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1. SUMMARY

ii:$i1ffi1,xTil;i,"-T: lasic features of the design and the construcion of a group ofortrre.,aeorianil;,"#;#TJi:;'J'.1ffiil:::;11._::::::t;;;;;;;
rt 1,d. ;; ;;bii6, o ̂ m owner " i ;il ;;# il1f :*;;",:"Hig^rf,{ffiMOAAON AAKANIA: e f.,, anA * Or";J.i."nrractor is <<EKME A.E.>.

2.INTRODUCTION

The structurar desisn of the project concems ,h: 
*".J towers and their foundation (Fig. 1a).The manufactu.". .otnpuny ,<sbNus t;"* 

ryf1ias designed ,t" .o-ro., the blades andat rhe equipment includedir ,rr. 
""lir.l;-# as the various ancilraries [2].All units of rhe group are identicar, r,"J"g 

" 
tr,t." bil;;";;;;;i;;;". rotor of I Mwcapacfiv, mounted upwind or the tower.'^it J utuo., 

".. 
;ffi-;;iT".gru., reinforcedporyester and are fixed on pirched b*ri;;; that can b. ;;;;"nu. a, shutdownpu{poses, in order to atow fine-*rffffi;L3g* p"r.rl"Jr.arice ttre rotor roadsunder extreme wind conditions. n.-."r, ,i"ft i. lod ;;; il;;" ..*ron supporrs

i#il:Ti',1l,iffifi,ffi lllffi j:ffiiltr.5*anoptim-um,*",i.."iu"ndingmoments
The tubular tower has a total heighi ,f ;;:,;';^and is formed as a truncated cone, with an;:l',ffliTil:::::l #i: .:l ,fi; ;;:'i"i|,io^ 

", ,r," i"p "ir,'.1'o'#",. 
,, divided roreach'otherd;;;fi "!ilrfff.l;ff 

'f; ,,T;[,.".ji::'#f m:ru::;n*lthe inner side of the .rr"1 
ry""ir1l;;;;;::1, and mainrenance of the borts. A sim'arconfiguration is performed at^the joiir u.i*."" ,rr. top flange and the yaw,ng. whire thebottom flange is fixed to^the ryffirii"o",i,lurd;"r;;;;ffit* 7), ananged,rn nlro concentric circles on both sides ofthe"sletilu..o.Aing to [3]).
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The shell thickness ranges from 18mm at the base to 10mm at the top. All welds are full

penetration butt welds of high quality, in order to meet the strict requirements of the

iatigue assessment. fhe altoriabte fabrication tolerances of the plates are of the excellent

quality class (A), due to the critical role of local buckling for the determination of the shell

thickness. For the same reason. internal stiffening rings have been foreseen every 3'025m

(Fig. 8).

Figure 1: Strucrure ct)nt-rsuration (a) and computer models (b'c'd)

The opening of the door has full} Ir)unded cornels and is reinforced by the frame and extra

vertical stiffeners rn o.J.. to ctrunterbalance the effect of the local concentration of

stresses. The ascent to the tLr$'er is intemal b1- means of aluminum ladders' which are

intemrpted every 6,05m b1' plattirrms. n.rade of wood panels bolted on every second

stiffening ring.
The foundatron conslsts of a circular slab iboting of diameter 13'5.0m, and thickness

1 , 3 0 m ' T h e c y l i n d r i c a l p e d e s t a l a t t h e c e n t e l o n r v h i c h t h e t o w e r i s a n c h o r e d , h a s a
diameter of 4,00m and height i.6-lm tFig lat'

3. MODELING AND ANALYSIS OF THE STRI CTURE

The structural desrgn was based on Finite Element .ha11'sis by application of linear or

non-linear elastic materiul und g.o-.tricai la$'s as appropriate. For this pulpose the FEA

soffware StrandT *u, ,r.ld, in parallel *'ith equivalenisimplified models computed by the

progru. STATIK_3 iHg- iA; in order to confirl the reliabiliry and accuracy of the results.

Two different FE modeis were exumi.red. for the purpose of evaluating the soil-strucfure

interaction to the statrc und dy1lu-i. behavior of the tower' Both models describe
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thoroughh'rhe tor.l'er seometry (stiffening rings, flanges, door stiffeners etc) rn crrd;:::take account ofthe local stress concentrations.
The first model where the Linear Elastic Aualysis was used, considers the tou.er clan:pc:on its base and it is consisting of 520g 4-node sleil elements inig ru;.
In the second case' an overall model for the shell and the foundition'was fbrmed. in * l::::the foundation was described by 3270 hexahedral and tetrahedral brick elemer..."
elastically supported on the ground bymeans of unilateral contact (att. t.l The soluiitr:of this model demanded the use of material non-linearify algorithms irr! to trr" existence 

"---the above special elements.
Both models were also investigated at a next stage for geometrically nonlinear condirionsin order to evaluate the impact of 2nd order effeJts. Die to trr. uJ.q*t. stitlhess of th:shell and the rocky sub-ground, the participation of the non-linearities and the soil-structure interaction to the totar strain was found to be less than 2olo.
The buckling analysis to the sheil was based on the stress design oi t10l {s8.5} An efibnto check the structure according to the direct approach p.o..i.r.", or t'ss.al of the aborecode. was practically an impasse. As a matter of fact the iesults of such an analyrls are 'ensensitive to the discretization of the model and the buckling puru-.t.rr-ui"or"a-r)l'i
Given.the poor bibliographic references at the present, our estimation is that this tlpe ofanalysis should be for a first investigation ratherihan foi the design ofthe structure.

4. GEOTECHNICAL DATA

According to the Geotechnical Survey, the site consists of limestone and dolomite withrandom carsic voids. At least one borehole was drilled under every rounaation site.It is noted that due to the engineering wise preeminently elastic nature of the rock, thestatic and the dynamic properties being praciically ideniical, one characteristic value toeach parameter will always suffice for desrgn purposes.

5. LOADINGS - LOAD COMBINATIONS

The basic loads considered for the design of the tower were the self-weight of theelements, the wind and the earthquake.

Wind Ioads
F9r 

Jhe 91te of the project, the reference wind speed was taken as v,.536,00 m/s, asstipulated by [6] for the islands and a coastal ,orre of 1 0 km from the sea. The effects of thewind actions on the blades and the nacelle of the rotor were provided by the suppliercompany (BONUS) based on valid European codes (61 & iro ot+00; and specialaeroelastic tests' The values are related to the actual natural frequencies of the tower andthe blades vr:0,60 Hz and,v2:J.,35 Hz respectively.
The wind load cases for the design of the strucfure are determined by the combination ofspecific extemal and operating conditions. A number of sifuations is investrgated, such aswind gust (annual or maximum), changes in wind direction, extreme inlruence from theconsumer, grid failure andlor loss of load, fault in the controi or the safety system etc. Allthese factors adequately associated together according to the codes, produce threefundamental loading groups the most u-nfavorable or rrlirictryu, p.ou.a to be a semi_persistent/accidentai case, having the following characteristics:

o operating conditions: Faurfy - incidents ofshort period recurrence
r Extemal conditions: v."536,0 m,/s, Rotor loads: F*,o:2g2 kN / M*.o :997 kNm

P
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Alongw i th theabove loads -wh icha reapp l i ed to the ro to rcen te r ,ad i s t r i bu tedw ind
pressure p*(2,0) i, p..to.-.J over the heigli and the circumference of tower, according to

[6] as shown in Fig. 2.

Figure2:Winddistributionovertheheightandthecircumferenceoftheshell

Finallythetower,beingarelatir 'el,vslenderStructurewascheckedforvorlexexcitation,
orruffing, galloping and interference effects during crosswind oscillation'

Fatigue loads
A l though the fa t i guecheck i s i nd i f f e ren t fo r theshe l l p l a teand f l angedes ign , i t hasa
significant impact to trre iormation and qualiry of the connections ($'elds and bolting)'

The operational wind l"J;;;;;m-provrded bv {BONUS} is defined bv the Rain-flow

method for the anticipated hlfetime of the structur. 1i:zo years). .The 
operationai loads at

the rotor axis depend 
"p"" 

,ir. nt"aamental eigenieqrrency of the tou-er along rvith the

relevant number of stress cycles and the mean wrnd veiocities' It is worthy to point out the

governing role of tfte posiilon of the natural frequency of the structure (v1:0'60 Hz) in

relation with the neighUffi frequencies of rotor ixcitation (v,:0:0,37 Hz & v'3':0'73 Hz)

[2]  (F ig.3) .

Figure 3: Evaluation ofoperational loads [15]

Seiimic loads
The seismic analysis of the structure was based on a Spectral Response Analysis which

was performed accorahg;,h-; C;:, [4]. For the specific structure, the magnitude of the

maxlmum stresses were about 60o% compared wiitr the ones developed by the wind

loading,mainlybecauseseismicdataarepropitiousfortheregion(Seismiczonell,rocky
soil) in contrast with the wind data for the same reglon'

6. DESIGN

ThetowerwasdesignedagainstthefollowinglimitStates[10]:

s.f)tt+!+q1%
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l :  LSI :Plast ic  L imi t  State
2: LS3: Buckling Limit State
3: LS4: Fatigue Limit State
4: Serviceabiliry Limit State
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Figure 4: von Mises stress distribution on door position

A Fortran program was developed by the authors based on strandT results (Fig. 4).performing the verification of the structure according to ttre cooes fs-i01. srr.1 thicknesswas optimized by several runs in order to obtain thi best desigrVresistance ratio (Fig. g).
For the lower part of the tower LSr is dominant, while in the ipper pu., t_s: is the mostsignificant with remarkable participation of compressive circumferencial stress nearstiffening rings.
For the design of the flan-eed 

_connections (rings, borts and anchors), specral detailedmodels were used (Fi-s. 5). where the two connected parls were described by finiteelements connected to each other by unilateral contact. Bolts and anchors were modeled ascable 
. elements subjected to the prestress forces. Two failure mechanisms wereinvestigated, with and without the preioading forces and the results were used for LS I andLS4.

f ' r I
L - l

f i t
f - j

l1l

Figure 5: Middle flange model

7. FOUNDATION

As expected, a complex stress state is developed in the foundation slab and pedestalresulting from the loads coming from the tower, and the prestressed anchor bolts. For this

I r n
L - f ,

t6 l

t-t
t8l
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purpose, a detailed brick element model was developed (Fig' 6)' in which the anchor

system was tully represented' Due to the syrnmetry 
"ttn: 

t^i{t:g 
?"d,'ht 

sffucture' only

the half body of the tourrJation is described, consisted of 3360 brick elements that is' the

concrete, thef langesandthenon-shr inkmortar(Emaco).Theconnect ionbetweenthe
elements and the support to the ground u'as realized via unilateral contact elements' The

prestressed anchors were rnodeleias cable elements connecting the steel flanges'

'"#,
,  i  \ _
, .  r - \ ,  '

Figure 6: d: stress distribution or er the tbundatitrn model

8. CONCLUSIONS

The main conclusions of the performed analysis. are the follo*'ing:

a) The use of a slmpurrJliinear static model is sufficient for the calculation of the basic

responseandtheeige, 'va luesof thestructure 'butnot for theLlsdesigrr .becausel t
neglects the local stress concentratlons'

b) The calculation *gJ;;;;;tii"g u*rvrir of the shell inserts a high ler el of ambiguitl.
"' 

il;;;;;itr, gi'o.i the p"resent status of the relevant Eurocodes'

c) The extreme wind is;;.;;;;i;;;"combinatron.for.the design of the strucrure in this

speci f iccase.The," i , - l .designcouldbe-cr i t ica lwhenconstruct inginaseisrn ical l l .
hazardous ureu 1ro,tt 

^iI 

"t 
fVl, i*uy ftom the coastal zone' in a medium or soft soil'

d) For the fatigue a.*ign, trr. Jpu-ic characteristics of the structufe are critical.
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ANAAYTH KAI XXEAIAXMOX XAAYBAINON IIYPION yyOyX 44m
ANEMOIENNHTPIAN 1 MW XTO KAAOIEPOBOYNI AAKONIAI
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Aproror6),ero llovezrrool pLro @eoool"ovircrl g, GR- 54006 @eoool,ovircn
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Epyooulpro xrotrrcrlg ror Auvoprrrlg trov Kotooreurbv, Tpqpo rlo],rnrrirv Mrlxo,vrrrbv

Aptototfl.ero llovenroulpto @eo'oo,)"ovirqg, GR-54006 @eooal.ovircl

X. K. Mnavrot6noul,oq
Epyooulpro Meto)")"rrrbv Ko.ruorceucitv, Tpnps llo),ttrrcrbv Mqlavrrcrbv
Aprorotdl"ero llovenrot(pro @eooo),oviKrlq, GR-54006 @eoool"ovinl

IIEPIAHYH

xolv epyooio out( nopouord,(ovtc,r oprop6vo Boorrd ororleia, tov oxeSwopou
ruzronorqtrr6vqq oerpdg peto),),rrcrbv rnipyorv riyooq 44 m cwepoyewrlrprog roSiog 1 MW, or
onoior ozrotel.ofv tqv zrprbtq opd6o. oto Arol"rrco6 ll&prcou nou npoBl.6zlrror vo.
Kd,ro,oKrDo,orei oro Kcrl,oyepoBofvr Aorroviog oe r_ry6petpo 800-1050 m.
o nupyog 6xer rcu)"w8pucn pop<pn pe peroBl"qol 8rotoprl e.30-2.00 m) rcor pet*Bl"r1r6
nuyog rotyastotog rcc,o' 6yoq, eivor 6e rorsorceusopfvoq on6 ldruBo [5355 J2G3]. To
ouvol.rrc6 tov r5yoq eivat 44.075 m. H ouvo),rrcr1 p6(o tov ouoolpotog p6topo -nrepuyiorv
eivor 69.1 t p€ srcKwrp6rqrcr 0.5 m r'lq zrpog tov rcotorc6pu<po ri(ovo rou znlpyoo. fro
l"6youq peru,rpopdg rcrt uv6yepor'1q, o rnipyog u,notel"eitor o,n6 6uo tprlpcrta 19.30 rcor
24.775 m ouvoppol"oyoripwo oro epyord(ro pe 6ur)"6 6orc6l"ro (rp),riw(o) rcor n),r1porq
npoevtetu,p6voug rco/,ieg. o rupyoq o.yrcupcbvetor oto <pop6o, fl1q 0epLel.iroorlg pe 6url"r.1
oerpd peprrcbg zrpowretap6vorv gyrcupiov, aortorpLfvrov ps rrlv Bor.10ero sv6g
eyrcrBouotrrevou 1ol.6p6rvou 6srrul"iou. fro, o1v crwrperrbnroq rou ronrrof lvyrcpof 6xouv
npoB).erp0ei eoorteprrcoi 6srr6l"ror ava 3.025 m ro0' riyoq. H r6pu enuror.qoq rlg
rcrtooreuqq npotpyetat on6 n1 q6ptrorl tov ov6poo Trou ov.rlorolxsi oe pcyroql ijoLySrrp;a
ovnrpopd,q Vreee :36.00 mls (EC 1-2-4).
o owroeroprr6q unol"oyrop6q 6ywe pr rnv buvopnrcr1 rpootrronrcrl p60o6o. o 6l"ey1oq oe
r6ncoor] npoyporozroulorFe yto oepd roo8uvdpcov oru,orcrirv <popricov wo Trou
ovtrororlodv oe rgxriqteq ov6pou 6 - 26 ntls (p60o6oq Rain-flow). fro u.1v npooopoio:or1
rcor otu,flKll avdxuorl rov mipyou lpqorponoqorlro,v 66o povr6)"o nenepuo.p6vcov
otorleirov (pe 5208 enrqweio,rcci 4-ropBo otorleic rcexf<poug Kor pe 3270 e(6e6po rcor
tetpde8po brick elements pe el,ou1purrcr1 otr'1p(q ent toy e66poug ps ouv0rFeq
pov6n),eupr1q enorprlq ovdororlo). H 8ruotoorol,6ynor rng rcorooreorlg 6ywe otprgcovo pi
tov EC3-1-6. oq rcupioppl <p6ptrc'q otqv 6raotooro),6yqor1 rov relf<poug crvo,6ei10qra11
ovepo<p6pnor1, ev6 11 fvtooq tou oeroporS npo6rcurye nepinoo ra:.trl 40%o prrcp6tepr.1 ar.rulq
tov crv€pou. H epyo,oio ol"orl"rlprbvetar pe tr1v lrupouoioorl oprop6vrov ro,toorcruo,otrrccbv
l"entotr-Leperrbv, fl6 ornv tel,eutoio ropdyporpo ovo,nrfooovtcrr ouvorurcd ro
ouprcpdopoto nou npo6ruycrv on6 tqv ercn6vr1or1 tqg ncpofoa,g pe1.6qg.
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