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Oa 10ela va anevbove Oeppég evyapiotieg katapyrv otov emiPAénovra kabnynt) tmg
IIOPOLOAG PETATITOXLAKI|G EPYAOLaAg Kat péviopd pov, k. Xapn I'avte, Kabnynt) oto
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PLOEMG TIOL TIPOEKLYAV KATA TV EKIIOVOL) ThG £pyAoiag.

[Tépav oL 0TeEVOL aKAdNIATKOL KOKAOV, OPeil® va eDXAPLOTIO® OAODG TODG PIAODG IOV
@povTIoav va SlatprjoovyV Tig L00PPOIIiEg OTNV KADNPEPIVOTTA POV Kat vd pe otnpiSouV pe
TNV IAapOovOoid KAt TNV EVEPYEL TOVG,.
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OLKOY£VELd POV ITOL avékabev ékave o,Tidnmote Kabiotato SLVATO IPOKEPEVOD VA 1OV
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£OOLa Y1d TNV AIIPOOKOIITY) OLVEXELA TOV OTIODOMV HOD, TOOO O€ IIPOITLYAKO, 000 KAt
petarrtoxako eminedo. H epyaoia aotr) avrjket Kat og £0dg,
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HEPIAHYH

AVTIKEILEVO TNG TOPODC UG LETATTUYINKNG EPYACiag amoteAel 1) BEATiOON TV UEYPL GTIYUNG
Slbéciumy TPOT®V aplOUNTIKNG TPOGOUOIMONS TG AAANAETIdpaoN ovmdoung - Bepehimong og
TUADVEG OVELOYEVVITPIDV.

O oyedl0oUOGC VELOYEVVITPIDV OTTOTEAEL EK PUGEMG £VA, TTOAVGYIOEG TPOPAN LA TTOALTIKOD UNYAVIKOD
e€autiog g SLVOUIKOTNTOC TOV POPTICEMV MC TPOG TO €id0g, To HEyehog Kot T B€om epapUoyng,
0AAG Kot EEQUTIOG TOV ATOITHCE®V TG KOTOOKEVNG GE OTOTEAEGLOTIKOTITA, OUKOVOLLIO, KOl 0VTOYN
GTOV YPOVO.

IMa tov A6yo avtd, 1 TPOGOUOIMGT) KUl AVAADGT) TV QPOPEMY TOV AVELOYEVVITPLOV UE GUUPOTIKES
uebddovg kot Tpoypdhppata dev Kpivetal ETapkne. Avilfétmg, véa e£EI0IKEVIEVO DTOLOYIGTIK
gpyareio avamtoyOnkoy To teElevtaio £ kot cvveyilovv axopa va eEgAicoovTal, Yo Ty
TPOcoUoimo™ TG oLIEVYHEVNC SVVOUIKNG amdKplong avepoyevvnTpldv. Ta epyoleio avtd
OTOTEAOVVTOL KOTA KOVOVO 0T ETUEPOVS 0LEPOOVVOUIKE KOl VOPOSLVOUIKG LOVTELD, KOOMG Kot
LOVTELD, SOLLOCTOTIKNAG SUVOLIKNG KO SUVOUIKNC TOV GUOTNUATOV EAEYYOV KOl NAEKTPIKMOV
ocvotnuatov. ['a vo Kotaostel duvat 1 KOOOAKT, Un-YPoUUIKT 0VEADGT TOL (OpEa, VITAPYEL

oLV MG Evag eviaiog KMOKOC, 0 0oi0¢ KaAel Kot GuVOLALEL TIC EXYUEPOVE VITOPOVTIVEG GTO TTESIO TOL
ypOVOovL.

Kpiowo onueio omv tpoonddeio yio AETTOUEPECTEPT KL PEOAMGTIKOTEPT] TPOGOLOIMGCT) TV POPEDY
TOV AVEUOYEVVI|TPLOV OTTOTEAEL 1| GAANAETIOPAGT] TNE OVOSOUNG TOVG e T Oepeiinon kal to
vrokeipevo Edagpoc £dpaonc. H onuoviikdémra tov mapdyovia oavtod ival yvooTh Kot
OVOYVOPLIOUEVT) GE OAES TIC KOTOUOKEVEC TOALTIKOD UNYOVIKOV, YIVETOL OU®G WO10TEPWS OAVTIANTT OTNV
TEPIMTMOT TWV OVELOYEVVITPIDV €ELTIOG TOV 1G00TOTIKOV (1] e Alyoug Babpolc vrepotatikdnTag)
(QOpEN TV.

[Tapoin ) BoapdnTo TOL EAIVETOL VO KATEXEL O TAPEYOVTOS TG AAANAETIOPAOTG E0APOVG -
KOTOOKEVNC OULMGC, T TEPIGCOTEPH CVYYPOVO EPYOAELN APIOUNTIKNG TPOGOUOIMOTC VOTEPOVY GTOV
ovykekpyévo topéa. H ocuving mpoktikn ivol va Bewpeiton 0 ToAOVOS TNG AVELOYEVVITPLOG
TOKTOWUEVOS 6T BAoT Tov, GUVONKN TTov UTopel va amé el Katd TOAD Omd TV TPAYUOTIKOTNTO.

H mopandve advvapio tov Tpoypappidtov Tpocoploimong 0QeileTol Kupimg 6TOV VTOAOYIGTIKO KOTTO
mov amattel 1 eevBepia emhoyng Tov ekevBepidv Kivnong g Péong tov muAdva and Tov EKAGTOTE
ypot. H KatdAAnin tpomomoinon tov untpdev TV vTopovtivey, aAAd Kot 1 KatdAAnAn cvlevén
peta&i Toug, amotedel peV QIKTO 6TOYO0, OAAG omouTnTKO KaTd T SOUNOoT TOL aAyopifpov Tov
KOOWKO. XVVETMS, 1 e£EMEN ot mpoPAémetal va cupmepAneOel ev Kapd 6T SVVATOTNTEG TOV
OLBECIUMV VTOAOYIOTIK®V EPYOLEi®V, Ol OUWOS GTO TPOGEXES LEAAOV.

To yeyovog avtd mpokaiel afePatdotnTa yio v akpifeia kot v ac@dAEe. TOV GYESOGHLOV
OVELLOYEVVITPLOV G€ pia mePiod0 EVTOVIG KATAGKEVACTIKNG OpOCTNPLOTITOS GTOV TOUEN, OAAY Kot
EMTOKTIKNG KOW®MVIKNG OVAYKNG Y10l GTPOPY| GTIG OVAVEDGLES TNYEG EVEPYELNG, OTMG 1] OLOMKT|. X TNV
TPAEN, LOMOTO, TOALOT LEAETNTESG 001 YOUVTOL GTNV VIEPILOGTAGIOAGYNOT| OVELOYEVVITPIDV KOl GE
OVTIOIKOVOUIKOVG GYESGLOVS, AGY® TNG afefondTnTOg OV EMIKPATEL MG TPOG TNV EMPPON TOV
ouvinK®V £6pacmng.

Q¢ Gueomn andppolo. TOV TAPOUTAVE®, GTO TANIGLY TNG TAPOVCAG EPYACING, LEAETATOL 1 EXPPON TNG
oAAnAenidpaong avodouns — BepeMmong, 1060 oTo EVTATIKA LEYEDN OV AVATTOGCOVTOL GTOVG
TUADVEG OVELLOYEVVNTPIDV, OGO KOl OTIG TPOKAAOVUEVES LETOTOMIGEL TNG KEQAANG Tovg. H extipumon
™G €V AOY® EMPPONG TPAYLATOTOIELTAL e eVPLoTiKEG LeBddoVS Tov Pacilovtal og KavOves TG
OTOTIKNG TOV KOTAGKEVMV KO TPOYLUATOTOLOVVTOL EKTOS TOV ahyoptpkon mepiBdAlovtog Tov e101ko0
TPOYPAUUOTOS OVAAVGTG OVELOYEVVITPLOV OV Ypnoiporomnke. To mpodypappa ovtd amoterel To
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Loyiopuko FAST tov gpyactnpiov National Renewable Energy Laboratory (NREL), to onoio
xpnuotodoteitan omd 10 Yrovpyeio Evépyelog tov Hvouévov [olteidv Apepikic.

[To ouykekpipéva, vTooyileTal 1 EXPPON TN TAPUTAV® TUPUUETPOV GTOVS AGYOVG EKUETAAAEVGNG
KoL 6TOVG EAEYYOVG aoToyiog avepoyevvnTpidv Tomov NREL 5 MW, dote va kataotel avTiAnmto ov
Tifetal (U ac@aAeiog 6TV UEXPL OTIYUNG OTOdEKT TPOGopoiman Tove. [1épav tav eAéyywv
aVTOYNG, EVOLPEPOV TOPOVGIALEL emioNG 0 EAEYYOC TNG EMPPONG TN CAANAETIOpAONG EGAPOVE —
OepeAeimong kot 6Tovg EAEYYOVG KOTMONG TG KOTOOKEVTG LEGO GTO PAGLO TOYLTTOV OVELOV TOV
peAeTOnKay. ZnUetdveTotl 6Tl 0 TOTOC OVELLOYEVVITPL®V TOL EMAEYONKE Vo, pehetnOel amotedel Tov
TAéov dlodedopévo og O1eBVEC emimedo TOTO avepoyeEVVNTPIGY 0pllovTiov GEova Kol GUVAVTATAL OTIG
TEPIOCOTEPES GUVAPEIG LEAETEC PEPOVTOC TOV TITAO TOL «TVLTTOL AVAPOPECH.

Emum\éov, eneldn n peoMoTIKOTNTA TOV TPOTOL TPOGOUOIMGNE TOV GLVONKOV oTNPIENC ping
OVELLOYEVVITPLOG OTOTEAEL GUVAPTNOT TOAADV UETABANTOV, TPOYLOTOTOLODVTOL TUPUUETPIKEG
EMAVGELC MG TTPOC TG onpavtikotepeg €€ avtav. A&ilel va onueiwbel 611, oty KoTedBvven g
YEVIKELONC TOV GUUTEPAGLATMV TOV TOVIUOTOS, KPiOnke oKomun 1 Heyalutepn duvotn diebpuvon
TOL €0POVG TOV TYLDV TOV TOPUUETPOV TN LEAETNG, oTe va aveEoptnTonoindel To amotéleca amd
T EKAGTOTE 0edopéva Kat cuvOnKkeg. Ot TUPAUETPOL TOV SLAPOPOTOONKOV GTIC AVOAVGELC Elvarl o
axolovbot:

- Eidog avepoyevvitplog: yepoaia / Ouldooia otabepnc faong mvubuéva
- Ogpelioon avepoyevvitplog: pnyn epekioon (Bapvntog pe cbotnua anchor cage), Bobid
Oepelioon (uovondooain), xmpodikThmpo (Tpirodag)

Ewwdtepa, n epyacio amoteheiton omd tpio pépn. 1o TpdTO péPOG yivetan pio chvToun Os@pnTKi
OVOQPOPE GTOV TOUED TNG BLOMKNG EVEPYELNG, KOOMS KAl GTO EI01] TV GVEROYEVVIITPLOV TNG
UEAETNG, OAAGL KOL TV QOPTICEMV OV AVTEC OEXOVTUL PACEL TV EVPEWS OMOOEKTAOV KAVOVICTIKAOV
ahoeiov (Kep. 1-3). 10 080TEPO NEPOS TPOYLLATOTOIOVVTOL Ol VUADGELS, O GYEOLOGUOC KOl 1)
TOPABEST TOV TUPUANUETPIKOV ETAVGEMV TG HLEAETNS (Kep. 4 — 10). Téhog, oto Tpito pépog
oLYKPIvOVTaL KOt 0EI0OA0YOVVTOL TO ATOTEAEGHATO. TOL OEVTEPOL LEPOVC, EVMD EGyovTOL KO TOL
CUUTEPAGUATO, TG LETATTVYIOKNG EPYACIOG.

AvoATIKOTEPQ, GTO EVTIEKN EMUEPOVS KEPAANLO TTEPIAALPAVOVTOL T EENG:

Ke@alaro 1°: THvtoun avapopd 6TIG aVaVEDOLES TNYEG EVEPYELNG LE ELLPOCT] GTNV TOPAYOYN
OLOMKTG EVEPYELAG, OTNV eEEMEN KOL TNV KATIYOPLOTOINGOT TOV OVELOYEVVITPLOV Kot TG BepeMmong
TOLC.

Ke@alaro 2°: TTeptypa@r| ToL €1800G KL TOV YOPOKTNPIOTIKAOV TOV AVELOYEVVNTPIOV HEAETNG.

Kegalaro 3% TTeptypapr ToV pOPTICEDV OVELOYEVVIITPLOV BAGEL TOV IGXLOVIOV KOVOVIGTIKOV
TAOIGTIOV.

Ke@alaro 4°; Avaloomn g oveodoung ovELOYEVVIITPLOV LE TO TPOYPALLLLO. apOUNTIKAG
aepograoTikn|g poviedonoinong FAST. [lpaypatomoteiton ovaAvTiKn TEPLYPOPT] TOV AEITOVPYLDV, TOV
TOPOUETPOV KO TOL TPOTOV LOVIEAOTOINGNG EVTOS TOL TPOYPALLATOS.

Kegalaro 5% TTeprypapn| g dtadikaciog oxedlocpuod e avmdoung ToV aVELOYEVVNTPIOV KoL TOV
EAEYY@V EVOVTL ADYIGHOD KOl KOTMGEMG,.

Ke@alaro 6°: ITeprypapn| TG evpioTikng peboddov eloaymyng e alnAenidpacng avmdoung-
Beperioong otV avAaALGT TOV AVELOYEVVITPL®DV. AVOAVETOL 1] TTopEiot GLAALOYIGHOD NG peBOSOoV,
KaOADG Kot To EMPEPOVS EPYOAEID TTOV XPTGIUOTOLEL, OTMG 1 OPYN TOV dVVATOV EPYOV KO
OTAOTTOUNLLEVOL TPOGOLLOIMLOTO TEXEPAGUEVOV aTOoLXEl®V 6To Tpdypappe SAP2000.
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Kegalaro 7°: TTopovcioon Tng Epopuoyng OAMV TOV TOPATAVED GE pit GEIPE TOPUUETPIKMDY
aVOADGEMYV MG TPOG TO €I00G TNG AveLoYEVVITPLOG LeAée. H mapodoa petomtuyiokn epyacio
aoyoleitat pe yepoaieg ko BaAdooiec avepoyevvntpleg otabepng Paong mubuéva.

Kegalaro 8°: TTapovcioon e Epopuoyns OAMV TOV TOPATAVE GE pit GEIPE TOPUUETPIKMY
avoADGEMY MG TPOG TOV TPOTOo Beperinong e avepoyevvitplog perétng. H mapovoa epyacio
aoyoAEiTOL e avepoyevvnTpieg pnyns Beperioong (Bapvrag pe ovotuo anchor cage), Pabidg
Oeperinong (Lovomdocaing) Kot OgpeAinong TOTTOV TVPAUOEIDOVE YOPOIIKTVOUATOS (TPITodag).

Kepdiaro 9°: 'Encton Egywptotod KEPAANLO TTOV TEPIAOUBAVEL TV GVYKPIOT TOV ENUEPOVG
avaAbeemV, KoOmg Kot TNV a&I0AGYNOT TOV ATOTEAEGUATMY TOVG KOl GUYKEVTIPMOVEL T GCUUTEPAC AT,
™me peréme.

Me tov Tpémo avtdV, 1 TePoDce LEAETN QIAOJOEEL VO OTOTEAEGEL YVMDUOVE, TG OAAOLOUEVNC
GUUTEPIPOPAC TTOV EMLPEPEL 1] EAMTING TPOGOUOIMGT] TNG CAANAETIOPAON S EGAPOVC-KUTOCKEVNG GTIV
TEPIMTMOOT TOV AVELOYEVVITPLDV, OAAG Kol GNUEID aQETNPiag Y10 TOVG UNYOVIKODS eKEivOLE Tov Oa
0oY0AN000V pE TOV oYESIUGLO TOVG UEYPLS, OTOV TTIO OAOKANP®UEVE, AOYIGUIKA Kot EpYOAEin
avAALGNC KATAGTOVY TPOCTTA.

O vnoypagav

Abnva, Oxtopprog 2017 Towovpakng I'ewpyiog

AéEeig Khe1od:

Avepoyevvipieg, AAMnAenidpaon e6dpovg — Kataokevung, Babiég Oepeiinoets, Pnyés Bepelmaoerc,
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ABSTRACT

The present postgraduate thesis deals with the improvement of the numerical simulations concerning
the structure — foundation interaction of wind turbines.

The design of wind turbines constitutes a sine qua non multifarious civil engineering venture, mainly
due to the dynamic nature of the loads regarding their kind, value and application point, but also due to
high quality demands of the structure in terms of efficiency, economy and durability.

Therefore, the simulation and the structural analysis of wind turbines using conventional methods and
software is considered inadequate. On the contrary, new specialized computing tools have been
developed over the last few years and are still evolving to simulate the coupled dynamic wind turbine
response. Most commonly, these tools consist of individual aerodynamics and hydrodynamics models,
as well as structural (elastic) dynamics and control and electrical system (servo) dynamics models. In
order for a coupled, non-linear analysis to become feasible, there is usually a single code that calls and
combines individual subroutines in the time domain.

A critical point in the effort for an ever more detailed and realistic simulation of the towers of wind
turbines is the interaction of their superstructure with the foundation and underlying ground. The
importance of this factor is known and recognized in most civil engineers projects, however it is
particularly noticeable in the case of wind turbines, due to their statically determinate (or with a low
degree of indetermination) bodies.

In spite of the importance of the soil-structure interaction factor though, most state of the art numerical
simulation tools nowadays fail to sufficiently incorporate it in their analysis. The usual practice is to
consider the tower of the wind turbine fixed at its base, a condition that may be far from the reality.

The cause of the above mentioned weakness of the simulation process is the computational effort
required in case that the user of the program is able to choose the degrees of freedom of the base
support of a wind turbine. The appropriate modification of the subroutine matrixes, as well as the
proper coupling between them, is a feasible goal, but rather a demanding one, when constructing the
algorithm of the code. Consequently, this development is expected to be included over time in the
capabilities of available computing tools, but not in the nearest future.

As expected, the current inadequate tools cause uncertainty about the accuracy and safety of wind
turbine design at a time of intense construction activity in the sector, but also at a time of pressing
social need for a shift to renewable energy sources, such as wind power. In fact, many engineers are
being lead to over-dimensioning of wind turbines and uneconomic design, due to the uncertainty
surrounding the influence of ground conditions.

As an aftermath, in the present study, the influence of the superstructure - foundation interaction is
studied, both regarding the internal forces developed on wind turbine towers and the resulted
displacements of their top. The estimation of this influence is done by heuristic methods based on
structural static fundamental concepts and carried out outside the algorithmic environment of the
special wind turbine analysis program being used. Wind turbine analyzes were conducted in the FAST
software environment produced and distributed by the National Renewable Energy Laboratory
(NREL), which is funded by the United States Department of Energy.

VI
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More specifically, the influence of the above parameter on the exploitation ratios and failure checks of
the NREL 5 MW wind turbine type is estimated, in order to be perceived whether there is a safety
issue in their so far acceptable simulation. Apart from the strength checks, another interesting feature
that is being evaluated, is the influence of soil-foundation interaction on the fatigue checks of the
tower within the wind speed spectrum. It is noted that type NREL 5MW is one of the most widely
used types of horizontal wind turbines worldwide and can be found in almost all relative papers under
the characterization of "reference type".

Moreover, because the accuracy of the simulation of the support conditions depends on many
variables, parametric analysis are conducted considering the alteration of the most important of them.
It is worth noting that, in the direction of generalizing the conclusions of the thesis, the greatest
possible extension of the range of values of the parameters was considered in order to disengage the
results from the given data and conditions.

More specifically, this thesis consists of three parts. In the first part, a brief theoretical reference is
made to the wind energy sector, as well as to the types of wind turbines used in the study and the
loads they are exposed to, according to the widely accepted regulatory framework (Chapters 1 - 3). In
the second part, the analyzes, design and presentation of the parametric investigations of the study
are carried out (Chapters 4 - 10). Finally, the third part compares and evaluates the results of the
second part, whereas the conclusions of the postgraduate thesis are summarized.

The contents of the eleven chapters is presented in detail below:

Chapter 1: Brief reference to renewable energy with emphasis on wind power generation and wind
turbine development through the years. The classification of wind turbines as well as their foundation
types are also presented.

Chapter 2: Description of the type and characteristics of the wind turbine used in the study.
Chapter 3: Description of wind turbine loads based on current regulatory framework.

Chapter 4: Analysis of the superstructure of wind turbines using FAST aeroelastic numerical
modeling program and detailed description of the capabilities, parameters and concept of the
modeling.

Chapter 5: Description of the superstructure design, buckling and fatigue checks.

Chapter 6: Description of the heuristic method used to introduce the superstructure-foundation
interaction within the analysis of wind turbines. Presentation of the procedure sequence, as well as the
individual tools involved, such as the principle of virtual work and simplified finite element
simulations in SAP2000 software.

Chapter 7: Presentation of the implementation of all the above in a series of parametric analyzes
regarding the type of wind turbine. This postgraduate thesis deals with land and sea, steady-based
wind turbines.

Chapter 8: Presentation of the implementation of all the above in a series of parametric analyzes
regarding the foundation of the wind turbine. The present study deals with shallow (pedestals), deep
(single pile) and pyramidal (tripod) type foundations.

Chapter 9: A separate chapter follows, in which the evaluation of the results and the findings of the
study is conducted through the comparison of the individual analyzes.

Eventually, by conducting all the above calculations, this post-graduate thesis aims to indicate and also
guantify the influence of the structure-foundation interaction and its currently insufficient modeling in
the cases of land-based and offshore wind turbines. The results of this paper aspire to constitute a
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representative indication for those engineers that will face the design of wind turbines before updated
and more complete analysis software tools become available.

The author

Athens, October 2017 Tsikourakis Georgios
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Wind Turbines, Soil-structure interaction, Deep foundations, Shallow foundations, Gravity
foundations, Footings, Anchor cage system, Monopile foundations, Tripod foundations,
Environmental loading, Wind loading, Wave loading, Time-history non-linear analysis, Dynamic
modal analysis, Buckling design, Thin sections, Fatigue.
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