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➢ Background

➢ What we learnt from non-linear wave interactions with monopile 

structures?

- Importance of high order wave loading components

- New fast approach to calculate non-linear wave loading

➢ Comparisons of the performance of numerical methods



Wave interaction with gravity base structure with a caisson
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ZANG, J. (2008) 

Wave diffraction and near-trapping by a multi-column gravity 

base structure. Ocean Engineering. 35(2) pp 201-229. 



Free surface elevation between the rear legs

(for 11m incident focused wave group) 
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Wave interaction with a FPSO

0.8m

r=0.1625m

Wave

Zang J, Gibson R, Taylor PH, Eatock Taylor R, Swan C. (2006).  

Second order wave diffraction around a fixed ship-shaped body 

in unidirectional steep waves. Journal of Offshore Mechanics 

and Arctic Engineering. 128 (2). pp. 89-99. 



numerical non-linear free surface

experimental non-linear free surface
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Cumulative number of 

OWT foundations installed by 

structure type 

(Wind Europe 2021)

81.2% 



Violent wave impact on offshore wind 

turbine foundations

(Credit: Siemens Gamesa)



Water depth           d = 0.5m   

Cylinder radius      R = 0.125m

We want to investigate

- how important the high order wave loadings are  

- how the non-linear loading is distributed. 

Violent wave impact on offshore 

wind turbine foundations



Chen, L.F., Zang, J., Taylor, P.H., Sun, L., Morgan, G.C.J., Grice， J.,

Orszaghova, J. and Tello Ruiz, M.

An experimental decomposition of nonlinear forces on surface-piercing column:

Stokes-type expansions of the force harmonics

Journal of Fluid Mechanics, 2018



The incoming wave conditions



Importance of high frequency wave loading

Water depth       d=0.5m  

Cylinder radius  a=0.125m

k: wave number

a: cylinder radius

A: wave crest





Long 

wave

Linear

2× freq

3× freq

4× freq

5× freq

F2 = 0.6 F1

F3 = 0.4 F1

F4 = 0.36 F1

F5 = 0.15 F1

Note:  Size of 2nd, 3rd and 4th

force harmonics



For a regular wave, the surface elevation can be written in non-dimensional form 

as

Where the linear phase function is

the wave amplitude is  A

the radius of the cylinder is  R 

the second-order coefficient is SEE2

the third-order coefficient is SEE3

cos(θ)



For a wave group, the free surface elevation is approximately as 

By generating both crest and trough focused wave groups, odd and 

even harmonics can be calculated by







Solid line – DIFFRACT,           

Dashed line – Morison Eq

Dot-dashed line – experiments from Huseby and Grue with 

Solid symbols – present experiments for sloping bed

Open symbols – present experiments for flat bed

Linear force component



Solid line – DIFFRACT,           

Dot-dashed line – experiments from Huseby and Grue with 

Solid symbols – present experiments for sloping bed

Open symbols – present experiments for flat bed

Second-order harmonic forces 



,           

Dot-dashed line – experiments from Huseby and Grue with 

Dash line  - FNV solution

Solid symbols – present experiments for sloping bed

Open symbols – present experiments for flat bed

Third-order harmonic forces 





Flat bed



1. The total in-line hydrodynamic force can be calculated by 

2. The alternative version where the phase functions are  

based on the linear force component



Our hypothetical form for the entire harmonic structure can be written in terms of the 

linear component of force alone, with no reference to the associated undisturbed free-

surface elevation at the position of the loaded cylinder. We write the linear component 

as 

Where         is the peak value of the envelope of      ,  f1 carries all the phase 

information. The total force in time becomes

is non-dimensional Coefs at each order,                         - phase Coefs



1. Given free surface and linear wave force,  

Predict high order wave forces by

New approach for predicting nonlinear wave loading



Flat bed



Sloping bed



2. Given linear wave force only,

predict high order wave forces

is non-dimensional Coefs at each order,                         - phase Coefs

New approach for predicting nonlinear wave loading



Sloping bed



Observations and summary

Our experiments on wave impact on mono-pile have found that

• The strongly non-linear harmonic force components can be separated by applying the ‘phase-

inversion’ method to the measured force time histories. It works well even for locally violent nearly-

breaking waves formed from bidirectional wave pairs.

• The nth-harmonic force scales with the nth power of the envelope of both the linear undisturbed free-

surface elevation and the linear force component in both time variation and amplitude. 

• This allows estimation of the higher-order harmonic shapes and time histories from knowledge 

of the linear component alone!

• The experiments also show that the harmonic structure of the wave loading on the cylinder is virtually 

unaltered by the introduction of a sloping bed, depending only on the local wave properties at the 

cylinder. 

• Nonlinear forces on a column high-order harmonics contribute more than 60% of the loading. 

The significance of this striking new result is that it reveals the importance of high-order nonlinear 

wave loading on offshore structures and means that such loading should be considered in their design.



Access to the experimental data 

https://www.ccp-wsi.ac.uk/data_repository/test_cases/test_case_008

Some of the selected experimental data for our experiments on focused 

wave interaction with a circular cylinder have been made open access.

Below is the link to download the data, which is included in the CCP-WSI 

webpage. 

https://www.ccp-wsi.ac.uk/data_repository/test_cases/test_case_008






Comparisons of numerical modelling of some of the experiments

1. 2nd – order Potential flow theory (In-house code)

2. N-S solver – OpenFOAM (open source)

3. Hybrid N-S solver – Particle–In-Cell method (In-house code)

Why do we choose these three numerical methods?
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1. Second-order Potential Flow Model:  

DIFFRACT



Regular wave propagation over a submerged bar, The test case is based on experiments 

by Beji and Battjes (1993) and Luth (1994)

Wave

Morgan, G.C.J., Zang, J., Greaves, D., Heath, A., Whitlow, C. and Young, J.,  2010

Using the rasInterFoam CFD model for wave transformation and coastal modelling. Proceeding of Coastal 

Engineering. American Society of Civil Engineers, pp. 418-423.

2. CFD open source model: OpenFOAM



Examples of Coastal Modelling

Free surface





Moving breakwater

37,000 cells and 64,000 particles,

~1.44 hrs for 15s of simulation on 

an Intel(R) i5-3470 CPU @ 3.2GHz 

core.

3.  PIC Method



Wave Run-up

Wave force

Regular wave 

kR = 2pa/L (slenderness) = 0.37 ;  kA = 2pA/L (steepness) = 0.2



Regular wave 

ka = 2pa/L (slenderness) = 0.37 ;  kA = 2pA/L (steepness) = 0.2



Wave 

Run-up

Wave 

force

kR = 2pa/L (slenderness) = 0.25 ;  kA = 2pA/L (steepness) = 0.2

Focussed  wave 



Focused wave 

ka = 2pa/L (slenderness) = 0.25 ;  kA = 2pA/L (steepness) = 0.2



Scattered wave  field

Experiment at Imperial College

Numerical simulation





Potential flow theory: Very fast!



Observations and summary

Recent developments of advanced numerical methods have revealed that

• Different numerical methods have shown their own merits and disadvantages. 

• Potential flow model (like DIFFRACT, WAMIT) is efficient, but may have limitations  in 

simulating highly nonlinear effects. Make good use of the potential flow solvers, but we 

have to understand their limits.

• Novel efficient viscous numerical methods (like PICIN, OpenFOAM and SPH etc) 

provided great potential for simulating complex free surface flows and their interactions 

with coastal and offshore structures. 

• Depending on what we need and at what cost: choosing a numerical method should be 

closely related to the nature of the problem, the requirement for the solutions and the 

resources we have.



Thank you!

Thanks to:  L Chen, L Sun, Q Chen, DZ Ning, SX Liu, J Li, G Morgan, 

J Grice, J Orszaghova, M Tello Ruiz,  B Teng, PH Taylor,  

R Eatock Taylor, …….

Dr. Jun Zang  J.Zang@bath.ac.uk

mailto:J.Zang@bath.ac.uk


The "face" of Neptune appears over Newhaven harbour wall, 6 July 2021

The sighting of the 
"face" of the Roman god 
of water was captured 
by BBC photographer 
Jeff Overs in Newhaven 
on Tuesday, 6 July 2021.
(Reported by BBC)


