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Motivation

Modelling coastal and ocean processes for the reliability of structures/vessels and the
health of the environment.
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Engineering Design Process

Step 1: W

Step 2: W Step 3:

Long-term analysis J

Sept. 1957 - July 2014
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Long-term analysis at an offshore location in
the North Sea (NORA 10 hindcast)

Select sea-state
(Hy, Ty, 09) given
return period

Imperial College London

Probability of Exceedance

Short-term analysis J Design wave
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Short-term crest height distributions; Design wave:
commonly applied models experimental or numerical generation

Given the sea-state, select ) )
Calculate kinematics,
n. (or H).

e.g.T, = 10s, T = 3hr forces, etc.
Ny aves = 1,000 = Q = 1073 a




Hydrodynamics Laboratory

Facility Unidirectional waves Directional Current Additional
waves capabilities

Deep-water Basin Adjustable

bed

2 Shallow-water Basin v v v Towing facility

3 Coastal Flume v Adjustable
bed Celebrate World

4 Long Flume v Towing facility 3c'ean Day 2025 with

s!

5 Very Long Flume v Variable Attenb hand

bathymetr enborough an
ymety the Giant Sea

6 Double Ended v v Wind Monster
generation

7 Current Flume v Drop test rig

8 Recirculation Flume v Flow vis

9 3 xvisualisation Density driven

tanks flows
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Long wave flume

Double-ended flume

Coastal flume
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Methods

Laboratory experiments

Laboratory investigation

Long random wave simulations — different facilities

* Imperial College London (ICL) [d = 125,90, 50 m]

* Queens University Belfast (QUB) [d = 60, 50,40 m]

* Danish Hydraulics Institute (DHI) [d = 45 m] (independent measurements)
Total number of simulations : 1,800 x 3hr storms k,,d € (0.85, 3.5)

Imperial College London wave basin

Imperial College London




Methods

Numerical and remote sensing

Numerical simulations

» Spectral models (e.g. WW3, SWAN) for regional scale modelling

» Ocean Hydrodynamic models for phase-resolved modelling (HOS-Ocean, BEM, OW3D)

» High fidelity modelling for extreme waves, wave-structure interaction (OpenFOAM, Flow3D)
» Coastal models (SWASH, Whispers3D, Reef3D) for wave evolution in the coastal zone.

Remote sensing

t =100.00s
T

» Satellite methods for shoreline extraction (Sentinel 2, PlanetScope)

> LiDAR methods for wave inference

Time: 6.02s

0.000 0.300 0.600 0.900 1200 1.450

Imperial College London




Wave statistics
Flat bed bathymetry
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Wave statistics
Flat bed bathymetry

Rayleigh (linear) _
Forristall (2 order) _
Tayfun-Fedele (GC) -
Data )

Laboratory results
Amplification beyond 2" order
e Underprediction of design
waves
Wave breaking
*  Overprediction of design
waves

Karmpadakis et al., Proc Roy Soc A (2019)
Karmpadakis and Swan., JPO (2020)
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Wave statistics

Effects of nonlinear amplification and wave breaking

Field results
Consider the ratio:

r=1n:/MF
forQ = 1073,
Field data from 21 locations in the North Sea, where
d € (7.7,190) m

And the measurement duration is generally 4-10 yrs.

Each bin a different partition of (Hs, Tp) domain.

* Results from 2 million sea-states/0.5billion waves
*  Mode of results 4%>second order
* Extremes show variations up to +20% and -30%.

Karmpadaksis et al., Coastal Eng (2020)
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New models

Effects of nonlinear amplification and wave breaking

Performance - experimental data
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H,:85m T,:13.5s d:189.0m

Performance - field data

H,:6.5m T),:12.5s d:94.0m

10° - 10° -
(a) (b)
10~k 4 1071 E
102} {4 107 i
— Data
— Rayleigh
— Forristall
10-3L — New Model | 10 |
0 Oi5 i 1i5 0 Oi5 i 1i5
H,:7.0m T,:13.0s d:40.0m H;:4.0m T,:11.5s d:7.7Tm
10° T T T 10° T T T
(c) (d)
1071} 4 107! 3
1072} | 107 3
1073} IR E
0 1i5 0 0i5 1 1.5
e/ Hs 13



Wave statistics
Flat bed bathymetry

Evidence of effects beyond current state-of-the-art
modelling procedures.

Effects of spectral bandwidth and wave breaking
captured by new wave height model on flat beds.

Competing effects of nonlinearity and wave breaking
captured by new crest height model on flat beds.

Sloping bed adds complexity in the interplay between
nonlinearity and breaking.

Wave breaking effects critical.

Profound influence on long-term predictions.

» New recommendation by Design Standards (DNV,
ISO 19901)

Karmpadaksis et al., Coastal Engineering (2022)
Karmpadakis & Swan, Ocean Engineering (2022)

Annual Exceedance Probability

Annual Exceedance Probability
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Coastal and offshore structures
Implementing new knowledge into design

New method to preselect wave that will yield
extreme loading on jacket structures (Huo at al.
2023)

New experiments to estimate wave-in-deck loading
A’I’] = Te,max — hd >0 \\ 7

ML methods to predict.

deck
structure

equipment /
machinery

pipe works

main structural
columns

14 16 18 20 22 15 20 25

blast wall sub-

7t [m] 7! [m]
bracing members structure Level of centre case ©
. . +  Long random sim.: data
inundatio v I f ) Daisy-chain + NN: data
tanks / main deck beams n U"i > Long random sim.: QQ
containers \ wﬂL o Daisy-chain + NN: QQ
H, 10.175m

Sketch by Dr. Li Ma

0 1
Huo et al. (2025) — OMAE
Huo, Ma, & Karmpadakis, Applied Ocean Research (2025)

3 4

2
Imperial College London RMSE [MN]



Coastal and offshore structures
Implementing new knowledge into design

- New method to preselect wave that will yield extreme loading
on jacket structures (Huo at al., 2023)

- New experiments to estimate wave-in-deck loading (Huo et al.
2026 —in review)

- ML methods to predict (Huo et al., 2025)

H, 10.175m

0 1 2 3 4
Huo et al. (2025) — OMAE "MSE PN
Huo, Ma, & Karmpadakis, Applied Ocean Research (2025)



Coastal and offshore structures
Loading and runup on Gravity Based Structures
SAKHALIN ENERGY

TO BE THE PREMIER ENERGY SOURCE
¥ FORASIA-PACIFIC

Imperial College London

Swan & Karmpadakis (2018)



Coastal and offshore structures
Loading on Monopiles

« Long random simulations of severe sea-states in deep water in
the laboratory

« Force measurements on large array of sensors

« Differences arising due to directional effects, nonlinear
interactions and wave breaking

0 0.5 - 1 1.5

Cylinder in the wave basin Sensor configuration

Imperial College London S
equinor %

Slamming event 18

Lian et al. (2018)



Coastal and offshore structures
Loading on Slender Monopiles

-
-

Load Ring —» :l
|

Diagonal Brace
Members

=

Measurements:

* Surface Elevation
* Local Forces

* Global Loading

* Motion Tracking
Imperial College London Mao et al- (20263 19

Mao et al. (2026b) - in review

Floating




Coastal evolution
Extreme waves at the coast

New and extensive experimental investigation of
coastal evolution

Coupled numerical simulations using SWASH

Statistics, new physical insights, new parametric
models!

4 different bed slopes

* Flat, 1/50, 1/30, 1/15

40-80 wave gauges in each experiment
* 20m resolution in field scale

Total of

* 115 sea-states

* approx. 2m waves per location

Bellos, Swan & Karmpadakis, ICCE 2024
Bellos, Swan & Karmpadakis (JFM — under review)

3 4 5 6 7

x [m]

8 9 0 11 12 13 14 15 16 17 18 19 20 21 22
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Coastal evolution
Extreme waves at the coast

New and extensive experimental investigation of

coastal evolution

Coupled numerical simulations using SWASH

Statistics, new physical insights, new parametric

models!

Interplay:
* Nonlinear wave-wave interactions

* Dispersion
* Wave breaking

Bellos, Swan & Karmpadakis, ICCE 2024
Bellos, Swan & Karmpadakis (JFM — under review)
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Coastal evolution
Extreme waves at the coast

Slope 1/15, T,=1.4s, Crest Heights (1.)
Forristall (2000) Tayfun & Fedele (2007) Karmpadakis & Swan (2022)
Q=10"! Q=10"! Q=10"!

5
4
w3

2

S
L U7 I ST - )

20 1.10 1.00 0.90 0.80 0.65 0.50
Q=102

120 1.10 1.00 0.90 0.80 0.65 0.50 20 1.10 1.00 0.90 0.80 0.65 0.50
Q=10"? Q=102

6 ——
5
a4
w3
2

s:
=a N W s o

1
1.20 1.10 1.00 0.90 0.80 0.65 0.50
Q=10"%

20 1.10 1.00 0.90 0.80 0.65 0.50

s.
=N W sE OO0

1
1.20 1.10 1.00 0.90 0.80 0.65 0.50
Q=10"*

20110100090080065050 1.20 1.10 1.00 0.90 0.80 0.65 0.50
Q=10"* Q=10""*

6 6
5 5
ey o4
w3 w3
2 2
1= 1 1
1.20 1.10 1.00;).30[:0‘80 0.65 050 1.20 1.10 100}(030’.‘9 .80 0.65 0.50 1.20 1.10 100;)30_4_080 0.65 0.50
P J P vl P Ul

Bellos, Swan & Karmpadakis, ICCE 2024
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Coastal evolution
Extreme waves at the coast

New and extensive experimental investigation of
coastal evolution

Coupled numerical simulations using SWASH

Statistics, new physical insights, new parametric
models!

Alkhalili et al., Coastal Engineering (2025) .
Alkhalili et al., APOR (2026) : .

Alkhalili et al., ICE Maritime Eng (2026)

Alkhalili et al., JFM (2026) — in review

o > 8 23

Imperial College London * . T



Coastal evolution JONSWAP Spectrum, H,=13.836, T, =14
Extreme waves at the coast Current time: 0.0 seconds

Initial gauge

1
Real-time prediction " l —— Measured
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|
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Imperial College London



Coastal evolution
Extreme waves at the coast

- Kinematics measurements.

- New experimental methods (4D PTV)

- LiDAR ig\gthe laboratory

1.7m 2m 2m 2m 2m 2m Sm

>

1:30

A e

| X1 X2 X3 X4 X5 X6
Piston-type
wavemaker

0 0.1 0.2 0.3 0.4

u [m/s|

Imperial College London

Sponge absorber

Millar et al., Ocean Engineering (2025)
Kristoffersen et al., Coastal Engineering (2026)
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Coastal evolution
Extreme waves at the coast

- Natural protection
- Effects of climate change

- Sea-level rise

Imperial College London




Coastal evolution
Design of coastal structures

Kinematics measurements.
New experimental methods (4D PTV)
LiDAR in the laboratory

Piston-type wave paddle ADV at 200mm

Parabolic spending beach 4

WG at 100mm
—

~—— Monopile locations

h

7900 1150 2500

8500

~
s gpe - ‘5
¢

y >
4.“’

Millar et al., Coastal Engineering (2026)

x [m]

—QR=102—=Q=103% —Q=10"

Figure 18: Exceedance thresholds of Fi./F, around shoal. Key 27
shoal boundaries demarcated by dashed black lines.
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Wave energy converters
Increasing efficiency and control

Imperial College London 01 02 03 04 05 06
velocity (m /s )

t=30.00(s)

Almalki & Karmpadakis (2026) — Applied Ocean Research
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Coastal infrastructure
Design for a changing climate

Imp|

30

Configuration 3 Senor array



Coastal Structures and Flooding
Redesign of UK coastal defences

Wavemaker

Coupling with
OpenFoam

“Accurate” wave
modelling (CFD)

Foreshore
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Wave gauges

Overtopping Overtopping

o

Transition bathymetry

Imperial College London ! RU P

“Fast” wave modelling Coupling with
(NLSWE) SWASH

Coastal Flume at ICL

. Results in: ICE Breakwaters
| @ SR Karmpadakis, Dukker, Triantafylou, Button, Campbell (2024)



Coastal Structures and Flooding
Redesign of UK coastal defences

+7.2mOD

Front recurved wall

Imperial College London ARU P Raised back wall



Shoreline evolution
Climate change effects

Modelling shoreline evolution in the next 100s 1000s years
Statistical-dynamical approach for morphodynamic modelling
Shoreline extraction: satellite measurements and machine learning
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Hewetson et al. (2026) — Frontiers in Marine Environment



Coastal and ocean processes
Pollutant transport

Imperial College London



Coastal and ocean processes
Pollutant transport

[~

Imperial College London

s
) oy _‘ )
e B
S J , =~
YA 5
o




Thank you



Ocean SenS|ng Electronics and Design Testing and Validation Comparison against Gauges
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My team

Coastal bathymetry

1. Bellos V.(PhD) Statistical distributions of surface elevations. [Experimental]

2. Al Khalili U. (PhD) Numerical investigation of extreme waves using SWASH. [Numerical]

3. Millar O. (PhD) Extreme wave kinematics over coastal bathymetry. [Experimental]

4. McAdam P. (PhD) Effects of shortcrestedness on wave statistics over sloping beds. [Experimental]

5. Wright W (PhD) SDEs and ML predictions of extreme waves across the coastal zone. [ML]
Hydrodynamics

6. Shen S. (PhD) Lagrangian transport of inertial particles in realistic storms. [Experimental, Analytical]

7. Anestidi M. (PhD) Long-term modelling of coastal storms (Uth) [Numerical, Analytical]

8. Irvine L. (Post PhD) Rogue wave occurrence in stratified flows. [Experimental]
Wave-structure

9. Huo S. (Post PhD) Efficient modelling of wave-in-deck loading [Experimental, ML]

10. Mao L. (PhD) Wave loading on truncated cylinders for offshore wind. [Experimental]

11. Lun WL (PhD) Extreme shortcrested wave loading on offshore monopiles and dynamic response. [Experimental]
Wave-wind-structure

12. Kumar N. (PhD) Effects of wind of wave overtopping. [Experimental]
Renewables

13. Almalki. (Post PhD) Efficient modelling of OWC and energy resources [Experimental, Numerical]
Sediment

14. Hewetson (PhD) Long-term modelling of shoreline evolution. [Numerical, Analytical]

15. Jang U (PhD) Fate of radio-active particles in the coastal zone (Oxford) [Numerical]

Imperial College London



Methods

Field data analysis

High quality surface elevation records (7.7 m < d < 190 m) {%) SRR

* wave-radar measurements

* 30 individual platforms )

* 500,000,000 individual waves ) . @ E)konMOb“

) argest database in
* 2,000,000 (20-minute) sea-states literature equinorg:
@TOTAL d ‘

Woodside

525°N

Imperial College London Map of offshore locations Karmpadaksis et al., Coastal Engineering (2020)
Karmpadakis & Swan, Ocean Engineering (2022)





