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Sources of nonlinearity
0 Geometric

[0 Material

[0 Force Boundary Conditions

[ Displacement Boundary Conditions
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Workshop 2. Study of structural and foundation systems of Wind Turbines

Features
Constitutive Equilibrium Geometric
Methods Relationship Formulation Compatibility
4 . . . ‘ .
Elastic Elastic Original undeformed Small strain and small
Rigid-plastic Rigid plastic geometry displacement
First-order Elastic—plastic hinge  Elastic perfectly plastic
X Distributed plasticity — Inelastic
Elastic Elastic Deformed structural Small strain and
Rigid—plastic Rigid-plastic geometry (P-Aand P-0)  moderate rotation
Second-order  Elastic—plastic hinge  Elastic perfectly plastic (displacement may be
Distributed plasticity — Inelastic large)
True large Elastic Elastic Deformed structural Large strain and large
displacement  Inelastic Inelastic geometry deformation
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Features
Constitutive Equilibrium Geometric
Relationship Formulation Compatibility
Elastic Original undeformed Small strain and small
Rigid plastic geometry displacement
Elastic perfectly plastic
) ~ Inelastic
a . . , )
Elastic Elastic Deformed structural Small strain and
Rigid—plastic Rigid-plastic geometry (P-Aand P-0)  moderate rotation
Second-order  Elastic—plastic hinge  Elastic perfectly plastic (displacement may be
. Distributed plasticity — Inelastic large) y
True large Elastic Elastic Deformed structural Large strain and large
displacement  Inelastic Inelastic geometry deformation
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Features
Constitutive Equilibrium Geometric
Relationship Formulation Compatibility
Elastic Original undeformed Small strain and small

Rigid plastic
Elastic perfectly plastic
Inelastic

geometry displacement

Elastic

Rigid—plastic
Elastic—plastic hinge
Distributed plasticity

Second-order

Elastic

Rigid-plastic

Elastic perfectly plastic
Inelastic

Small strain and
moderate rotation
(displacement may be
large)

Deformed structural
geometry (P-Aand P-0)

Elastic
Inelastic

True large
displacement

Elastic
Inelastic

Structural Analysis Methods

Large strain and large
deformation

Deformed structural
geometry
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General Guidelines

@ N
First-order analysis VS. second-order analysis

KTrue large displacement analysis )

4

 Elastic analysis VS. Inelastic analysis

Bowing effect / Wagner effect / Other effects

~ Steel nonlinearity A

Concrete nonlinearity

- Composite materials nonlinearity 4

[Other nonlinearities 1 p— |

B A UNIVERSITY Ol
R_RE ‘(IT O PATR A)S

mmmmmmmmmmmmmmmmmmmmmm



Workshop 2: Study of structural and foundation systems of Wind Turbines

Geometric Nonlinearity Formulation
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Geometric Nonlinearity Formulation
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Geometric Nonlinearity Formulation

Fi= [K\D;j

T
{F} {le Fﬁm Fﬁm Mlm M?m Mh%ﬂ: Plb: F?b: F}b; Mlb: Mjf}; MSEJ}

T
{D} — {Hlm Hjm HEG: elm eim 9303 Hlb: HEI}: HSE}: elb: ejb: eﬁb}




Workshop 2. Study of structural and foundation systems of Wind Turbines

o, O 0 0 0o 0 -9, O 0 0 0 0 ]
¢, 0 0 O ¢, O =0, 0 0 0 0,
(I)!.Q 0 _(I).vS 0 0 0 _q)sg 0 _q).srﬁ 0
S 0 0 0 o =¥ 0 o
L L
(Dxd- 0 0 0 q)sg 0 q)sﬁ 0
[K] — q).!.; q).sﬁ (Dg,j
o6, 0 0 0 0
(D_ﬁ' 0 0 0 _q)!.f}
Sym. q),,-g 0 q)sﬁ 0
GJ
— 0 0
L
(I).va’-l 0
L q)sﬂ

3-D Stiffness matrix DA AN nterise dovmunch O ‘(IT O ll’\/l\\lll \II{HA%

lllllllllllllllllllll



Stability Functions S;
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b Compression Tension
1 1
EA .
O, =8 — S, B EA B EA , ,
1= T (11, + 11 T (1] + 11
440 )EI ol — L
= :Sﬂ((lq)(;)); S, (OLL)(Smaiq) 0L cosoL) (ocL)(ochqu)ocL sinh o) Linear Elastic Matrix Geometric Nonlinear Matrix
- . + y . o o
(2-0,)EI, ) (oL)(ol —sinol) (oL)(sinholl — o) o zﬂ- b :ﬂ o, =0; o.,=0 :E- h.=0 :M
q)53 =S:m S5 2 20 el L ’ e2 L el ? g2 g4 15 ? g3 85 30
_ (4+0,)EI S (BL)(sinBL —BLcosPL) (BL)(BLcoshBL—sinhBL) _2EI _4E[y 0. =0 .= 6F, P _F, 0 M +M,
s4 4 (1+¢Z)L 4 4(% 4¢'B q)gg, = I > q)c_]. _T g7 g9 5L ? g6~ g8 10 ’ glo — LZ
(2-0,)EI . (BL)(BL —sinpL) (BL)(sinhBL—BL)
¢55 =S: 1 L “55 2¢ 2¢ _ ZEI‘P . _ ()EIZ _ Mva +M}-‘b . _ ya _ M\'b
1+0.) p p ¢’e5 = I ’ q)eﬁ_T q)gll_ I’ ’ q)ng_ L’ q)gIS_ L
6. =S 6FEl, S (ol)* (1 —cosal) (ol)*(coshol —1)
SRR Y ‘ 60, 60, 12F], OEI, _M, _M, _M,
0. = B > q)esz? q)gli_ J ¢315_ R q)glﬁ I
6. =S 12E1, S (oL)’ sinol (o)’ sinh o
57 77 1+ JE 7 T A T As
(1+6,) 120, 120, 12F] o <t o My M, o, _M., M,
o s CEL ; (BL)*(1 — cosBL) (BL)*(coshBL — 1) O =3 2= qp 0 T g T3 T
s8 T Y8 2 8 g
1+0)L 60, 60,
M_+M. M, +M,
s 12E1, S (BL)*sinBL (BL)’sinh BL q)gm:%ab; 0,01 = wa
Py = “Arol 9 120, 129,
o=,/P/El, o, 2—2cosoL —oLsinol 2-2coshol +alLsinhol
B=.P/EI, 0, 2 —2cosPL—PBLsinpL 2 ~2coshPL + BLsinhBL

H, =BL(M?, + M )(cotBL+BLcosec’BL)—2(M, +M.,)" +2BLM M., (cosecBL)(1+BLcot PL)

H_=oL(M. +M;)(cotaL +aLcosec’al) —2(M,_, + M) +2aLM M, (cosecoL)(1+oLcotal)

H =BL(M?, + M, )(cothBL+BLcosech’BL)—2(M , + M ,)* +2BLM M, (cosechBL)(1+BLcothPL) B A TN S e o Ly UNIVERSITY OF
A . " =\ PATRAS

H! = oL(M_, + M_,)(cothal +oLcosech’ol)—2(M_ + M) +20LM_M,, (cosechol)(1+ ol cothol) e itihite o Aiaskooy



Workshop 2: Study of structural and foundation systems of Wind Turbines

Material Nonlinearity Formulations i |
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Material Nonlinearity Formulations
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Idealized stress—strain curves for concrete in uniaxial tension
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Material Nonlinearity Formulations (E.e, Ose se,
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Nonlinear Section Analysis
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Nonlinear Section Analysis

Moment—thrust—curvature curve for a steel I-section (2-D loads)
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Seismic Evaluation of Wind Turbines
START

'

Determine materials, sections, members,
and neccesary modeling information

'

Static push-over analysis
Lateral load-displacement curve ' — A

)

Y
Calculate effective lateral stiffness
Keﬂ = Vy / Ay

Calculate natural period

T= 27[1/W/gKeﬁ

Determine equivalent static seismic load
from ARS Curve v
D

Determine displacement demand

Ay, =V,/ Keﬂ-
N°
Yes
Wind Turbines Seismic Evaluation
END

kshop 2: Study of structural and foundation systems of Wind Turbines

Practical Applications
Seismic evaluation of wind turbines with

nonlinear behavior

Retrofit existing

structures or redesign

new structures
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Practical Applications
Linear and Nonlinear Dynamic Analysis

IM]-ii+[C]-u+[K]-u=R(t)

:M ] Mass matrix

-C] Damping matrix

-K ] Stiffness matrix (constant)

R(?) Vector of external loads

U, 1:.!, i Displacement, velocity and acceleration vectors

[M] [C] [K] symmetrical
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Practical Applications
Linear and Nonlinear Dynamic Analysis

M ]-ti+[C]-u+[K(t)]-u=Ri(t)

:M ] Mass matrix

:C] Damping matrix

:K (t)] Stiffness matrix (time depended)

R(?) Vector of external loads

U, il, ] Displacement, velocity and acceleration vectors

[M], [C] [K(t)] symmetrical
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Linear and Nonlinear Dynamic Analysis

 The actual relationship

Newton-Raphson Method between load and
displacement is not known
' beforehand.

 Consequently, a series of
linear approximations with
corrections is performed.
This is a simplified
explanation of the Newton-
Raphson method.

PR AR R e rea UNIVERSITY OF
\ PATRAS

lllllllllllllllllllllll




Workshop 2. Study of structural and foundation systems of Wind Turbines

Practical Applications
Linear and Nonlinear Dynamic Analysis

Critical facts

« Substeps apply the loads in
an incremental fashion

corrective solutions to obtain
a converged substep

 Load steps are changes in
general loading.

i « Equilibrium iterations are the
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Practical Applications

Linear and Nonlinear Dynamic Analysis

Critical facts

 Substeps apply the loads in
an incremental fashion

« Equilibrium iterations are the
corrective solutions to obtain
a converged substep

 Load steps are changes in
general loading.
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Practical Applications

Linear and Nonlinear Dynamic Analysis

The complete nonlinear dynamic aeroelastic
(or aeroinelastic) problem

M ]-ti+[C+G]-u+[K(t)+2Z(t)+H(t)]-u=R(t)

|a1]
]
[G]
[x00]
[z)]

|1
R(1)

U, U, U

Mass matrix
Damping matrix
Coriolis matrix
Stiffness matrix

Centrifugal stiffness matrix
Acceleration stiffness matrix

Vector of external loads

[M] : [C] [K] and [Z] symmetrical

|G] and [H] anti-symmetrical

Displacement-, velocity- and acceleration vectors



NONLINEAR STRUCTURAL BEHAVIOR OF
WIND TURBINE COMPONENTS

CASE STUDIES
1) Ring flange connections
. 2) Stability of tower (opening/stiffening)

4) Nonlinear behavior of monopile
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9

Case study 1: Ring flange connection
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S 1,000 | il calculated failure load -
|
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Deflection (Imm)

Veljkovic, M. et al (2010), ‘High-strength steel tower for wind turbine, HISTWIN’ Final Report RFSR-CT-2006-00031, Brussels:
RFCS Publications, European Commission
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Case study 2: Nonlinear behavior of wind turbin

C.A. Dimopoulos, C.J. Gantes, Experimental investigation of
buckling of wind turbine tower cylindrical shells with opening
and stiffening under bending, Thin-Walled Structures, vol. 54,
pp. 140-155, 2012.

Block 16-1 Block 16-2 GMNA
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study 2: Nonlinear behavior of wind turbine towers
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S 20 | "',' Block 12-1 (experiment)
" Block 12-2 (experiment)
u; = = = ABAQUS (no bolts — clamped support)
10 H& == ABAQUS (bolts — clamped support)
l/ ------- ABAQUS (bolts - flexible support)
0 1 1 1 1 I
0 0.02 0.04 0.06 0.08 0.1 0.12 (

Load cell displacement (m)

C.A. Dimopoulos, C.J. Gantes, Experimental investigation of
buckling of wind turbine tower cylindrical shells with opening
and stiffening under bending, Thin-Walled Structures, vol. 54,
pp. 140-155, 2012.
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' d +#Cohesive element abproach
3.1 FE Solid element approach
| Pure blade
E
Z 311
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T
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308504 06 08 1 12 14 16 18 2

Load factor

Haselbach, P. U., Bitsche, R. D., & Branner, K.
(2016). The effect of delaminations on local
buckling in wind turbine blades. Renewable Energy,
85, 295-305.

1 1 <4
1 1
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2 |2
: i
P
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Towards tip

Suction side

Trailing edge

Aerodynamic
shell

Pressure side

Main spar (load
carrying box)
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Case stud

y 4: Nonlinear behavior of monopile grouted connection
TEmE e, e |

© Maekawa (Sn = 000 MPa)

Shear Stress (MPa)

Transition
piece

Transition
piece

Grout

U

-0.000021
-0.004307
-0.008635

- -0.012964

o -0.017292

-0.021621
-0.025949
-0.030278

«——- Pile

-0.034606
-0.038934  (m)

T
Seabed

VMise

179.25
159.34
139.43

" 119.51

99.603
79.691
59.779
39.867
19.955

0.0420  (Mpa)

Kim, K. D., Plodpradit, P., Kim, B. J., Sinsabvarodom, C., &
Kim, S. (2014). Interface behavior of grouted connection
on monopile wind turbine offshore structure.
International Journal of Steel Structures, 14(3), 439-446.
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Thank you for your
attention
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