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Motivation

_ . |A Large number (3f cycles (N > 10%)
High-cyclic e .
A Small amph‘ (emP' O )0
'\

A High-cyclic loading of OWT foundations caused by wind and waves
A Accumulation of deformations in the soil (compaction / dilatancy)

ATilting of offshore wind turbine Y

_ : s Deformation
A Accurate prediction of long-term deformations necessary for whole lifetime accumulation

A Application of high-cycle accumulation (HCA) models for that purpose
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1. High-cycle accumulation model

Calculation strategy

a) conventional calculation b) calculation with HCA model

b

F ﬁ :
S

[

Pilac®

7

finite elements

Characteristics of HCA models:

Dependence of strain accumulation rates on various parameters can be described easier
Less numerical error, less numerical effort
No restrictions regarding the maximum number of cycles

Input of the accumulation model: Strain amplitude - (determined from the cycles calculated
conventionally), wvoid ratio, average stress, &
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1. High-cycle accumulation model
Calculation strategy

A Prediction of long-term deformations for arbitrary types of foundations
A Study of the whole soil-structure interaction under high-cyclic loading is possible

Monopiles I | Tripods, Jackets

u,u3
+2.310e-05
-4.048e-03
-8.119¢-03
-1.219e-02
-1.626e-02
-2.0338-02
-2.440e-02
-2.847e-02
-3.254e-02
-3.662e-02
-4.069¢-02
-4.476e-02
-4.883e-02

Shallow foundation
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1. High-cycle accumulation model

- . . Multidi-
Equations Niemunis et al. (2005) mensional
_ strain
Z ( ) ) = Stress rate (trend of stress) amplitude

T %= Elastic stiffness (stress-dependent)
= Strain rate (trend of strain)
= Accumulation rate (prescribed)
= Plastic strain rate (for stress paths that reach

v Py the yield surface during the cycles)
('V)”-f' | = Direction of accumulation (unit tensor)
l - = Intensity of accumulation (scalar)
- Q FQEQEQEQ Functions consider: ~

"Q = Strain amplitude = 081
"Q = Cyclic preloading E = 8l
"N~ % 0.4+

Direction: Wichtmann & Triantafyllidis (2017) "Q = Average mean pressur_e S 0.2 ﬁ;gt\ o

- . . . Q=Averageeasti o < et

Multidimensional: Wichtmann & Knittel (2019) . , : ' ' . ‘
Q: VOld ratio 0 2.5 5.0 7.5 410.0

Packages of cycles: Wichtmann et al. (2017) Namger gregales (10°]
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1. High-cycle accumulation model

Equations
Influencing parameter Function Parameter
Strain amplitude ¢! campl\ “ampl Campi
fampl — ( 104 )
Void ratio e (C, — 6)2 1 4 eppax C,
Je = l+e (Co— emax)?
Average eff. mean stress pa" Py C
o —C - - 1 P
Tv eXp[ P (100 kPa )]
Average stress ratioYav fy = exp(Cy Y&) Cy
Cyclic preloading fn = Cni1[In(1+Cn2 N)+ Cns N| Cut
: [ ONQ CNZ
= C C
I N T v + N3] Cya
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1. High-cycle accumulation (HCA) model

Calibration based on drained cyclic triaxial tests
Pressure cell
filled with water

Sample
(h=d=10cm)

Load cell

Displacement
transducer

Load piston

Pneumatic
cylinder

(New devices at RUB - Manufactured by
Schudy Sondermaschinenbau)
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1. High-cycle accumulation model

Calibration based on laboratory tests

Result of a typical test on a medium dense sample of fine sand (relative density D,, = 53 %)

G4

W i ¢ Gampl

o 1

> t
¢ camPl = 60 kPa

0'1av = 300 kPa £acc
1
o5 = 150 kPa Sgcc
G2
— 03

s = effective stress
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1. High-cycle accumulation model

Calibration based on cyclic triaxial tests

4~ q2™P! [kPa] = Variation
. —0— 80 amplitude
52 —A— 60 ]
© H
; 5| Dio=66-67%
©
<
Campl :(5 r
e e
10° 10" 10 10° 10
Number of cycles N
3.0 1 p2 [kPa] = Variation
. —0— 50
7 25 P pressure
0 | |——200
3, 201" o300
.E 1'5 s 22 YIS
E qampl/pav =0.30
B 10} D =65-67%
<3
p 0 'S { 1 I
100 10" 10 10° 10
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10°

Acc. strain gac¢ [%)]

Acc. strain gacc [%]

-
N

-
o

N w ~ 01 O
T T T T

0O N~ OO

Wichtmann et al. (2010, 2015)

From all tests: | Cy1, Cros Crs

A Fabric / sample preparation

method influences strain
C accumulation

A Should be chosen in
accordance with
depositional history of soill
in the field

Number of cycles N

24.09.2024

—1 Dy [%] = [ Variation
—0— 52 rel. density
—0— 66

rn— g2 | 9*™' =60kPa
Simulations with -
HCA model
= O B V A
0° 10" 102 10° 104
Number of cycles N
| m™ = — Variation
| —0—1.25/| | stress ratio
——1.00
L | —0—0.75
—0—0.50
g2mpl = 60 kPa
D,, =63-67 %
‘ 9 S 1
0 10" 102 108 10* 10°
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1. High-cycle accumulation model

Simplified calibration procedure
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Wichtmann et al. (2009, 2015)

Gravel
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0102 051 2 5
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Acc. strain £3CC [%)]
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A Approx. 350 drained cyclic
triaxial tests on 22 quartz sand
mixtures with mean grain sizes

0.1

mgpyOO3d5

mm

and uniformity coefficients

1. 5,0 8

N = 10,00Q ‘

. pa =200 kPa
H= Q.75

gqampl = 60 kPa |

5 7
Cu =deo/d1o [*]

A excc decreases
with dg, and
increases
with C,
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1. High-cycle accumulation model

Simplified calibration procedure
Wichtmann et al. (2015)

Sand Gravel 0.8 T
Q
g 100 | A m 0.6 AR D
£ 80 ' 04 BarRa L
S 60 S o2 alllis;
2 40 0 <
s 20
- Y 0.06 0.6 6 0.1 1 10 0.2 0.4 0.6 0.8
Grain size [mm] dso [mm] ©min

6 ™ @ ™ WQ [ 1] 1] 6 T WQ

A Determination of all parameters from correlations only for rough estimates Grain shape,
shell fragments, fines content:

A Recommended minimum standard: Wichtmann (2016)

: : _ Wichtmann et al. (2019, 2020)
Campir Ce» Cpy Cy from correlations, Cy;, Cy,, Cy3 from a single cyclic test
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2. Validation of HCA model

Back-analysis of model testsor measurements at real buildings

90 cm

Ship lock Uelzen
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—e— Experiment  =—— Simulation /
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le+02 1le+03 le+04 le+05 le+06 le+07
Anzahl an Zyklen N [-]

N

[y

Horizontale Verschhiebung [mm]

Zachert (2015)

Zachert et al. (2020)
Machacek et al. (2018)
Wichtmann et al. (2019¢)
Staubach et al. (2021e)
Staubach (2022)

Test foundation

E _ -

E, 10 | Foundation FE simulation -

= plate C v

OE) 15

3 {Bp T

20 Measurement

(%] . €, I at test foundation

25 L
<D
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3. Application of HCA model to OWT monopile foundations . Staubach &
. : 0 Wichtmann (2020)
Influence of soil state and loading N = 10° cycles 7/

FE model (Program Abaqus): Variation of / / Variation of
load amplitude: soil density:

9=0.09°" 0.12° 0.08° 0.12° 0.16°
E sbkoffy (g E 5 Pl Ml
5 - 5
O 10 Pmmraey o Iy _ O 10 e e T _
8 ! Dro=70°/o 8 _ h =30m
@ 15F A/ h=30m | 9 15 Foen g M2V = 30 MNm |
3 M =30 MNm 3 M*™ = 20 MNm
8 20 snsesmann 1 1§20 Mampl [MNm] e B 8 20 i e S D [O/O] = [ —
- - ro
s 10 B : 90
. — 40
1 i ] ] ]
-1 0 1 2 3 4 0 2 4 6
Horizontal displacement [cm] Horizontal displacement [cm]
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3. Application of HCA model to OWT monopile foundations

Installation effects

Effective radial stress [kPa] Excess pore water pressure [kPa] Relative density [%]
<0 100 5200  >200 100 <0 50 >100 Vlbratory driven plle
S T s _:_i_ me 0 e

©
N

—e Installatlon with k'” =103 m/s
—+— Installation with k¥ =10"*m/s

5 /,
S 0.3 —— Drained installation //
'E —— WIP /
2 0.2 — = /
3 =
% 0.1 e

0.0l
109 10! 102 103 104 10° 106

Load history [-] / Number of load cycles [-]

Staubach (2022, PhD thesis), Staubach et al. (2020, 2021a, 2021b, 2021c, 2022c)
A Pile installation changes density and stress and thus influences long-term deformations

A Pile installation effects depend on drainage conditions
A Assuming wished-in-place conditions may not always be conservative
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3. Application of HCA model to OWT monopile foundations

Influence of the constitutive model used in combination with HCA model

a) conventional calculation b) calculation with HCA model

finite elements

A Which conventional constitutive model to use for the first two and update cycles?

A Comparative study with two popular models: Hypoplasticity with intergranular strain
(von Wolffersdorff 1996, Niemunis & Herle 1994) and Sanisand (Dafalias & Manzari 2004)
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3. Application of HCA model to OWT monopile foundations

Influence of the constitutive model used in combination with HCA model

Simulation of undrained cyclic triaxial test

100
50F
©
Ay
=4 O\ [ VO Reneement Y+ 1 LR
o
_50 L
— Wichtmann et al. (2019)
— Experiment
_1000 50 100 150 200 -0.12 —0.06 0.00 0.06
p / kPa €1
100
Sanisand
©
a9
~
o
— Wichtmann et al. (2019)
— Experiment
_1000 50 100 150 200 -0.12 —-0.06 0.00 0.06
p / kPa &1
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Wichtmann, T., Fuentes, W., Triantafyllidis,
Th. (2019): Inspection of three sophisticated
constitutive models based on monotonic and
cyclic tests on fine sand: Hypoplasticity vs.
Sanisand vs. ISA. Soil Dynamics and Earth-
quake Engineering, Vol. 124, pp. 172-183

200 M- yp0
— Sanisand
o 150
o
-~
=, 100+
§Qrtu’
< 50}
0 — Experiment
0 5 10 15 20
N
0.12
0.10F
< 0.08 .
-~ — Hypo
El 0.06 — Sanisand
W'0.04+
0.02
— Experiment
0'000 5 10 15 20
N
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3. Application of HCA model to OWT monopile foundations
Influence of the constitutive model used in combination with HCA model

D=5m lpo = 0,6 Mav = Mampl = 30 MNm
L=30m k=10%m/s h=20m,f=1Hz
Wind
M\~ FE model (Program numgeo) /|| numgeo
LS}—-
T e— S s |
H = (wind + wave) — ? ﬁ:"f
/\/\/\l" _ v yp
H/2 A
Have h V (self-weight OWT) 4
self-weig
AR
B S 8
S yM - =
L
D Elem;M »\j Oy
27 nodes / integr. points 482m Sm
http://numgeo.de

/ ‘ FELIPE PRADA
v 24.09.2024 ASSISTANT PROFESSPREPARTMENT OF CIVIL AND ARCHITECTURAL EEGRING
DANISH GEOTECHNICAL SOCIETY SEMINAR

18



3. Application of HCA model to OWT monopile foundations

Influence of the constitutive model used in combination with HCA model

Variation of drainage conditions

_ . E 0
A Fully drained (k*Y D) -
. . )
A Partially drained (k¥ = 104 m/s) 5 o
T
=
0.06 5
: T
= — Hypo, k" =10"* m/s = 10
T 2 0.05(- Hypo, »w o
Qo — Sanisand, 10™* m/s ™ o —15
-(]CJ 53>< 0.04 L== Sanisand, - « _ =
- -
=5 L -20
S E <
= &
N O @ —25
5 2 =
T3
-30
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N = £ £ 2:10° 2-10°

Hypo, k% =104 m/s
-- Hypo, -
— Sanisand, 1074 m/s

-- Sanisand, - ©

—-0.02 0.00 0.02 0.04 0.06

Horizontal displacement / m
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3. Application of HCA model to OWT monopile foundations

Influence of the constitutive model used in combination with HCA model

Time with maximum excess

Strain amplitude (constantuptoN=¢ p m): pore water pressure (N = 27):

strain amplitude excess pore water pressure
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0 10 20 30 40
e | | . — - | .
kY P kW =104 m/s kW =104 m/s
Hypo Sanisand Hypo Sanisand Hypo Sanisand

. .
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3. Application of HCA model to OWT monopile foundations

Influence of calibration method

A Simplified calibration using correlations and determining C,; from a single cyclic test
A Calibration based on experiments, by-hand
A Calibration based on experiments, using an Automated Calibration Tool (ACT)

Comparison to Quantify
Database Simulation experiment discrepancy

Estimate set of Weighted
parameters | error Final set
> A > > e = YT wiet of paramters
Experimental Data Zilinumgeo Normalized
comparison planes
() Optimization algorithms
Machal ek et al. (2022)
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3. Application of HCA model to OWT monopile foundations

Influence of calibration method

20— 6.0
Expe;rliment Experiment ) o ) )
£ ||@™inkPa| Caibration R 50| o Calibration Simplified calibration:
S5/ ™ 28 — Simplified £ - 3'421; — Simplified
el —h— s —es— (. .
i e 40 % 40| e os1 Campi» Ces Cp, G from correlations,
£ —a 20 = —— 0.66
5 1.0q 5 3.0 — 074
z d 0.85 : :
g S 50 C,; from a single cyclic test
4+ 4+
s 0.5 g
& & 1.0 HCA model parameter set
%900 10t 102 10° 10° 10° °Qoe 10t 102 10°  10¢ 10 0 0 0 0
Number of cycles N Number of cycles N 1§ T T T e @ & p
2.5 3.0
Experiment Experiment
c I —e— . . [y —— 1. . o o %4 %
= — Simplified = — Simplified
; e 100 P § ol 100 P O pTt 0 O pTm
W —— 200 W —e— 0.75
% 1.5 —— 300 % —=— 0.50 XEﬂJ C T[8)- v p ﬁt LIJ
2 — S15{——
» 1o »
w 107 ©
g 5 1.0
9 0.5 9
b<¢ £ 0.5 .
B Cost function: 0.1074
%900 100 102 103 10 10° 0900 10! 102 103 10* 10°
Number of cycles N Number of cycles N
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3. Application of HCA model to OWT monopile foundations

Influence of calibration method

2.0

Acc. total strain £%€ in %

Acc. total strain £%¢€ in %

°g
/v

1.5/

1.0/

0.57

1.57

1.0

0.5

Experiment
g™ in kPa Calibration

80 — By-hand
—e— 40

102 103 105
Number of cycles N
Experiment
av
p?in kPa Calibration
50 — By-hand
—e— 100
—— 200
—— 300
= =

103 10°

Number of cycles N

0° 10!
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Acc. total strain €€ in %

6.0
Experiment
lpo ; ;
5.0 Calibration
i
— .
4011 o 051
—r— 0.66
3.09) —— 0.74
—— 0.85
2.01
1.0
O. i = 7_'_._-==‘_"'—-7- !
(.)lOO 10! 10 103 104 10°
Number of cycles N
3.0
Experiment
n# : :
2.5 Calibration
Sty
—— 1.00
2.0 —— (.75
—=— (.50
15—
1.0
0.51
(.JLOO 10! 107 103 104 10°

Number of cycles N
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Calibration by hand using all
available test data:

with additional optimization based on
visual inspection of the element test
simulation results

HCA model parameter set

0 0 0 0
l&0 g v ™ p P8 T
0 pT 0 0O pTm
T U TBIWo X® T

Cost function: 0.0763
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3. Application of HCA model to OWT monopile foundations
Influence of calibration method

2.0

Experiment Ca|ibrati0n W|th ACT USing a”
g*™ in kPa alibration . :
15| — ava?lal-:)le -test data: |
—e 40 . Optimization by Hybrid Quantum-

behaved Particle Multi-Swarm
Optimization (HQPMSO)

Acc. total strain £%€ in %

HCA model parameter set

0900 1ot 102 10° 107 10°
Number of cycles N

0 0 0 0

18y @ T® T PP v

0 pT o) 0O pTm

X8t 1 @ TT 08I ¢

Cost function: 0.0671
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