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Summary

This study investigates the effect of dynamic properties of a structure on the magnitude of impacts
loads of breaking waves. A literature review in the field of violent wave impact on flexible structures
is done. From this review, it is concluded that the hydro flexibility of structures have great impact on
the fluid-structure interaction. In earlier studies, it is found that models of constructions in breaking
waves are not accurate yet, using knowledge that is available up until now. There are studies that
show suggestions of influence on the structures own properties. However, no extensive research had
been done in this field. That is why the main objective of this study is to research if the natural frequency
of a construction is of influence on the impact force of violent waves.

To answer the research question, a model is made and an experiment is carried out. The model con-
sists of two parts, first a pendulum is used to represent a simplified structure to interact with a breaking
wave. Using the model, a simulation of pendulums with different natural frequencies is done. The
pendulums interact with the same wave each time. The second part of the model consists of a beam
that is impacted by a breaking wave. Simulations are carried out where beams with different natural
frequencies are impacted by the same wave.

To verify the model and further elaborate on the research question, an experiment is done. This exper-
iment is done in the Sloshing rig at the faculty of Mechanical Engineering at the TU Delft. During the
experiment, four different plates with different natural frequencies are used. They are exposed to the
same wave impact each time. The model and the experiment results are compared and used to form
a conclusion.

It is concluded that wave impacts are of higher magnitude on structures with a higher natural frequency.
The difference between the measured and predicted forces indicates that the fluid- structure interaction
of these plates lead to this difference. This can be explained by the different fluid- structure interaction
for plates with different natural frequencies. If velocities of the plates with higher natural frequencies
are higher, the Morison component of the impact force becomes larger. Therefore these impacts can
become higher than for other structures. As the natural frequency of the plate increases, the results
show relatively higher measured deflections as well.
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1
Introduction

Vessels that operate on sea and offshore structures will encounter extreme water events during their
life time. These extreme water events are for example slamming, green water events and sloshing.
Slamming can happen when ship is operating in heavy weather and waves. The motions of a ship
can become very large, this can cause a part of the ship to drop from air into water. In these type
of conditions, waves can flow onto the deck of a ship. This is called a green water event. Incidents
involving green water and slamming have caused accidents that led to ship damage and crew injuries.
When having a better understanding of the behaviour of structures under green water circumstances,
more safety measures can be taken. This can prevent hazardous events during ship operations.

An other challenge in shipping that includes extreme wave events is sloshing in fuel tanks. In order
to reduce harmful emissions in shipping, the industry must find alternatives for traditional fuels. LNG
is a fuel that results in less CO2 and NOx emissions. LNG can be transported safely in LNG carriers.
However using LNG as fuel will bring new challenges. In smaller scale tanks, different physical phe-
nomena are dominant. During sailing, the fuel in a fuel tank moves. Often the dynamics of the ship
causes the fuel in the tank to form sloshing. This means the fluid forms breaking waves with large
impact inside of the fuel tank. Due to the construction of the tanks at low temperature and the need of
a cargo containment system, the impact forces of the breaking waves are important to predict. Tank
failure and leakage can form hazardous situations for crew and shipping safety.

For all these types of impacts, a lot of research questions are still remaining. In earlier research, hydro
elasticity is found to be of great influence on impact of extreme water events. It turns out, fluid structure
interaction is important to take into account. In section 1.1, an overview of previous research on this
topic will be given. In section 1.2 a gap in existing knowledge will be determined and in section 1.3, the
main objectives of this study will be presented.

1.1. Research background
The types of waves that can be present in fuel tanks include breaking waves. This process is called
sloshing. The impact of breaking waves is a research field where still a few questions are remaining.
The first research in this field was possible starting in the 1930’s, using piezo-electric probes. These are
a type of pressure measuring device. In these early experiments, the pressures measured at the impact
of a breaking wave where a lot higher than expected. They exceeded values expected from the wave
energy. [21] The pressure peaks are dependant on the wave characteristics such as speed, height
and steepness. For breaking waves, the pressures also heavily depends on the stage of breaking
when the waves hit the wall. When the wave hits the wall at the point that it just starts overturning, the
largest impact pressures can be found. Once the wave has formed a jet and air pocket the total impact
decreases. When the wave is completely broken, there is a lot of air mixture present and the impact is
lower. However in more recent research, contradicting phenomena have been observed. The largest

1



1.1. Research background 2

peak pressures are observed when a breaking wave shows a large air pocket. [20]. If large air bubbles
have a larger oscillation period than the impact, the impact can be prolonged and the impulse increases.
In past researches, great variability is shown in pressures of violent wave impact [21], [14]. At flip trough
impacts points, the pressure peaks were highest. Especially for these type of wave impacts, identical
waves show a lot of scatter in their pressure data. When the total pressure is integrated over time, the
impact values show consistency. To conclude, breaking wave impact on rigid walls is studied quite well
in the past. The impacts show different pressures at different stages of wave breaking.

[11] Investigates hydro elasticity for slamming impacts. Hydro elasticity means the deforming of struc-
tures when impacted by surrounding fluid. In the slamming process, two phases are identified. First the
structural inertia phase where the structure hits the water surface. Secondly a subsequent free vibra-
tion phase occurs. At slamming impacts, large peak pressures occur. However, these peak pressures
are not important to the maximum bending stress. It is found that bending stress is dependant on the
drop velocity of the vessel. The maximum stresses occur in the time after a fourth of the largest natural
period of the impacted structure. [19] investigated the hydro elastic response of a multihull vessel with
slamming on the deck in head waves. This study also found that the maximum stresses are dependant
on the fall velocity. The stresses do not show dependency on the exact place of impact on the structure.
The study also concludes that the elasticity of the structure strongly influences the stresses in the wet
deck. [3] investigates the behaviour of a flexible LNG tank system when impacted by breaking waves
(sloshing). In the study, experimental data is used from the Sloshel project. This data includes the
impact pressures on rigid walls. The study conducts FE calculations to take into account the hydro
elasticity in order to calculate the structural responses. Three different impact types are identified. One
where the impact duration is shorter than the natural frequencies, one where the time scale is the same
and one where the impact duration is longer than the natural frequencies. For breaking waves holds,
the higher the pressures, the smaller the impact area and duration. During breaking wave impact, differ-
ent load characteristics occur. Impacts from breaking waves with air pockets involve oscillating loads.
During the impact, different deformation modes are alternating in the structure.The interaction between
structural responses and the loads is very complex. Small local modes are often excited earlier than
the global modes. This leads to complex combinations of local and global deformations. It is concluded
that local loads are not filtered by the structure. They can influence the structure beyond their impact
area. The question remains if these local loads can be neglected or how they should be taken into
account. [27] conducted an experimental study on the use of baffles in tanks where sloshing is present.
They measured the pressures on tank walls and baffles. Mounting a baffle in the tank alters the natural
frequency on the tank structure. The maximum impact pressure on the tank wall altered with different
natural frequencies caused by the configurations of the baffles. The study concludes that the effective-
ness of the baffles depends on the relation between the natural frequency of the construction and the
frequency of the waves, but also on the configuration and location of the baffles.

[10] looked into the hydro elastic behaviour of an elastic thin beam in regular waves.The theory based
on separating diffraction and radiation and coupled equations between hydrodynamic pressures and
deflection are used. The paper concludes that the two theories are in line with each other and that the
hydro elasticity plays a big role in the motion of the beam. [18] studied the impact of breaking waves on
a plate. The plate is modeled using Euler-Bernoulli beam equations. The static deflection is compared
to dynamic deflection. When the maximum impact pressure is below 18 times the dimensionless impact
pressure, there is a correlations between these two deflection approaches. With a dynamic magnifica-
tion factor, the dynamic deflections can be calculated based on static theory. However, the dynamic
magnification factors are dependant on the ratio between the duration of the impact pressure and the
natural period of the plate t1/T1. When this ratio increases to above 1, the dynamic response motion
will increase to much larger deflections. [17] carried out an experiment including breaking waves im-
pacting a flexible wall. The main interest of this paper was what type of fluid structure interaction would
occur. Data on pressure distribution, deflections of a wall with different thicknesses and kinematics of
the flow are gathered. The data showed high interaction between fluid and structures. The experimen-
tal data is used to validate computational models. The paper presents a structural model based on the
Euler Bernoulli equations. However, they conclude that the model is not accurate yet and more work
is needed to fully couple the structure responses to the pressures of the impact fluid.

[4] studied the behaviour of a pendulum in focused breaking waves. In this research, different stages
of breaking waves are used to move a pendulum. The pendulum is tested in two levels of height. This
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is done by generating waves that breaks at a known position. In this position a pendulum is placed.
The front velocity, front angle and surface elevation is different for each wave. For these waves in
different stages, the excitation of the pendulum is measured. The first stage wave shows no breaking.
For this wave the results are as expected. For waves that are broken further, the results are not as
expected. A stronger correlation was expected between the angle of the pendulum and the wave
characteristics; front velocity, front angle and surface elevation. Why this correlation is absent is not
clear. The study points out that the scaling effects of violent wave impacts are difficult to scale. When
using Froude scaling, for example surface tension, compressability of liquid and gas and mass and
stiffness of structures is not scaled are not scaled correctly. The unpredictability of breaking waves is
also a factor that plays a role. Due to extreme wave events being rare and extrapolating them is not
easy. Due to this, every extreme wave impact is different.

To conclude, for rigid walls, the breaking wave impact forces are well researched in literature. It has
become clear that flexibility of structures influences maximal stresses. However, motion of flexible
structures in breaking waves are not investigated often. The models used in literature do not fully
represent the actual responses of the structures that are found in experiments. It is not clear yet what
phenomena are still missing, or still have to be taken into account for these type of calculations. It is
seen that different types of impact forces influence different parts of the structure in different ways. But
no extensive research is this field has been done.

1.2. Problem statement
As stated in section 1.1 little research in hydro elastic interaction in breaking waves is done. In studies
that are carried out, importance of fluid-structure interaction is determined. However, questions about
the exact fluid-structure interaction are still remaining. Studies have found a lack of relation between
pressure distribution of a breaking wave and the response of the structure. Other studies have com-
pared experiments with a modelled violent wave impact. These studies found that the models are not
accurate enough yet, using well known methods. Multiple studies point out that scaling the effects of
violent wave impacts is difficult.

To conclude, the research gap in this field lies in the effect of the structural properties of a material on
the hydrodynamic impact of breaking waves. In previous research, the characteristics of a structure
are not taken into account. There are no studies done in the past that discover what the structure
itself and its modal motions contribute to the interaction with fluid. In this research, the influence of the
natural frequencies and mode shapes of the structure will be investigated. This will be a first step to
examine the structural characteristics in fluid structure interaction involving breaking waves. If these
characteristics turn out to be important, insight in what phenomena have to be taken into account in
future models is gained.

1.3. Main research question
The research gap that is established in section 1.2, is that it is unknown what phenomena can play
a role in fluid-structure interactions with breaking waves. This study attempts to gain insight into the
structural phenomena that play a role in this type of fluid-structure interaction. In past literature, the
structural characteristics of the material itself is not taken into account yet. This study will focus on the
natural frequencies and mode shapes of structures that are experiencing extreme wave impacts. This
leads us to the main research question:

How is the fluid structure-interaction of a structure in focused breaking waves related to the natural
frequencies and mode shapes of a structure?

1.3.1. Objectives literature study
As a first step, literature study will be carried out. The main objective of the literature study is to gain
insight in how excising models of breaking waves interacting with a pendulum or a beam are build up.
First the dynamics and kinematics of a wave are explained to gain insight in their behaviour. Non dimen-
sional numbers that are important to take into account are determined. After that, detailed modeling
equations are gathered.
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1.3.2. Objectives computational model
The main objective of the computational model is to predict the findings in the physical experiment.
This is important in order to make decisions about the measuring techniques in the tank experiments.
Secondly, the model is also important to use for predictions on the conclusions that will be found with
the tank experiments. A hypothetical experiment will be carried out using the model, in order to already
form an idea of that the outcome will be. The model will also help to analyse the results from the tank
experiments. It will take into account the differences in the testing structures used in the sloshing tank.
More about this can be read in chapter 3.

1.3.3. Objectives physical experiment
The main objective of the experiment is to answer the main research question. In addition, the experi-
ments are used to help understand if the model makes correct calculations.

1.4. Outline report
This report consists of seven chapters. In chapter 2, the used knowledge from literature is presented
and explained. Chapter 3 is about the experiments in the sloshing tank. In this chapter, the details of
the experiments are explained. This will also contribute to understanding what the computational model
will represent. In chapter 4, the model will be verified by comparing its outcomes to known situations
and previous research outcomes. Chapter 5 and 7 will present the results of the experiments of the
model and the tank experiments. Lastly, in chapter 9, the conclusions that can be drawn from the model
and experiments are presented.



2
Literature

In this chapter, important knowledge from earlier research is gathered. First, the wave and impact types
important for this study are explained in section 2.1. In section 2.2, impact from waves on rigid walls
is discussed. In section 2.4 Modeling equations regarding the modeling of waves that are used in the
model of this study are listed and explained. In section 2.5 and 2.6 the modeling equations regarding
the fluid-structure interaction of the pendulum and the plate are explained.

2.1. Wave types
In this study, breaking waves are of interest. Regular waves are a type of wave that follows a sinus
shape and has a constant amplitude, wave period and wavelength. Potential theory is applicable to
these type of waves. When multiple waves meet, their amplitude will sum up. When a wave becomes
large or moves towards shallow water, the wave will become a breaking wave. The characteristics of
the wave changing with changing water depth is called the shoaling effect [15]. As seen in figure 2.1,
when a wave enters shallow water, the velocity of the wave increases tremendously. In section 2.4.1,
more about the modeling of this phenomenon is described.

In maritime engineering, breaking waves are involved at a view types of impact events. These events
are slamming, green water events and sloshing. Slamming is an event where a structure like a ship
drops from air into a water surface rapidly. A green water event is defined as an event where water
slams on deck due to big waves or ship motions. At sloshing, a fluid in a tank forms breaking waves
and impacts the structure of the tank [4]. These types of impact events are also referred to as violent
wave events. In these type of events, fluid structure interaction is important. In this study, sloshing is
of interest. However, slamming and green water are impact types that can be considered when trying

Figure 2.1: Shoaling effect [15].
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2.2. Waves rigid wall impact 6

to answer questions regarding sloshing.

[12] concludes that in slamming, maximum pressure impact can not predict maximum stress in the
material. This is because at higher velocities and pressures, the hydro elasticity plays a big role. The
importance of hydro elasticity also becomes larger when the value of the highest natural period of the
material increases.

[22] has done numerical research regarding sloshing tanks using baffles. Baffles are structures places
in the fuel tanks, in order to reduce themotions of the fluid. With this method the impact of the fluid on the
tanks can be reduced. The structural response of the baffles are investigated in different configurations.
The study concludes that the hydro elasticity of the baffles are of great importance. When taking hydro
elasticity into account displacement and force amplitudes turn out around ten times higher compared to
evaluations without hydro elasticity. This can be explained by the occurring resonance of the structure
with the waves in the fluid. [7] studied the behaviour of sloshing fuel tanks. They investigated the energy
dissipation process of the tank and fluid. A numerical study is done beforehand. Later an experiment is
carried out. The study concludes that the motions of the fluid includes complex and nonlinear behaviour.
For larger amplitude roll motions, wave breaking and violent fluid structure interactions are present.
The experiments show that the fluid motions are damping the roll motion of the tank for small motion
amplitudes and waves. At large motion amplitudes, breaking waves occur. This leads to larger steady
state roll motions of the tank.

In wave interaction problems, the Keulegan-Carpenter (KC) number is often important. This number
describes the relation between the excursion length of the fluid particles and the length of the structure
that is placed in the flow. The KC number is described in equation 2.1. Here u is the velocity of the fluid,
T is the wave period and D is the diameter of the cylinder [16]. The number represents the importance
of inertia forces versus drag forces. For KC numbers over the value of 2, impact is often determined
using the Morison equation.

KC =
uT

D
(2.1)

2.2. Waves rigid wall impact
For regular waves, the wall impact is influenced by the structure of the wall, the water depth, the
seabed and the shape of the wave [21]. For steeper waves, second order terms start to play a role in
the pressure impact of the waves. This is due to asymmetry between wave crests and troughs. This
asymmetry can also be present in deep water. As seen in figure 2.2, the impact pressures on a wall
become asymmetrical. A higher pressure peak can even generate an upward jet of water along the
wall. The pressure peaks contain a few times the energy that would be estimated using the wave height,
ρgh. In conclusion the shape of the wave just before the wave impact influences the wave impact.

2.2.1. Breaking waves
[9] have researched the velocity field of breaking waves experimentally. When a wave is breaking, the
wave crest curls over the wave, creating a jet type of motion. This is called a plunging breaking wave.
These types of wave have a lot of turbulence. The waves show the highest velocities in the top area
near the surface. The development of a breaking wave can be described as a few stages. First the jet
forming stage. After the wave has developed a jet, an air pocket can be trapped in the wave. In the
last breaking stage, the air will mix with the water and will form a turbulent mixture.

[21] looks into the impact forces of a breaking wave. The study has found that the largest water speeds
are present in the overturning crest of the wave, as the overturning of the wave crest results in a jet
of water. The air pocket stage will lead to less impact. A pressure diagram of a breaking wave impact
on a wall over time is given in figure 2.3. In these type of measurements, large variations are present.
This is due to turbulence in the breaking wave, but also because the pressure distribution of the water
is very sensitive to the shape of the wave. The pressure peak is inertia dominated as the timescale is
way to short for gravitational effects to play a role. The pressure peaks that are found have such high
quantities that they cannot be explained by traditional wave theories.
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Figure 2.2: Pressure at a rigid wall of steep non-breaking waves [21].

Figure 2.3: Pressure impact at a rigid wall of a breaking wave [21].
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Figure 2.4: [14]

Figure 2.5: [14]

In the study [14], experiments are done. The impact pressures of a focused breaking wave are mea-
sured over the height of a rigid wall, using different water depths. Different breaking stages of the wave
are investigated, including the flip through, air pocket and and aerated phase. In figure 2.4 a pressure
distribution in z direction is shown for an air pocket type of impact, and a flip through type of impact.
The pressure peaks are high especially at the flip trough impact. A high position above the mean water
level of the largest peak is visible.

In figure 2.5 an overview of impact forces is given for each stage of the breaking wave. The forces are
high especially at the flip trough impact. The study concludes that the flip trough impact only happens
at very specific focal points. They create the biggest pressure peaks. The air pocket stage also creates
large pressure impacts. The impact forces peak at high locations in z direction.

To conclude, impact forces of a breaking wave differ with wave types and stage of breaking of a wave. In
breaking waves, impact pressures can exceed the pressures that would be estimated with hydrostatic
pressure by 10 to 100 times. Themost extreme velocities occur at the flip trough stage. [20] investigates
the flip trough stage of the wave further. This is the stage where the top of the wave starts overturning
and forms a jet. When the wave hits a wall at this stage some interesting dynamics occur. In figure 2.7
the velocities of the fluid are visible. The are three stages, first the wave advancement. In this stage the
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Figure 2.6: Experimental vertical distribution of pressure impulse of breaking wave.

Figure 2.7: The water surface development of a wave turning over at a wall(left).The velocities of the fluid in a breaking wave
hitting a wall with flip trough effect.(right) [20]

wave approaches the wall and the through of the waves increases height. During focusing the through
and the front move toward each other and this causes a big acceleration of the fluid. Finally at the
flip-through phase, the flow forms a jet upwards at the wall. During the focusing stage, accelerations
of 1500g are observed. The impact of the breaking waves over time is similar to the one found in [21].
The pressure has a distribution over the height, shown in figure 2.6. The main impact lies above the
still water line. The variations over the different experiments are large.

To investigate this breaking wave impact further, a pressure impulse model is applied. The model,
originally from [8] is extended with a trapped air implementation. The model is able to predict pressure
impulse quite well with an error around 10 to 25%. However, the pressure peak is difficult to predict.

2.3. Added mass influence natural frequencies
Every structure has a natural frequency. This is a frequency in which an item will vibrate after a force
is exerted on it. [24] performed a study on the influence of the surrounding fluid of a structure, on the
natural frequencies, using a carbon nanotube (CNT). They have found that these natural frequencies of
structures are influenced by their surrounding fluid. When the velocity of the fluid increases, the natural
frequency of the structure will also increase. The viscosity of the fluid also has an influence. When
the fluid velocities are high, the viscosity has a big influence. Larger viscosity’s lead to an increase
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Figure 2.8: [24] Dimensionless natural frequencies with varying dimensionless velocity and viscosity of the fluid.

of the natural frequencies of a system. However, when velocity of the fluid is low, the viscosity barely
influences the natural frequency. This relation is illustrated in figure 2.8.

In general cases, natural frequencies are determined when assuming the structure is surrounded by
air. In the case of this study, structures are (partially) submerged in water at some moments in time.

2.4. Modeling waves
In this section the method used to model the waves is presented. In section 2.4.1 the modeling of
regular waves is shown. In section 2.4.2, it is explained how the breaking waves characteristics are
calculated in the model of this study.

2.4.1. Modeling regular waves
To model regular gravity waves the wave potential is used 2.2 [15]. This potential describes the wave
and can be used to calculate its velocity. By calculating the derivative of the wave potential to x 2.3,
the velocity in x direction is found at any desired location and time. This also holds for the derivative to
z, to find the velocity in z direction 2.4.

Φw =
ζag

ω

cosh k(h+ z)

cosh kh
sin(kx− ωt) (2.2)

∂Φw

∂x
=

ζagk

ω

cosh k(h+ z)

cosh kh
cos(kx− ωt) = u (2.3)

∂Φw

∂z
=

ζagk

ω

sinh k(h+ z)

cosh kh
sin(kx− ωt) = w (2.4)

To find the accelerations in both directions, the derivative of these equations with respect to time are
calculated. This results in 2.5 and 2.6.

∂

∂t
(
∂Φw

∂x
) = ζagk

cosh k(h+ z)

cosh kh
sin(kx− ωt) = u̇ (2.5)

∂

∂t
(
∂Φw

∂z
) = −ζagk

sinh k(h+ z)

cosh kh
cos(kx− ωt) = ẇ (2.6)

2.4.2. Modeling breaking waves
In this model, a measurement of the breaking waves is used. The surface elevation is measured at
the wave gauge. Based on this information, the wave is transformed to its Fourier components. Every
wave component is then modeled as a monochromatic wave. The components are used in linear wave
theory to determine the velocities and accelerations at the tube. The Fourier distribution is calculated
using equation 2.7. For this study, this part of the model is used directly from the model of [6].

f̂(ξ) =

∫ ∞

−∞
f(x) e−2πiξx dx. (2.7)
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To calculate the desired wave data, the following data is gathered from every separate monochromatic
wave: angular frequency, amplitude, phase and wave number. Using this information, the velocities
and wave heights are calculated. First this is done every wave component separately using equation
2.8 to 2.13.

wp = kw · x+ ω · t+ phase (2.8)
h = a · cos(wp) (2.9)
ys = min(h, y) (2.10)

vf =
cosh(kw · (ys+ h0))

sinh(kw · h0)
(2.11)

u = a · ω · vf · cos(wp) (2.12)
dudt = a · ω2 · vf · sin(wp) (2.13)

To calculate the wave height, velocity and accelerations of the total wave, the values found for the wave
components are summed.

2.5. Reduced order model
In this section the equations used for the reduced order models of the pendulum and plate are presented
and explained.

2.5.1. Hydro elasticity
Hydro elasticity is a way to describe the interaction of water impact on a structure. The hydrodynamic
impact pressures are exerted on the structure. The structural response is taken into account by consid-
ering the velocity of the deformation. This way the impact load often turns out smaller [2]. Two types
of modeling are possible. Strong formulation uses a coupled equation of the governing equations of
the fluid domain and the governing equations of the structural domain. This is complicated and very
case specific. The weak formulation solves the problem step by step. The impact is first established
on a rigid structure. From here, the structure response is calculated and taken into account. The first
impact calculation can turn out way to high leading to instabilities in the calculation. In this study hydro
elasticity is applied in the calculations of the pendulum using the weak formulation. In the calculations
of the plate, this implementation will become complex. The model is chosen to take into account the
impact of the fluid, but the motion of the plate does not influence the impact. This simplification will
influence the result of the model. This is why experiments are carries out later on.

2.5.2. Modeling waves pendulum interaction
To model the movement of the pendulum in a breaking waves there are five stages. Rest, water entry,
submerged vibration, water exit and free vibration. For problems with sloshing and a moving structure,
a two-way coupled model is needed. This means the impact influences the motion, and the motion is
coupled back to influence the impact. In this type of problem, the submerged part of the structure is a
function of time. This influences the added mass and drag over time.
For the model a few assumptions are made. The pendulum only has one degree of freedom. Only the
tube part undergoes a force from the moving water. This force is constant over the width of the tank.
The motion of the pendulum is described by equation 2.14. I is the moment of inertia, c the damping
coefficient and k the restoring force coefficient. M is the external moment and theta is the position of
the pendulum.

Iθ̈ + cθ̇ + k sin θ = M (2.14)

I = mL2 (2.15)

The external moment M is modeled by taking the force of the water times the arm of the pendulum.
This is described in equation 2.16. The arm of the pendulum is describes as L.
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M = βFmL cos θ (2.16)

The force on the tube is determined by equation 2.17. The force depends on the velocity u and accel-
eration a, relative to the water. V and A represent the volume and frontal area of the tube. Cm and Cd

represent the added mass coefficient and drag coefficient.

Fm = ρ(CmV a+
1

2
CdA|u|u) (2.17)

In this equation V represents the submerged volume of the pendulum. The acceleration a in this
equation represents the relative acceleration of the pendulum with respect to the wave speed. The
speed u is the also the relative speed of the pendulum with respect to the wave velocity.

The buoyancy and the drag of the air is not included in the model. [6] has concluded that these factors
do not influence the outcome of the model significantly. Entry and exit phenomena of the water are not
taken into account in this model.

2.6. Modeling waves plate interaction
In this section the modeling of the plate is explained further. For simplification, the plate is modelled as
a beam. This is considered an acceptable simplification because the load on the plate will be constant
in y-direction.

2.6.1. Euler-Bernoulli beam theory
For this model the plate will be modelled in 2D, using the Euler-Bernoulli beam theory [1]. The equation
that describes the deflection of the beam is shown in 2.18. In this equation, µ represents the mass per
unit length and EI represents the flexural rigidity. The deflection of the beam in meters is represented by
w. In the case of this research, the plate is homogeneous. This means the equation can be simplified
to 2.19.

∂2

∂x2

(
EI

∂2w

∂x2

)
= −µ

∂2w

∂t2
+ q(x, t) (2.18)

EI
∂4w

∂x4
= −µ

∂2w

∂t2
+ q(x, t) (2.19)

Free vibration
For a free vibrating beam, q(x, t) = 0. The resulting equation is as in 2.20. This partial differential
equation can be solved using separation of variables. Resulting in the general standard solution 2.22.
This equation describes the normal mode of the beam. In this equation ωn is the natural frequency of
the vibration of the beam. There are infinite natural frequencies that all describe a mode of the beam.
The constants An can be solved sing boundary conditions. T (t) is described in equation 2.23. The
total solution is the sum of all the modes 2.24.

EI
∂4w

∂x4
+ µ

∂2w

∂t2
= 0 (2.20)

w(x, t) = W (x)T (t) (2.21)

W (x) = A1 cosh(βx) +A2 sinh(βx) +A3 cos(βx) +A4 sin(βx), with βn =
µω2

n

EI
(2.22)

T (t) = A cos(ωt) +B sin(ωt) (2.23)

w(x, t) =

∞∑
n=1

w(x, t) (2.24)



2.6. Modeling waves plate interaction 13

In this research the beam is clamped, free. This is well known as a cantilevered beam. The boundary
conditions for this configuration are listed in 2.25. The moment of inertia of the beam is shown in
2.26. To approach the solution of this equation, we first look into the free vibration of the beam. This
means there is no external load on the beam q(x, t) = 0. The standard form of the solution is shown
in equation 2.28 [23]. Here, ωn represents the natural frequency of the beam. Each solution using
a natural frequency is called a mode. To approximate the solution, the first few modes are taken
into account. For each mode the solution is calculated. Each wi(x, t) with corresponding ωn forms a
solution.

w(0) = 0, w′(0) = 0, w′′(l) = 0, w′′′(l) = 0 (2.25)

I =
bH3

12
(2.26)

Wn(x) = Cn [sin(βnx)− sinh(βnx)− αn(cos(βnx)− cosh(βnx))] (2.27)

with αn =

(
sin(βnl) + sinh(βnl)

cos(βnl) + cosh(βnl)

)
(2.28)

Forced vibration
When a beam is influenced by en external force, the motion is called a forced vibration. This is the
case in this study. The solution w(x, t) is assumed as 2.29. When filling this in in equation 2.19, this
results in 2.30.

w(x, t) =

∞∑
n=1

W (x)q(t) (2.29)

EI

∞∑
n=1

d4Wn(x)

dx4
qn(t) + µ

∞∑
n=1

Wn(x)
d2qn(t)

dt2
= f(x, t) (2.30)

Wn(x) is the characteristic function of the beam and satisfies equation 2.31. When this equation is
filled in in equation 2.30, this results in 2.32.

EI
d4Wn(x)

dx4
− ω2

nµWn(x) = 0 (2.31)

∞∑
n=1

ω2
nWn(x)qn(t) +

∞∑
n=1

Wn(x)
d2qn(t)

dt2
=

1

µ
f(x, t) (2.32)

Equation 2.32 is multiplied by Wn(x) and there is integrated from 0 to l over the length of the beam x.
This results in equation 2.33. In this equation, Qn(t) and b are defined in equation 2.34 and 2.35.

d2qn(t)

dt2
+ ω2

nqn(t) =
1

ρµ
Qn(t) (2.33)

Qn(t) =

∫ l

0

f(x, t)Wn(x) dx (2.34)

b =

∫ l

0

Wn(x)
2 dx (2.35)

The total term qn(t) is defined by 2.36. The first two terms represent the free vibration of the beam.
The third term represents the steady state vibration that results from the force. In [17], similar model is
used. This paper concludes that the model is not completely correct. This is why experiments will be
carried out.

qn(t) = Ancos(ωnt) +Bnsin(ωnt) +
1

µbωn

∫
Qn(τ)sin(ωn(t− τ))dτ (2.36)
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2.6.2. External force
The external force on the plate is determined by two phenomena. First is the Morison force that the flow
exerts over the structure. This is calculated in the same way as in the reduced order model discussed
is section 2.5.2. A new phenomena that is important in this part of the model in the slamming impact.
This is done by integrating the pressure of the water over the length of the wall. The water pressure
is defined as 2.37 [2]. At the same time the deformation and velocity of the wall must be taken into
account.

P1 +
1

2
ρv21 + ρgh1 = P2 +

1

2
ρv22 + ρgh2 (2.37)

∆p =
1

2
ρ∆v21 (2.38)

EI
∂4w

∂x4
+ µ

∂2w

∂t2
= f(x, t) (2.39)

f(x, t) =
1

2
ρv2waveAwet +

1

2
ρCdAwet

(
vwave −

∂w

∂t

)
+ ρCmVwet

(
v̇water −

∂2w

∂t2

)
(2.40)

In this model, the velocity of the plate itself will be neglected. This assumption will influence the results.
However, in this case the calculation is meant to predict what will happen in the experiment. Taking
into account the velocity and acceleration will make the partial differential equation of the beam 2.39,
very complicated to solve. That is why, for now, we accept the simplification. This results in equation
2.41.

f(x, t) =
1

2
ρv2waveAwet +

1

2
ρCdAwet (vwave) + ρCmVwet (v̇water) (2.41)

2.6.3. Load distribution
As seen in section 2.4.2, the velocities and accelerations are constructed using experimental data.
From this information, the load over the height z of the plate is defined in a load distribution, using the
method described in section 2.6.2. To be able to use this load distribution in calculating the deflections
of the plate, a Fourier decomposition of the load is made [26]. This means the load is decomposed in
a sum of a constant load, and multiple sines and cosines 2.42.

F (t, z) = a0 +

∞∑
n=1

(ancos(nωt) + bnsin(nωt)) (2.42)

The coefficients of the components a0, an, bn are calculated using equation 2.43 to 2.45. This coeffi-
cients represent how much of this component is presents in the distributed load.

a0 =
1

L

∫ T

0

F (t, z) dz (2.43)

an =
2

L

∫ T

0

F (t, z)cos(nωt) dz (2.44)

bn =
2

L

∫ T

0

F (t, z)sin(nωt) dz (2.45)

2.7. Integration and stability pendulum model
For this model a differential equation is solved numerically. First we focus on the model of the pendulum.
To solve this multiple methods are available. These methods have different stability regions regarding
the time step. A small time step will generally lead to more accurate results, but this will also lead to a
long computational time.



2.7. Integration and stability pendulum model 15

2.7.1. Euler forward
For this problem the forward Euler method is first tried. This is the most simple integration method. The
value of the next time step is gained as in equation 2.46.[25] To use this method, the stability region
must be acceptable.

yn+1 = yn + (tn+1 − tn)f(tn, yn) (2.46)

This model is formed by a second-order initial-value problem. To consider the stability, the problem is
transformed to a system of first order differential equations. Equation 2.14 is transformed, leading to
2.48.

y′1 = y2 (2.47)

y′2 = − c

I
y2 −

k

I
y1 +

M

I
(2.48)

This leads to the system 2.49 to 2.51.

A =

(
0 1
−k

I − c
I

)
(2.49)

y =

(
y1
y2

)
(2.50)

g =

(
0
M
I

)
(2.51)

The stability region of Euler forward is established using the eigenvalues of the system.

If |1 + λj∆t| < 1, stability (2.52)

This does not hold for this system, meaning this method is not applicable.

2.7.2. Runge Kutta 4
This method has a larger stability region than the Euler forward method. The integration scheme is as
described in equation 2.53 to 2.57.

yn+1 = yn +
1

6
(k1 + 2k2 + 2k3 + k4) (2.53)

k1 = ∆tf(tn, yn) (2.54)

k2 = ∆tf

(
tn +

1

2
∆t, yn +

1

2
k1

)
(2.55)

k3 = ∆tf

(
tn +

1

2
∆t, yn +

1

2
k2

)
(2.56)

k4 = ∆tf (tn +∆t, yn + k3) (2.57)

The RK4 method is stable when equation 2.58 is satisfied.

−1 ≤ 1 + x+
1

2
x2 +

1

6
x3 +

1

24
x4 ≤ −1, where x = λ∆t (2.58)



3
Sloshing tank experiments

In this chapter, the experiments that will be done in the Sloshing Rig of the faculty Mechanical engineer-
ing at the TU Delft will be explained. The results will be discussed in chapter 7. The model discussed
in chapter 5, will be a simplified computational model of the situation in the tank. This chapter will
therefore also give insight in the setup of the model.

3.1. Setup experiment
The aim of the experiment is to gain insight in the structural responses of a flexible material in breaking
waves. In this case the material is stainless steel. Structures with varying natural frequencies will be
used to gain insight in the influence of the structures own characteristics on the response motion.

The experiments will consist of testing steel plates with different natural frequencies. In the experiment,
four stages of wave breaking will be tested. These wave stages are illustrated in figure 3.1 [5]. The
different wave types will be generated by using different focus points in x direction. The experiment will
be done four times with the four different plates described in section 3.1.1.

3.1.1. Set up
For this experiment the Sloshing rig of the TU Delft is used. By moving the tank in x direction, waves
will be generated. This generated wave will break at the desired location. This is explained in more
detail in section 3.1.2. At the desired location, the structure is placed so that the clearance to the
water level is at the desired value. After wave impact, the wave will dissolve over time. This set up is
shown schematically in figure 3.2. To clarify the configurations, a similar figure including the different
configurations is shown in figure 3.3

We now look further into the structures that are placed in the breaking waves. In this experiment, it is
important that the parameter of interest is varied. It is important that by doing this, all other variables
are kept constant. The variable of interest is the natural frequency of the structure. A few aspects are
important to take in to account when changing the natural frequency. The natural frequency for a plate
clamped - free is described in equation 3.1. When the length or thickness of the plate is changed, the
natural frequency is changed. However, this will also influence the total weight of the plate, the wet
area and the moment of inertia of the plate. In order to handle these effects, the following set up for
the structures is designed.
For the plate, four different thicknesses are used to vary the natural frequency. The clearance between
the water level and the plate will always stay constant. Changing the thickness does mean that the
stiffness of the plate will vary, this influences the displacement. This effect will be accounted for in the
data analysis. The width of the plate is kept the same over all tests and the plate is almost as wide as
the tank in order to reduce 3D effects. A schematic image is shown is figure 3.4 and 3.5.

The structure is installed so that the force and the moment on the plate can be measured. The force on

16
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Figure 3.1: Four stages of breaking waves

Figure 3.2: Experiment with plate, schematically.
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Figure 3.3: Experiment with plate, showing the positions of the plate in different configurations.

Figure 3.4: Set up experiment with plate, side view of the different plates

the plate is measured in x direction. The installation is shown schematically in figure 3.6. In this image
the placement of the wave probes is shown as well. Also the dimensions of the plate inside the tank
are indicated. In figure 3.7, the placement of the camera is shown. The camera is placed here due to
the limited space, caused by the frame that moves the rig. With a mirror, the frame will be visible as
indicated. Lastly, the force measurement set up is show in more detail in figure 3.8.

ωn = β2
n

√
EI

µ
(3.1)

Figure 3.5: Set up plate, frontal view



3.1. Setup experiment 19

Figure 3.6: Set up of the rig for the experiment

Figure 3.7: Set up of the rig with cameras
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Figure 3.8: Set up of the force measurement system

3.1.2. Wave generation
The waves used in this experiment will be generated using a motion of the tank in x direction. Each run,
the motion of the tank will be identical. The aim is for the wave to be identical as well in each run. For
each wave type that is tested, the breaking stage differs at the location of the structure. This is done
by placing the structure at a different locations in x-direction.

The wave will break on the same location each time. The four structure locations will be at −0.05m,
0.00m, 0.05m and 0.10m oriented from the midpoint of the tank. The breaking process of the wave will
take some time and space to develop. In order to make the wave break at the desired location, the
tank is moved in a sinusoidal motion in x direction. This movement in the experiment will be the same
as in the simulation in ComFLOW. This ComFLOW simulation is described in table 3.3. Due to the
size of the wave with respect to the water depth, the wave will break. The process of the breaking
wave as designed in ComFLOW is illustrated in figure 3.9. The exact breaking process can be different
in different runs, even for the same waves. This is why the wave heights will be measured at the
experiment. In this experiment, it is the intention to make the same wave every time. Only the focus
point differs, this results in different characteristics at the location of the structure. To keep an overview
of which wave configuration is which, the different structure -wave positions are given in table 3.1. In
this table the clearance represents the distance in z-direction between the bottom of the structure and
the still water surface. xf represents the distance in x-direction between the breaking location of the
wave and the structure

Table 3.1: Locations of the plate in breaking waves

Configuration clearance z (m) xf (m)
000 0.025 0.0
005 0.025 0.05
010 0.025 0.10
105 0.025 -0.05

3.1.3. Measuring
To analyse the desired phenomena in this experiment, the rise time and quantity of the horizontal impact
force will be measured. The rise time means the time period in with the force on the plate increases
from zero to its maximum value. This rise time of the wave force is measured because there must be
looked in to the natural period of the structure relative to the rise time of the force in order to make
useful comparisons between the different plates.

In addition, the deflection and frequency of the motion of the plate will be measured with a camera. The
camera will film the impact process. From these images the deflections over time can be measured.
Lastly, it is important to measure the wave. The wave must behave the same each time the test runs.
To make sure this is the case, the wave is measured each time. This is done using wave probes.
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3.2. Experiment and waves simulation
To create the desired wave in the sloshing tank, a 2D simulation in ComFLOW is done. To conduct this
simulation, a geometry representing the the sloshing rig and a plate is made. The dimensions of the
geometry can be found in table 3.2. The additional information of the simulation can be found in table
3.3.

Table 3.2: Input geometry ComFLOW

x y z
Slosh rig 0.0, 0.7 0.0, 0.2 0.0, 0.496
Beam 0.34, 0.35 0.0, 0.2 0.170, 0.496

Table 3.3: Input data ComFLOW

Water level 0.145 m
Motion x frequency 0.6 s−1

Motion x amplitude 0.055 m
Runtime simulation 3 s

The simulation output is viewed in Paraview. The wave is showing the correct breaking location. This
is illustrated in three time snapshots in figure 3.9.

The forces on the plate are also evaluated in ComFLOW. The force on the plate is plotted over time in
figure 3.10. In reality, the motion of the slosh tank will be stopped after the first impact of the wave on
the beam. The water will continue to move, but these impacts are not of interest. In figure 3.10, the
forces on the beam, calculated by ComFLOW are shown. They are shown for the configurations 000,
005, 010 and 105. In ComFLOW, only a rigid beam is used to predict the forces.

In figure 3.11 the pressure on the beam is plotted. The x axis represents the length of the beam. For
clarity of the image, not the whole length is plotted. The different lines represent different moments in
time. This is plotted for configuration 000.

In figure 3.12, the pressure is plotted over time. Here, the different line represents the different points
on the height of the beam. This is plotted for configuration 000.

3.3. Planning experiments
During the experiments, each plate will be tested using different wave breaking stages. This is done to
investigate if the effects are the same at different load distributions. In table 3.4, an overview of all the
test configurations is given.
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Figure 3.9: Predicted wave impact ComFLOW, three different time points
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Figure 3.10: Predicted force by ComFLOW on the plate over time.
Top left: configuration 105.
Top right: configuration 000.

Bottom left: configuration 005 .
Bottom right: configuration 010

Figure 3.11: Predicted pressures on the plate over length



3.3. Planning experiments 24

Figure 3.12: Predicted pressures on the plate over time, at different heights

Table 3.4: Timetable Plate tests

Test configuration repetitions
Plate 1 000 3
Plate 1 005 3
Plate 1 010 3
Plate 1 105 3
Plate 2 000 3
Plate 2 005 3
Plate 2 010 3
Plate 2 105 3
Plate 3 000 3
Plate 3 005 3
Plate 3 010 3
Plate 3 105 3
Plate 3 000 3
Plate 3 005 3
Plate 3 010 3
Plate 3 105 3



4
Previous experiments and model

verification

In this chapter, a short description of the experiments of [5] and [6] is given. In section 4.1, the model
used for the pendulum is verified using the findings of [5]. In section 4.2, the model of the beam is
verified using reference simulations.

4.1. Pendulum model
In previous research [5], a pendulum is used to represent a structure in waves in a simplified manner.
The pendulum is a simplification of a structure that experiences a transition from dry to wet, then vibrates
in a wet condition. After that the pendulum experiences a transition from wet to dry, and a vibration in
dry condition occurs. This means the pendulum will experience added mass and added damping, due
to the surrounding water. In this section, the model of this study is compared to the results of [5].
The model is based on the equations described in section 2.5.2. The equations are discretized to use
in a numerical calculation using equation 4.1 to 4.4.

Iθ̈ + cθ̇ + k sin θ = M (4.1)

θ̈ =
M − cθ̇ − k sin θ

I
(4.2)

θ̇n+1 = θ̇n + dt
(
θ̈n
)

(4.3)

θ̇n+1 = θ̇n + dt

(
M − cθ̇ − k sin θ

I

)
(4.4)

4.1.1. Pendulum in monochromatic waves
To validate the model that calculates the motion of the pendulum, the model of this study is used to
recreate the findings of [5]. The motion of the pendulum is calculated using the reduced order model as
in chapter 2.5.2. For this experiment the center of the pendulum is 1 cm above the mean free surface.
The pendulum has a radius of 2.5 cm. The length of the pendulum is 1.05 m and the width is 1.5 m. The
natural period of the pendulum T= 2.06. Parameters that are relevant are k = 31.7 Nm/rad, I = 2.17
kg m2, c = 0.205 ms/rad. Cd = 2, Cm = 1. The natural period of the pendulum is T = 2.06 s
The waves used in this experiment are of length λ = 1, 3, 5 and 7m. with an amplitude of 45 mm,54
mm, 50 mm, and 45 mm respectively. At t=0, the wave height is 0 at the location of the pendulum. The
wave for λ = 7 is plotted in figure 4.1.

In figure 4.2, the responses of the pendulum in all wavelengths are shown. The motions are in agree-
ments with the data of [5]. The motions calculated by this study are shown in figure 4.3. Besides the
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Figure 4.1: Wave height over time of waves λ = 7m

verification of the model, a few things can already be learnt from these experiments. For λ = 7, Twave =
2.51 s. This is higher than the natural period of the pendulum. As seen in the results, a different fre-
quency motion shows in the motion of the pendulum. For λ = 5, Twave = 1.94s. For this motion the
amplitude is increasing due to the waves. This means for a wave period (almost) equal to the one
of the pendulum is causing resonance. For the waves of 3m, the wave period is 1.41s. This means
that the waves are out of phase with the pendulum and the response decreases a bit over time. For
the smallest waves of 1m length, the wave period is 0.80 s. The motion of the pendulum shifts to the
positive angle.

4.1.2. Pendulum in breaking waves
The pendulum is now exposed to a breaking wave. This is done similar to the experiments in [6]. The
modelled wave and pendulum is identical to the one in the previous study. In this experiment, the
modelled wave is the same each time. Only the location of the pendulum is varied. The pendulum is
located at four different x locations. On each of these locations the pendulum is varied at two different z
locations. The locations in x direction make sure that the pendulum undergoes different stages of wave
breaking, as the breaking of the wave develops over time and distance. The locations of the pendulum
are shown in table 4.1. The clearance indicates the distance between the mean water surface and the
bottom of the pendulum. The xpen is at 0 m when the breaking process of the wave starts exactly at the
location on the pendulum. At xpen = −1.5m the wave is the most furthered in breaking when meeting
the pendulum.

Configuration clearance (m) xpen (m)
500 0.05 0.0
505 0.05 -0.5
510 0.05 -1.0
515 0.05 -1.5
605 0.1 -0.5
610 0.1 -1.0
615 0.1 -1.5

Table 4.1: Locations of the pendulum in breaking waves

The velocities and wave elevation at the desired points aremeasured in an experiment [6]. This data will
be used to calculate the expected motions of the pendulum. To illustrate, in figure 4.4, the wave eleva-
tion and velocity at x = −0.5m are shown. It must be taken into account that the Fourier reconstructions
of the wave shape do not result in a highly accurate model of the wave. Also at the configurations 510
and 520, the wave has a lot of air- water mixing. This results is less accurate measurements of the
wave gauges.

The motion of the pendulum is calculated using the reduced order model as in chapter 2.5.2. The
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Figure 4.2: Theta (left column) and theta dot (right column) vs time with pendulum in surface of different waves.
Top row: λ = 7, second row: λ = 5, third row: λ = 3, fourth row: λ = 1
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Figure 4.3: On the top two row, the wave elevations of 2 wauge gauges are plotted. On the bottom row, the response motion
of the pendulum is shown. Results of the study [5]

Figure 4.4: Wave elevation and water velocity at location x=-0.5m.
left: Wave elevation, right :Velocity
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resulting motions are plotted in figure 4.5. The motions are in agreement with the findings of [6]. The
results of this previous study are shown in figure 4.7. However, the study also shows that the model
results have an error at the configurations that include air- water mixing. This is due to the inaccuracy
of the measurements as stated before.

From this experiments, a few things can be learnt. The more wave breaking is developed, the higher
the velocities are in the crest of the wave. This can lead to larger impacts on the pendulum. However, a
further stage of wave breaking also comes with more air- water mixture. The air can lead to a decrease
of the impact. When surface elevation of the wave is larger, the pendulum travels a longer road while
submerged. In this case, the pendulum can be impacted by a force in the negative direction as well.
This is due to the different velocity directions inside the breaking wave. This can lead to lower response
angles than expected. At the higher clearance position, the pendulum is impacted by a higher part of
the wave, with higher velocities. The pendulum is however impacted over a shorter amount of time,
possibly leading to lower total impact.

As seen in the figures, the highest response angle is found at configuration 510 and 505. The response
at 515 being lower can be explained by the less accurate measurements of the wave velocity at highly
developed breaking waves. It is also possible that the counteracting force is relatively higher at config-
uration 515.

At the high clearance responses, the further the wave is broken, the lower the response of the pendulum.
In experiments [5], it turns out the reduced order model overestimates the response for configuration
505, 510, 600 and 605.
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Figure 4.5: Resulting pendulum motion for low clearance configuration.
Top left: configuration 515. Top right: configuration 510. Bottom left: configuration 505. Bottom right: configuration 500.
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Figure 4.6: Resulting pendulum motion for high clearance configuration.
Top left: configuration 605. Top right: configuration 610. Bottom: configuration 615.
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Figure 4.7: Response motion of pendulum in breaking waves, model and experiment. Findings of the study [6].
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Figure 4.8: Schematic cantilevered beam

4.2. Beam model
In this section we look further into the model of the beam experiencing an impact of a breaking wave.
The breaking wave is identical to the one used for the pendulum models. The beam is modelled using
the equations described in section 2.6. The equations are discretized for numerical calculations using
the method described in equation 4.5 to 4.11.

d2qn(t)

dt2
+ ω2

nqn(t) =
1

ρµ
Qn(t) (4.5)

dv

dt
=

1

ρµ
Qn(t)− ω2

nqn(t) (4.6)

v =
dq

dt
(4.7)

vn+1 − vn

dt
=

1

ρµ
Qn(t)− ω2

nq
n (4.8)

qn+1 − qn

dt
= vn (4.9)

vn+1 =
dt

ρµ
Qn(t)− ω2

nq
n ∗ dt+ vn (4.10)

qn+1 = vn ∗ dt+ qn (4.11)

4.2.1. Known distributed load
To verify the model, a theoretical beam in a known situation is tested. Assume a beam with length
l = 0.85 and a thickness th = 0.005. The value of E is 106. For this test, a distributed load is applied on
the beam. The load is constant over the length of the beam. The load increases slowly over time, until
it reaches 2N/m. The beam is a cantilevered beam, with a distributed load that is constant over length,
but not over time. The schematic image of the beam with load is given in figure 4.8. The development
of the beam over time is illustrated in figure 4.9.

In the situation of a cantilevered beam, with a constant distributed load, a well known equation 4.12
can be used [13]. This results in w = 25.6m.

w =
ql4

8EI
(4.12)
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Figure 4.9: Distributed load on the beam over time

Figure 4.10: Deflection w of the beam, test situation. Left: using numerical method. Right: using Duhamels integral

The model is tested, using the load given in figure 4.9. This is done using the numerical method pre-
sented in section 2.6 and 2.7. The result of w is given in figure 4.10 a.

The simulation is conducted a second time using an analytic method. This method uses the Duhamel
integral 4.13. As seen in figure 4.10 b, the results of the deflection w over time show strong agreement
with the results of the numerical method. This indicates that the model gives desirable results.

qn(t) = Ancos(ωnt) +Bnsin(ωnt) +
1

µbωn

∫ t

0

Qn(τ) sin(ωn(t− τ)) dτ (4.13)

4.2.2. Breaking wave load
Now that the model gives the desired results in the situation that is described, the beammust be applied
to the situation of the wave impact. The wave impact is not constant over the height of the beam. The
load distribution of the beam in the wave is shown in figure 5.6. In order to take this load into account,
a Fourier transform of the load in z direction is used. This is done as described in section 2.6.3.

4.2.3. Deflections over length
If modelled correctly, the beam should move according to its natural mode shapes. These are the mode
shapes that correspond with the cantilevered beam. These mode shapes are known. These modes
lead to the movement shapes plotted in figure 4.11 [28].
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Figure 4.11: Shapes of cantilevered beam [28]

Figure 4.12: Shape of the beam at different points in time.

We will now look into the beam model using the load of the breaking wave. At configuration 505, the
beam shows the deflections over the length of the beam, shown in figure 4.12. In the figure, the shapes
can be spotted form different modes. This results are as desired from the model.



5
Results model experiments

Previous to the experiments in the tank, an experiment is carried out using the model described in
section 2.5. This model experiments are important for multiple reasons. The results of the model will
predict what happens during the experiments in the tank. This is important to choose the correct mea-
suring devises and gain insight in the feasibility of the results. Secondly, the model and the experiments
will be used jointly to form conclusions and answers on the research questions.

5.1. Pendulum model
First, an experiment with pendulums of different natural frequencies is used. The same model of the
pendulum is used as in chapter 4. Also, for this modeling experiments, the same waves and config-
urations are used as described in chapter 4. In table 5.1, the used variations of the pendulum are
shown. The point of this experiment is to see if the rise time of the force and the natural frequency
of the pendulum has influence on its motion. Note that only the effective length is varied. The actual
length of the pendulum stays the same, leading to the same interaction location with the water each
time. This length is 0.6 m. The effective length means, in this experiment, the length used to calcu-
late the response motion of the pendulum. The experiment is done three times using 3 wave impact
moments, configuration 505, 515 and 605. These configurations are chosen because their results turn
out more accurate when compared to the experiment in [6]. The impact forces at the location of the
pendulum are plotted in figure 5.2.

Table 5.1: Effective lengths pendulum

Test Effective length pendulum (m) Total mass (kg)
1 0.46 9.86
2 0.48 9.86
3 0.51 9.86
4 0.53 9.86

5.1.1. Configuration 505
In figure 5.3, the deflections of the pendulums with different effective lengths are shown. They undergo
the wave impact at configuration 505. The load on the pendulum over time is plotted in figure 5.2. In
table 5.2, the maximum deflections and kinetic energy of the pendulum motion are listed.

5.1.2. Configuration 515
In figure 5.4, the deflections of the pendulums with different effective lengths are shown. They undergo
the wave impact at configuration 515. The load on the pendulum over time is plotted in figure 5.2b. In
table 5.3, the maximum deflections and kinetic energy of the pendulum are listed.
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Figure 5.1: Velocity of the water at starting location of the pendulum over time, configuration 505

Figure 5.2: Impact load at pendulum over time.
Top left: configuration 505
Top right: configuration 515
Bottom: configuration 605
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Figure 5.3: Deflections of pendulums with different effective lengths at configuration 505
Top left: leff = 0.46
Top right: leff = 0.48
Bottom left: leff = 0.51
Bottom right: leff = 0.53
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Figure 5.4: Deflections of pendulums with different effective lengths at configuration 515.
Top left:leff = 0.46 m
Top right:leff = 0.48 m
Bottom left:leff = 0.51 m
Bottom right:leff = 0.53 m
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Table 5.2: Maximum deflection and kinetic energy for each pendulum, configuration 505

Configuration Effective length pendulum (m) Natural freq. (s−1) Max. deflection (◦) Max Kinetic Energy (J)
505 0.46 4.62 10.9 2.5828
505 0.48 4.52 11.3 2.5086
505 0.51 4.38 11.8 2.4026
505 0.53 4.30 12.1 2.3310

Table 5.3: Maximum deflection and kinetic energy for each pendulum, configuration 515

Configuration Effective length pendulum (m) Natural freq. (s−1) Max. deflection (◦) Max Kinetic Energy (J)
515 0.46 4.62 11.2 2.6850
515 0.48 4.52 11.6 2.6066
515 0.51 4.38 12.1 2.4887
515 0.53 4.30 12.4 2.4186

5.1.3. Configuration 605
In figure 5.5, the deflections of the pendulums with different effective lengths are shown. This time,
they undergo the wave impact at configuration 605. The load on the pendulum over time is plotted in
figure 5.2c. In table 5.4, the maximum deflections and kinetic energy of the pendulum are listed.

Table 5.4: Maximum deflection and kinetic energy for each pendulum, configuration 605

Configuration Effective length pendulum (m) Natural freq. (s−1) Max. deflection (◦) Max Kinetic Energy (J)
605 0.46 4.62 10.8 2.3479
605 0.48 4.52 11.1 2.2672
605 0.51 4.38 11.5 2.1514
605 0.53 4.30 11.7 2.0773
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Figure 5.5: Deflections of pendulums with different effective lengths at configuration 605
Top left: leff = 0.46 m
Top right: leff = 0.48 m
Bottom left: leff = 0.51 m
Bottom right: leff = 0.53 m
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Figure 5.6: Distributed load that the wave would exert at a certain time point, configuration 505 0 = h0

5.2. Beam model
The model of the beam is also used for an experiment. This time the natural frequencies of the beam
are varied. This is done by varying the effective length of the beam. In this case the effective length
means the length used to calculate the response motions of the beam. The real length of the beam is
kept constant. This means that the location of interaction with the wave stays the same. The impact
location of force from the wave at beam also stays constant. In table 5.5 the effective lengths and
corresponding natural frequencies are listed. These are the natural frequencies of the first mode of the
beam. This will be the mode that is dominant in the motion of the beam.

For now, the beam is chosen with a length of 0.4 m and a width of 0.4 m. The thickness is 0.5 mm. The
value of E is based on the average E value of stainless steel, E=1600000000000. For now there is only
looked into the influence of the effective length, not into the actual deflections of a realistic beam. The
model still shows a bit of instability. This will be improved later in the study.

Table 5.5: Natural frequencies plate

Test Effective length (m) 1st Natural frequency plate (s−1)
1 0.4 17.9
2 0.45 15.0
3 0.5 12.8
4 0.55 11.12

5.2.1. Distributed load
Figure 5.6 shows the load that is exerted by the wave on to the beam when the beam is placed in
configuration 505. In this figure the load is shown over the theoretical height of the wave, where 0 is
the mean surface h0. This load represents the load that the wave would exert at a certain theoretical
height. Note that the beam will only interfere with the wave at h = 0.05 or h = 0.1 to h = hwave. This
wave model is based on the equations described in 2.4.2. In figure 5.7, the magnitude of the load at
the bottom point of the plate is shown over time. This is also at configuration 505.

5.2.2. Configuration 505
The first configuration that is tested is 505. The effective lengths from table 5.5 are tested. The deflec-
tions of the beam over time are plotted in figure 5.8. These deflections are the deflections at the free
end of the beam. In figure 5.9, the deflections over the length of the beam are plotted.

5.2.3. Configuration 515
The next configuration that is tested is 515. The l=effective lengths from table 5.5 are tested. The
deflections of the beam over time are plotted in figure 5.10. In figure 5.11, the deflections over the
length of the beam are plotted.
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Figure 5.7: Load at lowest point of the plate over time 505

Figure 5.8: Deflection of the beam at the free end over time.
Top left: leff = 0.40 m
Top right: leff = 0.45 m
Bottom left: leff = 0.50 m
Bottom right: leff = 0.55 m
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Figure 5.9: Deflection of the beam over its length at multiple time steps.
Top left: leff = 0.40 m
Top right: leff = 0.45 m
Bottom left: leff = 0.50 m
Bottom right: leff = 0.55 m

Figure 5.10: Deflection of the beam at the free end over time.
Top left: leff = 0.40 m
Top right: leff = 0.45 m
Bottom left: leff = 0.50 m
Bottom right: leff = 0.55 m
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Figure 5.11: Deflection of the beam over its length at certain time points.
Top left: leff = 0.40 m
Top right: leff = 0.45 m
Bottom left: leff = 0.50 m
Bottom right: leff = 0.55 m



6
Predictions Sloshing tank experiment

In this chapter, the motion of the plate for the situation in the sloshing tank is modelled. From this
prediction, the plate dimensions are decided. The chosen dimensions are listed in table 6.1. The mass
of stainless steel is assumed as 7500 kg/m3. E is assumed as 195 000 MPa.

Table 6.1: Dimensions plates experiments

Plate length (mm) width (mm) thickness (mm)
1 300 199 0.4
2 300 199 0.5
3 300 199 0.6
4 300 199 0.7

To predict the outcomes in the tank, each beam is modelled at each configuration. In figure 6.1 to 6.4,
the motion of the bottom point of the beam is plotted over time for configuration 000. This is predicted
using the beam model for each beam separately. The rest of the configurations are given in appendix
A.

In table 6.2, a summary of the maximum deflections at the bottom of the plate are given. The natural
frequencies are also calculated for each beam and given in table 6.3.

Table 6.2: Deflections plates experiments

Plate Configuration Max. deflection (mm)
1 105 6
1 000 18
1 005 45
1 010 78
2 105 4
2 000 12
2 005 28
2 010 45
3 105 3
3 000 7.5
3 005 18
3 010 30
4 105 2
4 000 5
4 005 14
4 010 20
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Figure 6.1: Motion bottom point of 0.4mm beam over time

Figure 6.2: Motion bottom point of 0.5mm beam over time

Figure 6.3: Motion bottom point of 0.6mm beam over time
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Figure 6.4: Motion bottom point of 0.7mm beam over time

Table 6.3: Natural frequencies plates experiments

Plate Natural frequency (Hz)
1 5.26
2 5.88
3 7.14
4 8.33



7
Results sloshing tank experiment

In this chapter the experiments in the sloshing tank are discussed. In section 7.1, the final setup of the
sloshing rig is shown. In section 7.2, the calibrations of the camera and the sensors is explained. In
section 7.3, the outcome data of the measurements is shown.

During testing with a closed tank, the air pressure became high at the side of the tank where the wave
was traveling to. It caused the plate to move in the opposite direction. This caught the attention and
adjustments had to be made. After that, the experiments are conducted using a tank partially open
at the top. This caused that only the configurations 00, 105 turned out to be possible to measure.
Configuration 010 is also measured, using the wave that hit the side of the tank, and returned back
the other direction, and then hit the construction. This is why the impact is not comparable with the
ComFLOW results. The new ComFLOW prediction of configuration 000 can be found is chapter 8.

7.1. Set up experiment
In figure 7.1 the total set up of the rig is shown. In figure 7.2 The wave height meters and camera
placement can be seen. In this image, the adjustment regarding the openings on the top of the tank are
visible. The configurations that were possible to conduct after the alterations are shown schematically
in figure ??. Lastly the setup of the force sensors and the attachment system for the plate can be seen
more clearly in figure 7.4.

7.2. Calibrations
Before starting the experiments, all sensors are calibrated. It is important to know how accurate the
sensors are. The force sensors show 0.035 % deviation in the calibration. The wave height sensors
show 0.36 % deviation. Working with the wave height meters was not ideal. Due to difficulties starting
up, the calibration of the sensors took place a week before starting the actual measurements. After the
calibration, the sensors continue to corrode as they are staying in the tank. This causes the sensors
to give slightly different results over time. This can be seen in the results. However, the focus of the
wave height meters is to measure the repeatability of the wave. When analysing the repeatability, the
runs of the same day are used to compare to each other. The water height in the tank was measured
each testing day manually, to make sure it was still at 145 mm.

7.2.1. Calibration camera
The camera is set up as seen in figure 7.2. The camera is meant to measure the deflection of the beam.
The camera covers an area of 8 cm wide and 5.5 cm height. To make a reference of the position of the
camera view, there are placed three dots in the view of each camera. This is to see if the camera has
not rotated or vibrates during operation. This reference frames are shown in figure 7.5.

To calibrate the camera, images are made using a ruler. Using this images, the real life distance of a
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Figure 7.1: Overall view of the Sloshing rig
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Figure 7.2: Setup of the wave height meters and camera placement.

Figure 7.3: Schematic of conducted configurations of the plate positions.
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Figure 7.4: Setup of the force sensors
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Figure 7.5: Example of a camera image. This is plate 0.6. The reference squares are visible.

pixel is determined. Due to the fishbowl effect, the distance at the sides of an image can differ from the
distances in the middle of the frame. In table 7.1 an overview is given of the calibrated camera. The
deviation of the measured distance on the sides of the image will be 1.14 % at maximum. However,
when measuring a deflection in a corner, the distance is measured from the middle of the frame to the
side. So on average the deviation will be less.

7.3. Measurements
In this section, the results of the measurements are presented. In section 7.3.1, the repeatability of the
waves is discussed. In section 7.3.2, the results of the camera and force sensors are discussed.

7.3.1. Wave
In this section we will verify to what extend the wave is the same in eachmeasurement. In this study, the
wave impact for different types of structures is researched. To make a valuable comparison between
the wave impact on the different plates, the wave must be as equal as possible at each run.
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Table 7.1: Camera calibration. Deviations at sides of the frames.

Position Distance (cm) Distance/pixel (cm) Deviation from center (cm) Deviation (%)
Overall 7 0.004830
Left side of the image 1 0.004868 -0.00005505 -1.144
Center of the image 1 0.004813
Right side of the image 1 0.004823 -0.00001025 -0.213

In this experiments the wave is measured by two wave height sensors, named whm 6 and whm 7.
These show the height of the wave over time. In figure 7.6 and 7.7, a plot of the wave height is given
over time. In this figures, 9 wave measurements on one day are plotted in one figure. Here, the
repeatability of the wave can be judged. The impact of the wave takes place at around 2.3 seconds for
configuration 000 and 005 , for configuration 010, the impact takes place at around 2.9 seconds, this
will be further explained in section 7.3.2.

In table 7.2 and 7.3, the peaks of the wave heights are listed for each measurement. From this data,
we can conclude that the wave heights have a mean deviation of 0.76% at the third peak. This peak
is the impact moment of the wave on the plate. After the third peak, the deviation become larger, as
seen on the plot. This is due to the non linearity’s in breaking waves. This causes small differences in
the waves to lead to bigger effects.

Table 7.2: Wave peaks from 5 different measurements of the wave whm 6

Peaks 1 2 3
Wave 1 height(cm) 16.40 11.01 21.94
Wave 2 height(cm) 16.43 11.01 22.20
Wave 3 height(cm) 16.46 10.98 22.37
Wave 4 height(cm) 16.50 10.95 22.41
Wave 5 height(cm) 16.53 10.92 22.46

Average deviation (cm) 0.0404 0.0319 0.1649
Average deviation (%) 0.25% 0.29% 0.74%

Table 7.3: Wave peaks from 5 different measurements of the wave whm 7

Peaks 1 2 3
Wave 1 height(cm) 15.86 12.20 19.99
Wave 2 height(cm) 15.89 12.18 20.14
Wave 3 height(cm) 15.90 12.16 20.20
Wave 4 height(cm) 15.91 12.15 20.27
Wave 5 height(cm) 15.94 12.13 20.37
Average deviation 0.0218 0.0205 0.1038

Average deviation (%) 0.14% 0.17% 0.51%
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Figure 7.6: Different measurements of the wave in the sloshing rig on day one of testing whm 6

Figure 7.7: Different measurements of the wave in the sloshing rig on day one of testing, whm 7
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7.3.2. Wave impact
In this section the measurements of the impact of the wave are given. During the tests, it turned out that
the closed tank was not possible to work with. The traveling wave influenced the local air pressures on
the two sides of the plates, due to the air not being able to escape easily trough the sides of the plate.
This is logical because the plate only had a millimeter free on the sides. One of the tank plates had to
stay open on both sides at the top of the tank.

This is why for configuration 010, the wave that traveled backwards, after hitting the side of the tank, is
used for this measurement. This includes a bigger wave impact than expected. This does add a wider
range of measurement points for the data.

Before testing the impacts on the plate, the natural frequency of each plate is measured. This is done
because the prediction of the natural frequency can be different than in real life. The plate could have
a slightly different type of stainless steel and the construction of the plate hanging on its force sensors,
could influence its natural frequency as well. In table 7.4, an overview is given.

Plate Nat. Freq. (Hz)
0.4 3,64
0.5 4,40
0.6 5,26
0.7 5,50

Table 7.4: Measured natural frequencies of the four different plates

Force sensors
In figure 7.8 to 7.10, the total horizontal force, measured by force sensors 2 and 3, is plotted over time
for the four different plates in configuration 000, 005 and 010. In each figure, the three runs of the same
situation are plotted. Force sensor 1 measures the moment that the total force exerts on the plate, this
is not taken into account for now.

In table 7.5, the maximum values of the forces are summarized. These are the average values of three
runs.

Plate Configuration Max Force average (N)
0.4 000 -3.37

105 -2.77
010 3.74

0.5 000 -4.07
105 -2.29
010 6.81

0.6 000 -5.74
105 -3.67
010 8.48

0.7 000 -6.38
105 -3.84
010 10.62

Table 7.5: Maximum horizontal force exerted on the plate
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Figure 7.8: Total horizontal force on plates with thickness 0.4 mm, 0.5 mm, 0.6 mm and 0.7 mm. Configuration 000.
Top left: th = 0.4mm
Top right: th = 0.5mm
Bottom left: th = 0.6mm
Bottom right: th = 0.7mm
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Figure 7.9: Total horizontal force on plates with thickness 0.4 mm, 0.5 mm, 0.6 mm and 0.7 mm. Configuration 105.
Top left: th = 0.4mm
Top right: th = 0.5mm
Bottom left: th = 0.6mm
Bottom right: th = 0.7mm
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Figure 7.10: Total horizontal force on plates with thickness 0.4 mm, 0.5 mm, 0.6 mm and 0.7 mm. Configuration 010.
Top left: th = 0.4mm
Top right: th = 0.5mm
Bottom left: th = 0.6mm
Bottom right: th = 0.7mm
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Deflection
The deflection of the plate is measured for each different run. In table 7.7 all the measured deflections
are listed. Using the data, the standard deviations are calculated for each configuration. They are also
listed in the table.

A table of the average maximum deflections for the plates is given in table 7.6. These values are the
average over three runs per configuration.

Plate Configuration Max Deflection (cm)
0.4 000 2,18

105 1,44
010 4,44

0.5 000 1,67
105 0,87
010 3,75

0.6 000 1,43
105 0,82
010 2,64

0.7 000 1,31
105 0,72
010 2,48

Table 7.6: Max. deflection of bottom point of the plate
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Figure 7.11: Variation in wave height measurement. Plate 0.7, configuration 000.

7.3.3. Variability
Breaking waves include wave effects that are nonlinear. This means that a small difference in the wave
can lead to relatively big differences in the measured forces. In figure 7.11 and fig 7.12, the runs for
plate 0.7, configuration 000 are shown. In the figure showing the wave height, small differences can
be seen. In the figure showing the forces, the different runs show relatively more variation in force
measurements. In table 7.8 the standard deviations are listed for all plates and configurations. As
expected, the standard deviations are around a factor 10 bigger for the force sensors as they are for
the wave height meter sensors. However, there are some exceptions on this. Due to the limited amount
of data, one deviant run can influence the results majorly.

In table 7.9, the values of the forces are listed, including the maximum value of the confidence interval
and the minimum value of the confidence interval. In table 7.10, the same is done for the deflections.

7.3.4. Comparison values
In figure 7.13, both the maximum deflections and the maximum forces on the plate are plotted for each
configuration against the natural frequency of the plate. In this plot the force on the plate is given in
absolute values.

For all sets of data, the confidence interval is determined for p=0.05. The average values are plotted
with their confidence interval. In figure 7.14 the average of the measured values of the force and
deflection are plotted with their confidence intervals.
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Figure 7.12: Variation in force measurement. Plate 0.7, configuration 000.
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Table 7.7: Deflection measurements for different plate configurations, including the standard deviations.

Plate Configuration Deflection (cm)
0.4 000 2.17

2.17
2.18

St Dev 0.0058
105 1.43

1.41
1.47

St Dev 0.0306
010 4.45

4.43
4.44

St Dev 0.0100
0.5 000 1.68

1.70
1.63

St Dev 0.0361
105 0.92

0.82
0.85

St Dev 0.0513
010 3.71

3.77
3.76

St Dev 0.0321
0.6 000 1.40

1.44
1.44

St Dev 0.0231
105 0.84

0.80
0.82

St Dev 0.0200
010 2.66

2.62
2.65

St Dev 0.0208
0.7 000 1.38

1.23
-

St Dev 0.1060
105 0.70

0.74
-

St Dev 0.0283
010 2.55

2.36
2.64

St Dev 0.1430
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Table 7.8: Measured values and standard deviations of all wave height meter and force sensor data

Plate Configuration Whm 6 (cm) Whm 7 (cm) Force (N)
0.4 000 16.59 16.87 -3.46

000 16.57 16.88 -3.25
000 16.62 16.96 -3.41

St. dev 000 0.022 0.051 0.108
0.4 105 15.66 15.82 -2.75

105 15.75 15.86 -2.90
105 15.68 15.68 -2.68

St. dev 005 0.047 0.096 0.114
0.4 010 11.27 16.66 3.74

010 11.52 17.14 3.71
010 11.43 16.81 3.76

St. dev 010 0.129 0.243 0.025
0.5 000 16.20 16.44 -4.08

000 16.32 16.53 -4.26
000 16.06 16.36 -3.88

St. dev 000 0.133 0.085 0.192
0.5 105 15.70 15.83 -2.48

105 15.79 15.96 -2.15
105 15.91 16.12 -2.25

St. dev 005 0.108 0.147 0.171
0.5 010 9.72 13.03 6.73

010 9.70 12.96 6.86
010 9.85 13.09 6.83

St. dev 010 0.082 0.061 0.069
0.6 000 16.25 16.56 -5.85

000 16.41 16.72 -5.73
000 16.40 16.74 -5.65

St. dev 000 0.086 0.102 0.102
0.6 105 15.95 16.16 -3.72

105 15.90 16.11 -3.56
105 15.97 16.17 -3.72

St. dev 005 0.037 0.034 0.091
0.6 010 10.43 14.84 8.49

010 10.52 15.18 8.36
010 10.56 15.19 9,04

St. dev 010 0.066 0.198 0.36
0.7 000 16.20 16.60 -7.55

000 16.39 16.78 -5.82
000 16.21 16.43 -5.78

St. dev 000 0.102 0.174 1.009
0.7 105 15.73 15.90 -3.86

105 15.67 15.82 -4.05
105 15.57 15.78 -3.61

St. dev 005 0.080 0.061 0.217
0.7 010 85.48 11.52 10.82

010 92.52 12.23 11.21
010 85.50 11.29 9.82

St. dev 010 4.061 0.491 0.715



7.3. Measurements 65

Table 7.9: Forces, overview of confidence interval

Plate 000 105 010
0.4 average force (N) 3.37 2.77 3.74
0.4 min force (N) 3.25 2.65 3.71
0.4 max force (N) 3.50 2.90 3.77
0.5 average force (N) 4.07 2.29 6.81
0.5 min force (N) 3.85 2.10 6.73
0.5 max force (N) 4.29 2.49 6.88
0.6 average force (N) 5.74 3.67 8.63
0.6 min force (N) 5.63 3.57 8.60
0.6 max force (N) 5.86 3.77 8.67
0.7 average force (N) 6.38 3.84 10.62
0.7 min force (N) 5.24 3.59 9.81
0.7 max force (N) 7.53 4.08 11.43

Table 7.10: Deflections, overview of confidence interval

Plate 000 105 010
0.4 average deflection (cm) 2.18 1.44 4.44
0.4 min deflection (cm) 2.17 1.40 4.43
0.4 max deflection (cm) 2.18 1.48 4.45
0.5 average deflection (cm) 1.67 0.87 3.75
0.5 min deflection (cm) 1.64 0.81 3.71
0.5 max deflection (cm) 1.70 0.93 3.78
0.6 average deflection (cm) 1.43 0.82 2.64
0.6 min deflection (cm) 1.40 0.80 2.62
0.6 max deflection (cm) 1.45 0.84 2.67
0.7 average deflection (cm) 1.31 0.72 2.52
0.7 min deflection (cm) 1.18 0.69 2.35
0.7 max deflection (cm) 1.43 0.75 2.68
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Figure 7.13: For each configuration, the measured values of the deflection (cm) (top) and the force (N) (bottom) are plotted
against the natural frequency of the plate.
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Figure 7.14: For each configuration, the average measured values of the deflection (cm) (top) and the force (N) (bottom) are
plotted against the natural frequency of the plate. The confidence intervals are also visible in the plot.
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Validation beam model and

comparison outcomes

In this chapter, the findings of the model of the beam are validated using the results of the experiment.
This is done by comparing the outcomes of the beam model with the outcomes of the experiment.

8.1. Properties material
Firstly, the material used in the experiments differ slightly from the used properties in the model. In
table 8.1 the natural frequencies of the plates as predicted are given again. In table 8.2 the natural
frequencies as measured in the experiments are given. The difference can be explained by a few
things. The thickness and length of the plate is never perfectly at the desired value. This can vary
around a percent. The construction that connects the plate to the tank is not perfectly rigid. This
causes extra mass to vibrate with the plate. Lastly, the prediction relies on a assumption of the E value
and the density. These values can be slightly different for the used material in the experiment. The
material used in the experiment have lower natural frequencies than calculated in the model. This
indicates that the material is less rigid than expected.

Table 8.1: Natural frequencies plates as calculated in the model

Plate Natural frequency (Hz)
0.4 5.26
0.5 5.88
0.6 7.14
0.7 8.33

Table 8.2: Measured natural frequencies of the four different plates in the experiment

Plate Natural Frequency (Hz)
0.4 3.64
0.5 4.40
0.6 5.26
0.7 5.50

8.2. Prediction configuration 010
In figure 8.1, the total force exerted on the plate is shown. This is a new prediction, taking into account
the change of the situation as in the experiments. This prediction is made using the same ComFLOW
simulation as in chapter 3. The prediction of the motion of the plate can be found in appendix A
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Figure 8.1: Prediction of the total force on the plate at configuration 010

8.3. Comparison model and experiment
There are some fundamental differences between the model and the experiment. In real life, there are
many phenomena that influence the behaviour of the motions of the plate. In a model it is not possible
to account for everything. The model accounts for the pressure of the water due to its velocity and
diffraction. This pressure distribution is applied to the beam in the beam model. From this distribution,
the motion of the beam is calculated. The model has a no-slip condition on the beam, meaning that
shear stresses on the beam are taken into account. In the motion of the beam in the beam model,
damping is not accounted for.

Themodel does not account for the influence of themotion of the beam on the flow of the water. As seen
in equation 2.17, the Morison force is influenced by the relative velocity and accelerations of the beam
and the water. The velocity term of the Morison equation calculates the drag over a structure exerted by
a flow. The acceleration term captures the force contribution of the relative inertia. These components
are not accounted for in ComFLOW or in the beam model. In real life, when water interferes with a
structure, the flow does not only influence the structure, but the structure also influences the flow of
the fluid. The structure has a certain location, velocity and acceleration. When in motion, the structure
vibrates and stretches. This influences the location of the structure, as well as its velocity and its
acceleration. As seen before, this influences the Morison force component of the impact force of the
water on the structure.

8.3.1. Forces
In table 8.3, the forces found in the experiments are compared to the forces found in the ComFLOW
model. The results show some differences. This can be explained partially by the numerical errors in
the model. However they do not explain this significant difference.

The prediction of the ComFLOW model is done using a rigid beam. During the interaction with the
water, the beam will not deform at all. Without taking into account the bending of the beam, it is logical
that this will lead to bigger predicted forces due to two effects. Firstly, the interaction of water with a
flexible beam leads to, on average, a more deformed beam during the interaction with the water. This
causes the beam to reach with less depth into the water. It also causes the velocity of the water change
direction less rapidly, due to the angle of the beam, causing a smaller diffraction component. This effect
is illustrated in figure 8.2.

Concluding, it would be logical that the predicted forces from the ComFLOW model are higher than
the forces measured in the experiment. However, when looking at the ratio between the measured
forces and the predicted forces, the trend changes from smaller to larger. For the more rigid plates
0.6 and 0.7, the measured forces are up to 50% larger than the predicted forces at configuration 000
and 105. This is caused by the effects of the fluid- structure interactions captured by the Morison
forces. As discussed before, the relative velocities and accelerations of the plate influence the Morison
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Figure 8.2: Comparison between situation of a rigid beam and a flexible beam.

component of the force. As seen in the results, the Morison force components are of different influence
on the different plates, due to different natural frequencies of the structures.

For configuration 010, the predictions are more off than for the other configurations. This might be
caused by the larger nonlinear effect of the wave. The wave has reached the wall and is reflected
again at this point. This causes more variability and the wave is less predictable. This also follows
from analysing the data of the wave height meters. It is interesting to see that the data follows the
same trend, but the ratios change more rapidly. For this configuration, the predictions of ComFLOW
might be inaccurate, due to the strong non linearity of the wave. However, the differences between the
measured forces in the experiment are still taken into account.

We have established that the forces exerted on the plate in the experiment differ significantly. These
differences can be explained by the properties of the material. Firstly the velocities of the material
differ for each natural frequency. Once the plate starts the move, the velocity of the plate will at some
point become contrary to the direction of the velocity of the water. This will cause a higher relative
velocity and acceleration, and therefore a higher impact of the Morison force component. In addition,
a breaking wave as used in the experiment, consists of a sum of many wave components. These
components all have their own frequency. Similar to the wave, the motion of the plate is also a sum
of motion components that correspond to all modes shapes. This is illustrated in figure 8.3. When
a wave is exerted on a structure, these components all impact the structure. This means that all the
wave components interfere with the structure in its own way. A wave that has certain components
present that match the natural frequency of the structure, causes a resonance, and therefore higher
relative velocities and accelerations, leading to larger forces. The biggest wave impact used in this
experiment, 010, is also the most variable wave. It means that these is a large variety of components.
This also means that the wave will have a bigger change of containing components that resonate with
the structure. This could explain why the difference in impacts is the largest for this wave impact.

Table 8.3: Comparison of Prediction by ComFLOW and Measured Maximum Horizontal Force Exerted on the Plate

Plate Configuration Predicted max force (N) Measured max force av. (N) Ratio measured / predicted
0.4 000 4.2 3.37 0.80

105 3.5 2.77 0.79
010 2.5 3.74 1.50

0.5 000 4.2 4.07 0.97
105 3.5 2.29 0.65
010 2.5 6.81 2.72

0.6 000 4.2 5.74 1.37
105 3.5 3.67 1.05
010 2.5 8.48 3.39

0.7 000 4.2 6.38 1.52
105 3.5 3.84 1.10
010 2.5 10.62 4.25
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Figure 8.3: a:Components of a breaking wave. b: Components of the beam motion.

8.3.2. Deflections
Themodel of the beam uses the pressure distributions on the beam over time, generated by ComFLOW.
These loads include diffraction, but not the fluid- structure interaction resulting from the motion of the
beam. The loads from ComFLOW are applied on the beam in the beam model. In the beam model, the
motions over the length of the beam are calculated. The wet area of the beam is calculated using the
wave height and the still beam. This makes the wet area similar to the the wet area of the ComFLOW
model.

The beam model does not take into account the fluid- structure interactions of the wave and the moving
beam. As seen in section 8.3.1, this interaction causes more force on the plate, which is now not
accounted for in the beam model. Logically, the beam model uses less force on the beam, resulting in
less deformation than measured in the experiment. However, the difference between the forces from
ComFLOW and the beam model are also large, this is not as expected. This might rely on an error.
The plots of the force ion the beam are shown in figure 8.4. The force on the plate during the impact of
the wave according to the beam model and the ComFLOW model, are compared in table 8.4.

Table 8.4: Comparison of Forces between ComFLOW and Beammodel

Configuration Force ComFLOW (N) Force Beammodel (N)
Config 105 3.5 1.6
Config 000 4.2 2.0
Config 010 2.5 2.10

In table 8.5 the deflections as predicted by the beam model and the actual deflections are listed. The
measured deflections are higher for configuration 105 and 000. This is as expected, taking into account
the limitations of the beam model. It is logical that the predicted deflections are too low, considering
the forces on the plate predicted by the model are also lower. Being able to accurately predict the
impulse of a wave, is still complicated. In addition, as discussed in section 8.1, the material used in
the experiments is slightly less rigid than expected. When looking at the ratio between predicted and
measured values in the table, the same trend is seen as for the forces. The structures with higher
natural frequencies turn out with relatively higher values.
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Figure 8.4: Force on the plate, calculated by the beam model
Top left: configuration 105
Top right: configuration 000
Bottom: configuration 010
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Table 8.5: Comparison of predicted deflection by the beam model and measured deflections of plates

Plate Configuration Deflection predicted (mm) Deflection measured (mm) Ratio measured / predicted
0.4 105 6 14.4 2.4
0.4 000 18 21.8 1.21
0.4 010 41 44.4 1.08
0.5 105 4 8.7 2.18
0.5 000 12 16.7 1.39
0.5 010 23 37.5 1.63
0.6 105 3 8.2 2.73
0.6 000 7.5 14.3 1.91
0.6 010 18 26.4 1.47
0.7 105 2 7.2 3.6
0.7 000 5 13.1 2.62
0.7 010 7 24.8 3.54
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Conclusion

In this study, the effect of dynamic properties of the structure on the magnitude of breaking wave loads
is investigated. Firstly, an existing study using a pendulum to represent a moving structure is repeated
and extended. Secondly, a model representing a 2D beam is made. This beam undergoes an impact
of a breaking wave. The beam model is used to simulate and design the experiment and to compare
the experimental outcomes with the numerical outcomes. Lastly the experiment is conducted.

When looking into the results of the pendulum model experiments, some points are interesting regard-
ing the natural frequencies and the motions of the pendulum. In section 5.1, we look back at table 5.2 to
5.4. The response angles of the pendulum increase when the natural frequency decreases. However,
shorter pendulums reach higher response angles with the same impulse as a longer pendulum. This
is why the kinetic energy of the pendulum is taken into account as well. The pendulums with a higher
natural frequency, have a larger resultant kinetic energy, when undergoing the same wave impact. This
can be explained when looking into the relative speed of the pendulum and the water. When looking
at the Morrison equation 2.17, the relative speed between the structure and the water determines the
force that the water exerts on the structure. The relative speed will be higher when the pendulum has
a faster natural motion of itself.

Now, we are looking back at the results of the experiment. The plot that compares the findings of the
horizontal forces on the plate, measured during the experiment shows interesting differences. This plot
is shown in figure 7.14. As seen in the figure, the impact forces differ over the different plates. This
difference indicates that the impact of a wave differs, when being received by structures with different
natural frequencies. For structures with a higher natural frequency, the impact forces are higher. Taking
into account the confidence intervals of the data points, the trend is significant for configuration 010 and
000. At configuration 005, the trend is not very clear.

When looking at table 8.3, the measured forces in the experiment for the plates 0.4 and 0.5 are lower
than the predicted forces in the ComFLOW model. This is as expected due to bending of the plate in
the experiment, as the plate in ComFLOW is completely rigid. However, the forces measured on plate
0.6 and 0.7 are higher than predicted in ComFLOW. Without taking into account the fluid- structure
interactions, it was expected that these values would turn out lower as well. The difference between
the measured and predicted forces indicates that the fluid- structure interaction of these plates leads
to this difference. Meaning that the natural frequency of the plate does have a significant effect. For
plates with higher natural frequencies, the impact force is higher. This can be explained by the different
fluid- structure interaction for different plates. If velocities of the plates with higher natural frequencies
are higher, the Morison component of the impact force becomes larger. Therefore these impacts can
become higher than for other structures. If the breaking wave contains components with frequencies
that match those of the plate, a resonant effect occurs. This enhances the impacts and the differences
will become even bigger. The differences of the impact can be up to 50% for two plates with the same
wave impulse, but different natural frequencies.
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In table 8.5, the predictions and the measurements of the deflections are given. The predictions deviate
from the values from the experiment. This was as expected due to limitations of the model. The model
dose not take into account the influence of the motions of the beam on the water. The motions of
the plate influences the Morison component of the impact force, leading to significant influence on the
force. The differences between the predictions and the outcome of the experiment, show the same
trend as for the forces. As the natural frequency of the plate increases, the results show relatively
higher measured deflections.

Overall, when answering the research question: How is the fluid structure-interaction of a structure
in focused breaking waves related to the natural frequencies and mode shapes of a structure? It is
concluded that structures with higher natural frequencies can undergo a bigger load form the same
wave impact as structures with a low natural frequency. More research is needed to establish in what
extend and in what type of relation the two phenomena are related.
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Recommendations

In this chapter, recommendations will be made for further research. After conducting this research,
some aspects turn out to be interesting for further research. Furthermore, some aspects of the research
itself can be improved upon the enhance the conclusions.

In the first part of this research, a model is used to calculate the motions of a pendulum and of a beam.
The model describing the motion of the beam could be improved by taking into account the bending of
the beam, damping and improving the accuracy of the impact forces. By improving the model further,
more accurate conclusions can be drawn regarding the influence of the natural frequency of the plate
on the impact. If the predictions of the deflection are closer to the real outcomes, a more valuable
comparison can bemade. When all other phenomena are modelled very accurately, the exact influence
of the Morison component of the force will become visible. This can lead to a stronger conclusion
about the differences between the values and a stronger conclusion about what causes the differences
between the values.

Regrading the experiments, some additions could be done to further improve the outcomes. Firstly, the
experiments were started using a closed tank. This caused the plate to move in a direction opposite to
the wave direction. This effect disappeared when the tank was opened at both sides. This indicates
that the effect of air is significant. Often in experiment the air contribution is overlooked or neglected.
The findings of the early runs of my experiment show that this effects should be considered.
It would be of additional value to do measurements of the wave impacts on a rigid plate. In a physical
model, it is of course not possible to test a perfectly rigid plate. However one could be very close to
rigid. The results of this plate could give more insight into the accuracy of the predicted forces by the
ComFLOW model. This results could support the conclusion regarding the higher forces on the plates
with a high natural frequency.
Prior to the experiments, the intention was to film the whole tank using a video measurement system.
However, the cameras used for this types of measurements systems have a limited with of the frame
that it can record. In order to film the whole tank, the camera must have a relatively large distance from
the tank. The construction of the rig itself caused difficulties to attach the cameras safely to the tank,
at a distance. This problem was partially solved using mirrors, but the range of the width of the frames
was still limited.
During the experiments the wave height meters slightly changed their measurement values over time.
This is an effect that was expected due to their working principle. However the use of the wave height
meters is not ideal.
Due to the nonlinear nature of the breaking waves, repeating the wave is difficult. In further research,
this effect cannot be completely avoided. To obtain more accurate measurements, one could however
conduct a greater amount of repetitions. This will lead to a more certain distribution of the wave height
and the measured forces. This could improve the certainty of the conclusions. In addition, more differ-
ent configurations of the constructions can be investigated. This will lead to more sets of different force
distributions on the construction. Having conclusions for all these different situations could strengthen
the conclusions. This study concludes that the impacts of breaking waves on a structure is influenced
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by the natural frequencies of the structures. In further research, it will be interesting to find how big this
influence exactly is. It would be ideal to find a type of relation between the two phenomena.
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A
Predictions tank experiments

A.1. Configuration 005
In figure A.1 to A.4, the predicted motions of the bottom point of the beams are plotted for configuration
005.
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Figure A.1: Motion bottom point of 0.4mm beam over time

Figure A.2: Motion bottom point of 0.5mm beam over time

Figure A.3: Motion bottom point of 0.6mm beam over time
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Figure A.4: Motion bottom point of 0.7mm beam over time

Figure A.5: Motion bottom point of 0.4mm beam over time

A.2. Configuration 105
In figure A.5 to A.8, the predicted motions of the bottom point of the beams are plotted for configuration
105.
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Figure A.6: Motion bottom point of 0.5mm beam over time

Figure A.7: Motion bottom point of 0.6mm beam over time

Figure A.8: Motion bottom point of 0.7mm beam over time
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Figure A.9: Motion bottom point of 0.4mm beam over time

Figure A.10: Motion bottom point of 0.5mm beam over time

A.3. Configuration 010
In figure A.9 to A.12, the predicted motions of the bottom point of the beams are plotted for configuration
010.
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Figure A.11: Motion bottom point of 0.6mm beam over time

Figure A.12: Motion bottom point of 0.7mm beam over time



B
Data experiments

B.1. Wave height meter results
During the experiments, three runs are done for each configuration. Here all the plots of the wave
height meter 6 are shown. Per plot, three runs are shown that are used for the same configuration.
The plots are shown in figure B.1 to B.12.
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B.1. Wave height meter results 87

Figure B.1: Wave height meter results of whm6, plate 0.4, configuration 000

Figure B.2: Wave height meter results of whm6, plate 0.4, configuration 005
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Figure B.3: Wave height meter results of whm6, plate 0.4, configuration 010

Figure B.4: Wave height meter results of whm6, plate 0.5, configuration 000
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Figure B.5: Wave height meter results of whm6, plate 0.5, configuration 005

Figure B.6: Wave height meter results of whm6, plate 0.5, configuration 010
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Figure B.7: Wave height meter results of whm6, plate 0.6, configuration 000

Figure B.8: Wave height meter results of whm6, plate 0.6, configuration 005
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Figure B.9: Wave height meter results of whm6, plate 0.6, configuration 010

Figure B.10: Wave height meter results of whm6, plate 0.7, configuration 000
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Figure B.11: Wave height meter results of whm6, plate 0.7, configuration 005

Figure B.12: Wave height meter results of whm6, plate 0.7, configuration 010
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