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Key criteria

v'Robust but not overly conservative

v'Simple and efficient without many Make everything
iterations o Sim |e bl

v'Certifiable o> PIE as possible,

v'Based on cyclic contours as current N g
industry best practice

' Bwd = but not simpler.

AR\
’ ﬁ‘\ Albert Einstein
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Ramboll's methodology — Main features

- Based on cyclic contour diagrams

« Accounts for partial drainage during pore
water pressure accumulation

« Accounts for redistribution of load history
along the monopile

» Cyclic degradation linked to soil spring's L |

utilization

‘tcy/SuDSS

Ny VS spring utilization relationship 0=}
. N_eq varie_s be_tween N, and N, for a

given soil unit ! ’
) B L p 5

Nmax ® Neq at largest soil utilization 0.0 L2E0.25% 0% 1 A& oo

0.0 0.5 1.0
1,/s,0SS

Andersen (2015)
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Ramboll's methodology — Main features

» Based on cyclic contour diagrams

« Accounts for partial drainage during pore
water pressure accumulation

« Accounts for redistribution of load history
along the monopile

 Cyclic degradation linked to soil spring's
utilization

Neq Vs spring utilization relationship

. N_eq varie_s be_tween N, and N, for a
given soil unit

* Nmax ® Nggq at largest soil utilization

RAMBGOLL

Observational point

Simplified disk

Real PWP profile

a: radius of disk
r: observation point of
analysis of disspation
pile diameter



Ramboll's methodology — Main features

» Based on cyclic contour diagrams 100
» Accounts for partial drainage during pore -
water pressure accumulation = 0.0
- Accounts for redistribution of load history =
along the monopile 030
0.20

» Cyclic degradation linked to soil spring's 0.10
utilization 0.00

Neq Vs spring utilization relationship

. N_eq varie_s be_tween N, and N, for a .
given soil unit 1

* Nimax ® Ngg at largest soil utilization f

N
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Ramboll's methodology — Main features
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0.3 === Global history
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» Cyclic degradation linked to soil spring's 0
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Utl I Izatl o n Number of cycles, N (-)
1
Neq VS spring utilization relationship o —Unitspecif Nea

curve

. N_eq varie_s be_tween N, and N, for a
given soil unit Nog/Nog ™

]
* Nmax ® Ngq at largest soil utilization 4;5
£
N, 8
q 0 0.5 1 o
Nmax _ f(UR) Max spring utilization, UR (-)
eq

RAMBGLL



Ramboll's methodology — Main features
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» Cyclic degradation linked to soil spring's 0
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Utl I Izatl o n Number of cycles, N (-)
Key points: 1
. . . —Unit- ifi
- Calibrated at representative locations 08 T e

or clusters (FEA / 1D beam)

« Applicable to soil units across the
OWF (advantage in large projects)

Neq/Neqmax

0 0.5 1

Methodology applied and certified in Max spring utilization, UR (-
projects worldwide
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Ramboll's methodology — PDCAM comparison

Comparison with PDCAM analyses by Jostad et al. (2022)
* Ngg Vs depth

« Effect of partial drainage N ()
eq
0 10 20 30 40 50 60 70 80 90
0
2
- °
B —~ 4
i I
(7]
SN '. ! 0 °
S som E 6
() s —Neqg Ramboll (partially
B a g drained)
1) '// L ® Neq PDCAM (Jostad et al.
, // 54m f_‘ p 2022)
10 ®
Jostad et al. (2022)
12

RAMBGLL D’Ignazio et al., ISFOG 2025
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Challenges in selecting
contour diagrams and
design implications
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Challenges in building contour diagrams

Challenges « Limited cyclic tests Ramboll’s role
- Choosing the most » Where to focus? : :

: » Geotechnical Advisor
appropriate samples * Which units have larger _ :
representative of a soil unit impact on design? » Geotechnical Designer

» Having reliable monotonic
tests with appropriate Lt Adapting testing
. ey - “' N}?\?"gﬁyﬂ“‘/’ﬂ‘” .
Ic::)llralne.age (clc.mc.:ltltlccla)ns i roet " strategy to reflect design
* Planning (limited) cyclic tests RN methodology and needs
(cyTX, cyDSS) for each unit 2
- Interpreting cyclic testing "o oz a5 om orepss
(strain/pwp accumulation)

15%15% Ya! Yey
 Building diagrams for : {;j Ton,
different stress-paths (e S

Andersen (2015)
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Challenges in building contour diagrams

Use of databases
- Literature (e.g. NGI) When?

- In-house contour data from nearby projects  Initial phases, no cyclic data available
» Planning lab testing conditions

' I ) 25
N (T ihierg=10 1
1.6 :}{:‘_ . |
- = U T
-1z 70/{5 Fallure line; y_=15% i

- - H !
| Drawing contour diagrams | ;pyited testi"d
1 025 gysNosjors| 02

1,6}H,;;;/‘\/\/~\ verydorse o |l N * Fitting existing diagrams to test results
0.2 — Failure line; r.,=15% - 0.?5 .‘ ."\0'9 1 - 13 1
2" /:;m - Drawing project-specific diagrams

el ]
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log N
Andersen, 2015 Kanitz et al., ISFOG 2025
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Scaling of existing contour diagrams — Ramboll's insights

Example: Large OWF project from US East Coast
« Contour diagrams pre-selected to design cyclic testing program (Method by Andersen et al. 2023)
« Comparing diagrams before and after testing (scaling)

Contents lists available at ScienceDirect

Ocean Engineering

journal homepage: www.elsevier.com/locate/oceaneng

nnnnnnn

Determination of cyclic soil parameters for offshore foundation design from ==
an existing data base

Knut H. Andersen ™, Harun Kursat Engin “, Marco D’Ignazio >, Shaoli Yang "
8 8 g

* Norwegian Geotechnical Institute, N-0855, Oslo, Norway
Y Ramboll Finland Qy, Kansikatu 5B, 33100, Tampere, Finland

Contour selection from NGI database based OCR effects in sand and silt

on basic 50|I_ prope_rtles , (Tf/U'ref)Nc/(Tf/U'ref)OC — OCR™

* Non-cohesive units (D, w, FC, OCR, ¢') » m varying between 0 (very dense sands)
« Cohesive units (OCR, PI) and 0.8 (clays)

RAMBGLL 14



Scaling of existing contour diagrams — Ramboll's insights

 Initial scaling (soil properties / database) vs final scaling (CSS tests / n.6 tests per unit)

» Scaling of y-axis (t/c"¢ OF 1.,/S,)
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Scaling of existing contour diagrams — Ramboll's insights

« Performance of Andersen et al. (2023) method:

Unit type % diff. vs initial scaling
(DSS, y-axis)

Non cohesive (n.8) -24 / +11 (avg -3%)

Cohesive (n.6) -32 / +12 (avg -6%)

 The method showed an overall bias factor of 95% and COV=12% (n=14)
» Test data in line with database contours = scaled contours used in design

RAMBGLL
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Scaling of existing contour diagrams — Ramboll's insights

« Performance of Andersen et al. (2023) method:

Unit type % diff. vs initial scaling
(DSS, y-axis)

Non cohesive (n.8) -24 / +11 (avg -3%)

Cohesive (n.6) -32 / +12 (avg -6%)

 The method showed an overall bias factor of 95% and COV=12% (n=14)
» Test data in line with database contours = scaled contours used in design

What impact on design when drawing contour diagrams from limited test data?

RAMBGLL
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Scaling vs drawing diagrams from limited data

What impact on design when limited test data is available?
« Typically, 4-6 tests are carried out for each soil unit
Example: dense sand / Kanitz et al. (ISFOG 2025)

25 25

Contour A Contour B
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0 0
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RAMBOLL Scaled (Andersen, 2015) Project-specific (drawn)
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Scaling vs drawing diagrams from limited data

Impact of contours on cyclic shear strength and stress-strain behaviour
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Scaling vs drawing diagrams from limited data
Impact of contours + cyclic methodology (homogeneous sand, D=9m, L=30m) "‘
- Method 1: N., based on global load history (Global) %
- Method 2: N., based on load redistribution (Local) 7

Cyclic shear strength, 7, (kPa) Diff. Contour B vs A, At (%) Diff. Methodology Local vs Global, Az, (%)
0 100 200 300 400 500 0 10 20 30 40 50 -100 -50 0 50 100
0 0 0
Impact of
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contours
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Methodology comparison: Full profile degradation based on global load history
might be too simplistic
If we compared all the different methodologies accounting for load redistribution, we

would likely end up with less than a 30% difference
More significant impact of contour diagrams

Cyclic shear strength, 7, (kPa) Diff. Contour B vs A, At (%) Diff. Methodology Local vs Global, Az, (%)
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Scaling vs drawing diagrams from limited data
Alternative design scenario

« Shear strength cut-off at monotonic strength
« Design conservativism

L=30m

D=9m

Cyclic shear strength, 7, (kPa) Diff. Contour B vs A, At (%) Diff. Methodology Local vs Global, At,, (%)
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Reflection

Impact on monopile design:

» Project-specific vs databases when limited test data is
available

« Contours may have a larger impact than a refined
methodology!

Uncertainty in cyclic soil properties (beyond cyclic methodology)
« How cautious should we be when assessing cyclic properties?

RAMBGLL




Development at Ramboll
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Development

Ideas for collaborations? Please
reach out ©

Jan Duhrkop
jan.duehrkop@ramboll.com

Marco D'Ignazio
marco.dignazio@ramboll.fi

Carlos Molina Mesa
cmme@ramboll.dk

Ramboll

¢
H<®

Cyclic contour drawing tool

Partial drainage accumulation tool — accounting for
drainage towards seabed/coarse layers

In-house monopile design tool (PISA+cyclic)

Refining cyclic methodology (general formulation /
validation of N vs UR curves)

25



Bright
Ideas.
Sustainable
change.
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