, 149-154, 1950.

Eurocode 3: Design of Steel Structures, P&t Batigue Strength of Steel Strutcures.



Dimitrios V. Bilionis and Dimitrios Vamvatsikos

CEN Central SecretariaBrussels, Belgium, 2002.

[14] ASTM E1049-85, Standard Practices for Cycleu@mng in Fatigue AnalysisAnnual
Book of ASTM Standard33.01, 710-718, 1997

[15] A. Nielsony, Determination of Fragments of Makial Service Loading Strongly In-
fluencing the Fatigue of Machine ComponeMegchanical Systems and Signal Pro-
cessing23, 2712-27121, 2009

[16] MedPAN, Overview of Planned OWF Projects ire tMediterraneanNetwork of
Marine Protected Area Managers in the Mediterranddarseille, France2013.



