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Extetaugvn EAAnvikn MepiAnyn

Metafl TwV CNUAVIIKOTEPWV {NTNUATWY TIOU amacXoAouv ta Eupwmnaikd kpdtn eival n
e€aodAALon NG EVEPYELAKNG TOUG autovouiag. E€attiag moAtikwy Kot epBAAAOVTLKWY
{NTNUATWV Ta omola €xouv PoKUPEL TIG TEAEUTALEG SEKAETLEC, WG N AUON 0TO MPOBANUA TNG
EVEPYELAKNG KPLONG TPOTEIVETAL N EKUETAAAEUON QVAVEWOLUWY TINYWV EVEPYELAG, N O€
OULOALKA eVEpyela ePdavileEl ONUAVIIKA TTAEOVEKTAMOTO Kol TPOCEAKUEL TO evlladEpov
KOTOOKEUNG ouvadwv £pywv. H KOATAOKEUN QVEUOYEVWNTPLWVY HE otaBepd UYPnAEC
oLt oeLg o€ eninmeda evepyelakn g anodoong odnyel otn ocuvexn avénon Tou Hey£Boug Twv
avepoyevwnIplwy, Oedopévou OTL n amdédoon TwV PEVUATWY aépa eivol Katd TOAU
uPnAotepn oe peydla vPn. Elval mpodaveg OtL avepoyevATPLEG Le UPN TNG TAENG Twv 100
m Kol SLAPLETPO TITEPUYLWV TNG TAENG TWV 70 KaL TAEOV LETPWV SEV UIMOPEL va KATOLOKEVO.OOEL
yla euvoNnToug AGyoug o aoTIKO TEPIBAAAOV, EVW OUXVA TO UPLOTAUEVO VOLLKO TTAAoLO
SuoyepalVEL TNV KATAOKEUT TOUCG KON KOlL OE TIEPLOXEG TTOU BEWPOUVTOL OO UAKPUCUEVEG.
H evalAaktikl AUON KATAOKEUNG OVEUOYEVWNTPLWV otn BdAlacca daivetal va kepdilel
ouvexwg £6adog KAl N KOTOOKEUN TOUG €XEL SNULOUPYAOEL VEQ €PELVNTIKA Ttedla Ko
elOIKOTEPA €XEL avoifel VEoUg opllovTeG €PELVOG OTNV KOTOLOKEUN UTIEPAKTLWY EPYWV OF
HEOOU PeEYEBOUG BAON. ZUYKEKPLUEVA OTLG AVEUOYEVVATPLEG, O KATAOKEUOOTLKOG OXESLAOUOG
TIPETIEL VAL TIOPEXEL EVOTABELA EVOVTL LEYAAWY POTIWV AVOTPOTIAG KOL TIASUPLKWYV POPTIoEWV
KOl AVTLOTOLXWV HEYAAWV UETAKIVACEWV , EVW TIApAAANnAa Ba tpémel va eival cuppatog pe
TOV OLKOVOLLKO oXeSLaopO TTou opilel £vol OPLOUEVO TTOGOOTO TOU CUVOALKOU KEdaAaiou yla
TNV vAomoinon tou.

OL amaltAoel VO TETOLOU €pyou €lval olyoupa QUENUEVEG KOL OTTOULTOUV TIPONYUEVN
Sopootatikn Kal YEwTeXVIKN avaluon. O oxedlaouog BAong MaKTwUEVNG oTov TIUOUEVQ,
Omwg opiletal and poviéAa avepoysvvntplwy mou edpalovral o Babla Bepeliwon n os
Baoelg PBaputnTag, KAAUMTOUV TIG OVAYKEC OTATIKAG AETOUPYLOG UTIOPXOVIWV E£pYywV
OVELOYEVVNTPLWV O€ ULKPA BaBn, mapoAa autd dev sival epLlkTo va epapUooTouV oE pecaia
A peyala Badn avw twv 40 péETpwy eMeLdn EEmepVOUV TA OLKOVOULKA KpLtrpla. Emumpoobeta,
oXeSLaoUOG 0 omolog £xel ebAPUOOTEL OE UTIAPXOUCEG TTAWTEG KATAOKEUEC EYKOTEOTNUEVES
oe Tétola PaBdn efaocdalAilel tn INTOUUEVN €UOTAOELA QTOKAELOTIKA HECW TEVOVIWV
OYKUPWHEVWY oTov MuBuéva, o omoiog Opwg Sev emapkel yla £pya TETolag uong Kal
KAlpakag. uvdualovtag tnv texvoloyia tng BAong otov mMuBUEvVA Kal TOU CUOTIHUATOG
UTIOOTNPLENG LECW TEVOVTWY, £XEL avartuOel To o cuvSuacuévog popéag tou Ixnuatog 1.
O mupyog TG avepoyevvntplag edpaletal oe emipavelakn Bepeliwon, n onola MPWTIOTWG
uetadépel ta katakopudpa doptia oto £dadoc¢ kat e€aodalilel emiong onuAvVTKA
avtiotaon évavtt oAioBnong. EmumpooBeta, mUpyog umootnpiletal €vavtl TAEUPLKWY
dopTiwv Kal POMWV aVOTPOTING HECW EVOC OUOTHUOTOC TIPOEVIETAUEVWY TEVOVIWV
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OTAUPOELSOUC SLatagnc, oL omoioL elval cuvE£ovTal 0TO HECO MEPLTTOU CWHATOC TOU TUPYOU
Kal aykupwvovtal o€ Babid Bepeliwon (macocaho peydAng Stapétpou n opada mMacoaAwv)
otov muBuéva tng Balacoac.

H avdAuon aA\nAenidpaong edddoug Katl KATAOKEUNG yLlo Thv IPOBAedn TG amdkpLong tg
KOTOOKEUNG €vavtl e€wTepKWV POPTIOEWV AVEUOU KOl KUMOTIOHOU KOl €V YEVEL TwV
HUNXAVIOUWV TIou cuvelodEpouv otnv duckapdia TG Umopel va mpaypatonondel pe Tig
TapoKATW HEBOSOUG:

e amAomolnuévn tpidldotatn aplOuntikn péodo,

e TANPN Tpdlactatn apBuntiki pébodo.

IxAua 1: Ixnuatikr mapoucioon Slatagng avepoyevvhntplog peydiou UPoug os péco Babog Balacoog
LE XPON TEVOVTWVY MPOEVTACNC Kal ayKUpwaon os Babld Bepeliwon.

H amAomoinuévn tpldldotatn aplBuntikn péBodog anoteAel pia TexVKA Mpooopoiwong n
omola umokaBlota to meplBaAlov €dadog pe sAathipla Ta omoia gival UTTOKOUV OE pn
VPOUULKO KATOOTOTIKO VOUO TAONG TPOTIHG KAl UIMTOPOUV VA armodwoouV E LKAVOTIOLNTLKN
oKpiBela TN KN ypoppikn puon tou edadouc. H avadAuon autoU tou TUTIoU €0TLALEL KUPLwG
oTNV amokplon twv Sopkwv otolxelwv oe aAAnAemnibpaon pe to €dadog, divovrag opwg
TIEPLOPLOUEVN TIAnpodopilal OXETIKA HE TN EMPPON TNG KOTOOKEUNG oto €dadog. H
T(POCEYYLON QUTH TPAYUATOTOLE(TOL OTO TTAAICLO AMAOUCTEVUCEWY, OL OTIOLEC OE OPLOUEVEG
TIEPUTTWOELC eV AVTAVOKAOUV TANPWC TOU HMNXOVIOMOUC TIOU QVOMTUOOOVIOL OTnV
npaypatkotnta. MNoapdAAnAa  amattel UPNAEG YVWOELG Kal Eeumelpla os  Bfpata
TPOOOMOLWONG 0TO MAALOLO TNG UNXAVIKAG CUUTEPLPOPAC, EVW ELVOL TIPOCAPOCHEVN OTLC
OVAYKEC TOU OXESLOOUOU TWV KATAOKEUWV O OTOLo¢ amattel avaAUoEelG aLOTILOTEG OE
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Bépata aodalelag kot moapdAANAa CUUPBATEG [IE OLKOVOUOTEXVLKO OXESLOOUO KOL QUOTNPO
XPOVOSLAYpaQL.

Ye B€pata mpo eneepyaciag koL oplopol Tou POVIEAOU Tipooopoiwong n d6nAwon Twv
AP PETPpWY Tou edddouc kabiotatal eUKOAN KABwWC, TEPA AT TIG EAACTIKEC TTAPOUETPOUG
yla TIC omoleg umapxel SwaBéowun ektevig PBiBAloypadia, evw OtOV N HETEAAOTIKN
ouumnepLpopd mepLopileTal 0TNV MEPLTTWON TNG EAACTIKAG-TEAELQ TAAOTIKAG CUUTEPLDOPAG
N mpooopoiwon eival akoun kot eUKoAa uAomoliowdn. Me tnv mapadoxrn autolu Tou
QUTTAOTIOLNUEVOU KOTOLOTATIKOU HOVTEAOU £lval ebLKTA N tpaypatonoinon avaAloewv Xwpig
™V npolnobeon amoteAeocUATWY SUOKOAWV £PYOOTNPLAKWY SOKLUWV(TPLAEOVIKWY KTATT).
Mepvwvtag otn Stadikacio uTtoAoyLooU, oL CUVONKEG lval emiong euVOiKEG. H emiAuon Tou
dopéa Slapkel Xpoviko SlaoTnua TNG TALEWG TWV AEMTWY, VW TA TOPAYOUEVA apXela
anoteAeopATwY deopeloOUV UvAN TNG Taéewd Twv Megabyte. Mapd tnv paydaia avénon
NG UTOAOYLOTIKAG LoXVOG Kol TNG SLaBEoung UvnUnG ta TeAsuTaia Xpovia, Ta HeyEOn
TIOPOLEVOUV TIETIEPACHUEVO KAl QTIALTETAL CUVETA XPron Toug. AKOpa n toaxela emiluon
ETUTPEMEL TN Sle€aywyr) MAPAUETPLIKOU oXeSLACUOU, O OTIOLOG EK TWV TIPAYUATWY ATIALTEL TNV
nipaypatonoinon peyaAou mAROou¢ eMIAUCEWVY EVIOG OPLOUEVOU XPOVLKOU SLACTHUATOC KOl
glval amapaitnTog yla tTnv €UPECH OLKOVOUOTEXVIKA PBEATIOTWY AUCEwv. Amévavtl oto
aduvapo onueio tng ueBodou autrg, To omoio sival N mapdBAedn KAMOWWY UNXAVICUWV
oAAnAentibpaong, €pxetal n edapuoyrn Twv ouvteAeotwv acddlelag va KaALPEeL TNV
emukeipevn dadopomnoinon, dépvovtag pia mo ocuvinpntikh oAAG tautdxpova pia Tio
a0paAn eKTIHNON TOU EETA{OUEVOU QVTIKELUEVOU.

H mpoogyylon pe mAnpn tpldldotatn ovaluon amoteAel TNV eVOANGKTIKA 1 KoL
CUUMANPWHOTLK OE QPKETEC TEPUTTWOELG AUON, N omoia TMAEOV OTOXEUEL OTNV KATA TO
duvatd mo ot amotUTwon TG amokpong tou efetalopevou dopéa. To €6adog
TIPOCOMOLWVETAL Ao TpLdlaotata otolxeio epodlaopéva e KATAOTATIKO VOUO O omoiog
opilel emikeipevn Slappon Baon tng TPLOLACTATNG EVTATIKAG KATACTAONG TWV OTOLXELWV Kall
HE VOHUO TAQOTIKAG PONG Tou opilel tn petdfacn amd TNV €AACTIKN TEPLOXH OTNV
TAQOTLIKOTNTA. AUTO TO TIEMEPACUEVO TIANBOC oTolXelwv CUYKPOTEL éva TAEyua TO omoio
amobibel pe akpifela to péyebog alAd Kal TNV XWPELKA KATAVOLN TwV TACEWVY, TWV TPOTWV
KOl TwV HETAKWVAoEWV tou €dadikol okeAetoU, aAAd mapdAAnAa eival oe Béon va
QUITOTUTIWOEL KOl TNV €KTAON TIOU Ttaipvouv dalvopeva Aaotikonoinong. H aAAnAenibpaon
ToUu Pe Tta Soulkd otolyela Aappavel xwpa pEow otolxeiwv Slemiudpdvelag ta omoia
EVOWMUOTWVOVTOL OTa oUVOopO HETOEU TWV OWUATWY, TO ONolol OTOLXElol £XOuv TNV
SuvatotnTa va AmoTUTIWOOUV UE OKPIBELD KN YPAUUKA GaLvOpeEVa SLETILDAVELWY, OTIWC
amokoAAnon 1 dtadopikn petakivnon-oAicBnon. Adyw TnG UTEPOXNG TNG TULOTOTNTOG TWV
QTMOTEAECUATWY, AVAAUCEL AUTOU TOU TUTOU OTOXEUOUV OTNV avAaAuon oe KaBeotwg
Aettoupyioag (SLS) kat oxL o€ kaBeoTw¢ oxeSLaoUoU o€ Kataotaon oplakig avtoxng (ULS). Ag
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onUewwOel akOun OtL n edapuoyr OUVIEAECTWV O€ TPOPANUATO HN  YPOUMLKAG
ocupumneplpopag anodibouv AavOaouévn €KOVA, TNG ATTOKPLONG KAl yla To AOyo auTO Oev
ETUTPEMETAL N €bapuoyn TouG. Av Kal n mapandvw nEBodog odnyel o mo motd Kal mo
SleupupEva OMOTEAECUOTA OXETLKA E TNV KOTOoKEUN aAAd Kal To TeplBaAov €dadog oto
omoio edpaletal, ouvodeveTal amd MOANA LELOVEKTALATA T omoia KaBlotouv TNV xprnon
™G SUoKOAN. Adevog, Tpokelpévou va amotunwBel n mARpng duvaulkn tng pebodou,
nipeneL va 60600V akpLBEelc MAPAUETPOL, TWV OTOLWYV N ATOTINON amaltel xpovoBOpeg Kal
oKpLBEG epyaotnplakeg SokLUES. AdeTépou, n Stadikaoia emiluong Slapkel pépeG, lowg Kat
BSopadeg, ue LEYAAEG QMALTHOELG OE UTTOAOYLOTLKNA LOXU KOl PVAN amoBnkeuong, ouVONKeG
Ol OTloleg SEV ETUTPEMOUV EUPEL TTOPAPETPLIKI) QAVAAUCN KAl EKTOEEVOULV TN {NULA EVOC
eTUKE(pEVOU odAApATOC 0T SNAwon Twv apapETpwy. TEAOC, n dtadikaacia cuAloyng Kot
TAELVOUNGONG TWV OMOTEAECUATWY ATIOTEAEL ATIO HOVN TNG MLOL ATTALTNTIKA dtadikaoia, Kabwg
TO Topayopeva anoteAéopata elval tooa ToAAA Adyw tou peydlou mARBoug Twv oTolxeiwy,
WOoTE va anattel Tnv ouvtagn pouTtvwv avaluong kat cUAAoyn G deSopuévwv.

Emetta ano tn Ste€aywyn Kal Twv U0 peBodwv avaAuong oTo Mapov £pY0 AVEUOYEVVATPLAG,
TIPOKUTITEL ATTO TN OUYKPLON TWV AMOTEAECUATWY EVOAPPUVTIKN €LKOVA yLa TNV aflomiotia
™G amlomolnuévneg tpldlaoctatng avaluong, mépa amd tnv e€acdAAlon TNG OTATIKAG
EMAPKELAG TNG KATOOKEUNG. Eotldlovtag otn ouvelopopd TOU CUOCTHUATOCG TEVOVIWY OTNV
mAeuptkr Suokapia Tou cuotApatog, ot TPWTo emninedo efetdletal n AMOKPLON TWV
TAGOAA WY Evavtl eEOAKELONG yLa TO SUOUEVEDTEPO OeVAPLO POPTLONG. AV KL OL UnXavLIouol
ol omololL avanmtuooovTal yla tTnv avtiotaon evavil e€E0AKeuong elvatl cUVOETOL Kal amattouv
Sleupupévn avaluon, OMwE KoL N KWVNHOTLIKA KOTOOTOON TOU CWHATOC TOU TTOOOAAOU,
{ntol eV ouvelodopd TOU MACCAAOU OTO GUOTNHA UIMOPEL VO amOTLUNBEL EMOPKWG oo
TNV LETATOMLON 0TNV KEPAAR TOou. AMOSEIKVUETAL OTL N AMOKALON OTNV EKTLUNCH TNG OO TNG
600 peBobdoug eival TnG Tafewg Twv 3.17 xAooTtwy (ZxAua 2), péyebog to omoio emnpealel
eh\dylota tn Suokapia TWV TEVOVIWY, OTIWGE EMBEPBALWVETAL KAL ATTO TO TTOGOOTO ATIOKALONG
0.05% otnV eKTUNON TWV afOVIKWV TOUG OSUVAUEWYV, YEYOVOC QVTUTPOOWIIEUTIKO TNG
EYKUPOTNTOG TNG AVTLIKATACTAONG Tou TtepLBaAlovtog edadoug amod ehatnpla epodlacpéva
HE KAUTTUAEC ammoKpLlong ‘t-z” kal ‘p-y’. 2tn ouvéxela, e€etalovtag TNV MAEUPLKA LETATOTLON
TOU TUPYOU OTO €Minedo OMOoU €lval TPOCAPTNUEVOL OL TEVOVTEG, N amAomnolnuévn HEBodog
EKTLUA UEYLOTN PEeTaTomion 45 x\lootwy, evw n ANRPNG Sivel To SUCKEPECTEPO OEVAPLO TW
250 xtA\lootwv. Av kal n dtadopd eival LeydAn, n amoAUTn EKTLLWUEVN LETATOTILON OE AUTO
To eninedo oe oxéon Ue autrv mou Silvetal otnv kKopudr] Tou mUpyou eival pio Tagn
HEYEDOUC XOUNAOTEPN, EMOUEVWC N OTATIKN AELTOUPYIO TWV TEVOVIWV WG TIEPLOPLOKOC TNG
TIAEUPLKNG UETATOMLONG OTO onuelo mMPoodeong Toug mapapével ykupn (ZxAua 3). Ztnv
kopudr Tou TUpPyou, Omou €eO6pAleTaAl N OAVEUOYEVVATPLN, Ol MEYLOTEC HETATOMIOELS
ekTIpwvtaLl 1534 kat 1340 XWA\ootd amod TNV amAomMolnpEVn Kol TNV TANPn Tpldlaotatn
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avAAUCon aVTLOTOLXA LE OXETLKN TtocooTLaia Stadopd 12%. Av Kol N LELOVWLEVN ELKOVA TNG
Kopudng davralel avemitpentn AOyw tN¢ HEYAANG AMOAUTNG TIUAG TNG UETOKIVNONG, OTNV
TIPAYUATIKOTNTA ELVOL EVTOC TWV OPLwV OTATIKAG AElToupyiag, KaBwg avtiotolxel og kAlon
0.01 aktwiwv, péyebog mou Sev €MITPEMEL TNV AVATTUEN €TUKIVOUVWVY DALVOUEVWY OTIWE
KOLUTTTLKEG POTIEG OEVTEPNG TAENG.

IxAUA 2: ZUYKPLON EKTIUNCEWV HEYLOTNG 0PL{OVTLAG LETATOMLONG TAGoAAoU amno Ti¢ pebodoug emiluong.

IXNUO 3: ZUYKPLON EKTLUNOEWY LEYLOTNG OPLIOVTLOG LETATOTLONG TUPYOU £8paong amo Tig pebodoug
eniluong.

Ao v GAAn mAgupd, o BEpata Katakopudng HETATOMIONG, N OOKPLON TOU TtUPYoU
SladEpeL onNUAVTIKA oo TNV pia pEBodo otnv AAAN. Av kat n amAomolnpévn néBodog eival
o€ B€on va amMoOTIUACEL CWOTA TNV TEPLOTpodn TNG MAAKAG BepeAiwong Kat TG EMUTAEOV
LETATOMIOELG AOYW QUTAC, Ol EKTLUACELS TNG LooSUVAUNG KOTOKOPUDNG UETATOTLONG OTO
onueilo olvdeong TG MAGKOG HE TOV TUPYO TOpouclalouv amoOkALon TnG Taénc twv 2
€Katootwyv (ZxAua 4). H amokAlon autr odpelleTal 0To yeYovog OTL KATA T CUUTIESH Tou
ebadoug anod tnv mAdka, avaykn anocupnieong odnyei to €dadog oe MAeUPLKA LETATOTLON
(pawvopevo Poisson) kat avupwon tou £6adoug otnv TEPLOXN KOVIA OTNV TAAKA, HE
amotéAeopa va mapouctaletal auvénuévn kabilnon (ZxAuo 5). Autd ta dawvousva
avadiataéng tng edadikng doung eivat ocvuvBeta {nTRpatTa TELdLAcTaTnG availuong Kat Sgv
UMOpPOUV Vol OTOTIUNOoUV oo €va amAo €AAOTIKO TEAELX TAQOTIKO VOUO QTOKPLONG
ehatnpilou. Ao tnv €poppoyr QUTAV TNYALEL N AVAYKN TIEPALTEPW EPEUVAC KOUMUAWV
anokplong oL omoieg AapBavouv umoyn dawvopeva Poisson, aAAd Kal n onuoocio tng
TIARPOUG TPLSLAoTATNG aAVAAUGCNG N omola €XEL Tov pOAo TG emBePaiwong f tng amoppudng
anoteAeopdtwy ta onola Sivel n avtiotolyn amlomolnpévn. E€etdlovtag 1o yeyovog tng
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QTOKALONG OTO GUYKEKPLUEVO {NTNHA LE TEXVLKO OKETTIKO, QUTH N EMUMAEOV HETATOTLON eV
EMNPEALEL ONUOVTLKA TNV KATAOKEUN KABWG SV MPOKAAEL AMOTOVWON TNG TPOEVTAONG TWV
TEVOVTWY, eVW TapAAAnAa dev mapaBLalel KAMOLO KPLTAPLO AELTOUPYLKOTNTAC.

IxNUo 4: ZOYKPLON EKTILNOCEWV HEYLOTNG KOTAKOPUPNG LETATOTLONG MAAGKAG BepeAiwong amo Tig
peBodoug emihuong

Ixnua 5: MAeuplki petatomnion eSadoug umo To Katakopudo doptio tng mAdkag Bepeiwong

JUUMANPWHOTIKA LE TNV TIOPATIAVW CUYKPLON, N OTola EMIKUPWVEL TA ATTOTEAECUATA TNG
amAomolnuévng Tpldldotatng avaAuong, mpaypatoroleital pio deutepn Sladkacia
avaAuong, n omola e€eTAlEL ATMOKAELOTIKA TNV ETILPPON TNG EEAG MOPEUBAONG OTN YEWUETPLA
Twv maccdAwv. H moapéuPaon eivat n mpooBrikn piag dokolu mpofolou n omoia
mapeUBANAETAL HETAEL TN KEPAANG TOU TTACOAAOU Kal TnG B€ong mpoodeong Tou Tévovta.
AUTH N anooTaon EKUETAAAEVETOL TNV KATAKOPUPN cuvioTwaoa the Suvapng Tou KaAwdiou
KOl TIPOKOAEL MOl EUEPYETIK POmN n omoia Spa gvavtia otnv Spdon Tou Telvel Ta
TepLoTPEPEL TOV TACOAAO TaPAAANAa pe TNV €€OAKELOT TOU. ZUUDWVA UE TIG CUYKPLOELG
HETAEL Twv SU0 ekSOXWV TNG YEWUETPLAC, TAUTLONG TNG KEDAANG TOU MOLCOAAOU UE TO ONElD
npoéodeong tou kaAwdiou(WC) i Staxwplopol twv duo pe tnv mpocsbnkn mpoBoiou(NC),
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TIAPATNPELTOL WG N TIAPATIAVW TAPERBACN EXEL ONUAVTIKA OUVELOHOPA OTOV TIEPLOPLOUO
TWV HETOKLWVAOEWV Tou efetalopevou OoulkoU otolxeiou, Slaitepa oto emimedo NG
KEDAANG TOU. ZUYKEKPLUEVA N EVEPYETLKN SpAon TNG PO ¢ mepLopilel katd 50% kat 21% tnv
TIAEUPLKH LETATOTILON TNE KOPUPNC KOL TNG AKPNG TOU TTAGCAAOU avtioTtolya, HeTaBaAlovtag
TNV KWNUATIKA oo maoodAou eAeVBepnG KedaAng o€ MAKTWUEVNG KeDaARg(Zxnua 6). O
TIEPLOPLOUOG TNG TEPLOTPOGIC TOU TTACCAAOU KoL TNG LOOSUVOUNG TIAEUPLKAG LETATOTILONG
bev nmpokalel e€loou onUavTIKEG LETABOAEG 0T cUVELODOPA TOU CUCTHUATOC TWV TEVOVTWV
otn ouvoAwkry Suokaupia tou dopéa. To euepy€tnua evtomileTal oOTI OUVONKEC
oAnAenidpaonc pe to £dadoc. Kata tnv kataotaon NC n {wvn MAQACTIKOTIONONG EKTELVETAL
oe Babog 9 pétpwy, evw n katdaotaon WC tnv neplopilel ota 5 pétpa(Zxnua 7). H onuaoia
TOU TEPLOPLOMOU QUTOU EYKELTOL OTO YEYOVOG OTL EKTETAUEVN TTAQOTIKOTIOINON 08nyel og
EVALOONTEC KATAOTAOCELS, OTIL( OTOIEC UIKPEC METOPOAEC Twv dopTicewv Hmopouv va
obnynoouv oe OSuocavaloya WEYAAEG AUENOEL TwWV WETOKLVNOEWVY, OL OTOLEC OTNV
TIPOKELUEVN TIEPLTTTWON ATIEIAOUV E XAAAPWON TWV TEVOVTWVY KAl ETIKELUEVN ATIWAELN TNG
duvaung mpoévraong. EmutAéov pilo TETolo Katdotoon elvat pn avaotpéPlun, HE
amoTéAeopa 0 GOPEAC VA XAOEL TNV LKAVOTNTA UEANOVTLIKAG OMOKPLONG OTWG OUTH €XEL
oxeblaotel. Amotunwvetal Aoumov Eekabapa mwc n poadbrkn evog TEtolou mpoPoAou eival
anopaitntn ywa tnv arnodpuyn piag evéexouevng katdotaong evaiocdntng oe UeTOBOAEC
doptiou.

IXNUA 6: XUYKPLON AMOTEAECUATWY MAEUPLKNG LETOTOMLONG HETAEL ouvOnKwy eAeVBepPNG KaL
TLOKTWHEVNG KEDAANG

IXAUo 7: ZUyKpLon €KTiNong {wvng MAQOTLKOMOLNGNG KOTA UAKOC TOU TloGAAOU
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1. INTRODUCTION
1.1. Wind Turbine as a trend in structures

According to major economic analysis conducted by Energy Information Agency, the
macroeconomic growth which takes place in heavily populated regions of the world implies
directly an augmentation of energy consumption, Fig. 1.1. Furthermore, the production and
provision of goods and services demand energy, whose production is relied on combustion
of fossil fuel (gas, coal and oil) at major percentage of 80%. The oil and gas reserves are in
the hands of a small group of nations, several of which are considered political unstable or
have testy relationships with large consuming countries, and therefore the international
energy market operates under an oligopoly status. On top of that, the last decades there has
been given scientific evidence that emissions of carbon dioxide into the Earth’s atmosphere
— primarily as a result of burning fossil — are proved to be the cause of rising global
temperatures, suggesting for urgent action by all nations to prevent ecological degradation
on a massive scale. Facing these two challenges that rule the subsistence and the
development of nations, energy security prompt policymakers seek exemption from
imported energy through renewable, carbon-free sources of energy.

Figure 1.1 Illustration of Predictions of Future Energy Consumption (EIA 2008).

Among the most applied types of renewable energy, i.e. wind, solar and hydro produced
electricity, wind has an outstanding rising as demonstrated in Fig. 1.2. According to the wind
market, the cumulative installed capacity increases with a constant pace of 24% per year
(%/yr) from the period starting in 2000 and closing in 2012. Specifically, by the end of 2012,
the total installed capacity was estimated at 282 GW, an amount of energy which
corresponds to the 2.6% of the global energy consumption. More recent results have shown
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that in 2016 cumulative grid-connected wind capacity reached 466 GW (451 GW onshore
wind and 15 GW offshore wind) and wind power accounted for almost 4% of global electricity
generation, following by predictions of growth by 295 GW in the next four years and reach
almost 750 GW by 2022.

Figure 1.2 Global Cumulative Growth of wind power capacity(IEA International Energy Agency
2013).

So far, the majority of the wind turbines that create the statistics are installed onshore, yet
recent engineering has suggested that the installation should be transposed offshore.
Scientifically proven that the wind at sea is less turbulent, the offshore installation can be
credited for longer lifetime of the turbine and higher performance, therefore less
maintenance costs and higher energy production. In terms of settlement capacity, the sea is
once more a convenient location, as there are no property limitations to the sea surface, less
legislations enacted which adjust the construction and the operation of the wind turbine and
less objections by the residents considering any possible imminent aesthetic or acoustic
disturbance, facts that have delayed or even canceled the implementation of such onshore
projects in the past.

As the demands of development increase, the scale in terms of size and serviceability
enlarges, so do the challenge in structural and geotechnical design. Of primary concern to
engineers is the evolution and improvement of the foundation and support structures
applied on offshore wind turbines. The design must cope with critical overturning moments
and lateral loading caused by the wave and wind multi-cycled loading under conditions of
minimum vertical constant load. Various types of foundations have been developed to resist
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the environmental loading by having the depth of the seabed at the installation point as basic
parameter of their design.

1.2. Types of existing Offshore Wind Turbines

At shallow waters, at a maximum range of 30-40 meters, the dominant principle of the design
is the fixity of the structure at the bottom of the sea. The most popular type of shallow
foundation is the monopile (76% of existing shallow foundations), which is essentially an
extended turbine tower driven into the seabed, followed by gravity based foundations (12%
of existing shallow foundations), which exploit the sizeable submerged mass of the base to
grant the required stability, rather than the resistance given by the soil through the
penetration. Moving to transient depths of 40 to 50 meters’ depth, the design proposes
tripods and jacket structures, technology which is borrowed from the offshore oil drilling
platforms although not applied to wind turbines vastly (Fig. 1.3).

Figure 1.3 Schematic presentation of typically applied foundation of Wind Turbines(Wiser et al.,
2011).

In order to surpass the limitations of the depth and the great cost of fulfilling such massive
structures, which are coupled with fixed based wind turbines, new technology concepts
indicate the floating wind turbines. Even if this type of foundation opens an array of
additional design considerations, it provides access to the significantly greater resource area
of the ocean and offer the opportunity to develop more uniform offshore installation
techniques, as they would minimize variable seabed and water-depth considerations,
resulting to vaster and more economic application. Moreover, the location which is distant
from coast allows the relaxation of the criteria associated with sound and visual concerns
and leads to turbines of higher performance.
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The concept of floating wind turbines is realized by three major models, all based on cables
anchored in the seabed, where variations are applied to the set-up and the attachment to
the body of the wind turbine tower(Fig. 1.4). The ballast stabilized spar-buoy employs a
buoyant structure stabilized by a large ballast placed on the lower portion of the structure;
the floating structure is fixed to the seabed with mooring lines but relies on the ballast to
remain upright and withstand wave and wind loading. In contrast, tension leg platforms
consist of a buoyant structure located below the surface of the water that is fixed to the
seabed and stabilized by taut or "tensioned" mooring lines. The buoyancy stabilized "barge"
uses a large buoyant structure for both stability and floatation; the size of the buoyant
structure is expected to provide the required stability.

Figure 1.4  Floating Offshore wind turbine concepts(Wiser et al., 2011).

Following the pace of contemporary economical demands of construction, which indicates
further exploitation of materials’ post-elastic capacity and need of exact prevision of
structure’s behavior, alongside with the new scale of the structures in terms of loading and
size which exceeds the ones implemented in the past, structural and geotechnical analysis
are called to combine complex mechanisms into simulation. Within this framework and
taking into account the constant demands in improving safety and economy in the design of
offshore WT an alternative shape has been recently adopted mainly for WT of ultra-
performance. Pretension cables are introduced at the level of WT mid-span to control the
deflection of the tower. Further to the beneficial effect arising from the reduction of the
lateral displacement and the stability against tilting this approach is, in general leading to
lower bending moment development across the WT tower. Therefore the demands in cross
section capacity could be essentially reduced. However, further to the pretension cables this
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new layout is accompanied with large diameter piles serving as points of ‘fixity’ where the
cables are anchored. Obviously the cable force is transferred to the soil through the soil
resistance on the pile against lateral and vertical movement. It is evident that the disposition
creates a strong soil-structure interaction involving

e the superstructure and the loads associated with

e the cables that further to the initial pretension they have to be in position to carry and
transfer the variation of loads that the various environmental actions provoke

e the reaction piles and the mechanisms that are developing at their interface with the
surrounding soil

e the shallow foundation and the mechanism of separation with the soil underneath in
the case of tilting, or the soil yielding at the most compressive zones

The analysis of such a structure was the subject of a research work (Antoniou, 2014). With
the aim of a profound investigation of the aforementioned mechanisms a full three-
dimensional analysis was carried out using the F.E. code Abaqus (). It is well known that the
efficiency of such analyses is associated with the ‘inconvenient’ of extreme computations
demands. Therefore, a applicability of a rather simplified 3D analysis, the level credibility
together with the associated methodology for the method to be efficient was the main issue
that prompt the present research work. To achieve this goal a series of simplified 3D analyses
was carried out consisting the first part of the numerical analyses carried out in this work.

Further to the above analysis it was considered that the results of a full 3D analysis are
required for the sake of credibility that could be arise for the comparison of the results of
the two methodologies. Therefore, a full 3D analysis using FLAC3P was carried out consisting
the second main part of the numerical analysis.

The third part was focused on the behavior of the reaction piles and the mode of soil-pile
interaction that may be produced as a result of shifting the location of the applied load. The
behavior from free-head to a rather fixed-head pile, may lead to an important reduce of both
the displacement and the bending moment distribution on the piles. This third topic was
investigated using the F.E. code Marc Mentat.

Prior to the presentation of the above topics a chapter providing a short theoretical review
and brief description of the structure is given in the next chapter.

LABORATORY OF STRUCTURAL ANALYSIS AND DESIGN — CIVIL ENGINEERING DEPARTMENT -UNIVERSITY OF
THESSALY

Diploma Thesis submitted by Komodromos Michael on Feb. 2019



APPLICATION OF SIMPLIFIED AND FULL THREE DIMENSIONAL NUMERICAL METHODS TO THE ANALYSIS
OF OFFSHORE WIND TURBINE
PRESENTATION OF THE SIMULATION PROCESS AND RESULTS ASSESSMENT

-20../146 -

2. THEORETICAL BACKGROUND OF INTERACTION BETWEEN SOIL AND STRUCTURE
2.1. Shallow Foundation

A foundation is called shallow, Fig. 2.1, if its bearing capacity relies exclusively on the soil
underneath it, without any additional resistance provided by its shaft surface, which is a
dominant characteristic of deep foundations. The ultimate superstructure load transferred
to the soil underneath, without the formation of excessive displacements, depends on
several parameters which don’t relate solely to the granulometry of the soil (clay or sand)
but also to

e the capacity of water drainage (development of total or effective stress condition),
e the geometric shape of the foundation,
e the shaft loading of the foundation and
e the combination of the loads (horizontal, vertical forces and overturning moment).

Figure 2.1 Schematic illustration of a shallow foundation under combined loading.

In the case studied, the soil is saturated and there’s no capacity of water drainage, therefore
phenomena of overpressure of soil water may probably occur leading to limitation of soil’s
resistance to its cohesion, excluding any contribution by internal friction. According to
Eurocode 7, the characteristic ultimate resistance of a shallow foundation is given by the

equation
Ry =A'[(mr+2)cyb.scic+q] (1)
where
Rx : the characteristic ultimate resistance,
A’ : the active foundation surface,
Cu : the undrained shear strength of the soil,
bc : the factor of influence determined by surface leaning,
Sc : the factor of influence considered by the shape of the foundation,
ic : the factor of influence considered by the angle of the imposed loading,
q : the vertical loading at the surface of the surrounding soil.
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Under a loading remaining below the bearing capacity of the soil, the stress is distributed to
the soil having the form of bulbs under the foundation, which extend to wider area as the
depth increases and gradually diminish in terms of magnitude(Fig. 2.2). Along with the stress
development, soil deformation occurs, limited to the region under the shallow foundation
forming a blear wedge.
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Figure 2.2 Development of soil stress under shallow foundation according to Boussinesq
distribution(Bowles, 1996).

Failure Types of shallow foundations

At the time when the loading is about to exceed the bearing capacity of the soil a complete
shear surface is formed apparently close to the soil surface, which provoke the elevation of
the adjacent soil (Fig. 2.3). This type of shear surface is called general shear failure by
Terzaghi (1943) and is characterized by a ductile behavior, without showing any sudden
failure, but stiff at the same time, as the ultimate resistance is activated at settlement of of
the order of 10% of the foundation’s width. The aforementioned shape of failure is not valid
in the case of very loose sandy soils or very soft sensitive clays, where a punching mechanism
is developed.
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Figure 2.3 Failure surface of a shallow strip foundation at limit equilibrium.

2.2. Piles under axial loading

In structural analysis a pile is considered as beam element, given that its length is at least 10
times its width. Therefore every loading a pile is subjected to, is analyzed to vector
components, parallel and perpendicular to the pile. The parallel component of the load is
called axial and the perpendicular component is called lateral. While the pile utilizes the
same resisting mechanism against lateral loading no matter its direction, the mechanism
against axial loading differs a lot due to its direction. This fact drives to the necessity of
characterizing the axial load as tensile if it tends to pull the pile out of the soil and as
compressive if it tends to drive the pile deeper in the soil.

By isolating the phenomenon of an axially loaded pile in a compressive manner, there are
three resisting mechanisms which stand out:

e Axial deformation of the pile
e Soil skin friction along the shaft surface of the pile
e Soil end- resistance at the tip of the pile

Out of the mechanisms above, it is essential to point out that the axial deformation and the
skin friction are coupled, fact which is explained by the analytical approach of the problem.
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Analytical Expression of the Compressive Axial Response

Shaft Resistance

Along the shaft surface of the pile, the resistance is calculated as the integral of the unit skin
friction at the soil-pile interface. The differential equation which expresses the load transfer
from pile head to the soil through the shaft surface is derived from the force equilibrium of
the free body diagram of an infinitesimal length at global z-axis direction (Fig. 2.6).

Q,=0Q,+dQ,+1dzL, (2)
d

- szZ =1L 3)

where

Q; :the axial force at the bottom of the pile,
T :the soil skin resistance,

L. :the pile circumference z,

dz :the pile segment.

Pile under tension Pile under compression
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|'II'.
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Figure 2.4 Schematic illustration of an one dimensional element under axial loading.
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Continuum mechanics indicate that the differential equation which expresses the
development of internal forces in the pile due to axial deformation is given as

du,

= —EA (4)
QZ dZ
where
E : pile infinitesimal length modulus of elasticity at depth z
A : pile segment cross sectional area at depth z
Uz : pile segment displacement at depth z due to applied load

The differentiation of Eq. (2) with respect to z gives
dQ, A d?u,

(5)
dz dz?

and by combining the above result with Eq. (3) derives the equation which governs the
interaction between pile and soil at the axial direction as follows:

2

d“u
EA—2Z=

5 t7le =0 (6)

Ultimate Base Resistance
At the tip of the pile, the end bearing capacity is calculated as the integral of the normal
stress at the area of the pile tip total cross sectional surface, mathematically expressed as

Q = qAsoe (7)

where
g :unit end bearing capacity,
Atoe : cross sectional area of the pile toe.

It is obvious that the ultimate resistance is sensitive to any variations of the cross sectional
area. For a hollow cross section, there are two distinct cases, the plugged and the unplugged
condition, as shown in Fig. 2.5.

Plugged Condition
It is the case where the open tube pile is compacted with soil such that it behaves like a solid
full cross section against the soil. The ultimate resistance is given by the equation

Qplugged = qulugged (8)

where

Aplugged  : full (or plugged) cross sectional area at the pile toe
q : unit end bearing resistance
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Unplugged Condition

This condition occurs considering the load transfer mechanism of the pile to consist of two
individual components, the normal resistance of the soil against the pile cross sectional area
and the internal skin friction from the soil moving inside the pile shaft. The ultimate
resistance is given by the equation

Qunplugged = unnplugged + TinternalAs,int (9)
where

Aunplugged : Unplugged cross sectional area at the pile toe,

Tinternal : internal skin friction.
As,int : surface area of the pile segment inside the shaft interior, in contact with soil
Unplugged Condition Plugged Condition
?_’——"'_
7

ik

S,

NN

K 7%
7 AADYND 9D

.Figure 2.5  Plugged and Unplugged condition of the pile toe.

The determination of the pile plugged condition is briefed to the check if the internal
resisting force is sufficient to lift the dead load of the plugged soil volume.

In the case where the pile is loaded axially in a tensile manner, a phenomenon called
extrusion, the resisting mechanisms change radically. The outstanding mechanisms are

) Axial deformation of the pile
] Soil skin friction along the shaft surface of the pile
) Pile and soil attached dead weight

The shaft resistance remains as it was in the previous, compressive loading due to the
isotropic consideration of the soil, tending to keep the pile inside the soil with the vector
pointing down. However, the end tip of the pile loses its interaction with the soil underneath,
which is a reasonable fact as soils in general are characterized by little or none tensile
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interface interaction due to small tensile strength. Finally, as the action of extrusion is by
definition an action at the opposite direction of that of gravity, the dead load of the pile and
the soil which is attached to it is a fundamental parameter of the overall resistance of the
pile against extrusion.

2.3. Piles under lateral loading

Opposed to a lateral loading, the piles respond the same way, no matter the direction of the
loading, whether is right or left. To approach and comprehend the parameters that dominate
the problem, there are three basic mechanisms that determine the overall resistance of a
pile against lateral loading:

. the bending stiffness of the pile,
. the shear stiffness of the pile,
J the normal resistance of the surrounding soil.

Furthermore, it is essential to point out that the deflection mechanism is practically limited
to the upper part of the pile, in contrast with the axial loading which activates the whole
length of the pile. Additionally, it is easily comprehended that in the case of lateral loading
the soil and pile interaction is mainly limited to the face of the resisting zones (Fig 2.6).

Figure 2.6 Development of soil resistance in form of the pile as a function of pile deflection.
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Analytical Expression of the lateral response

The first approach of this rather complex problem was the beam on elastic half space,
governed by the following differential equation, expressed in conventional form
(Hetenyi, 1946)

4 dZ

dy y
— 1
Eplpw-l_wa_*_Epyy_o ( 0)
where
y : lateral deflection of the pile,
Eoly : flexural stiffness of pile,
Py : axial load on the pile head,
Epy : soil reaction modulus (mainly varying with deflection).

The integration of the above equation provides that given the shear force along the pile and
is given by:
d’y _dy

11
Eply =5+ B =V (11)

where
V : shear force

A further integration leads to the relationship providing the bending moment along the pile
as follows:

d?y

A 12
dxz_M 12

Eply

where
M : bending moment

Finally a third integration give the slope along the pile:

dy_

13
dx_s (13)

The above formulation is extremely useful in the case of three-dimensional analysis (see later
the analysis with FLAC3P) where the pile is simulated using brick elements that only stress

results are available. However, it could be possible to estimate the bending moment from
Eqg. (12), having estimated slope from Eq. (13) and curvature by a further differentiation.
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Mode of equilibrium for piles under lateral loading

Under lateral loading, the mode of equilibrium of a pile is determined by two major
parameters. The first parameter is the boundary condition on pile head -concerning its ability
to rotate (free head pile) or not (fixed head pile)-, which governs the response of the pile
and the soil reaction. The second is the type of failure that takes place in case of excessive
imposed lateral force, which focus on whether it is going to be the pile by the formation of
plastic hinges (long pile failure), or the surrounding soil by the excessive displacements
produced (short pile failure). Combining the cases above, there have been produced by
Broms (1964) four principal figures that describe the mechanism of a pile in limit equilibrium
(Fig 2.7). It has been scientifically proved that the condition where the pile head is restrained
provides the highest resistance against lateral loading (Fig 2.8).

Figure
2.7

Dominant modes of failure and corresponding limit equilibrium condition.
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Figure 2.8 Ultimate capacity of piles embedded to cohesive soil (Broms,1964).
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2.4. Mohr-Coulomb Constitutive Law in Numerical 3D Analysis

Any disturbance of the initial field stress of the soil which may be implied by the enforcement
of a structure brings a new order to the stress distribution at the soil. In order to predict the
effect of this new order of stresses to the soil and afterwards to the superstructure,
continuum mechanics have utilized the constitutive laws, which are mathematical
transformations that link the stresses with the imminent strains and displacements. In the
case of clay, the study of the material turns out to be complex as soils in general exhibits
nonlinear behavior from a relatively low level of stresses. Dealing with the nonlinearity,
criteria have been conceived to define the state that the soil is.

Mohr-Coulomb failure criterion is the most popular criterion as it relates the two shear
strength parameters, the angle of internal friction and the cohesion, to the surface of failure
in one, two and three dimensional problems. In the case of clayey soils under undrained
conditions, where the internal angle of friction becomes equal to zero, the model takes the
well-known form of Tresca, depending only on the undrained shear strength. The Mohr
Coulomb criterion provides a closed surface in the space of principle stresses, where every
possible stress condition is represented by a unique point. This enclosed surface contains all
the possible stress conditions which correspond to the elastic phase of the material(elastic
domain). When a stress path reaches the bound surface the material yields, and in the case
of perfect plasticity this corresponds to the point of failure as well.

It is essential to point out that soil yield, or commonly failure, in terms of geotechnical
engineering is the condition when the soil displays excessive strains and loses the ability to
recover to its initial form. Such phenomena are unavoidable in geotechnical construction
and occur near the boundaries between the structure and the soil where there is
concentration of stresses. The duty of an engineer is to constraint this phenomenon and
don’t let it violate any serviceability or ultimate limit state, providing viable design satisfying
the required safety level at the minimum possible cost.

The simplest expression of the Mohr-Coulomb corresponds to the fundamental equation at
point and is given by Eq. (14). The surface of failure that corresponds to this equation is given
in Eg. (2.9). It is worthy noticing that the slope of the surface in the negative axis of the
normal stress is generally taken lower than in the compression to reflect the fact that the
resistance in tension is lower than that provided by Eq. (14), and in some cases a zero value
is applied.
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T = gytang + ¢ (14)
where
T : shear strength,
On : imposed normal stress,
[0) . internal friction angle,
c : cohesion.

When applied the Mohr-Coulomb model Eq. (14) must be rewritten as a function of planar
stresses. In the case of principal stress it takes the form of the following equation:

f*(01,03) = =0y + 03N, — 2 /N(p =0 (15)
where

1+ sin
N, = L sine

1 —sing

Tension failure criterion is an additive curve to the above envelope which expresses the
tensile strength of the material and closes the shear surface at the positive stress direction.
It is expressed by the follow condition

ft=0't—0'3=0 (16)
where
at : tensile strength, of <
tane

The fit union of the above envelopes is presented at the two dimensional diagram displayed
at figure 2.10.

Figure 2.9 Schematic illustration of Mohr-Coulomb failure criterion.
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Figure 2.10  Planar aspect of union between the shear and tension failure envelope(FLAC3P User’s
Manual).

Expanding the failure line by revolving around the hydrostatic axis and extracting the
hexagon located inside the produced circle, the enclosed surface is provided, as shown in
the three dimensional diagram below.

Figure 2.11 lllustration of Mohr Coulomb failure envelope in the three dimensional stress space.

In the case if clayey soils under undrained conditions the angle of internal friction is zero and
therefore the failure envelope depends only on the undrained shear strength. The mean
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stress value, first invariant of stresses, does not affect the failure surface and therefore it
takes the shape associated to Tresca failure criterion, Fig. 2.12.

_03

Mohr-Coulomb ¢ >0

Tresca ¢ =0

.-=--—-lc52

Figure 2.12 lllustration of Mohr Coulomb and Tresca failure envelope in the three dimensional stress.

2.5. Soil replacing by spring elements

Performing three dimensional numerical analysis in soil and structure interaction requires
solving potentiality and very advanced technology in the finite element meshing and
processing. Even if the previous preconditions are fulfilled, still there is the problem of the
extent time which is required to produce results, which incommodes or even counts out the
possibility of running parametric analysis as every project is limited by time deadlines.
Specifically, in the study of piles and soil interaction, the problems mentioned above are
surpassed by substituting the action of the soil with springs equipped with laws of response
(Fig. 2.12). Every spring is practically substituting the contribution of a certain surface at the
shaft or the tip of the pile. Although this method was initially developed due to insufficiency
of computational power back in 60s, it is still commonly used today as it produces results
which are close enough to reality to design with safety and basically it allows to perform a
series of analyses that arises from the demands of multiple load conditions required by the
design codes . The laws which define the response of the springs attached to the piles are
decoupled and classified into two major genres according to their direction, perpendicular
or parallel to pile axis. The springs which are parallel to the axis of the pile are equipped with
the ‘t-z’ curves of behavior and the rest which are perpendicular to the pile axis are governed
by the ‘p-y’ curves of behavior. Additionally, the bottom node is equipped with an extra
spring which carries the soil resistance at the pile tip, whose response is determined by the
‘Q-Z’ curve.
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Figure 2.13 lllustration of finite element mesh of a pile under axial loading by replacing the soil
resistance with spring elements.

Short reference to ‘t-Z’ curves

Various forms of the ‘t-Z’ relationships with parabolic, hyperbolic or multilinear shape have
proposed to replace the soil resistance at the pile shaft. In the present research work the
development of the shaft resistance as a function of pile displacement is considered
according to the guidelines of the American Petroleum Institute (API, 2003). The relationship
is given in tabular form, Table 2.1, and it has a rather parabolic shape. It is worthy noticing
the reduction associated with the post peak behavior, which however should be justified by
the results of laboratory tests.

Soil Displacement/Pile Diameter (z/D) Unit Skin Friction/ Ultimate Unit Skin
Friction (t/ Tur)
0 0
0.0016 0.3
0.0031 0.5
0.0057 0.75
0.0080 0.9
0.0100 1
0.0200 0.7t00.9"
® 0.7t00.9°

* The residual strength of API Clay is assumed to be 0.9 times the ultimate unit skin friction
Table 2.1 API Clay Skin Friction (t-z) Load Transfer Curve.
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Figure 2.14 Load-transfer curve of pile shaft from clayey soils according to APl (2003).

It is implied that the springs are within the elastic phase as long as there’s no violation of a
strain limit. Referring to the ultimate friction resistance of the clay, the following formula is
recommended

Tyt = Ay (17)

where

a : dimensionless reduction factor,
Cu : undrained shear strength of soil at calculation point.

The factor a mentioned above is defined

4 {a = 0.597%%,1 < 1.0,a < 1.0 (18)
~la =059,y > 1.0,a < 1.0

where
4 D Cy/0y
Oy : effective overburden pressure at calculation point

Short reference to ‘p-y’ curves

Considering the lateral resistance of the soil to pile movement, springs laterally attached to
the piles are utilized, equipped with ‘p-y’ curves of hyperbolic form, as defined in the
following equation of Comodromos E. and Papadopoulou M.(2013)

P=1T (19)

where

K :spring stiffness, defining the initial stiffness of the ‘p-)’ relationship,
pult :soil’s ultimate lateral resistance, which is the cut off to plasticity, reducing
the ultimate resistance to 80% of its magnitude for further displacement.
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The stiffness which is given to the springs is an equivalent produced by the combination of
all those parameters that contribute to the soil and pile interaction system, having the initial
elastic modulus of the soil in dominant position and giving the cross sectional properties of
the pile in minor influence, as displayed by its mathematical formation

13E ED* /1

K = (20)
I EL
where
E : clay’s initial modulus of elasticity
v : soil’s Poisson ratio
Ep : pile’s material modulus of elasticity
b : pile’s cross section moment of inertia
D : pile’s diameter

The ultimate soil resistance is provided by the following equation.

Puit = NpCuD (21)
where

M, :bearing capacity factor.

LABORATORY OF STRUCTURAL ANALYSIS AND DESIGN — CIVIL ENGINEERING DEPARTMENT -UNIVERSITY OF
THESSALY

Diploma Thesis submitted by Komodromos Michael on Feb. 2019



APPLICATION OF SIMPLIFIED AND FULL THREE DIMENSIONAL NUMERICAL METHODS TO THE ANALYSIS
OF OFFSHORE WIND TURBINE

PRESENTATION OF THE SIMULATION PROCESS AND RESULTS ASSESSMENT

-36../146 -

3. STRUCTURE OVERVIEW
3.1. Introduction

The project studied is the NOWITECH 10 MW reference wind turbine founded at 50 meters
water depth via a guyed support system. Combining the technology of the shallow
foundation and the cable support system, a next generation wind turbine structure is
developed, which satisfies the serviceability criteria of small rotation and deals with the wave
and wind loading in a vast range of cycles (Fig. 3.1). The system is consisted of a solid slender
tower with the rotor on top which reaches the seabed and is installed with a shallow
foundation, actually touching the bottom. The shallow foundation transfers all the vertical
loads of the structure to the soil and provides the lateral resistance against the horizontal
wave and wind loading by exploiting the shear resistance which is activated at the interface
between the soil and the foundation by the friction. In order to the stabilize the structure
against the overturning moments caused by the horizontal action of waves and wind, the
tower is supported by four prestressed cables, attached at the middle of the tower’s height
which lies above the wave highest altitude and anchored to the seabed via four tubular steel
piles. The installation of the cables functions as a lateral displacement constraint, targeting
on relocating the start of the cantilever beam static system up to the convenient height of
75 meters from the sea floor. Besides the fact that the required resistance against
overturning moment and lateral displacement is gained without the need of constructing
massive tower cross sections, this intervention efficiently moderates the deflection of the
top, phenomenon which is highly possible to violate serviceability criteria.

Figure 3.1  Structure layout.
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3.2. Short description of the Superstructure Review

The wind turbine simulated and studied carries a three bladed rotor of energy capacity
production of 10 MN which has certain functional requirements and is placed at the top of
the tower, 100 meters above the sea level (Table 3.1). The tower that supports the rotor and
its nacelle is totally made of steel, geometrically defined by a tubular cross section of initially
constant diameter of D;, = 6m which at the middle height starts to reduce linearly to the
minimum diameter of D; = 3.6m while moving upwards, forming a conical frustum looking
up (Fig. 3.2). The overall length of the tower reaches the 150 m, from which the initial 50
meters of the bottom are submerged into the ocean.

Figure 3.2 Tower cross section at characteristic locations.

At the middle of the tower’s height, there is a platform which projects 3 meters from the
solid body of the structure and functions as the attachment point of four prestressed cables
that placed radially by the tower (Fig. 3.3) and are anchored to the seafloor by four steel
tube anchor piles. These cables are consisted of four galvanized steel spiral strands,
composed of a multitude of wires knitted helically around a core wire and carry pretension
load of 7100 kN, property which gives the possibility of interacting with the massive lateral
forces with which the tower is imposed, without any development of large displacements.
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According to APl regulations, the cable members that are loaded with pretension are obliged
to have the double potential ultimate strength than the maximum load that are imposed to
and obviously remain in constant tension. Analyzing the forces provoked by the pretension
at still conditions, the vertical and horizontal compound of magnitude 5021 kN (Fig. 3.4)
stands out in both directions creating a constant resistance against overturning of 377 MN.m
and an additive vertical force of 20084 kN, with a potential of maximum overturning
resistance 2477 MN.m.

Figure 3.3 Cable Set-Up.

Figure 3.4  Cable disposition and components of vertical and horizontal forces.
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3.3. Soil properties and foundation layout

The soil stratum introduced to the simulation is estimated as a 40 m deep homogenous
clayey soil, with undrained shear strength of sy = 60 kPa, Poisson’s ratio equal to v=0.49,
corresponding to saturated condition and submerged unit weight y’=10 kN/m3. The
assumption made to determine the initial elastic stiffness of the studied soil is to be directly
derived from the undrained shear strength, by the linear relationship

E; = 1800 S, (22)

The selection of this rather large factor is due to undrained conditions that rule the response
of the clay, which imply zero volume change, therefore a stiffer deformation response.
Additionally, the internal friction angle between the participle is considered negligible,
condition also compliant to the undrained condition along with the tension capacity, which
is conservatively declared negligible.

The tower is founded on a circular steel basis of total diameter 14 meters placed on the sea
floor, without any further embedment in the soil. It is designed to receive the circular cross
section of the tower as its core and expand its footing surface to an annular ring (Fig. 3.5). In
order to eliminate the strains in the plane of the slab and render the connection of the tower
and the slab rigid, eight steel stiffeners are fitted to enforce the bending stiffness of the slab
(Fig. 3.5). Additionally, by the time its estimated weight reaches the magnitude of 57215 kN,
it consists approximately the 63% of the total structure’s weight, acquiring the beneficial
influence of the ballast against overturning, technique borrowed from naval engineering.

Figure 3.5 Presentation of the foundation: cross section at the top, horizontal view at the bottom.
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Along with the foundation, the system interacts with the soil through the piles that consist
the anchor mechanism of the cables. These tubby piles of diameter Dy = 5 meters, thickness
to=0.02 meters and total embedded length L,=22 meters (Fig. 3.6)are placed radially around
the tower at distance L=75 meters. The core of these hollow elements is filled with soil and
behaves as a solid component of the pile, contributing to their response against pull out and
lateral forces.

LONGITUDINAL CROSS SECTION CROSS SECTION A-A
A
10.00 IO | |
| I I A B,
[#7)
2200 CROSS SECTION B-B

¢|m

Figure 3.6 Pile element geometry.

Following the stress path to the soil, the resisting mechanism of the piles is examined. The
dead load of the piles is the sum of the weight provided by the steel tubular cross section
along the whole length of the pile and by the soil which is plugged inside the tube. The
ultimate shaft resistance force by the contribution of the friction resistance of the interface
between steel and clay is determined as the integral of the interface friction stress on the
surface of the pile. The shear strength attributed to the interface elements between the piles
and the soil is equal to the soil shear strength multiplied by reduction factor a as proposed
by API(2003). This reduction is made because the variation of the initial field that takes place
at the drive of the pile is reason to disturb the skeleton frame of the soil and harm its
cohesion.

A rough estimation of the axial capacity that a pile can carry out is leads to a maximum force
of 17133 kN, which is way than enough, as such action corresponds to factor of safety of
1.37.
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3.4. Environmental Loading

Wave Loading

Like every periodic phenomenon, the wave loading is characterized by its dynamic nature.
Nevertheless, since the offshore structure is robust enough that its stiffness and mass
provide a natural frequency which differs massively from the loading frequency of the waves,

this load may be adequately represented by its static equivalent.
By the time the structural member doesn’t actually modify the incident’s wave, condition

practically standing for a ratio of wavelength to the member diameter lower than 5, the
computation of the forces exerted by waves on cylindrical objects, such as the tower of the
wind turbine, is given as the sum of the drag and the inertia force as expressed by the

Morison’s equation

F(x,z,t) = Fy(x,z,t) + Fi(x,z,t) (23)

Decomposing the equation above, the drag and inertia force are given respectively

w

Fy(x,z,t) = Cp 2gAUlUl (24)
and
Fi(x,z,t) = CMEV% (25)
where
(b : drag coefficient[-]
w : weight density of water [KN/m3 |
g : gravitational acceleration [m/s? |
A : projected area normal to the cylinder axis per unit length (diameter for
circular cylinders) [m]
|4 : displaced volume of the cylinder per unit length (circular surface for
circular cylinders)[m?]
D : effective diameter of circular cylindrical member including marine
growth [m]
U : component of the velocity vector (due to wave current) of the water
normal to the axis of the member [m/s]
JU/ : absolute value of U [m/s]
m : inertia coefficient
ou/6t  :component of the local acceleration vector of the water normal to the axis

of the member [m/s? |
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According to the API(2003) recommendations, the drag and inertia coefficients are
expressing the contribution of the harshness of the surface which is hit by the waves. For the
unshielded circular cylinders, shape corresponding to current project, the following values

are given
Smooth: Cp=0.65,Cn=1.6
Rough: Cp=1.05,Cn=1.2

Finally, the computation of the horizontal wave kinematics (velocity and acceleration of
water particles) can be performed utilizing the linear wave theory, also known as the Airy
theory, which is expressed by the equations

Wave Velocity:

. coshk(z +d)
: = = — <z<-— (26)
u(x,z,t) = (2nf sinhid cos(kx — 2rnft),0 <z < —d
Wave Acceleration:

. o 5 cosh(z+d) . 3 <, < _ (27)
i(x,z,t) = ((2nf) ~sinhkd sin(kx — 2nft),0<z < —d
where

4 : wave’s amplitude (Hwave/2)

k : wave number (21/A)

f : wave frequency [1/s]

A : wave length [m]

d : water depth [m]

X : horizontal position in the wave direction

t : time [s]

These parameters defining the force to be applied to the superstructure by the waves vary
with the area studied and can be found at statistic data base which refers to the last 100
years Wave Height, Associated Wave period and Storm Water Depth. Finally it is crucial to
mention that in order to use the velocity derived by the linear wave theory to produce wave
force data, the following transformation must be applied

U=u+U, (28)
where
u : velocity derived by the linear wave theory
Ue : current wave velocity, extracted by statistical data base

At the current study, Uc is determined as 2 m/s, value typical for the North Sea.
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Wind Loading

Like the wave loads, the loads caused by the wind are dynamic in nature, but by the time the
frequency of the load doesn’t reach the natural frequency of the structure, the response can
be assumed static. The relationship of the wind and the equivalent drag force on the object
is a function of the wind speed and its given by the equation

F= guZCSA (29)
where
F : drag force caused by the wind [kN] y
0 : mass density of the air, approximately 1.225 [m—%]
u : wind speed }E
Gs : shape coefficient [-]
A : surface area of the rotor [m2]

According to API (2003), the recommended shape coefficient for a cylindrical section is 0.5.
An important advantage of the OWT is the fact that the rotor operates in a certain band of
wind speed, ranging from 3 m/sto 25 m/s. The lower and the upper speed values are called
cut-in and cut-out speed respectively in rotor terminology. Below the cut-in speed, the
function of the turbine is not sufficient anymore and above the cut-out speed, there’s serious
danger of severe damage to the rotor mechanical parts and the nacelle which encloses them.
To avoid the scenario of exposure to high speed wind, the turbine is designed in such way
that whenever the blades surpass to upper limit of speed, are forced to slow down, keeping
the structure within safety boundaries.

Seismic Loading

By the time the tower o of the wind turbine rests on a shallow foundation which primarily
takes vertical loads and deals in a minor degree with the restrain of horizontal displacements
or rotations, it can be concluded that the shallow foundation is actually a partial pinned
support. According to classic statics, the pinned connection that allows rotations relieves the
structure from any concentration of massive moments. Moreover, the superstructure is a
slender and tall entity governed by minimum natural frequencies which differ adequately
from the frequencies exerted during the seismic loading, fact that excludes the danger of
imminent resonance. The consideration of the above facts leads to the judgement that the
structure isn’t sensitive in seismic phenomena, therefore such case is not examined.

Loadcases Declared

Regarding the loading scenario and their impact on the foundation bearing capacity and
stiffness, the simulation doesn’t focus on the dynamic nature of the external loading. Such
approach is not simplistic and doesn’t lose in producing fair results, by the time the
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frequency which characterizes the dynamic nature of both waves and wind differs from the
natural frequency of the structure so that they will never match. Besides that the case of
resonance is not possible, the frequencies of each phenomenon are distant as the period
indicating the switch in the direction of the wind is of order of minutes, in contrast with the
period indicating the switch in the direction of the wave which to corresponds up to 10
seconds. Exploiting this distance between periods of external loading, the analysis is
massively simplified, targeting in analyzing structure’s response to extreme loading
scenarios, while the wind direction is determined constant during the whole analysis.

In order to keep track of the causes of stress which the structure receives and cover every
possible combination of extreme loading condition, there are four load cases pointed
out(Fig. 3.7):

o Still Conditions(Dead Load and Pretension Actions)

o Wind Action (Windload+)

. Wind and Wave acting at the same direction(Windload+Waveload+)

. Wind and Wave acting at the opposite direction(Windload+Waveload-)

Both of the environmental loading are simulated as horizontal concentrated point loads,
with the wind acting at the top of the tower at 150 meters above the foundation and the
alternative wave force acting at the level of the sea, at 41 meters above the foundation.

Windload+ Windload+Waveload+ Windload+Waveload-
1800kN 1800kN 1800kN
—=0 —=

Figure 3.7 Loadcases corresponding to the load combinations carried out in both simplified and full
three dimensional analysis.
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4. SIMPLIFIED THREE DIMENSIONAL ANALYSIS
4.1. Simulation of Project

Structural Elements

Initially, the studied project is simulated using the F.E. commercial code SOFiSTiK. Aiming to
form a general idea of the response of the structure to the environmental loads in terms of
safety, a simplified three dimensional analysis has been performed (Fig. 4.1).

This first attempt, which substitutes the resisting action of the soil with springs attached to
the elements that interact with the soil, produces results which represent the overall
response of the structure and may vary from the reality, fact anticipated by the application
of increment factors. Concerning the superstructure, which is entirely made of structural
steel, the simulation uses beam elements defined in three dimensional space by two nodes
which define their length and their orientation. Assuming elastic response, these linear
elements are equipped with geometric cross sectional properties that are summarized in
Table B.1 (appendix B) and the material properties that define elastic perfectly plastic
behavior based on Von Mises yielding criterion (Table B.2). In order to keep track of the beam
kinematics and developed actions these linear elements are divided in segments of 0.5
meters length.

The same way are simulated the piles under the following assumptions. Even if the geometry
of the embedded piles doesn’t match the geometry that defines beam elements, by the time
pile diameter to pile length ratio is relatively high, corresponding to stubby structural
components, the production of beam elements resultants is enough to give to provide
information about the areas where there is stress concentration or the way that stresses
vary. It must be clarified that such simulation is not sufficient to design the cross section of
the piles. Furthermore, additional weight and bending stiffness which is contributed by the
plugged soil is not included, which is a fact in favor of safety as it stands for the in unfavorable
case where the hollow pile doesn’t cooperates with the soil as a coupled body(unplugged).
Considering the cables, they are modeled with cable elements, defined in three dimensional
space by two nodes. These elements are an order simpler than beam elements, which are
used in tower and piles, as they are able to carry only axial tensile loads. Apart from the
properties that define elastic perfectly plastic behavior, they are also equipped with a
pretension force that ensures that they will be constantly in condition of tension.
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Figure 4.1  Schematic presentation of the finite element layout adopted by the simplified analysis
using the F.E. code SOFiSTiK.

<) SOFiSTIK

Figure 4.2 lllustration of the shallow foundation of the Wind Turbine by shell elements with two
different groups accounting for geometrical variations form edge to center.
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Finally, the circular slab of the shallow foundation is modeled by quadrilateral shell elements
whose plane is defined by four nodes. In order to simulate the foundation the best way
possible, two kinds of shell elements are established; an inner solid circle of 6 meters
diameter and 2 meters thickness and an annular ring of 14 meters external diameter and 1
meter thickness which environs the inner (Fig. 4.2). Once again, based on the fact that the
foundation is made of steel, elastic perfectly plastic behavior is assumed (Table B.2).

Soil Substitution

Every interface in contact with the soil is equipped with springs that substitute the
supporting action. Regarding to the position of the interface and the nature of the loading
changes the constitutive law that defines the behavior of the spring. The simplest application
of the soil substitution at the current thesis is the shallow foundation bedding approach. The
plane elements that composite the shallow foundation are declared with support
characteristics (Table B.3) that define elastic perfectly plastic behavior in compression and
zero tensile strength, which allows the possibility of instant detachment. The declared
constant that determines the predicted stiffness is calculated after analytical settlement to
the soil beneath the foundation slab. The springs are imported automatically to the nodes
that define the element in both normal and tangential direction, with spring elastic constant
that is calculated depending on each element surface area by Eq. 30.

Kelastic = C A (30)
where

Keastic  : stiffness attributed to nodal springs (kN/m)

c : soil modulus of reaction resulting from a simplified settlement analysis
(kN/m?3)
A : surface area corresponding to the node (m?)

Continuing to the simulation of the interaction between soil and piles, the approach
becomes harsher and the sorting of cases is required. The first step of the analysis is the
exclusive study of the pile surface, divided into shaft and base. Nevertheless, since the
current study investigates the case of pile extrusion, attention is given to the shaft surface,
for the base of the pile has minimum to none interaction with the soil below.
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The springs which provide lateral and axial support to the pile are equipped with ‘p-y’ and ‘t-
Z’ curves of response, whose form has already been cited in chapter 2.5. The actual curves
are calculated and displayed indicatively after inserting the actual input data of the problem
for specific depths of the pile, in order to give a clarified sense of their form and the variation
caused by depth (Figs 4.3 and 4.4).

Figure 4.3  Actual shaft friction response curve ‘t-z” at specific depth.

Figure 4.4 Actual lateral resistance response curve ‘p-y’.
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4.2. Structure Response
Tower

Decomposing the structure as displayed in the simulation, the attention is focused on the
positions where constraints are placed or loads are imposed. Confirmed by the analysis
output(figure A.1 and A.2), the points of interest are which are primarily examined through
this thesis are

J The level of installation of the rotor, 150 meters height
J The level of cables attachment, 75 meters height

. The level of sea surface, 41 meters height

. The level of shallow foundation, 0 meters height

Supposing that the wind is acting without the involvement of waves, the results are bearable
(Table B.4). The curvature changes sign at the level of the sea (Fig. A.1), although at this stage
of the analysis the waves are inactive. Studying the path of the horizontal displacement, it is
concluded that two peaks are formed, a negative at the level of the sea and a positive at the
level of installation of the rotor. The constraints imposed are also tested, showing
functionality in safe boundaries by limiting the lateral displacement sufficiently and
providing the structure the stability required, preventing primarily dangerous eccentricity
and resisting the overturning moments. In terms of vertical displacement along the body of
the tower, the interest is limited by serviceability and ultimate limit state, with the exception
of the displacement of the base, which may imply frailty of the soil beneath. Therefore such
scenario is not displayed in the exclusive action of wind.

Referring to the axial forces, the results are reasonable as they are directly formed by the
involved vertical forces. Such forces are the dead load and the pretension that form the axial
stress, dominant in conditions of calmness. So are the shear forces, which are successfully
absorbed by the cables and the shallow foundation without any critical displacement
occurring. Therefore, the bending moments, which are dominant due to the large distance
that the structure offers for their amplification, consist an obstacle to the cooperation
between the tower and the shallow foundation. Despite the precautions taken by the design
of the foundation, which target to the free rotation of the base, in order to avoid the
concentration of moments on the base, which would imply the concentration of normal
stresses and further settlements, such concentration has occurred and it is considerable (Fig.
A.2).
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By adding the action of waves in the same direction as that of wind, it is estimated that such
action is beneficial to the horizontal kinematics of the structure, as eliminates the deflection
and the tilt that it causes. Still the action is limited to percentages up to 8% (Fig. 4.5), if the
comparison is made with the maximum displacement as base, rendering the wave action of
less importance than the wind to the structure and base kinematics. What is pointed out as
the significant contribution is the fact that it relieves the base from the bending moment
imposed by the wind, with overall variation 130% ,net reduction of 80%, of the initial
moment (Fig. 4.8).

tower at the rotor level

m Waveload- Influence

W Waveload+ Influence

Loadcases

-10 -5 0 5 10 15 20
Relative Difference to Windload+ in terms of horizontal
displacement(%)

Figure 4.5  Wave Influence at horizontal displacement of top(%).

tower at the base level

m Waveload- Influence

= Waveload+ Influence

Loadcases

5 10 15 20 25 30 35
Relative Difference to Windload+ in terms of vertical

displacement(%)

Figure 4.6 Wave Influence on vertical displacement of base(%).

Finally, by reversing the action of waves to be opposite to that of wind, the worse loading
scenario comes in surface for the superstructure. This pair of external forces creates a
powerful moment that the structure is summoned to carry, with serious impact to the
deflection of the structure and the cooperation of the shallow foundation with the soil
beneath. It provokes further displacement at the top of the tower at the order of 14% (Fig.
4.5) and gives the variation of the bending moments a slightly different form to that
provoked by exclusive wind action (Fig. 4.8). Still, these changes are foreseen and none of
them mentioned violates any serviceability criterion. The unexpected is the fact that such
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horizontal action of waves has serious impact at the vertical response of the shallow
foundation, which provokes augmentation of the vertical displacement by 35%(Fig. 4.6).

tower at the base level
B Wave Influence-

= Wave Influence+

Loadcases

-150 -100 -50 0 50 100
Relative Difference to Windload+ in terms of shear forces(%)

Figure 4.7  Wave Influence on shear force of base(%).

tower at the base level

W Wave Influence-

m\Wave Influence+

Loadcases

-140 -120 -100 -80 -60 -40 -20 0 20

Relative Difference to Windload+ in terms of bending moment(%)

Figure 4.8  Wave Influence on bending moment of base(%).

According to the results produced, the worst loading scenario in terms of lateral deflection
is the case where wind and wave act in opposite directions. Still, none of the results displayed
in terms of displacement violates any safety criterion. Specifically, even if the maximum
magnitude is 1514 mm, it is actually a result in the margin of acceptance of serviceability
criterion which indicates a maximum tolerance 0.01 rad of tilt[Lombardi et al]. Moreover,
focusing on the interaction between the wind and the wave forces, it is estimated that the
wind is dominant over the wave as it defines the bending moments of the tower which are
an order of magnitude larger than any other resultant. By the time the interaction between
wind and structure is controlled by the torsional rotation of the blades, the WT can be in
constant surveillance and can operate with safety, no matter how puissant the wave force
turns out to be.

Shallow Foundation
Focusing on the base of the tower, it is pointed out that the two major conditions that it is

summoned to face are

J the vertical dead and pretension load that need to be transferred to the soil
without excessive deflection
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. the imminent moment which may imply rotation that complicate the interaction
with the soil with harming influence to the overall response

As it is concluded, the axial force which is transferred down to the foundation is relatively
constant, whose possible variation is due to the increase or relief of the pretension,
therefore such variation can be assumed as a matter of minor importance.

Due to the touching conditions of the interface between the soil and the circular slab, the
shallow foundation consists the member which is sensitive to large rotations as a result of
the differential vertical displacements taking place along its length. Soil yielding is expected,
but due to its substitution with springs, the phenomenon cannot be studied in depth, except
from the fact that it has taken place and the irreversible large displacement it may provoke.
In addition, partial detachment is expected between the slab and the soil. Such phenomenon
would be a serious sign of instability and a threat to the superstructure itself. Practically, if it
surpasses the percentage of 33% of the total length, it would reduce the active interacting
surface significantly and may lead to high concentration of stresses at the touching interface
between the slab and the soil beneath it.

Thanks to the cables attachment, operating as a lateral displacement constraint in terms of
statics, the shallow foundation is minimum exposed to actions that tend to laterally dislocate
it. Displayed by the output of the analysis (Fig. 4.9), the absolute values of horizontal
displacement are negligible to the horizontal displacements overall, yet the resistance
provided is sufficient.

On the other hand, the transfer of the vertical loads and moments to the soil consist a much
more complex matter. In agreement with the static analysis that gives greater moment in
the case where wind and water are of opposite direction, the slab shows excessive
differential vertical displacement and absolute settlement magnitude in the position of
tower attachment.
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Figure 4.9 Horizontal displacements of the foundation slab.
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Figure 4.10 Maximum Vertical Displacement of the foundation slab.

Specifically, the settlement of 11.53 mm corresponds to 31% of maximum vertical deflection
expressed so far at the top of the tower(figure 4.10), which is the maximum vertical
deflection along the tower (Fig A.1).

Studying this matter by soil’s prospect, the interaction between it and the slab is driven to
its limits. Displayed in the Fig. 4.11, there is constant plastification of the soil due to vertical
loading. The region of that zone fluctuates regarding with the bending moments that are
transferred to the base by the superstructure. According to the results that have been
displayed, the most favorable situation is when the environmental loads are of the same
direction and the worst is when they are opposite. It has been expected that accompanied
by the vast plastification zone goes extended detachment. Specifically, the detachment
taking place in the worst loading scenario starts at the tip of the slab and expands to 4 meters
to the interior of slab. Such region corresponds to the 28.5% of the total length of the slab
which is acceptable in terms of stability. Therefore, this detachment region implies sensitivity
to further rotations and operates at its limit. Since the normal stresses gives limited output
as it has reached its extremity, further information is provided by the displacements in figure
4.10.

Figure 4.11 Normal stresses distribution along the foundation slab.
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Cables

Operating as a lateral displacement constraint in terms of statics, the cables are the basis of
the control of the deformation of the tower and consist an essential element of the structural
system. Working at pairs, the amount of extra tensioning to the one side implies the same
amount of relief to the other. As proven in the results (Fig. 4.12), the cables are sufficient
carrying the largest tension imposed, of magnitude 11377 kN, tracked in the loadcase when
both wind and wave act at the same direction, with an over sufficient factor of safety of 6.16.
Additionally, the pretension of the cables is also capable to keep them in constant tension,
having the lowest axial force of magnitude 2581 kN, which corresponds to the 36.25% of the
initial pretension force.

Figure 4.12 Cable axial forces and relative comparison.

Figure 4.13  Superstructure horizontal displacement and tilt at cable attachment level.
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Besides the importance of cables ultimate axial load, equal importance has their capacity of
restraining the tower at the level of 75 meters from diverging laterally, which is actually a
matter of provided stiffness. Shown by the results output focused at height of 75 meters,
the lateral deflection leads to tilt which minimum in comparison with the rest of the positions
along the tower length (Fig. 4.13), proof of the sufficient stiffness granted by the cables.

4.3. Lateral Pile Response

The forces carried by the cables are directly transferred to the anchor piles and then to the
soil around them. The piles are in continuous state of extrusion, even in condition of
calmness due to the requirement of transferring the pretension force to the soil. By previous
study of the variation of the axial force of the cables, it is concluded that the extreme loading
scenario for both sides of piles is the one when wind loading has the same direction with the
wave loading. Three positions are pointed out to describe the vertical kinematics of the short
piles response

. Horizontal displacement of the head
. Horizontal displacement of the tip
. Neutral position about which the pile rotates

The most extreme displacements in terms of magnitude and variation due to different
loading imposition take place at the head of the pile (Fig. A.4). On the stressed side, it is
concluded via relative comparison that in the worst loadcase, the displacement has
increased about 55% from the initial state(3.6mm to 6.6 mm), following closely the variation
of the cable force whose augmentation is about 60% (7147kN to 11511kN). Such close
analogy in the variation of stress and displacement implies elastic behavior of the soil, which
is expected at the small strains, as described by the p-y theory. On the relieved side, the
stress path is opposite, following the direction of unloading, where the variation of
displacements path a steeper gradient due to smaller displacements than the loaded one.
Alongside with the head is transposed the tip of the pile, following the body of the pile
preserving a constant ratio to the head displacement of 0.2, indicating a constant position of
rotation at 18 m depth as the4/5 of the total body length.
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Figure 4.14 Lateral Head Deflection of pair of opposite piles.

Figure 4.15 Lateral Tip Deflection of pair of opposite piles.

In order to clarify the response of the pile as a structural element, it is isolated and studied.
The distribution of the shear forces (Fig. A.6) is a precise guide of the lateral earth pressure
that it is opposed to(Fig. A.5), as they are linked by the following differential equation

dQ(x)
= (31)
o 1)
Q :shear force in position x [KN]
q :lateral pressure imposed by earth [kN/m]

The boundary condition on the top of the pile is directly derived from the horizontal
component of the force imposed by the cable. The diagrams display the relieving interaction
of the soil which fades the resultants to zero as the stresses are gradually transfer to the
neighbor interface. Directly it is concluded that the actions in the region near the head of
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the pile are the maximum (Fig. 4.16). Yet, there is another peak displayed at the position of
rotation, characteristic of every short pile, which is due to the opposition of the lateral
passive earth pressure, but in the current study it is negligible, by the time it’s the 9% of the
maximum (Fig. A.5). Continuing, particular interest is found on the start and the progress of
the bending moment distribution (Fig. A.7).

‘Figure 4.16 Shear force at head of pair of opposite piles.

Figure 4.17 Shear force at level of rotation of pair of opposite piles.

The bending moment are linked to the shear forces through the fundamental differential
equation of mechanics

dM(x)
= (32)
— == 00
where
M : bending moment at position x [KN*m]
Q : shear force at position x [kN]

The difference and the outstanding in the current project is the application of the cantilever.

By adding a cantilever at the head of the pile, automatically a reverse bending moment is

created as the product of the vertical component of the cable force and the cantilever length
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(Fig 4.18). In the project studied, the bending moment at the head of the pile is the
maximum, followed by another at 13 meters depth, whose absolute value is the 11% of the
maximum (Fig. 4.19). This maximum bending moment contributed by the cantilever beam is
opposed to the action that tends to rotate the pile, consequently it moderates the kinematics
of the pile, except from relieving the developed internal normal stresses.

In terms of interaction with soil, this pile rotation is important to be constraint in small strain
sector, where elasticity modulus is high and there is still the possibility of return to initial
state. Although plastification is expected, especially near the soil surface, it is essential to be
constraint, else post-peak phenomena may occur which are accompanied with large
displacements and unpredictable soil response, an irreversible situation that may become
fatal for the stability of the system. The design has reserved very satisfying results in this
matter, as the plastification zone doesn’t exceed the limit of 5 meters depth, fact that in
combination with small displacement, has granted a sufficient resistance against lateral
loading (Fig A.5).

Figure 4.18 Bending moment at the head of pair of opposite piles.

Figure 4.19 Bending moment at 13 meters depth of pair of opposite piles.
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4.4. Axial Pile Response

The study of the vertical response of the pile is an order simpler than the lateral as the
response is of single direction and of one dimension at the vertical axis. The piles are in
constant state of extrusion, except one condition tracked at the relieved side when the wind
and the wave act in the same direction (Fig. 4.20). The condition tracked is the one that the
cable is least stressed among the rest of the cases, relieved in such degree that the pile’s
dead weight overwhelms the extracting force by 104%, by exact ratio of 2001 kN to 1921 kN.
In correspondence with the lateral response, the shaft resistance provided by the interface
between pile and soil defines the variation of the axial forces taking place in the element,
linearly smoothing down the action along the pile, leading to zero at the tip region. To
express the influence of the surrounding soil to the axial forces developed in the pile, the
following differential equation is formed

dN (x
") e (33)
where
N(x) : axial force in position x
(x) : shaft resistance in position x

The value of the axial force on the top of the pile that defines the boundary value problem
is given as the vertical component the cable force vector(Fig. 4.21). As it is displayed in the
axial forces diagram (Fig. A.10), it is the maximum resultant along the length of the pile.
According to elastic constitutive law, the concentration of axial forces provoke maximum
strains at the same regions. Such strain may not be crucial for the pile as a structural element,

yet they affect notably the activation of shaft resistance around pile’s circumference (Fig.
A.11). Specifically the strength to stress ratio of the surrounding soil doesn’t vary linearly, as
a rigid body pile movement would indicate, but it has a hyperbolic form for the first six
meters of the pile (Fig. A.12). In extreme conditions of loading these ratios verge 80% to 90%,
fact that implies partial slip of the upper zone. However, these ratios are limited at 28.5% of
the total length of the pile indicating extra capacity of the pile against extrusion.
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Figure 4.20 Vertical Head Deflection of pair of opposite piles.

Figure 4.21 Axial Force at the head of pair of opposite piles.

LABORATORY OF STRUCTURAL ANALYSIS AND DESIGN — CIVIL ENGINEERING DEPARTMENT -UNIVERSITY OF
THESSALY

Diploma Thesis submitted by Komodromos Michael on Feb. 2019



APPLICATION OF SIMPLIFIED AND FULL THREE DIMENSIONAL NUMERICAL METHODS TO THE ANALYSIS
OF OFFSHORE WIND TURBINE
PRESENTATION OF THE SIMULATION PROCESS AND RESULTS ASSESSMENT

-61../146 -

4.5. Cantilever Influence
Cable Response

In order to highlight the contribution of the bending moment boundary condition applied by
the cantilever addition, another analysis has been carried out where the cable attachment
has been installed directly on the top of the pile(Fig. 4.22). Through the rest the thesis the
condition of cooperation between pile and cantilever beam will be referred as WC (with
cantilever), else the condition of absence of the cantilever will be referred as NC (no

cantilever).

Figure 4.22 Overall aspect of the simulation model without cantilever prevention on reaction piles.

Despite the difference in pile head displacement due to the, the pretension carried by the
cables is affected in minimal degree intervention as displayed in Fig. 4.23. The reduced
displacement of the piles actually increases the axial forces that rule the cables about just
5% which corresponds to absolute value of 240kN (Fig. 4.23). This fact is enough to exempt
from a new analysis of the superstructure, as the results would be very close to the ones
already extracted.
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Figure 4.23 Difference in cables axial forces.

Pile Lateral Response

The absolute values of the lateral displacement at piles’ heads without the cantilever beam
intervention are displayed in Figs. 4.24 and 4.25 and the total response in Fig. A.14. There is
difference in kinematics tracked, due to the additional freedom given to the body to rotate,
which renders the pile of free headed conduct. Performing a relative comparison between
the two versions of the pile which expresses the amount of relief taken place (Fig. A.24), it is
revealed that the cantilever boundary limits the horizontal displacement

o at percentage of 54% compared to free head at the top of the pile (Fig. 5.25)
. at percentage of 21% compared to free head at the tip of the pile (Fig. 5.26)

The above values correspond to the case of the maximum cable force which arises from the
combination of the wind and the wave acting in the same direction. Moreover, it is observed
that the rotation position is transferred 4 meters higher, at 14 meters depth from the surface
of the soil, defining new analogy of the bottom to top displacement which corresponds to
value of 0.33. From the aspect of shear forces influence, the cantilever beam doesn’t affect
the starting point of their distribution, as it transfers the components of the cable force as
they are. Still, it influences the lateral earth pressure which occurs in order to reach the
kinematic equilibrium of the pile, especially in region where the pressure present peaks (Fig.
A.15), which is indicated by the maximum of the horizontal displacement. Specifically, the
head of the piles are disburdened about 20% to 30% of the lateral earth pressure that they
are opposed to (Figs 4.26 and 4.27), providing a less steep gradient of shear degradation
than that of the free headed state (Fig. A.16).
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Figure 4.24 Head horizontal displacement of pair of piles.

Figure 4.25 Tip horizontal displacement of pair of piles.
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Figure 4.26 Head lateral earth pressure spring force of pair of piles.

Figure 4.27 Tip lateral earth pressure spring force of pair of piles.
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When examining the shear diagrams of the WC and NC states (Figs. A.6 and A.16), it is
concluded that both of them resist the same lateral force at the top of the element, with the
major difference that the pile of cantilever prevention shows smaller peaks. This is
succeeded by exploiting vaster soil area in order to face the vertical force applied, rather
than concentrating its resistance near the surface ,as implied by the level of sign alteration
which is 8 m depth in NC and 14.5 m depth in WC. Due to the distortion of the curve that
shows shear force distribution, there is no point at examining certain levels, but performing
straight comparison between the maximum values indicated(Fig. 4.29).

Figure 4.28 Relative Relief in terms of shear force of pair of opposite piles.

Figure 4.29 Relative relief in terms of shear force of pair of opposite piles.
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Figure 4.30 Relative Relief in terms of bending moment of pair of opposite piles.

According to the bending moment diagrams of the two states (Figs. A.7 and A.17), the
boundary at the top of each pile changes radically the formation of the distribution curve,
consequently there’s no point at comparing the absolute values side to side. Indicatively, at
the extreme case of wind and wave loading acting at the same direction, it is figured out that
the variation of the ultimate magnitude is significantly reduced (Fig. 4.30).

The new boundary which is rendered by the cantilever may affect the shape of the
distribution curves but overall it doesn’t affect significantly the range where the values are
varying. The limitation of the displacement focuses on keeping the surrounding soil in a fine
condition in terms of plasticity. In the case where the pile responds as free headed and shows
large displacements, the soil is plastified to deeper lengths down to 9 meters as well as at
the tip of the pile (Fig. A.18). This situation may be proved problematic because the
plastification implies irreversible strains and unexpected soil behavior leading to large
displacements, which gradually downgrade the pretension that the cables are equipped
with, along with the ability of the soil to receive superstructure loads.
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Vertical Response

Studying the two version of the pile subject in terms of vertical kinematics and stress
developed, the results extracted show negligible contribution thanks to the cantilever (Fig.
4.31). In contrast with the lateral response study, the vertical response is a one dimensional
matter(without any rotations) along the vertical axis, as the phenomena along the body of
the pile are relatively constant (Fig. A.19), concluding that the magnitude that takes place at
the head of the pile is representative for the rest of the pile.

By the time, the vertical displacements of the pile are small enough to correspond to the
linear elastic zone of the soil surrounding the pile, negligible variations to the displacement
imply similarly negligible variations to the soil shaft resistance against extrusion (Fig A.28)
and to the axial forces distribution (Fig. A.29). Yet, the soil substitution with springs is a
numerical method that decouples fully the response of the soil at vertical and horizontal
direction and cannot apprehend phenomena that distort the interface between the two
elements, like possible detachment that would reduce the interacting surface.

Figure 4.31 Relative reduction in terms of vertical displacement of pair of opposite piles.
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4.6. Reaction piles: Mode of behavior

To avoid divergence due to the decouple of vertical and horizontal response and simulate
the case better in such sensitive matters, a three dimensional analysis has been carried out
in order to study the beneficial intervention of the cantilever beam addition to the
interaction between the pile and soil exclusively. For this purpose, the commercial finite
element code MARC Mentat by MSC Software has been utilized to simulate the interaction
mechanism between soil and pile. The finite element model, which includes the pile under
extrusion and the surrounding soil, targets on representing a concentrating output of the
pile kinematics with or without cantilever intervention. The materials utilized are steel and
clay (Table B.11) and the interaction between the contact bodies (Fig. 4.32) is under touching
conditions, implying possible differential displacement(slip) and separation (Table B.12).
Finally, the forces applied on the pile by the cables are directly taken from the SOFISTIK
analysis.

MSE A Software

Pile Cap
Cantilever

Sy

Clay Soil Stratum

Pile Body

Figure 4.32 Three Dimensional Simulation of pile under extrusion.

In order to save computational time and resources, the two different states are applied to
the same model by changing the position of force application.

Along with the several advantages given by the three dimensional analysis processing, there
are many advanced options at the post processing stage and specifically at the presentation
of the output. Particularly useful is the vector representation of the displacement in space,
which shows the net influence of the cantilever to pile kinematics. By comparing the
different version of pile loading (Figs 4.34 and 4.35), it concluded that the rotation of the pile
body is severely constricted and its verticality is maintained, adopting the response of a fixed
head pile. Moreover, the comparison between the displacement magnitude output reveals
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great limitation thanks to the cantilever, especially at positions near the soil surface, that
tend to be up to three times greater than the ones given by the SOFISTIK analysis (Fig A.30).
Indicatively is cited the detailed comparison of the displacement taken place at the head of
the pile. It is obvious that the relative difference between the two version is reduced as the
imposed loads are augmented, as 60% of loading increase leads to 51% relative difference
reduction (Fig. 4.33). Even if the gap between the absolute values remains large, such
response to the loading increase implies that the fixed head condition is set for a range of
imposed loading, surpass of which may cause the loss of pile’s verticality. Therefore, in terms
of safety, the design of the cantilever beam is sufficient.

Figure 4.33 Variation of displacements at the pile head for the load cases imposed.
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Figure 4.35b Three dimensional vector representation of pile displacement output at NC state(mm),
at load case Windload+.

Inc: 12
Time: 2.000e+000

1.215e+001 rEs 7

1.093e+001 . gl ) s

271824000

5036+

7.288e+000 % \\\ \\_l {\'l i 11 j 1I f

£.074e-H000 I"JI —:W'f ‘Il\\ \\ T \'l l| !\ !l |J

4.595%e-+000 f[ lfl ll\\ 11 \\ Ilul \\ I ‘I I

36444000 : \,‘ P\ l\ \\ H T 1 f J
i 2.4295+000—P— ' J1 L f ll

i

MSEA Software

1.215e+000$ ‘
2.163e-019

S S N I S ,' '
= : Y S I

Figure 4.36¢c Three dimensional vector representation of pile displacement output at NC state(mm),
at load case Windload+Waveload+.
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Figure 4.37d Three dimensional vector representation of pile displacement output at NC state(mm),
at load case Windload+Waveload-.
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Three dimensional vector analysis of displacement output at WC state(mm), at load case

Dead Load-Pretension.
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Figure 4.41d Three dimensional vector analysis of displacement output at WC state(mm), at load case

Windload+Waveload-.
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THREE DIMENSIONAL SOIL ANALYSIS
5.1. Simulation of Project

In order to get a simulation more credible and closer to the reality, a full three dimensional
simulation of the project studied has been performed using the commercial finite difference
code FLAC?P by Itasca. Moreover, an identical model has been simulated in SOFISTIK in order
to compare the results output side by side and test the credibility of the soil substitution
method. The nature of this attempt differs from one presented at the previous chapter, as
its goal is not to test the stability and safety of the structure, but to analyze the mechanisms
that define the interaction between soil and structure. This alteration prohibits the engineer
from making admissions and simplifications if possible, even if they are in favor of safety.
Following this principle, no increment factor has been applied to the environmental loads.
The simulation takes advantage of the symmetry that characterizes the wind turbine
structure. Practically, this indicates the simulation of the half project and the attachment of
horizontal displacement constraints along the surface which corresponds to the missing half
(Fig 5.1). Along with the model geometry, all environmental loading are diminished by half,
as well as the cross sectional properties, except from the materials that are kept unedited.
The soil is modelled by three dimensional hexahedral continuum inelastic elements,
equipped with TRESCA constitutive model (Table C.1). The piles are also simulated with
hexahedral elements which compose a solid body. By the time the pile is a mixed material
cross section with expectations to reach the reality, several equivalent parameters are
produced in order to display a realistic response to the imposed loads. Primarily, the specific
weight of the elements must be calculated in order to give the actual dead weight that
contributes to the resistance against extrusion. In order to unify the different specific
weights of the plugged soil and structural steel that compose the cross section, an equivalent
parameter has been calculated as weighted average, by the following equation

Vqutotal = VsteelAsteel + ysoilAsoil (34)

= Yeq = 13.74 kN/m?

where
Atotal : surface area of total circular cross section,(19.635 m?)
Asteel : surface area of steel, (1.2566 m?)
Asoil : surface section area of soil, (18.398m?)
Vsteel : specific weight of submerged steel, (68.5 kKN/m?)
Vsteel : specific weight of submerged clay studied, (10 kN/m?)

Furthermore, already proven in the previous analysis, the pile is primarily exposed to
bending, so its elastic parameters must be calculated to match its response to bending. By
the time the clay has no tension capacity, the bending stiffness is exclusively provided by
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steel and distributed to the solid pile elements through an equivalent modulus of elasticity
estimated by the equation

Eeqlsolid = Esteellhollow (35)

= Eeq = 2.69 107 kPa

where
Isolid :moment of inertia of total circular pile cross section, 30.68 m*
Ihollow :moment of inertia of hollow, 3.74m?*
Esteel : steel modulus of elasticity, 2.1 108 kPa

Finally, the piles are equipped with a steel cap on the top which is joined with the rest of the
body. This technique is applied in order to transfer the stress carried by the cable to the total
cross sectional area to avoid any local instabilities.

All of the structural members are simulated in terms of elasticity except from the cables that
are additionally equipped with ultimate breaking force (Table C.2). The geometric properties
are kept as they are declared in soil substitution analysis (Table B.1) and reduced to half as
required by the half space analysis.

The interaction between the structure and the soil is implemented via interface elements
that are installed:

. Along the circumference of the piles
J Along the bottom surface of the shallow foundation

These interfaces are adjusted so that they define the region of the different contact bodies,
that they ensure the transfer of stresses from one body to another and track extreme
phenomena such as differential displacement(slip) or loss of contact(separation).
Specifically, the stiffness in normal and tangential direction declared is some order of
magnitude amplified in relation to the elastic modulus of the soil, with purpose of ensuring
that the differential displacement is not affected by possible displacement of the interaction
elements. The possibility of detachment is given by the minimum tensile strength and the
chance of slip may happen if the developed shear stress violates the limit of cohesion. Due
to the disturbance of the initial soil frame structure the cohesion between pile and soil is
reduced as nominated by API(2003).
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Figure 5.1 FLAC®P Simulation Overview.

5.2. Superstructure Response

Tower

Studying the body of the tower imposed to the environmental loading, the form of the
results extracted is in qualitative agreement with the simplified analysis accomplished with
soil replacement. The formulation of the distribution diagrams (Fig. B.2) and the display of
the deflection of the tower under environmental loading (Fig. B.1) is cited at the figure
appendix, yet there is no interest of its exclusive commentary, as the conclusions would be
similar to the one performed previously in chapter 4.2. On the other hand, the straight
comparison between the output results derived from the two approaches of the problem is
an enlightening procedure of investigating how the three dimensional analysis of the
interaction between soil and structure finally affects the tower response.

Deflection

In terms of deflection, the straight comparison of the diagrams and the calculation of their
relative difference figure out that the three dimensional analysis estimates slightly greater
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horizontal deflection than the soil replacement, which is increased as the examined position
goes higher reaching the ultimate relative difference of 0.27% (Fig C.1).
Specifically, the points where the interest is high are

. The base of the tower, at the level of soil surface

. The level where the cables set up is attached, at height of 75 meters

. The level of the rotor installation at the top level of the tower, at height of 150
meters

The first two points are representative of the resistance which is acquired from the soil by
the shallow foundation and the piles anchoring, points where the lateral displacement is
expected minimum, especially at the level of cables. Moreover, at the height of the rotor the
horizontal displacement is also desired small, because any violation of the tilt limits would
provoke second order additional bending phenomena caused by eccentricity.

Comparing side by side the deflection of the tower in each stage of loading separately, the
general conclusion is that the three dimensional analysis gives away larger displacements
than the soil replacement. Giving more attention to the crucial level of the lateral
displacement constraint which is provided by the cable set up at height of 75 meters, it is
presumed that the three dimensional analysis gives out larger displacements, up to 200 mm
in the case of wind and wave force acting in the same direction (Figure 5.2). Continuing up
to the height of 150 meters, again there is tracked additional displacement at the horizontal
direction according to three dimensional analysis, which at the most extreme loading
scenario corresponds to tilt of magnitude 0.0102, still within safety boundaries (Figure 5.3).
Even if the estimation of the two analysis differs enough at the point of the cables
attachment, still the deflection is kept in low levels in relation with the deflection taking place
at the top (Fig. 5.4).

Figure 5.2 Simulation differences in terms of tower horizontal displacement at the cables
attachment level.
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Figure 5.3 Simulation differences in terms of tower horizontal displacement at the rotor level.
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Figure 5.4 Simulation differences horizontal displacement at important tower points.

Finally, the lateral deflection of the shallow foundation is kept within very small vertical
displacements in a manner that is doesn’t affect the stability of the tower, for that reason
any further investigation will be performed at separate study of the shallow foundation.

At the case of vertical displacement, there is a constant difference of 25mm, which is due to
the settlement of the shallow foundation(Fig. C.2). Below the level of the cables attachment
the inclination of the curve changes, with the three dimensional analysis giving a steeper
one, which signifies a larger vertical component of the cable force.

Resultants

The formulation of the distribution curve of the axial, shear forces and bending moment
resultants are in total qualitative agreement like the displacements, with some variations of
the magnitude at the points where constraints are applied or loads are imposed. Primarily,
the axial forces results are identical above the level of the cables attachment, which is
expected by the time that part of the structure is isostatic (Fig. C.4). Any minimum
divergence tracked, which doesn’t exceed the ratio of 0.03, is due to the different solving
algorithm utilized by each approach(Finite Element Method utilized by SOFISTIK and Finite
Differences Method utilized by FLAC3P). Under the point of cables attachment, slightly
different gradient and starting value is figured out, both of them caused by the alternation
in the value of cable forces. So does the diagram of the shear forces (Fig. C.5). Still, this small
variation of the shear forces may be the cause of large divergence in the bending moment
distribution, as the geometry of the structure is ruled by high distances. Indeed, as displayed
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in the bending moment distribution diagram (Fig. C.6), there are two point where the
divergence between the two analysis reaches its maximum, at the cables attachment level
(Fig. 5.5) and at the base level (Fig. 5.6).

Figure 5.5 Bending moments at the base of the tower provided by the SOFISTK and by the FLAC3P
analysis.

Figure 5.6 Simulation differences in terms of bending moments at the middle of the tower provided
by the SOFISTIK and by the FLAC?® analysis.

Cables

As mentioned previously, the cables are composed of cable elements that have the capacity
of carrying solely axial forces. It is directly implied that the produced axial force is an
exclusive result of the axial strain, which is derived by the differential displacement of the
starting and ending node. According to the constitutive equation that defines axial forces
and axial strain, high tension concludes larger tensile strain and vice versa.

Shown at the Figs C.7 and C.8 that correspond to the pair of cables at the plane of loading,
the FLAC3P analysis gives slightly higher values of cable axial forces at cases where there is
tension added and considerably lower at cases of relief. This fact, in combination with the
increased deflection of the point at the cables attachment, concludes greater magnitude of
displacement of the piles head estimation by FLAC3P than the one given by SOFISTIK.
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5.3. Pile Response
Structural Element

This section concentrates on the pile which is in state of additional tension providing
resistance against the dominant action of the wind. Obviously, this choice does not
underestimate the importance of the pile in state of relief, which is essential to the stability
of the structure, but is made under the reasonable thought that the study of the extreme
condition of the tensioned pile covers sufficiently the phenomena that take place at the
region of the relieved piles.

The kinematics of the piles are studied and presented separately in vertical and horizontal
component (Figs. 5.7 and 5.8). Although the analysis performed by FLAC3® takes into
consideration the soil and pile interaction as a unified mechanism, without the need of
decoupling the response in axial and lateral, this form of results presentation is kept the
same as the one by SOFISTIK in order to be able to perform a straight and clear comparison
between the results.

Figure 5.7 Simulation differences in terms of horizontal displacement at the head of the pile.

Figure 5.8 Simulation differences in terms of horizontal displacement at the tip of the pile.

The displayed output in Fig. C.9 points out that the full interaction of pile with soil gives out
a slightly stiffer horizontal response at the top and bottom of the pile, accompanied with the
relocation of the neutral point in lower level.

LABORATORY OF STRUCTURAL ANALYSIS AND DESIGN — CIVIL ENGINEERING DEPARTMENT -UNIVERSITY OF
THESSALY

Diploma Thesis submitted by Komodromos Michael on Feb. 2019



APPLICATION OF SIMPLIFIED AND FULL THREE DIMENSIONAL NUMERICAL METHODS TO THE ANALYSIS
OF OFFSHORE WIND TURBINE

PRESENTATION OF THE SIMULATION PROCESS AND RESULTS ASSESSMENT

- 80../146 -

From the aspect of the surrounding soil, these displacement have an extended influence at
the surrounding field kinematics. The horizontal displacement contour graph(Figure B.9)
displays a resistance zone of soil that moves like a solid body with common displacement of
its nodes, in agreement with the new position of the pile. The basic parameters that describe
this zone are its width, depth and horizontal displacement and collected to the following
bubble chart(Figure 5.9).

Soil Rigid Wedge due to pile horizontal

displacement
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Figure 5.9 Soil rigid wedge characteristic.

As the displacement increases, the zone is expanded to greater area reaching an ultimate
width of 6.8 meters and depth of 8.6 meters, figuring out a first estimation of the
plastification taking place at the level next to the soil surface. Furthermore, the formation
of the stress field at the surrounding soil define the influence of the pile which drags to
greater depths the light stress contours at its back side, while at its front side drags stress of
greater magnitude up to the soil surface (Fig. B.10). This difference of the magnitude of the
horizontal stresses compared to the initial field stress leads to the increase of shear stresses
that deform the shape of the elements and has the potential of creating plastification zones
at these regions.

Reversing the procedure and focusing on the influence that the resisting soil has to the
structural element of pile, the attention now is given to the resultants of axial, shear forces
and bending moments. In order to extract and formulate these diagrams there has been
made a procedure of converting the normal stresses of z direction to axial forces by
integrating over the cross section area of the pile, the shear stresses of the xz plane to shear
forces by integrating over the cross section area of the pile and the rotation of the piles by
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multiplying them with the equivalent bending stiffness. These techniques are based on the
following fundamental equation of continuum mechanics:

f f 0,,dA = N (36)
j j OxzdA = Vy (37)

2
dx_M (38)

dz?2  El

The comparison between the shear forces distribution provided by FLAC3® and SOFISTIK
analysis provide curves in total qualitative agreement, with variation to the magnitude of
their peaks. Specifically, the estimation by FLAC3® is lower magnitudes at negative shear
forces peaks, which is reasonable by the time the forces imposed by the cables are larger
and the system stability requires larger positive shear surface(Figure B.7). Exactly the same
is the difference at bending moments diagrams which are formed by the shear forces, as the
geometry of piles defines zero value at starting and ending boundaries(Figure B.8).

Yet, the response at vertical axis is given considerably less stiffer by FLAC3P. Specifically, there
is a divergence of 2mm in favor of FLAC3P that remains constant along the length of the piles,
as they respond as rigid bodies with small strain expression (Fig. B.5). By examining the axial
forces distribution diagram which reflects the resisting influence of the soil against pile
extrusion, it is shown that the gradient of the axial force reduction is not constant but is
expressed by two principal range of values (Fig. C.14), of small magnitude near the surface
and of greater down to the rest of the body. As already mentioned, the theory behind the
resistance against extrusion indicates that the action which absorbs the environmental
forces and transfer them to the soil is the product of the modified cohesion at soil and pile
interface(36.5kPa) and the surface of the interaction area. By the time the modified cohesion
is relatively constant, no matter the depth, there is reduction of the interacting surface
implied. Indeed, the interface output that displays the contact status between the pile and
the soil gives away results that are in agreement with variation of the resistance against
extrusion in sense of region reduction (Fig. B.12). Specifically, the zone of detachment of
each loadcase matches the region where the small gradient of axial force reduction is
applied.
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On the other hand, such actions affect the vertical stress distribution by dragging large
vertical stress to the soil surface at an annular region around the pile circumference (Fig.
B.11), change that may provoke the formation of plastic zone. In addition, the sudden relief
of the vertical overburden stress at the circular region right below the pile (Fig. B.11)is also
a cause of great shear stresses, therefore of plastic zone.

Indeed, these potential plastified regions are displayed in the stress to strength ratio diagram
(Fig. B.13). Judging from the contour provided, the dominant cause of plastification is the
displacement of the top, as the areas behind the pile and under its tip remain of relatively
constant volume through the different load cases.

5.4. Shallow Foundation Response

Structural Element

Defining its function, the foundation transfers all the actions which are indicated by the static
analysis at the base level to the soil beneath. In order to express this interaction in terms
compatible with the three dimensional nature of the soil, the axial forces and the bending
moments are transposed to a unified action expressed by the volume changing normal
stresses at the vertical z axis and the shear force is expressed by the shape changing shear
stress of the xz plane.

Concerning the contact interaction, the foundation slab is in touching conditions with the
soil beneath and interacts in direction parallel to its plane via Mohr Coulomb interface law,
principle which exploits the cohesion as the resisting mechanism against potential horizontal
relocation at the case of studied clay. Investigating the kinematic response of the element at
the horizontal axis, there is movement tracked, which is limited between safety boundaries,
as it doesn’t show excessive slip. The maximum horizontal displacement tracked has
magnitude of 9.3 mm, which is negligible in relation with the rest of the tower body, giving
the shallow foundation the function of lateral deflection constraint (Fig. B.14). On the other
hand, the vertical displacement is totally relied on the stiffness displayed by the soil and plays
a key rule to the response of the rest of the structure.

Figure 5.10 Settlement contribution ratio to the total vertical displacement the top level.
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Estimating the ratio of the vertical displacement of the slab to that of the top of the tower
(Fig. 5.10), which is the maximum tracked, it is figured out that the settlement is at least the
33% of the total displacement of the rotor. By the time the axial force is constant, the
additional settlement that takes place is caused by the rotation of the slab(Figure 5.11). This
rotation in sense of soil is a differential vertical displacement that creates stress
concentration at specific small regions, combination which unavoidably leads to yielding. As
indicated by the Mohr Coulomb constitutive model theory mentioned at the introduction,
by the time a zone yield, its volumetric strain increases rapidly, a phenomenon that renders
the foundation response sensitive to rotation due to the “collapse” of soil’s capacity to
maintain its stiffness after yielding point.
Slab Response
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Figure 5.11 Slab Rotation and Settlement relationship.
Soil Beneath

Studying the matter from the position of the soil, it is spotted that at the region of great
normal stress concentration, the soil expands in direction perpendicular to the vertical
loading in order to deal with the compressive action of the vertical load transfer (Fig. B.16).
This expansion, which is commonly known as Poisson effect, is intense near the surface and
gradually fades as the depth increases, following the pace of the vertical normal stress
distribution (Fig. B.18). Along with the vertical expansion, complementary vertical lifting of
the soil around the slab takes place, a phenomenon also occurring due to the need of
decompression. Such soil response under surface loading corresponds to general shear
failure surface, characteristic of normally consolidated clays, as indicated at the introduction.
Furthermore, in figure B.19 the estimation of the plastification zone is displayed. The depth
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of these zones is in general kept unchanged, reaching a maximum 14m. In contrast, due to
the differential settlement, the surface width of the zones is varying as displayed in Fig. 5.12.

Plastification Zone Surface Width(m)
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Figure 5.12  Plastification Zone Surface Width.

5.5. Structural Elements Interaction Through Soil

The interaction between different elements that are installed in small distance is a matter of
great importance as the superposition of stresses may imply unexpected further strain of
failure. Such matters can be investigated exclusively by three dimensional analysis and in the
case studied such research has been made. In a sequence of importance, the first matter
studied is the possibility of connection between the plastification zones created around the
structural elements. As it proven in Fig. B.20, there is no interaction between the zones as
the distance between their installation is sufficient to keep them isolated, providing a
between neutral distance of 44 meters.

Following the sequence, the distribution of vertical normal stress is examined (Fig. B.21).
Even if the contours seem to connect, the figure is misleading. The stressed influence by the
elements is absorbed by the soil and is embraced in such that it is fitted to the initial stress
field. So does the distribution of the horizontal stresses (Fig. B.22).

Finally, the distribution of shear stress is examined, the action that changes the shape of the
imposed zones, and the result differs from the previous. Shown in Fig. B.23, there is vast
superposition zone which connects the shallow foundation with the pile that is imposed to
additional extrusion force. The result is a range of zones that are under shape distortion due
to significant difference between the vertical and horizontal stresses. Nevertheless, by the
time such action doesn’t cause plastification or an unstable situation due to excessive
displacement, it is not a matter of importance related to the stability of the superstructure.
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6. SUMMARY AND CONCLUSIONS
6.1. Importance of Subject Studied

One of the most urgent issues of the present to the nations of Europe is the establish of
their power efficiency and independence. Due to political and environmental matters that
have risen the last decades, the solution indicated is the renewable energy sources, field
where the wind power attracts more and more attention. In order to construct wind turbines
that reach higher level of performance and surpass civil restrictions that complicate their
realization, relocation has been suggested from land or coastal areas to open sea, a proposal
that requires stability solutions in deep water settlement. Such stability relies on a
foundation concept which would be sufficient to deal with massive overturning moments
and lateral loads, while its actualization would be compatible with economic criteria
indicating that foundation cost should not exceed a certain percentage of the total cost of
the project.

The requirements proposed are demanding and their fulfillment is based on advanced
structural and geotechnical analysis and design. The technology of bottom fixity, such as
monopile or gravity based models, that refers to offshore structure settlement may cover
the need of existing OWT at shallow waters but cannot be applied in transient or deep waters
as it exceeds the realizable economic planning. Furthermore, installation concepts applied
in existing structures settled at deep waters are relied on floating, whose capacity of
providing stability to an OWT of the scale asked is questionable. Combining the interaction
with sea bottom and the lateral cable support system that characterizes each of the
mentioned technologies, a hybrid foundation concept has been developed(Fig. 3.1). The
tower is settled on a shallow foundation that interact with the soil in touching conditions,
transferring the vertical loads and acquiring shear resistance via friction. Additionally, the
OWT is supported by a cross set up system of four prestressed cables that are attached to
the tower body and anchored at the sea bottom, providing resistance against lateral loading
and overturning moments, without the development of great displacements.
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6.2. Research Target and Results

The analysis of soil and structure interaction which is required to estimate the response of
the structure against environmental loading and the resisting mechanisms activated can be
conducted in two major simulation procedures:

e The simplified three dimensional numerical method (STDM),
e The full three dimensional numerical method (FTDM).

The simplified three dimensional numerical method is a simulation technique that replaces
the resisting action provided by the soil with springs equipped with nonlinear stress-strain
constitutive laws reflecting the highly nonlinear soil mechanical behavior. This method is
totally focused on the aspect of structural elements response, providing sufficient
information about developed displacements and stress condition, yet it cannot give any clue
of the structural influence to the soil. Although this approach relies on simplifying
assumptions not fully covering the gap between simulation and reality, plus it requires solid
theoretical background and experience in terms of geotechnical engineering, it is perfectly
fitted to the present requirements and necessities of the structural design procedure which
requires fast, economic and reliable analysis. In terms of preprocessing, the declaration of
input is simple as, apart from the elastic parameters of the soil, which are studied and
registered in vast bibliography, the post elastic behavior is defined by a perfectly plastic law
activated by excessive displacement, therefore no complicated laboratory tests are needed,
such as triaxial tests, to figure out the nature of the soil studied. Continuing to processing,
the calculation procedure is a matter of minutes in terms of time and the results output is
a matter of megabytes in terms of memory. Despite the evolution that has brought in
computational power and memory storage, these sources are still limited. In addition, in
order to perform economic valid design, a parametric study is required, implying a great
number of analyses in relatively short time. Finally, the results output is easily manipulated
as there is close focus to the structural elements, with the interference additional elements
of the simulation. Obviously, the admissions made and the simplification applied lead to
results with divergence from reality. Nevertheless, such divergence is close enough to the
reality that can be covered by the application of increment factors.

The other option of studying the project is the full three dimensional method, which aims to
model the reality the most credible way possible. The soil is modelled by three dimensional
elements which are equipped with constitutive law defining yielding due to an excessive
stress condition and with flow rule that defines the transition from the elastic to the plastic
phase. This finite multitude of elements compose a meshing body that is able to figure the
distribution of stresses, strains and displacements through the soil body, along with the
display of plastification zones. Additionally, the simulated soil interacts with the structure via
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interface elements, which are equipped with parameters that correspond to real interface
properties, allowing the tracking of nonlinear phenomena, such as separation or slipping.
Due to the superiority of the results credibility, the analysis carried out corresponds to a
serviceability limit state (SLS), where no increment factor are applied to the characteristic
values, as they would distort the actual display of the mechanisms that activate. Even if this
option provides vaster and more reliable out of the case studied, it is accompanied with a
number of major demands that renders its use rather inconvenient. Initially, in order to
exploit the capacity of simulating the nonlinear nature of soil at its full, reliable evidence of
that nature is needed, collection of which is a funds and time consuming procedure.
Afterwards, the solving process is matter of days or even weeks with large memory demands
as the output results reach the size of Gigabytes, parameters that not only allow the perform
of parametric investigation, but don’t let any mistakes or error in data declaration. Finally,
the extract of the results consists by itself a difficult procedure, as the produced output is so
vast that it can’t manipulated without data analysis routines, which require programming
knowledge and experience.

After performing both of the analysis at the studied OWT, the results are encouraging for
the reliability of the simplified soil approach, besides the safety and the serviceability of the
tower. Focusing on the guyed cable system contribution to the tower stiffness, the response
of the piles is examined at the loadcase which tends to impose the highest extracting force.
Although the mechanism that provide the required resistance demand extended analysis, as
well as the kinematics developed, the contribution to the guyed support system can be
expressed sufficiently by the displacement at the pile head. It is proven that the divergence
of the displacement estimation by the STDM to the one made by FTDM at the highest tension
value is 3.17mm(Fig. 6.1), implying that the ‘t-z and ‘p-y’ curve adoption is an excellent
choice of soil replacement. Along with the relative difference of axial forces that gives a
divergence ratio of 0.05% it is concluded that the STDM captures the stiffness of the guyed
support system close enough. Focusing on the cable attachment level, where there is strong
demand of lateral deflection constraint, the STDM indicates an overall displacement of 45
mm, while FTDM indicated a worse scenario of 250 mm. Although the difference is vast, the
absolute magnitude in relation with the one expressed at the top are an order of magnitude
lower, therefore the lateral constraint function of the cables is valid by both analysis.
Continuing to the top of the tower where the rotor is installed, the maximum displacement
given is 1534 mm by STDM, which corresponds to tilt of 0,01 rad, while FTDM estimates it
about 1340mm, forming a divergence ratio of 12%.
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On the other hand, investigating the stiffness of the tower in terms of vertical displacement,
the divergence is increased. Even if the STDM achieves to track correctly the rotation of the
slab and the additional settlement that takes place due to it, the estimation of the equivalent
vertical displacement taking place at the attachment point between the shallow footing and
the tower differs about 66% (Fig. 6.2)because the elastic perfectly plastic spring that replace
the soil cannot take into account phenomena like volume decompression and Poisson effect
that accompany soil yielding under compression at a limited area of application(Fig. 6.3).
Such data imply the need of developing curves of response that estimate the nonlinear
behavior of soil under large compressive loads including the influence of possible side
movement.

Figure 6.1 Divergence Between STDM and FTDM estimation of maximum horizontal displacement
of piles.

Figure 6.2 Divergence Between STDM and FTDM estimation of maximum vertical displacement of
shallow foundation.
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Figure 6.3 Horizontal Displacement of soil beneath the shallow foundation.

Along with the previous procedure of comparing the available methods of estimating the
response of the structure studied, which eventually validates the results output of the STDM,
there has been a complementary analysis conducted, which is performed choosing the
STDM, that focuses on the influence of the following intervention at the geometry of the
pile. This intervention is the separation between the head of the pile and the point of the
attachment of the cable by the addition of a cantilever beam. This additive structural
element exploits the distance created to generate a beneficial moment which opposes to
the action which tends to rotate and extract the pile. According to the comparison between
the versions of the pile geometry, merge of the pile head with the point of cable attachment
(NC) or separation between them (WC), this intervention has significant contribution at the
restriction of the displacements of the piles, especially at the level of their head. Specifically,
the beneficial action of the moment restricts up to 50% and 21% the lateral displacement of
the pile at the level of its head and its tip respectively, changing its kinematics from free
headed to fixed headed (Fig. 6.4). The study of the influence of such restrictions to the
superstructure actually implies that the overall stiffness of the tower isn’t significantly
changed. What is radically changed is the conditions of interaction between soil and pile.
The NC state gives a plastification zone that reaches depth of 9 meters, while the WC state
limits it down to 5 meters. The importance lying at this change is the fact that extended
yielding zones provokes interaction conditions that are very sensitive to further
displacements. According to stress and strain relations at post elastic phase, relatively small
variation of imposed loading may lead to incommensurate large displacement. Such
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displacement could be a threat to the resistance provided by the guy cable system due to
possible axial relief of the cables, implying loss of pretension force. In addition, such situation
is irreversible, which practically means that there are not options of fixing that would bring
back to the system its initial stiffness. Therefore, the addition of the beam element is vital to
reserve the standard function of the tower.

Figure 6.4  Divergence Between NCand WC states estimation of lateral displacement

Figure 6.5 Divergence Between NC and WC states estimation of plastification zone.
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Figure A. 1 SOFiSTiK Tower Deflection Qutput.
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Figure A. 2 SOFiSTiK Tower Resultants Output.
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Figure A. 3 SOFiSTiK Cable Axial Forces Output(WC State).

Figure A. 4 SOFiSTiK Lateral Deflection of pair of opposite piles Output(WC State).
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Figure A. 5 SOFiSTiK Lateral Earth Pressure Spring Force of pair of opposite piles
Output(WC State).
Figure A. 6 SOFiSTiK Shear Force Distribution of pair of opposite piles Output(WC State).
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Figure A. 7 SOFiSTiK Bending Moment Distribution of pair of opposite piles Output(WC
State).
Figure A. 8 SOFiSTiK Plastification Zone of pair of opposite piles Output(WC State).
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Figure A. 9 SOFiISTIK Vertical Deflection of pair of opposite piles Output(WC State).

Figure A. 10  SOFiSTiK Axial Force Distribution of pair of opposite piles Output(WC State).
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Figure A. 11  SOFiSTiK Earth Shaft Resistance Spring Force of pair of opposite piles Output(WC
State).

Figure A. 12  SOFiSTiK Stress Strength Ratio in terms of capacity against extrusion of pair of
opposite piles Output(WC State).
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Figure A. 13  SOFiSTiK Cable Axial Forces Output(NC State).

Figure A. 14  SOFiSTiKHorizontal Displacement of opposite pair of piles Output(NC State).
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Figure A. 15  SOFiSTiK Lateral Earth Pressure Spring Force of opposite pair of piles Output(NC
State).

Figure A. 16  SOFiSTiK Shear Force Distribution of opposite pair of piles Output(NC State).
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Figure A. 17  SOFiSTiK Bending Moment Distribution of opposite pair of piles Output(NC State).

Figure A. 18  SOFiSTiK Plastification Zone estimation of opposite pair of piles Output(NC State).
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Figure A. 19  SOFiSTiK Vertical Displacement of opposite pair of piles Output(NC State).

Figure A. 20  SOFiSTiK Axial Force Distribution of opposite pair of piles Output(NC State).
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Figure A. 21  SOFiSTiK Earth Shaft Resistance Spring Force of opposite pair of piles Output(NC
State).

Figure A. 22 SOFiSTiK Stress Strength Ratio in terms of capacity against extrusion of opposite pair
of piles Output(NC State).
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Figure A. 23 SOFiSTiK Divergence of Cable Axial Forces between NC and WC state Output.

Figure A. 24  SOFiSTiK Relative relief in terms of horizontal displacement due to cantilever

influence.

Figure A. 25  SOFiSTiK Relative relief in terms of lateral earth pressure due to cantilever influence.
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Figure A. 26 SOFiSTiK Relative relief in terms of shear force distribution due to cantilever influence.

Figure A. 27  SOFiSTiK Relative relief in terms of vertical displacement due to cantilever influence.

Figure A. 28  SOFiSTiK Relative relief in terms of shaft earth resistance due to cantilever influence.

Figure A. 29  SOFiSTIiK Relative relief in terms of axial force distribution due to cantilever influence.
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Figure A. 30 Relative Reduction of the axial force thanks to the addition of the cantilever element
according to MARC Mentat.
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Figure B. 1 FLAC3® Tower Deflection Output.
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Figure B. 2 FLAC®® Tower Resultants Output.

Figure B. 3 FLAC®P Cable Forces Resultants Output.
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Figure B. 4 FLAC3® horizontal displacement of pair of opposite piles Output.

Figure B. 5 FLAC3P vertical displacement of pair of opposite piles Output.
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Figure B. 6 FLAC3P axial force distribution of pair of opposite piles Output.

Figure B. 7 FLAC®P shear force distribution of pair of opposite piles Output.
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Figure B. 8 FLAC3® bending moments distribution of pair of opposite piles Output.
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Figure B. 9 FLAC?P pile surrounding soil horizontal kinematics.

Figure B. 10  FLAC®® pile surrounding soil horizontal(xx) stress field.
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Figure B. 11  FLAC3® pile surrounding soil vertical(zz) stress field.

Figure B. 12 FLAC?P pile interface contact status.
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Figure B. 13 FLAC3P Stress Strength ratio status of soil near piles.

Figure B. 14  FLAC3P Foundation Slab horizontal displacement output.

Figure B. 15  FLAC3® Foundation Slab vertical displacement output.
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Figure B. 16  FLAC?® soil beneath shallow foundation horizontal displacement output.

Figure B. 17  FLAC?P soil beneath shallow foundation vertical displacement output.
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Figure B. 18  FLAC3P soil beneath shallow foundation vertical (zz) stress filed output.

Figure B. 19  FLAC3P soil beneath shallow foundation plastic zone estimation output.
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Figure B. 20 FLAC®P plastification zone ranges in global aspect.

Figure B. 21  FLAC3P zzstress distribution in global aspect.
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Figure B. 22 FLAC®P xxstress distribution in global aspect.

Figure B. 23  FLAC®® xzstress distribution in global aspect.
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Figure C.1  STDM and FTDM Simulation differences in terms of tower horizontal deflection.
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Figure C. 2 STDM and FTDM Simulation differences in terms of tower vertical deflection.
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Figure C.3  STDM and FTDM Simulation differences in terms of tower rotation.
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Figure C.4  STDM and FTDM Simulation differences in terms of tower axial forces.
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Figure C.5 STDM and FTDM Simulation differences in terms of tower shear forces.
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Figure C. 6 STDM and FTDM Simulation differences in terms of tower bending moments.
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Figure C.7 STDM and FTDM Simulation differences in terms of —xcable axial force.

Figure C. 8 STDM and FTDM Simulation differences in terms of +xcable axial force.
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Figure C.9  STDM and FTDM Simulation differences in terms of -xpile horizontal displacement.

Figure C. 10 STDM and FTDM Simulation differences in terms of +xpile horizontal displacement.
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Figure C. 11 STDM and FTDM Simulation differences in terms of -xpile vertical displacement.

Figure C. 12 STDM and FTDM Simulation differences in terms of +xpile vertical displacement.
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Figure C. 13 STDM and FTDM Simulation differences in terms of -xpile axial force distribution.

Figure C. 14 STDM and FTDM Simulation differences in terms of -xpile gradient of axial force
reduction.
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Figure C. 15 STDM and FTDM Simulation differences in terms of +xpile axial force distribution.

Figure C. 16 STDM and FTDM Simulation differences in terms of -xpile shear force distribution.
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Figure C. 17 STDM and FTDM Simulation differences in terms of +xpile shear force distribution.

Figure C. 18  STDM and FTDM Simulation differences in terms of -xpile bending moment distribution.
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Figure C. 19  STDM and FTDM Simulation differences in terms of +xpile bending moment distribution.
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Rotor’s Functional Characteristics

Number of Blades

Rotor Diameter, D

Hub Height, Hp

Cut in, Cut out Wind Speed

Cut-in, Cut Out Rated Rotor Speed

Rotor and Nacelle Mass, mnr

Table A. 1

Rotor’s Functional Characteristic.

Tower Cross Section Review

Tower Height ,H:

Tower Diameter ,Dy/

thickness, to(up to 75 m height)

Tower Diameter, D/
thickness, t: (top)
Modulus of Elasticity, E

Material Specific Weight, y

Tower mass, mt

Table A. 2

Tower Cross Section Review.

Structural Properties of single strand

Material

Modulus of Elasticity(MPa)

Poisson’s Ratio

Specific Weight(kN/m3)

Cross Sectional Area (mm?)

Strand Ultimate Breaking Strength(kN)

Table A. 3

Structure Properties of prestressed cables.
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3
1404 m
100.0 m
4 m/s, 25m/s
5.27 rpm,12.19 rpm
400tn

150m
6.0m/

30 mm
3.6m/

21 mm
240 Gpa
78.5 kN/m3
578 tn

Steel
1700
0.2

78.5
11677.4
17516
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Soil’s Estimated Properties
Granulometry Entry Clay
Submerged Specific Weight [kN/m?3] 10
Undrained Shear Strength [kPa] 60
Poisson’s Ratio[-] 0.49
Initial Elastic Modulus[kPa] 108000
Internal Friction Angle [°] 0
Tensile Strength [kPa] 0
Table A. 4 Soil’s Estimated Properties.
Shallow Foundation Vertical Capacity
Total Interacting Surface(m? Soil’s Ultimate Ultimate Foundation Vertical Capacity(kN)
Vertical Stress Capacity(kPa)
154 308.4 47474
Table A. 5 Shallow Foundation Vertical Capacity.
Pile Cross Section Properties
Material Steel
Cross Section Circular Hollow
Area (m?) 0.1568
Bending Stiffness (kN*m?) 1.024e8
Table A. 6 Pile Cross Section Properties.
Pile Shaft Resistance Properties
ey et Reductive Interface Shear Shaft Surface(m?) Total Friction Force (kN)
Factor(API) Resistance(kPa)
36 0.875 31.5 7.854 11133.01897

Table A. 7 Pile Shaft Resistance Properties.
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Dead load of allocation of piles
Material Cross Sectional Area(m?) Total Volume(m3) Total Weight(kN) Contribute at
Total Weight(%)
Steel 1.23 27.20 1905.8 31.52
Encased Clay 18.85 414.86 4139.6 68.48
Total 20.09 442.06 6045.44 100

Table A. 8 Dead Load Allocation of Piles.
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Geometrical Properties(SOFiSTiK Simulation)
Piles
Shape Diameter Thickness (m)  Area (m?) Moment of Inertia
(m) (m?)
Tubular 5 0.08 1.2365 3.742
Tower (bottom to middle height)
Shape Diameter Thickness (m)  Area (m?) Moment of Inertia
(m) (m?)
Tubular 6 0.03 0.56266 1.2628
Tower (top)
Shape Diameter Thickness (m)  Area (m?) Moment of Inertia
(m) (m?)
Tubular 3.6 0.021 0.23612 0.19070
Cable
Shape Diameter Thickness (m)  Area (m?) Moment of Inertia
(m) (m*)
Circular 14 - 0.0467 -
Shallow Foundation (inner circle)
Shape Diameter(m) Thickness(m) Area (m?) Volume (m?3)
Cylinder 6 2 28.274 56.549
Shallow Foundation (external annular)
Shape Casing Tubing Thickness(m) Area(m?) Volume(m
Diameter(m) Diameter(m) 3)
Annular 14 6 1 125.66 125.66
Table B. 1 SOFiSTiK Simulation declared structural geometrical properties.
Material Properties(SOFISTIK Simulation)
Structural Elastic Modulus Poisson Yielding Specific Weight Pretension
Element (kPa) Ratio Stress (kN/m?3) (kPa)
() (kPa)
Pile 2.1e8 0.2 15e5 68.5 -
Tower 2.1e8 0.2 15e5 78.5 -
Cable 1.7e8 0.2 15e5 78.5 7100
Shallow 2.1e8 0.2 15e5 68.5 -
Foundation
Table B. 2 SOFiSTiK Simulation declared material properties.
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Shallow Foundation Elastic Support

Elastic Constant normal to surface (Kn/m?3)

Elastic Constant Tangential to Surface (Kn/m3)

Maximum Tensile stress of interface (kPa)

Maximum Compression stress of interface (kPa)

Table B. 3
Windload+
Height(m) Horizontal
displacement(mm)
0 -1.825
41 -42.373
75 30.897
150 1325.858
Table B. 4
Windload+
Height(m) Axial Forces(kN)
0 -30771.1
41 -28961.1
75 -6272.3
150 -4000
Table B. 5
Windload+Waveload+
Height(m) xdisplacement(mm)
0 0.404
41 13.069
75 53.915
150 1225.857

Table B. 6

Vertical

displacement(mm)

0.843

11.201

19.318

24.061

SOFiSTiK Simulation Shallow Foundation Bedding Elastic Support.

rotation(rad)

-0.000656
-0.000832
0.010924

0.053034

Windload+ Tower Deflection SOFiSTiK Analysis Output.
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602578
10000
0
308.4
tilt(-)

-0.0121667e-03

-0.832e-3

-0.279713e-3

8.662273e-3

Shear Forces(kN) Bending Moments(kN*m)

2488.09
2488.09
-1980
-1980

zdisplacement(mm)

0.538
10.891
19.004
23.747

Windload+ Tower Resultants SOFiSTiK Analysis Output.

rotation(rad)
0.000128
0.000494
0.007512
0.049754

Windload+Waveload+ Tower Deflection SOFiSTiK Analysis Output.

-52019.54
49942.27
148500

0

Tilt(-)
0.00269333e-03
0.494e-03
0.08548¢-03
8.006533e-3
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Windload+Waveload+
Height(m) Axial Forces(kN) Shear Forces(kN) Bending Moments(kN*m)
0 -30756.9 -619.02 15059.82
41 -28946.9 4110.98 -10307.62
75 -6272.3 -1980 148500
150 -4000 -1980 0
Table B. 7 Windload+Waveload+ Tower Resultants SOFiSTiK Analysis Output.
Windload+Waveload-
Height(m) xdisplacement(mm) zdisplacement(mm) rotation(rad) Tilt(-)
0 -4.37 8.539 -0.007398 -0.0291e-03
41 -145.338 18.444 -0.001452 -1.452e-3
75 -4.857 26.186 0.0171 -0.96408e-03
150 1514.423 30.929 0.059016 9.899433e-03
Table B. 8 Windload+Waveload- Tower Deflection SOFiSTiK Analysis Output.
Windload+Waveload-
Height(m) Axial Shear Bending Moments(kN*m)
Forces(kN) Forces(kN)
0 -29464.6 4821.02 -58632.28
41 -27654.5 91.02 138933.25
75 -6272.3 -1980 148500
150 -4000 -1980 0
Table B. 9 Windload+Waveload- Tower Resultants SOFiSTiK Analysis Output.
Geometric Properties(MARC MENTAT Simulation)
Element Type Thickness(m)
Soil Three Dimensional Solid Element )
Pile Cap Three Dimensional Shell Element 1
Pile Cantilever Beam Three Dimensional Shell Element 1
Pile Hollow Cylinder Three Dimensional Shell Element 0.08

Table B. 10
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MARC Mentat Simulation declared geometric properties.
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Material Properties(MARC MENTAT Simulation)
Structural Element  Material Specific Elastic Poisson Plasticity Yield Stress
Weight(kN/m3) Modulus(kPa)  Ration(-) (kPa)
Soil Clay 10 108000 0.49 60
Pile Cap Structural
Steel 78.5 2.1e8 0.2 -
Pile Cantilever  Structural
Beam Steel 78.5 2.1e8 0.2 -
Pile Hollow  Structural
Cylinder Steel 78.5 2.1e8 0.2 -
Table B. 11 MARC Mentat Simulation declared material properties.
Clay and Steel Interface Parameters(Touching Conditions)*
Normal Shear Stiffness(kN/m3)  Ultimate Tension Ultimate Slip Limit(kPa)
Stiffness(kN/m3)* Limit(kPa)*
oo 1000 0 36
Table B. 12 MARC Mentat Simulation declared interface properties.
Material Properties of three dimensional elements(FLAC3P Simulation)
Modulus Elasticity ~ Poisson Ratio  Specific Weight Cohesion  Friction angle  Tension
(kPa) (-) (kN/m?) (kPa) (°) (kPa)
Clay 1.08e5 0.49 10 60 0 0
Structural
Steel 2.69e7 0.20 13.74 - - -

Table B. 13 FLAC®® Simulation declared material properties of three dimensional elements.

Material Properties of superstructure elements(FLAC3P Simulation)

Structural Element Elastic Modulus Poisson Ratio Specific Weight Ultimate Breaking Force (kN)

(kPa) () (kN/m?)
Tower 2.1e8 0.2 78.5 -
Cables 1.7e8 0.2 78.5 70064
Shallow Foundation 2.1e8 0.2 65 -

Table B. 14 FLAC®P Simulation declared material properties of superstructure elements.
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Interface Elements Parameters
Normal Normal Detachment Stress(kPa) Shear Cohesion (kPa)
Stiffness(kN/m3) Stiffness(kN/m?3)
le7 1 le7 60

Table B. 15 FLAC3P Simulation declared interaction parameters of interfaces.
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