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1. SUMMARY

altitude of 800-1050 m. Owner of the project is the company «AAQA AIOAIKH
MOAAON AAKONIAY A.E.» and the project contractor is «EKME A.E.».

2. INTRODUCTION

The structural design of the project concerns the stee] towers and their foundation (Fig. 1a).
The manufacturer company «BONUS Energy A/Sy has designed the rotor, the blades and

symmetrically located around the tower axis for an optimum transfer of bending moments
to the yaw system and the steel under-structure.

The tubular tower has a total height of 44,075m and is formed as a truncated cone, with an
external diameter of 3,30m at the base and 2,10m at the top. The tower is divided for
transport purposes in two parts, erected on site in succession. The sections are connected

configuration is performed at the joint between the top flange and the yaw ring, while the |
bottom flange is fixed to the foundation by partially prestressed anchors (Fig. 7), arranged
in two concentric circles on both sides of the shell (according to [3D).
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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
fatigue assessment. The allowable 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).
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Figure 1: Structure configuration (a) and computer models (b,c,d)

The opening of the door has fully rounded corners and is reinforced by the frame and exfra
vertical stiffeners in order to counterbalance the effect of the local concentration of
stresses. The ascent to the tower is internal by means of aluminum ladders, which are
interrupted every 6,05m by platforms, made of wood panels bolted on every second
stiffening ring.

The foundation consists of a circular slab footing of diameter 13.50m, and thickness
1,30m. The cylindrical pedestal at the center on which the tower is anchored, has a
diameter of 4,00m and height 1.64m (Fig. 1a).

3. MODELING AND ANALYSIS OF THE STRUCTURE

The structural design was based on Finite Element Analysis by application of linear or
non-linear elastic material and geometrical laws as appropriate. For this purpose the FEA
software Strand7 was used, in parallel with equivalent simplified models computed by the
program STATIK-3 (Fig. 1d) in order to confirm the reliability and accuracy of the results.

Two different FE models were examined, for the purpose of evaluating the soil-structure
interaction to the static and dynamic behavior of the tower. Both models describe
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thoroughly the tower geometry (stiffening rings, flanges, door stiffeners etc) in order m
take account of the local stress concentrations.
The first model where the Linear Elastic Analysis was used, considers the tower clamped
on its base and it is consisting of 5208 4-node shell elements (Fig. 1b).

In the second case, an overall model for the shell and the foundation was formed. in whick
the foundation was described by 3270 hexahedral and tetrahedral brick elements,
elastically supported on the ground by means of unilateral contact (Fig. Ic). The solution
of this model demanded the use of material non-linearity algorithms due to the existence of
the above special elements.

Both models were also investigated at a next stage for geometrically nonlinear conditions
in order to evaluate the impact of 2™ order effects. Due to the adequate stiffness of the
shell and the rocky sub-ground, the participation of the non-linearities and the soil-
structure interaction to the total strain was found to be less than 2%.

The buckling analysis to the shell was based on the stress design of [10] {§8.5}. An effort
to check the structure according to the direct approach procedures of {§8.6} of the above
code was practically an impasse. As a matter of fact the results of such an analysis are very
sensitive to the discretization of the model and the buckling parameters adopted [21].
Given the poor bibliographic references at the present, our estimation is that this type of
analysis should be for a first investigation rather than for the design of the structure.

4. GEOTECHNICAL DATA

According to the Geotechnical Survey, the site consists of limestone and dolomite with
random carsic voids. At least one borehole was drilled under every foundation site.

It is noted that due to the engineering wise preeminently elastic nature of the rock, the
static and the dynamic properties being practically identical, one characteristic value to
each parameter will always suffice for design purposes.

5. LOADINGS - LOAD COMBINATIONS

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

Wind loads

For the site of the project, the reference wind speed was taken as v,=36,00 m/s, as
stipulated by [6] for the islands and a coastal zone of 10 km from the sea. The effects of the
wind actions on the blades and the nacelle of the rotor were provided by the supplier
company (BONUS) based on valid European Codes ([6] & IEO 61400) and special
acroelastic tests. The values are related to the actual natural frequencies of the tower and
the blades v;=0,60 Hz and v2=1,35 Hz respectively.

The wind load cases for the design of the structure are determined by the combination of
specific external and operating conditions. A number of situations is investigated, such as
wind gust (annual or maximum), changes in wind direction, extreme influence from the
consumer, grid failure and/or loss of load, fault in the control or the safety system etc. All
these factors adequately associated together according to the Codes, produce three
fundamental loading groups the most unfavorable of which was proved to be a semi-
persistent/accidental case, having the following characteristics:

* Operating conditions: Faulty — incidents of short period recurrence
e External conditions: Vier=36,0 m/s, Rotor loads: Furo=282 kKN / Myro =997 kKNm
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Along with the above loads “which are applied to the rotor center, a distributed wind
BT L pressure pw(z,0) is performed over the height and the circumference of tower, according to
[6] as shown in Fig. 2.
Wy
BT !
A
e
i
;;; Figure 2: Wind distribution over the height and the circumference of the shell
?”—‘: Finally the tower, being a relatively slender structure was checked for vortex excitation,
ovalling, galloping and interference effects during crosswind oscillation.
Fatigue loads
Although the fatigue check is indifferent for the shell plate and flange design, it has a
significant impact to the formation and quality of the connections (welds and bolting).
The operational wind loading spectrum provided by {BONUS] is defined by the Rain-flow
method for the anticipated lifetime of the structure (T=20 years). The operational loads at
N the rotor axis depend upon the fundamental eigenfrequency of the tower along with the
e relevant number of stress cycles and the mean wind velocities. It is worthy to point out the
governing role of the position of the natural frequency of the structure (vi=0,60 Hz) in
relation with the neighboring frequencies of Totor excitation (v;2,=0,37 Hz & v:3=0,73 Hz)
[2] (Fig. 3).
AR LAY ¥
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. Figure 3: Evaluation of operational loads [15]
- Seismic loads
;, The seismic analysis of the structure was based on a Spectral Response Analysis which
R was performed according to the Codes [4]. For the specific structure, the magnitude of the
3 maximum stresses were about 60% compared with the ones developed by the wind
loading, mainly because seismic data are propitious for the region (Seismic zone II, rocky
,_:_,__ i soil) in contrast with the wind data for the same region.

6. DESIGN

The tower was designed against the following limit states [10]:
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12 LSl: Plastic Limit State Systen
2: LS3: Buckling Limit State the h:
3: LS4: Fatigue Limit State | concr:
4: Serviceability Limit State ‘ eleme
prestr
Figure 4: Von Mises stress distribution on door position
8. C
A Fortran program was developed by the authors based on Strand7 results (Fig. 4),
‘ performing the verification of the structure according to the Codes [5-20]. Shell thickness Ther
was optimized by several runs in order to obtain the best design/resistance ratio (Fig. 8). a) Tt
For the lower part of the tower LS1 is dominant, while in the upper part LS3 is the most re
significant with remarkable participation of compressive circumferencial stress near ne
stiffening rings. b) Tt
‘ For the design of the flanged connections (rings, bolts and anchors), special detailed in
‘ models were used (Fig. 5), where the two connected parts were described by finite c) Ti
1 elements connected to each other by unilateral contact. Bolts and anchors were modeled as Sp
cable elements subjected to the prestress forces. Two failure mechanisms were ha
investigated, with and without the preloading forces and the results were used for LS] and d) F
LS4.
|
, 9. R
(1]
(2]
[3]
[41
Figure 5: Middle flange model
‘ (5]
7. FOUNDATION 6
[7]
As expected, a complex stress state is developed in the foundation slab and pedestal
resulting from the loads coming from the tower, and the prestressed anchor bolts. For this [8]
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purpose, a detailed brick element model was developed (Fig. 6), in which the anchor
system was fully represented. Due to the symmetry of the loading and the structure, only
the half body of the foundation is described, consisted of 3360 brick elements that is, the
concrete, the flanges and the non-shrink mortar (Emaco). The connection between the
clements and the support to the ground was realized via unilateral contact elements. The
prestressed anchors were modeled as cable elements connecting the steel flanges.

Figure 6: o; stress distribution over the foundation model

8. CONCLUSIONS

The main conclusions of the performed analysis are the following:

a) The use of a simplified linear static model is sufficient for the calculation of the basic
response and the eigenvalues of the structure, but not for the ULS design, because it
neglects the local stress concentrations.

b) The calculation regarding buckling analysis of the shell inserts a high level of ambiguity
in the results, given the present status of the relevant Eurocodes.

¢) The extreme wind is the main loading combination for the design of the structure in this
specific case. The seismic design could be critical when constructing in a seismically
hazardous area (zone Il or IV), away from the coastal zone, in a medium or soft soil.

d) For the fatigue design, the dynamic characteristics of the structure are critical.
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Figure 7: Anchor detailing
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HHEPIAHYH

Ty epyocio ovt mapovoidloviar opiopéve  Paciké  oTotyelo Tov oyede oD
TOTOTOMHEVNG GELPAG HETUAMKOY TOpYwV Dyovg 44 m avepoyevvitplag toydog 1 MW, ot
omoiol  amotehovy TV mTPdTN opddo oto Awiwoy ITépkov mov mpoPAémetar va
Katackevaotel 6to Kakoyepofoivt Aakoviag oe vydustpo 800-1050 m.

O mhpyog £xer kvAvdpikhy popen pe petoPinmy Satous (3.30-2.00 m) xon petapinto
méxog ToyGuatog kKab' Hyog, eivor de kotackevaouévog omd ydAvPa [S355 J2G3]. To
GULVOMKO TOV Vyog ivar 44.075 m. H cuvolkh péle tov cuothpatog potopa -mTEPLYIV
givar 69.1 t pe exkevipémta 0.5 m @g mPOg TOV KATOKOPLPO GEOVEL TOV wopyov. T
LOYOUG HETAQOPAS Kat aveyepong, 0 mHPYoC amoteleital amd Svo tunpoto 19.30 ot
24.775 m ovvappoloyovueva 610 epyotdElo pe Sumhd SaxtoMo (pAdvtla) ko TANPWG
TPOEVTETAUEVOLG KOYAleg. O mopyog aykvpdvetor 6to gopéa g Depehinong pe Sutan
OEPG  UEPIKDG  TPOEVIETAUEVOV — OyKLpioV, ToKTOUéveOV pe ™V Porbeia evog
gyKiotiopévon xadoBdvov daktvriov. o Ty AVILETOMION TOV TOMKOD Avylopov &youvv
mpoPrepbel ecotepicol Saxtodor avd 3.025 m kad' vyog. H KOplo. emmdvnon g
KOTOOKEVNG TPOEPYETAL O T YOPTION TOV AVELOV TTOV AVTIGTOLKE! OF péytotn taydtnTa
avagopdg Vrege =36.00 m/s (EC 1-2-4).

O avtioeiopikdg VIOLOYIGHOG £yve pe TNV SUVAUIKY oacpoatikn pnéhodo. O éheyyoc oe
KOM®onN  mPOyHOTOTOMBNKE Y OEPE  1GOSVVARMY  OTOTIKGV eoptiov Wy  1ov
OVTIGTOLXOVV 6 ToTNTES AVENOL 6 - 26 m/s (uébodog Rain-flow). T v TPOGOUOIMOT|
Kol oToTik) - avéAivon  tov mipyov ypnoomomifnkay Yo  poviéha TEmEpUCHEVDV
otoygiov (pe 5208 emopavelakd 4-kopPa otoyeio keAbdpovg ko pe 3270 e&hedpa Kot
Tetpdedpa  brick elements pe ehampoky ompiEn  eni tov  eddpove e cuvOnKeg
Hovomievpng emapng avtictora). H Suctactohdynon g Kotackevrg éytve obpomva pe
tov EC3-1-6. Qg xupiapyn ¢option omv dioctactohdynon tov KEADQOVG avadeiybnke m
OVELOPOPTION, EV( 1) VTGO TOV GEIGHOD TPOEKLYE TEPITOV KaTd 40% HIKPOTEPT OVTAG
Tov avépov. H epyacio ohokinpdvetor pe v mopovsioon oplopévev KaTooKELAGTIKGOY
AemTopepEIdY, EVD OV TElevTodo,  WAPGYPAGO  OVOMTOGGOVIOL GUVOTTIKG  Ta
GUUTEPAGHLATO TOV TPOEKVLYAV GO TV EKTOVNON TNG TOPOVGOC HEAETIC.
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