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Offshore wind farms in belgium

First offshore wind energy zone
2.3 GW OF INSTALLED CAPACITY
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What 1s a physical model?

* A physical models represent the prototype design at a smaller scale

It offer an economical and more practical way to validate numerical models or
tests different design strategies

Prototype Model
withD=6..11m withD=6&11cm 3
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The Necessity of Physical Modeling

High costs associated with construction and pilot projects limit full-scale testing:

* deep geothermal wells: $3—15 million

Groundsource heating and cooling | Geothermal heat and power
Open-loop Closed-loop Mine water ' Hydrothermal system  Petrothermal
GSHP GSHParray  energy ! (Directuse heat) (EGS) system (power)
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Source: British Geological Survey.
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The Necessity of Physical Modeling

High costs associated with construction and pilot projects limit full-scale testing:

« offshore CO, injection wells: $7—24 million

Power Plant

om
Washington Monument 162 m %

I04.8m
Eiffel Tower 324 m
Drinking Water
Empire State Building 381 m Aquifer 609.6m

Sears Tower 442 m

914.4 m
Burj Khalifa (Dubai) B30 m
1219.2 m
Impermeable et m
Seal
1828.8 m

21336 m

Source: EPA. 5




B UCLouvain ALERT Doctoral School 2025

The Necessity of Physical Modeling

High costs associated with construction and pilot projects limit full-scale testing:

* 5 MW monopile $2.4 million, plus high installation costs

300 m 13-15 MW

200 m
100 m 1,2 MW
0,5 MW
1-12 kW
} ft i\\
19th ¢ 1990 1995 2000 2005 2010 2015 2025

Evolution of Wind Turbine Power and Rotor Diameters over Time. Source: IRENA
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The Necessity of Physical Modeling

High costs associated with construction and pilot projects limit full-scale testing:

* 5 MW monopile $2.4 million, plus high installation costs

specialised vessels costs:
~200k€/day

And installation of a monopile:
~3 days
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The Necessity of Physical Modeling

The Technology Readiness Level (TRL) scale was introduced in EU funded projects
in 2012 and is currently the point of reference for determining the development or
maturity of a research and its readiness for the market uptake and potential
investments.

=

Actual system proven in operational environment (competitive manufacturing
in the case of key enabling technologies; or in space).

System complete and qualified.

| Prototype
(full scale)

System prototype demonstration in operational environment.

Technology demonstrated in relevant environment (industrially relevant
environment in the case of key enabling technologies).

Technology validated in relevant environment (industrially relevant
environment in the case of key enabling technologies).

Physical
Model

Technology validated in lab.

Experimental proof of concept.

Technology concept formulated.

Basic principles observed.

\
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The Necessity of Physical Modeling

* Physical modelling as forming the observation part of a ‘reflective practice’ cycle
(Muir Wood, 2017)

* Theoretical modelling forms part of the prediction.

/—;diction/action

reflection

observation/perception

* Observation (e.g., displacements or pore pressures) provide more secure information
about the way in which the geotechnical system behaves.

* Reflection on these observations then provides the route for improved future design
or modelling.
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Unrealistic physical model

Example of the Vajont landslide (Italy 1963, >1900 deaths)

b) RESERVOIR LEVEL
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Particle Finite Element simulation of the landslide (Franci et al., 2020)

A physical model (1:200) was built before the Vajont disaster... but without
proper scaling it suggested a much smaller tsunami wave, without overtopping.
10


https://drive.google.com/file/d/1GGpwSh-f-ZqZjyXjOsVQqDiPIKogrfAC/view?usp=sharing
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Scaling Laws through Dimensional Analysis

* Purpose: Ensure the model & prototype behave under the same physics despite
different sizes/times.

* Dimensional analysis: identify the main dimensionless groups that govern a system

* Scaling Laws: Relations derived from these numbers — guarantees similarity.

Prototype Model
withD=6..11m withD=6&11cm 11
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Equation-based scaling laws

* Used when the governing partial differential equation (PDE) is known
(e.g., Navier-Stokes, diffusion, or consolidation equations)

* Equation can be reformulated in dimensionless form.

» Example of consolidation equation in 1D: Drainage
=0 GroundTSurface

ou 0%u
ot Y 9z2

4

ot T.c, 0%l
ot  H? pz2

2H

12
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Variable-based scaling laws

* Used when the governing equations are unknown or too complex to derive.

* 1dentifying all relevant physical quantities and applying the Buckingham’s 7
theorem (1914):
“if a problem 1nvolves m physical variables and k fundamental dimensions,
it can be reformulated in terms of m—k dimensionless parameters.”

e Challenges: choosing appropriate repeating variables and determining the most
suitable form of each dimensionless group from among many valid
combinations.

13
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Variable-based scaling laws

Example of a pile subjected to a lateral force H:

» Step 1: Identification of relevant variables
H)L)DJQDIV) E)I

e Step 2: Buckingham’s & theorem:
7 variables and 3 dimensions
— 4 dimensionless groups

* Step 3: Dimensional Analysis Setup
H L _ EI

HIZ)/_Lg H2:5 H3_yL5 [y =¢
) (L
vz I \p'ys?

ALERT Doctoral School 2025

D
Ground Surface 4

Soil: ¢, 7y

Pile: E, 1

14
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Scale factors

* Once a set of dimensionless groups is established, the next step in physical
modeling is to determine the appropriate scale factors.

» Scale factors are the ratios of prototype to model quantities

[ t 0.
_» _ _%
A= L At - Ag .

* Example of scale factors’ catalogue (Muir Wood, 2017) :

scale factors
quantity general lg ng
(laboratory) | (centrifuge)

length . 1/n 1/n
mass density Np 1 1
acceleration Ng 1 n
stiffness na 1/n* 1

stress NpNgTy 1/n 1

force nyngn; 1/n3 1/n?

15
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Scaling in 1g Models

* What does it mean 1g?
small-scale tests in a laboratory at normal gravity
(i.e., 1g=9.81 m/s?).

* 1lg modelling 1s cheap, flexible, and fast, allowing
a broad exploration of variables.

* Even if stresses are not correct, relative trends
(e.g., how failure surface shape changes with
slope angle) are often captured.

e Useful for early-stage research, test
instrumentation, before committing to centrifuge
or full-scale tests.

ALERT Doctoral School 2025
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SAGE-SAND Project

*  80% of Offshore wind turbines foundations are monopiles.

* Traditional installation: impact driving, but induces
disturbance to marine life.

* Peak levels can exceed ~190 dB (at 750 m), for monopiles
representative of today’s designs (>9—10 m diameter).

‘ vibratory driving

vibratory driving offers:
* Faster installation

* Lower cost

 Lower noise emissions

But impact driving offers:
* Load-bearing capacity
*  Quality control

Questions about the lateral response and

installation effects? vibratory driving
17
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SAGE-SAND Project

Research questions:

= What is the influence of the pile driving method (vibratory installation, hammering)
- in soil conditions on pile response (stiffness, capacity) under lateral loading?

= How do ageing effects influence the pile response under lateral loading ?

Methodology:
* 1g experimental setup (6-11cm diameter piles).
» Centrifuge tests (2.5cm diameter piles) .

» Large scale tests (2m diameter piles).

18
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SAGE-SAND: Soil ageing around offshore wind turbine foundations - from operational
response to decommissioning

m B UCLouvain ‘:UL'E(EE
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SAGE-SAND Project
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Georgios Anogiatis Michail Spyridis

Costas Elezoglou 20
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1g Model for pile installation effects

2. Pile

3. Application of
driving

lateral load

1. Preparation of
sand sample

21
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1g Model for pile installation effects

Influence of ram mass (m,.) and saturation

H-v* graph forD = 6 cm

35

30 7 *WWM,.‘,,.
Z 251 ;
T
g 20
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© 151
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o
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T

: —— T5:dry

T6: dry
0 —— T14: saturated

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Norm. displacement at mudline, v* [-]

Observation: saturated sand = resistance ™

Scaling of the lateral resistance for D=2m: 1.2 MN
Large scale test ~4 MN (no proper similarity in terms of materials and dimensions) 22
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Problem of stresses at 1g

30cm < 3kPa (100 times smaller!)

Geotextile
Retaining washer
Steel mesh
Plastic mesh Water valve
N
Gravel +
Steel rod Welded sleeve Water inlet/outlet

23
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Centrifuge Modeling: Principles

» Centrifuge spinning generates a centrifugal acceleration (a.) simulating increased
gravitational forces

Counterweight

24
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Centrifuge Modeling: Principles

Centrifuge spinning generates a centrifugal acceleration (a.) simulating increased
gravitational forces

25
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Centrifuge Modeling: Principles

} =

30m < 300kPa i

Credit: Mark Qiu
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Centrifuge Modeling: Principles

Small dimensions:
— cheap
— can conduct many tests

27
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Cylindrical drum rotates around a central
axis. Models are fixed inside the drum wall.

Drum vs Beam centrifuge

Rotation

High g-levels achievable
For long problems

Complicated instrumentation

I. Anastasopoulos (2024)

ALERT Doctoral School 2025

- -

Rotation

-------

A horizontal beam rotates about a central
hub. Model container mounted at 1 or 2 ends

Much larger model boxes possible.

Easier to instrument (slip rings, telemetry,
fiber optics).

Became the standard today

28
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Centrifuge Modeling: history

1930s — Pokrovsky (USSR): slope and retaining wall models in a centrifuge.

1940s—50s — Early centrifuge use in the U.S. and Europe for earth pressure and
foundation problems.

1960s—70s — Major development of beam centrifuges at Cambridge (Andrew
Schofield) and WES (U.S. Army Corps of Engineers).

1980s — Earthquake centrifuge modeling expands (liquefaction, dynamic SSI).

1990s—-2000s — Offshore engineering, environmental geotechnics, large international
facilities.

29
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Centrifuge Modeling: locations

* Map of geo-centrifuge around the globe (list from TC104)

Y o
. Indonésie
el

Papouasie-Nouvell:

/ / Argentine

Link to the map

30


https://www.google.com/maps/d/edit?mid=1xXKfaWgCHnn7eE8UC1WE4GT1vbG8KA0&usp=sharing
https://www.google.com/maps/d/edit?mid=1xXKfaWgCHnn7eE8UC1WE4GT1vbG8KA0&usp=sharing

s B Sl
Geocentrifuge: Examples in Europe @

* Geolab was a European project (2021 — 2025) to give access to state-  (GEQ| AR
of-the-art research infrastructures like centrifuges

TUDelft (R=1,2m) Université Gustave Eiffel (R=5,5m)

Deltares (R=5m) University of Cambridge (R=4.125m) 31
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Geocentrifuge: UC Davis

N |
|

-

UC Davis Beam Centrifuge (R=8,9m)
300 gton (4 tons @ 75g)

32
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Research questions:

= What is the influence of the pile driving method (vibratory installation, hammering)
- in soil conditions on pile response (stiffness, capacity) under lateral loading?

= How do ageing effects influence the pile response under lateral loading ?

Methodology:
* 1g experimental setup (6-11cm diameter piles).
» Centrifuge tests (2.5cm diameter piles).

» Large scale tests (2m diameter piles).

33
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SAGE-SAND Project: centrifuge

ALERT Doctoral School 2025

34
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SAGE-SAND Project: centrifuge

F, = Me(27f)?

- Pil |
Scale Acceleration dirsrfenlzsifns di meilseions Vibratory driver properties
14.75 ?1.25m B
Prototype g Q)h _ 8;}” t = 25mm M, = 25kg.m [ =20Hz

I 1t 1 1 1

@295mm — @25mm

M, =4q. = 1000Hz
Model 509 h = 160mm t = 0.5mm € g.mm f

35
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SAGE-SAND Project: centrifuge

Centrifuge basket —

. L Gears Motor
~ Linear gulde Elastic couple  Guiding rail

Vibro-driver platform

Counterwelght § Accelerometers’
N p support
\ : “ ‘§ pp
| Pulley syst
b o ulley system
Movement Eccentric mass
during driving

36
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SAGE-SAND Project: centrifuge

Spring wins
Above soil I P
Touching ground

1 :
_ g_SOE e Vibro-driver starts :
= : : s
.,6 =1. _Acceleratlon .........
s
£ o, | SR SR —— . Out of the scope
£
T
2 :
£ 3
w

0 200 400 600 800 1000

Time [sec]
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SAGE-SAND Project: centrifuge

Centrifuge tests : effect of the mass

— 19: static weight 3/3
—-—-— b: static weight 4/3

- 18: static weight 5/3
—=-=20: static weight 6/3
—— 21: static weight 8/3

Embedment (number of D)
"y

i i i i i
0 100 200 300 400 500 800

Time [sec]
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SAGE-SAND Project: centrifuge

Centrifuge tests : effect of the frequency

1

— 8: 500Hz

I e ——— 7:707Hz

M AR R T R AT ALY

------ 9: BbbHz
—-="5:5tandard 1000Hz 4g.mm
— 6: 1414Hz

e S

Embedment (number of D}
h

i | | i i
0 100 200 300 400 500 600

Time [sec]
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Scaling for energy infrastructures

* Achieving complete scaling (full similarity) is extremely challenging, especially
when dealing with Thermo-Hydro-Chemo-Mechanical (THCM) couplings.

« Partial similarity occurs when only some aspects of the prototype behavior are
correctly reproduced in the model, which most of the time happening for THCM.

* physical model can still provide qualitative insights, help identify mechanisms,
or compare different design alternatives.

* Hydraulic, thermal, and chemical processes are governed by:

d¢
— = DV?
ot vie

: : e 1.2 L
* This equation has a characteristic timescale T = o which is not the same for

each diffusive process ‘ conflicts.

41
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Conflict in Time Scaling

* Mechanical Time Scaling (A, ,,,):

Atm = VN for 1-g models and At m = N for centrifuge tests
(where N is the length scale factor)

* Diffusive Time Scaling (1; 45 7):
Governed by diffusion equations (e.g., consolidation, heat transfer).
The required scaling is A¢ girr = A% /Ap = N?/2Ap, where Apis the diffusivity
scale factor

* It means that to ensure full similarity Ap is not 1, so we need to scale the
diffusive process (thermal diffusion, water diffusion or concentration diffusion).

» Effects such as rapid temperature equalization, fast pore pressure dissipation, and
unrealistically fast contaminant transport can happen if not scaled.

42
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Scaling for hydro-mechanical couplings

 the coefficient of consolidation c,, is for pore water
pressure dissipation the equivalent of D.

*  Where the hydraulic conductivity is
K-y
k =——
U

*  We can change the viscosity of the fluid y (more
viscous fluid ) in the pores to obtain similarity.

43
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SAGE-SAND Project: centrifuge

0.0 Different saturation conditions

0.5 — Water saturated

—— Viscous fluid saturated

Normalised penetration [z/D]

4'50”"1'0'”'210'”'310'”'40"”50”"60

Time [s]
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Summary and key takeaways

Physical modeling is pivotal for addressing geomechanical challenges in the
energy transition.

» Rigorous dimensional analysis and informed scaling (tailored to project-specific
phenomena) are indispensable for reliable, transferable insights.

* Centrifuge experiments are essential for accurately replicating stress
environments in scaled models.

* Achieving complete scaling (full similarity) is challenging, especially when
dealing with Thermo-Hydro-Chemo-Mechanical (THCM) couplings.

45
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Future Outlook for Physical Modeling Research

* Development of more advanced instrumentation and loading devices.

* Future efforts will focus on hybrid approaches combining physical testing with
advanced numerical modeling.

* Increased emphasis is needed on uncertainty quantification and reproducibility to
solidify the role of informed physical modeling.

46
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Centrifuge monopile benchmark testing

AN OVERVIEW OF THE PROJECT

» Ajointresearchbetween:

University of Cambridge (CUED); University of Sheffield, (CEIGR); University of Western Australia (COFS);
Technical University of Denmark (DTU); Korea Advanced Institute of Science and Technology (KAIST);
The French Institute of Science and Technology for Transport, development and networks (IFSTTAR);

Delft University of Technology (TU Delft), Federal University of Rio de Janeiro (COPPE),

Norwegian Geotechnical Institute (NGI)

» ProjectCoordinator:
Rasmus Tofte Klinkvort M Temie N & I(

<= Universitet

(Ph.D., Consultant at NGI) -— o

Sheffield.

UNIVERSITY OF
CAMBRIDGE

» A coordinated experimental program at eight independent centrifuge facilities
v Verify important scaling issues for monopile in centrifuge testing

v" Minimizing the identified modeling uncertainties

Aims to build firm background for reliable centrifuge model test

47
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Main references

= David Muir Wood. Geotechnical modelling. CRC press, 2017.
= R. Neil Taylor, ed. Geotechnical centrifuge technology. CRC press, 2018.

= [SSMGE TC104 - Physical Modelling in Geotechnics.
https://tc104-issmge.com/

= Jacques Garnier, Christophe Gaudin, Sarah M Springman, PJ Culligan, D Goodings, D
Konig, B Kutter, R Phillips, MF Randolph, and L Thorel. Catalogue of scaling laws and
similitude questions in geotechnical centrifuge modelling. International Journal of
Physical Modelling in Geotechnics, 7(3):01-23, 2007.

= For the rest of the references, check the associated chapter:
https://alertgeomaterials.eu/publications/

48
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