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En aquests moments hi ha una certa preocupació i incertesa pel que fa a les forces 
d’impacte d’onades trencants tipus plunging sobre estructures de gelosia i estructures 
de suport per a molins de vent en aigües somes. S’han dut a terme alguns treballs 
sobre les forces d’impacte sobre piles verticals i inclinades com ara Goda et al. 
(1966), Sawaragi i Nochino (1984), Tanimoto et al. (1986) o Wienke i Oumeraci 
(2005). La força d’impacte s’escriu generalment com Fs = 0.5ρwCsDcb

2ληb, on Cs és 
el factor d’impacte, cb és la celeritat de l’onada que trenca (la velocitat de les 
partícules d’aigua es considera igual a la celeritat d’ona en trencament), ηb és l’alçada 
de la cresta d’ona en trencament i λ és l’anomenat curling factor que indica com 
d’activa és la cresta de l’onada en l’impacte. Per a una pila vertical el valor de λ es 
troba entre λ = 0.2 – 0.5. El valor de Cs, segons els estudis, es situa entre Cs = π - 2π, 
mentre que la durada de l’impacte es troba dins del rang τ = (0.25D/cb) – (0.5D/cb). 

Les forces d’impacte resultants dels tests amb trencaments tipus plunging mostren una 
considerable dispersió, fet inherent del fenòmen en qüestió. Per tal d’aprofundir més 
en el tema es va decidir portar a terme un nou estudi del problema sobre una pila 
vertical, Ros (2011), amb un muntatge diferent, diferent instrumentació i diferent 
metodologia de l’emprada amb anterioritat . 

La pila, amb diàmetre D = 0.06 m, consta de sis anells transductors de força a 
diferents alçades. Tots els tests es van dur a terme amb onades regulars i freqüencies 
al voltant dels 0.5 Hz o períodes de T = 2.0 s. Es va variar l’alçada d’ona, arrivant a 
una màxima de H = 30 cm just a la pila amb alçades de cresta de ηb = 25 cm.  

Un dels problemes amb les forces d’alta intensitat i poca durada és el mesurar la força 
mateixa. Idealment un hauria de tenir un sistema de mesura indefinidament rígid. Però 
aleshores seria tan rígid que la sensibilitat es perdria. Així el que es va fer és mesurar 
la resposta, que no és el mateix que la força, degut als efectes dinàmics sobre el 
sistema masa-molla que representa el transductor. El repte és, doncs, l’anàlisi de la 
resposta per tal d’arribar a trobar la força. Es va aplicar la intregral de Duhamel, 
procediment que requereix un cert coneixement a priori de la força d’impacte, la qual 
és precisament el paràmetre que es busca. En aquest cas es va assumir una càrrega 
d’impacte triangular similar a Goda et al. (1966), però amb una durada semblant a la 
de Wienke i Oumeraci (2005), i amb un cert temps de pujada. 

La freqüència de mostreig durant els test va ser de 20 kHz. La freqüència natural 
d’oscil·lació dels transductors es va mesurar individualment obtenint resultats de uns 
900 Hz en les primeres oscil·lacions fins a 250 Hz tot seguit. Això pot ser degut a que 
el transductor tingui diferents modes d’oscil·lació. Durant els tests d’impacte existeix 
un efecte de massa afegida que també pot fer variar la freqüencia natural d’oscil·lació. 
El procediment d’anàlisi va ser, doncs, assumir una força, Fo, i un possible temps de 
pujada i ajustar-los per prova i error de tal manera que el valor calculat i la posició 
temporal del primer pic de la resposta calculada coincideixin amb el primer pic 
corresponent a la senyal de la resposta mesurada. 

Paraules-clau: Forces d’impacte, Plunging, Pila vertical, Curling factor, Factor 
d’impacte. 



Impact forces on a vertical pile from plunging breaking waves 
Author: Xavier Ros Collados 

Supervisors: Agustín Sánchez-Arcilla and Øivind Asgeir Arntsen 

There is at the moment some concern and uncertainty on slamming wave forces due 
to plunging breaking waves on truss structures as support structures for windmills in 
shallow water. Some work has been done on the wave slamming forces on single 
vertical and inclined piles, e.g. Goda et al. (1966), Sawaragi and Nochino (1984), 
Tanimoto et al. (1986) or Wienke and Oumeraci (2005). The slamming force is 
generally written as Fs = 0.5ρwCsDcb

2ληb, where Cs is a slamming force factor, cb is 
the breaking wave celerity (the water particle velocity is set equal to the wave celerity 
at breaking), ηb is the wave crest height at breaking and λ is the curling factor which 
indicates how much of the wave crest is active in the slamming force. For a vertical 
pile the value of λ has been reported to be in the range λ = 0.2 – 0.5. The value of Cs 
has been reported to be in the range Cs = π - 2π, while the duration of the slamming 
force has been reported to be in the range τ = (0.25D/cb) – (0.5D/cb). 

The test results of impact forces from plunging breaking waves show a considerable 
scatter. This is inherent due to the nature of the issue. In order to gain some more 
insight in the problem it was decided to carry out another study on the issue of impact 
forces from plunging waves on a vertical pile, Ros (2011), with a different test set-up, 
different instrumentation and different analysis methods than reported before. 

A pile with diameter D = 0.06 m is instrumented with six ring force transducers at 
different elevations. All the tests were run with regular waves with frequencies around 
0.5 Hz or periods around T = 2.0 s. The wave heights were varied and the highest 
waves were around H = 30 cm at the pile with crest heights ηb = 25 cm.  

One of the problems with high intensity and short duration forces is to measure the 
actual force. Ideally one should have an almost indefinitely stiff measuring system. 
But then this system would be so stiff that the necessary sensitivity is lost. Hence a 
compromise is made such that what is measured is the response, which is not the 
force, due to dynamic effects on the mass-spring system the transducer represents. 
The challenge is then the analysis of the response to arrive at the force. We applied 
the Duhamel integral, which requires some knowledge on the wave slamming force, 
which is the parameter we are seeking. We have in our case assumed a triangular 
impulse load, similar to Goda et al. (1966), but with a duration similar to Wienke and 
Oumeraci (2005), and some rise time. 

The sampling frequency during testing was 20 kHz. The natural frequencies of 
oscillation of the individual transducers were measured during pluck tests to be 900 
Hz in the beginning of the oscillations to about 250 Hz later. This could be due to 
different modes of oscillations of the transducer. During the slamming force tests the 
added mass will be changed during the impact, hence also the natural frequency of 
oscillations. The procedure of analysis was then to start with an assumed value of the 
force, Fo, and possible rise time and adjust them by trial-and-error such that the 
calculated value and the time location of the first response peak corresponded to the 
first peak of the measured response signal. 

Keywords: Impact forces, Plunging breaker, Vertical pile, Curling factor, Slamming 
factor. 



 

Preface 
 
An experimental study has been carried out on the impact forces from plunging 
breaking waves acting on a vertical pile. Although some previous work has been done 
on that issue, there is still at the moment some uncertainty about the real behaviour of 
such forces. 

Hence it was decided to carry out another study, starting for a thorough literature 
study, followed by laboratory tests and finishing with the data handling. All this work 
has been done using a different test set-up, different instrumentation and different 
analysis methods than reported before. 

The work has been carried out within the framework of the Department of Civil and 
Transport Engineering at the Norwegian University of Science and Technology 
(NTNU). All the experiments have been carried out in the wave flume Sjøfrid at the 
SINTEF Technology and Society, Coast and Harbour Research Laboratory in 
Trondheim. 

The thesis work started in September 2010 at the Department of Civil and Transport 
Engineering at the NTNU, where it lasted for 4 months, and finishes in January 2011 
at the Department of Hydraulic, Maritime and Environmental Engineering of the 
Technical University of Catalonia (UPC), which is the author’s home university.  

This Master Thesis has been carried out under the Erasmus Socrates student exchange 
program between the Technical University of Catalonia, UPC in Barcelona (Spain) 
and the Norwegian University of Science and Technology, NTNU in Trondheim 
(Norway). 
 
 

Xavier Ros Collados 
Barcelona, January 2011 
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Abstract 

Impact forces on a vertical pile from plunging breaking waves 
Author: Xavier Ros Collados 
Supervisors: Agustín Sánchez-Arcilla and Øivind Asgeir Arntsen 

There is at the moment some concern and uncertainty on slamming wave forces due 
to plunging breaking waves on truss structures as support structures for windmills in 
shallow water. Some work has been done on the wave slamming forces on single 
vertical and inclined piles, e.g. Goda et al. (1966), Sawaragi and Nochino (1984), 
Tanimoto et al. (1986) or Wienke and Oumeraci (2005). The slamming force is 
generally written as Fs = 0.5ρwCsDcb

2ληb, where Cs is a slamming force factor, cb is 
the breaking wave celerity (the water particle velocity is set equal to the wave celerity 
at breaking), ηb is the wave crest height at breaking and λ is the curling factor which 
indicates how much of the wave crest is active in the slamming force. For a vertical 
pile the value of λ has been reported to be in the range λ = 0.2 – 0.5. The value of Cs 
has been reported to be in the range Cs = π - 2π, while the duration of the slamming 
force has been reported to be in the range τ = (0.25D/cb) – (0.5D/cb). 

The test results of impact forces from plunging breaking waves show a considerable 
scatter. This is inherent due to the nature of the issue. In order to gain some more 
insight in the problem it was decided to carry out another study on the issue of impact 
forces from plunging waves on a vertical pile, Ros (2011), with a different test set-up, 
different instrumentation and different analysis methods than reported before. 

A pile with diameter D = 0.06 m is instrumented with six ring force transducers at 
different elevations. All the tests were run with regular waves with frequencies around 
0.5 Hz or periods around T = 2.0 s. The wave heights were varied and the highest 
waves were around H = 30 cm at the pile with crest heights ηb = 25 cm.  

One of the problems with high intensity and short duration forces is to measure the 
actual force. Ideally one should have an almost indefinitely stiff measuring system. 
But then this system would be so stiff that the necessary sensitivity is lost. Hence a 
compromise is made such that what is measured is the response, which is not the 
force, due to dynamic effects on the mass-spring system the transducer represents. 
The challenge is then the analysis of the response to arrive at the force. We applied 
the Duhamel integral, which requires some knowledge on the wave slamming force, 
which is the parameter we are seeking. We have in our case assumed a triangular 
impulse load, similar to Goda et al. (1966), but with a duration similar to Wienke and 
Oumeraci (2005), and some rise time. 

The sampling frequency during testing was 20 kHz. The natural frequencies of 
oscillation of the individual transducers were measured during pluck tests to be 900 
Hz in the beginning of the oscillations to about 250 Hz later. This could be due to 
different modes of oscillations of the transducer. During the slamming force tests the 
added mass will be changed during the impact, hence also the natural frequency of 
oscillations. The procedure of analysis was then to start with an assumed value of the 
force, Fo, and possible rise time and adjust them by trial-and-error such that the 
calculated value and the time location of the first response peak corresponded to the 
first peak of the measured response signal. 
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Resum 

Forces d’impacte sobre una pila vertical degut al trencament 
d’onades tipus plunging 
Autor: Xavier Ros Collados 
Tutors: Agustín Sánchez-Arcilla i Øivind Asgeir Arntsen 

En aquests moments hi ha una certa preocupació i incertesa pel que fa a les forces 
d’impacte d’onades trencants tipus plunging sobre estructures de gelosia i estructures 
de suport per a molins de vent en aigües somes. S’han dut a terme alguns treballs 
sobre les forces d’impacte sobre piles verticals i inclinades com ara Goda et al. 
(1966), Sawaragi i Nochino (1984), Tanimoto et al. (1986) o Wienke i Oumeraci 
(2005). La força d’impacte s’escriu generalment com Fs = 0.5ρwCsDcb

2ληb, on Cs és 
el factor d’impacte, cb és la celeritat de l’onada que trenca (la velocitat de les 
partícules d’aigua es considera igual a la celeritat d’ona en trencament), ηb és l’alçada 
de la cresta d’ona en trencament i λ és l’anomenat curling factor que indica com 
d’activa és la cresta de l’onada en l’impacte. Per a una pila vertical el valor de λ es 
troba entre λ = 0.2 – 0.5. El valor de Cs, segons els estudis, es situa entre Cs = π - 2π, 
mentre que la durada de l’impacte es troba dins del rang τ = (0.25D/cb) – (0.5D/cb). 

Les forces d’impacte resultants dels tests amb trencaments tipus plunging mostren una 
considerable dispersió, fet inherent del fenòmen en qüestió. Per tal d’aprofundir més 
en el tema es va decidir portar a terme un nou estudi del problema sobre una pila 
vertical, Ros (2011), amb un muntatge diferent, diferent instrumentació i diferent 
metodologia de l’emprada amb anterioritat . 

La pila, amb diàmetre D = 0.06 m, consta de sis anells transductors de força a 
diferents alçades. Tots els tests es van dur a terme amb onades regulars i freqüencies 
al voltant dels 0.5 Hz o períodes de T = 2.0 s. Es va variar l’alçada d’ona, arrivant a 
una màxima de H = 30 cm just a la pila amb alçades de cresta de ηb = 25 cm.  

Un dels problemes amb les forces d’alta intensitat i poca durada és el mesurar la força 
mateixa. Idealment un hauria de tenir un sistema de mesura indefinidament rígid. Però 
aleshores seria tan rígid que la sensibilitat es perdria. Així el que es va fer és mesurar 
la resposta, que no és el mateix que la força, degut als efectes dinàmics sobre el 
sistema masa-molla que representa el transductor. El repte és, doncs, l’anàlisi de la 
resposta per tal d’arribar a trobar la força. Es va aplicar la intregral de Duhamel, 
procediment que requereix un cert coneixement a priori de la força d’impacte, la qual 
és precisament el paràmetre que es busca. En aquest cas es va assumir una càrrega 
d’impacte triangular similar a Goda et al. (1966), però amb una durada semblant a la 
de Wienke i Oumeraci (2005), i amb un cert temps de pujada. 

La freqüència de mostreig durant els test va ser de 20 kHz. La freqüència natural 
d’oscil·lació dels transductors es va mesurar individualment obtenint resultats de uns 
900 Hz en les primeres oscil·lacions fins a 250 Hz tot seguit. Això pot ser degut a que 
el transductor tingui diferents modes d’oscil·lació. Durant els tests d’impacte existeix 
un efecte de massa afegida que també pot fer variar la freqüencia natural d’oscil·lació. 
El procediment d’anàlisi va ser, doncs, assumir una força, Fo, i un possible temps de 
pujada i ajustar-los per prova i error de tal manera que el valor calculat i la posició 
temporal del primer pic de la resposta calculada coincideixin amb el primer pic 
corresponent a la senyal de la resposta mesurada. 



Impact forces on a vertical pile from plunging breaking waves  NTNU - UPC 2011 

 xx 

 



Impact forces on a vertical pile from plunging breaking waves  NTNU - UPC 2011 

 1 

 

Chapter 1  

Introduction 
 

Wave forces on vertical and inclined piles have several times been analyzed in detail 
since many offshore structures are considered as slender cylindrical piles. Such forces 
have been always analyzed by the well-known Morison equation (Eq. (1.1)) that has 
proven to be a good approximation for the total force, F, exerted by non-breaking 
waves. 

  

€ 

F = FD + FM = 0.5ρwCDDu u dz
−d

η

∫ + ρwCM
πD2

4
∂u
∂t

dz
−d

η

∫   (1.1) 

where   

€ 

FD  is the drag force,   

€ 

FM  is the inertia force,   

€ 

ρw  is the mass density of water, 

  

€ 

CD  is the drag coefficient,   

€ 

C M  is the inertia coefficient,   

€ 

D  is the cylinder diameter 
and   

€ 

u  is the water particle velocity.  

Nevertheless, if the waves break against the pile the Morison equation must be 
expanded. Wave breaking, especially plunging breakers, may introduce very high 
impact forces on a slender structure. These impact or slamming forces are of 
extremely short duration and cannot be considered by modifying the coefficients   

€ 

CD  
and   

€ 

C M  in the Morison equation or by simply including a correction factor, as 
sometimes has been done. Hence the slamming force must be included into Eq. (1.1) 
as an additional part of the total wave force: 

  

€ 

F = FD + FM + Fs      (1.2) 

Some work has previously been done on the wave slamming forces on single vertical 
and inclined piles, e.g. Goda et al. (1966), Sawaragi and Nochino (1984), Tanimoto et 
al. (1986) and the latest study by Wienke and Oumeraci (2005). However, the main 
cause of the present study is to gain more insight into the slamming force behaviour 
by using a different experimental set-up, different instrumentation and different 
analysis methods than the reported before. 

The slamming force, Fs, is generally written as shown in Eq. (1.3). Where cb is the 
wave celerity at breaking, Cs is the slamming factor, λ is the curling factor and ηb is 
the wave crest elevation at breaking. 

  

€ 

Fs = 0.5ρwDcb
2Csληb      (1.3) 

The slamming factor, usually called Cs-value, and the curling factor, λ, are two of the 
four essential parameters to study the slamming forces due to plunging breakers. The 
other two are the rising time, tp, and the impact duration, τ. 

The slamming factor has to do with the intensity of the impact and its value has been 
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reported to be in the range Cs = π – 2π. The curling factor indicates how much of the 
wave crest is active in the slamming force. For a vertical pile and assuming a uniform 
vertical distribution of forces, the value of λ has been reported to be in the range λ = 
0.2 – 0.5. On the other hand, as considered in some of the studies, if the vertical force 
distribution is considered as triangular shaped, the value of λ is in the range λ = 0.5 – 
0.7. The rising time is defined as the time that is required by the impact force to reach 
its maximum. It was introduced by Sawaragi and Nochino (1984), where a theory for 
its prediction is proposed. However, in several studies no rising time is considered, 
assuming that the impact force reaches it maximum instantaneously. Finally, the 
duration of the impact has been reported to be in the range τ = (0.25D/cb) – (0.5D/cb). 

The main objective of the research has been to find these four essential parameters for 
the study of the slamming force. The main challenge to reach that goal has been to 
find the most proper method to analyze the measured data from the laboratory tests 
and deal with the huge data files. In the end, all this arduous work has been worthy to 
achieve more knowledge and insight on the issue of impact forces from plunging 
waves on a vertical pile. 

At first a literature study about impact forces on vertical and inclined piles from 
plunging breaking waves is given in Chapter 2. Chapter 3 describes the experimental 
set-up, the measurement programme, the wave characteristics and the methodology 
used to analyze the measured response. The measured and calculated results are 
presented in Chapter 4 and they are discussed and analyzed in Chapter 5. Finally 
Chapter 6 contains the main conclusions of the study. 
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Chapter 2  

Previous investigations 

 
For the last fifty years, laboratory studies of breaking waves acting on vertical 
cylinders have been carried out by several investigations. Most of the studies are for 
vertical cylinders on uniformly sloping bottoms, as Goda et al. (1966), Honda and 
Mitsuyasu (1974), Sawaragi and Nochino (1984), Tanimoto et al. (1986) and Apelt 
and Piorewicz (1987). Some other studies have also been carried out for vertical 
cylinders on shoals, as Goda (1973), Hovden and Tørum (1991) and Kyte and Tørum 
(1996). Grønsund Hanssen and Tørum (1999) carried out a study of breaking wave 
forces acting on a tripod concrete structure on a shoal. Finally, there are also some 
investigations on the wave forces from breaking waves on inclined cylinders. The 
most recent investigation was the one carried out by Wienke and Oumeraci (2005), 
where also the case for a vertical cylinder is considered. 

2.1 The Morison equation and the impact force 
Wave forces from non-breaking waves on vertical cylinders are commonly calculated 
according to the Morison equation, Morison et al. (1950). 

  

€ 

dF = dFD + dFM = 0.5ρwCDDu u dz + ρwCM
πD2

4
∂u
∂t

dz   (2.1) 

where   

€ 

FD  is the drag force,   

€ 

FM  is the inertia force,   

€ 

ρw  is the mass density of water, 

  

€ 

CD  is the drag coefficient,   

€ 

C M  is the inertia coefficient,   

€ 

D  is the cylinder diameter, 
  

€ 

u  is the water particle velocity,   

€ 

z is the water depth variation and   

€ 

t  is the time. By 
integrating Eq. (2.1) along the height of the cylinder, the total wave force   

€ 

F  is 
obtained. This equation is used to estimate the wave loads in the design of oil 
platforms and other offshore structures. 

  

€ 

F = FD + FM = 0.5ρwCDDu u dz
−d

η

∫ + ρwCM
πD2

4
∂u
∂t

dz
−d

η

∫   (2.2) 

where 

€ 

η is the water surface elevation and   

€ 

d  is the total water depth. 

If the waves break against the pile the Morison equation must be expanded. Wave 
breaking, especially plunging breakers, may introduce very high impact forces on a 
slender structure. These impact forces are of extremely short duration and cannot be 
considered by modifying the coefficients   

€ 

CD  and   

€ 

C M  in the Morison equation or by 
simply including a correction factor, as sometimes has been done. Therefore, an 
additional force must be considered, so that the total force is obtained as a sum of the 
force calculated by the Morison equation and the impact force   

€ 

Fs . 

  

€ 

F = FD + FM + Fs      (2.3) 
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Those three forces are the ones normally considered to evaluate the total force. 
Nevertheless, some authors have proposed other forces to take into account. For 
instance, Sawaragi and Nochino (1984) included the force   

€ 

Fsp  due to the static 
pressure caused by the difference of water levels between the lee and the stoss sides 
of the cylinder. The magnitude of   

€ 

Fsp  turned to be 40-70% of the force predicted by 
the Morison’s formula, regardless of the wave breaking point and the breaking 
pattern. Another force that could be introduced is a transversal force, normal to the 
direction of the water particle velocity. This force is due to eddies that can be shed 
from a cylinder alternative on either side and can be considered as a lift force. 

Despite mentioning those other forces, most authors only have focus their attention on 
the Morison equation and the impact force. So, let us continue then from Eq. (2.3).  

To sum up, it can be said that to examine the load on a cylinder due to breaking 
waves, the acting force can be divided into a quasi-static and a dynamic component. 
The quasi-static force varies in time in accordance to the water surface elevation 
associated with the wave cycle as the Morison equation describes. The impact force 
acts for a very short time, as it has been said, and it is also called slamming. The 
quasi-static force has often been examined and the Morison equation is a highly 
recognized tool for its calculation. However, the impact force has yet been 
investigated only in a few tests. Therefore, this impact force or slamming is the main 
subject of the recent investigations. 

2.2 Von Karman and Wagner’s theories 
Assuming the plunging breaker as a vertical wall of water that hits the cylinder, the 
situation is comparable with the situation when a falling cylinder hits a water surface. 
One of the first attempts to derive a theoretical formulation was made by von Karman 
(1929). Thus, for the calculation of the impact force on slender cylinders, usually the 
method of von Karman is used. As shown in Fig. 2.1, the cylinder is approximated by 
a flat plate with a width equal to the width   

€ 

c (  

€ 

t ) of the immersed part of the cylinder 
at each instant of the impact. 

 
Fig. 2.1. Von Karman’s model: definition sketch. 

If the time history of the immersed width is known, the force on the plate can be 
calculated by considering the potential flow below the plate and integrating the 
pressures calculated by the Bernoulli equation. The velocity of water vertical to the 
cylinder axis is constant for each instant and equal to the wave celerity cb (  

€ 

C  in Fig. 
2.1 and Fig. 2.3) for a breaking wave. Applying the method of von Karman for the 
whole time of the impact (i.e. until the radius   

€ 

R  of the cylinder is totally immersed), 
the calculated line force   

€ 

f I (  

€ 

t ) decreases linearly with time. The line force is given in 
Eq. (2.4), where Cs is the slamming factor. 
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€ 

f I (  

€ 

t )  

€ 

= 0.5CsρwDcb
2     (2.4) 

with    
  

€ 

Cs = π 1− cb

R
t

 

 
 

 

 
      (2.5) 

That is the two-dimensional line force since the same force is acting at every part of 
the cylinder (von Karman’s method is related to a cylinder of infinite length). 
Applying the method for breaking wave impact, the two-dimensional force must be 
integrated over the height of the impact area as shown in Fig. 2.2. 

 
Fig. 2.2. Wave slamming sketch. 

Goda et al. (1966) proposed that this height should be equal to the curling factor 

€ 

λ , 
multiplied with the maximum elevation of the wave at breaking   

€ 

ηb . Then, the total 
impact force yields as shown in Eq. (2.6). Introducing 

€ 

λ , the two-dimensional 
description was transformed to a three-dimensional one. By that time, the curling 
factor was thought to be dependent on the breaker type only. Nevertheless, the recent 
investigations have shown that it does not only depend on the breaker type but in 
some other factors, as the distance between the breaking location and the cylinder or 
the inclination angle of the cylinder, called by some authors the yaw angle.  

  

€ 

Fs = ρwRcb
2Csληb      (2.6) 

From Eq. (2.4) it follows that at the beginning of the impact with     

€ 

t = 0  the line force 
is maximum, as shown in Eq. (2.7). It must be said that this expression is reached by 
considering the momentum conservation during the impact. 

  

€ 

fI = πρwRcb
2      (2.7) 

By taking into account not only the momentum conservation, but also the flow beside 
the flat plate will result in the so-called pile-up effect, which is a deformation of the 
water free surface (Fig. 2.3). This modification was introduced by Wagner’s model. 

Due to this pile-up effect, the immersion of the cylinder occurs earlier. As a result, the 
duration of the impact decreases and the maximum line force becomes higher. Thus, 
according to Wagner’s theory (1932), the maximum line force is: 

  

€ 

fI = 2πρwRcb
2       (2.8) 
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Fig. 2.3. Wagner’s model: definition sketch. 

As can be seen from Eq. (2.8), the maximum force calculated by applying Wagner’s 
theory is twice the maximum line force calculated by von Karman’s theory. Very 
often the maximum line force is described as a function of the slamming coefficient: 

  

€ 

fI = CsρwRcb
2       (2.9) 

with   

€ 

Cs = π  according to von Karman and   

€ 

Cs = 2π  according to Wagner. The 
differences between the theories of von Karman and Wagner were reported deeply by 
Tanimoto et al. (1986). 

Further empirical values for Cs have been suggested, but the discussion is still open 
about the right Cs-value. Although Goda’s description of the impact is based on von 
Karman’s theory, the formulation of Wagner is more accurate, due to the fact that 
considers the pile-up effect. However, using the theory of von Karman and Wagner, 
only the maximum line force at the beginning of the impact can be calculated. To 
obtain a time history of the impact, Fabula (1957) approximated the pressure plane by 
an ellipse instead of the flat plate. At the beginning of the impact, the line force 
calculated by the elliptical approximation corresponds exactly to the value calculated 
by Wagner’s theory. 

In contrast to these geometric approximations, Cointe and Armand (1987) used an 
approach called “method of matched asymptotic expansions” to describe the impact. 
This method also provides the result as Wagner’s theory for the beginning of the 
impact. The time history decreases more slowly but similar to the time history 
predicted by Fabula’s method. This difference is due to the fact that the approach of 
Cointe and Armand is related to a parabolic instead of a circular shape. 

 
Fig. 2.4. Time histories of the line force according to different theories. 
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The most recent investigation on wave slamming forces was the one carried out by 
Wienke and Oumeraci (2005). They also obtained the time history of the impact and 
the maximum value of the impact force, which is once again the same as the one 
obtained by Wagner’s theory. The time histories of the line force according to the 
different theories are shown in Fig. 2.4, where   

€ 

V  represent the wave celerity. The 
thick line is the time history obtained by Wienke and Oumeraci after their recent 
study. 

In spite of existing those different theories, the last studies have concluded that the 
pile-up effect influences both, the intensity and duration of impact and must be taken 
into consideration. Thus, nowadays the reference value for the slamming coefficient 
at the beginning of the impact (    

€ 

t = 0) must be set in   

€ 

Cs = 2π . Otherwise the breaking 
wave impact will be underestimated and the real maximum values would be twice the 
values obtained by using   

€ 

Cs = π , as Goda’s theory said. 

2.3 Wave front inclination and curling factor 
There are also other assumptions taken into account in Goda’s theory that has been 
questioned in the last years. As said before, the impact of the plunging breaker was 
thought as a vertical wall of water hitting the cylinder. This assumption was followed 
by the assumption that the rising time becomes zero. After their analysis by a speed 
motion camera, Sawaragi and Nochino (1984) realized that the wave front is not 
always vertical. Thus, they modified Goda’s theory, considering that the inclined 
front of the breaking wave impacts the cylinder with an angle 

€ 

θ  at the velocity cb. 
That new assumption brought some new considerations about the force-time 
relationship. They also defined a dimensionless parameter 

€ 

β  to classify the length of 
the rising time: 

  

€ 

β =
tgθ
d

R
     (2.10) 

where   

€ 

d  was the length of a segment of the cylinder. If   

€ 

β > 1 the rising time is short 
while if   

€ 

β < 1 a slow rise takes place and there is no marked onset. 

More differences were found within the values obtained for the curling factor. The 
maximum curling factor 

€ 

λ  proposed by Goda et al. (1966) were as follows: 

  

€ 

λ = 0.1 for spilling breaker   (2.11) 

  

€ 

λ = 0.4  for plunging breaker   (2.12) 

These values have been estimated by measuring the total impact force, including 
dynamic response and the impact response. The dynamic response has not been 
mentioned before but is the response due to the cylinder natural oscillation and it is 
intrinsically included on the response. On the other hand, Sawaragi and Nochino 
(1984), estimated the curling factor from the measured impact force without the 
dynamic response. They obtained a maximum value for plunging breakers of   

€ 

λ = 0.9
 which is much bigger than the one obtained by Goda et al. (1966). That difference 

may come from the use of different methods to determine the curling factor. 
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The values for 

€ 

λ  obtained by Wienke and Oumeraci (2005), are in good agreement 
with the ones presented by Goda et al. (1966). Nevertheless, they pointed that the 
curling factor is not only depending on the breaker type but also on the inclination 
angle of the cylinder 

€ 

α  and on the angle of the breaker front inclination, as shown in 
Fig. 2.5. Thus, they established the proportional equation: 

  

€ 

λ ≈
cos α −β( )

cosα
    (2.13) 

As can be seen in Eq. (2.13), if a vertical cylinder is considered (  

€ 

α = 0) the curling 
factor is only proportional to the cosine of the wave front inclination angle. 

 
Fig. 2.5. Breaking wave front hitting an inclined cylinder. 

That latest consideration is, then, another difference between the most recent 
investigations and the first studies carried out by Goda. It is important not to forget 
that, even though the values for 

€ 

λ  were rather similar in both studies, the considered 
values for   

€ 

Cs  were 

€ 

2π  for the studies by Wienke and Oumeraci and 

€ 

π  for the studies 
carried out by Goda.  

2.4 The impact duration 
The time of the impact duration is also another important factor to take into account in 
those studies. Von Karman set the duration of the impact load to: 

  

€ 

τ =
D
2u

     (2.14) 

where   

€ 

D  is the cylinder diameter and u is the water particle velocity. However, if that 
value of 

€ 

τ  is bigger than the time until the cylinder is half submerged into the water, 
then that last time becomes the impact time.  

Most authors as Goda et al. (1966) or Sawaragi and Nochino (1984) adopted 

€ 

τ  as the 
impact time duration, assuming   

€ 

u = cb , where   

€ 

cb is the wave celerity when the wave 
breaks. On the other hand, assuming and “oblique” impact of the wave front against 
the cylinder, this value of 

€ 

τ  can change. Indeed, Wienke and Oumeraci (2005) 
included this assumption on their studies, so they obtained a different value for the 
impact time duration, in terms of the wave front inclination. When the mass of water 
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hits the cylinder not normally but oblique by an angle     

€ 

γ ≠ 0o , then the shape of the 
cylinder has to be represented by an elliptic instead of a circular shape as shown in 
Fig. 2.6, contrasting to von Karman’s or Wagner’s theories. Thus, after their 
calculations, they obtained that the total duration of the impact, i.e. from the 
immersion time of the front line to the time of complete immersion of the half ellipse 
(Fig. 2.6), is given by the following equation: 

    

€ 

τ =
13
32

1
cosγ

R
V

    (2.15) 

It must be noticed that, even though considering a completely vertical impact 
(  

€ 

cosγ = 1), the obtained duration would be around 0.4 times the duration set by von 
Karman’s theory. So again, taking into account the pile-up effect regardless 
considering an elliptic shape, the duration of the impact decreases considerably. 
Nonetheless, the first value of   

€ 

τ = D 2u  remains still a good approach that can be 
used as far as we know that there is another lower value that must be taken into 
account. 

 
Fig. 2.6. “Oblique” wave impact: definition sketch. 

2.5 The vertical force distribution and the maximum breaking wave force 
From the carried out investigations it is clear that the plunging breaker yields larger 
peak values than the spilling breaker in most cases. All wave theories predict that the 
maximum particle velocities are highest at the crest height. The Morison equation 
thus also predicts that the maximum wave force also occurs at the crest height, even 
though it can be slightly modified due to surface effect as Tørum (1989) found. 

However, in the studies carried out by Sawaragi and Nochino (1984), the 
dimensionless maximum force were measured between     

€ 

0.65 < Z η < 0.75 , where 

  

€ 

Z η   is the relative height of the wave. This implies that the mechanism of impact 
force due to breaking waves differs from that of the ordinary fluid force. The vertical 
distribution of the peak values was approximated by a triangular shape whose apex 
appears at the height of about 70% of the wave crest above the still water level and its 
magnitude deeply depends on both the wave breaking point and the wave breaking 
pattern. Moreover, it was also observed that the largest value of the maximum force 
measured in their experiments was about three times of the theoretical one predicted 
by Goda et al. (1966). 
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It is interesting to mention that there is a certain disagreement among the different 
studies about what is the shape of the vertical force distribution. Tanimoto et al. 
(1986), as Sawaragi and Nochino (1984) also approximated the vertical force 
distribution by a triangular shape, which seems to be the most reasonable approach. 
However, Goda et al. (1966) and Wienke and Oumeraci (2005) considered a uniform 
vertical force distribution in their studies. 

About on what is depending the maximum force, comparison between other studies 
shows that the maximum breaking wave force on a vertical cylinder is influenced by 
the bottom slope,    

€ 

i , and by the relative cylinder diameter,   

€ 

D H , as well as by the 
wave steepness   

€ 

H L. Has to be mentioned that some authors did not include   

€ 

D H  as 
a significant parameter, even though its importance has been demonstrated by, for 
instance, Apelt and Piorewicz (1987). 

Also the location of the breaking wave is a clear influence factor. Wienke and 
Oumeraci (2005), on their recent study, concluded that the impact force was shown to 
strongly depend on the distance between breaking location and cylinder, as they 
probed leading to five different loading cases. Those different positions can be 
summarized as: breaking far in front of the cylinder, breaking in front of the cylinder, 
breaking immediately in front of the cylinder, breaking at the cylinder and breaking 
after the cylinder. It was demonstrated that the maximum impact force on the cylinder 
occurs when the wave breaks immediately in front of the cylinder and the velocity of 
the water mass hitting the cylinder reaches the value of the wave celerity at the 
breaking location. Such force was, indeed, proportional to the curling factor that was 
obtained experimentally and that has been mentioned previously in the present text. 

2.6 Latest knowledge and formulation on the impact force 
When a mass of water hits a structure, the spreading of the impact area can be 
observed through the development of the splash. The splash spreading for the 
breaking wave is illustrated in Fig. 2.7, as Wienke and Oumeraci (2005) define in 
their latest studies. Starting at one point at the front line of the cylinder, the splash is 
spreading radially in all directions and tangentially to the cylinder surface. 

 
Fig. 2.7. Observed splash due to breaking wave impact. 

As they explained, at each 2D-surface the impact takes place simultaneously. The 
resulting force is determined by integrating the force   

€ 

f I (  

€ 

t ) over the height of the 
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impact area   

€ 

ληb . Thus, they obtained the three-dimensional description for the impact 
force   

€ 

Fs , normal to the cylinder: 

  

€ 

Fs = ληbρRV 2 cos2 γ 2π − 2 V cos γ
R

t ⋅ a tanh 1− 1
4

V cos γ
R

t
 

 
  

 

 
   

for 
    

€ 

0 ≤ t ≤ 1
8

R
V cosγ

                (2.16) 

  

€ 

Fs = ληbρRV 2 cos2 γ π
1
6

1
V cos γ

R
′ t 
−

8
3

V cos γ
R

′ t 4 ⋅ a tanh 1− V cos γ
R

′ t 6 V cos γ
R
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It is important to notice that the impact force depends solely on the velocity   

€ 

V , which 
is the velocity of the water hitting the contact point, called then, the impact velocity. 
This is justified since the impact spreads around a point of first contact between water 
and cylinder as shown in Fig. 2.7. Moreover, the experiments with different 
inclination angles of the cylinder have demonstrated that the development of the 
impact in the direction of the cylinder axis can only be explained by the impact 
spreading around a contact point. Then, if the impact is described as a vertical wall of 
water hitting the cylinder, different time histories are expected depending on whether 
the cylinder is inclined against or towards wave direction.  
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Chapter 3 

Materials and methods 

 
This chapter contains a description of the materials and methods used in the present 
study. It starts with a complete description of the experimental set-up, the flume, the 
tested cylinder and all the instruments required for the experiments. The second point 
deals with the wave characteristics, giving an overview of all the tests carried out in 
the flume, detailing wave properties and showing some interesting plots of the 
relations among parameters. Finally, the methodology for analyzing the data is 
described and briefly justified, even though it is not the aim of this chapter. Filtering 
and dynamic response analyses are compared, showing a couple of examples in the 
end just to clarify the understanding of the methods and to show their differences. The 
convenience of the applied method will be discussed further in the following chapters. 

3.1 Experimental set-up 
This first point includes the whole description of the experimental set-up. It begins 
with an accurate description of the wave flume characteristics and the instrumented 
cylinder. Then follows with the test programme and some summary tables about the 
measurements carried out. Further on, all the measuring instruments used in the tests 
have been described as well as the main steps on their calibration. Finally, a short 
description of the main steps and procedures is given as a reference model. The main 
goal during the writing of this chapter has been to provide enough detail and precision 
in the description of the experimental set-up, with the aim that another person can 
repeat the same experiments easily. 

3.1.1 Wave flume characteristics 
The wave flume with the instrumented cylinder is shown in Fig. 3.1. The total length 
of the flume is 33 m and it has a width of 1 m. The distance between the wave paddle 
and the cylinder was 16.95 m. 

We can differentiate between two parts in the flume, according to its depth: the 
“shallow water” part and the “deep water” part. The “shallow water” part starts at a 
distance of 11.2 m from the wave paddle and has four different slopes. The first one, 
of 11%, has a horizontal length of 5 m. The second slope decreases down to a 2% 
approximately, for a horizontal length of 1.85 m. It is followed by a flat zone with a 
length of 2.5 m. Finally, the last one comes back down to the bottom with a negative 
slope of 27% for 2.2 m length. The instrumented cylinder was located on the second 
slope as is shown in Fig. 3.1. 

At its “deep water” part, the flume has a depth of 0.9 m. The shallowest part is the flat 
zone after the two first slopes, with a depth of 0.31 m. The cylinder was located at a 
depth of 0.33 m approximately and at 0.75 m from the start of the second slope. 
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Fig. 3.1. Wave flume sketch (dimensions in m). 
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At a distance of 1.5 m after finishing the “shallow water” part, the wave absorber is 
located. It consists on twenty-two perforated plates that keep on reducing the distance 
from each other as well as the size of the little slots they have, from the beginning 
until the end of the wave absorber. This wave absorber gives a reflected wave with a 
height of approximately 5% of the height of the incoming wave (no breaking waves).  

Two wave gauges were placed in the flume in positions WG1 and WG2 as shown in 
Fig. 3.1. The WG1 was placed in “deep water” at 0.90 m depth, while the WG2 was 
located at the same point as the cylinder, just beside it, at 0.33 m depth. So this second 
wave gage was considered as placed in “shallow water”. 

The wave generator of the flume, consist on a wave paddle that moves forwards and 
backwards, a piston-type wavemaker. Thus, it just pushes the water forwards making 
waves. Besides the wave frequency, the eccentricity is the second input we set to 
make waves. The eccentricity of those waves is directly related with the displacement 
of the flap, and it is interesting to obtain the equation that rules that displacement (s) 
in terms of the eccentricity (e). This equation is shown further on this chapter. The 
displacement, s, has been measured as half of the stroke. 

This equation was obtained after adjusting a linear function to some data points 
measured directly at the flume. As expected, it makes sense to be a linear function. 
Further on this chapter we will go deeper on the wave and the wavemaker 
characteristics. 

3.1.2 Instrumented vertical cylinder 
The instrumented vertical cylinder is shown in Fig. 3.2. The bottom end of the 
cylinder was fixed on a base plate and the top end was also fixed with two steel 
beams. The cylinder has a diameter of 6 cm and a total height of 69 cm.  

 
Fig. 3.2. Instrumented cylinder (dimensions in cm). The striped zones represent the rings. The wave 

dimensions are not in scale. The gap between each transducer measures 0.1 mm. 
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The force transducers F1-F8 were located on the top part of the cylinder with a 
separation distance of 1.6 cm from each other. All of the transducers were placed and 
calibrated in air (over mean water level). They were local force transducers that 
measure the wave force in the wave direction on a ring of the cylinder, 1 cm high. 

Fig. 3.3a shows a picture of one of those rings. In Fig. 3.3b the strain gauge has been 
glued to the ring on the little slot placed in the middle of the ring. Even though we had 
eight rings, only six were working. The ones that did not record the forces were 
number 6 and 7. Thus, from now on we will refer to the force transducers as F1, F2, 
F3, F4 and F5 that corresponds with the ring number, but F6 for the ring number 8. 

              
   Fig. 3.3.   (a) Local force transducer         (b) Strain gauge glued at the middle of the ring 

Those transducers measure the shear deformation and hence the shear force on a 
cantilever beam in the direction of wave travel. The wave direction is orthogonal to 
the beam in the middle of the ring as is shown in Fig. 3.4. When the wave hits the 
ring, the external part of the ring as well as the cantilever beam oscillate, meanwhile 
the rest of the ring remains fixed to the cylinder structure. It has to be mentioned that 
all the forces acting on the pile has been considered passing through the middle point 
of the ring. Hence there is no moment around such point. 

 

Fig. 3.4. Local force transducer showing wave direction (dimensions in mm). The wave dimensions are 
not in scale. 

The rings were made of aluminium and each one had a mass of 45.66 g. As 
mentioned just before, the ring is fixed to the cylinder. When the breaking wave hits 
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the cylinder only the external part of the ring and part of the beam are allowed to 
oscillate.  

Due to the procedure we chose for analyzing the data, which was based on the 
dynamic motion of the structure, we needed to know the mass of that oscillating part 
of the ring. Thus, we measured the volume of the external ring and half of the beam, 
including the little slot in the middle, where the strain gauge was placed. Multiplying 
for the density of the aluminium (ρa = 2.7 g/cm3) we obtained the mass of the 
oscillating part of the ring, which was mosc = 12.016g. Fig. 3.5 shows the oscillating 
part of the ring, considered for the dynamic analysis. More details about the 
measurement and analysis method will be given further on in this chapter. 

 
Fig. 3.5. Local force transducer. The stripped area is the oscillating part. 

3.1.3 Measuring instruments and calibration factors 
During the tests we used three wave gauges, six force transducers and one ADV. 
Before starting the sampling it is important to calibrate all the instruments. The wave 
gauges were calibrated once per day. The force transducers were adjusted at least 
once per day, but frequently more often and calibrated just once at the beginning of 
the experiments. The ADV does not need calibration, just check that the sampling is 
reasonable. 

The wave gauges measure the water surface elevation at a certain point. They were 
placed at the positions shown in Fig. 3.1. The wave gauges must be calibrated with 
the water level completely quiet. The records are in volts, so it is necessary to know 
the calibration factor that corresponds to the wave height in cm. It was 20 cm = 5 V 
(or 4 cm/V), in our case. For their calibration we adjust the signal to 0 V and we vary 
the depth of the wave gauge down to 20 cm. Then, we adjust finely the voltage to 5 V. 
Afterwards, we give back the wave gauge to its original position and we will see that 
the signal goes back to 0 V. Then, the wave gauge is properly calibrated. Fig. 3.6 
shows WG2 beside the instrumented cylinder. 

The analogue recorder is the instrument that receives all the signals from the 
instruments measuring in the flume (Fig. 3.7). But it is also used for adjusting the six 
force transducers. Their adjustment is much easier and quicker than the one for the 
wave gauges. It consists on press the F1 button on the recorder, for each channel that 
has a force transducer connected. Following this procedure all the signals will go back 
to 0 V. Obviously, it must be done with the water level still. 
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        Fig. 3.6. Instrumented cylinder and WG2. The flow goes from right to the left. 

The calibration procedure for the force transducers is schematically represented in 
Fig. 3.8. It is as simple procedure consisting on hanging a small weight tied with a 
string to the transducer and adjusting the hanged weight to the force measurement 
until reach good agreement. Actually it is a kind of iterating process, i.e. one has to 
vary the hanged weight until the measure at the transducer is the same as the weight 
value. The calibration factor for the force transducers was 10 V = 1 kg, which means 
that 1 V is approximately 1 N. This calibrating procedure must be done when the 
flume is empty and it has to be done just once. 

 
Fig. 3.7. Analogue recorder with the six force transducers connected. 

After analyzing the first data series some cut peaks were observed. This means that 
some forces went over the maximum voltage that is 10V. To solve this inaccuracy on 
the results, the sensitivity of the transducers was changed to 10 V = 2 kg, which 
means that 1 V is approximately 2N. The waves that gave the maximum responses 
were run again using this new sensitivity. Then the highest responses were recorded 
with the proper accuracy. 
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Fig. 3.8. Sketch and picture of the force transducers calibration. 

The ADV is the instrument that measures the water particle velocities. It measures in 
three directions: x (the flow way), y (orthogonal to the cylinder and positive to the 
right of the flow way) and z (parallel to the cylinder and positive way down). The 
calibration factor, for the ADV, depends on the velocity range set on the program. 
The velocity range used was ±100 cm/s, which has a calibration factor of 100 cm/s = 
5 V, or 20 cm/s per V.  

Finally, the calibration factor for the wave paddle motion was needed as well. It was 
obtained experimentally from the lab. We just measured the voltage corresponding to 
the zero motion, and for the motion of 27 cm. The calibration factor turned to be 32.3 
cm/V. 

3.1.4 Main steps and procedures 
Here is described a short guide with the basics on how to run the tests and how to 
record the data. It can be useful to have a routine before starting the sampling. This is 
a step-by-step routine that can be taken as a model:  

i. Turn on the wave paddle, switching on the pumps for the oil hydraulic driving 
system. 

ii. Adjust the water level accurately. The water level at the wave paddle was 90 
cm in our case, as was said at the beginning of this chapter. 

iii. Mix the water running some waves before starting the sampling. This is 
important in order to get rid of the air bubbles, hidden into the slots at the 
bottom of the flume, and to blend the water. 

iv. Calibrate the wave gauges as explained previously. 

v. Calibrate the analogue recorder adjusting the zero level of the force 
transducers. It is important to remember that this step must be done more than 
once per day in order to get the most accurate results as possible. 
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Once completed these previous steps, everything is ready to start the tests. First of all, 
the frequency must be selected. It must be done carefully due to the sensitivity of the 
wheel that manages the selection. It takes some time to stabilize. Then, the wave 
generator eccentricity can be increased, little by little, until reach the desired one. 
Waves will occur in the wave flume.  

We started the data logging system just after the first clear plunging wave broke on 
the cylinder. The first few waves passing the cylinder were “non-representative”, so it 
is better to wait until they reached a regular wave pattern with the selected wave 
height. After approximately 30 s, we stopped the sampling and switched the 
eccentricity wheel to zero again. Once stopped, we waited around 2 or 3 minutes, 
before running the next test, to let the water calm down. Going over the recorded 
results after running the test is also a good idea, just to know if some possible errors 
occurred during the sampling. So we took advantage of the waiting time between test 
series to review the data. To make it easier, we set the first frequency and varied the 
eccentricities, which is quicker than vary the frequency. Once completed the whole 
range of eccentricities we changed to the next frequency and so on. 

3.2 Characteristics of waves 
The tests were run with regular waves. The data were sampled at a rate of 20000 per 
second per recording channel, which means a sampling frequency of 20 kHz, and a 
run time of 20 s. Thus, 400000 data per run were recorded on each ring as well as on 
the wave gauges. The data registered at the strain gauges were filtered at a frequency 
of 10 kHz, set on the amplifier. 

3.2.1 Test programme 
For the firsts tests, seven regular wave frequencies were used: f = 0.42, 0.45, 0.48, 
0.51, 0.54, 0.57 and 0.60 Hz (T = 2.37, 2.22, 2.08, 1.96, 1.85, 1.75,1.67 s). For the 
force measurements, each of these frequencies was combined with around ten 
different deepwater wave heights. The deepwater wave height is taken to be the wave 
height measured in front of the WG1, which is the reference wave gauge. To 
introduce the wave height we used the wave eccentricity (e), which is an index on the 
wave board control panel, and is directly related with the wave height for a given 
wave frequency. We used ten different eccentricities, starting from 2.3 and up to 3.2. 
The different combinations used for the firsts test are listed in Table 3.1. 

Table 3.1. Frequency (Period) – Eccentricity combinations for the firsts run tests. 

f[Hz] (T[s]) 
e[-] 0.42 Hz 

(2.37 s) 
0.45 Hz 
(2.22 s) 

0.48 Hz 
(2.08 s) 

0.51 Hz 
(1.96 s) 

0.54 Hz 
(1.85 s) 

0.57 Hz 
(1.75 s) 

0.60 Hz 
(1.67 s) 

2.3 x x x x x x x 
2.4 x x x x x x x 

2.5 x x x x x x x 
2.6 x x x x x x x 
2.7 x x x x x x x 
2.8 x x x x x x x 
2.9 x x x x x x  
3.0  x x x x   
3.1  x  x x   
3.2  x   x   
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For the firsts runs the local forces on the vertical cylinder and the wave height at 
WG1 and WG2 were measured. The set sensitivity was 10 V = 9.81 N. Using this 
value some data peaks appeared cut because the maximum voltage that the 
transducers can record is 10V. This means that some waves gave higher responses 
than the transducers can record. 

Then, after the first data series were analyzed we were able to choose the most 
interesting tested frequencies, just taking the ones where some peaks appeared cut. So 
the frequencies from 0.45 to 0.57 Hz were tested again to get the highest impacts with 
the proper accuracy. For this purpose we brought the sensitivity up to 10 V = 19.62 N. 
For each frequency, we chose the eccentricities that gave the highest responses. The 
pairs (frequency, eccentricity) are shown in Table 3.2.  

Table 3.2. Frequency – Eccentricity pairs for the second measurements. 

f[Hz] (T[s]) 
e[-] 0.45 Hz 

(2.22 s) 
0.48 Hz 
(2.08 s) 

0.51 Hz 
(1.96 s) 

0.54 Hz 
(1.85 s) 

0.57 Hz 
(1.75 s) 

2.3   x       
2.4   x       

2.5   x   x x 
2.6 x x   x x 
2.7 x   x     
2.8 x   x     

 

3.2.2 Wave paddle and wavemaker theory 
The wave paddle of the flume consists on a piston-type wavemaker. To make waves 
we set frequency and eccentricity. As mentioned previously, the eccentricity is just an 
input directly related with the wave paddle motion as shown in Fig. 3.9. The points 
show the measured values, while the solid line is a linear approach. 

 
Fig. 3.9. Linear relation between wave paddle motion (s) and eccentricity (e). Graph values in 

Appendix B. 
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After doing the required measurements and fitting a linear function to these values we 
obtained the following linear equation: 

€ 

s = 4.9 ⋅ e + 0.21    (3.1) 

It is important to mention that the displacement values has been measured as half of 
the stroke. The wave height-to-stroke ratio will be used to check that the wavemaker 
theory is verified. So to get the wave height-to-stroke ratio we will have to double this 
s value, as it will be shown later. 

It is also necessary to find the relation between wave height (H) and eccentricity. Fig. 
3.10 and Fig. 3.11 show this relation at WG1 and WG2, respectively. These relations 
have been found only for the four frequencies that gave the maximum impact forces.  

 
Fig. 3.10. Relation between wave height (H) and eccentricity (e) at WG1. Graph values in Appendix B. 

It is interesting to notice that the relation between H and e at WG1 is almost linear 
within this eccentricity range. The main difference between the lowest and the highest 
frequency is the slope of the curve, which is higher for the highest frequency. 
Anyway, what it is interesting from this plot is to notice that the wave height 
increases almost linearly with the eccentricity. That makes sense as far as WG1 was 
located at the beginning of the slope but still in the “deep water” part. Having a look 
at Fig. 3.11 the differences are clear.  

At WG2, the wave height becomes shorter increasing the frequency. The relation 
between wave height and eccentricity is not linear anymore. It becomes more 
approachable to a quadratic function that reaches its maximum value for H at a certain 
e and then decreases again. As will be discuss at the results chapter, the maximum 
impact forces has not been obtained necessarily when H is maximum but usually a bit 
before reach its maximum. 

It has been also needed to find the relation between wave crest elevation (ηb) and 
eccentricity at WG2, where the strike takes place, in order to make some calculations 
as the wave celerity at that point. This relation is shown in Fig. 3.12. 
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Fig. 3.11. Relation between wave height (H) and eccentricity (e) at WG2. Graph values in Appendix B. 

 
Fig. 3.12. Relation between wave crest elevation (ηb) and eccentricity (e) at WG2. Graph values in 

Appendix B. 

Once found the relations between s – e and H – e it is feasible to prove the obtained 
values comparing them with the ones predicted by the wavemaker theory. As has 
been said, the wave paddle in the flume is a piston-type wavemaker. The ratio of 
wave height to stroke for this kind of wavemaker is defined by Eq. 3.2.  

  

€ 

H
S

=
2(cosh 2k pd − 1)
sinh 2k pd + 2k pd

    (3.2) 

where 

€ 

kp  is the wave number,   

€ 

d  is the water depth (h in Fig. 3.13) and 

€ 

S  is the stroke 
defined as: 

€ 

S = 2s      (3.3) 
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The relation expressed by Eq. 3.2 is shown in Fig. 3.13, obtained from Dean & 
Dalrymple (1984), which also shows the relation for a flap-type wavemaker. 

To verify the wavemaker theory we have to focus at WG1, where the waves were not 
influenced by bottom conditions and the water depth was 0.9 m. The wave height at 
this point takes values within the range 0.2 – 0.3 m for eccentricities from 2.3 to 3.2, 
taking into account the four different frequencies considered. Looking at Fig. 3.9 for 
the same eccentricity range, the stroke values are between 0.22 – 0.32 m. Then the 
wave height-to-stroke ratio varies around 0.9 – 0.95. Considering the measured values 
for the wave length (

€ 

L ) and the water depth and looking at Fig. 3.13 one can obtain 
the relation 

€ 

H / S  by the wavemaker theory. It must be noticed that for a piston-type 
wavemaker the relation between 

€ 

H / S  and kp is almost linear. Hence 

€ 

H / S  yields: 

  

€ 

L = 5.5 − 6.6[ ]m ⇒ k pd =
2π
L

d = 0.95 − 1.14[ ]0.9 = 0.86 − 1.03[ ]  (3.4) 

  

€ 

H
S
≈ k pd ⇒ 0.86 − 1.03[ ]     (3.5) 

 
Fig. 3.13.  Wave height to stroke ratio versus relative depths from Dean & Dalrymple (1984). 

The obtained values for the wave height-to-stroke ratio according to the wavemaker 
theory are in good agreement with the values obtained from our measurements, which 
are approximately within the same range. 

3.2.3 Wave celerity and water particle velocity 
As has been confirmed is some other studies, as the latest ones carried by Wienke and 
Oumeraci (2005), the wave celericity and the water particle velocity become the same 
at the breaking point.  

To obtain the velocities, we made a first try measuring the water particle velocity 
using an ADV. First it was placed just in front of the cylinder, very close to the wave 
breaking point. The measured results were not good ones, mostly due to the air 
presence and bubbles at the breaking point, but also because the ADV was not totally 
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submerged in water. A second try was performed placing the ADV before the wave 
breaking point, trying to get rid of bubbles and air presence but also meaningless 
results were obtained.  

At the same time, we calculated the wave velocity 

€ 

cb  using the following equation, 
used also by Tanimoto et al. (1986): 

  

€ 

cb = g db + ηb( )      (3.6) 

The water depth at the breaking point (  

€ 

db) was 0.33 m. As the wave crest elevation 
depends on the frequency and also on the eccentricity, different values were obtained. 
However, all the values were within the range 

€ 

cb = 2.2 − 2.3[ ]m / s. 

To check this theoretical value, the velocity curves defined by the cnoidal theory at 
Wiegel (1964) were used (Fig. 3.14). Indeed, the values obtained from the curves 
were in good agreement with the ones obtained by Eq. 3.6.  

 
Fig. 3.14.  Relationship between cnoidal wave celerity and L2H/d3 (from Wiegel, 1960).  

The values for   

€ 

H / d  at the breaking point are close to 0.78, depending on the wave 
height. The relation   

€ 

L2H / d 3 , even though it depends on the wave length and the 
wave height, takes values between 250 and 300. Having a look at Fig. 3.14, it yields 
the equation: 

  

€ 

cb = 1.28 gdb      (3.7) 

which gives almost the same values as the ones obtained by Eq. 3.6. 

Finally, the values were compared as well with numerical results. Tiago Oliveira, a 
PhD student from UPC who was working with a numerical model for his thesis, 
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kindly agreed to collaborate with us. So he provided these numerical results. Fig. 3.15 
shows the values for the water particle velocity. One can appreciate that the values at 
the wave crest where the cylinder is located are placed around 2 m/s, which is quite 
close to the obtained results. 

 
       Fig. 3.15.  Wave particle velocities obtained by numerical simulation (by Tiago Oliveira, UPC).  

3.3 Analysis of the measured response 
One of the main challenges of this study was to find the theoretical approach for the 
impact force time history that will fit the best the measured response obtained from 
the experiments carried out in the flume. The methodology adopted for the study has 
been to test different well-know types of impulse loadings to find the one that gives 
the response that matches best the measured one. For this purpose we have assumed 
the rings of the cylinder as a single-degree-of-freedom (SDOF) systems with a certain 
mass, stiffness and damping. By using the Duhamel integral, the response due to the 
defined impact loading was found. That procedure is rather similar to the one used by 
Wienke and Oumeraci (2005) in their latest studies. 

3.3.1 Single-degree-of-freedom systems 
The essential physical properties of any linearly elastic structural or mechanic system 
subjected to an external source of excitation or dynamic loading are its mass, elastic 
properties (flexibility or stiffness), and energy-loss mechanism or damping. In the 
simplest model of a SDOF system, each of these properties is assumed to be 
concentrated in a single physical element. The usual sketch of such a system is shown 
in Fig. 3.16. 

 
Fig. 3.16. Sketch of a SDOF oscillator with linear damping. 

The entire mass m of this system is included in the rigid block that would represent 
the ring. The elastic resistance to displacement is provided by the spring, considered 
weightless and with stiffness k, while the damping is represented by the damper c. 
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Taking into account the natural frequency of oscillation of the rings (

€ 

f ) and the 
oscillating mass of each one (m), the mentioned values yield: 

€ 

m = 0.012kg       (3.8) 

€ 

f = 900Hz       (3.9) 

€ 

ω = 2πf = 5.6 ⋅103rad /s    (3.10) 

€ 

k =ω 2m = 3.8 ⋅105Nm
 

   (3.11) 

€ 

c = 2mωξ = 2.04Nms     (3.12) 

to calculate c, the value of the damping ratio, 

€ 

ξ = 0.015 has been adopted. This means 
that the system has been considered as an undercritically-damped system, which is by 
far the most common response that can be obtained when free damped oscillations 
occur. The value of 

€ 

ξ   was adjusted by visual criteria after carrying out some 
experiments and analyzing the data recorded. 

3.3.2 Nature and types of impulsive loadings 
The impulse load consists of a single principal impulse of arbitrary form, as shown in 
Fig. 3.17, and generally is of relative short duration. For this case of loads damping 
has much less importance in controlling the maximum response of a structure than for 
periodic or harmonic loads. This is because the maximum response to a particular 
impulse load will be reached in a very short time, before the damping forces can 
absorb much energy from the structure. 

 
Fig. 3.17. Arbitrary impulse loading (from Clough & Penzien, 1975). 

There are some well-known types of impulse loads that can be expressed by simple 
analytical functions. For these cases closed form solutions of the equations of motion 
can be obtained. In the present study we will just mention such impulses and 
comment briefly their behaviour. Then we will go deeply on the triangular one, which 
is the one we have chosen to analyze the data. 

The first example is the half-sine-wave impulse, which is illustrated in Fig. 3.18. The 
response to such an impulse is divided into two phases, the first corresponding to 
forced-vibration phase in the interval during which the load acts and the second 
corresponding to the free-vibration phase which follows. 
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Fig. 3.18. Half-sine-wave impulse loading (from Clough & Penzien, 1975). 

Another example is the rectangular loading shown in Fig. 3.19. Again the response 
can be divided into the loading phase and the subsequent free-vibration phase. In this 
case, the suddenly applied load remains constant during the first phase. This is called 
a step loading. 

 
Fig. 3.19. Rectangular impulse loading (from Clough & Penzien, 1975). 

The third case that will be analyzed in more detail is the decreasing triangular impulse 
shown in Fig. 3.20. This case has also two phases, the loading phase and the free-
vibration phase as mentioned before.  

 
Fig. 3.20. Triangular impulse loading (from Clough & Penzien, 1975). 

However, the loading phase can be divided into two phases. Then, an increasing 
loading phase can be considered at the beginning of the load. This is called rising 
phase and we will refer to its duration as the rising time tp from now on (tp stands for 
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time to the reach the peak). The previous case is just a particular situation of this 
general case, considering tp = 0. 

After going over such examples we will focus on the triangular impulse loading 
considering a certain rising time. As mentioned before, the impulse loading has a very 
short duration, so the rising time will be of extremely short duration because it is 
much shorter than the duration of the impact.  

 
Fig. 3.21. Triangular impulse loading considering a certain rising time tp. 

Fig. 3.21 shows this general case of the triangular impulse loading. The symbols F 
and Fo have the same meaning as the symbols p(t) and po used in the previous figures, 
which are force time history and peak force, respectively. 

It is also interesting to have a look at the response for each one of the different types 
of impulse. In particular is useful to plot the maximum response ratio against the ratio 
between impulse duration and natural period of the structure, as shown in Fig. 3.22. 

 
Fig. 3.22. Displacement-response spectra (shock spectra) for different types of impulse (from Clough 

& Penzien, 1975). 
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From all those examples this is the one that fits better the characteristics of the 
breaking wave impulse forces. Such breaking wave forces, especially when plunging 
breakers occur, may introduce very high impact forces on a slender structure in an 
extremely short time duration. The time history of these forces has a clear triangular 
shape. But the point to discuss is if there is either a certain rising time on their time 
history or if it can be said that the rising is instantaneous (considering tp = 0). That 
point will be discussed further on after presenting the obtained results. 

3.3.3 The Duhamel integral 
After deciding the shape of the impulse force for the breaking wave forces, the 
response of the structure can be calculated by integration using the Duhamel integral. 
This theoretical or calculated, 

€ 

Rc(t) , response will be compared with the measured 
one, 

€ 

R(t) , until reaching good agreement between both responses.  

The entire loading history, even though being of extremely short duration, can be 
considered to consist of a succession of such short impulses, each producing its own 
differential response, as shown in Fig. 3.23. 

 
Fig. 3.23. Derivation of the Duhamel integral, showing an undamped response. 

The total calculated response can then be obtained by summing all the differential 
responses developed during the loading history, that is, by integrating as follows: 
 

  

€ 

Rc( t ) =
k

mωd

p τ( )0

t
∫ sinωd t − τ( )exp −ξω t − τ( )[ ]dτ   (3.13) 

where 

€ 

m  is the oscillating mass, 

€ 

ωd  is the damped frequency of oscillation, 

€ 

p τ( ) is 
the impulse load applied for an extremely short time 

€ 

τ , 

€ 

ξ  is the damping coefficient 
and 

€ 

t  is the time. It has to be noticed that for small values of damping, as in this case, 

€ 

ω ≈ ωd . 

Eq. 3.13, is generally known as the Duhamel integral equation and can be used to 
evaluate the response of an undamped SDOF system to any form of dynamic loading 

€ 

p τ( ). For a numerical evaluation of the response, Eq. 3.13 can be written as follows. 
Such procedure is recommended in Clough & Penzien (1976): 

€ 

Rc(t) = A t( ) sinωd t − B t( )cosωd t     (3.14) 
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where, 

  

€ 

A( t ) =
k

mωd

p τ( )0

t
∫

exp ξωτ( )
exp ξωt( )

cosωdτ ⋅ dτ    (3.15) 

  

€ 

B( t ) =
k

mωd

p τ( )0

t
∫

exp ξωτ( )
exp ξωt( )

sinωdτ ⋅ dτ    (3.16) 

These integral expressions can be evaluated by an incremental summation procedure. 
One must now account for the exponential decay behavior caused by damping. To 
illustrate, Eq. 3.15 can be written in the approximate recursive form by simple 
summation: 

  

€ 

AN ≈ AN −1 exp −ξωΔτ( ) +
Δτ ⋅ k
mωd

yN −1 exp −ξωΔτ( ) ,   

€ 

N = 1,2,3, (3.17) 

where 

€ 

y1 = p1 cosωd t1 , 

€ 

y2 = p2 cosωd t2 , etc. 

The expressions for 

€ 

BN   are identical in form to those given for 

€ 

AN   in Eq. 3.17; 
however one must use 

€ 

y1 = p1 sinωd t1 , 

€ 

y2 = p2 sinωd t2 , etc. Finally having 
calculated the values for 

€ 

AN  and 

€ 

BN  both for successive values of 

€ 

N  , the 
corresponding ordinates for the response are obtained by Eq. 3.18. 

€ 

RcN = AN sinωd tN − BN cosωd tN    (3.18) 

To carry out all this numerical evaluation of the problem, a Matlab code was written. 
By using this code, the response due to the triangular impulse loading, previously 
defined, can be obtained easily. Then, as mentioned previously, the calculated 
response is compared with the measured one. The main analysis steps are represented 
in Fig. 3.24. The Matlab code can be seen in Appendix C. 

 

Fig. 3.24. Main steps on the data analyzing method. 

As shown in Fig. 3.24, once we got the response from the defined triangular load we 
compared it with the calculated one. If there was not good agreement between both 
responses, another triangular impact load was defined, modifying Fo and tp. Following 
this iterative process the final impact force and rising time were found for each impact 
force. That is the wave breaking impact force. 
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In order to get the best result for the impact force we focussed just on the first peak of 
the response. Two criteria were taken especially into account for getting an accurate 
adjustment. The first one was to adjust the height of the measured response to the 
calculated one as much as possible; modifying Fo did this. The second criterion was to 
reproduce the rising slope of the peak as parallel as possible by varying the rising 
time. Hence following these two basic criteria, the triangular load was adjusted by 
trial and error, varying Fo and tp until there was good agreement between both 
responses. 

3.3.4 Filtering  
Before using the previously defined method to analyze the data, we tried to get the 
impact forces by using low pass filters. That is setting a cut-off frequency to get rid of 
all the signals that have higher frequencies. Filtering is the most usual and easiest way 
to analyze data from systems that give dynamic responses. Tanimoto et al. (1986) 
used this method to get the impact forces from the data recorded in their experiments.  
To record the data, the analog signal from the wave force transducers was sent to a 
computer through amplifiers and low-pass filters. Those filters were used to cut off 
the noise and their cut-off frequency was 10000Hz in our case. Tanimoto et al. (1986) 
used also these filters to reproduce the correct input force signal eliminating the 
response effect of the transducer setting the cut-off frequency at 400Hz. In the present 
study we gave a try to use filtering and the results were compared with the ones 
obtained by using the Duhamel integral. Nevertheless, the results obtained by using 
the Duhamel integral were more accurate and made more sense than the ones obtained 
by filtering, so we decided not to rely on the results obtained by this second method. 
This does not mean that filtering is not a good method, but we will not recommend it 
for this type of analysis where such an extremely high forces are involved. So this 
only means that for our case filtering was not the most proper method to analyze the 
data.  

3.3.5 Examples  
To conclude this chapter Fig. 3.25, 3.26, 3.27 and 3.28 show an example of both ways 
to analyze the data and the impact force obtained by using each one. 

 
Fig. 3.25. Example of getting the impact force Fo by using the Duhamel integral. 
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Fig. 3.26. Example of getting the impact force Fo by using the Duhamel integral. 

As it is shown in Fig. 3.25 and 3.26 the triangular impulse load has a certain rising 
time, however for this case can be considered almost zero. The impact forces turned 
to be 5.4 N and 5.8 N after applying the Matlab code. Both cases are from the same 
test f = 0.57 Hz and e= 2.5 (T=1.75 s and H=26.8 cm). 

Having a look to the mentioned figures one can appreciate that the forces are then 
much lower than the measured responses, which are 10.2 N and 11 N in their first 
peaks, respectively. The green line is the calculated response due to the triangular 
impulse, which is the black line. So the described procedure consist on fitting the 
green line as best as possible with the blue line, which is the measured response. Even 
though we will go over it deeply at the results and discussion chapters it must be 
mentioned that the fitting was carried out mostly for the first peak, which is the 
easiest to fit and the one that gives the peak force. The peaks that come afterwards 
have quite different behaviour and are quite difficult to fit with the calculated 
response. This can be due to the recording frequency, which is rather high (20 kHz) 
and gave us very accurate results for the measured response. 

 
Fig. 3.27. Example of getting the impact force Fo by using low-pass filters. 
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To end up this chapter, Fig. 3.27 and 3.28 show the same measured responses but 
analyzed by low-pass filtering. These figures were obtained by using a Butterworth 
filter, applied by a Matlab code, which is shown in Appendix C. The cut-off 
frequency was set in 900 Hz, the same as in the Duhamel integral code, so it was 
possible to compare both methods. Such frequency is the natural frequency of 
oscillation of the force transducers. 

The results are rather different. As shown, the obtained impact forces are higher than 
the ones obtained by using the Duhamel integral. Moreover, one must notice the 
strangeness of the filtered results, which give higher impact force for the one that has 
lower response. The filtering process takes into account the whole signal, giving a 
lower filtered signal if the second peak goes down. By using the Duhamel integral, on 
the other side, the calculated response can be adjusted to the first peak regardless the 
rest of the signal and obtaining more reasonable results. This example justifies why 
we decided not to use this method in our studies. 

 

Fig. 3.28. Example of getting the impact force Fo by using low-pass filters. 

Nevertheless, low-pass filters have been used for several years due to its easy 
application and its good results and reliability. So the decision of not using such 
procedure came after some first tries, when we concluded that it was not the proper 
method to analyse the measured responses in our case.  

These figures are just an example, but all the filtered signals look quite similar to 
these ones and had such a strange behaviour in their results. Hence the conclusion in 
our case was that the impact force responses could not be analysed by low-pass 
filtering due to its inaccuracy in the obtained results. However, it must be mentioned 
that in other studies dealing with impact forces against cylinders, as Tanimoto et al. 
(1986), low-pass filtering was used. 
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Chapter 4 

Experimental results 
 
The present chapter includes the main results obtained from the experiments carried 
out in the lab, as well as the results obtained after analyzing these data. It starts 
presenting the measured responses from the maximum impacts, comparing the 
responses among the different force transducers and presenting the total forces by 
adding the forces of the six transducers. The calculated impact forces were obtained 
by using the Duhamel integral, as explained in the previous chapter. Finally some 
interesting relations involving the peak forces have been calculated in order to 
compare the results with the ones presented in the previous investigations. 

4.1 Measured results 
As explained at the previous chapter the run tests last for around 20 s and the 
recording frequency was set in 20 kHz. So this means that each of the force 
transducers was recording 20000 data per second during 20 s. Then, after recording 
one test, the measured data have a pattern as shown in Fig. 4.1. Each breaking wave 
impact on the cylinder is represented by one peak on the picture. The first 
characteristic one must notice is that the peaks are quite different among them. 
Indeed, they have different values for each transducer, but as can be appreciated in 
Fig. 4.1, they have also an important variability even for the same transducer.  

 
Fig. 4.1. Measured response at the third transducer for f=0.48 Hz and e=2.6 (T=2.08 s and H=25.5 cm). 

Table 3.2 in the previous chapter listed the pairs of frequency-eccentricity that gave 
the maximum responses after analyzing the data. After going deeply into these results 
we focussed on the four conditions that gave the maximum responses. These are the 
following ones listed in Table 4.1. So, as mentioned, from now on we will focus just 
on the analysis of the responses contained in these four series, which have been 
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clearly the ones that have given the highest impact responses. It must be mentioned as 
well, that the highest responses have taken place at the third transducer for almost all 
the tests carried out. So one will probably find the maximum peaks looking at the 
recorded data from the third transducer. 

Table 4.1. Frequency – Eccentricity pairs giving the maximum impacts. 

f[Hz] (T[s]) 
e[-] 0.45 Hz 

(2.22 s) 
0.48 Hz 
(2.08 s) 

0.51 Hz 
(1.96 s) 

0.54 Hz 
(1.85 s) 

2.5   x     
2.6      x  
2.7 x    
2.8    x   

 
The whole measured responses, as the example in Fig. 4.1, are shown for each of 
these four cases in Fig. 4.2, 4.3, 4.4 and 4.5. The figures correspond again to the data 
recorded at the third transducer. 

 
Fig. 4.2. Measured response at the third transducer for f=0.45 Hz and e=2.7 (T=2.22 s and H=27.6 cm). 

 
Fig. 4.3. Measured response at the third transducer for f=0.48 Hz and e=2.5 (T=2.08 s and H=24.9 cm). 
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Fig. 4.4. Measured response at the third transducer for f=0.51 Hz and e=2.8 (T=1.96 s and H=26.4 cm). 

 
Fig. 4.5. Measured response at the third transducer for f=0.54 Hz and e=2.6 (T=1.85 s and H=24.6 cm). 

Once more, it is important to notice the differences of intensity among the peaks for 
the same test. This considerable scatter, present in all the previous studies, is inherent 
in the nature of the wave breaking forces for plunging breakers.  

As one can see in the previous figures, the responses for different waves in each run 
are very different among them. Hence, for instance, we can obtain a response of 2 N 
and another one of 10 N produced by two different waves that a priori have the same 
period and the same wave height. There are different reasons that justify such 
behaviour. 

First of all we can talk about to the wave height. All the waves in the same run are 
supposed to have the same wave height. However, it is known that is does not happen 
exactly, because there are a lot of factors that influence the waves. As for instance the 
wave paddle, which is not a perfect device that produces identical waves without 
error. This way, just for getting a little variation in the wave height, we can obtain 
very different responses on the transducers. 
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Other reason that can influence the intensity of the response and that goes together 
with the wave height is the wave front inclination. The response can be very sensitive 
to its variation. In general it can be said that the more vertical the wave front, the 
higher the response. But of course, both wave height and wave front inclination go 
together. Indeed, the most dangerous wave or the one that would produce the highest 
impact would be the highest one with the most vertical wave front. It is clear that the 
more vertical a wave is, the less high it is.  

The breaking position is also a matter of interest. Wienke and Oumeraci (2005) 
analyzed five different positions for the breaking waves and they found that the 
impact force was strongly dependent on the distance between breaking location and 
cylinder. The maximum force occurs when the wave breaks immediately in front of 
the cylinder. 

The reflection of waves at the end of the wave flume is another issue to take into 
account. Despite having the wave absorber, there are certain waves that can be 
reflected at the end of the flume. These reflected waves sometimes collide with the 
incident ones making them change their wave height, their inclination or their 
breaking position. Hence these waves that are supposed to have the same wave height 
and the same wave period can be also influenced by the reflected waves, having in the 
end very different characteristics among them. 

Once discussed about the possible reasons to have different responses within the same 
test, now we must look closer into the peaks. As we are analyzing the impact forces, 
we are mostly interested in the maximum ones. Zooming over the highest peak for 
each test, it is possible to know more about the behaviour of the dynamic system that 
represents the cylinder. 
 
These amplified peaks are shown in Fig. 4.7, 4.9, 4.11 and 4.13. These peaks are the 
maximum responses obtained for each one of the four analyzed cases. The difference 
now is that all the individual responses have been represented in the same graph, 
while the previous figures shown only the response for the third force transducer. This 
is really interesting, so it is possible to compare the intensity of the response at 
different heights of the cylinder. 

These figures show also the total response obtained by adding the responses of each 
transducer. To evaluate the total response, the forces have been assumed uniformly 
distributed between transducers. The striped area, which for one case is shown in Fig. 
4.14, was calculated to approximate such total forces. The upper point of the cylinder 
where the response becomes zero was obtained approximating the run-up for the 
highest impacts, which it turned to be around 3.2 cm. The lowest point where the 
response is also zero was chosen as the mean water level. 
 
Fig. 4.6, 4.8, 4.10 and 4.12 show the impacts of the waves that generated the 
represented responses. By looking into these and other pictures of the breaking waves 
the run-up was estimated. These pictures were taken with a speed of nine frames per 
second. 
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Case 1: f = 0.45 Hz and e = 2.7  
 

 
Fig. 4.6. Plunging breaking wave over the pile for f=0.45Hz and e=2.7 (T=2.22 s and H=27.6 cm). 

 
Fig. 4.7. Measured response for the maximum peak for f=0.45Hz and e=2.7 (T=2.22 s and H=27.6 cm). 

The upper plot shows the individual responses of each transducer. The one below shows the total 
response by adding the individual ones. 
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Case 2: f = 0.48 Hz and e = 2.5  
 

 
Fig. 4.8. Plunging breaking wave over the pile for f=0.48Hz and e=2.5 (T=2.08 s and H=24.9 cm). 

 
Fig. 4.9. Measured response for the maximum peak for f=0.48Hz and e=2.5 (T=2.08 s and H=24.9 cm). 

The upper plot shows the individual responses of each transducer. The one below shows the total 
response by adding the individual ones. 
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Case 3: f = 0.51 Hz and e = 2.8  
 

 
Fig. 4.10. Plunging breaking wave over the pile for f=0.51Hz and e=2.8 (T=1.96 s and H=26.4 cm). 

 
Fig. 4.11. Measured response for the maximum peak for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

The upper plot shows the individual responses of each transducer. The one below shows the total 
response by adding the individual ones. 
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Case 4: f = 0.54 Hz and e = 2.6  
 

 

Fig. 4.12. Plunging breaking wave over the pile for f=0.54Hz and e=2.6 (T=1.85 s and H=24.6 cm). 

 
Fig. 4.13. Measured response for the maximum peak for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 

The upper plot shows the individual responses of each transducer. The one below shows the total 
response by adding the individual ones. 
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As can be observed in the previous figures, the response of the third transducer is 
much higher than the other responses. It goes over 10 N in the four cases, while for 
the other transducers it does not even reach half of this value. Hence, looking at these 
pictures one can guess that the slamming forces will be not uniformly distributed over 
the height of the pile. 

 
Fig. 4.14. Total response approximation sketch, showing the uniform distribution of forces. 

4.2 Calculated results  
After analyzing the measured data the first step was to obtain the impact forces by 
using the Duhamel integral. Afterwards, other interesting calculations were carried 
out; the impact force distribution over the height of the pile was found, obtaining a 
non-uniformly distributed shape of the slamming and a relation between impact force 
and wave height was obtained. Finally, the total force was analyzed comparing the 
adjusted values, obtained from the Duhamel integral, with the estimated ones by 
calculating the area under the curve of the impact force distribution. 

4.2.1 Impact force adjustment  
As explained in the analysis methodology, the response to a pre-defined triangular 
load will be fit to the measured response. To carry out this procedure it is necessary to 
zoom a bit more on the peaks by bringing the time scale down to approximately the 
duration of the impact, which is about 8 ms. Looking into the previous studies the 
value for the duration time was set and it will remain the same in all our calculations. 
That point will be discussed deeply in the next chapter. This fitting procedure was 
applied to all of the six transducers and almost for all the peaks of the four series, just 
forgetting the very shortest ones.  
 
It has to be mentioned that the adjustment focussed on the first peak, or in some cases 
on the second depending on where the maximum response was located. The fitting 
method beyond that peak became a bit tricky. Sometimes it was due to intensity 
variations of the measured response, which generate peaks higher or lower than the 
ones reproduced by the calculated response. But the main reason for this non-exact 
adjustment was the time variation of the added mass during the impact. We do believe 
that this variation of the added mass changes the frequency of oscillation, decreasing 
it little by little, so that is why in some cases the calculated response seems delayed 
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from the measured one. The natural frequencies of oscillation of the individual 
transducers were measured during pluck tests to be 900 Hz in the beginning of the 
oscillations to about 250 Hz later. Just to show some of these adjustments, Fig. 4.15, 
4.16, 4.17 and 4.18 represent the ones carried out for the maximum peaks shown in 
Fig. 4.7, 4.9, 4.11 and 4.13, respectively. The reader has to understand that every peak 
has had to be adjusted by following this procedure that is rather manual, even though 
having used Matlab for the calculations. Hence a lot of figures like these ones can be 
looked up in Appendix A. 

The largest impact forces for the present study turned to be 6.6, 5.8, 6.3 and 5.15 N 
for each one of the four cases, respectively. The rising time, tp, varied within the range 
0.01-0.5 ms. Despite being almost zero for the lowest value, the behaviour of the 
calculated response is quite different considering half millisecond. So that is why it 
was more appropriate to define the load with a certain rising time. 

 
Fig. 4.15. Adjustment of the impact force. Highest peak of f=0.45Hz and e=2.7 (T=2.22s and 

H=27.6cm). 

 
Fig. 4.16. Adjustment of the impact force. Highest peak of f=0.48Hz and e=2.5 (T=2.08s and 

H=24.9cm). 
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Fig. 4.17. Adjustment of the impact force. Highest peak of f=0.51Hz and e=2.8 (T=1.96s and 

H=26.4cm). 

 
Fig. 4.18. Adjustment of the impact force. Highest peak of f=0.54Hz and e=2.6 (T=1.85s and 

H=24.6cm). 

As can be observed in the previous figures, the adjustments are not perfect in any 
case. So as mentioned, the method consisted on adjust as accurately as possible the 
first peak. Two criteria were taken especially into account; the first one was to adjust 
the height of the measured peak as much as possible to the calculated one, the second 
was to reproduce the rising slope of the peak as parallel as possible. Then following 
these two basic criteria, the triangular load was adjusted by trial and error, varying Fo 
and tp until there was good agreement between both responses. 
 
Some differences can be clearly appreciated among figures. Let us comment, for 
instance, Fig. 4.15 and Fig. 4.16. For the second one we got a very accurate 
adjustment, both in height and slope, while for the first one the response was pretty 
much difficult to adjust since it has double peak head. Hence, for this specific case, 
the slope was adjusted for the first part of the peak while the height was adjusted by 
looking into the highest peak. Fig. 4.18 shows a clear example of the variation of the 
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frequency oscillation in the measured response. While the calculated response 
oscillates with 900 Hz, the measured one keeps on decreasing its frequency. As 
commented previously, this phenomenon can occur due to a time variation of the 
added mass during the impact. However, after carrying out the pluck tests it was seen 
that other oscillating modes could also occur. That point will be deeply discussed in 
the analysis and discussion chapter. 

4.2.2 Impact force distribution  
As can be concluded after having a look to Fig. 4.7, 4.9, 4.11 and 4.13 there is a big 
difference among the measured responses at different transducers. It is pretty clear 
that the response measured at the third transducer is much larger than the rest. Such a 
big difference meant that the impact force distribution could not be uniformly 
distributed. Representing the height of the pile against the impact force a nice 
triangular distribution was obtained. Indeed, this triangular shape has its apex placed 
on the third transducer. 
 
Different figures were plotted regarding different possible combinations of the 
moment when the slamming took place. A first case was considered, taking the 
maximum impact forces for the whole test, i.e. taking the maximum force recorded at 
each transducer during the approximately 20 s that the test lasted. Proceeding like 
this, the obtained graph was an envelope curve for the maximum impact forces at 
different heights. The second case consisted in considering just the wave when the 
maximum impact force occurred, and taking the maximum force that this wave 
exerted on each transducer. This case would be the situation when all the transducers 
receive the largest impact at the same time and indeed, in the same wave. Finally, the 
third possibility was considering just the instant when the highest impact took place, 
tp, and representing the forces on each transducer at this precise moment. Obviously 
that highest impact takes place at the third transducer. Fig. 4.19, 4.20, 4.21 and 4.22 
show these impact force distributions for the four studied cases. The dash-dotted line 
represents the maximum forces envelope, while the dashed line represents the second 
case and the solid line represents the forces taking place at tp. It must be mentioned 
that Z = 0 cm represents the still water line. 

 
Fig. 4.19. Slamming force along the pile for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 

Fo=6.6 N. Graph values in Appendix B. 
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Fig. 4.20. Slamming force along the pile for f=0.48Hz and e=2.5 (T=2.08s and H=24.9cm). Fo=5.8 N. 

Graph values in Appendix B. 

 
Fig. 4.21. Slamming force along the pile for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). Fo=6.3 N. 

Graph values in Appendix B. 

 
Fig. 4.22. Slamming force along the pile for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). Fo=5.15 N. 

Graph values in Appendix B. 
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The bottom part of the plot represents the forces recorded at the sixth transducer, so 
the lines are cut because there is no more data below that point. The top point of the 
graph, where the force becomes zero, was found by estimating the run-up. The 
estimated value was found to be around 3.2 cm and it was obtained by visual analysis 
of the breaking waves pictures. 
 
As shown in the pictures, the triangles have different sizes. Indeed the smallest one is 
the one representing the forces at tp, while the largest one represents the maximum 
forces envelope. It is curious to notice the difference between Fig. 4.19, where all the 
triangles are different, and Fig. 4.22, where there is almost one triangle. What 
happened in this last case was that almost all the maximum forces recorded occurred 
for the same wave and almost at the same time tp. Hence the second, third and fourth 
transducers received the maximum impact force of the test at the same time. 
 
Even though it makes sense to obtain different triangles for the maximum forces 
envelope and for the forces exerted at tp, the differences among the forces obtained at 
tp and for the same wave should not be that different. Actually in other studies these 
two different cases were considered the same, i.e. the maximum forces exerted for 
one breaking wave occurred always at tp. This particularity must be due to the 
accuracy of the measurements. For instance, Tanimoto et al. (1986) used a sampling 
time of 5·10-3 s, while the sampling time used in the present study was 5·10-5 s. This 
means that if the impact duration is between 0.008-0.01 s, they took 2 data of the 
response at this very precise moment, while we took 200 data. Hence analyzing more 
accurate data it can be concluded that the maximum impact on each transducer has 
not necessary to occur exactly at the same moment. 
 
To compare the impact force distributions for the four different cases is also 
interesting. Fig. 4.23 shows all the distributions compared in one plot. The 
comparison was made for the case when the impact occurs at tp, which is the most 
probable possibility. Even though, it is also smart to consider that the maximum 
forces for the same wave occur at the same time, which is probable as well. 
Proceeding like this, we would have a kind of security value for the total force. The 
comparison among maximum impact forces for one wave is shown in Fig. 4.24.  
 

 
Fig. 4.23. Slamming force intensity along the pile. Maximum peak force at tp. Graph values in 

Appendix B. 
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Fig. 4.24. Slamming force intensity along the pile. Maximum peak forces for the same wave. Graph 

values in Appendix B. 

As can be seen, the maximum impact occurred for the case f = 0.45 Hz and e = 2.7, 
with an impact force of 6.6 N. The lowest of the maximum impact forces was 5.15 N 
and it occurred for the case f = 0.54 Hz and e = 2.6. 

Up to this point, only the four cases with highest impact forces have been presented. 
However, another important result to present is the variation of the maximum impact 
forces with the eccentricity. Fig. 4.25 show this relation. By looking at this figure one 
can notice that for all of the four cases the behaviour is quite similar. All of the 
relations present a parabolic eccentricity shape that increases at the beginning, reaches 
its maximum at a certain point and then it decreases again. Then increasing the 
eccentricity more than a certain value, the impact force begins to decrease after 
reaching its maximum. This is because the wave has reached its maximum height, so 
it starts to break before reaching the pile. Hence the forces exerted on it became 
Morison type forces instead of impact forces, producing lower responses. However, 
there is a certain moment after reaching the maximum impact force, when the wave is 
still rising up. 

 
Fig. 4.25. Slamming force intensity against eccentricity. Graph values in Appendix B. 
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Going back to the relation between wave height and eccentricity at WG2 (Fig. 3.11) 
the reader can remember, as shown, that the largest impact occurs before than the 
highest wave, i.e. the largest impact was not exerted by the highest wave. This means 
that when the wave height was still increasing, the impact force was already starting 
to decrease. This also makes sense because there is a certain moment when the wave 
keeps on growing up but losing energy, so the slamming forces must be lower.  

4.2.3 Adjusted and estimated total slamming force 
The first way to get the total impact force acting on the pile was by using the 
Duhamel integral, as was made previously. Hence the measured total response, 
obtained by adding the response for all the transducers, was fitted with the calculated 
response. This calculated response was again obtained by trial and error after defining 
a triangular load, with a certain rising time, tp, and a certain peak value Fo. Fig. 4.26, 
4.27, 4.28 and 4.29 show the adjustments carried out to get the maximum total impact 
forces for the four cases of study. As can be seen from the pictures, the adjustment 
was not as nice as for the singular responses measured at the transducers.  

 
Fig. 4.26. Adjustment of the total impact force. Highest peak of f=0.45Hz and e=2.7. 

 
Fig. 4.27. Adjustment of the total impact force. Highest peak of f=0.48Hz and e=2.5. 
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Fig. 4.28. Adjustment of the total impact force. Highest peak of f=0.51Hz and e=2.8. 

 
Fig. 4.29. Adjustment of the total impact force. Highest peak of f=0.54Hz and e=2.6. 

Having a look to the previous pictures one can notice that the total measured response 
does not have such a short rising time as for the singular transducer response. This 
can be due to time differences of the transducers in receiving the impact. When the 
singular responses are added, as not all of them reach their maximum at the same 
time, the total rising is not so suddenly. Adjusting the calculated response was then 
trickier than it had been for the previous adjustments. It is also true that the rising 
time, tp, for these adjustments has not as much importance as in the ones made for the 
singular impact forces on each transducer. This is because the zero time here was set 
just at the moment when the response reached its maximum just to adjust it with the 
calculated response. More important are the values for the maximum total forces 
obtained on each case, which are 21, 19.8, 22 and 19.8 N, respectively.  
 
A second way to proceed was by calculating the area under the curves of the impact 
force distribution. Taking into account that the first procedure was not very accurate 
in the force adjustment, this second way of evaluation was considered more reliable. 
To calculate the area of the triangular distribution the obtained shape was approached 
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by a triangle centered at the third transducer. Hence the calculated value for the total 
impact force was the area of this triangle. The compared area was the one calculated 
for the triangle that represents the impact occurring at the instant tp. However, as a 
security value it is also interesting to calculate the area for the triangle representing 
the maximum impact force for the same wave. The calculated areas are painted in Fig. 
4.30. The area painted in cyan represents the forces at tp; by adding the area painted in 
magenta we obtained the total force considering the maximum forces for the same 
wave. The obtained values are shown in Table 4.2. The uncertainty of these values is 
around 2%. 
 

Table 4.2. Adjusted and estimated total slamming forces. 

Total slamming force [N] 
Test 

Adjusted Estimated 
(cyan) 

Estimated 
(magenta) 

f = 0.45 Hz, e = 2.7 21.0 26.4 35.6 
f = 0.48 Hz, e = 2.5 19.8 26.2 33.1 
f = 0.51 Hz, e = 2.8 22.0 31.1 33.3 
f = 0.54 Hz, e = 2.6 19.8 25.9 29.5 

 
Fig. 4.30. Total force estimation by calculating the area under the impact force distribution. 

4.2.4 The slamming force factor and the curling factor 
The total slamming force is generally written in terms of the Cs-value or slamming 
force factor and in terms of the curling factor, 

€ 

λ , which indicates how much of the 
wave crest is acting on the slamming force as shown in Eq. 4.1. 

  

€ 

FS = 0.5ρwDcb
2Csληb

 
    (4.1) 

where   

€ 

ρw   is the water density,   

€ 

D  is the pile diameter,   

€ 

Cb  is the breaking wave 
celerity and   

€ 

ηb  is the wave crest elevation at the breaking point. Fig. 4.31 shows the 
slamming force sketch. 
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Fig. 4.31. Wave slamming sketch. 

The Cs-value can be estimated by considering the maximum impact force at the third 
transducer. The maximum impact forces recorded were 6.6, 5.8, 6.3 and 5.15 N for 
each one of the four studied cases, respectively. Eq. 4.2 shows the equation for the 
impact force in one transducer. It has to be mentioned that the duration time was set in 
0.008 s for all the cases, which was defined at the same time as the triangular load. 

  

€ 

fs = 0.5ρwDcb
2Csl

 
    (4.2) 

where   

€ 

l  is the height of one ring, which is 1 cm. Then the Cs-value yields: 

  

€ 

Cs =
fs

0.5ρwDcb
2l  

    (4.3) 

The obtained results for each case are shown in Table 4.3. The value for the breaking 
wave celerity varies a little bit for each case, although there are not big differences. 
The maximum   

€ 

cb  has been chosen for each case.  

Table 4.3. Calculated Cs-value for the different cases. 

Test cb [ m/s] Cs-value [-]   

f = 0.45 Hz, e = 2.7  2.3 4.3 
f = 0.48 Hz, e = 2.5 2.2  3.9 
f = 0.51 Hz, e = 2.8 2.3  4.1 
f = 0.54 Hz, e = 2.6 2.2  3.5 

It must be mentioned that the Cs-value has been reported several times to be within 
the range Cs = π – 2π. As explained previously, the first studies carried out by Goda et 
al. (1966) assumed Cs = π because they considered Von Karman’s theory as the 
impact model. However, the latest studies carried out by Wienke and Oumeraci 
(2005), which considered Wagner’s impact model, set Cs = 2π. The obtained values in 
the present studies were located between both values. The maximum obtained value 
was Cs = 4.3, which seems reasonable, considering the magnitude of the impact and 
the chosen impact duration. 

Considering now the total impact force, one can obtained the curling factor 

€ 

λ . Eq. 4.1 
shows the total slamming force assuming that the force is uniformly distributed along 
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the pile. In the present study a triangular distribution was assumed. Hence the 
equation to evaluate the total impact force yields: 

  

€ 

Fs = 0.25ρwDcb
2Csληb

 
    (4.4) 

An interesting exercise is to choose different values for the curling factor and 
calculate the total slamming force as shown in Eq. 4.4. The different obtained values 
are listed in Table 4.4. 

Table 4.4. Calculated total forces for different values of the curling factor. 

Total slamming force [N] 
Test 

λ=0.3 λ=0.4 λ=0.5 λ=0.6 λ=0.7 
f = 0.45 Hz, e = 2.7 20 26 33 39 46 
f = 0.48 Hz, e = 2.5 16 21 27 32 37 
f = 0.51 Hz, e = 2.8 19 25 31 37 43 
f = 0.54 Hz, e = 2.6 14 18 23 27 32 

 
As can be seen in Table 4.4 these values are in good agreement with the ones 
presented in Table 4.2. These values have been round up because of the uncertainty 
present in the Cs-value. A brief comment about the uncertainty in the results has been 
done at the end of this chapter.  

Another exercise that can be done is the evaluation of the curling factor for each one 
of the total force values in Table 4.2. The curling factor can be calculated as: 

  

€ 

λ =
Fs

0.25ρwDcb
2Csηb  

    (4.5) 

The obtained results for the curling factor are listed in Table 4.5. The curling factor 
was calculated for all of the four test cases and taking into account the three different 
values obtained for the total impact force (the three triangles). The Cs-values used for 
the calculations were obtained from Table 4.3. As discussed, the most reliable value 
for the total impact force is the one obtained by calculating the area of the cyan 
triangle in Fig. 4.30. However, due to the scatter present in the results, which is 
inherent in the nature of the problem, it will be convenient to consider as well the 
values obtained by using the magenta area of the triangles in Fig. 4.30.  

Table 4.5. Calculated curling factor for the different total impact forces by using the 
Cs-values as obtained from Table 4.3. 

Curling factor λ [-] 
Test 

Adjusted Estimated 
(cyan) 

Estimated 
(magenta) 

f = 0.45 Hz, e = 2.7 0.32 0.41 0.55 
f = 0.48 Hz, e = 2.5 0.38 0.52 0.65 
f = 0.51 Hz, e = 2.8 0.36 0.52 0.55 
f = 0.54 Hz, e = 2.6 0.44 0.58 0.67 

For a vertical pile the value of the slamming factor has been reported to be within the 
range λ = 0.2 – 0.5. Such result is valid considering a uniform vertical distribution of 
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the impact forces as Goda et al. (1966) and Wienke and Oumeraci (2005) did in their 
experiments. Moreover, they considered Cs = π and Cs = 2π, respectively. The present 
study, as explained in the report, has considered a triangular vertical distribution of 
the peak values so the equation for the total impact forces is slightly different. Hence, 
as can be seen in Table 4.5, some of these obtained values are out of this range.  

Sawaragi and Nochino (1984) and Tanimoto et al. (1986) also considered a triangular 
vertical distribution and their obtained maximum values for the curling factor were 
0.9 and 0.65, respectively. In the study by Sawaragi and Nochino (1984), despite 
obtaining such a huge curling factor, the second maximum values were located within 
the range λ = 0.5 – 0.7. Such values were obtained experimentally. Tanimoto et al. 
(1986) set the curling factor as λ = 0.5 but they multiplied it by an adjustment factor 
ν: 

  

€ 

ν = 0.8 + 0.4 sinα( ) tanh 2.5log10

i Hmax L( )
0.25

 
 
 

  

 
 
 

  
+ 1.0 + 1.2 sinα  (4.6) 

where 

€ 

α  is the inclination of the pile,   

€ 

i  is the slope where the pile is placed,   

€ 

Hmax  is 
the maximum wave height at the pile place and   

€ 

L is the wave length. 

If one considers our test characteristics, the obtained value for the adjustment factor is 
ν = 1.3. Hence the value for the curling factor yields: 

  

€ 

λ = 0.5 ⋅ ν = 0.65    (4.7) 

Having a look to the results presented in Table 4.5, one can notice that they are 
clearly in good agreement with the ones obtained by Sawaragi and Nochino (1984) 
and Tanimoto et al. (1986), mostly within the range λ = 0.5 – 0.7. 

However, the values obtained by adjusting the total impact forces are a little bit lower 
and they are out of the range. This can be because of the accuracy in obtaining the 
total forces by adding the responses of all the transducers and then do the adjustment.  

In order to finish this chapter a brief comment about the uncertainty present in these 
results must be done. Even though a deep study has not been done, the uncertainty can 
be approximated just taking into account the uncertain values that have been used to 
calculate the results. If one assumes that there is no uncertainty neither in the pile 
dimensions nor in the water density nor even in the wave celerity (considering the 
uncertainty is pretty small), there are just left the Cs-value and the curling factor. Both 
of them are depending on the impact force adjusted by the Duhamel integral (fs). So 
this is the main focus of uncertainty, because most of the results are depending on 
such value. 

Is quite hard to exactly measure the uncertainty of the adjusted impact force since the 
adjustment has been done iteratively and individually for each value. However, the 
final value depends just on how similar is the height of the two signals. Hence it can 
be said that the uncertainty of the adjusted impact force is around 1 or 2 % 
approximately.  
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Chapter 5 

Analysis and discussion 
 
After presenting the measured and calculated results, this chapter has as its main goal 
to analyze them, providing a deeper and justified discussion. The obtained results are 
compared with the ones obtained in previous studies. The main similarities and 
differences are pointed out trying to add something new to the studied issue. The 
chapter starts with a comparison among the different experimental set-ups used for 
the main previous studies in order to give some background to the reader. It continues 
discussing the measured results to finally analyze the calculated ones. 

5.1 Other experimental set-ups 
A brief overview of the previous studies was given in the second chapter. Several 
investigations on the breaking wave forces on vertical cylinders have been done since 
the first studies carried out by Goda et al. (1966). However, three of these 
investigations have been chosen as a reference for the present study, taking into 
account the clear similarities among their experiments and ours. These three studies 
are the ones by Sawaragi and Nochino (1984), Tanimoto et al. (1986) and Wienke and 
Oumeraci (2005). Despite studying the same problem, these three studies have big 
differences in their experimental set-ups that must be pointed out.  

5.1.1 Sawaragi and Nochino (1984) 
Impact forces of nearly breaking waves on a vertical circular cylinder; that was the 
title of the paper presented by Sawaragi and Nochino back in 1984. Their test pile was 
made of a steel circular cylinder of 70 mm diameter. The forces were measured by 
five sensors mounted vertically on the cylinder face at equal distances above the still 
water level as shown in Fig. 5.1. The sensors were devised by the authors and 
consisted of a half-ring force transducer. The paper does not mention the flume 
dimensions. 

 

Fig. 5.1. Test cylinder and half-ring force transducer (dimensions in mm). Sawaragi and Nochino 
(1984). 
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The fundamental frequency of the half-ring force transducers was found to be about 2 
kHz by the free vibrations tests in air. Two kinds of slope i (1/15 and 1/30) and two 
kinds of water depth d (7 cm and 10 cm) were used for the tests. 

5.1.2 Tanimoto et al. (1986) 
The experiments carried out by Tanimoto, Takahashi, Kaneko and Shiota were 
compiled in the paper called Impulsive breaking wave forces on an inclined pile 
exerted by random waves. Their experiments were carried out in a large wave tank, 
which was 105 m long, 3 m wide and 2.5 m deep. The wave generator was a piston-
type as the one used in the present study. Two kinds of slope i (1/30 and 1/100) were 
used. The water depth at the pile location was maintained at 70 cm. The cross sections 
of the wave flume are shown in Fig. 5.2.  

 

Fig. 5.2. Cross sections of the wave tank (dimensions in m). Tanimoto et al. (1986). 

Fig. 5.3a shows the model pile. Its inclination was changed at angles 0º,

€ 

±15º and 

€ 

±30º. Its diameter was 14 cm. The model pile comprised thirteen wave forces sensors 
and two dummy pipes. The details of the wave force sensors are shown in Fig. 5.3b.  

 

Fig. 5.3.   (a) Model pile (dimensions in cm)  (b) Wave force sensors (dimension in mm)  
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The sensor was an aluminium pipe with 5 mm thickness and 14 mm diameter. The 
natural frequency was 745 Hz in air, and the damping factor was 0.026. The sampling 
time in the analogue-digital conversion in the computer was 0.005 s, which means 
that the sampling frequency was 200 Hz. 

5.1.3 Wienke and Oumeraci (2005) 
Wienke and Oumeraci carried out the latest studies regarding breaking wave forces 
against piles. They compiled their results in the paper called Breaking wave impact 
force on a vertical and inclined slender pile – theoretical and large-scale model 
investigations. The experiments were carried out in a large wave flume with an 
effective length of 309 m, a width of 5 m and a depth of 7 m. The water depth was 
varied between 4 and 4.25 m. The cylinder was made of steel and had a diameter of 
0.7 m. The wave flume is shown in Fig. 5.4. 

 

Fig. 5.4. Cross section of large wave flume. Wienke and Oumeraci (2005). 

Different inclinations of the cylinder were tested 0º,

€ 

±25º and 

€ 

±45º. Due to these 
different inclinations, different lengths of the cylinder were also used, as shown in 
Fig. 5.5. Depending on the length of the cylinder different frequencies of vibration 
were obtained (from 11Hz for 0º to 6 Hz for 45º). The local loads on the cylinder 
were recorded by 55 force transducers (Fig. 5.5). These transducers had a natural 
frequency of 48 kHz. The sampling frequency was 12 kHz for the pressures on the 
impact area. 

 

Fig. 5.5. Model set-ups of the test cylinder. Wienke and Oumeraci (2005). 
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Another important point that must be mentioned is that they used an artificial 
procedure to get breaking waves. The test bottom was flat, so Gaussian wave packets 
were used to enable wave breaking at a given location in the wave flume. These wave 
packets converge up to the point of concentration forcing the waves to break. 

5.2 Measured results analysis 
As shown in the previous chapter, the maximum responses have been recorded for 
most of the cases at the third force transducer. Moreover, it is not only that is the 
highest but pretty much larger than the other responses. Hence is clear that there is a 
certain area of the cylinder where the impact force focuses its action. However, a big 
scatter is also present in the measured values at the same transducer. As can be seen in 
Fig. 4.2 – 4.5 the response measured at the third transducer varies considerably 
depending on each wave. In some cases the obtained response from one wave impact 
was less than 20% of the maximum response recorded for the same experiment. That 
was not only happening at the third transducer but also with the others. The 
differences, though, are bigger for the third one, where the maximum peak forces 
were recorded. So what can be the cause of this scatter? 

The main reason, of course, is that there is a considerable scatter that is inherent in the 
nature of the wave breaking forces, especially for plunging breakers. However, one 
sensible reason can be the way in what the wave strikes the cylinder. Indeed, the front 
wave has not always neither the same inclination nor the same shape. This is what 
makes the response to vary so randomly. An example of such random behaviour is 
shown in Fig. 5.6. Two pictures from the same experiment are compared, showing the 
differences between two collisions of identically conditions.  

    
Fig. 5.6. Plunging breaking waves over the pile for f=0.51Hz and e=2.7 (T=1.96 s and H=25.5 cm). 

In the figure on the left the wave was more vertical, striking the pile simultaneously in 
almost all its area. On the other hand, the picture on the right shows a breaking wave 
with a clearer slope, not so vertical, probably giving a lower response. Another 
consequence of this type of collision is a difference in time of the impact instant. 
Despite being such an extremely small time difference it could be noticed thanks to 
the high sampling frequency set for the experiments. 

As mentioned previously, the sampling frequency was 20 kHz. This is a big 
improvement compared with other studies. Tanimoto et al. (1986) used a sampling 
frequency of 200 Hz, which is 1% of the accuracy used in the present study. Using 
such a small sampling frequency they obtained that the maximum response at each 
transducer occurred at the same instant. That would be the wished result if the front 
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wave were ideally vertical, striking all the transducers at the same instant tp. But as 
can be seen in the pictures and also in the response graph it is not like this. The 
maximum response recorded at each transducer can occur, and actually it occurs, at 
different time instants. Indeed, the time gaps among peaks are just some milliseconds, 
but it is interesting to notice that not all the peaks occur at the same precise instant. 
Hence this is the reason why two different triangles were considered to obtain the 
total forces by calculating their area in Fig. 4.30. The big one (magenta), considered 
the ideal situation where all the maximum responses occur at the very same instant. 
On the other hand the small triangle (cyan), considered the most real situation, which 
is the maximum response occurring at tp (third transducer) and the responses at the 
other transducers at the same instant (but not the maximum ones).  

Besides the inclination of the breaking wave, its shape is also important. Sometimes 
there is a clear tongue at the wave front, which hit the pile before than the main body 
of the wave, as shown in Fig. 5.7. The result of this situation is normally a double-
headed peak, showing its maximum value for the first hit, i.e. the one exerted by the 
tongue. However, the maximum responses corresponding to the four cases presented 
in the previous chapter, occurred always when the wave hit the cylinder as an almost 
vertical wall of water, before the breaker tongue appears. 

 
Fig. 5.7. Plunging breaker sketch. 

Indeed, if a tongue appears in the wave front is a sign that the wave is already losing 
part of its energy; therefore the impact will be lower. Otherwise, if the wave reaches 
the pile as vertical as possible then all the energy is still present in the wave, exerting 
a much larger impact against the pile. Fig. 5.8 shows a plunging breaker showing the 
mentioned breaker tongue.  

 
Fig. 5.8. Plunging breaking wave over the pile for f=0.51Hz and e=2.8 (T=1.96 s and H=26.2 cm). 



Impact forces on a vertical pile from plunging breaking waves  NTNU - UPC 2011 

 62 

5.3 Calculated results analysis 
After presenting the experimental set-ups from other studies and analyzing the 
measured data, we have to deal with the calculated results analysis. They will be 
discussed following the same order as they were presented in the previous chapter. 

5.3.1 Impact force adjustment analysis 
The first point to discuss about the impact force adjustment must be the duration of 
the pre-defined triangular load. As has been explained in the present report, the 
adjustment process consisted in a trial an error process in whose we varied the 
magnitude of the impact force Fo and the value of the rising time tp. However, the 
impact duration, 

€ 

τ , was fixed to be 8 ms. But why this value was chosen?  
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τGoda =
D

2cb

     (5.1) 
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τWienke =
13
64

D
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     (5.2) 
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τTanimoto =
D

4cb

     (5.3) 

The impact duration defined by Goda back in 1966 was the one given by Eq. 5.1. By 
using this expression, the duration time obtained was around 16 ms. On the other 
hand, considering the value proposed by Wienke and Oumeraci (2005) the value 
turned to be around 6 ms. The difference between both studies is that while Goda 
considered Von Karman’s theory on his studies, Wienke and Oumeraci considered 
Wagner’s theory. However, they calculated their own value, which is shown in Eq. 
5.2. Sawaragi and Nochino (1984) considered as Goda, the value defined by Eq. 5.1, 
although they introduced the rising time, that will be mentioned further on this 
chapter. Finally, Tanimoto et al. (1986) followed Wagner’s theory and considered the 
value given by Eq. 5.3, which is half of the value used by Goda. 

For the present study the chosen value was the one used by Tanimoto et al. (1986), 
which is around 8 ms considering our set-up conditions. This value was chosen 
because we also considered that Wagner’s theory was more accurate as it considered 
the pile-up effect. Anyway, some preliminary examples were tested using the value 
proposed by Goda and no differences were observed in the adjusted force value. 
Hence it can be said that the chosen method of adjustment is not very sensitive to the 
impact duration variation. However, it was fixed in 8 ms, to be consequent with 
Wagner’s theory. 

Regarding the rising time, the set values for defining the triangular load were within 
the range 0.01-0.5 ms. One can think that such small rising time is not important, so it 
would be the same to set zero as the rising time. But that will not be right. It is true 
that in some cases the rising time is almost zero, hence the impact force can be 
adjusted considering zero or 0.01 ms and it does not matter what you choose. 
However, in some other cases there is a clearer rising time that can be around 0.5 ms. 
In these cases, there will be a considerable difference between the adjusted impact 
force considering zero or 0.5 ms. Therefore, in the present study has been necessary to 
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introduce a certain rising time to analyze the impact forces. Otherwise, by considering 
no rising time, the forces would have been lower. In some cases they would be around 
15% lower, which obviously it would have been an important underestimation. 

Another point that must be analyzed is the natural frequency of oscillation of the 
transducers and how this frequency matches with the calculated response. As 
mentioned in the previous chapters, the natural frequency of oscillation of the force 
transducers was found to be around 900 Hz. Hence the Matlab code was programmed 
to give a calculated response with the same frequency. However, as can be seen in 
Fig. 4.15 – 4.18, the oscillation frequency of the measured response decreases with 
time. Sometimes this behaviour is clearer than others. Moreover, there are some cases 
where the measured response has lower frequency from the first peak, as shown in 
Fig. 5.9. It must be clarified that this situation happened very seldom and it was 
always in impacts of waves that were already broken when the impact took place. 
Hence no influence of this effect was present in the adjustment for the maximum 
forces, where the incident wave was not already broken when it reached the pile.  

 
Fig. 5.9. Adjustment of the impact force for f=0.45Hz and e=2.9. Bad agreement between frequencies 

of oscillations of measured and calculated response. 

Two main reasons were thought to be the ones governing this behaviour. On one side 
what was happening is that the added mass was varying with time during the impact. 
This added mass somehow force the pile to oscillate more slowly and that is why the 
calculated response looks delayed in the figures, some milliseconds after the impact 
instant. Another possible explanation for this phenomenon is that some other 
oscillating modes can occur. Due to the way the transducers were designed, connected 
to the pile upon the beam, it is possible that after receiving the impact they did not 
only oscillate in the wave direction but also bending around the point where the ring 
is fixed to the whole pile. From the pluck tests carried out at the beginning of the 
experiments it was obtained that there were two main oscillating modes. The 
predominant one was 900 Hz but another frequency of around 250 Hz also appeared. 
This lower frequency, which is the one that appeared in some of the measured 
responses from the beginning of the impact, can occur due to this other possible 
oscillating mode. 
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5.3.2 Impact force distribution analysis 
As explained in the previous chapter, three different impact force distributions were 
calculated regarding the moment were the impact took place. The three of them were 
triangles with its apex placed at the height of the third transducer. Hence, after 
analyzing the calculated data, it is clear that for all the impacts the highest forces 
occurred at the second, fourth and specially at the third transducer. 

In the studies carried out by Sawaragi and Nochino (1984) and Tanimoto et al. (1986) 
the vertical distribution of the peak values was also approximated by a triangular 
shape. In the first study the triangular shape had its apex at the height of about 70% of 
the wave crest above the still water level and its magnitude deeply depended on both 
the wave breaking point and the wave breaking pattern. Something similar was 
obtained in the present study. The magnitude of the highest impact depends also on 
the breaking wave point and, of course, on the breaking wave pattern. It was higher 
when the pattern was closer to a vertical wall of water. However, the apex of the 
triangular distribution was placed at the height of around 85% of the wave crest above 
the still water level. On the other hand, the latest studies carried out by Wienke and 
Oumeraci (2005) established something different. Despite showing that the impact 
force was also strongly dependent on the distance between breaking location and 
cylinder, they did not consider a triangular vertical distribution of the peak values but 
a uniform distribution. Moreover, they considered the wave celerity of 6 m/s for all 
the height of the wave crest, which was the maximum velocity at the crest point. 
Indeed this celerity decreases with the height so the values were clearly 
overestimated. Such an important difference must be discussed. 

After analyzing the obtained data it was pretty clear that the load was not uniformly 
distributed. The same behaviour was obtained from other studies and it seems to be 
the most reasonable one. So, why they did not mention anything about the triangular 
vertical distribution of the peak values? Our guess is that maybe they did not consider 
the vertical distribution of much importance. If they were just interested in the 
maximum line force and in its time history they did not care about the vertical 
distribution of the peak values. Hence they just assumed such uniform distribution, 
which was the easiest, because Goda did the same in the first studies, introducing the 
curling factor, lambda, and multiplying it by the maximum wave crest to obtain the 
slamming length. However, as mentioned before, such hypothesis cannot be the right 
one because they considered the maximum wave celerity for all the slamming length, 
obtaining the same force all along. Indeed, the forces exerted in all the lower 
transducers cannot be so high because the wave celerity decreases with depth.  

5.3.3 Total slamming force analysis 
The total force analysis is probably one of the most interesting results to discuss 
about. The first point to be discussed is the suitability of the used method for the 
calculation of the total force. As explained in the previous chapter, two different 
methods were used. On one side the total forces were obtained by adjustment of the 
measured response, using the Duhamel integral, after adding the responses of all the 
individual force transducers. On the other side, the second method consisted in the 
integration of the vertical force distribution along the slamming length. After 
comparing the results obtained by both methods some differences were found. The 
results obtained by adjustment were clearly lower than the ones obtained by using the 
second method. The adjustment procedure could be more adequate if the recording 
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frequency was lower. In that case the maximum impact on each transducer will take 
place at the very same moment (situation represented by magenta triangle in previous 
chapter), giving a higher total response, which at the same time will be adjusted 
obtaining a higher impact force. As this situation is not happening a priori, the second 
method was considered much more reasonable. Moreover, this procedure lets one 
notice the differences between the situation when the maximum impacts on each 
transducer occur at the same time or when they occur with some delays. 

Having discussed the suitability of the used method, let us focus on the values of the 
total forces. The different values have been already shown in Table 4.2 but in order to 
compare with the maximum values obtained from other studies the maximum total 
force in the present study will be considered. Such total impact force was Fs =36 N 
and took place for the case f = 0.45 Hz and e= 2.7 (T=2.2 s and H=27.6 cm). This 
value was obtained by integration, considering the triangular vertical distribution of 
the impact forces when the maximum impact on each transducer takes place at the 
very same moment (magenta triangle in Fig. 4.30). 

To compare the maximum forces obtained from other studies we have calculated 
them using the same procedure as they did but setting the characteristics of our 
experimental set-up, i.e. diameter, wave celerity and wave crest elevation. The results 
are shown in Table 5.1 but it is convenient to discuss the differences among the 
values. 

Table 5.1. Calculated total forces for different studies. 

Study Cs-value λmax 
Vertical Force 
Distribution Total force [N] 

Wienke & Oumeraci 2π 0.46 Uniform 88 
Goda π 0.40 Uniform 39 

Sawaragi & Nochino π 0.90 Triangular 44 
Tanimoto et al. π 0.66 Triangular 32 

Ros 4.3 0.67 Triangular 36 
 

Let us start with the latest study by Wienke and Oumeraci (2005). In their 
investigations they considered the Cs-value as 2π and they obtained a maximum value 
of 0.46 for the curling factor. The maximum total impact force obtained by following 
their procedure was 88 N, which is more than twice the value obtained from the 
present study. Indeed, this value was obtained considering a uniform vertical 
distribution of the impact forces. But how can be possible such a big difference?  

There are different reasons that justify this behaviour. The first reason one could think 
is that their flume was a large flume. Indeed their flume dimensions have nothing to 
do with the ones in the present study, so even though we have evaluated the total 
force using our test characteristics, it could have some influence within the slamming 
and curling factor values. But this is not one of the main reasons. Another important 
point is the way in that they got the breaker. Their bottom was completely flat, so they 
got the plunging breaker in an artificial way, by using Gaussian wave packets. This 
artificial way of getting breaking waves can be one of the important reasons that 
justify such a big difference in the total force. One must notice that in our 
experimental set-up the pile was not placed in a simple slope but in a transition area 
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between the slope and the flat zone, as shown in Fig. 5.10. Indeed, the breaking wave 
pattern will be not the same in waves breaking in an artificial way than in waves 
breaking by bottom restrictions. Hence the breaking wave pattern is clearly affecting 
the magnitude of the slamming force. There is also a third reason, which could be 
important, but its influence in piles is not well known. This is the presence of 
entrained air at the impact, which is though to cushion the impact. When even a small 
amount of air becomes entrained in the water, compressibility effects become 
important. Air can be entrained in the water either in the form of small bubbles, or as 
an air pocket, or, more likely, as both. However, it is known that air entrainment is 
important in relation to wave impact loads on a vertical breakwater. But for a pile this 
is different. The air will not then be trapped. If one think about the similarity with a 
cylinder falling vertically and hitting the water, the cylinder will first hit the mixture 
of air and water, which has a lower specific density than water and hence a lower ρw 
for use in the formula for the slamming force. But as the cylinder enters into water it 
will eventually hit “solid water” and then full density ρw has to be used. Wienke and 
Oumeraci (2005) emphasize in their conclusions that the impact at the cylinder was 
neglectfully damped by entrained air. Although their vertical force distribution is 
uniform and in the present study it was triangular, one might say that the entrained air 
in our case would not have big influence either.  

Hence the main reasons that justify such a big difference in the maximum total impact 
force are the different shape considered for the vertical force distribution and the 
differences on the bottom inclination where the pile was placed.  

 

Fig. 5.10. Differences among the slopes in the experimental set-ups used for different studies. 

A similar case was the first study carried out by Goda et al. (1966). It also considered 
a uniform vertical distribution of the impact forces but the Cs-value was set as π and 
the maximum obtained value for the curling factor was 0.4. Hence the total impact 
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force obtained by using our test characteristics was 39 N. This value is clearly closer 
to the value of 36 N obtained in the present study. However, Goda considered a 
uniform vertical distribution of the impact forces while we have considered a 
triangular distribution. 

Finally one can discuss the two other studies at the same time. Both, Sawaragi and 
Nochino (1984) and Tanimoto et al. (1986), considered a triangular vertical 
distribution of the peak forces. The Cs-value was set as π in both studies but the 
maximum obtained values for the curling factor were 0.9 and 0.65, respectively. In 
the previous chapter it was explained that in the studies by Tanimoto et al. (1986) 
there was an adjustment factor to obtain such value of 0.65. The total impact forces 
obtained were 44 N and 32 N, respectively. One can notice that the value obtained by 
Sawaragi and Nochino (1984) is somewhat higher than the value of 36 N, while the 
value by proceeding as Tanimoto et al. (1986) is slightly lower. So what are these 
differences due to? 

In both situations the tested pile was placed in a clear slope zone as can be seen in 
Fig. 5.10. As mentioned before, our pile was placed in a transition area between the 
slope and the flat zone and the pile used by Wienke and Oumeraci (2005) was placed 
in a flat bottom. Such differences in the pile position are clearly affecting the breaking 
pattern of the wave; hence they also produce some differences on the total force 
values. 

The only difference in the maths of these total forces, in that situation, is the curling 
factor value. Hence the total impact force obtained by following Sawaragi and 
Nochino’s procedure is bigger just because the maximum curling factor they found is 
much bigger. However, it was just for the maximum value but for the rest of the 
situations the curling factor was lower and closer to 0.5. Tanimoto et al. used a slighly 
different procedure, because they set the curling factor as 0.5 and then they adjusted it 
by using an adjustment factor shown in Eq. 4.6.  

5.3.4 Slamming force factor and curling factor analysis 
Finally a brief discussion of the slamming and curling factor must be carried out. 
Regarding the slamming force factor (Cs-value), different values have been obtained 
in the present study with a maximum of around 4.3. This value is clearly within the 
range of π and 2π, as has been reported in previous studies. However, the Cs-value is 
strongly dependent on the maximum impact force in one transducer (the third 
transducer in our set-up). As it has been tried to explain during the whole report, such 
values have a considerably scatter, so it makes difficult to obtain a unique value for 
the slamming force factor. Indeed the value of 4.3 is the maximum one, but the other 
three maximum values (considering the four situations of study in the previous 
chapter) are closer to π than to 2π. As has been concluded for the total forces, the 
main reasons for explaining the differences among the results obtained by Wienke 
and Oumeraci (2005) and the present study are the bottom inclination differences and 
maybe the presence of entrained air in the impact (that has been supposed to be 
neglected but it could influence somehow). 

The curling factor (λ) indicates how much of the wave crest is active in the slamming 
force. Goda et al. (1966) introduced it and gave a maximum value of λ = 0.4. Wienke 
and Oumeraci (2005) also used the curling factor in their studies obtaining values 
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within the same range as Goda and with a maximum of λ = 0.46. However, it must be 
mentioned that the Cs-value used by Wienke and Oumeraci was twice the value used 
by Goda. On the other hand, the values reported by Sawaragi and Nochino (1984) and 
Tanimoto et al. (1986) were slightly higher than these other values. These are λ = 0.9 
and λ = 0.65, respectively. The same happens with the results obtained in the present 
study. The maximum value for the curling factor was λ = 0.67. Hence the main 
difference and the reason of such a different values for the curling factor is the shape 
of the vertical impact force distribution. As said previously, Goda et al. (1966) and 
Wienke and Oumeraci (2005) considered a uniform vertical distribution of the peak 
forces, while Sawaragi and Nochino (1984), Tanimoto et al. (1986) and in the present 
study a triangular vertical distribution has been considered. That is the reason why 
these differences in the curling factor values make sense. 
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Chapter 6  

Conclusions 
 

More than a hundred tests have been carried out in the wave flume, including seven 
different periods combined with ten different wave heights. The dynamic responses 
from plunging breaking waves acting on an instrumented vertical pile have been 
recorded and analyzed for each one of these tests. The slamming forces have been 
obtained by using the Duhamel integral. After presenting the experimental results and 
discussing them, this last chapter compiles the main conclusions of the study. 

From the experimentally measured results three important conclusions must be 
pointed up: 

• The highest slamming forces have been registered at the third force transducer 
in almost all the tests carried out despite being a considerable scatter in the 
force values. Such scatter is inherent in the nature of the wave breaking forces. 

• The vertical force distribution has been considered as triangular shaped. The 
maximum slamming force per unit length, represented by the apex of such 
triangle, is located at 85% of the wave crest above the still water level. 

• The slamming force value is higher when the plunging breaking wave reaches 
the pile as a vertical wall of water. Indeed the more vertical it is the higher the 
slamming force will be. On the other hand, if the plunging breaker reaches the 
pile when the plunging tongue appears or after such moment the slamming 
force will be lower. 

After analyzing the measured results, some calculations have been carried out. 
Different values have been obtained for the impact duration (τ) and the rising time 
(tp), the total slamming force (Fs) and for the curling factor (λ) and the Cs-value. 
Regarding such results, the following conclusions have been reached. 

The impact duration has been set as τ = 8 ms, using half of the value defined by Goda 
et al. (1966) and following the same criteria as the study carried out by Tanimoto et 
al. (1986) (Wagner’s theory). Nevertheless, due to the adjustment method used to 
analyze the results, it has been proved that the impact duration is not relevant in that 
case. Hence the adjusted slamming forces will be rather similar setting the impact 
duration as τ = 16 ms, as in Goda et al. (1966) or as τ = 6 ms, as in Wienke and 
Oumeraci (2005).  

The rising time has been found to be in the range tp = 0.01 – 0.5 ms. Although it 
seems to be almost zero, it is important to consider a certain rising time for the force 
adjustment and set the most suitable one within that range. Otherwise, by considering 
no rising time, the forces would have been lower. In some cases they would have been 
around 15% lower. Hence it is important to adjust the rising time value as accurately 
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as possible, to get the most exactly value for the slamming force per unit length, Fo. 

The maximum total slamming force has been Fs = 36 N. Such value took place for the 
case f = 0.45 Hz and e= 2.7 (T=2.2 s and H=27.6 cm). It was obtained by integration, 
considering the triangular vertical distribution of the impact forces when the 
maximum impact on each transducer takes place at the very same moment. The 
maximum total slamming force values reported by other studies are, in general, 
slightly higher but quite similar to the one obtained in the present study. However, the 
maximum total slamming force by Wienke and Oumeraci (2005) is Fs = 88 N. Such a 
big difference can be due to different reasons: 

• The vertical impact force distribution considered in their study is uniform 
instead of triangular shaped. Hence the total slamming force must be higher 
taking into account that the curling factor (λ) and the Cs-value are not so 
different from the ones obtained in the present study.  

• The bottom of their flume was completely flat, so they got the plunging 
breaker in an artificial way, by using Gaussian wave packets. One must notice 
that in our experimental set-up the pile was not placed in a simple slope but in 
a transition area between the slope and the flat zone. Indeed the breaking wave 
pattern will be not the same in waves breaking in an artificial way than in 
waves breaking by bottom restrictions. Hence the breaking wave pattern is 
clearly affecting the magnitude of the slamming force. 

• The presence of entrained air at the impact is thought to cushion it. This could 
be also another reason to justify such a difference between the total slamming 
forces. However, its influence in piles is not well known and Wienke and 
Oumeraci (2005) reported that the impact at the cylinder was neglectfully 
damped by entrained air. Despite considering a different vertical impact force 
distribution than them, one might say that the entrained air in our case would 
not have big influence either. Moreover, it makes sense since the entrained air 
cushioning effect is much bigger in open sea than in laboratory models. 

The maximum slamming factor or Cs-value has been Cs = 4.3. Such value is in good 
agreement with the ones reported by other studies, which are in the range Cs = π – 2π. 
The maximum value for the curling factor has been λ = 0.67, which is rather similar to 
the one reported by Tanimoto et al. (1986) that is λ = 0.65. Sawaragi and Nochino 
(1984) obtained λ = 0.9 as the maximum value for the curling factor but just for one 
test. The second maximum values were within the range λ = 0.5 – 0.7, which are in 
good agreement with the ones obtained by Tanimoto et al. (1986) and in the present 
study. Indeed, these three studies considered a triangular vertical distribution for the 
impact forces, while the studies that considered a uniform vertical distribution, i.e. 
Goda et al. (1966) and Wienke and Oumeraci (2005), reported curling factor values in 
the range λ = 0.2 – 0.5. 

To sum up it is necessary to highlight that this study will be of particular importance 
for civil engineering in Spain. Indeed the first wind platforms will be installed by 
2012 at the Gulf of Sant Jordi, near the coast of Tarragona and the Ebro Delta. The 
study carried out in this Master Thesis has been based on wave parameters, so the 
results are applicable and can be applied for either the North Sea or the 
Mediterranean. 
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List of symbols 
 
c width of the immersed part of the cylinder [m] 
cb breaking wave celerity [m/s] 
C damper in the SDOF sketch [N·m·s] 

CD drag coefficient [-] 

CM inertia coefficient [-] 

Cs slamming factor [-] 
d total water depth [m] 
db water depth at the breaking point [m] 
D pile diameter [m] 
D/H relative pile diameter [-] 
e wave eccentricity [-] 
f wave frequency [Hz] 
f natural frequency of oscillation of the force transducer [Hz] 
fI slamming line force variation [N/m] 
fs slamming force [N/m] 
F total wave force [N] 

FD drag force [N] 

FM inertia force [N] 

Fs total slamming force [N] 

Fsp force due to the static pressure [N] 
Fo slamming force per unit length [N] 

g earth gravity [m/s2] 
H wave height [m] 
Hmax maximum wave height [m] 
H/L wave steepness [-] 
H/S wave height-to-stroke ratio [-] 
Hb wave height at the breaking point [m] 
i bottom slope [%] 
k spring stiffness [N·m] 
kp wave number [m-1] 
m mass [kg] 
mosc oscillating mass of the ring [kg] 
p impulse loading variation [N] 
R pile radius [m] 
R measured response [N] 
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Rc theoretical or calculated response [N] 
Rmax maximum response ratio [-] 
s flap displacement [m] 
S flap stroke (S = 2s) [m] 
t time [s] 
tp rising time [s] 
T wave period [s] 
u water particle velocity [m/s] 
V wave celerity [m/s] 
z water depth variation [m] 
Z height from the still water line [m] 
Z/η relative wave height [-] 
α pile inclination [º] 
β parameter to classify the length of the rising time [-] 
γ incident wave deviation [º] 
η wave crest elevation [m] 
θ breaking wave front impact inclination [º] 
ηb wave crest elevation at the breaking point [m] 

λ curling factor [-] 
λmax maximum curling factor [-] 
ν adjustment factor in Tanimoto et al. (1986) [-] 
ρa aluminium density [-] 

ρw water density [-] 

τ impact duration [s] 
ω angular frequency of oscillation of the force transducer [rad/s] 
ωd damped frequency of oscillation of the force transducer [rad/s]   
ξ damping ratio of the force transducer [-] 

Subscripts 

a aluminium   max maximum 
b at breaking   o initial 
c calculated   osc oscillating 
d damped   p peak 
D drag    s slamming 
I impact line force  sp static pressure 
M inertia    w water 
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Appendix A 

Impact forces adjustment 

 
This appendix includes all the figures made for the impact forces adjustment. In the 
results chapter, only the four highest forces were shown. These graphics have been 
made using our own Matlab code based on the Duhamel integral procedure, which 
have been described in the report. Even though, each one has been adjusted very 
accurately, the plot scale has been the same for all of them to make it easier to 
compare them. The graphics have been organized for the number of transducer that 
recorded the signal. The first one is the one on the top, while number six is the one at 
the bottom. 

A.1 First transducer 

 
Fig. A.1. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 

 
Fig. A.2. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 
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Fig. A.3. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 

 
Fig. A.4. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 

 
Fig. A.5. Impact force adjustment for f=0.48Hz and e=2.5 (T=2.08s and H=24.9cm). 
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Fig. A.6. Impact force adjustment for f=0.48Hz and e=2.5 (T=2.08s and H=24.9cm). 

 
Fig. A.7. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.8. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 
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Fig. A.9. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.10. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 

 
Fig. A.11. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 
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Fig. A.12. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 

A.2 Second transducer 

 
Fig. A.13. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 

 
Fig. A.14. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 
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Fig. A.15. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 

 
Fig. A.16. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 

 
Fig. A.17. Impact force adjustment for f=0.48Hz and e=2.5 (T=2.08s and H=24.9cm). 
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Fig. A.18. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.19. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.20. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 
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Fig. A.21. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 

 
Fig. A.22. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 

 
Fig. A.23. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 
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A.3 Third transducer 

 
Fig. A.24. Impact force adjustment for f=0.42Hz and e=2.5 (T=2.38s and H=26.9cm). 

 
Fig. A.25. Impact force adjustment for f=0.42Hz and e=2.5 (T=2.38s and H=26.9cm). 

 
Fig. A.26. Impact force adjustment for f=0.42Hz and e=2.5 (T=2.38s and H=26.9cm). 
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Fig. A.27. Impact force adjustment for f=0.42Hz and e=2.5 (T=2.38s and H=26.9cm). 

 
Fig. A.28. Impact force adjustment for f=0.45Hz and e=2.5 (T=2.22s and H=25.8cm). 

 
Fig. A.29. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 
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Fig. A.30. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 

 
Fig. A.31. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 

 
Fig. A.32. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 
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Fig. A.33. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 

 
Fig. A.34. Impact force adjustment for f=0.45Hz and e=2.8 (T=2.22s and H=28.2cm). 

 
Fig. A.35. Impact force adjustment for f=0.45Hz and e=2.8 (T=2.22s and H=28.2cm). 
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Fig. A.36. Impact force adjustment for f=0.45Hz and e=2.9 (T=2.22s and H=28.6cm). 

 
Fig. A.37. Impact force adjustment for f=0.45Hz and e=3.0 (T=2.22s and H=28.3cm). 

 
Fig. A.38. Impact force adjustment for f=0.45Hz and e=3.1 (T=2.22s and H=28.0cm). 
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Fig. A.39. Impact force adjustment for f=0.48Hz and e=2.3 (T=2.08s and H=23.4cm). 

 
Fig. A.40. Impact force adjustment for f=0.48Hz and e=2.4 (T=2.08s and H=24.4cm). 

 
Fig. A.41. Impact force adjustment for f=0.48Hz and e=2.4 (T=2.08s and H=24.4cm). 
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Fig. A.42. Impact force adjustment for f=0.48Hz and e=2.5 (T=2.08s and H=24.9cm). 

 
Fig. A.43. Impact force adjustment for f=0.48Hz and e=2.5 (T=2.08s and H=24.9cm). 

 
Fig. A.44. Impact force adjustment for f=0.48Hz and e=2.6 (T=2.08s and H=25.5cm). 
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Fig. A.45. Impact force adjustment for f=0.48Hz and e=2.7 (T=2.08s and H=26.5cm). 

 
Fig. A.46. Impact force adjustment for f=0.48Hz and e=2.8 (T=2.08s and H=27.0cm). 

 
Fig. A.47. Impact force adjustment for f=0.48Hz and e=2.9 (T=2.08s and H=26.7cm). 
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Fig. A.48. Impact force adjustment for f=0.48Hz and e=3.0 (T=2.08s and H=26.2cm). 

 
Fig. A.49. Impact force adjustment for f=0.51Hz and e=2.3 (T=1.96s and H=23.2cm). 

 
Fig. A.50. Impact force adjustment for f=0.51Hz and e=2.4 (T=1.96s and H=24.0cm). 
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Fig. A.51. Impact force adjustment for f=0.51Hz and e=2.5 (T=1.96s and H=24.3cm). 

 
Fig. A.52. Impact force adjustment for f=0.51Hz and e=2.6 (T=1.96s and H=24.7cm). 

 
Fig. A.53. Impact force adjustment for f=0.51Hz and e=2.7 (T=1.96s and H=25.4cm). 
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Fig. A.54. Impact force adjustment for f=0.51Hz and e=2.7 (T=1.96s and H=25.4cm). 

 
Fig. A.55. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.56. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 



Impact forces on a vertical pile from plunging breaking waves  NTNU - UPC 2011 

 94 

 
Fig. A.57. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.58. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.59. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 
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Fig. A.60. Impact force adjustment for f=0.51Hz and e=2.9 (T=1.96s and H=26.8cm). 

 
Fig. A.61. Impact force adjustment for f=0.51Hz and e=3.0 (T=1.96s and H=26.2cm). 

 
Fig. A.62. Impact force adjustment for f=0.51Hz and e=3.1 (T=1.96s and H=25.9cm). 
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Fig. A.63. Impact force adjustment for f=0.54Hz and e=2.3 (T=1.85s and H=23.2cm). 

 
Fig. A.64. Impact force adjustment for f=0.54Hz and e=2.4 (T=1.85s and H=23.8cm). 

 
Fig. A.65. Impact force adjustment for f=0.54Hz and e=2.5 (T=1.85s and H=24.0cm). 
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Fig. A.66. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 

 
Fig. A.67. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 

 
Fig. A.68. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 



Impact forces on a vertical pile from plunging breaking waves  NTNU - UPC 2011 

 98 

 
Fig. A.69. Impact force adjustment for f=0.54Hz and e=2.7 (T=1.85s and H=25.1cm). 

 
Fig. A.70. Impact force adjustment for f=0.54Hz and e=2.8 (T=1.85s and H=26.3cm). 

 
Fig. A.71. Impact force adjustment for f=0.54Hz and e=2.9 (T=1.85s and H=26.7cm). 
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Fig. A.72. Impact force adjustment for f=0.54Hz and e=3.0 (T=1.85s and H=26.0cm). 

 
Fig. A.73. Impact force adjustment for f=0.57Hz and e=2.5 (T=1.75s and H=26.8cm). 

 
Fig. A.74. Impact force adjustment for f=0.57Hz and e=2.5 (T=1.75s and H=26.8cm). 
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Fig. A.75. Impact force adjustment for f=0.57Hz and e=2.5 (T=1.75s and H=26.8cm). 

 
Fig. A.76. Impact force adjustment for f=0.57Hz and e=2.5 (T=1.75s and H=26.8cm). 

 
Fig. A.77. Impact force adjustment for f=0.57Hz and e=2.6 (T=1.75s and H=26.8cm). 
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A.4 Fourth transducer 

 
Fig. A.78. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.2cm). 

 
Fig. A.79. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.2cm). 

 
Fig. A.80. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.2cm). 
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Fig. A.81. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.2cm). 

 
Fig. A.82. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.2cm). 

 
Fig. A.83. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.2cm). 
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Fig. A.84. Impact force adjustment for f=0.48Hz and e=2.5 (T=2.08s and H=24.9cm). 

 
Fig. A.85. Impact force adjustment for f=0.48Hz and e=2.5 (T=2.08s and H=24.9cm). 

 
Fig. A.86. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 
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Fig. A.87. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.88. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.89. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 
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Fig. A.90. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 

 
Fig. A.91. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 

 
Fig. A.92. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 
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A.5 Fifth transducer 

 
Fig. A.93. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.2cm). 

 
Fig. A.94. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.2cm). 

 
Fig. A.95. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.2cm). 
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Fig. A.96. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.2cm). 

 
Fig. A.97. Impact force adjustment for f=0.48Hz and e=2.5 (T=2.08s and H=24.9cm). 

 
Fig. A.98. Impact force adjustment for f=0.48Hz and e=2.5 (T=2.08s and H=24.9cm). 
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Fig. A.99. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.100. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.101. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 
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Fig. A.102. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.103. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.104. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 
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Fig. A.105. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 

 
Fig. A.106. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 

A.6 Sixth transducer 

 
Fig. A.107. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.2cm). 
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Fig. A.108. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.2cm). 

 
Fig. A.109. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.2cm). 

 
Fig. A.110. Impact force adjustment for f=0.45Hz and e=2.7 (T=2.22s and H=27.2cm). 
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Fig. A.111. Impact force adjustment for f=0.48Hz and e=2.5 (T=2.08s and H=24.9cm). 

 
Fig. A.112. Impact force adjustment for f=0.48Hz and e=2.5 (T=2.08s and H=24.9cm). 

 
Fig. A.113. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 
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Fig. A.114. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.115. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

 
Fig. A.116. Impact force adjustment for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 
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Fig. A.117. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 

 
Fig. A.118. Impact force adjustment for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 
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Appendix B 

Graphs values 

 
This appendix includes all the values that have been used to make some of the graphs 
in the report. Each one of the graphs has a table that contains all its values. The graphs 
are listed below. The number on the right is the page number where the figures are 
located in the report. 
 
Chapter 3. Materials and methods 
Table B.1. Fig. 3.9. Linear relation between wave paddle 

 motion (s) and eccentricity (e).      21 
Table B.2. Fig. 3.10. Relation between wave height (H) 

 and eccentricity (e) at WG1.       22 
Table B.3. Fig. 3.11. Relation between wave height (H) 

 and eccentricity (e) at WG2.       23 
Table B.4. Fig. 3.12. Relation between wave crest elevation (ηb) 

 and eccentricity (e) at WG2.       23 
 
Chapter 4. Experimental results 
Table B.5. Fig. 4.19. Slamming force along the pile for f=0.45Hz 

 and e=2.7 (T=2.22s and H=27.6cm). Fo=6.6 N.    46 
Table B.6. Fig. 4.20. Slamming force along the pile for f=0.48Hz 

 and e=2.5 (T=2.08s and H=24.9cm). Fo=5.8 N.    47 
Table B.7. Fig. 4.21. Slamming force along the pile for f=0.51Hz 

 and e=2.8 (T=1.96s and H=26.4cm). Fo=6.3 N.    47 
Table B.8. Fig. 4.22. Slamming force along the pile for f=0.54Hz 
 and e=2.6 (T=1.85s and H=24.6cm). Fo=5.15 N.     47 
Table B.9. Fig. 4.23. Slamming force intensity along the pile. 

 Maximum peak force at tp.       48 
Table B.10. Fig. 4.24. Slamming force intensity along the pile. 

 Maximum peak forces for the same wave.     49 
Table B.1.1 Fig. 4.25. Slamming force intensity against eccentricity.  49 
 
 
Note:  
The graphs that do not appear in this appendix are the ones that have been directly 
represented by recorded data. So they have too many data to write them down in a 
table. 
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Table B.1. Fig. 3.9. Linear relation between wave paddle motion (s) and eccentricity (e). 

e [-] 2,3 2,4 2,5 2,6 2,7 2,8 2,9 3,0 3,1 
s[cm] 11,1 11,6 13,0 13,3 13,7 13,9 14,1 14,7 15,1 
e [-] 3,2 3,3 3,4 3,5 3,6 3,7 3,8 3,9 4,0 
s[cm] 15,7 16,3 16,8 17,4 17,9 18,4 18,8 19,3 19,7 

 

 
Table B.2. Fig. 3.10. Relation between wave height (H) and eccentricity (e) at WG1. 

e [-] 2,3 2,4 2,5 2,6 2,7 2,8 2,9 3 3,1 3,2 
f=0.45Hz 20,8 21,4 22,3 23,0 23,9 24,6 25,3 26,4 27,2 27,6 
f=0.48Hz 19,6 20,5 21,8 22,9 23,8 24,2 25,6 26,9 - - 
f=0.51Hz 19,7 20,4 21,5 22,0 23,6 24,3 25,7 27,1 27,5 - 

H[cm] 

f=0.54Hz 20,2 20,9 21,6 22,7 23,8 24,6 25,9 27,2 28,6 30,7 
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Table B.3. Fig. 3.11. Relation between wave height (H) and eccentricity (e) at WG2. 

e [-] 2,3 2,4 2,5 2,6 2,7 2,8 2,9 3 3,1 3,2 
f=0.45Hz 25,2 25,5 25,9 26,6 27,6 28,2 28,6 28,3 28,1 27,9 
f=0.48Hz 23,4 24,4 24,9 25,5 26,5 27,0 26,8 26,2 - - 
f=0.51Hz 23,3 24,0 24,3 24,7 25,4 26,4 26,8 26,2 25,6 - 

H[cm] 

f=0.54Hz 23,2 23,8 24,0 24,6 25,1 26,3 26,7 26,0 25,9 23,6 
 

 
Table B.4. Fig. 3.12. Relation between wave crest elevation (ηb) and eccentricity (e) at WG2. 

e [-] 2,3 2,4 2,5 2,6 2,7 2,8 2,9 3 3,1 3,2 
f=0.45Hz 18,1 18,4 18,8 19,4 19,8 20,6 20,9 20,8 20,5 20,2 
f=0.48Hz 17,1 17,5 18,0 18,5 19,1 20,0 19,9 19,3 - - 
f=0.51Hz 17,0 17,2 17,4 17,8 18,5 19,5 19,7 19,2 18,6 - 

ηb[cm] 

f=0.54Hz 16,8 17,1 17,2 17,5 18,0 19,1 19,3 19,0 18,6 16,2 
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Table B.5. Fig. 4.19. Slamming force along the pile for f=0.45Hz and e=2.7 (T=2.22s and H=27.6cm). 

Fo=6.6 N. 

Z [cm] 26 22,8 20,2 17,6 15 12,4 4,6 
Dash-dotted 0,0 1,2 4,5 6,6 3,0 0,8 0,7 

Dash 0,0 1,2 2,0 6,6 1,1 0,8 0,7 fs[N/cm] 
Solid 0,0 1,0 1,0 6,6 0,7 0,3 0,2 

 

 
Table B.6. Fig. 4.20. Slamming force along the pile for f=0.48Hz and e=2.5 (T=2.08s and H=24.9cm). 

Fo=5.8 N. 

Z [cm] 26 22,8 20,2 17,6 15 12,4 4,6 
Dash-dotted 0,0 1,1 2,3 5,8 2,2 0,8 0,7 

Dash 0,0 1,1 2,3 5,8 0,9 0,8 0,7 fs[N/cm] 
Solid 0,0 0,0 2,3 5,8 0,6 0,4 0,4 

 



Impact forces on a vertical pile from plunging breaking waves  NTNU - UPC 2011 

 119 

 
Table B.7. Fig. 4.21. Slamming force along the pile for f=0.51Hz and e=2.8 (T=1.96s and H=26.4cm). 

Fo=6.3 N. 

Z [cm] 26 22,8 20,2 17,6 15 12,4 4,6 
Dash-dotted 0,0 1,3 3,3 6,3 3,0 0,9 0,8 

Dash 0,0 1,3 1,9 6,3 1,0 0,6 0,7 fs[N/cm] 
Solid 0,0 1,1 1,9 6,3 0,9 0,5 0,4 

 

 
Table B.8. Fig. 4.22. Slamming force along the pile for f=0.54Hz and e=2.6 (T=1.85s and H=24.6cm). 

Fo=5.15 N. 

Z [cm] 26 22,8 20,2 17,6 15 12,4 4,6 
Dash-dotted 0,0 0,6 1,2 5,2 2,1 0,7 0,6 

Dash 0,0 0,6 1,2 5,2 2,1 0,7 0,6 fs[N/cm] 
Solid 0,0 0,0 1,2 5,2 2,1 0,5 0,4 
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Table B.9. Fig. 4.23. Slamming force intensity along the pile. Maximum peak force at tp. 

Z [cm] 26 22,8 20,2 17,6 15 12,4 4,6 
f=0.45Hz 0,0 1,0 1,0 6,6 0,7 0,3 0,2 
f=0.48Hz 0,0 0,0 2,3 5,8 0,6 0,4 0,4 
f=0.51Hz 0,0 1,1 1,9 6,3 0,9 0,5 0,4 

fs[N/cm] 

f=0.54Hz 0,0 0,0 1,2 5,2 2,1 0,5 0,4 
 

 
Table B.10. Fig. 4.24. Slamming force intensity along the pile. Maximum peak forces for the same 

wave. 

Z [cm] 26 22,8 20,2 17,6 15 12,4 4,6 
f=0.45Hz 0,0 1,2 2,0 6,6 1,1 0,8 0,7 
f=0.48Hz 0,0 1,1 2,3 5,8 0,9 0,8 0,7 
f=0.51Hz 0,0 1,3 1,9 6,3 1,0 0,6 0,7 

fs[N/cm] 

f=0.54Hz 0,0 0,6 1,2 5,2 2,1 0,7 0,6 
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Table B.11. Fig. 4.25. Slamming force intensity against eccentricity. 

e [-] 2,3 2,4 2,5 2,6 2,7 2,8 2,9 3 3,1 3,2 
f=0.45Hz 0,8 1,2 2,2 2,9 6,6 6,0 5,0 3,2 4,5 3,8 
f=0.48Hz 4,4 4,5 5,8 3,6 2,5 2,3 2,0 1,8 - - 
f=0.51Hz 0,8 0,7 1,6 2,3 4,8 6,3 5,3 3,0 2,5 - 

fs[N/cm] 

f=0.54Hz 0,7 0,8 3,0 5,2 4,3 3,3 4,6 3,0 2,0 1,1 
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Appendix C 

Matlab Codes 

 
This appendix includes the programmed Matlab code that carries out the Duhamel 
integral calculations and the Matlab code used for low pass filtering of the response, 
as explained in Chapter 3.  

C.1 Duhamel integral code 

By using this code, the response due to a triangular impulse loading, that has been 
previously defined, can be obtained easily. The fitting consists on modify Fo and Tp 
in the code until reach good agreement between the measured and the calculated 
response. The code is for one case shown below: 
 
clear all 
close all 
  
load '/Users/xaviros/Desktop/Master Thesis/Lab Data 
Trondheim/2nd tests/Forces 10V=20N Sensitivity/f45-
2,7.mat' 
  
Fo=6.6; 
Tp=0.0005; 
Td=0.008; 
tr=20.474; 
  
Tn=0.0025; 
ten=0.009;%Varighet 
  
time1=(0:0.00001:Tp); 
X1=Fo*(time1./Tp); 
  
time=(0:0.00001:Td); 
X2=(Fo/(Td-Tp))*(Td-time); 
  
X=[X1,X2(Tp/0.00001+1:Td/0.00001)]; 
%X=X2; 
  
f5=F3(tr*20000:(tr+0.01)*20000); 
  
%Rnew is the response measured at the instant t 
%po is the breaking wave force that we assume for the 
evaluated instant t 
  
freq=2*pi*900; 
chi=0.015; 
m=0.012016; 
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k=m*(freq)^2; 
Tstep=0.00001; 
  
j=[1:(Tstep*(Td*100000)/Td):length(X)]; 
  
Rob=[]; 
Rnew=[]; 
yA=[0]; 
yB=[0]; 
A=[0]; 
B=[0]; 
  
for i=1:(Td/Tstep) 
  
    %Duhamel Integral 
    yA(i)=X(j(i))*cos(freq*time(j(i))); 
    yB(i)=X(j(i))*sin(freq*time(j(i))); 
     
    A(i+1)=A(i)*exp(-
chi*freq*Tstep)+((Tstep*k)/(m*freq))*yA(i)*exp(-
chi*freq*Tstep); 
    B(i+1)=B(i)*exp(-
chi*freq*Tstep)+((Tstep*k)/(m*freq))*yB(i)*exp(-
chi*freq*Tstep); 
  
    Rob(i)=A(i)*sin(freq*time(j(i)))-
B(i)*cos(freq*time(j(i))); 
    Rob=[Rob]; 
    Rnew=[Rnew]; 
end 
  
F1=plot(time,X); 
set(F1,'Color','black','LineWidth',1.1); 
  
hold on 
  
p=plot(linspace(0,Td,800),Rob,'-'); 
set(p,'Color','green','LineWidth',1.1); 
  
hold on 
  
plot(linspace(0,0.01,201),f5*2) 
Axis([0 0.01 -4 12]) 
  
Xlabel('Time [s]','fontsize',14) 
Ylabel('Relative response [N]','fontsize',14) 
grid 
  
h = legend('Triangular Impulse','Calculated 
Response','Measured Response',2); 
set(h,'Interpreter','none','location','NorthEast','fontsi
ze',14) 
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C.2 Low pass filtering code 

By using this code, the measured response can be filtered eliminating high 
frequencies. It allows setting the cut-off frequency, called FC (in this case 900 Hz). 
All the frequencies higher than FC will not appear after filtering. This code was made 
by Pr. Øivind A. Arntsen. The code is for one case shown below: 

% Assume Y is a vector containing your data. Recall, too,  
% that half the sampling frequency is the highest 
frequency that  
% can be fully reproduced in your signal, according to 
the Sampling  
% Theorem. A sample vector used in this Technical Note 
is:  
  
  
% Sampling frequency: 
Fs = 20000;  
             
% The maximum frequency that  
% can be shown in the spectrum is  
% always half the sampling 
% frequency (Nyquist frequency): 
Fn = Fs/2;  
     
% Time vector, 5 seconds long, 
% sampled at Fs Hz: 
 n1 =210978; 
 n2=211178; 
  
Y=2*F3(n1:n2); 
  
% Look at the sound in the 
% frequency domain: 
figure(1) 
PlotFFT(Y,Fs); 
  
  
  
% Now design a simple filter to eliminate high 
frequencies. You want this  
% filter to pass the frequencies below FC Hz,  
FC= 900;  
% The important thing to remember when designing a filter 
is that  
% the frequency vector that you pass to the filter design 
functions  
% must be normalized to the Nyquist frequency. 0.0 
corresponds  
% to 0 Hz, and 1.0 corresponds to the Nyquist frequency.  
% So, our normalized frequency is given by the equation  
%  
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 FCnorm = FC/Fn;  %  
% For more information about frequency normalization, see 
the  
% chapter on Filter Requirements and Specification, of 
the Signal  
% Processing Toolbox User's Guide.  
%  
  
%  
% Generate a filter using butter command 
% [b,a] = butter(n,Wn,'ftype') designs a highpass, 
lowpass,  
% bandpass or bandstop filter, where the string 'ftype' 
is 'high', 'low', 
% 'bandpass' or 'stop', as described below. 
% 'high' for a highpass digital filter with normalized 
cutoff frequency Wn 
% 'low' for a lowpass digital filter with normalized 
cutoff frequency Wn 
% 'bandpass' for an order 2*n bandpass digital filter if 
Wn is a two-element vector, Wn = [w1 w2]. The bandpass is 
w1 < ? < w2. 
% 'stop' for an order 2*n bandstop digital filter if Wn 
is a two-element vector, Wn = [w1 w2]. The stopband is w1 
< ? < w2. 
  
[b,a] = butter(6, FCnorm,'low'); 
  
  
%Now look at the frequency response of our filter, and  
%decide if it is good enough. 
figure(2) 
freqz(b,a)   % Plot the response with the FREQZ function 
      %At this point, all that is really important is the 
magnitude.  
      %The filter has already has a pretty good cutoff, 
but can be  
      %sharper. One way to do this is to increase the 
filter order.  
       
  
  
%Now, the cutoff is pretty good and the passband is 
tight,  
%so go ahead and apply the filter to the noisy signal 
with the  
%FILTER function: 
  
% Apply the filter 
Yf = filter(b,a, Y); 
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% Look at the filtered spectrum: 
  
figure(3) 
PlotFFT(Yf,Fs);   
  
Yff=filtfilt(b,a,Y) 
tY=0:1/Fs:1/Fs*(length(Y)-1); 
figure(4); 
plot(tY,Y,'b') 
hold on 
plot(tY,Yff,'g','LineWidth',1.1) 
  
Xlabel('Time [s]','fontsize',14) 
Ylabel('Relative response [N]','fontsize',14) 
Axis([0 0.01 -4 12]) 
grid 
  
h = legend('Measured Response','Filtered signal',2); 
set(h,'Interpreter','none','location','NorthEast','fontsi
ze',14) 
 

 


