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Soil models in aeroelastic models

To day

To day:

- Soil stiffness calculated by S/ VY —=>y
monotonic p-y-curves TIITY
(pressure and V '."Illb"ll."lllr'llp" 7@»/
displacement) in springs in AN
soil VUV y

.-'|'I,‘|'||r Illlﬂl|I 'lll'lllllllI 7£ y

* Soil damping included by
constant damping ratio
either in springs or as Mii + (C + d)i + Kz
viscous modal damping.

=F

t—
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Soil damping by a new soil model

e

Model of Hededal & Klinkvort
(2010) and Klinkvort (2012)

3

Cyclic pile-soil interaction
Hysteretic damping
Creations of gap

Only 2D

“Cyclic model”

DTU Wind Energy, Technical University of Denmark

Nonlinear
cyclic springs
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Agenda
.' {
o Explain the new soil model (cyclic model) .y
o Implemented in the aeroelastic code Flex5 _
TA RN\
o Extend the cyclic model to 3D NN\

o Compare cyclic model with a p-y model
« 7 wind and sea states

- Aeroelastic calculatins ]
« Equivalent loads

o Discussion

4 DTU Wind Energy, Technical University of Denmark
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Cyclic model
Winkler model

fsoil
A fface ka
fu,vi’r’gin — Asfu tanh (Asfu U)
. Aot Au API (2010)
X ’;drag /— [ ® 10 |Aul
'I‘ Z ‘ umonopi/o:/
_fdrag A : fs — fs,oﬁd + AUks
sl W Afuw
2maxFr;,,  mupw?
Gap created during 1. cycle
-€ >
iap created during 2. cycle)
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Cyclic model
Implementation in Flex5
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Sea bed /7 /7
A/
LPl
L otating
Py spring
o
—
N
Q /¢ max 1:ref/ fref,max
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Iteration

P
U= Z ;i (1)
i=1

» Run the soil model: f, = fq(u)

—h
GF5 = / fs(x)pdz

Zmin

GF.
3 = KTelaa:G—[gg — (1 — K?"elaas)oﬂ

—h
GKg = / fmfd(E

Zmin

3

L e U= Zcp@(ar)oé@

1=1



Cyclic model
Extension to 3D
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A
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Soil shape described by 21 equally
distributed points.

Described by a Fourier function

N 1pd2T
p(9)=po+pz:1(f4pexp( o)+ cc)
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Cyclic model
Extension to 3D

A

Known: 7. = (mmyc)

Pora(cos @:sin ) = (To1a: Yord)

Find: Prew (€08 0; 81N 60) = (Tpew: Ynew)

By: [ — ?Old T
Dot
(xc;yc)1". ,
) '.: ] a = \/‘FC‘Q—ZQ
> a ] Xnem','l"new)
Xoldr Y old - o D)
- > dl = /7. — a?
Prew = dl + [

Lnew — Pnew COS 0

Ynew = Pnew sin 6

8 DTU Wind Energy, Technical University of Denmark



=
—
—

Cyclic model
Extension to 3D

i

A _ A
| — f/ .
1 !

Xy Ve < >

{ y) ": dif (xnew;ynew}
; f
{xa 34 nfd:' fr >
y

Alf
R chm,gent?}cal — fou A’LLT

k2
AS f'bb

fNOTmal — fNormai,old + AuNks

fNorma,l — Asfu tanh ( (poidﬁm + AUN))
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Cyclic model
Extension to 3D
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A

Sidexto-side, y

7 Fore+aft, z

me‘mal,z — me‘?na,l n:

fNOTma,l,'y — fNorfna,l Ty

X ; 1"'- .
{ c}ﬁ:) | { ew-};{:ew)
H u Fi
: n Tangential.z — JTangentiallz
pcﬂd { b :| n ¥ f q \ — f q t
Xo ;Jf old -

fTa,ngentia,l?y — fTa,ngentia,l t'q

......... fs,z — fN,z + fT,z
fs?y — fN;y + ngy
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Cyclic model
Extension to 3D
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A
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Update p so the points again are

equally distributed

A _ fft(pne’w)

P
Npoint



Compare two models
Cyclic model and p-y model
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p-y model

ZamiiiE=
W —>y
WY —F=>
A\

k2
fu,v’érgin — A'Sfu tanh (Asfu u)

API (2010)
Mii + (C+d)i+ Ku = F
i 5vVMEK
T
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Cyclic model
2 L
W
W
R —
VA

Ky 2
fu,vi?"gin — A'Sfu tanh (AS fu u)

/  Asfu Au
10 |Au]

fs — fs,old + AUkS

LW Afa,
2maxF,  muow?

5 =



Compare two models
Cyclic model and p-y model

e

p-y model

———

« Add amount of viscous
damping in monopile to
represent

« soil damping

« hydrodynamic damping
« structural damping

13 DTU Wind Energy, Technical University of Denmark

Cyclic model

———

Soil damping included in
model

Add 2% of logarithmic
damping as viscous damping
in monopile to represent

* hydrodynamic damping
« structural damping



Comparison of the two models

Decay test
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u(monopile) (m) u(tower) (m)

u(monopile) (m) u(tower) (m)

Sidexto-side

0=6%

7 Fore<aft

Fore-aft

=Cyclic
=p-y
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Side-to-side
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Comparison of the two models

Metocean data (Upwind-project, Fischer et al. (2010))
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V lmys] | TL[%] | Hs ] | Tp ) | £1=] | frr [
2 29.2 1.07 6.03 0.06071 | 0.1237
6 17.5 1.18 5.76 0.14048 | 0.2862
10 15.2 1.48 5.74 0.14654 | 0.2986
14 14.2 1.91 6.07 0.08381 | 0.1708
18 13.6 247 6.71 0.04186 | 0.0853
22 13.3 3.09 7.40 0.01534 | 0.0313
28 11.9 4.17 8.49 0.00202 | 0.0041

15 DTU Wind Energy, Technical University of Denmark
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Comparison of the two models
Metocean data (Upwind-project, Fischer et al. (2010))

o NREL 5MW wind turbine

o Monopile extended 21.6 m below sea bed
« D=6.10m

- t=0.085m Wind
direct

Side-ts side, y

aft, z

o Water depth: 25 m

o Linear irregular waves Wave directi
« JONSWAP spectrum

o Turbulent wind
« Mann model

« Misalignment between wind and waves

. Qo
« 90°

16 DTU Wind Energy, Technical University of Denmark
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Equivalent loads =
p-y model
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Equivalent loads §
Both models
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Comparison of the two models
W=2 m/s, Hs=1.07m, Tp=6.3s, 0°

=
—
=

i

Fore-aft
x 10°
5 T T T T .
=Cyclic
s°E .
& -z O =Elastic
= =
o v
e
)
o | | | |
Na) 2000 2010 2020 . A 2040 2050 2060
C Side-to-side
G;) 4000 T w T
o 2000 N
= =t
N2 0
=S =
-2000
-4000 . . ‘ .
2000 2010 2020 2030 2040 2050 2060
Time [s]
) Fore-aft
x10
2 T I .
= L =Cyclic
o l_.u 'g‘ -
- 0 -
= -z Elastic
(@] -1
2 |
-2 | | | | |
i) 2000 2010 2020 nnen 2040 2050 2060
a Side-to-side
(@] 2000 T , T
c
o) 1000f
> —>E
"2 °
-1000
~2000 1 | | | |
2000 2010 2020 2030 2040 2050 2060
Time [s]

19 DTU Wind Energy, Technical University of Denmark

o0

UOI3D3JIP AR

2

[~~~
m

93

%




Equivalent loads =
Both models
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Comparison of the two models
W=10 m/s, Hs=1.48m, Tp=5.74s, Q°
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Comparison of the two models
W=10 m/s, Hs=1.48m, Tp=5.74s, 90°

e
o

M=

Tower bottom

Monopile bottom

22

\ Fore-aft
7210 \ \ \ \ T .
i =Cyclic
FE .
~Z 5 -
s"Z Elastic
1 =]
| | | | |
2%00 2010 2020 . T i 2040 2050 2060
. Side-to-side
10
a I T
= 2
2,
2 \ \ \ \ !
2000 2010 2020 2030 2040 2050 2060
Time [s]
) Fore-aft
12)( 10 ‘
10 'CYC| IC
o
S E .
8 -
=< Elastic
67
4 | | | | | W
2000 2010 2020 T 2040 2050 2060
\ Side-to-side
10)( 10 ‘
— 5
s°E
s'E
= 0
_5 ! \ \ \ \
2000 2010 2020 2030 2040 2050 2060
Time [s]

DTU Wind Energy, Technical University of Denmark

UOI3D9JIp SABAN

006




Equivalent loads
Both models
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Conclusions

i
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Implemented a new soil model in 3D which includes
« Cyclic pile-soil interaction
« Hysteretic damping
« Creations of gap
Compared with normal p-y model with viscous damping

« Very small displacements - friction disapears in cyclic
model

- Damping depends on size of the displacements

Important to calibrate viscous damping in p-y model

One damping for all wind speeds is not representative

DTU Wind Energy, Technical University of Denmark




