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1983-1993

30 m hub height
300 kW

1993-2003

50 m hub height
750 kw

2003-2013

80 m hub height
1800 kW

2013-2023

125 m hub height
4000 kw

3D FEM odels

2023-2033

175 m hub height
8000 kW

innovation since 1983
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Hopeﬂeld South Africa
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WindBASE
Playa Kanoa, Curacao

e 5xV90 at 88 m hub height, rock anchor.
,-‘___f(')\updatvion

e _\&:;._ 8

Stufib 5 september 2023




WindBASE

’

Kaart Satelliet

';

AL P e T

Papoea-Nieuw-Guines




WindBASE

Scope

Stufib




WindBASE

I]lII

Stufib




29¢ hands turbines en
fundaties /
levensduurverlenging

Qver

EXPERTS IN WIND







e~
v e

S SR

Constructief
staalwerk en
coating




Civiele infra en Kraanopstellingen

Lifting blade
2
1,
s N Rag
/ -\
7 ca33000 O3 o
15400 7~ B
frame_cliant,
L]
B
5y
\
v ;
s |
N @ f’;
h 5
h
by
]
. LTui11200-9.1
o . 24000




WindBASE

Fundering

Stufib

5 september 2023







Fundering




WindBASE

Ondergrond

Stufib

5 september 2023




Grondonderzoek in Nederland
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Indicatiess bodembeschrijving
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Boring: WRT-B21 Veldclassificatie Pagina 1 van 1

Boringen
Bentoniet Referentie (m tov NAP) Monsternr. Bodembeschrijving volgens NEN 5104
afdichting
N ﬁ @ 1 -4.37 tot -4.77 Klei, zwak zandig, matig humeus, stevig, resten wortels, sporen
[% 500 = s ~\schelpen bruin-grijs
oW = T // = | 2 -4.77 tot -5.27 Klei, sterk siltig. zwak humeus, matig stevig, sporen roest,
S (% ~\lenzen zand, licht grijs-bruin Ia
-5.27 tot -6.37 Ween, mineraalarm, matig stevig, donker bruin
-6.00 3 @ stz
— T R 4 -6.37 tot -6.57 Ween, mineraalarm, matig stevig, donker bruin
700 e ~-6.57 ol -6.77_Zand, zeer fijn, matig sillig, matig humeus, donker bruin ~
] w L oe e o -6.77 tot -8.37 Zand, matig fijn, zwak siltig, licht wit
- .- .
« 5
-8.00 5 o O
« L - N
By

Lab onderzoek




Geofysisch grondonderzoek

Reflectie seismiek




Site verkenning ten behoeve van windpark op
Aruba

Ondergrond rotsachtig. Grote boulders met fijn
material daartussen.




Voorlichting over niet gesprongen munitie uit WW2 in
Ardennen ten behoeve van bouw fundaties windturbines

Ontwerp en begeleiding bouw. Ondergrond rotsachtig met
toplaag van gebroken material.




Grondonderzoek en site verkenning
in Kenya ten behoeve van een
gepland windpark.

Moerasachtig gebied
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INTERNATIONAL IEC
STANDARD 61400-1

Third eddion
2005-08

Wind turbines —

Part 1:
Design requirements

I ' Relarends namber

IEC E1400-1-2005(E )

Nederlandse norm

NEN-EN-IEC 61400-6
(en)

Wind energy generation systems - Part 6: Tower
and foundation design requirements (IEC 61400-
6:2020,IDT)

Mitteilung des DIBt

recsre I

Bautechnisches Priifamt
Grundlagen der Standsicherheit

Richtlinie fur Windenergieanlagen

Einwirkungen und Standsicherheitsnachweise

DNV-GL

STANDARD

DNVGL-ST-0126 Edition July 2018

Support structures for wind turbines

fur Turm und Grindung
Stand: Okiober 2012 — Komigierte Fassung Marz 2013

Algemeen

NEN-EN 1992-1-
1:2005+A1:2015+NB:2016+A1:2020 Beton -




61400-1 @ IEC:2005

— 35 -

Table 2 — Design load cases

Table 1 — Basic parameters for wind turbine classes!

Wind turbine class

Frui {mJs) 42,5 ars Values
A Tt (- 0.18 specified
B I (=) 0,14 by the
c I l-) 0,12 designes
In Takle 1, the parameter values apply at hub height and
Fiur is the reference wind speed average over 10 min,
A designates the category for higher turbulence characteristics,
B designates the category for medium turbulence characteristics,

c designates the category for lower turbulence characteristics and

I

ref

is the expected value of the turbulence intensity? at 15 mis.

Table 3 - Partial safety factors for loads »

Unfavourable loads

Fawourable® loads

Type of design situation (see Table 2)

Normal [N}

Abnormal (&)

Transport and erection

All design situations

1,36*

1.1

1.5

0,9

* For design load case DLC 1.1, given that loads are determined using siatistical load axtraposlation at prescribed
wind speeds batween ¥V, and F_,,. the partial load factor for narmal design situations shall be 5 =125,

If for normal design siluations the characieristic value of the load respanse £, due to gravity can be calculated
for the design situalion in question, and gravity is an unfavourable load, the partial load factor for combined leading
from gravily and aother sources may have the value

o=l
(015 foroLct s
*10,25  athenwise

Bl e

1 T T

Design situation DL Wind condition Other conditions Type of Fartial
[ analysis safely
Tactors
1) Power production 1.1 NTM K, < Fais < Fau For extrapalation of u N
exireme evenis
1.2 NTM K, € Fiup < Foyy F "
1.3 ETM  F, <€ Fiup < Foyy u N
1.4 ECD Fyp=F. -2 mis, F, u N
¥, 42 mis
1.5 EWS ¥, < Fiup < Foy u N
2) Power production 21 NTM ¥, < Foup < Fay Confrol system fault or u N
plus scourrence of loss of elecirical netwark
el 22 | MM B, = Py < oy, Pratection system ar u A
preceding intermal
elecirical fault
2.3 EOG  Fayy = F 22 mis and External ar internal u A
Fou elecirical fault inclsding
loss of electrical netwark
2.4 NTM  F, < Foup < Fon Control, prolection, ar F :
elecirical system faulls
including loss of
elecirical natwerk
&) Start up 3.1 NWP ¥, o€ Fp = Py F "
3.2 EQG Fayp = Fip, 22 mis N
and ¥,
3.3 EDC  WFaup = Fipo 22 mis u N
and ¥,
4) Narmal shut down 4.1 NWP  F, < Foup < Fau F :
4.2 EOG Fop = F 2 mis and N
l.-«:ml
5) Emergency shut 5.1 NTM  Foup = F. £ 2 mis and u N
dorwn Fau
G) Parked [standing 8.1 EWM 50-year recurmence u N
still or idling) period
8.2 EWM 50-year recurmence Las= of electrical u A
pariod natwork conneclion
6.5 | EWM 1-year recurrence Exireme yaw u N
pariod misalignment
B4 | NTM  Fhue = 0.7 Fra :
-I':I Parkad and Tault 71 EWl 'I—:;gar recurrence u A
canditions period
B) Transpaort, B4 NTM  Foum 1o be stated by u T
assembly, the manufaciurer
maintenance and
repair
B.2 EWM u A

1-ymar recurrence
period




Characteristic Extreme

Design Life : 25 years

Lead LC/Family PLF Type Mbt1 Mzt1 FndFr Fzt1
Sensor [ [ [-] [KNm] [KNm] [KN] [KN] .

Mbt1 14EcdNTVrpa(fam99) 1.35 Abs 191400 1385 1176 -8821 :

Mzt1 23NTMSCVo00(fam237) 1.35 Abs 35960 -10760 205.7 -8645 et [ [T
FndFr 14EcdVrpa00(fam93) 1.35 Abs 185700 2325 1241 -8820

Fzt1 12IceUvra00(fam68) 1.35 Abs 147600 1981 803.2 -8977

Table 2-1 Characteristic Extreme (excl. PLF). Load cases sorted with PLF.

Characteristic Extreme

Lead LC/Family PLF Type Mbt1 Mzt1 FndFr Fzt1
Sensor [ [] [ [KNm] [KNm] [KN] [KN]
Mbt1 62E50b07000(fam380) 1.10 Abs 197000 1413 1363 8777 HO' Fixed tower systam a base leve
P
Mzt1 23NTMSCVo00(fam237) 1.35 Abs 35960 -10760 205.7 -8645 z
FndFr 62E50b08000(fam381) 1.10 Abs 196300 1492 1383 -8783 E; ( %
o] X Y
Fzt1 62E50b18000(fam391) 1.10 Abs 62840 -1315 538.2 -8988 ﬁﬁ
Table 2-2 Characteristic Extreme (excl. PLF). Load cases sorted without PLF. gd
Production loads Equivalent and Mean Fatigue Foundation Loads
Char. load Prob.:1e-2 Prob.:1e-4 Mean load | Range m=4 | Range m=7
Mres [kNm] 191400 151293.54 158079.41 Fy_OmniDir (KkN] 632.95 781.34 740.99
Mx_OmniDir [kNm] -114147.20 55976.29 74611.26
Mz [kNm] -10756.20 -2923.42 -4986.00
Mz [kNm] -170.88 8698.29 8553.23
Fres (kNI 1240.69 872.98 1002.51 Fx_OmniDir [kN] 6.56 405.91 391.56
Fz [KN] -8976.63 -8886.47 -8911.02 My _latScaled_OmniDir | [kNm] 6468.68 28364.63 29411.42
Table 3-1 Production Loads. Table 4-1 Fatigue loads for N=1E7 cycles.
EOTEIE RIS (7 (T L S0 EL ] S ﬁl’:app:enns::unzl-ns the Mahquc}avrl\l‘fai:e::rat::ischf:fome the bending moment and the torsional moment in the bottom of the tower. °
Rotational | 1\ raq] 100 120 152 193 245 311 394 450 500
stiffness Markov Matrices
Lejzteral [MNIm] 14.0 105 76 6.4 6.0 6.0 6.0 6.0 6.0 Fy_OmniDir [kN] Mx_OmniDir [kNm] Mz [kNm] Fx_OmniDir [kN] My_latS:E:hagﬁOmniDir E
stiffness =
— . Lo aange Cyeles Lol Range Cyries Ll Range Oxcley Level Range Cyckes Level Range Cyces
Table 5-1 Minimum [ateral stfiness. - R I - - . 5.2890E+02 | C.000E+00 | L798EE03 | B.0SOOE+D4 | Q.00DOE+D0 | 12971E
The natural frequency of the tower must be within the frequency interval [0.141 Hz; 1.3807E+03 | D.0000E+00 | 2.1624E402 | 1.2876£+05 | 0.0000E+00 | 2.0834E+01 | 8.6563E+03 | 4.53556+02 | 100226 | 503555402 | D.0ODCE+I0 | 2.3719E+00 | 7.72496+04 | 0.0000E+00 1-305’5{_1?
0.155 H7] 132456403 | 133876402 | 267766400 | 121135405 | 1.3564E+04 | 3.5000E+00 | 8.1429E+03 | 161426403 | 5.8406egy | #7B20EH02 | D.OODOEHO0 | 43765E+00 | 7.3900E+04 | 2.9107E+03 lij‘%
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Turbine loads
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Upward (ground)
water pressure >
buoyancy



Transfer of loads




Turbine loads
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Hoe inefficient een
normale
windturbinefundering

eigenlijk is.
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Geometry Strength Durability Stiffness

dependenc
Requirements that = i

affect the shape of the

foundation: To be able to resist To be able to resist To be assure the
) afcyets*:b;:‘tj‘c’)’:tfe(iﬁ;d and transfer forces: long term impacts: correct eigen
turbine) - Extreme wind turbine loads - Crack width frequency of the total
~ Permit (e.g. level of the top of - Fatigue loads - Concrete cover . . .
foundati(.)n.' max. foundation - No tensile forces on piles - Concrete mixture wind turbine SyStem-
di'amet;er) during production loads (no- - Rotational stiffness
- Make-ability of the base (e.g. gapping criterion) i -V;:a;:as,llﬁczr; :rt]zf:;zn

slope of top of base)
- Incorporation of tower
anchorage.
- Conduit tubes.
- Also see “design information”
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Groutvoeg, een belangrijke verbinder
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Figuur 4: verschil in afdracht bij wrijving / geen wrijving (rood is hoge staalspanning)

wind
5887 4207 A %
2150 11500
druk 1050 trek
4200
100 2423 |
&%
U] 3y bglsds? tp v leidingel T
Druk il 47x byl (4]
- élﬂlem en 7
|54y bolsgzz o)
— 1 Ilill
100x balsd3z (a) | 18l X
|l;' F5-00
- 4 -_,"I:I :‘;/ﬁ"' F5-00 S/
s | [ _
.l_- { drukpaal . | trekpaal
| ; 16200




WindBASE

Mantelbuizen

Stufib

5 september 2023




3

.~
) A\ )
R AR
B! ,
) \ 0\

i
M«t:

|




WindBASE

Wapening

Stufib




L A o A I R |

A & & & # & # &« B & & & 4 &8 A & & 4 8 B # @ & |

S | Ay s A

| -

|

1 T o I o _ o = gw
P 1 e B _

| © - —'*"E'_=_' TanE = :‘:," i .

1 Bl maos iz

| ] — 5E S i)

[ I - - —

i x..@ — Tt = ;

1 3) 2uncs

| I —@IW.—"‘

1

|

| | aacn (i D

| FEee] 513 a8t

1

| B e

1

1

|

1

-

I
{1

f]
/

@ Sadic

T

? @ Sudiii

- @ Saiit

i @ S




WindBASE

X /
. 3 :
3 |
: =
N5 = : = :
e
SR
S .
s
=
— 7
— -“
= — = =
— — — = - ‘:‘
//7 // "’7/
o / |
/ \

5 september 2023

Stufib

08/09/2023



WindBASE

Stufib 5 september 2023

08/09/2023



WindBASE

Afwijkende buigradius vanuit oogpunt
van vermoeiing worden bepaalde staven
met een ruimere buigdoorn ontworpen.
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WindBASE

1983
analytical
Models

1995
2D Plate
Models

450 WTG’s

2006
3D FEM
models

650 WTG's

1200 WTG's

2016
3D FEM
models

ECOV-method

1000 WTG's

1983 2019
Start ABT Start
Foundation WINDBASE
design for
wind
turbines
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The laws of modelling

Model # Reality

rubbish in = rubbish out
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Living on the edge?
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Strain-Stress Diagram Concrete (compression)

Stress [MPa]

— characteristic
—— design
==~ Eurocode

—-4.0

=35 -3.0 =23 -2.0 -1.5
Strain [%e]

-1.0 -0.5 0.0

Figuur 18: Spanning-rekdiagram voor het niet-lineaire beton aangebracht aan de bovenzijde van het
funderingsblok in druk (geldig voor elementen met een scheurbandbreedte van ca. 250 mm).

Strain-Stress Diagram Concrete (tension)
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Figuur 19: Spanning-rekdiagram voor het niet-lineaire beton aangebracht aan de bovenzijde van het
funderingsblok onder trekspanning (geldig voor elementen met een scheurbandbreedte van ca. 250
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Stress-strain diagram of B500B
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Figuur 20: Spanning-rek diagram voor het toegepaste niet-lineaire wapeningsstaal
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characteristic_unfavourable
ULS - wind_ref, Load-step 31, Load-factor 1.0000
Displacements TDZ

min: -5.30mm max: 2.56mm

Figuur 83: Vervorming in Z-richting

[characterisfic_unfavourable

ULS - wind_ref, Load-step 31, Load-factor 1,0000|
Reinforcement Cauchy Total Siresses Sxx

min: -45.79N/mm2 max: 188.64N/mm?

Figuur 106: Wapeningsrekken in de groep RAD-e1_BOT_D25
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characteristic_unfavourable
ULS - wind_ref, Load-step 31, Load-factor 1.0000
Reinforcement Total Strains Exx

min: -4.32e-04 max: 1.75e-03

-6.30

Figuur 85: Wapeningsrekken, maximale waarden

characteristic_unfavourable

ULS - wind_ref, Load-step 31, Load-factor 1.0000
Reinforcement Cauchy Total Stresses Sxx

min: -86.44N/mm? max: 350.66N/mm?

Figuur 87: Wapeningsspanningen, maximale waarden
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SN - diagram

&00
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Toetsi Ng wapening en beton op vermoeling
400 11
; Scheurwijdtetoets
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5 rmigh/Bendes (£02) Minimum wapening
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200
100
a
10E+00 1,0E+01 1,0E+02 1,06+03 1,0E+04 1,0E+05 10E+D6 10E+07 10E+08 1 0E+09 1,0E+10
N
Eurocode NEH-EN 1992-1-1 Tabel 6.3N
straight welded
N* 2,0E+08 2,0E+DE [
k1 5 3H
k2 g 5[
d sigma;rsk & 160 100 Mpa
Spectrum: Damage calculation standard rebar:
INPUT RIM Markow matrices sigma;ssi = sigma_cor * dM/M tower @REF
Mean for Rainflow kNm .
el Exfigue T 20 yoars Cumulative damage
fatigue life factor 1,25 - Total damage D tot = 1,00 12
Range Mean Markow Freguency Mmax Mmin sigma:ssi N D=n/M sum(D) —_ 1
kNm khm [ kiNm kN Mpa H H H o
1 2000.0 85000.0 23 BEO00D 84000 8.1 8.18E+1T 0,000 0.00000 T 08
2 0.0 450000 12 B5000 85000 0,0 5,64E+158 0,000 0,00000 §
3 4000,0 a0000.0 12 B2000 78000 16,2 1,78E+15 0,000 0,00000 ¥ 0.6
4 2000,0 a0000.0 230 B1000 79000 8.1 9,18E+1T 0,000 0,00000 =
5 0.0 a0000.0 12 BOOOD 80000 0.0 5,64E+158 0,000 0,00000 E 0.4
] 40000 750000 1529 77000 73000 16,2 1.7T8E+15 0,000 000000 g
I 2000,0 750000 5878 TEO0D T4000 8.1 818E+1T 0,000 0,00000 02
B 0.0 730000 22598 75000 75000 0.0 5.84E+158 0,000 0,00000
8 12000,0 700000 1048 TEO0D 64000 48,6 8,08E+10 0,000 0,00000 0 o 100 200 200 200 s00 500 200 200
10 6000.0 700000 481 73000 B7000 243 485E+13 0,000 0.00000
11 4000,0 TO000.0 14518 T2000 63000 16,2 1,78E+15 0,000 0,00000 Cycle # []
12 2000.0 T0000.0 620730 71000 69000 8.1 8.18E+1T 0,000 0.00000 1
13 0.0 700000 1287805 70000 70000 0.0 5.84E+158 0,000 000000

14 46000,0 a5000,0 12 BBOOO 42000 188.3 9,34E+05 0,000 0,00002
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1983-1993 1993-2003

The effect of savings in concrete
and reinforcement steel for wind
turbine foundations

50 m hub height
750 kw

30 m hub height
300 kW

2003-2013

80 m hub height
1800 kW
Ll

2013-2023

125 m hub height
4000 kW

50,000 ton

(1]
Dutch innovation since 1983

2023-2033

175 m hub height
8000 kW

j 100,000 tons CO2 avoided

s CO2 avoided

A
Dutch innovation since 1983

3D FEM models

BASE


https://www.vecteezy.com/png/8477289-wind-turbine-to-generate-electricity
https://www.vecteezy.com/png/8477289-wind-turbine-to-generate-electricity
https://www.vecteezy.com/png/8477289-wind-turbine-to-generate-electricity
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Dank voor
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