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Advanced Methods in modelling cumulative soil behavior

Outline

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

o Motivation

o Soil behaviour under cyclic loading
o sands under undrained and drained triaxial cyclic loading
o clays under undrained triaxial cyclic loading

o Conventional constitutive models under low to medium-cycle loading
o Ingredients
o Constitutive anamnesis model

o High cyclic accumulation (HCA) model
o HCA for sand
o HCA for clay

o Back-analysis of centrifuge tests on monopiles in soft clay

o Summary and Conclusions
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Advanced Methods in modelling cumulative soil behavior

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

Motivation

o Cyclic loading from e.g. wind and waves

o Decrease of the effective stress

o Increase of excess pore water pressure

o Decrease of the stiffnes of the soil

o Accumulation of deformation under medium- and high-
cycle loading of foundations

o Serviceability problem
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Advanced Methods in modelling cumulative soil behavior

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

Outline

o Motivation

o) [Soil behaviour under cyclic loading ]

[o sands under undrained and drained triaxial cyclic Ioading]

[o clays under undrained triaxial cyclic loading ]

o Conventional constitutive models under low to medium-cycle loading
o Ingredients
o Constitutive anamnesis model
o High cyclic accumulation (HCA) model
o HCA for sand
o HCA for clay
o Back-analysis of centrifuge tests on monopiles in soft clay

o Summary and Conclusions
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Advanced Methods in modelling cumulative soil behavior

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

Soil behaviour under cyclic loading

o Sand

undrained triaxial tests
o variation of deviatoric
stress amplitude g#™?!
o variation of initial

relative density Ipq
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Advanced Methods in modelling cumulative soil behavior

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

Soil behaviour under cyclic loading

o Sand
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Advanced Methods in modelling cumulative soil behavior

Soil behaviour under cyclic loading

o Sand

drained triaxial tests

o variation of deviatoric
stress amplitude g#™?!

o variation of initial
relative density Ipq

o variation of initial

stress ratio ng
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Advanced Methods in modelling cumulative soil behavior

Soil behaviour under cyclic loading

o Clay
undrained triaxial tests

o variation of deviatoric stress amplitude %"

a) u"“/pyvs. N b) el vs. N
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Advanced Methods in modelling cumulative soil behavior

Soil behaviour under cyclic loading

o Clay

undrained triaxial tests

O O O O

variation of deviatoric stress amplitude g%™¥"
variation of initial void ratio e,
variation of initial stress ratio n

variation of displacement rate s
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Advanced Methods in modelling cumulative soil behavior

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

Outline

o Soil behaviour under cyclic loading
o sands under undrained and drained triaxial cyclic loading

o clays under undrained triaxial cyclic loading

o) [Conventional constitutive models under low to medium-cycle loading ]

[o Ingredients ]

[o Constitutive anamnesis model]

o High cyclic accumulation (HCA) model
o HCA for sand
o HCA for clay
o Back-analysis of centrifuge tests on monopiles in soft clay

o Summary and Conclusions
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Advanced Methods in modelling cumulative soil behavior

Conventional constitutive models under low to medium-cycle loading

o Ingredients
: : .h i
p=K (ev —&,P — 83‘5)
o  Bulk modulus

o Virginloading &, = -

o Non-linearity
o Unloading and reloading
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Advanced Methods in modelling cumulative soil behavior

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

Conventional constitutive models under low to medium-cycle loading

o Ingredients 1 1/1,
- e ‘hp . . VIS — ) . . .
6=FE(¢6—¢&"-¢ E: <£ Ym||&|| — I,A <_o CR) m>

o Stiffness tensor E
o  Critical state and Dilatancy rule

o Loading surface -
—03
— 2 -
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Advanced Methods in modelling cumulative soil behavior

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

Conventional constitutive models under low to medium-cycle loading

o Ingredients 1/1,
y=E:(¢—-&" - &) =E(&-Y — LA
o (s £ £ £ m||&|| <OCR> m

—— Experiment (sketch)

o Stiffness tensor E v/ [ — AVISA
o  Critical state and Dilatancy rule v/
o Loading surface v S

¥

O
o  Shear modulus degradation ?D visko-elastisch
o  Stiffness at small strains
o Anamnesis and
o Historiotropy of the soil - |
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Advanced Methods in modelling cumulative soil behavior

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

Conventional constitutive models under low to medium-cycle loading

o Constitutive anamnesis model (PhD Tafili 2019)

o  Historiotropic surface with
o evolving size = shear modulus degradation

o rotating bisector = induced anisotropy
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Advanced Methods in modelling cumulative soil behavior

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

Conventional constitutive models under low to medium-cycle loading

o Constitutive anamnesis model (PhD Tafili 2019)

o loading surface (back stress) o = pg(—1 + Q)

o isotropic size pg = —%Btr(é‘) — Cy,(p — pp)||E||R™ ™0

o  Bisector inclination Q = C, (6" — Q)||&||R ™0

-100
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Advanced Methods in modelling cumulative soil behavior

Conventional constitutive models under low to medium-cycle loading

o Constitutive anamnesis model — Simulation of a triaxial cyclic test

AVISA Anamnese
CO05: @ampr = 50 kPa , CO5: ggmpr = 50 kPa
FF F
S 80 S 80
> 40 40
Z <
4;3) 0 A7 0
. 2
3 —401 3 —40-
o= =
% —801 5 —80-
(A : : : : : 'a : : : : :
0 40 80 120 160 200 0 40 80 120 160 200
Mean stress p [kPa] Mean stress p [kPa]

(Data: Tafili et al. 2019)

o accurate description of 8-shaped hystheresis
o accurate reproduction of the number of cycles N up to ||&;]| < 10 %

Workshop 2: Study of structural and foundation systems of Wind Turbines
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Advanced Methods in modelling cumulative soil behavior

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

Conventional constitutive models under low to medium-cycle loading

o Constitutive anamnesis model — Development of the hisotriotropic surface for g, = 70 kPa
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Advanced Methods in modelling cumulative soil behavior & . . . - : ; .
Workshop 2: Study of structural and foundation systems of Wind Turbines

High cyclic accumulation (HCA) model

o HCA for sand (Niemunis et al. 2005)

o = E: (& — £%¢ — &Pl) with 1= 9 U/ON fnite

elements

a) conventional calculation
sacc — gacc
& =& m AE

éacczfamplfoefp

b) calculation with a high-cycle accumulation (HCA) model
A Lo

AE € | £@MPl oy
IR ﬁ P 7 - — N Kupdate
g -7 cycle
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Advanced Methods in modelling cumulative soil behavior & . . . - : ; .
Workshop 2: Study of structural and foundation systems of Wind Turbines

High cyclic accumulation (HCA) model
o HCA for clay (Staubach et al. 2021)

o Intensity of accumulation: ‘l’F

finite
elements

a) conventional calculation

o = E: (£ — £%¢ — &PY) with U= 9 U/ON Ne
£acC — gaccm
t N

l b) calculation with a high-cycle accumulation (HCA) model

sacc _ : 1F . DE,
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g e o cycle
[ ¥ _HCAmodel | | HCAm.
Tt Tt

DAAD S e s o \‘(IT UNJVERSITY OF

Karlsruhe institwle of Technology




Advanced Methods in modelling cumulative soil behavior & . . . - : ; .
Workshop 2: Study of structural and foundation systems of Wind Turbines

High cyclic accumulation (HCA) model

a)
20 T T T
o HCA for clay (Staubach et al. 2021)
= N=1-5
161 Ng=0 /, /
©
o Intensity of accumulation: 95 12 /.;\/
. . s 8 < fampt With
o Influence of the strain amplitude p } Campt = 0-51
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Advanced Methods in modelling cumulative soil behavior

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

High cyclic accumulation (HCA) model

o HCA for clay (Staubach et al. 2021)

o Intensity of accumulation:

o Influence of the cyclic preloading

o = E: (£ — &% — &PY) with U= 9 U/ON

|

£4CC — gaccqyy

|

g9 = famplfoefnfOCRff

| .
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. g4
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Advanced Methods in modelling cumulative soil behavior

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

High cyclic accumulation (HCA) model

o HCA for clay (Staubach et al. 2021)

o Intensity of accumulation:

0.10
o Influence of the void ratio .
. 0.08 OO
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Advanced Methods in modelling cumulative soil behavior

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

High cyclic accumulation (HCA) model

o HCA for clay (Staubach et al. 2021)

o Intensity of accumulation:

o Influence of the stress ratio N=1-5 /

0.4
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Advanced Methods in modelling cumulative soil behavior

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

High cyclic accumulation (HCA) model

a) 0.10 !
o HCA for clay (Staubach et al. 2021) — 008 N=1-5 o
3 . ___Q__,——CL-‘”“'O_#
: : 8 0.06F——00 Q
o Intensity of accumulation: - OCR =
X 0.04 8 o 1.0 |
(3] o 1.5
o Influence of the oveconsolidation ratio .33 0.02 20 |-
v v 25
s . (e sacc _ &pl : — 0 |
6=E(é-¢ gP') with U= 9 U/ON 1.0 11 12 13 14 15
l Void ratio e
gacc — gacc,y b) 3.0
— 2.5
© C .
l Q 2_0\ focr With
EYC = fampifnfefnfocrSy P \m Cocr =11
%: 0e ~___
205 N=1-5 =]
focr = €xp(—Cocr(OCR — 1)) 0 i i
1.0 1.5 2.0 2.5 3.0

Overconsolidation ratio OCR
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Advanced Methods in modelling cumulative soil behavior

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

High cyclic accumulation (HCA) model

o HCA for clay (Staubach et al. 2021)

o Intensity of accumulation:

6
N=1-5
o Influence of the loading frequency = S}
o 4 Q @
' : — £0¢¢ _ gb1) with (1= 9 U/ON = | T oY
o=E:(&— & — = =
( .
l > 2 q@mpP! = 45 kPa | --
£acc — gaccy, %: ;
| 0
. 0.01 0.1 1
£0°¢ = fooifnfofofocrfs Displacement rate § [mm/min]
fr = 1 (Kaolin)
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Advanced Methods in modelling cumulative soil behavior

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

High cyclic accumulation (HCA) model

o HCA for clay (Staubach et al. 2021)

o Intensity of accumulation:

horizontal 1 gl
o Influence of the loading direction with respect to the sedimentation axis E_ -_:;. —_ Em
- (s ~acc _ &l with 17— 6 ! !
o= E: (8 — & — &P ) with LI= 0 U/@N 5 vertical  horizontal
| g y ¢
= 4 o S
£0CC — gaccy, e
(1]
l e & 0 Tests with
S o Np=0
:acc — 3 O Ng=0.5
€ = famplfoefnfOCRff 0 !
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Advanced Methods in modelling cumulative soil behavior

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

High cyclic accumulation (HCA) model

o HCA for clay (Staubach et al. 2021)

o Direction of accumulation:

6 = E: (& — £%¢ — &P1) with U= 9 U/AN

|

£acc — gaccy,
1 - (qav)z 3 . - o
m = 3 p — MEpa 1+ W(a ) (similar to the MCC model approach)
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Advanced Methods in modelling cumulative soil behavior

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

High cyclic accumulation (HCA) model

o HCA for clay (Staubach et al. 2021)

o Plastic strain

o Associative flow rule

6 = E: (& — £%¢ — &P1) with U= 9 U/AN

ot 2 OF
E = %=¢m

o Hypoelastic stiffness

o = E: (£ — &% — &PY) with U= 9 U/ON

|

E=K1®1+2ul

1+e 3K(1 — 2v)
K = D, =

U
K 2(1+v) it L et e T UNIVERSITY OF
& DAAD Gawman Academic Exchan e Service \“(I I) J,'_'ik .I_ R "q S
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Advanced Methods in modelling cumulative soil behavior

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

High cyclic accumulation (HCA) model

Jocr | Campt | Cn1 |Cn2 |[Cna| Ce | Oy | Cocr
o HCA for clay (Staubach et al. 2021) OCRg| 0.6 |0.00115| 0.8 | 0.0 |-0.97[2.9| 0.5
o Element tests of Kaolin OCR | 0.8 [0.00125| 0.5
—— Tests ==-=- Simulations
a) 1.0 variation of amplitude }wm—-r‘ b) 1.0 Fre——————————my ' f) 1.0 ! ! !
| ! Po [kPa] = [ ] Legend o= ; 5
0.8 ! | gampl 081 — 50 | i L for e+q) 08|+ ——-0.125} -] var. ng (ext.) |-
VA AL —w | i y —3,
© 0.6 A — 230 ° 061 — 150 _ 4 // s Qo 0.6 -+ -0. s
g / / ~ |—w & 200 / //’/ ) / e $ —-05 -
0.4ty , 1/ A ——45 S 04L 300 7 ,f;/’ P & 0.4+ Legend ,//:'_{/
/y / 50 / ;4:// for f+h) '&-—"
0.2 L // / 60 02 " J:‘/ Z / 0.2 .’ ==
:’/,,// ! 7|0 &/ | var. pressure py | _ | var. ng (compr.) | 222 =
0™ 10 1001000 O 0 00 1000 0™ 10 100 1000 10000 0™ 10 100 1000 10000
Number of cycles N Number of cycles N Number of cycles N Number of cycles N
c) 1.0 d) 1.0 — . 9) | h)
' — 12 var. ng (compr.) |- — O
(var. OCR | 2 / | O B =, S
08L- I 0.8 || var. OCR | [ =~ 10 ;" = > ,L'"“'--\‘..__::::*- “--..___-‘
g g 2l | ~ <
/ 0.6--10CR = T gt / /; s \. \\\
S 06 ox —1.5 / c / V4 S 4 AN N S
o ” S 0.4 L 2.0 / wh . @ 6 —v @ ) S : \‘:
% % 25 -.0_'3 ,/ ] -.('_d \\
= 04 =S . i~ ) 4 ) _6 >~ __
0.2 A ez = / / = SN
0.2 = ,/’,:IZ:/ 3 2 ..‘_:_;'/" _,/':/ S g \\\\
! ‘var. frequency‘ 0 :-i{.--r-/l' §' 0 E=mo Eﬁ B var. ng (ext.) N
1 10 100 1 10 100 1000 2 10 100 1000 10000 1O 10 100 1000 10000
Number of cycles N Number of cycles N Number of cycles N Number of cycles N
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Advanced Methods in modelling cumulative soil behavior

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

Back-analysis of centrifuge tests on monopiles in soft clay

o Finite Element model with numgeo (Staubach et al. 2021)

Application of the self-weight of the soil and pileat 1 g

Application of increased gravity to 100 g by the centrifuge
Application of the average value of the lateral force H,, = 62.5 N

Calculation of the first cycle, using the AVISA model

O O O O O

The average load H,,, was superposed by a sinusoidal cyclic load
with the amplitude Hgpp = 37.5 N

Calculation of the second cycle, using the AVISA model.

O

o Calculation of permanent deformations due to
N = 100 further cycles using the HCA model.
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Advanced Methods in modelling cumulative soil behavior

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

Back-analysis of centrifuge tests on monopiles in soft clay

o Finite Element simulation with numgeo (Staubach et al. 2021)

0.12 ‘
—e— Experiment
— 0.10— —— Sjmulation 1
E
@ 0.08
E
@
&
[1v]
a 0.06 i
n
]
®
T 0.04
-
o /U
% 0.02 /
—_—
‘/ HCA phase
|
0.0 2
%00 102 10
Time [s]

10°

Vertical coordinate [m]

=—&— Experiment

- Simulation
—10 ‘ | —-10 <
0 \ Mudline
A
10 ); 10 \
20 y 20 }
I L
30 N_l/V 30— N =90
40 /,/ 40 g
50 50 T/
D
60 60
SIS S S S°S RS eS

'I'h.'l
!

Bending moment [MNm]
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Advanced Methods in modelling cumulative soil behavior

Summary and Conclusions

o Experimental investigations

o Explicite constitutive models

o Implicite constitutive models

o Calibration and verification

I

Function Material constant | Ref. quant.
_ [ ~ampl ; _ampl Campl C _ampl

fampl — = /:mf “ampl “ref

: (-Jimlvlcml'a .

In =777+ +Cn1Cns Cn1, Cna, Cns
]_ + CNQJT\" '

_ (C{;—ejz 1+eref

fe — T ixe (C(:_elrisz Ce Eref

£y = exp (C, lir™|/M) c,

focr = exp|—Cocr(OCR — 1.0)] Cocr

fr=1
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Workshop 2: Study of structural and foundation systems of Wind Turbines
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