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MepiAnyn

2tn StatpBn autn eéetdotnke n anodotikotnta Stddopwv TUTTWY
evioxuong g omng avBpwmobupidag xaAUBSWWVY KUALVEPLKWY
TUAWVWVY OVEHOYEVVNTPLWY. H Tmapoucia autig¢ NG OTNG
TIPOKOAEL OUYKEVIPWON TOACEWV KOL HELWWVEL ONUOVILKA TNV
ovVToxn TOou TWAwva. Xtnv mpaén xpnolpormolouvtal Stdadopot
TUTIOL EVIOXUOEWV TOU KeEAUGOUC OTnNV TEPLOXN TNG OMNG, UE
OTOXO TNV avénon TNG avIoxng Tou MUAwWVA.

2ta mAaiola autng TG StatplPng emxelpndnke va StaheukavOet:
(a) mowa popdn evioxuong amod AUTEG TOU Xpnotpomololvral
otnv mpaén n mpoteivovtal otn PBiBAloypadia eivar n mio
amodotikn, (B) moleg eival oL amaltoUpeVEC OLOOTACEL TWV
EVIOXUOEWY, WOTE VO EMITUYXAVETOL QMOOEKT) OvVTOX Tou
nuAwva. H Stepeuvnon tou TPOPANUOTOC TIPAYLOTOTOLNBNKE e
TIELPOAUOTIKEG KoL aplOpNTIKEG peBOdouG, evw akoAouBrnOnke
aflohoynon OAwv TwV TPOTEWOUEVWY amd To EN1993-1.6

Abstract

Objective of this thesis was to study the efficiency of various
practical stiffening schemes for the manhole cutout of cylindrical
wind turbine steel towers. The presence of this cutout induces
stress concentrations in the steel shell and reduces significantly
the strength of the tower. In practice, several stiffening types are
used in the cutout area, in order to recover the tower strength
loss.

In the present thesis, solutions to the following issues were
sought: (i) which stiffening type, among those that are used in
practice or proposed in the literature, is the most efficient, (ii)
which are the necessary dimensions of the stiffeners in order to
achieve acceptable levels of strength for the tower. The
investigation of this problem was carried out using a combined
experimental and numerical approach. An evaluation of the
existing numerical methodologies recommended in EN1993-1.6
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To puoiko npoBAnpa
The physical problem

H mapoucia tng avBpwmobupidag mpokaAel ocuykévipwon tAcewv, aufdavel tnv gualoBnoia tou
KeEAUDOUC €vavTl TOTILKOU AuylopoU Kol PELWVEL TNV avtoxn Tou muAwva. H Tomikrn evioxuon tou
keAUPOUC yivetal pue S1ddopoug TPOTIOUC WOTE VA ATOKATAOTAOEL N AMWAELD AVTOXI G TOU.

The presence of the manhole cutout produces stress concentrations, increases the sensitivity of the
shell to local buckling and reduces the strength of the tower. In order to recover the shell’s strength
loss, the cutout area is stiffened using various alternative stiffening schemes.

peBodoloylwv  aplBuntikig availuon¢ Kol  Tpotadnkav
TIPWTOTUTIEG OLASIKACLEG EKEL OTIOU OL UTIAPXOUCEC UOTEPOUV.

was performed and new procedures were recommended, where
the available ones were proved to be insufficient.

Ma TG TMEPAUATIKEG SOKLUEG YxpnolomoOnkav cuVoAlkd €L
SoKipla  TOU  QVTLOTOLYOUV  O€  TIPAYUOTLKOUG  TIUAWVEG
OVEHOYEVVNTPLWV WE TPOC TN Auynpotnta Tou KEAUDOUC Kal TLG
OlaoTAoELG TNG OMAC KAl TNG evioxuong, o€ KAlpoka 1:10.
EmutAéov,  emAUONKav  TIPOCOUOLWHATO  TIEMEPACUEVWV
oTolelwyv, ota ormola eAappdavero umoPn N YEWUETIPIKA KN
VPOUULKOTNTA, TNV OVEAOOTIKOTNTA TOU UALKOU, TIC QPXLKEG
OTEAELEC Kal To dalwvopeva emadnC HETAEL KOYALWV Kol among tower parts were also simulated. The numerical results
Saktuliwv otig ouvdéoelg (avaAuoelc GMNA kat GMNIA), kat were calibrated by means of comparison with experimental ones.
nuotonowBnkav  p€ow  OUYKPLONG HME  TO  TIELPOOTLKA Finally, extensive numerical parametric investigations were
anoteAéopata.  TEAOG,  MPOYUATOTMOLRNONKOY  EKTETOUEVEG carried out, in order to evaluate the efficiency of alternative
aplOUNTIKEG OlEPEUVNOELG, HE OKOTO TNV afloAdynon 1Ing stiffening schemes of the manhole area and to formulate design
anodotikotntag Sladopwv popdwv evioxuong tng OMAG KoL TN recommendations.

Sdlatunmwon cuoTAcEWV OXESLOOHOU.

For the experimental tests, six specimens were manufactured in
scale 1:10 and tested. These corresponded to modern wind
turbine towers in terms of shell slenderness as well as opening
and stiffening dimensions. Moreover, finite element models were
analyzed, taking into account geometric nonlinearity, material
inelasticity, initial imperfections (GMNA and GMNIA). Contact
interactions between bolts and ring flanges at the connections

Newpapatikn dwatagn. Ta ££€L melpapatika dokipa (2
XwpIlc omn, 2 UE UN EVIOXUMEVN OMN Kal 2 e
EVIOXUMEVN Om) MaktwOnkov oto mAaiolo SOKLUwWV
HECW EVOG KOXALWTOU EAACHATOC LEYAAOU TIAXOUG KoL
uTtoBARBNKav Og EYKAPOLA LETOTOTILON OTO AKPO.

Experimental set-up. The six cantilever specimens (2
without cutout, 2 with unreinforced cutout and 2
with reinforced cutout) were clamped on the testing
frame through a thick bolted plate and subjected to a
transverse displacement at the edge.
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AplOUNTIKA TTPOCOHOLWHLATA YLOL TAL TIELPOUATIKA SoKipa. Kataokeudotnkav U0 MPOCOUOLWHOTO YL
TOV UTTOAOYLOUO XOPOAKTNPLOTIKWY OPOUWY LOOPPOTILOG KL OVTIOTOLXWY EVTACEWV KAl TIOUPAUOPPWOEWV.
To éva adopouoe HEPOC TOU TAALCLOU Tou oTthpPLle ta Sokipla koL To devutepo ta Sla Tt Sokipta.
EANdOnoav umoyn o6Aa ta dawvopeva emadpng HETaEl SAKTUALWY KoL KOXALWV KOOWCE KAl N YEWUETPLKN
UN YPOUULKOTNTA KOl N AVEAQCTLKOTNTA TOU UALKOU.

Xapaktnplotikol dpopol Looppormiag. Mepapatikol kot aplOuntikol dpopol wwoppormiag yla keEAUdn xwpic omn (Block 12), keAUdN pe un
evioxupévn onn (Block 14) kat keAudn pe evioxupévn onn (Block 16). NpaypatonoltiOnkav Tpelg aplOunTikéG avaAloeLs e tpla StadopeTika
enineda akpiPelag avaloya pe 1o €av eAndOnoav umtoPn eAAOTIKEC OCUVOPLOKEC ouVONKeS Kat datvopeva enadnc (eninedo 3), MAKTWON OTO
ouvopo Kot patvopeva enadnc (enimedo 2) R maktwon kot kaBoAou datvopeva enadn (emimedo 1).

Numerical simulation models. Two numerical models have been built in order to evaluate characteristic
load-displacement curves and corresponding stresses and deformations. The first modeled a portion of
the testing frame supporting the specimens and the second the specimens themselves. All interaction
phenomena were included as well as geometric nonlinearity and material inelasticity.

Load-Displacement Curves. Experimental and numerical load-displacement curves for shells without cutout (Block 12), shells with
unreinforced cutout (Block 14) and shells with reinforced cutout (Block 16). Three numerical analyses were performed with different levels of
accuracy depending on the assumptions that were considered, namely, elastic boundary conditions and contact interaction simulation (level
3), fixed boundary conditions and contact simulation (level 2) or fixed boundary conditions and no contact simulation (level 1).

Mopdég napapopdwong. (i) kEAudpoc pe pn evioxupévn omn, (ii)
KEAUPOC pe evioxupévn omn (Stapnkn eAdopata mAdtoug 175mm
kat SaktUAlog, A/A,=1.0), (iii) kéAudog pe evioxupévn omA
() (dtapnkn eddopata mAatoug 175mm kot daktuAtog, A/A,=1.8).

i

A=gpBadov evioxuong, A,=eppadov omng

Failure patterns (modes). (i) shell with unreinforced cutout, (ii)
shell with reinforced cutout (two stringers 175mm width and a
ring, A/A,=1.0), (iii) shell with reinforced cutout (two stringers
175mm width and a ring, A/A,=1.8).

A=stiffeners’ cross-section area, A,=cutout area

Tunol evioxuong nou g§etaotnkav. (i) mepLUETPLKO TAaLolo, (ii) Vo Stapnkn eAdcpata kat SaktuAlog, (iii) Vo Stapunkn
eAdopata kat SaktuAlog kat eva mAaiolo, (iv) Vo dlapnkn eAacpoata kot SaktuAlog, éva Aaiolo Kal veupwaoels. OL mLo
oUVOeteg evioxuoelg (iii, iv) SlamotwOnke OTL eV TTAEOVEKTOUV £VAVTL TWV TILO ATIAWV EVIOXUOEWV (i, ii).

Stiffening types examined. (i) peripheral frame, (ii) two stringers and a ring, (iii) two stringers, a frame and a ring, (iv) two
stringers, a frame, a ring and comb stiffeners. More complex stiffening types (iii, iv) were not found to be more
advantageous than the simpler ones (i, ii).
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Design Recommendations. Appropriate
stiffener cross-section areas [3] were
recommended in order to achieve the
strength of the shell without cutout (e.g.
the normative strength of EN1993-1.6).
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Experimental and corresponding numerical post-collapse deformation patterns
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