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Abstract

The increase in the average Earth temperature, also known as Global warming, has accelerated the retreat of Arctic sea ice cover and created large areas of open water, making new
sailing routes available through Polar Regions. It is therefore important to investigate how
ocean waves change when they interact with sea ice, in order to improve wave-forecasting
models in ice-covered regions.
Laboratory experiments and numerical simulation are here presented to investigate
wave-ice interaction in a deeper way. A single and multiple plastic panel is used as model
floe (floe) and tested under different incident waves to estimate the amount of incident
energy reflected and transmitted. Particular attention is put to the role of the water flowing
above the ice floe (overwash), which is suspected to be responsible for a large fraction of
wave energy dissipation. The numerical model is used to replicate the experimental tests.
Its results are used to investigate more in detail the physical effects produced by overwash
on the plate and how it changes the energy fluxes. Additional experiments are then run
using real ice to investigate the wave propagation in a pancake covered sea surface and
have a general overview of the wave-ice interaction also at large scale.
Experimental tests show a strong reduction of wave transmission when overwash is
permitted while wave reflection is only marginally affected. This is even more evident
when a second plate is added to the experimental configuration. Numerical results show
relevant changes produced by overwash in the hydrodynamics of the plate and in the
reduction of the incident energy flux both above and below the plate. The same results are
confirmed by large scale tests where incident waves are almost entirely attenuated even if
their wavelength is much greater than ice pancake.
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Chapter 1
Introduction
1.1
1.1.1

Sea-ice interaction
Global warming and sea-ice reduction

The polar regions are regarded as one of the most mysterious and fascinating place on
Earth, influencing the literature and the popular culture since ancient times. Due to the
harsh natural environment and geographic isolation, mankind successfully managed to
explore these areas only at the beginning of the XX century (Robert Peary reached the
North Pole in 1909, while the South Pole had to wait Roald Amundsen in 1911). Thanks
to the technological progress, more and more scientific expeditions were organized both in
the Arctic and Antarctic, sometimes tragically ended like the British Antarctic Expedition
in 1912 or the airship Italia in 1928. Field data collected in these expeditions helped
the scientific community to discover for the first time the topography and the climatic
conditions of these regions.
These regions were put again under the spotlight in the late XX century due to the rise of
the overall Earth atmosphere temperature, a phenomenon later labelled as "global warming".
While Earth temperature naturally oscillated during its lifespan, due to variations of
the solar activity or exceptional volcanic eruptions (after the 1883 Krakatoa eruption
temperatures fell by as much as 1.2 °C), human activities after the industrial revolution
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accelerated the warming process up to 170 times (Gaffney and Steffen, 2017), pushing the
average Earth temperature for the 2017 up to 1◦ C above pre-industrial values. Greenhouse
gases are considered the major responsible for the global warming. The most common
of them is carbon dioxide (CO2 ), whose concentration increased from ≈ 290 ppm at
the beginning of the 20th century to the actual concentration of ≈ 400 ppm (Keenan
et al., 2016). New models predicted that CO2 concentration will double the pre-industrial
value within 2100, leading to a temperature increase ranging between 1.5 ◦ C to 4.5 ◦ C
(Meinshausen et al., 2011).
Arctic is the area most affected by the global warming due to a phenomenon known as
"Arctic amplification effect" (Serreze and Barry, 2011). Higher atmospheric temperatures
reduce the extension of the ice cover and consequently the albedo effect, since open
water absorb much more sunlight than an ice surface. This process increases the average
temperature of the Arctic ocean, further reducing the ice cover and thus generating a
vicious cycle producing a fast decrease of the ice extent. Due to this effect, the average
atmospheric temperature in the Arctic is increasing 2-times faster than the global one,
with anomalies exceeding 8◦ C above the long-term average during 2016 winter (Overland
et al., 2016). At the same time both the winter maximum and summer minimum ice extent
suffered relevant reduction. The latter in particular declined from 7.5 × 106 km2 in the
1981 to 5.5 × 106 km2 in the 2010 (Barber et al., 2015, Polyak et al., 2010).
Although this amplification effect is absent in Antarctica and the sea-ice loss is much
lower, its ice cover lies on a continental mass instead of floating on the ocean like the
Arctic ice cover. As a consequence, while the melting of the Arctic ice does not produce
any change in the water level due to the Archimedes’ principle, a reduction of the Antarctic
ice cover could trigger a net increase of the water level of the oceans. DeConto and Pollard
(2016) showed that the current emission trend can push Earth oceans average level up to
1 m by the end of the XXI century, threatening the people currently living on the coastline
or in areas subjected to flooding (like the Netherlands or Venice).

1.1 Sea-ice interaction

1.1.2

3

The importance of wave-ice interaction

Not only did the sea-ice reduction, in particular during the summer minimum, affect
the sunlight reflection but it also produced important changes in the sea-states of the
Arctic ocean. Large areas that once were permanently ice-covered are now exposed to
the atmosphere during the summer months. As a consequence, the action of the winds
is effective on a larger fetching area, allowing a pure-wind sea state to evolve into swell
(Thomson and Rogers, 2014). Increase in wave amplitudes and periods have been recorded
in the Beaufort and Chukchi seas (Thomson et al., 2016, Khon et al., 2014, Francis et al.,
2011, Liu et al., 2016). Stronger waves are also able to penetrate deeper into the ice pack,
cracking larger areas and thus further weakening the Arctic ice cover (Kohout et al., 2014).
The presence of large open water areas in the Arctic also attracted the interest of
the maritime transport industry. For example the Northwest Passage (NWP) north of
Canada and the Northern Sea Route (NSR) north of Russia, are now ice-free during the
summer months and consequently multiple studies have been proposed suggesting the use
of these routes for commercial shipping. According to Khon et al. (2010), by the end of
the century the NSR will be ice-free for a period ranging between 3 to 6 months per year,
while the NWP will be ice-free for 2 to 4 months per year. Smith and Stephenson (2013)
analysed the evolution of the ice cover from mid-century under the action of two different
climate change scenarios, respectively with low and high increase of the greenhouse gasses
concentration. In both cases NWP and NSR navigation will be open for the common
open-water ships, but also in the worst case scenario (no emissions curbing) even a faster
route through the North Pole will be available for moderately ice-strengthened ships.
A careful sea-state model for wind and swell forecast is required to allow maritime
navigation. The presence of ice has always been one of the most critical point for these
models due to the extreme complexity of the wave-ice interaction. Ocean waves penetrate
the ice pack cracking it into ice floes (large pieces of floating ice), which can drift away from
the ice pack and melt more easily. At the same time ice scatters the incident ocean waves
in a reflected and a transmitted part, reducing wave transmission and energy. In the last
decades several wave-ice interaction models were proposed from the large-scale perspective
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to the small one. However the development of a comprehensive model encountered several
obstacles due to the difficulties in conducting field research in extreme weather conditions
and the remoteness of these areas. Data collected during these researches were used to
validate few of the existing models, however, when model predictions diverged from
field data it was impossible to investigate the reason of the disagreement. Also ice cover
characteristics can significantly change in a short distance, and, at the moment, no existing
meteorological model is able to predict waves condition over such wide spatial range. A
comprehensive wave-ice model is therefore needed.

1.1.3

Aim of the research

The purpose of this thesis is to carry out additional wave-floe interaction tests in order to
better investigate the whole complexity of the phenomenon and to overcome the limitations
of the existing models. Particular attention is put on evaluating the reduction of the wave
transmission for clearly defined incident wave conditions, including non-linear effects
responsible for the dissipation of a large amount of energy occurring in presence of largeamplitude waves. Tests are run from the individual floe point of view, using a thin-plate
as model. Thin plates have been widely used in the past to model sea ice floes in order to
investigate interactions between ocean waves and the plate (Bennetts and Squire, 2012).
The canonical thin-plate interaction model consists in thin-plate floating on top of an
inviscid, incompressible fluid undergoing irrotational motions.
Both laboratory experiments and numerical simulations are used to evaluate the reflection and transmission of an incident wave operated by a single and multiple thin plates.
Experiments are used to evaluate the wave-plate interaction from the general perspective.
At the same time the numerical model are used to reproduce the experiments and, once
validated, investigate the phenomenon in the most crucial aspects. This is done evaluating
velocity, pressure and surface elevation data in every part of the numerical domain, a
possibility not available during experimental tests. Particular attention is put to the water
washing the upper surface of the plate (a phenomenon here referred as overwash) and its

1.1 Sea-ice interaction
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implications on wave transmission. The analysis evaluates the phenomenon from the small
scale (single ice floe) up to the large scale (pancake ice cover).
The experimental model consists in a series of laboratory tests carried out in various
facilities. The single plate experiments are run in the 60 m wave flume located in the EASI
facility (Extreme Air-Sea Interaction) of The University of Melbourne. The double plate
tests are carried out in the 15 m wave flume located in the energy transformation lab of
the Swinburne University of Technology. Finally additional experimental tests using real
ice blocks as pancake ice are run in the 15 m SIWWI (Sea-Ice Wind Waves Interaction)
wave flume of The University of Melbourne. In the single and double plate tests thin
plastic sheets are used as model of an ice floe and tested to evaluate wave reflection
and transmission and the thickness of the overwash layer. Floes are tested in the same
conditions both with and without overwash, in order to have a clear picture of what happen
when water is allowed to wash the upper surface of the plate, loosely moored at the front
and rear edge to prevent any surge movement and compare the experimental results with
the linear potential-flow thin-plate model predictions. The case with overwash is also
tested without mooring, to investigate the effects of the overwash both with and without
the drift of the plate. The same tests and plate geometries are repeated using a double plate
configuration (without floe-floe) collisions, to investigate the effects on wave reflection
and transmission of an additional floe and how much the energy dissipation observed for a
solitary floe is increased. Pancake ice experiments are run in a refrigerated facility using
an operating temperature of -1 °C to allow the execution of experimental tests with small
ice cubes, used to simulate the marginal ice zone from a large scale perspective. The final
aim of these tests is to compare the results of the wave-ice interaction at the different scale
with monochromatic and random incident wave conditions.
The numerical model consists in a two-dimensional coupling of two already existing softwares, IHFOAM and HOS-NWT. IHFOAM is a Navier-Stokes solver developed by Pablo Higuera, a former PhD student of the Environmental Hydraulics Institute "IHCantabria". This model was chosen because it solves the full Reynoldsaveraged Navier–Stokes equations including viscosity, surface tension and turbulence

6

Introduction

effects (Higuera et al., 2013a). This is of particular importance to investigate the energy
dissipation involved in the overwash phenomenon and the collision-induced breaking occurring between the front and rear edge bores. IHFOAM is based on the popular computer
fluid dynamics (CFD) toolbox OpenFOAM. Various Navier-Stokes solver are developed
using OpenFOAM due to its open-source licence and the support to the high performance
computer (HPC) parallel computation, a widely used technique useful to reduce the computational requirements of the CFD computation. One of the most popular example is
Waves2foam, developed in Jacobsen et al. (2012), Jensen et al. (2014), a wave generation
toolbox supporting various theories ranging from the regular Stokes first order to the
irregular waves, including relaxation zone techniques. IHFOAM was selected for the new
model due to the built-in dynamic mesh motion solver IHDyMFOAM, which proved to be
suitable to reproduce the wave-plate interaction tested in our experiments and compatible
with the HPC system used to compute the simulations.
Due to the excessive computational time required to simulate the whole spatial domain
using IHFOAM, its usage was limited to the area including the wave-floe interaction,
computing the wave generation and propagation using the High Order Spectral - Numerical
Wave Tank (HOS-NWT) (Bonnefoy et al., 2009, Ducrozet et al., 2012). HOS-NWT is
based on the high order spectral theory, a method commonly used to compute highly
non-linear wave fields in wave basins with arbitrary constant depth. Although in our model
I consider only monochromatic regular waves, its low computational requirements and
wave generation and sampling built-in tools make it perfect to compute large parts of the
numerical domain, reducing the computational time to the 25% of the total time required
computing the whole domain using IHFOAM.
The final aim of both experimental and numerical models is to investigate in detail the
energy dissipations occurring during the wave-ice interaction, generating a dataset of wave
reflection and transmission parameters for given incident wave conditions. Results show
that overwash is one of the major sources of energy dissipation, producing losses not only
on the upper surface of the plate but also influencing the overall hydrodynamic behaviour
of the plate. These outcomes confirms that wave forecasts model need to take into account

1.2 Structure of the thesis
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the additional wave attenuation produced by this phenomenon, in particular when storm
waves are forecasted. The presence of multiple floes generates further energy losses due
to the additional vorticity produced by the mutual wave reflection and transmission. This
behaviour was found to be consistent also in experimental tests investigating the wave-ice
interaction at a larger scale.

1.2

Structure of the thesis

The present thesis is subdivided seven chapters. After an initial introduction presenting the
theoretical background, a description of the experimental single and double floe model
is presented. Analysis and results are shown for different tests configurations, in order
to produce a general overview of the wave-floe interaction. The numerical model is then
used to simulate the experimental tests in the numerical domain in order to investigate
and analyse in details the most crucial aspects of the interaction between waves and plate.
The last part includes experimental results obtained from a pancake ice cover model, to
evaluate the wave-ice interaction at a larger scale. A brief description of each chapter
content is presented in this section.
Chapter 2 presents a detailed overview of the wave-ice interaction. The chapter starts
with an introductory description of the sea ice, its properties and the formation process.
In the second part the state-of-the-art of the wave-ice interaction models is described for
all the various types of ice covers. A discussion of the pros and cons of each model is
included, presenting the actual limitations and knowledge gaps that require the execution
of these new wave-ice interaction tests.
Chapter 3 includes the analysis of the experimental results obtained from the single
plate model. Wave reflection and transmission by the plate (characterised by different
geometries and mooring conditions) are here analysed with a special focus over the
differences between the cases with and without overwash. Results show the relevant role
operated by the overwash on wave transmission of large amplitude waves, dissipating a
significant part of the incident energy.
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Chapter 4 shows the experimental results obtained using the double plate model. The

same analysis presented in chapter 3 for a single plate is repeated for the double plate
configuration and results are then compared. In this chapter the role of the overwash
is evaluated in presence of a second plate to investigate its effects on incident waves
transmission and energy dissipation.
Chapter 5 presents the results obtained from the numerical model, which is used to
simulate the same tests conditions used in the experimental models. In this chapter, after
an initial validation of the model, a detailed analysis of the energy fluxes and the plate
hydrodynamics in the whole numerical domain is presented. The general purpose is to
investigate in detail the effects of the overwash presented in the previous chapter using a
level of accuracy not available using the experimental models.
Chapter 6 shows the numerical model results obtained using the double plate configuration. Again the model is initially validated using the results obtained from the experimental
tests, then a comprehensive analysis of the hydrodynamic behaviour of the plate and the
energy fluxes involved is presented.
Chapter 7 presents the analysis of the wave-ice interaction from a different point of
view. A large array of small ice blocks (used as a model for pancake ice floes) are tested
under the action of monochromatic and random incident waves. Wave attenuation and
spectra are investigated to evaluate the effects of the wave-ice interaction on a larger scale
and using incident waves much longer than the floe length. Wave transmission and wave
attenuation are then analysed and compared with the single floe model results.
Chapter 8 is the final chapter and includes general conclusions, remarks and ideas for
possible future developments to further improve the findings highlighted in this thesis.

Chapter 2
The interaction between ocean waves
and sea-ice
2.1

Introduction

The general knowledge of ice properties has made significant improvements in the second
half of the XX century. The whole process of ice formation and growth has been widely
investigated in the scientific community in every different environmental condition. Field
campaign in the polar regions gathered more and more information on the properties of the
ice covers in the Arctic and Antarctic continent, showing the difference between the inner
ice pack and the outer cover composed by ice floes. These data were subsequently used
to develop numerical models of the different types of ice cover. Continuous models were
developed to reproduce the behaviour of the unbroken ice cover, while the solitary floe
model was developed to investigate the behaviour of the individual ice floe.
Both continuous and solitary floe models made relevant progress over the years, increasing the accuracy of their predictions and expanding their range of applicability. However
several aspects of the wave-ice interaction still need to be investigated in detail, for example
the reflection and transmission of the incident wave after the interaction with an ice floe.
Existing models usually overpredict the amount of incident energy transmitted, neglecting
any energy dissipation occurring during the wave-ice interaction. At the same time these

10

The interaction between ocean waves and sea-ice

models lack validation for storm-like sea-states, due to the difficulties in obtaining field
data in presence of large waves.
Additional studies are therefore required to investigate the wave-ice interaction in a
deeper way and overcome the limitations of the existing models. The solitary floe approach
will be considered in this this dissertation, since the outer part of the ice cover is the one
more exposed to large amplitude waves. Laboratory tests will be used to obtain a general
overview of the phenomenon and investigate wave transmission. The energy balance of
the wave-ice interaction will be evaluated also using a numerical model, to get a detailed
analysis of the energy fluxes involved in the process.

2.2
2.2.1

Sea-ice formation and properties
Different types of ice

The transition between sea-water to sea-ice is a long and complex process depending on a
wide range of factors such as temperature, wind and sea-state conditions. The variation of
these parameters strongly affects the way sea-ice is formed and consequently its physical
and mechanical properties. Sea-ice properties strongly differ from freshwater ice due to
the presence of salt. According to Petrich and Eicken (2017) the presence of salt affects
ice properties both at the macroscopic and microscopic scale. During the formation of
sea-ice only a small part of the ions contained in the sea-water are allowed into the ice
crystalline micro structure. The majority of them accumulates in the sea-water at the
water-ice interface, decreasing its freezing temperature. This creates a super-cooled thin
layer below the water-ice interface, which is responsible for the differences between sea-ice
and freshwater ice microscopic structure. While the freshwater ice has a planar ice growth
(parallel to the liquid-solid interface), sea-ice, due to the presence of the super-cooled layer,
shows a lamellar ice growth in the direction perpendicular to the liquid-solid interface.
Differences at the microscopic scale affects the ice properties at the macroscopic scale.
Thanks to the lamellar structure, sea-ice is much whiter than freshwater ice, consequently
increasing the albedo effects and the amount of sunlight reflected by a ten-times factor.
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This property is important especially in the Arctic, where the reduction of the ice cover
decreased also the albedo of the ocean surface, accelerating the decline of the sea-ice extent.
The stress and strain response is also different between the two ice types. Differently from
freshwater ice, sea-ice, due to the lamellar ice growth, traps brine between the lamellae
during the formation process, thus including brine-filled pores into the ice structure.
Increasing the porosity, sea-ice not only respond to stress with an elastic behaviour but
also with permanent deformations before mechanical failure. On the other hand freshwater
ice, due to the regular planar ice structure, shows a pure elastic response up to a sudden
total failure without any sort of deformation.

2.2.2

The formation process

The first step of the sea-ice formation process is called frazil ice, which consists in a
slush composed by random-shaped ice crystals generated after the temperature reached
freezing conditions. Frazil ice covers the ocean surface floating on top of the water. Large
amounts of frazil ice form the so-called grease ice (Smedsrud and Skogseth, 2006), due
to its resemblance with an oil slick (see Fig. 2.1). The structure of the sea-ice crystals
at this stage is still similar to the freshwater ice, since the slush is continuously mixed
by the action of the wind and consequently no supercooled water layer can be formed.
Once frozen, in absence of lamellar ice growth, this layer is known as granular ice. The
thickness of the granular ice layer depends by the water conditions at the frazil ice stage.
In the Arctic, where the sea-state conditions are more calm, it is limited to few centimetres,
while in the Antarctic ocean, which is characterized by rougher conditions, it can reach
tens of centimetres.
Once a solid ice cover is formed on the water surface, the water layer just below the
ice-water interface becomes supercooled and consequently the lamellar ice growth process
can finally begin. As previously mentioned, in Antarctica rough wind and sea conditions
prevent the formation of large solid cover, leading to the formation of granular ice called
pancake ice (Wadhams et al., 1987). Pancakes are round-shaped ice disks created by the
merging of frazil ice crystals due to the action of wind and waves (see Fig. 2.2). Their
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Fig. 2.1 Ocean surface partially covered by grease ice (photo by Alessandro Toffoli)
diameter ranges between 3-5 m with an average thickness of 0.5-0.7 m. Depending by the
environmental conditions, in the inner areas of the Antarctic region they can eventually
merge together creating a continuous ice cover.
In the Arctic ocean, where sea-state conditions are not rough as in Antarctica, frazil
ice crystals are allowed to merge together creating a continuous sheet of ice called nilas
(Wadhams, 2008). At the beginning nilas are only few centimetres thick and transparent
(dark nilas), but as soon as the thickness increases their color fades to grey and then in the
end to white (light nilas). Below a nilas the lamellar ice growth is much more evident than
in pancake ice, reaching values of 1.5-2 m thickness in a single season only (young ice).
This long column of lamellar ice is commonly known as congelation ice, since it is formed
downward an existing solid ice cover. If the young ice survives to the first summer melting
it becomes multi-year ice. The majority of the Arctic ice is multi-year, especially in the
inner regions near the north pole, and its salinity is lower then the young ice, making it
more resistant.
Once the ice formation process reaches a thermodynamical balance, the growth process
stops and consequently the ice thickness does not increase any more. However, due to
the continuous action of wind and waves, the ice cover is an environment in constant
evolution. Convergent ice deformations, such as ridging and rafting, can increase the
thickness outside the ice formation process (Petrich and Eicken, 2017). Rafting occurs
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Fig. 2.2 Pancake ice cover in the Southern Ocean (photo by Alessandro Toffoli)
when pieces of early stage ice (eg. dark nilas) are forced to merge one onto the other due
the excessive pressure. When the ice is older and thicker the same process is called ridging.
Especially in Antarctica, ridges are a relevant part of the sea-ice cover and they can alter
significantly the average sea-ice thickness (Lytle et al., 1998). Deformations can also be
divergent reducing the overall ice thickness. If the action of wind and waves is sufficiently
strong the ice cover is pushed to the breaking point and eventually cracked in several parts.
When the crack is sufficiently wide to allow navigations, it is called lead, and if it is even
larger to include young ice and nilas it is called polynya (Massom, 1988). Two types of
polynya exist: latent heat polynyas and sensible heat polynyas. The former are created by
the action of the wind, which pushes away the ice as soon as it is formed on the surface of
the ocean. The latter are created by convective effects which transfer warm water to the
ocean surface preventing any ice formation.
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2.2.3

The marginal ice zone

The area of the ice cover mostly affected by wind and waves deformations is called
marginal ice zone (MIZ). Several definition of the MIZ has been proposed in the last
decades: the one who obtained the most widespread consensus was proposed by Wadhams
(1986) "The MIZ is that part of the ice cover which is close enough to the open ocean
boundary to be affected by its presence". The MIZ is the outer area of the ice cover just
before the open ocean, where the most part of the wave-ice interactions take place (Squire
et al., 1995, Squire, 2007). As shown in Fig. 2.3, in the MIZ ice is present in the form
of floes with different concentration from one point to another. Larger floes (≈ 10 km)
are located in the inner MIZ close to the solid ice pack, where the wave-ice interaction is
minimum, while their size and density constantly decrease moving to the outer part, called
MIZ edge zone, where they encounter larger and larger waves and consequently their size
range is reduced to 10 to 100 m (Wadhams et al., 1988, Collins et al., 2015, Asplin et al.,
2012). After the detachment from the ice pack, band of floes are pushed out towards the
open ocean by the winds blowing from the inner part of the ice cover, until they melt when
entering in warmer water (Wadhams, 1983).

Fig. 2.3 Comparison between two different area of the MIZ (photo by Alessandro Toffoli)
The MIZ edge zone stretches from the open ocean to the first 5 km of the marginal ice
zone. In this area the density of the floes is sufficiently low to consider them as individual
floating bodies, neglecting the floe-floe collisions, while in the inner part of the MIZ they
are considered as continuous entity (Squire et al., 1995). Floe-floe collisions produce
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relevant displacements of the ice floes when the distance between them is sufficiently
low, therefore affecting the transmission of the ocean waves (Martin and Becker, 1987).
However, since the purpose of this dissertation is to evaluate the wave-ice interaction from
the sea-state point of view rather than the effects on the ice cover, due to the low density of
ice floes in the outer edge of the MIZ, the study here presented is based on the solitary floe
theory instead of the continuous cover approach, neglecting any floe-floe interaction. Under
the action of ocean waves a single ice floe can be modelled as a six-degrees-of-freedom
floating body: heave, surge, sway, pitch, roll and yaw. Although it is often considered a
rigid body, Squire and Moore (1980) showed that individual ice floes are characterized by
a relevant flexural response, which requires to be taken into account when the wave-floe
interaction is modelled.

2.3

The interactions between ice and waves

From a wave point of view, Wadhams et al. (1988) showed that wave energy (E) in the
MIZ exponentially decays moving towards the inner part of the ice cover
E = E0 e−αx

(2.1)

where E0 is the initial wave energy, x is the distance of penetration in the ice cover and α is
the damping coefficient, which is influenced by the incident wave and ice floe conditions.
They suggested also that this kind of attenuation is a consequence of the interaction with
the sea-ice. This means that only a portion of the incident wave energy is transmitted after
the floe while the remaining part is either reflected back or dissipated.
The wave-floe system can be described as a Kirchoff-Love thin-plate floating on top
of an inviscid, incompressible fluid undergoing irrotational motions. This system can be
described using the velocity potential (φ ) function (Squire et al., 1995). The incident wave
free surface elevation (ηinc ) is divided in a reflected (ηre f ) and a transmitted (ηtra ) portion.
The boundary conditions are a zero flux φz = 0 at the bottom, ∇2 φ in the water. The free
surface elevation boundary condition is expressed as φz = φ σ . In the open water sections is
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Fig. 2.4 Wave-floe system described using the velocity potential (Φ)
σ = ω 2 /g where ω is the angular frequency of the incident wave and g is the gravitational
acceleration.
The amount of energy reflected and transmitted depends both by the incident wave
and floe properties. Increasing the period of the incident wave leads consequently to an
increase of the energy transmitted by the floe, while shorter waves are more easily reflected
(Squire and Moore, 1980, Squire et al., 1995). Wave scattering is also dependent by the
amplitude of the incident wave, since larger waves are more attenuated than smaller ones
for the shortest period components of the incident spectrum. An example of this behaviour
is shown in Meylan et al. (2014a), where field data were recorded for incident waves
characterised by two different periods, 11 s and 15 s and five different amplitudes, ranging
from 0 m to 0.5 m. It is noticed that ice floes acts as a low-pass filter (Meylan et al., 1994).
While for the longest period their attenuation factor is constant, for the shortest it increases
with the increase of the incident amplitude. The reflection and transmission of the floe are
also function of the floe dimensions. Squire et al. (1995) show that wave reflection increase
and decrease depends not only by the characteristics of the incident wave but also by the
length and thickness of the floe, revealing particular wave-floe resonant combinations
which allow a full transmission of the incident wave (Meylan and Squire, 1994).
Sea-ice interaction not only affects the amount of energy transmitted by the floe.
According to Wadhams (1978) the directional spread of the incident wave spectrum
becomes narrower when entering in the MIZ, due to the different attenuation rate for wave
components travelling in different directions. In addition a roll-over effect (transfer of
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energy from lower to higher frequencies) for the shortest wave periods is observed Squire
et al. (1995). The reason of this phenomenon is still unclear.

2.4
2.4.1

Numerical models for wave-ice interaction
Continuous models

The wave-ice interaction is an extremely complex system which requires an equally
complex mathematical modelling. Several models have been proposed to investigate the
phenomenon and to obtain valuable results to be included in sea-state forecasts model. As
mentioned in section 2.2, two different approaches have been proposed in the literature
to tackle the problem: continuous models and individual floe model. Continuous models
have been widely used to investigate the behaviour of the inner part of the MIZ and the
ice pack. When the density of the floes is high but they can still be considered as separate
entities, the simplest solution is to consider the wave scattering system presented in section
2.2 for each individual floe and sum the contribution of each one of them (Squire et al.,
1995). However this requires a detailed knowledge of the floe density and distribution,
plus this approach does not take into account other minor effects like the change in the
directional spread or the frequency roll-over.
Moving closer to the ice pack it becomes unrealistic to consider the ice cover as a
composition of single ice floes. A valid option proposed by several authors is to use
a viscous model, which consists in a uniform material covering the ocean surface with
empirically determined mechanical properties (Squire et al., 1995, Squire, 2007). One of
the first model proposed using this approach is presented in Liu and Mollo-Christensen
(1988), where the authors develop a model to investigate the wave attenuation due to the
viscous losses generated by the interaction by ocean waves and the boundary layer below
the ice pack surface. This model produces a good agreement with the field data shown
in Wadhams et al. (1988), however it requires a careful parametrization of ice properties,
such as eddy viscosity, which is difficult to obtain. This approach is improved in Liu et al.
(1992) including an additional model to evaluate the eddy viscosity as a simple function
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of ice roughness and wave-induced velocity. Again the model predictions match well the
data collected on field, including the viscosity evaluated using the method proposed by
the authors, except for the case where large ocean current affects the recorded viscosity, a
variable not included in the wave-induced velocity model.
The continuous ice cover is modelled also as a viscous liquid suspension in Keller
(1998). The suspension is floating over an inviscid fluid, which corresponds to the ocean
water. The viscosity of the suspension is considered much greater than the water below.
The model is used to predict the evolution of the dispersion relation (the equation relating
wavenumber K = 2π/λ , where λ is the wavelength, and the angular frequency ω) and the
wave attenuation. This model shows interesting findings like the increase of the wavelength
when short period waves crossed the ice-covered region. However this kind of approach is
more suitable to reproduce a grease ice or frazil ice cover rather than a solid one (Squire,
2007).
Continuous models provide good results for ice pack and inner MIZ, but they are not
convenient to be used for the large individual pieces of ice in the outer part of the MIZ,
where the solitary floe approach is used instead. This kind of models considers a single
ice floe as unique solid floating body, which is more suitable to represent the outer part of
the MIZ, where the distances between floes become significant and they are sufficiently
scattered not to interact with each other. Since this area is the most relevant one from the
wave-ice interaction, the analysis presented in this dissertation follows this approach rather
than the continuous one, evaluating the energy scattering of an individual ice floe under
the action of ocean waves.

2.4.2

The Wadhams model

The first solitary floe model was proposed by Wadhams at the beginning of the 1970s
(Wadhams, 1973, Squire et al., 1995). The original Wadhams model solves the wave-floe
interaction problem described in Fig. 2.4 through an impedance mismatch (the resistance
of the thin-plate to the forcing motion of the incident waves) between the floating object
and the underlying water surface, which produces a reflection coefficient depending by the
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physical and mechanical properties of the floe. This kind of model is improved in Fox and
Squire (1990), where the authors develop a solution for the wave scattering operated by a
semi-infinite ice floe, used for example to model the attenuation by fast ice, which consists
in an ice cover attached to land on one side. The new solution includes a full cover-water
matching which reproduces the complete elastic response of the ice instead of using an
approximate solution like in the previous models. This matching is extended to finite-size
floes in Meylan and Squire (1994), where for the first time a precise linear mathematical
model for the solitary wave-floe interaction is proposed. Their model confirms a strong
dependence of the wave reflection and transmission by the ice properties, plus it shows
that for certain combination of wavelength and floe length, for example when their size is
similar, the system becomes resonant, allowing a perfect transmission of the incident wave
and the maximum bending of the floe, which corresponds to a peak in the strain curve. The
model is successfully applied also to a combination of two ice floes, showing that two floes
must be very close to each other to affects their individual wave-ice interaction, otherwise
they can be considered as separated entities.
Although the Wadhams model and its evolutions are able to reproduce most of the
phenomena recorded during field observation in the marginal ice zone, the main limitation
of these models is that they are still two dimensional models, while waves are scattered
in multiple directions. A three-dimensional model is therefore required to get a full
reproduction of the wave-floe interaction (Squire et al., 1995). This was proposed in
Meylan and Squire (1996a), where the authors extend to the third dimension the model
presented in Meylan and Squire (1994) to a circular solitary ice floe. Compared to the
2D model, the three dimensional floe shows a bending behaviour more difficult to predict
due to the increased complexity of the geometries involved. The flexural motion of the
disk also affects the wave field in a stronger way, especially when the wavelength of the
incident waves are similar to the size of the floe, producing a resonant phenomenon similar
to the one shown in Meylan and Squire (1994).
Meylan and Squire (1996a) model is limited to floes with circular shape, a solution
suitable for Antarctic pancakes but not for the Arctic ice. In order to expand the range of
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validity of the model, an extension to an arbitrary shape was presented in Meylan (2002).
This is achieved numerically evaluating the modes of vibration of the floe in absence of
water and subsequently integrating them in the integral equation of the water, obtaining a
linear system of equations. The model confirms the importance of floe stiffness and elastic
behaviour to determine the scattering of the incident waves, floe displacements and internal
forces. In addition, wave scattering is unaffected by the geometry of the floe for values of
stiffness beyond a certain threshold, making it the most relevant parameter in the wave-floe
interaction. As highlighted in Squire (2007) the modes of vibration need to be evaluated
separately for each shape of the plate, which make this model unfit for the marginal ice
zone, which is characterized by thousands of floes each one with different dimensions.
The solitary floe models presented in the previous paragraph require to be solved
considering a constant water depth, while in the reality the bottom of the ocean has its
own specific bathymetry. To allow the investigation of wave-ice interaction on water
with variable depth, Wang and Meylan (2002) proposed a new solution using the linear
wave forcing of a two-dimensional thin plate. This method consists in a finite domain
containing both the region of variable water depth and the floating thin-plate. The system
is solved using a combination of the boundary element method and the integral equation
method. Results confirm that there are regions where the variable depth with plate solution
significantly differs from the traditional constant depth solutions.

2.4.3

Multiple floes models

Broader versions of the solitary floe model were also developed to have a more realistic
representation of the MIZ dynamics. In Peter and Meylan (2004) a new model was
proposed to take into account the wave scattering operated by multiple floes, using the
interaction theory described in Kagemoto and Yue (1986), which provides the exact
algebraic solution for the linear wave problem by solving the wave field simultaneously for
all the floating bodies. In addition, the interaction theory is extended from finite to infinite
water depth, in order to be used to simulate the deep water conditions of the marginal ice
zone, and to body of arbitrary shape, for the same reasons highlighted for Meylan (2002).
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The interaction theory provides good results showing in particular the limitations of the
finite-depth model. Results point out the importance to use an infinite-depth approximation
to model the floating bodies in ultra deep water conditions such as the Arctic open ocean.
Peter et al. (2006) extends the interaction theory to infinite periodic arrays of scattered
floes, in order to evaluate the wave-floe interaction in the inner part of the MIZ far from
the open ocean. The model is adapted to the edge zone of the MIZ in Peter and Meylan
(2007), which investigates the motion of semi-infinite arrays of arbitrary floating bodies, a
more challenging problem since semi-infinite arrays cannot be considered periodic (Squire,
2007).
The problem of the wave propagation in semi-infinite arrays of floes is solved in a
different way in Kohout et al. (2007). The authors adopt a two-dimensional model (but
considering different angles for the incident waves) applying an eigenfunction matching
at the boundaries of the plates. Although computationally expensive, the model provides
good results compared to the other theoretical models results. However the comparison
with experimental tests run in a two-dimensional wave tank shows a good agreement only
for the single plate experiments, while for multiple floes experimental results diverge
sensibly from the model predictions. In Kohout and Meylan (2008) this model is extended
to the investigation of the waves attenuation rate in the MIZ, comparing the results with
field experiments performed in the Arctic seas and in the West Antarctic Peninsula. Again,
the model produces valid predictions for large floes and low ice concentrations, while it
shows an increasing under-prediction of the attenuation coefficient for long-period waves
and for areas with high concentration of small-size floes.

2.4.4

WAM/WIM comprehensive models

The model presented in Kohout and Meylan (2008) is included in the WAM wave model
in Doble and Bidlot (2013) and compared with measurements provided by a wave buoy
deployed in the Antarctic MIZ. Predictions of wave heights and wave periods are generally
good, but again, due to external phenomena like local-generated wind waves or ice cover
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healing, in several occasions the predicted wave spectrum strongly over-estimates the buoy
one, under-predicting the effective wave attenuation.
A three-dimensional model of the MIZ, considering ice floes as a collection of floating
elastic thin plates is presented in Bennetts et al. (2010). In this model waves attenuation is
evaluated as a function of the ice cover properties and the incident waves. The source of the
incident wave reflection and transmission is the scattering generated by the presence of the
floe and the elastic bending due to the plate motion. Among the various findings, it is shown
that oblique incident waves are attenuated at a fastest pace than the perpendicular ones, and
parameters like Archimedean draught, floe shape and distribution have a limited impact
on the attenuation rate, which is more sensible to floe dimensions. However when the
three-dimensional model is compared to existing two-dimensional ones, it is shown that the
maximum differences between the model results do not exceed an order of magnitude, with
the two-dimensional exhibiting lower wave attenuation for long period waves and higher
for the short ones. The three-dimensional model is also compared with experimental data
where, although a general good agreement, it over-predicts the attenuation of low frequency
waves and under-predicts the high frequency ones, similarly to Doble and Bidlot (2013)
and Kohout and Meylan (2008). A two-dimensional version of the model is presented
in Bennetts and Squire (2011). The main purpose of this model is to include the wave
scattering predictions in an oceanic general circulation model, where a three-dimensional
model would have been too computationally expensive to be included. In this model
wave attenuation is considered not only due to the scattering effects of the floes but also
to the imperfections in the inner ice cover (eg. cracks and ridges) and the effects of the
turbulence.
In order to achieve an oceanic general circulation model considering the effects of
the whole wave-ice interaction, a careful model for the effects of the waves on the ice
morphology is needed. Dumont et al. (2011) fills this void developing an advanced floe
breakup prediction model. This model considers ice critical flexural strains and strengths,
along with wave scattering model predictions, in order to provide an estimation of the floe
size distribution and the extent of the MIZ. Results confirm that waves action is a driving

2.4 Numerical models for wave-ice interaction

23

factor in determining the floe breakup sizes, and at the same time the presence of floes
attenuates the incident wave energy. Moreover the size of the floes in the marginal ice
zone increases going towards the inner part of the ice cover parallel to a dampening of
the waves. Ice thickness and incident wave period are the most relevant factors driving
the MIZ extension: if the ice cover is too thin and the incident waves long enough the ice
cover can be broken for hundreds of kilometres.
Williams et al. (2013a,b) include Dumont et al. (2011) breakup model and Bennetts
and Squire (2011) wave scattering model in a waves-in-ice (WIM) comprehensive model.
WIM provides the missing link between traditional wave models and sea-ice models,
evaluating simultaneously the attenuation of the incident wave due to the presence of ice
and the ice breakup due to the waves action. The model is initially validated using idealized
ice thickness and concentration profiles. It is confirmed that wave attenuation and ice
thickness play a decisive role in determining the floe breakup and consequently the floe size
distribution. The model is also tested with real input data collected in the Fram Strait in
2007, comparing model predictions and recorded values of the MIZ properties. Although
lower than in the idealized input, the sensitivity of the model to the wave attenuation
remains high, highlighting the necessity to include a careful model of this phenomenon to
correctly predict the extension of the MIZ and its floe size distribution.

2.4.5

Model validations with laboratory tests

In order to extend the knowledge of the wave attenuation process, laboratory tests are
necessary to investigate the wave-floe interaction in a controlled environment to provide
validations to the theoretical models. A large array of 40-80 floating disks is tested
under the action of regular waves in Bennetts and Williams (2015), to compare the
experimental wave transmission with the prediction of the linear potential-flow thin-plate
model presented in Bennetts and Squire (2011). Experimental results confirm the relevant
role of the incident wave period, with the short waves completely reflected and the long
waves completely transmitted by the disks. Also the wave amplitude plays a decisive
role in wave transmission, with an attenuation rate up to 65% for large amplitude waves.
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The theoretical model is able to successfully predict wave transmission for the low and
mid amplitude incident waves, while it overestimates it for the larger ones, indicating the
presence of additional source of wave attenuation not taken into account by the existing
model.
The same theoretical thin-plate model is compared to experimental tests in Bennetts
et al. (2015). Two different plastics with different properties are used as thin-plate model
and tested under the action of regular incident waves with different periods and amplitudes.
Similarly to Bennetts and Williams (2015) the increase of the incident wave amplitudes
produces a reduction in wave transmission due the energy dissipation, a behaviour not
predicted by the existing linear thin-plate models which predict a transmission coefficient
independent by the wave amplitude. In Toffoli et al. (2015) a freely floating plastic plate is
tested in a wave flume in order to reproduce the two-dimensional linear potential-flow thinplate model in a series of experiments. Again, increasing the value of the incident wave
amplitude beyond a certain limit triggers an increasing reduction of the wave transmission
compared to the linear model prediction, confirming the necessity of additional wave-floe
interaction studies in order to investigate these additional sources of energy dissipation
arising in the wave-floe interaction.
Laboratory tests confirmed the general overestimation of the wave transmission predicted by the existing models. This is due to phenomena not taken into account which
trigger additional energy dissipation during the wave-ice interaction. One of the main
sources of energy dissipation is suspected to be overwash. Overwash is the process occurring when, due to the pitching movement of the plate, shallow water waves are generated
on the upper surface of the plate, affecting its hydrodynamics and dissipating energy due
to the breaking induced by their propagation.

2.5 The role of the overwash

2.5
2.5.1
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Overwash description

In this dissertation overwash is the name of the phenomenon that occurs when, under the
action of sufficiently strong incident waves and due to the floating movement of the ice
floe, a shallow water wave (here referred as bore) is generated on the upper surface of the
floe at the front and rear edge. During overwash the bore propagating from the front edge
travels in the same direction of the incident wave, while the rear edge one travels in the
opposite way, until they reach the same position generating a collision-induced breaking
event. Overwash is supposed to be responsible for the dissipation of a relevant amount
of energy and consequently the reduction of wave transmission occurring for the largest
waves in laboratory tests.

Fig. 2.5 Waves eroding the upper surface of the ice in the MIZ (Photos by Alessandro
Toffoli)
Although observations of submerged floes are reported in various papers, eg. (Bauer
and Martin, 1980), overwash was rarely observed during polar expeditions due to the
extreme sea roughness conditions required to occur. Massom and Stammerjohn (2010)
reports the increase in windiness and storminess in the Antarctic ocean due to the effects
of the global warming, which produced phenomena of floe surface flooding. Lytle and
Ackley (1996) describes the flooding of snow-covered ice floes occurring in the Antarctic
ocean, which left a mixed water-snows slush in the floe surface that subsequently refroze.
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Overwash increases also the lateral erosion of the ice chunks as in Fig. 2.5, accelerating
the overall ice melt and the reduction of the ice cover extent.
In laboratory experiments, where it is easier to generate scaled reproductions of stormlike conditions, overwash is more commonly noted (eg. Fig. 2.6). Experimental tests in
McGovern and Bai (2014) analyse the response of floes of different sizes and shapes in
severe sea conditions. A series of snapshot inside the paper clearly shows the overwash
phenomenon occurring for waves with high amplitude and short wavelength. According
to Meylan et al. (2015), overwash only marginally affects the flexural behaviour of the
floe, with the theoretical model correctly predicting the plate motion recorded during the
experiments even not including any correction to take into account non-linear effects. On
the other hand, in Bennetts and Williams (2015) overwash is considered one of the major
responsible (along with floe-floe collisions) for the discrepancies between theoretical and
experimental model observed for large-amplitude waves. The same happens in Bennetts
et al. (2015) where not only overwash is held responsible for the wave transmission
reduction occurring for the strongest waves, but it also generates non-linear effects, such
as high frequency waves, responsible for the spectral energy shift from the main frequency
to the tail of the spectrum. As a consequence, the shape of the transmitted waves shifts
from the regular one for the gently-sloping waves to the irregular one recorded for the
larger waves. Similarly in Toffoli et al. (2015) the agreement between theoretical and
experimental model is good for small amplitude incident waves, while wave transmission
is strongly affected by the overwash occurring with larger ones. In presence of overwash
the theoretical model overpredicts wave transmission, revealing again the presence of
additional source of energy dissipation not taken into account in the canonical thin-plate
model.
Only recently overwash was considered as a possible source of energy dissipation,
therefore its effects are not taken into account in any of the model previously presented.
Skene et al. (2015) proposed the first model to predict overwash. Bores generation is
modelled using the linear potential-flow theory and the non-linear shallow water equations
are used to simulate their propagation on the plate’s surface. Model predictions are
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Fig. 2.6 Snapshot of the overwash phenomenon in a laboratory experiment. The front edge
bores are propagating from right to left.
compared with the overwash experimental data collected in Bennetts et al. (2015) to
provide validation. Results show that for small incident waves, which produce moderate
amount of overwash on top of the plate, model predictions match well the experimental
data, correctly predicting qualitative and quantitative overwash properties. The increase
of the incident waves amplitude worsens the model-data agreement, with the model
overpredicting the thickness of the overwash layer compared to the experimental results.
In addition, the shallow water equations included in the model lacks of turbulent terms and
consequently they are not able to predict the overwash behaviour where the front and rear
edge bores collide and generate breaking.
The role of the overwash in energy dissipation needs to be carefully assessed in order
to confirm its contribution in reducing wave transmission during experimental tests. In
particular the analysis needs to take into account the energy transfer involved in the
collision-induced breaking observed in the overwash generated by large-amplitude waves,
which is suspected to be the responsible for the dissipation of a large amount of energy
involved in the overall process. The final goal is to find a way to predict the overwash layer
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thickness by the properties of the incident wave and subsequently the reduction in wave
transmission.

2.6

Conclusions

A detailed description of the various types of ice have been presented in this chapter. The
ice formation process is strongly affected by the presence of salt in the water. Freshwater ice
has a planar ice growth, which generates a pure elastic response to mechanical solicitations
without any deformation prior the complete failure. On the opposite saltwater ice, due to
the presence of a super-cooled water layer at the ice-ocean interface, presents a lamellar
ice growth, which produces whiter ice with stronger albedo effect and a more plastic
mechanical behaviour. The ice formation process depends also by the sea-state conditions.
In case of rough conditions (like in the Southern ocean) the frazil ice, which consists in
the ice crystals slush covering the ocean surface at the beginning of the formation process,
merge together into round-shaped disks with a 3-5 m diameter and 0.5-0.7 m thickness
called pancakes, which are created by the combined action of waves and winds. If the
sea-state is sufficiently calm (like in the Arctic ocean) frazil ice forms large solid sheets
called nilas which, differently from the rough sea-state condition, allow a strong lamellar
ice growth (known as congelation ice) increasing the thickness of the ice up to 2 m.
Once formed, ice can be deformed in several ways increasing the overall thickness of
the ice cover (convergent deformations) or decreasing it (divergent deformations). The area
where the latter happens is called marginal ice zone (MIZ) and is defined as "that part of the
ice cover which is close enough to the open ocean boundary to be affected by its presence".
In the MIZ ice is mostly present in the form of large pieces of ice called floes, travelling
from the ice pack to the complete melting in the warmer ocean. The most relevant area is
the MIZ edge zone, which consists in the outer 5 km of the MIZ where the most part of
the wave-ice energy exchanges take place. In this area the wave-floe system is described
through a Kirchoff-Love thin-plate floating on top of an inviscid, incompressible fluid
undergoing irrotational motions. The thin plate scatters the incident wave in a reflected
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and in a transmitted component, depending by the floe geometries, the period and the
amplitude of the wave.
Several models have been proposed for the wave-ice interaction. The inner parts of the
MIZ, close to the ice pack, are usually reproduced using continuous models. These models
consider, for example, the ice cover as a uniform material with different viscosity and
mechanical properties or as viscous liquid suspension. On the other hand, the outer parts of
the MIZ are usually modelled using the solitary floe approach, which analyses the wave-ice
interaction from the single thin-plate point of view. The first solitary floe model was
proposed by Wadhams and it was initially solved for a semi-infinite ice cover, for example
used to model fast ice, then it was extended to finite size floes, finding a strong dependence
of wave reflection from wavelength and floe length. Subsequent evolutions of the Wadhams
model extended the applicability also to three-dimensional and arbitrary shape floes. The
model was also improved investigating the wave-floe interaction in presence of multiple
floes, initially for infinite arrays of floes and then to the more complex semi infinite array,
more representative of the outer MIZ.
Wave-floe models have been included in few general oceanic circulation models,
considering not only the attenuation effects operated by the floe to the ocean waves but
also a floe breakup model due to the action of the waves on the floe itself. In every
case it was found that the model overpredicted the wave transmission, especially for
long-period waves, due to the energy dissipation occurring in real sea-ice interactions but
not considered in the model. Existing models predictions also worsen with the increase
of the wave amplitude, due to the lack of validation in storm-like conditions. A series
of laboratory experiments were carried out to investigate more in details the wave-floe
interaction, and the phenomenon of the wave attenuation, using wave conditions difficult
to obtain from field data. It was found that recorded wave transmission starts to diverge
from the linear model predictions after the incident wave amplitude increases above a
certain threshold, depending by the period, due to additional sources of energy dissipation
occurring for large amplitude waves.
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Overwash, a phenomenon occurring when shallow water waves are generated on the

upper surface of the floe, is considered one of the major responsible for the reduction in
wave transmission. Although it was occasionally spotted during field observation in the
polar regions, it is a phenomenon more commonly noted during laboratory tests where it
is possible to reproduce a rough sea-state (storm-like conditions) more easily than in the
ocean. While several studies linked the reduction in wave transmission to the presence of
the overwash, a model predicting the whole complexity of the phenomenon and its effect
for every different incident wave condition is still missing.
The purpose of this research is then to investigate the whole complexity of the wavefloe interaction, with a particular focus on the overwash phenomenon and the other sources
of energy dissipation. In order to achieve this, both experimental tests and numerical
simulations will be used to evaluate the reflection and transmission of incident waves
operated by a thin plate configurations in different experimental conditions and with and
without the presence of overwash on the upper surface. A double plate configuration will
also be used to evaluate the reflected and transmitted waves with multiple plates, in order
to have a better idea on how two floes close to each other affect wave transmission. In
conclusion, another series of experiments will be used to evaluate the wave attenuation in
the MIZ from a large scale perspective, reproducing the propagation of ocean waves in a
pancake ice cover.

Chapter 3
Reflection and transmission of regular
water waves by a thin, floating plate1
3.1

Introduction

Thin, floating plates have been used to model sea ice floes (discrete chunks of sea ice)
and very large floating structures (VLFSs, e.g. floating runways), with a large branch
of these models developed to investigate interactions between surface-water waves and
the plates (floes or VLFSs). For some of these applications the horizontal dimensions
of the plates are comparable to wavelengths, so that the plates flex in response to the
waves, in addition to experiencing rigid-body motions. Particularly for sea ice applications,
wave–plate interaction models are used to predict the proportions of incident wave energy
reflected and transmitted by the floe, as this provides predictions of the distances ocean
waves travel into the ice-covered ocean and impact the ice cover (Bennetts and Squire,
2012, Williams et al., 2013a,b).
The canonical theoretical wave–plate interaction model is a Kirchoff–Love thin-plate
floating on top of an inviscid, incompressible fluid undergoing irrotational motions, meaning the water velocity field can be defined as the gradient of a scalar potential function. It
1 This

chapter is an extended version of F. Nelli, L.G. Bennetts, D.M. Skene, J.P. Monty, J.H. Lee, M.H.
Meylan, A. Toffoli, Reflection and transmission of regular water waves by a thin, floating plate, Wave Motion,
Volume 70, 2017, Pages 209-221
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assumes linearity (in terms of the Bernoulli water pressure, the material response of the
plate, and the moving boundary conditions) and harmonic time dependence at a prescribed
angular frequency ω = 2π/T , thus fixing the open-water wavelength λ (for a given water
depth). The plate oscillates in response to an incident wave at the prescribed frequency,
in both its rigid-body and flexural modes, but does not drift. Water and plate motions are
coupled at the lower surface of the plate only, assuming that all points on this surface
remain in contact with the water during motion. Reflection and transmission result solely
from impedance mismatches (i.e. different wave numbers) between the open water and the
plate-covered water.
η

ηref

ηinc

{Φz} = ρωΦ

Φxx + Φzz = 0
Φz = 0

Fig. 3.1 Schematic of the two-dimensional canonical model and governing equations of
the associated boundary-value problem.
Meylan and Squire (1994) studied wave reflection and transmission by an ice floe
of uniform thickness h, using a two-dimensional version of the canonical model (one
horizontal dimension and one depth dimension, with coordinates x and z, respectively),
similar to the theoretical model used in this study, although neglecting draught of the plate
and its surge motion. Fig. 3.1 shows a schematic of the two-dimensional canonical model
and the associated boundary-value problem for φ . The operator L involved in the surface
condition is defined as L {•} = ρg for the intervals of open water, where ρ is the water
density and g ≈ 9.81 m s−2 is the constant of gravitational acceleration. For the interval
occupied by the plate, it is defined by
L {•} = (ρg − ω 2 m) • +

Eh3 •xxxx
12(1 − ν 2 )

(3.1)

33

3.1 Introduction

where m is the plate mass per unit length, E is its Young’s modulus and ν is its Poisson’s
ratio. Free edge conditions, φxxz = 0 and φxxxz = 0, are applied at the ends of the plate.
Plate interaction is generated by a train of regular waves (with sinusoidal profiles),
coming from its right-hand side, with surface elevation ηinc = a cos(kx + ωt), where a is a
prescribed amplitude and k = 2π/λ is the open-water wave number. The plate partially
reflects and partially transmits the incident waves. The reflected and transmitted fields are
regular wave trains, with surface elevations
ηref = aref cos(kx − ωt + ϕref )

(3.2)

ηtra = atra cos(kx + ωt + ϕtra )

(3.3)

respectively, where aref and atra are the reflected and transmitted amplitudes, and ϕref and
ϕtra are phases. In the front field, on the right-hand side of the plate, the incident and
reflected waves superpose to create a partial standing wave field. In the rear field, on the
left-hand side, the wave field consists of transmitted waves only.
The canonical model is energy conserving, meaning that the energy in the incident
waves is distributed into the reflected and transmitted waves. This property is expressed
as ER + ET = 1, where ER = |aref /a|2 and ET = |atra /a|2 — the proportions of energy
reflected and transmitted — are referred to as the reflection and transmission coefficients,
respectively.
Meylan and Squire (1994) found that ER is generally less than order 10−2 for plate
lengths less than approximately one-third the incident wavelength, implying that the
incident wave is almost entirely transmitted in this regime. Longer plates were found to
reflect much greater proportions of the incident waves, with values of ER typically order
10−1 .
Montiel et al. (2012) showed that, for a plate with properties similar to those considered
in this study although only half as thick, including the Archimedean draught of the plate in
the model affects reflection for incident wavelengths approximately less than half the plate
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length only. Bennetts et al. (2007) and Smith and Meylan (2011) showed examples of the
impacts of thickness variations on reflection and transmission.
Meylan and Squire (1996b) used the canonical model with a circular disk to study wave
scattering (reflection/transmission over all horizontal directions) by an ice floe, noting that
Masson and LeBlond (1989) earlier calculated scattering by a rigid circular floe. They
found that, as the plate diameter increases with respect to the incident wavelength, the
scattered energy increasingly focusses around the reflected and transmitted directions. Similarly, for elliptical plates, Bennetts and Williams (2010) found that directional scattering
tends to pure reflection/transmission as the width of the plate increases.
Bennetts et al. (2015) used a laboratory experimental model, akin to the canonical
theoretical model, to study transmission of regular incident waves by an ice floe. The
experiments involved measurements of the surface elevation in the rear field of a loosely
moored, square, plastic plate, with regular incident waves, for a range of plate thicknesses,
incident wave periods and amplitudes, and two plastics. They showed that for incident
amplitudes as small as ka = 0.08, the plate could transmit highly irregular waves (in this
case inducing a broad frequency content), with the irregularity increasing as the incident
waves became steeper. They attributed this phenomenon to incident waves washing over
the upper surface of the plate due to its small freeboard (referred to as overwash), then
running off the plate into the rear field, producing high-frequency components in the
transmitted wave spectrum. Overwash is a highly nonlinear phenomenon not included
in the canonical model, but commonly noted in laboratory tests on wave interactions
with thin floating plates/experimental models of wave-ice interactions (e.g. Montiel et al.,
2013b,a, McGovern and Bai, 2014, Yiew et al., 2016b, Sree et al., 2016), and with
Massom and Stammerjohn (2010) reporting observations of seawater being washed onto
the surfaces of Antarctic sea ice floes. Skene et al. (2015) analysed the depth of the
overwash during Bennetts et al. (2015)’s experiments, using measurements provided by a
wave gauge mounted on top of the plate, and developed an associated theoretical model,
using predictions of plate motions and wave surface elevations surrounding the plate
provided by the canonical model.
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Bennetts and Williams (2015) studied transmission of regular incident waves through
arrays of 40–80 loosely moored, circular, wooden plates during a series of laboratory wavebasin experiments. They showed that, for short incident periods, the proportion of wave
energy transmitted drops sharply as the wave amplitude increases, noting a correlation
between this behaviour and the occurrence of overwash. Similarly, Meylan et al. (2014b)
used measurements of wave activity in the ice-covered Antarctic Ocean to provide evidence
that the energy of short-period waves attenuates more rapidly with distance travelled as the
incident amplitude increases.
Toffoli et al. (2015) analysed transmission of regular incident waves by an unmoored
plastic plate in a laboratory–experimental setting, replicating the two-dimensional version
of the canonical model. They showed the theoretical model (including draught and surge)
predicts transmitted amplitudes accurately for incident waves with amplitude approximately
ka ≤ 0.06 only, and increasingly over predicts the transmitted amplitudes as the incident
waves become steeper. Further, by extracting the reflected wave energy from surfaceelevation measurements in the front field, they showed that the loss of model accuracy is
correlated to wave-energy dissipation in the experiments, indicating wave breaking in the
overwash as the likely sink.
An extended experimental dataset to that of Toffoli et al. (2015) is analysed in this
investigation. The dataset includes tests on loosely moored plates (similarly to Bennetts
et al., 2015, Bennetts and Williams, 2015), and plates with barriers around their edges
to prevent overwash, respectively, to test the roles of drift and overwash on reflection
and transmission. Moreover, it includes data from two different plastics, with different
mechanical properties, and different densities (providing different freeboards and affecting
the strength of overwash). The reflected wave field is explicitly analysed, in addition to
the transmitted wave field. It is shown that the reflected and transmitted fields are regular
for the plates with barriers, but become irregular as the incident amplitude increases for
the plates without barriers, with the irregularity stronger for the denser plate and when
the plate is moored. The reflection coefficients produced by the unmoored plates are
shown to be significantly smaller than those produced by the moored plates, for all but the
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longest-period incident waves tested. Consistent with the findings of Toffoli et al. (2015),
the transmission coefficients are found to decrease with increasing incident amplitude,
but only for the plates without barriers. Evidence is provided to link the decrease in
transmission coefficients with wave-energy dissipation.

3.2

Experimental set-up and post processing

Experimental tests were conducted in the 60 m long and 2 m wide Extreme Air-Sea
Interaction (EASI) flume, University of Melbourne, Australia. The flume is equipped with
a cylinder-type wave-maker at one end, and a linear beach at the opposite end. The flume
was filled with fresh water (density ρ ≈ 1000 kg m−3 ) up to a depth of 0.9 m.
A 1 m long, 1.9 m wide and 0.01 m thick plastic sheet was placed in the flume, to
act as the thin plate. Two different plastics were tested: (i) polypropylene (PP)2 and
(ii) polyvinyl chloride (PVC) foam3 . Properties of both materials are shown in table
3.1 Polypropylene was chosen due to its density similar to sea ice (≈ρ(kgm− 3) = 910),
Table 3.1 Properties of the plastic materials
PP PVC
ρ(kgm− 3) 905 569
E (GPa)
1.6 500
ν
0.4 0.4
while PVC was chosen due to its mechanical properties comparable to an ice floe (≈E

(GPa)=5includingthe10xscaling f actor).T hePoissonratiowaschoseninaccordanceto(NewmanandStrella, 1965).
400 Pa. According to Deshpande and Fleck (2001), PVC has an elastic response to stresses
lower than 4 MPa, justifying comparisons to a linear elastic model. Similarly, according to
Shokrieh et al. (2015), PP has an elastic response to stresses lower than 15 MPa. Moreover,
in a related study, Meylan et al. (2015) showed the canonical model accurately predicts
2 a general datasheet can be found at http://www.efunda.com/materials/polymers/properties/
polymer_datasheet.cfm?MajorID=pp&MinorID=1
3 http://astrup.no/content/download/4647/16242/version/1/file/PVC+Forex+Classic+
Datablad.pdf
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the motions of PVC and PP plates under forcing from regular waves with periods and
amplitudes similar to those used in this study (defined below).

Plate with
Beach
barriers
Rear mooring
Front mooring
2m
Rear gauges

Front gauges

6m

Wavemaker
28 m

60 m

Fig. 3.2 Schematic plan views of the three test cases (not to scale): freely floating (top
panel); moored without barriers (middle); and moored with barriers (bottom).
Fig. 3.2 shows plan-view schematics of three different configurations used for the
tests. The top panel shows the case in which the plate is freely floating, so that it drifts
downstream during the tests. No barriers to prevent overwash are placed in this case. The
middle panel shows the case in which the plate is loosely moored, to allow surge but
restrict drift. The left-hand panel of Fig. 3.3 shows a photo of the moored PVC plate. The
bottom panel shows the case in which the plate is moored and has lightweight barriers
around its edges, to prevent overwash. The right-hand panel of Fig. 3.3 shows a photo of
the moored PVC plate with barriers.
The wave-maker was used to generate regular (monochromatic) incident wave trains.
For each plastic and deployment, three different wave periods, T = 2π/ω, were used:
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Fig. 3.3 PVC plate in the moored case (left-hand panel) and moored with barriers case
(right).
T = 0.8 s (corresponding to a wavelength λ = 1 m); T = 0.9 s (λ = 1.26 m); and T = 1 s (λ
= 1.56 m). For each period, five different amplitudes were imposed to give nondimensional
wave amplitudes values ka = 0.06, 0.08, 0.1, 0.12 and 0.15, ranging from gently-sloping
(ka = 0.06 and 0.08) to storm-like waves (ka = 0.1 to 0.15). In order to get benchmark
measurements of the incident waves, tests without the plate were performed. Note that
none of these waves are steep enough to reach the breaking onset (Babanin et al., 2007,
Toffoli et al., 2010). Each test was performed three times to assess repeatability and
uncertainties.
Records of the water surface elevation, η, were gathered with capacitance wave gauges,
operating at a sampling frequency of 1000 Hz. Fig. 3.2 shows the locations of the gauges
for the three different configurations. An array of three collinear probes was installed
between the wave-maker and the plate to measure the front field (incident and reflected
waves), while a second three-probes array was deployed between the plate and the beach
to measure the rear field (transmitted waves). The probes were located along the centreline
of the tank to avoid wall effects. For the freely floating configuration, the front-field
array was deployed 12 m from the wave-maker, and the rear-field array 39.6 m from the
wave-maker. The distance between the two arrays ensured enough space for the plate to
drift without colliding with the gauges. For the configurations involving moored plates,
the front-field array was installed 28 m from the wave-maker and the rear-field array 40 m
from the wave-maker. In the moored-without-barriers cases, a line of gauges (two for the
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PP plate, three for the PVC plate) was mounted on the plates to measure the overwash
depth, although this data is not analysed in this study.
The surface elevation was recorded for a maximum of 90 s. The first 50 s of the time
series were used for processing to exclude contamination with reflected waves from the
beach. In addition, the initial portion of the timeseries, before the steady-state condition
was established, was discarded. To eliminate noise, a smoothed signal was generated
by filtering components with frequencies smaller than 0.5 and greater than 3.5 times the
frequency of the incident wave. Wave periods and amplitudes were calculated from the
smoothed signal using a zero-crossing analysis (a standard procedure for signal analysis,
e.g. Emery and Thomson, 2001). This involves determining the times at which the surface
displacement crosses the zero, and finding the modulus of the extremal value between
subsequent crossings, which is identified as an amplitude, with the time between successive
amplitudes maxima or minima as periods.
A Discrete Fourier Transform was applied to the recorded surface elevation to approximate the wave energy spectrum
1
S( f )d f = â2
2

(3.4)

where f = 1/T = ω/2π is wave frequency and â( f ) is the amplitude of the component
of the wave field at frequency f (Holthuijsen, 2010). The spectrum was evaluated as
an ensemble average over non-overlapping windows of 8192 points. The reflection and
transmission coefficients, ER and ET , respectively, were calculated as
ER =

|m0,front − m0,inc |
m0,inc

and

ET =

|m0,rear |
,
m0,inc

(3.5)

where
Z ∞

m0 =

S( f ) d f ,

(3.6)

0

is the zeroth-order moment of the wave spectrum S( f ) in the front, rear and incident fields.
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Water surface elevations for wave period T = 0.9 s

3.3
3.3.1

The front field

Timeseries recorded the front field are shown in Fig. 3.4. An example of a 25 s time window
of surface elevations produced by the PP plate is shown for the three configurations, and
for the mildest amplitude, ka = 0.06, and most storm-like amplitude, ka = 0.15. For the
mild amplitude, the front fields produced by both moored plates retain the regular profile
of the incident field. The freely floating plate slowly drifts down the flume, so that the
reflection source is moving away from the front gauges, producing a surface elevation in
the form of a sinusoid at a period approximately that of the incident period but modulated
by a slowly varying envelope.
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Fig. 3.4 Examples of front-field free-surface elevation, recorded from the first probe,
normalised with respect to incident wave amplitude for PP plate and incident wave period
T = 0.9 s. Top panels (a,b,c) show typical wave elevations for mild incident waves, with
ka = 0.06, and bottom panels for storm-like incident waves, with ka = 0.15. Left-hand
panels (a,d) show the moored case with barriers, middle panels (b,e) the moored case
without barriers, and right-hand panels (c,f) the freely floating case.
For the storm-like incident wave field, the elevation produced by the moored plate
with barriers is regular for the first 20 s of the chosen window, but slightly increases in
amplitude in the final 5 s, indicating some irregularity. This weak irregularity is potentially
caused by occasional slamming of the plate ends against the water surface.
The elevation produced by the moored plate without barriers is regular for the first
15 s of the window, but shows significant irregularity in the final 10 s, which is attributed,
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at least in part, to strong overwash. Overwash is generated by the wave elevation rising
above the ends of the plate, as described in Bennetts and Williams (2015). The strongest
overwash occurs when the end of the plate closest to the wave-maker pitches downwards
as the wave crest reaches it (i.e. the point at which the surface elevation is highest above
the plate end), changing the reflection characteristics of the plate.
For the freely floating plate and the larger incident amplitude, the elevation is highly
irregular. This is partially attributed to modulation caused by drift — noting that the plate
drifts faster for the larger incident amplitude. Irregularity is also attributed to overwash,
although the overwash is weaker for the drifting plate than the moored plate without
barriers.

Fig. 3.5 Photos showing overwash of PP plate by incident waves of period T = 0.9 s taken
by camera mounted on the centre of the plate facing the wave-maker, for incident amplitude
ka = 0.06 (left-hand panel) and ka = 0.15 (right).
Fig. 3.5 shows photos of overwash of the moored PP plate without barriers taken by a
camera mounted on the plate and facing the wave-maker. The left-hand panel is for the
mildest incident wave, ka = 0.06, for which the overwash is weak (relatively shallow and
non-energetic). The right-hand panel is for the most storm-like incident wave, ka = 0.15,
for which the overwash is strong (deep and energetic). Note, in particular, wave breaking
in the overwash in this case.
Fig. 3.6 shows typical examples of water surface elevations in the front field, for the two
different plastics and three different configurations, and a storm-like incident amplitude
ka = 0.12. The peak-to-trough amplitude of the incident field is superimposed on the plots,
and it is evident that the front-field amplitude is consistently larger than that of the incident
field. The amplitude is largest for the PVC plate, suggesting it reflects a greater proportion
of the incident wave than the than PP plate.
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Fig. 3.6 Examples of front-field free-surface elevation for incident wave with period
T = 0.9 s and amplitude ka = 0.12. Results for PP plates are shown in top panels (a–c, ),
and for PVC plate in bottom panels (d–f, ). Left-hand panels (a,d) show the moored case
with barriers, middle panels (b,e) the moored case without barriers, and right-hand panels
(c,f) the freely floating case. Black dashed lines represent the peak-to-trough amplitude of
the incident waves.
The irregularity of the front field produced by the moored PP plate without barriers is
again evident. However, the front field produced by the moored PVC plate without barriers
is regular. This difference is attributed to the PP plate experiencing stronger overwash than
the PVC plate, because it has a higher density giving it a smaller freeboard. For the tests
shown, the mean overwash depth of the PP plate (measured by the gauges mounted on the
plate) was ∼ 17 mm, whereas it was only ∼ 4 mm for the PVC plate.
Similarly to the profile shown in Fig. 3.4(f) for the largest incident wave amplitude,
the front field elevation for the freely floating PP plate displays strong irregularity that
cannot be attributed to modulation alone (albeit slightly weaker than the irregularity for
the steeper incident wave). For the freely floating PVC plate, the irregularity is far weaker,
being dominated by smooth modulation. This is again attributed to weaker overwash of
the PVC plate, noting that the PP plate also drifts faster than the PVC plate.
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Fig. 3.7 Probability of front-field wave heights exceeding H/Hinc , for tests shown in
Fig. 3.6 (T = 0.9 s and ka = 0.12). Results for PP plate (∗) and PVC plate (◦), with
configuration of a (a) moored plate with barriers, (b) moored plate without barriers, and (c)
freely floating plate. Results for the incident wave field (+) are included for reference.
Fig. 3.7 shows the regularity/irregularity of the wave height, H = 2a, in terms of the
probability P(H > H0 ) of exceeding a given height H0 (e.g. Ochi, 1998) for the tests
shown in Fig. 3.6 (over the full 50 s series rather than the sample windows) and the
incident wave field from the benchmark tests. The probability for the incident wave is
approximately a vertical line, indicating little variability, as expected due to it being regular.
The probabilities for the front fields indicate that the wave heights produced by the PVC
plates in the front field are regular (little variation in wave heights) and greater than those
produced by the PP plates in the corresponding cases. They also show irregularity of the
front fields produced by the freely floating plates (wide spread of wave heights), although
noting that the probabilities are smooth.
For the moored PP plate without barriers, most wave heights cluster around a value
slightly greater than unity. However, significant proportions of wave heights deviate from
this value, both above it and below it, indicating irregularity. For the moored PP plate with
barriers, the only deviation from regularity is a proportion of ∼ 10 % of the wave heights
that exceed the regular height, similar to the increase in wave amplitudes observed in the
final 5 s of the time series in Fig. 3.6(a), attributed to occasional slamming of the plate
ends against the water surface. The strength of the slamming was weaker for the moored
PVC plate with barriers (consistent with the observations of Bennetts et al., 2015), and the
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corresponding time series and wave-height distribution do not display the increase in wave
amplitudes/heights.
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Fig. 3.8 Wave spectra in the front field, corresponding to Fig. 3.6 (T = 0.9 s and ka = 0.12)
for the PP plate (a–c, ) and PVC plate (d–f, ), as functions of frequency, f , normalised
with respect to the incident frequency, finc . The spectrum of the incident wave field is
superimposed ( ).
Fig. 3.8 shows the wave spectrum, S given in Eqn. (7.3), for each of the tests shown
in Fig. 3.6 (again over the 50 s record). The spectra are shown as functions of frequency,
normalised by the incident frequency finc = 1/0.9 s−1 . The incident wave spectrum is
superimposed for comparison. Its largest peak is at the incident frequency f / finc = 1,
with subsequent peaks at the higher harmonics f / finc = n ∈ N (n > 1), which decrease
in amplitude as n increases. The harmonics define the bound modes, inevitable even in
regular waves due to nonlinearities.
The spectra for the freely floating plates show the significant irregularity noted in
Fig. 3.6(c,f) and Fig. 3.7(c). The harmonic structure of the incident field is smeared by the
reflected field, with the highest harmonics imperceptible for the PP plate. The majority of
wave energy is still centred around the fundamental frequency ( f / finc = 1), but is spread,
with sidebands appearing, particularly for the PP plate.
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The moored PVC plates approximately retain the harmonic structure of the incident
spectrum, with the fundamental harmonic still narrow-banded, and the second harmonic
likewise for the plate with barriers. The third to fifth harmonics gain energy, implying
these higher harmonics are strongly reflected by the plate or that reflection by the plate
involves a transfer of wave energy between harmonics. The moored PP plates display
irregularity in the form of energy spreading around the harmonics (although not to the
extent of the freely floating plates). The greater irregularity seen in the profiles for the
plate without barriers — attributed to strong overwash — manifests as larger spread of
energy between the fundamental and second harmonics.

3.3.2

The rear field

Rear field timeseries are shown in Fig. 3.9. The free-surface elevations for transmitted
waves in the rear field correspond to the front field elevations shown in Fig. 3.4, i.e.
T = 0.9 s, and ka = 0.06 and 0.15. In this case, for the mild incident wave, ka = 0.06, the
rear fields for all three configurations are very similar and regular, as the transmitted field
is dominated by the incident field. For the storm-like incident wave, ka = 0.15, the rear
field for the plate with barriers is similar to that for the mild incident wave, although with a
small degree of irregularity evident in the amplitudes. The effect of increasing the incident
amplitude is striking for the plates without barriers. Both have attenuated amplitudes and
become highly irregular. This is again attributed to strong overwash in these cases, with, for
example, the water running off the plate surface injecting high-frequency wave components
into the transmitted wave field. Attenuation and irregularity are most pronounced for the
moored plate because it experiences stronger overwash than the freely floating plate, as
noted in §3.3.1.
Fig. 3.10 shows the free-surface elevations in the rear field for the two plastics and all
three configurations, with an incident amplitude of ka = 0.12. For both plastics and all
three test configurations, the amplitudes in the rear field are less than the incident wave
amplitude, as expected. The amplitudes are larger for the PVC plates than the PP plates,
indicating that the PVC plates transmit a greater proportion of the incident wave field
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Fig. 3.9 As in Fig. 3.4 but for the rear field.
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Fig. 3.10 As in Fig. 3.6 but for the rear field.
than the PP plates, although the opposite may have been expected, as the results shown in
§ 3.3.1 appeared to show that the PVC plates reflect a greater proportion of the incident
wave field than the PP plates. The PVC plates without barriers display far less attenuation
and irregularity than the PP plates. Again, this is attributed to the larger freeboard of the
PVC plates meaning they experience weaker overwash than the PP plates.
Fig. 3.11 shows the wave height exceedance probabilities for the rear fields considered
in Fig. 3.10. It confirms that the rear fields produced by the PVC plates are (at least
approximately) regular, with the strongest deviation being for the moored plates without
barriers. The moored PP plate with barriers is essentially regular, but, as in the front field,
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Fig. 3.11 As in Fig. 3.7 but for the rear field.
displays some heights that exceed the regular value. The PP plates without barriers both
produce wide ranges of wave heights, particularly the moored plate.
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Fig. 3.12 As in Fig. 3.8 but for the rear field.
Fig. 3.12 shows the corresponding wave spectra, with the incident spectrum superimposed. The most significant smearing of the harmonic structure is for the PP plates without
barriers, particularly the freely floating plate. In all cases the fundamental harmonic loses
energy with respect to the the incident spectra. Again, this is most significant for the PP
plates without barriers, where sidebands appear around the fundamental harmonic.
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3.4

Reflection and transmission coefficients and dissipation

The reflection coefficient ER is shown in Fig. 3.13 as a function of the incident wave
amplitude, for both plastics and all three configurations. Error bars, equivalent to two times
the standard deviation (i.e. 95 % confidence intervals), show the sample variability. The data
are slightly offset with respect to the incident amplitude for the sake of clarity. Predictions
given by a coupled potential-flow and thin-plate theoretical model are superimposed for
reference (see § 3.1, and Toffoli et al., 2015), noting that the model is based on linear
theory, so that it is constant with respect to wave amplitude.
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Fig. 3.13 Reflection coefficient, as a function of the incident wave amplitude, for the
mooring-with-barriers case (◦), mooring-without-barriers case (∗), and freely floating case
(□). Whiskers indicate the 95 % confidence intervals. Linear theoretical model predictions
are superimposed ( ).
On average, reflection coefficients decrease with increasing wave period (reading each
rows of panels left to right) and are insensitive to wave amplitude, consistent with model
predictions. The freely floating plates generally produces the weakest reflection, which is
attributed to drift of the plate providing less resistance to the incident waves. The moored
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plates with barriers generally produce the strongest reflection (although only marginally
greater than the moored plates without barriers), which is attributed to the barriers resisting
incident waves washing over the plates.
For the longest period, T = 1 s, which results in the weakest reflection on average for all
plates, and the PP plate, the reflection coefficients produced by the different configurations
are almost identical, and the model accurately predicts their values. The freely floating
plate displays significant variability for the least steep incident waves, which can be
partially attributed to larger measurement errors relative to amplitudes. For the PVC plate,
the reflection coefficients produced by the different configurations are similar, although
they are smallest for the moored-without-barriers case for all but the smallest amplitude,
and largest for the moored-with-barriers case for all amplitudes. On average, the model
slightly under predicts the reflection.
For the intermediate wave period, T = 0.9 s, and the PP plates, although the reflection
coefficients produced by the different configurations are similar, there is a general trend for
the moored-with-barriers case to produce the strongest reflection, and the freely floating
case to produce the weakest reflection. These trends are stronger for the PVC plates,
particularly for the freely floating plate to produce the weakest reflection — the reflection
produced by the moored plates are still similar. The model over predicts the reflection
coefficients for the PP plates and the freely floating PVC plate, but slightly under predicts
the reflection produced by the moored PVC plates.
For the shortest period, T = 0.8 s, which results in the strongest reflection overall,
the reflection coefficients for the moored plates are almost identical, and their values are
accurately predicted by the model. The reflection produced by the freely floating plates is
significantly weaker than the moored plates. Moreover, the reflection coefficients for the
freely floating plates barely increase as the incident period decreases.
Fig. 3.14 shows the corresponding results for the transmission coefficient, ET . On
average (with respect to incident amplitude), transmission increases as the incident period
increases, consistent with model predictions. For the moored-with-barriers cases, the
transmission coefficients are largely insensitive to the incident amplitude, and the model
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Fig. 3.14 As in Fig. 3.13, but for the transmission coefficient.
predictions are generally accurate, although they slightly over predict transmission for the
PVC plate.
For the cases without barriers, the transmission coefficients tend to decrease with
increasing incident amplitude — Toffoli et al. (2015) reported a similar phenomenon for
the unmoored PP plate. The decrease is stronger for the moored plates than for the freely
floating plates, and stronger for the PP plates than for the PVC plates, and is strongest at
the 0.9 s period. It is attributed to wave breaking in the overwash region dissipating wave
energy — as the incident wave becomes steeper, the overwash becomes stronger and the
dissipation increases. The transmission coefficient for the PP plates are affected by the
dissipation more than the PVC plates, because, as noted above, the PP plates experience
stronger overwash than the PVC plates. Similarly, the transmission coefficients for the
moored plates are affected more than for the freely floating plates because the moored
plates experience stronger overwash.
Fig. 3.15 provides evidence that the decrease in the transmission coefficient as the
incident wave becomes steeper is caused by energy dissipation, It shows the sums of
corresponding reflection and transmission coefficients, ER + ET . Conservation of wave
energy would be indicated by ER + ET = 1, as given by the model. The moored-with-
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Fig. 3.15 Sums of corresponding reflection and transmission coefficients shown in
Figs. 3.13–3.14.
barriers cases satisfy this conservation identity approximately for all incident wave periods
and amplitudes. The values of ER + ET for the cases without barriers tend to decrease as
the incident wave amplitude increases, consistent with the findings for the transmission
coefficient. The dissipation is as significant as ∼ 70 % for the moored PP plate without
barriers when T = 0.9 s and ka = 0.15. For the shortest incident period, T = 0.8 s, the
dissipation is most significant for the freely floating plates, and this coincides with the
period at which the plates experience the fastest drift.

3.5

Conclusions

Analysis of reflection and transmission of regular incident water waves by a thin floating
plate during laboratory wave-flume experiments has been reported. A plastic sheet acted as
the thin plate, and two plastics were tested (a more rigid and dense PP and a more flexible
and less dense PVC). Three different deployment configurations were adopted: one in
which the plate was moored and barriers were attached to its edge to suppress overwash;
one in which the plate was moored without barriers, permitting overwash; and one in
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which the plate was unmoored and free to drift — thus testing the impacts of drift and
overwash on reflection and transmission. A range of incident wave periods and amplitudes
were tested, and reflection and transmission coefficients were compared to predictions for
a linear theoretical model based on coupled potential-flow and thin-plate theories.
The main results are summarised as follows:
1. For the moored plates with barriers, both the front (incident plus reflected) field and
the rear (transmitted) field were shown generally to retain the regular cross-sectional
profile of the incident wave field, although some evidence of irregularity was noted
in the form of intervals of slightly increased amplitudes for the denser PP plate. The
theoretical model was shown to predict the reflection and transmission coefficients
with reasonable accuracy, and no evidence of significant energy dissipation was
found.
2. For the moored plates without barriers, the front and rear fields were shown to
become irregular as the incident wave amplitude increases, particularly the rear field,
for which the amplitude relative to the incident amplitude was shown to attenuate
as incident amplitude increases, particularly for the PP plate. This was attributed to
strong overwash of the plates for steep incident waves. The attenuation was shown to
be caused by wave energy dissipation, not included in the theoretical model, which
was hypothesised to be due to wave breaking in the overwash region.
3. For the freely floating plates, the front fields were shown to be of the form of
sinusoids modulated by slowly varying envelopes, which was attributed to the plates
drifting. Similarly to the case of moored plates without barriers, the rear fields were
found to be regular for mild incident waves, but irregular for storm-like incident
waves and with attenuated amplitudes. These effects were observed to be weaker
than the moored-without-barriers case, and this was related to weaker overwash of
the freely floating plates than of the corresponding moored plates.
The findings suggest that reflection and transmission of regular waves by thin floating
plates are affected by overwash and drift of the plates for incident amplitudes greater
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than ka ∼ 0.08. For regions of the ice-covered ocean composed of floes with horizontal
dimensions comparable to wavelengths — where waves are free to wash over floes, and the
floes to drift, depending on resistance provided by surrounding floes — these findings imply
that the linear theoretical model may be suitable to model wave attenuation for relatively
mild incident waves only. Further, the results indicate that overwash, in particular, is
responsible for wave energy dissipation and transfer of wave energy to higher frequencies,
motivating development of theoretical/numerical models that incorporate these phenomena.

Chapter 4
An experimental model for the
interaction between waves and an array
of two plastic plates
4.1

Introduction

In the marginal ice zone (MIZ) floes size and distribution varies greatly depending on
distance from the edge. The combined action of wind and waves actively breaks larger
floes into smaller ones and pushes them away from the ice pack until they melt in warmer
ocean waters. Inner parts of the MIZ are usually modelled using the continuous model
approach, which consists in simulating the ice cover as a uniform layer with physical and
mechanical properties similar to ice. In the outer zone, where the floe density is lower, a
continuous model is not suitable any more to reproduce the ice cover condition. In order to
investigate the wave-ice interaction in this area, the continuous model is replaced by the
solitary floe model, which consists in a thin plate with sizes comparable to a single ice floe
scattering an incident wave in a reflected and in a transmitted component. One of the first
solitary floe model was proposed in Wadhams (1973) as a Kirchoff-Love thin-plate floating
above an inviscid, incompressible fluid undergoing irrotational motions. Other versions
of the model include precise mathematical solutions for various versions of the Wadhams
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model like a two-dimensional circular floe Meylan and Squire (1994), three-dimensional
circular floe Meylan and Squire (1996a) and arbitrary shape floe Meylan (2002).
Existing models usually underestimate wave attenuation. Laboratory experiments
were carried-out using single and multiple floes to investigate this aspect of the wave-ice
interaction. The advantages of using experimental tests are the repeatability, a controlled
test environment and the possibility to generate large amplitude waves, a condition difficult
to observe in the field. An array of floating disks is tested in Bennetts and Williams
(2015), confirming the under-prediction of the wave attenuation by the canonical thinplate model for strong incident waves. Although multiple floes were already tested in
wave-plate interaction experiments, a detailed analysis of the effects produced by the
overwash is missing. While for a single plate the increasing energy dissipation recorded
for large amplitude wave is assessed, it is not known what are the wave attenuation results
for two plates close together. Experimental tests are required to evaluate the wave-ice
interaction with multiple floes and how they mutually interact with each other, in order to
investigate the wave attenuation where floes concentration is sufficiently high. At this stage
no collisions between floes are taken into account to simplify the analysis and evaluate
only the energy dissipation due to interaction between waves and plates.
In this chapter an experimental set-up similar to the one presented in chapter 3 is used
to model the wave-ice interaction in a double plate configuration. Thin plastic plates
loosely moored at the front and rear edge (in order to prevent any surge of the plates) are
tested both in the one-plate and two-plates configurations under the action of incident
monochromatic waves. Plates are tested with and without wooden barriers at the edges
to allow and prevent the water washing the upper surface of the plate respectively. The
purpose is to evaluate the wave reflection and transmission with two plates and compare
them with the results recorded in the single plate configuration. The analysis will include
the comparison between reflected and transmitted wave amplitudes versus the incident
ones, plus a spectral analysis of the reflected and transmitted wave signals to investigate
the differences in the energy distribution over the frequencies. A particular focus will
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be put on the overwash phenomenon to assess its relevancy compared to the one-plate
configuration.

4.2

Experimental set-up and post processing

The tests were carried out in the Energy Transformation Laboratory of the Swinburne
University of Technology using a 15 m long, 0.8 m deep and 0.3 m wide wave flume.
Fig. 4.1 shows the detailed sketch of the wave flume. Waves are generated using a pistontype wavemaker installed at the beginning of the flume (left panel in Fig. 4.2), and they are
dissipated by a linear sponge beach with 20% slope placed at the end of the flume. The
material used for the thin plates is a PVC foam similar to the FOREX used in chapter 3,
with a density of 0.52 kg m−3 and Young’s modulus E = 0.9 GPa. Thin plates, shown in
the right panel in Fig. 4.2, are 1 m long, 0.28 m wide and 10 mm thick. Two different plate
configurations are used in the tests, one with four wooden barriers to prevent the formation
of overwash on the upper surface and one without barriers.
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PLATES
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0.5 m
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3m
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REAR FIELD
PROBES
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Fig. 4.1 Detailed sketch of the experimental wave flume set-up (not to scale)
One-plate configuration is tested first to validate this experimental set-up. Results
obtained using the Swinburne facility (here referred as SUT experiments) are compared
with the results obtained in chapter 3 using the EASI facility (here referred as EASI
experiments) to check their consistency. Subsequently the same tests are repeated using
a two-plate configuration. Plates are loosely moored at the front and at the rear edge to
prevent any drift of the floe. Due to the limited length of the flume, the freely floating
configuration is not considered in these experiments.
One-plate and two-plates interaction with incident waves is analysed for three periods
(T ), T = 0.8 s, T = 0.9 s and T = 1 s. A 0.5 m water depth is used, corresponding to inter-

58

An experimental model for the interaction between waves and an array of two plastic
plates

Fig. 4.2 Pictures of the piston-type wavemaker (left) and the thin plates (right)
mediate water conditions. Wavelengths values are respectively λ = 0.997 m, λ = 1.256 m
and λ = 1.534 m. For each period five different value of nondimensional amplitudes ka
are investigated, from gently sloping (kainc = 0.06) to storm like conditions (kainc = 0.15).
In order to verify the repeatability of the experiment, each test is run three times using the
same initial conditions checking the convergence of the results in each case. The total time
of wave generation in each tests is 60 s. Before any series of experiments the linear beach
at the end of the flume is calibrated without any plate in the flume, in order to minimise
reflection from the edge.
The surface elevation (η) is obtained using two arrays of three capacitive probes
deployed in the front field (to record incident and reflected waves) 3 m before the first plate
and in the rear field (to record transmitted waves) 3 m after the second plate (or 4.5 m from
the first plate in the one-plate configuration). A distance of 0.12 m is considered between
the first and the second probe, and a distance of 0.33 m is considered between the first
and the third probe, in order to remove any unwanted reflection component in accordance
to Mansard and Funke (2011). Data are recorded at a sampling rate of 200 Hz and for a
total time of 90 s for each test. As in 3, the first and the last part of the timeseries were cut
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to remove the initial transient and the late reflection from the edge of the flume. A time
window of 40 s was then used to record the data.
After cutting out the initial transient, a Discrete Fourier Transform (DFT ) is applied to
the remaining portion of the signal to evaluate the respective energy spectrum
1
S( f )d f = â2
2

(4.1)

where f is wave frequency and â( f ) is the amplitude of the component of the wave field at
frequency f (Holthuijsen, 2010). The zeroth-order moment of the front field, rear field and
incident spectra is subsequently calculated as
Z ∞

m0 =

S( f ) d f ,

(4.2)

0

and used to evaluate reflection (ER ) and transmission (ET ) spectral energy coefficients
ER =

|m0,front − m0,inc |
m0,inc

and

ET =

|m0,rear |
,
m0,inc

(4.3)

A total energy coefficient ET +R is then calculated as ET +R = ER + ET .
The spectrum is evaluated as an ensemble average over non-overlapping windows of
8192 points. After filtering the signal below 0.5 times the peak frequency and above 3.5
times the peak frequency, in order to remove unwanted background noise, a zero-crossing
analysis (Emery and Thomson, 2001) is applied to the free surface elevation filtered
signal, evaluating each time instant ti when the zero boundary is crossed and subsequently
calculating the maximum and the minimum of the signal for each interval between two
time instants. Summing each individual maximum to the respective minimum the value of
each individual wave height H is obtained. Wave heights are then used to calculate each
individual value of ka = 2π(H/2)/λ in the front and in the rear field.
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4.3

One-plate tests

In order to validate the Swinburne University of Technology experimental set-up, a series
of tests using a single plate configuration are carried out to reproduce the experimental
tests run in the EASI facility presented in chapter 3.
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Fig. 4.3 EASI (blue markers) and SUT (red markers) front field kainc+re f versus incident
kainc comparison for the case without overwash with incident (a) T = 0.8 s, (b) T = 0.9 s
and (c) T = 1 s. Markers represent the mean value of the dataset and whiskers represent
2-times the standard deviation.
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Fig. 4.4 EASI (blue markers) and SUT (red markers) front field kainc+re f versus incident
kainc comparison for the case with overwash with incident (a) T = 0.8 s, (b) T = 0.9 s
and (c) T = 1 s. Markers represent the mean value of the dataset and whiskers represent
2-times the standard deviation.
The comparison between EASI and SUT experiments in the front field for the case
without overwash is shown in Fig. 4.3 while the same results for the case with overwash
are shown in Fig. 4.4. The agreement between the two dataset is generally good, with the
EASI and SUT tests producing similar values of kare f +inc . The only difference between
the two set-up can be noticed for kainc = 0.15, where wave reflection recorded in SUT
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experiments is slightly lower than the reflection recorded in EASI experiments. Although
it occurs in both cases with and without overash, the reduction in wave reflection is small
enough not to compromise the overall agreement between the two datasets. As already
pointed out in chapter 3, wave reflection results are similar to the canonical thin-plate
model predictions and they are not sensitive to the presence of the overwash on the upper
surface of the plate.
The comparison between EASI and SUT experiments in the rear field is shown in
Fig. 4.5 for the case without overwash and in Fig. 4.6 for the case with overwash. The
agreement between the two datasets is good in the case without overwash, except for
T = 0.8 s where for values of kainc > 0.1 wave transmission recorded in SUT experiments
is slightly lower and more variable than in EASI experiments. With overwash SUT experiments correctly reproduce EASI results, in particular the reduction in wave transmission
observed in chapter 3 for kainc > 0.08.
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Fig. 4.5 EASI (blue markers) and SUT (red markers) rear field katsm versus incident kainc
comparison for the case without overwash with incident (a) T = 0.8 s, (b) T = 0.9 s and (c)
T = 1 s. Markers represent the mean value of the dataset and whiskers represent 2-times
the standard deviation.
Both front and rear field results in SUT experiments generally match well results
obtained in the EASI facility, for each incident wave condition and plate configuration.
This proves the consistency of the new experimental set-up and its suitability to run tests
using a two-plate configuration.
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Fig. 4.6 EASI (blue markers) and SUT (red markers) front field katsm versus incident kainc
comparison for the case without overwash with incident (a) T = 0.8 s, (b) T = 0.9 s and (c)
T = 1 s. Markers represent the mean value of the dataset and whiskers represent 2-times
the standard deviation.

4.4

Two-plates analysis

4.4.1

Front field

4.4.1.1

Wave spectra

Energy spectra are analysed in the front field both in the one-plate and two-plates cases,
with and without overwash, to investigate the energy distribution over frequencies.
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Fig. 4.7 One-plate (blue lines) and two-plates (red lines) front field spectra versus incident
spectra (black dashed lines) for the case with overwash with (a) T = 0.8 s, (b) T = 0.9 s
and (c) T = 1 s and kainc = 0.15 as a function of the frequency f nondimensionalised with
respect to the incident frequency finc .
Without overwash: front field spectra for the one-plate (blue lines) and two-plates (red
lines) cases are shown in Fig. 4.7 compared with the incident wave spectrum (black dashed
lines), for kainc = 0.15. Energy in the front field is higher than in the incident wave for
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each value of f / finc . One-plate and two-plates spectra present no differences from this
point of view showing similar values of S in the main harmonic and in the high frequency
tail. The second harmonic, in particular for T = 0.8 s and T = 0.9 s, is the only part of the
spectra where one-plate and two-plates slightly diverge, but in general the presence of a
second plate does not produce any change of energy spectrum compared to the one-plate
case.
With overwash: the comparison between front field and incident spectra for kainc =
0.15 is shown in Fig. 4.8. Similarly to Fig. 4.7, front field spectra present values of S
higher than the incident one in every frequency. Also, the presence of overwash does not
produce any relevant change in the front field spectrum of the two-plate case compared
to the one-plate. One-plate and two-plates cases produced similar spectra showing only
marginal differences in the high frequency tail. However the difference in the plots is
exacerbated by the logarithmic scale and it does not weaken the agreement between the
two cases.
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Fig. 4.8 One-plate (blue lines) and two-plates (red lines) front field spectra versus incident
spectra (black dashed lines) for the case with overwash with (a) T = 0.8 s, (b) T = 0.9 s
and (c) T = 1 s and kainc = 0.15 as a function of the frequency f nondimensionalised with
respect to the incident frequency finc .

4.4.1.2

Wave amplitudes

Front field amplitudes kainc+re f are calculated in the various cases to investigate the change
in wave reflection generated by the presence of a second plate.
Without overwash: front field amplitudes kainc+re f against incident kainc for the oneplate (blue markers) and two-plates (red markers) cases are shown in Fig. 4.9. For each
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Fig. 4.9 One-plate (blue markers) and two-plates (red markers) front field kainc+re f versus
incident kainc comparison for the case without overwash with (a) T = 0.8 s, (b) T = 0.9 s
and (c) T = 1 s. Markers represent the mean value of the dataset and whiskers represent
2-times the standard deviation.
period kainc+re f recorded in the two-plates configuration is similar to the results obtained
with a single plate. As for the energy spectra presented in Fig. 4.7, the presence of the
second plate has no noticeable effect on wave reflection.
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Fig. 4.10 One-plate (blue markers) and two-plates (red markers) front field kainc+re f versus
incident kainc comparison for the case with overwash with (a) T = 0.8 s, (b) T = 0.9 s
and (c) T = 1 s. Markers represent the mean value of the dataset and whiskers represent
2-times the standard deviation.
With overwash: Fig. 4.10 shows the front field amplitudes kainc+re f against incident
kainc for the one-plate and two-plates cases. Even in this case one-plate and two-plates
configurations produced wave reflection results akin to each other, except for T = 0.8 s
where the presence of the second plate produces kainc+re f slightly lower compared to the
single plate. Nevertheless in general two-plates front field results reproduced the same
wave reflection behaviour observed in the single plate cases.
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4.4.2

Rear field

4.4.2.1

Wave spectra

The same spectra analysis showed for the front field is carried out also in the rear field,
to investigate the spectral energy distribution transmitted in the single and double plate
configuration.
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Fig. 4.11 One-plate (blue lines) and two-plates (red lines) rear field spectra versus incident
spectra (black dashed lines) for the case without overwash with (a) T = 0.8 s, (b) T = 0.9 s
and (c) T = 1 s and kainc = 0.15 as a function of the frequency f nondimensionalised with
respect to the incident frequency finc .
Without overwash: rear field spectra for the one-plate (blue lines) and two-plates (red
lines) cases compared with the incident spectrum (black dashed lines) for kainc = 0.15
are shown in Fig. 4.11. Differently from the front field, in the rear field the energy in the
main harmonic is lower than in the incident wave for both single and double plate cases.
This is more evident for T = 0.8 s and it becomes less relevant increasing the period to
T = 1 s. On the opposite in the higher frequencies rear field spectra include more energy
than the incident one, due to the transfer of wave energy to higher harmonics described in
3. Two-plates case presents results similar to the one-plate case in the high frequency tail
of the spectrum, but it shows energy values substantially lower in the main harmonic, in
particular for T = 0.8 s and T = 0.9 s. This phenomenon implies an additional incident
wave attenuation due to the presence of a second plate in the water, even in absence of any
overwash. The attenuation is probably occurring in the open water space between the two
plates, where the transmission from the first plate and the reflection from the second plate
interact together dissipating energy.
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Fig. 4.12 One-plate (blue lines) and two-plates (red lines) rear field spectra versus incident
spectra (black dashed lines) for the case with overwash with (a) T = 0.8 s, (b) T = 0.9 s
and (c) T = 1 s and kainc = 0.15 as a function of the frequency f nondimensionalised with
respect to the incident frequency finc .
With overwash: Fig. 4.12 shows the comparison between the rear field spectra for the
one-plate and two-plates configurations against the incident spectrum for kainc = 0.15.
Allowing overwash on the upper surface of the plates produces further energy reduction in
the first three harmonics for the two-plates case compared to the one-plate. The additional
energy dissipation observed in Fig. 4.11 is increased by the overwash dissipation occurring
on both plates, which produces significant changes in the spectrum also at the higher
frequencies compared to the one-plate case, in particular for T = 0.9 s.
4.4.2.2

Wave amplitudes

Transmitted amplitudes are calculated in the rear field to investigate the additional effects
of the overwash on wave transmission in the two-plate case compared to the one-plate
configuration.
Without overwash: rear field amplitudes katsm against incident kainc for the one-plate
(blue markers) and two-plates (red markers) cases are presented in Fig. 4.13. Two-plates
results show lower transmitted amplitudes than the one-plate case for kainc > 0.08 and
periods T = 0.8 s and T = 0.9 s, while for T = 1 s the difference is less evident. This
mimics the energy reduction in the main harmonic observed in the rear field spectra
between the two cases, which was evident in the two shorter periods and less pronounced
in the longest. No relevant difference between single and double plate cases is noticed for
the two smallest kainc > 0.08, meaning that the additional energy dissipation is generated
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only by the most energetic waves. This is a major difference from the one-plate case,
where little to none energy dissipation is recorded without overwash, producing results
similar to the linear potential thin-plate model predictions.
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Fig. 4.13 One-plate (blue markers) and two-plates (red markers) rear field katsm versus
incident kainc comparison for the case without overwash with incident (a) T = 0.8 s, (b)
T = 0.9 s and (c) T = 1 s. Markers represent the mean value of the dataset and whiskers
represent 2-times the standard deviation.
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Fig. 4.14 One-plate (blue markers) and two-plates (red markers) rear field katsm versus
incident kainc comparison for the case with overwash with incident (a) T = 0.8 s, (b)
T = 0.9 s and (c) T = 1 s. Markers represent the mean value of the dataset and whiskers
represent 2-times the standard deviation.
With overwash: In Fig. 4.14 rear field amplitudes katsm against incident kainc for the
one-plate and two-plates cases are shown. The presence of the overwash further reduce
wave transmission in the two-plates cases compared to the single plate. As in the case
without overwash, the maximum reduction for the examined cases at is recorded for
T = 0.8 s where the second plate produces an additional attenuation of ∆ka = 0.04 for
kainc = 0.15. Increasing the period the difference between the two datasets decreases, with
the single and double plate cases producing the same results for T = 1 s and kainc > 0.08.
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This is mainly due to the ability of longer waves to be less attenuated and to penetrate
deeper in the ice cover.

4.4.3

Total energy

The total energy coefficient ET +R was calculated both in the one-plate and two-plates cases,
with and without overwash, to investigate the energy dissipation occurring in each case.

1

1

0.8

0.8

0.8

0.6

0.6

0.6

ET+R

1

0.4

0.4

T=0.8 s
0.05

(a)

0.1

kainc

0.15

0.4

T=0.9 s
0.05

(b)

0.1

kainc

0.15

T=1 s
0.05

(c)

0.1

0.15

kainc

Fig. 4.15 Total energy ET +R coefficient for the one-plate (blue markers) and two-plates
(red markers) cases without overwash versus incident kainc comparison with incident (a)
T = 0.8 s, (b) T = 0.9 s and (c) T = 1 s. Black dashed line represents ET +R = 1 which
corresponds to the zero energy dissipation.
Without overwash: Fig. 4.15 shows the total energy coefficient ET +R for the one-plate
(blue markers) and two-plates (red markers) cases against kainc . One-plate results are ≈ 1
in each case except for kainc = 0.15, where a 5% energy dissipation is recorded for each
period. In the two-plates case the ET +R coefficient reduction is more evident. The total
energy starts to decrease for kainc > 0.1, reaching a minimum for the examined cases at
kainc = 0.15 where a 20-25% energy dissipation occurs depending by the period. The
difference between the two configurations is 0 for the smallest waves and 20% of the
incident energy for the highest. This divergence is probably due to the additional energy
dissipation generated in the open water field between the two plates. The wave reflection
produced by the second plate is suspected to be responsible for this phenomenon.
With overwash: the ET +R coefficient for the one-plate and two-plates cases against
kainc is presented in Fig. 4.16. The presence of the overwash increases the amount of
energy dissipated in both cases. While for the one-plate ET +R starts to decrease only for
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Fig. 4.16 Total energy ET +R coefficient for the one-plate (blue markers) and two-plates
(red markers) cases with overwash versus incident kainc comparison with (a) T = 0.8 s, (b)
T = 0.9 s and (c) T = 1 s. Black dashed line represents ET +R = 1 which corresponds to
the zero energy dissipation.
the largest waves with kainc > 0.1, in the two-plates case the coefficient is << 1 for each
incident amplitude. The strongest energy dissipation occurs for T = 0.8 s and T = 0.9 s
where the 50% of the incident energy is dissipated in the case with kainc = 0.15. On the
opposite, for the same mechanism described in section 4.4.2.2, for T = 1 s is limited to
the 16% in the case with kainc = 0.15. The difference between one and two plates ranges
between 12-30% of the incident energy. The additional dissipation is due to the wave
scattering occurring in the field between the two plates as in the case without overwash,
plus the effects of the overwash generated on the upper surface of the second plate.

4.5

Conclusions

A series of experimental tests in a wave flume involving a single and a double plastic
plate have been presented. One-plate tests were initially run to validate the results here
obtained in the Swinburne University of Technology flume (SUT experiments) with the
EASI facility ones (EASI experiments) presented in chapter 3, then the same tests were
run again using the two-plates configuration. Plastic sheets were tested under the action of
monochromatic waves with different amplitudes and periods, using two configurations, one
with overwash and the second one without overwash. Timeseries of the surface elevation
η were produced both in the front field (between the wavemaker and the first plate, in
order to record the incident plus reflected field) and in the rear field (between the second
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plate and the edge of the flume, in order to record the transmitted field), using two arrays
of three capacitive probes each. Spectra were produced both in the front and rear field to
investigate the wave energy distribution for each frequency component and to calculate
a total energy coefficient using the zeroth-order moment of the spectrum. In addition a
zero-crossing analysis of the front and rear field η timeseries was used to calculate each
individual wave height and evaluate wave transmission and reflection. SUT experiments
were successfully validated with EASI experiments results, both in the front and in the
rear field, with and without overwash. One-plate tests were able to correctly reproduce the
reduction in wave transmission observed in chapter 3 in presence of overwash.
Two-plates tests produced front field results similar to the one-plate configuration.
Front field spectra showed energy increase both in the main harmonic and in the high
frequencies tail for all the tested configurations. The presence of overwash produced no
relevant differences in the spectral energy distribution over frequencies compared to the
case without overwash. Front field amplitudes were the same of the single plate case in both
with and without overwash configurations, except for T = 0.8 s experiments with overwash
where two-plates results produced results slightly lower than the one-plate. Rear field
results significantly differed between one-plate and two-plates cases, showing a relevant
reduction in wave transmission in the latter. In the double plate configuration the spectral
energy distribution over frequencies showed the same increase in the high frequencies
tail observed for the one-plate, while the energy reduction for the main harmonic was
higher in both cases with and without overwash. The presence of a second sheet reduced
transmitted amplitudes. Without overwash the two-plates configuration showed lower
katsm for kainc > 0.08 and T = 0.8 s and T = 0.9 s, while allowing the water on top of
the sheet wave transmission is further reduced in every case due to the additional energy
dissipation.
A total energy analysis was carried out to quantify the reduction in wave transmission
in the two-plates configuration. Differently from the single plate case, using a double
plate set-up a strong energy dissipation is recorded regardless the presence of water on
top of the plates. Without overwash the two-plate ET +R coefficient values decreased from
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the one-plate results for kainc > 0.08, leading to a incident energy reduction up to the
25%. In presence of overwash the additional dissipation was recorded in every test, with a
incident wave energy reduction from the one-plate case up to the 50%. Overwash strongly
affects the transmission of the incident wave in both single and double sheet configurations,
but even without it the two-plate case showed energy dissipation for the largest incident
waves. The wave scattering occurring in the field between the two plates is suspected to be
responsible for this phenomenon. In this area the transmitted wave coming from the first
sheet and the reflected wave coming from the second one interact with each other triggering
additional energy losses. A more detailed analysis is carried out using the numerical model
in chapter 7.
In the double plate configuration even the smallest amplitude waves show energy
dissipation and consequently diverge from the canonical thin-plate model prediction. This
result suggests that inner areas of the MIZ, where ice floes are sufficiently close to affect
each other, need a new model capable to take into account these effects even more than the
outer part where only solitary floes are present. In addition, differently from the solitary
floe, even in the case without overwash a strong reduction in wave transmission is observed,
showing that additional energy dissipation sources need to be taken into account in addition
to the single floe model.

Chapter 5
A CFD numerical model of wave
overwash
5.1

Introduction

Thin-plates are the most common models used to investigate the wave-plate interaction
and to model floating structures such as runways or ice plates in the marginal ice zone
(MIZ), the part of the ice cover closest to the open ocean (Squire, 2007). The purpose of
this kind of models is to evaluate the amount of incident energy reflected and transmitted
by a thin floating plate with dimensions similar to incident wavelengths (Bennetts and
Squire, 2012). The canonical thin-plate model is based on the Kirchoff–Love thin-plate
theory and the inviscid, incompressible fluid hypothesis. The thin plate, under the action
of incident monochromatic wave trains, is allowed to heave and pitch on vertical direction
and surge on horizontal direction.
However the canonical thin-plate model presents some limitations, eg. the hypothesis
of conservative energy (the sum of reflected and transmitted energy is equal to the incident
energy), which does not take into account phenomenon like the overwash. Overwash is the
reference name used to describe the phenomenon where water washes the upper surface of
the plate during the wave-plate interaction. Shallow water waves (here referred as bores)
are generated at the front and rear edge of the plate. These bores travel on the upper surface
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of the plate until they collide among them. Overwash is a nonlinear phenomenon and it
is suspected to be responsible for the additional irregularities recorded in the transmitted
field and the reduction of wave transmission observed during experimental tests. While
not included in the canonical model, overwash is regularly noted during experimental
tests (Montiel et al., 2013b,a, Yiew et al., 2016b) and during field observations in the MIZ
(Massom and Stammerjohn, 2010).
Although overwash measurements have been recorded in Bennetts et al. (2015) experimental tests, they often present technical difficulties involving probes placement,
calibration and accuracy. In addition, only overwash free surface elevation can be measured during experimental tests, which gives us no idea about the evolution of the velocity
and pressure field and therefore the overwash energy. Consequently it is difficult to develop
an extensive analysis of the overwash phenomenon based only on the experimental records.
All these limitations are non-existent using a proper numerical model, where it is possible
to obtain surface elevation, velocity and pressure values for each point of the numerical
domain and calculate the overwash energy. A two-dimensional numerical wave-plate
model is here presented to overcome the limitations of the canonical and experimental
thin-plate models previously presented and to analyse the overwash phenomenon more in
detail. This model was obtained coupling two existing software, the High Order Spectral Numerical Wave Tank (HOS-NWT) and the Navier-Stokes solver IHFOAM in order to
numerically reproduce the experimental tests presented in chapter 3.
HOS-NWT is a numerical wave-tank based on the high order spectral theory. Originally
it was developed to study the sea-state evolution from given initial conditions (West et al.,
1987, Dommermuth and Yue, 1987). A model was subsequently developed by Ducrozet
et al. (2012) including a numerical wave tank with piston-type wavemaker and dissipating
beach. Although HOS solvers are generally used to simulate sea-states evolution, it was
chosen to simulate the propagation of the monochromatic waves in the first part of the
coupled model due to its low computational requirements and the wave generation tools
already included.

5.2 The numerical model
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IHFOAM is a solver developed by Higuera et al. (2013a), based on the popular CFD
toolbox OpenFOAM (Weller et al., 1998), designed to simulate coastal, offshore and
hydraulic engineering processes, and it works as a solver for 3D Reynolds Averaged
Navier-Stokes (RANS) equations. IHFOAM was validated in several different cases.
Higuera et al. (2013b) shows how the numerical model reproduces the data collected
in experimental tests carried out in University of Cantabria wave flume, which include
3D breaking of a solitary wave or the interaction between a solitary wave and a vertical
structure. Further improvements and validation are provided in Higuera et al. (2014a) and
Higuera et al. (2014b), where a simulation is shown of the vertical breakwater produced by
a dam collapse.
The coupling of the two models was necessary since reproducing the whole experimental set-up using IHFOAM only would have been extremely expensive in computational
time. For this reason, the first part of the spatial domain, from the wave-maker down to the
plate, was computed using HOS-NWT, which requires much less computational time but it
does not include any tool to model the wave-plate interaction. The coupled model results
with and without overwash were first validated using the experimental model presented
in chapter 3 and then compared with the canonical thin-plate model predictions. Once
validated, a complete analysis of multiple properties of the wave-plate interaction, such as
response amplitude operators, spectral energy and total energy flux, are investigated using
the coupled model in the front field, rear field and the overwash region, in both cases with
and without overwash. Evidence is provided that overwash is responsible for a large part
of the energy dissipation recorded during the tests, also affecting the hydrodynamics of the
plate and the energy propagation below its surface.

5.2

The numerical model

The numerical model consists of a coupling of the High Order Spectral - Numerical Wave
Tank (HOS-NWT) (Ducrozet et al., 2012) (Bonnefoy F. and P., 2009) and IHFOAM, a
multiphase (air/water) Navier-Stokes solver based on the software OpenFOAM (Higuera
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et al., 2013a), which includes a floating rigid body motion solver suitable to simulate the
motion of the plate. The original version of the numerical model included only IHFOAM,
which was used to simulate the whole spatial domain from the wavemaker to the plate.
However the computational time required to simulate a single test exceeded 30 days even
using 80 processors to parallelise the computation. In order to reduce the computational
time HOS-NWT was included to simulate wave generation and propagation from the
wavemaker to 3 wavelengths before the plate, while IHFOAM was used to simulate
only the part of the spatial domain next to the plate. Using this configuration, the total
computational time was reduced to 7 days for each test, using 80 parallel processors for
IHFOAM and 1 processor for HOS-NWT.

Z

x

Fig. 5.1 Schematic plan view of the numerical wave flume (not to scale)
Fig. 5.1 shows how the numerical domain is split between the two models. The first
26 m are simulated using HOS-NWT, from wave generation down to two wave-lengths
before the plate. The last 14 m are computed using IHFOAM, including the wave-plate
interaction and the outlet boundary. A water depth of 0.9 m is considered for both models,
and an additional air layer of 0.4 m is required in IHFOAM to define the air layer above
the water tank.

5.2.1

IHFOAM

IHFOAM uses a finite volume discretization and the volume of fluid (VOF) technique.
VOF gives a specific α value to each cell of the finite domain indicating the fraction of
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space occupied by each one of the two phases. When α is 1 the cell is purely water,
when it is 0 the cell is purely air, and for values in between it is a linearly weighted air
water mixture. Governing equations are the mass conservation (the fluid is considered
incompressible)
∇ ·U = 0

(5.1)

∂ ρU
+ ∇ · (ρUU) − ∇ · (µ∇U) =
∂t
− ∇p∗ − g · X∇ρ + ∇U · ∇µ + σ κ∇α

(5.2)

and momentum conservation

where ρ is the fluid density, U is the velocity vector, p∗ is the pseudo dynamic pressure
(evaluated as p∗ = p − ρgz), µ is the viscosity, g is gravitational acceleration, X is the
position vector. The last term represents the surface tension: σ is the surface tension
coefficient, κ is the interface curvature and α is the phase coefficient introduced earlier.
The following equation models transfers between air and water
∂α
+ ∇ ·Uα + ∇ ·Uc α(1 − α) = 0
∂t

(5.3)

which is the classic advection equation plus an artificial compression term ∇ ·Uc α(1 − α)
used to obtain a sharp interface between water and air (Weller, 2002). A no-slip boundary
condition U = 0 was applied to the bottom and to the floating body surfaces.
The 6DOF body motion was obtained using a spherical linear interpolation (SLERP),
which enforces smoothness and preserve the shape of cells close to the moving surface
without the necessity of an additional refinement of the mesh. In order to enable the body
motion a special toroidal area is defined around the plate. Cells included in this area are
allowed to squeeze and stretch in order to reproduce the movement of the plate. In order to
assure the numerical stability of the model, the minor radius of the torus is set to 0.1 m,
while the major radius is set to 0.2 m. Plate motion is calculated through the six degrees
of freedom body motion solver, which solves the rotational movements of the floating
body around the y axis and translational movements in the x and z directions (Urquhart,
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2016). The motion equations of the plate are coupled with the RANS equation of the fluid.
For each timestep the solver extracts forces and moments from the numerical domain,
calculates the respective acceleration of the floating body and finally adjusts the center of
gravity and the cells displacement. The solver evaluates the translational acceleration At
and the angular acceleration Aa of the floating body for each timestep ∆t of the simulation.
These values are subsequently integrated over ∆t in order to obtain the angular velocity Va
and the translational velocity Vt of the plate
Va (t1 ) = Va (t0 ) + Aa ∆t

(5.4)

Vt (t1 ) = Vt (t0 ) + At ∆t

(5.5)

where t0 and t1 are the beginning and the end of the timestep. The two velocities Va and Vt
are then used to evaluate the rotation angle and the translational displacement of the plate
for each individual ∆t.
IHFOAM was run using a DNS (Direct Numerical Simulation) configuration without
any closure model for turbulence. This was done in order to avoid to complicate too much
the model at this stage. In addition a 3D spatial domain is required to include the whole
extent of the turbulent energy dissipation, a condition not met by this 2D model.

5.2.2

HOS-NWT

HOS-NWT is based on the homogeneous, incompressible and inviscid fluid hypothesis
and non-breaking waves (Ducrozet et al., 2012). Under these assumptions, velocity field U
can be expressed as gradient of a velocity potential φ
U = ∇φ (x, z,t)

(5.6)
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where x corresponds to the horizontal direction, z corresponds to the vertical direction and
t is time. The mass continuity equation is therefore expressed as
∆φ = 0

(5.7)

In order to include the wavemaker contribution, velocity potential solution was split in two
components
φ (x, z,t) = φspec (x, z,t) + φadd (x, z,t)

(5.8)

where the first term φspec corresponds to the potential of propagating waves in the tank,
while the second one φadd is the additional forcing term corresponding to the wavemaker
action. Free surface boundary conditions are expressed as
∂t η = (1 + |∇η|2 )W (z = η) − ∇(φspec + φadd ) · ∇η + ∂z φadd

(5.9)

1
1
∂t φspec = −η − |∇φspec |2 + (1 + |∇η|2 )W (z = η)2
2
2
1
− ∇φspec · ∇φadd − |∇φadd |2 − ∂t φadd − ν∂t η
2

(5.10)

where η(x,t) is the free surface elevation function, W (x,t) = ∂z φspec is the vertical velocity
and ν(x) is the absorption function, which is non-zero exclusively in the absorption zone.
All equations are evaluated at the free surface location.

5.2.3

Coupling
SURFACE
ELEVATION

AMPLITUDES
HOS-NWT

SURFACE
ELEVATION

FOURIER
ANALYSIS

PERIODS
PHASES

IHFOAM

VELOCITY
PRESSURE

Fig. 5.2 Functional diagram of the HOS-NWT and IHFOAM coupled model
The functional diagram of the coupled model is shown in Fig. 5.2. The coupling of the
two models, which was never done before, is obtained through a spectral decomposition of
the free surface elevation timeseries sampled at the end of the HOS-NWT section. HOS-
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NWT was initially run to compute the first part of the numerical domain and produce an
output timeseries at the boundary with the wave-plate interaction area. A Fourier analysis
of this timeseries is subsequently performed in order to obtain values of amplitudes, periods
and phases for each frequency component included in the sampled signal (Holthuijsen,
2010). These values are then used as input for IHFOAM, which includes a numerical wavemaker tool generating the initial conditions from a list of spectral components. IHFOAM
also automatically calculate the boundary conditions required to simulate the given wave
properties, producing the respective velocity, pressure and surface elevation fields. Due to
the high computational requirements necessary for IHFOAM, the coupled model requires
an HPC (High Performance Computer) to be run, using 1 processor for HOS-NWT and
a variable number of processor for IHFOAM depending by the number of the cells to
be computed. For the spatial domain shown in Fig. 5.1 the minimum computational
time required to complete a simulation with IHFOAM is achieved using 80 processors in
parallel.

5.2.4

Model outputs

Free surface elevation (η), velocity (u) and pressure (p) fields were sampled throughout the
IHFOAM numerical domain. Free surface elevation was evaluated according to Deshpande
et al. (2012) as
Z ∞

η=

αdz

(5.11)

0

where α corresponds to the phase fraction of the cell and dz is the dimension of the cell in
the vertical direction. A Discrete Fourier Transform was applied to the recorded surface
elevation to approximate the wave energy spectrum S
1
S( f )d f = â2
2

(5.12)

where f = 1/T is wave frequency and â( f ) is the amplitude of the component of the wave
field at frequency f (Holthuijsen, 2010). The spectrum was evaluated as an ensemble
average over non-overlapping windows of 512 points.
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Consistent with chapter 3, η numerical timeseries were filtered cutting frequencies
smaller than 0.5 and greater than 3.5 times the frequency of the incident wave, in order to
remove low and high frequencies noise. A zero-crossing analysis (a standard procedure
for signal analysis, e.g. Emery and Thomson (2001)) was subsequently applied to the
timeseries to evaluate each individual crest and trough and calculate wave heights H (as
the distance between crest and trough) and amplitudes a (as a = H/2), in the front and rear
fields.
Velocity and pressure fields were sampled from the numerical model to evaluate the
scaled kinetic energy horizontal flux,
K̇ =

Z ∞
1
0

2

ρ(u2x + u2z )ux αdz

(5.13)

the scaled gravitational potential energy horizontal flux,
Z ∞

U̇ =

ρgzux αdz

0

(5.14)

and the scaled pressure energy horizontal flux
Z ∞

Ṗ =
0

pux αdz

(5.15)

where ρ is the density of the fluid, ux and uz are the velocity components respectively in
the horizontal and vertical directions, z is the distance from the reference position on the
vertical direction (z = 0 corresponds to the free surface elevation with still water) and p
is the fluid pressure. According to the Bernoulli’s principle, the sum of kinetic energy,
potential energy and pressure energy flux is the total energy flux.
Ė = U̇ + K̇ + Ṗ

(5.16)

Timeseries of Ė were produced in the whole numerical spatial domain.
Also the position of the lower edge plate was evaluated and recorded for each timestep
of the simulation in order to investigate the buoyancy of the plate. Plate positions were
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subsequently used to evaluate the mean pitch angle of the plate A p as the arctangent of the
ratio between the vertical displacement and the horizontal length of the plate
A p = arctan

∆z
L

(5.17)

where ∆z is the vertical displacement of the plate and L is the distance from the plate edge
to the vertex of the angle. Also the plate position was used to evaluate the heave response
amplitude operator of the plate (RAOH) and pitch response amplitude operator of the plate
(RAOP) (Yiew et al., 2016a)
RAOH =

|ah |
ainc

(5.18)

RAOP =

|a p |
kainc

(5.19)

where ainc is the incident amplitude, kainc is the incident nondimensional amplitude, ah
and a p are the complex-valued heave and pitch amplitudes.

5.3

Numerical experiments

Two cases with different plate geometries were run using IHFOAM. In the first one, here
referred as case with overwash, a 1 m long and 0.01 m thick rectangular box was designed
as plate. Consistent with the moored cases presented in chapter 3 the center of gravity of
the plate was forced to move only on vertical direction neglecting the drift of the plate. A
density ρ = 570 kg/m3 (equal to PVC foam) was considered for the buoyancy.

CASE WITHOUT OVERWASH

CASE WITH OVERWASH

Fig. 5.3 Sketches of the cases with and without overwash

5.3 Numerical experiments
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In the second case, here referred as case without overwash, the thickness of the plate
was increased to 0.1 m, in order to simulate the wave/plate interaction neglecting overwash.
In this case the density was reduced to ρ = 57 kg/m3 , in order to maintain the same
freeboard of the plate used in the case with overwash. A sketch of these two cases is shown
in Fig. 5.3.
As in chapter 3, the coupled model was tested under the action of incident monochromatic wave trains. Three different incident wave periods T were simulated: T = 0.8 s
(corresponding to a wavelength λ = 1 m); T = 0.9 s (λ = 1.26 m); and T = 1 s (λ =
1.56 m). For each period, five different nondimensional amplitudes ka were imposed,
where k = 2π/λ is the wavenumber and a is the wave amplitude. ka values were 0.06,
0.08, 0.1, 0.12 and 0.15, ranging from gently-sloping to storm-like waves. Each simulation
was computed for 25 s in order to sample a timeseries with at least 10 periods after the
initial transient in both the front and rear field of the plate. Due to the excessive computational requirements, the computation of a time window similar to the experimental cases
would have been too time consuming, therefore the simulation time was limited to the 10
wavelengths threshold.
At this stage the floating plate was modelled as a rigid body neglecting any flexural
motion, differently from the elastic behaviour of the plastic plate used n the experimental
tests. A modified version of IHFOAM is currently under development to overcome this
limitation.
In order to assess the proper size of the cells for the IHFOAM spatial domain, few
selected cases were run using meshes with squared cells size ranging between 10 mm x
10 mm to 1 mm x 1 mm. Only the case with overwash was simulated, in order to test the
convergence of the model on the upper surface of the thin plate.
Fig. 5.4 shows a comparison of the transmitted wave heights for the case with T = 1 s
and kainc = 0.15, which is the case with the biggest incident wave, using different mesh
sizes. Simulations with cell sizes larger than 5 mm x 5 mm produced divergent results
with high variability of the wave heights. Reducing cell sizes to values lower than 3 mm
x 3 mm led the mean value of the transmitted wave heights dataset to converge around
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Fig. 5.4 Transmitted wave heights Htsm errobars comparison recorded during the T = 1 s
and kainc = 0.15 tests run with meshes with different cell size.
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Fig. 5.5 Free surface elevation comparison in (a) the transmitted field and (b) the upper
surface front edge of the plate for the T = 1 s and kainc = 0.15 test run with 1 mm x 1 mm
cells mesh (green line) and 1.5 mm x 1.5 mm cells mesh (black dashed line).
57 mm, with the extreme values limited between 55 mm and 60 mm. In particular no
further improvement of the results was recorded refining the mesh from 1.5 mm x 1.5 mm
to 1 mm x 1 mm.
As a consequence Fig. 5.5 shows the free surface elevation sampled in (a) the transmitted field and (b) the upper surface front edge of the plate for the case with T = 1 s and
kainc = 0.15 run with 1 mm cells mesh (green line) and 1.5 mm cells mesh (black dashed
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line). The agreement between the two timeseries is good both in the transmitted field and
in the overwash region, confirming the convergence of the results, which are unaffected by
the further refinement of the grid. Following to this analysis, a mesh with squared 1.5 mm
x 1.5 mm cells was chosen for all the simulations run with IHFOAM.

5.4

Comparisons with experimental observations

5.4.1

Front field

Validations of the model against experimental data are presented for wave period T = 0.9 s
only, as the agreement is consistent with the other periods tested. Fig. 5.6 shows an
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Fig. 5.6 Experimental (blue dashed line) vs. numerical (red line) front field free surface
elevation comparison (a) without overwash and (b) with overwash with incident T = 0.9 s
and ka = 0.12.
example of the timeseries recorded in the front field for incident amplitude kainc = 0.12
for both cases with and without overwash, measured during the experiments and predicted
by the model. The agreement between experimental and numerical signals is good in both
cases. The maximum crest and trough difference between them is 1.8 mm in the case
without overwash and 2.8 mm in the case with overwash, which showed higher variability,
compared to the respective mean experimental wave height value H = 30.1 mm in the case
without overwash and H = 30.8 mm in the case with overwash.
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Fig. 5.7 shows the energy spectrum of the front field evaluated at x = 2 m, as a function

of normalised frequency f / finc for the same cases presented in Fig. 5.6, with the incident
wave spectrum superposed for reference. Energy spectra confirm the good agreement between experimental and numerical signals observed for the front field timeseries. Reflected
waves increase the spectral energy in the main frequency in both cases with and without
overwash. In addition the spectral energy is increased also at the higher frequency similarly
to the results presented in chapter 3.
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Fig. 5.7 Experimental (blue lines) and numerical (red lines) spectra S comparison in (a) the
front field of the case without overwash and (b) the front field of the case with overwash,
for kainc = 0.12 and T = 0.9 s. Black dashed lines represent the numerical incident spectra.
Fig. 5.8 shows the non-dimensional front field amplitude kainc+re f as a function of kainc
for the case with and without overwash. Predictions given by the linear theoretical model of
Bennetts and Squire (2012) are superimposed for reference. In both cases the experimental
and numerical datasets converge to the same results, except for the kainc = 0.15 case with
overwash where the experimental results is slightly higher than the numerical one. The
mean difference between the numerical model and experimental measurements is limited
to ∆ka = 0.005 except for the largest wave where it is ∆ka = 0.011 As observed in chapter
3, front field experimental results are correctly predicted by the canonical thin-plate model
and the same conclusion can be made also for the numerical model ones. Numerical results
for kainc > 0.1 show also higher variability than the experimental one but sufficiently small
not to undermine the quality of the experimental-numerical agreement
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Fig. 5.8 Incident versus front field ka for (a) the case without overwash and (b) the case
with overwash. Black dashed line shows the canonical thin-plate model predictions, blue
triangles and errorbars are the mean value and 2-times the standard deviation of the
experimental results and red dots and errorbars are the mean value and 2-times the standard
deviation of the numerical results. Experimental and numerical markers are plotted with
an offset of ±0.002 from the respective kainc value for the sake of clarity.

5.4.2

Rear field

An example of the surface elevation in the rear field is shown in Fig. 5.9. As in Fig. 5.6
time series are presented for incident amplitude kainc = 0.12 for both cases with and
without overwash. Similarly to the front field, the agreement between experimental and
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Fig. 5.9 Experimental (blue dashed line) vs. numerical (red line) rear field free surface
elevation comparison (a) without overwash and (b) with overwash with incident T = 0.9 s
and ka = 0.12
numerical signals is good, with a maximum crest and trough difference between them of
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1.5 mm in the case without overwash and 1.8 mm in the case with overwash, compared
to the respective mean experimental wave height value H = 42.5 mm in the case without
overwash and H = 37 mm in the case with overwash.
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Fig. 5.10 Experimental (blue lines) and numerical (red lines) spectra S comparison in (a)
the rear field of the case without overwash and (b) the rear field of the case with overwash,
for kainc = 0.12 and T = 0.9 s. Black dashed lines represent the numerical incident spectra.
Fig. 5.10 shows the rear field energy spectrum evaluated at x = 6 m, as a function of
normalised frequency f / finc for the same cases presented in Fig. 5.9, with the incident
wave spectrum superposed for reference. Both the experimental measurements and the
numerical predictions show that the energy around the fundamental harmonic is reduced in
both cases, and that the energy around all other harmonics increases, noting that logarithmic
scale exacerbates the higher frequencies in comparison to the fundamental one.
Fig. 5.11 shows the non-dimensional front field amplitude kainc+re f as a function of
kainc for the case with and without overwash. Predictions given by the linear theoretical
model of Bennetts and Squire (2012) are superimposed for reference. Again, as shown
chapter 3, the linear theory accurately predicts the rear field amplitude measured during the
experiments for the case without overwash but increasingly overpredicts the amplitude as
the incident amplitude increases for the case with overwash. In the case without overwash
the numerical model closely matches the experimental measurements (and hence the linear
theory also), giving transmitted amplitudes only slightly smaller than the experimental
measurements for all but the smallest incident amplitude, where it slightly exceeds the
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Fig. 5.11 Incident versus front field ka for (a) the case without overwash and (b) the case
with overwash, and incident vs. rear field ka for (c) the case without overwash and (d) the
case with overwash, for T = 0.9 s period. Black dashed line shows the canonical thin-plate
model predictions, blue triangles and errorbars are the mean value and 2-times the standard
deviation of the experimental results and red dots and errorbars are the mean value and
2-times the standard deviation of the numerical results. Experimental and numerical
markers are plotted with an offset of ±0.002 from the respective kainc value for the sake
of clarity.
experimental measurement. In the case with overwash the numerical model again closely
matches the experimental measurements with slight underpredictions. In particular, the
numerical model accurately predicts the strong deviation from the linear theory as the
incident amplitude increases. The mean difference between the numerical model and
experimental measurements is limited to ∆ka = 0.003.

5.4.3

Overwash

The front and rear field comparison between experimental results and numerical model
prediction was also evaluated in the overwash region. Experimental overwash data were
recorded during the experimental tests presented in chapter 3.
Fig. 5.12 shows example overwash surface elevation time series for incident amplitude
kainc = 0.12 at the front and rear edge of the upper surface of the plate. The maximum
difference between the experimental and numerical timeseries is 1.4 mm at the front edge
and 0.9 mm at the rear edge, values lower than the front and rear field timeseries. However
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Fig. 5.12 Experimental (blue dashed line) vs. numerical (red line) overwash comparison
at (a) the front edge and at (b) the rear edge for the case with overwash with incident
T = 0.9 s and ka = 0.12
since the mean experimental overwash depth is limited to 3.05 mm and 3.6 mm respectively
at the front and rear edge, the error is more relevant. The agreement is similar for all other
incident amplitudes tested.
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Fig. 5.13 Mean free surface elevation (η) at the (a) front edge and at the (b) rear edge of
the upper surface of the plate, for the T = 0.9 s cases with overwash. Blue markers and
errorbars are the mean value and 2-times the standard deviation of the experimental results
and red markers and errorbars are the mean value and 2-times the standard deviation of
the numerical results. Experimental and numerical markers are plotted with an offset of
±0.002 from the respective kainc value for the sake of clarity.
Fig. 5.13 shows the mean overwash free surface elevation η at the front and rear edge
for all the values of kainc . At the front edge the agreement between experimental data and
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numerical predictions is good for values of kainc < 0.1, while the two datasets slightly
diverge for the largest amplitudes. At the rear edge the agreement is good except for the
numerical case with kainc = 0.1, probably due to a sampling error occurred during the
test. In both front and rear field the experimental results trend is correctly reproduced
by the numerical model. At the front edge the overwash free surface elevation reaches a
maximum of 3.5 mm for kainc = 0.12, and further increase of kainc does not produce any
increase of the overwash layer. On the opposite, at the rear edge, overwash free surface
elevation increase linearly with the increase of kainc reaching values higher than the front
edge ones for kainc > 0.1. As in the front and rear field the variability of the numerical
predictions is higher than the experimental data.

5.5

Plate hydrodynamics

Overwash is responsible for several changes in the hydrodynamics properties of the plate.
Like in section 5.4 results are presented for wave period T = 0.9 s only, as they are
representative for the other two periods.
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Fig. 5.14 Mean pitch angle A p for the case without overwash (green markers) and with
overwash (purple markers) with T = 0.9 s compared to the mean overwash layer depth how
for the same case
Fig. 5.14a shows the mean pitch angle A p of the plate in the case with overwash
and without overwash. Values of A p for the case without overwash are close to zero,

92

A CFD numerical model of wave overwash

which corresponds to a mean plate position equal to the rest position. On the opposite
A p values in the case with overwash increase with the increase of the kainc similarly to
the mean overwash free surface elevation shown in Fig. 5.14b. The maximum is recorded
for kainc = 0.15 where A p = 0.018. This means that the mean position of the plate is not
in rest position but its rear edge is inclined underwater by ≈ 1.05◦. The mean overwash
free surface elevation is evaluated on the overall plate length in the numerical model.
For kainc = 0.06 overwash is nonexistent, while increasing the incident amplitude up to
kainc = 0.08 shows a sharp increase of the mean overwash layer at 4 mm. Further increases
of kainc produce moderate increase of the overwash layer, which reaches a maximum of
5.1 mm for kainc = 0.15.
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Fig. 5.15 (a) Heave response amplitude operator (RAOH) and (b) pitch response amplitude
operator (RAOP) for the T = 0.9 s cases without overwash (green markers) and with
overwash (purple markers).
Fig. 5.15 shows RAOH and RAOP coefficients for both cases with and without overwash. While, increasing the value of kainc , RAOH remains stable in the case without
overwash, in the case with overwash it follows a specular pattern to Fig. 5.14, gradually
decreasing with the increase of kainc . Values of RAOH range from 0.3 for kainc = 0.06 to
0.2 for kainc = 0.15. On the other hand, RAOP is only marginally affected by the overwash
since the difference between the overwash and no overwash case can be noticed only
values of kainc > 0.1 and it is limited to ≈ 0.01. Due to the action of the overwash, also the
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Fig. 5.16 Vorticity field for (a) case without overwash and (c) case with overwash, with
T = 0.9 s and kainc = 0.06 and (b) case without overwash and (d) case with overwash with
T = 0.9 s and kainc = 0.15.
variability recorded for RAOH is higher than the case without overwash, while for RAOP
there is no difference between the two cases.
The different hydrodynamic behaviour produced by overwash has relevant effects also
on the velocity field underneath the plate. Fig. 5.16 shows four snapshots of the vorticity
field in both cases with and without overwash, for kainc = 0.06 and kainc = 0.15. The
snapshots are taken at t = 10 s, after the simulation reached the steady-state condition. As
highlighted in the previous paragraphs, for kainc = 0.06 overwash is barely visible, and
the vorticity field is equivalent in both cases with and without overwash. For kainc = 0.15
instead, in the case with overwash the front and rear edge bores collide together near
the rear edge of the plate, generating a collision-induced breaking. The presence of the
overwash layer above the plate affects also the vorticity field near the rear edge. The case
with overwash shows a strong positive and negative vorticity propagating from the rear
edge towards the end of the flume, while in the case without overwash the rear field shows
almost no vorticity.
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5.6

Analysis of the energy fluxes

Total energy fluxes on the upper surface of the plate are calculated to investigate where the
energy is dissipated and how the energy dissipation is affected by the overwash.
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Fig. 5.17 Total energy flux (Ė) evaluated from the front edge of the plate (x = 3 m) to the
rear edge (x = 4 m) on the upper surface of the plate for the case with overwash with (a)
kainc = 0.06, (b) kainc = 0.1 and (c) kainc = 0.15, nondimensionalised with respect to the
value of incident energy flux Ėinc . Black dashed line represents the zero energy boundary.
Fig. 5.17 shows the total energy flux (Ė) from the front edge of the plate (x = 3 m) to
the rear edge (x = 4 m). Overwash at the front edge accounts for 2 − 8% of the incident
energy flux depending by kainc . Between x = 3.1 m and x = 3.4 m the energy increases
above the front edge value due to the heave and pitch movements of the plate, which
increase respectively the potential and kinetic energy flux components. After the peak
around x = 3.2 m, the energy flux starts to gradually decrease until it reaches the rear
edge value. At the rear edge the energy flux is entirely dissipated for kainc = 0.06 and
kainc = 0.1, while for kainc = 0.15 it corresponds to the 3% of the incident energy flux.
After the initial peak, it is possible to notice a diffused reduction of the energy flux in the
first half of the plate, due to the friction with the surface of the plate. Between x = 3.6 m
and x = 3.8 m energy flux shows a sharp reduction due to the breaking event occurring due
to the collision between front and rear edge bore, which is more evident for the smallest
incident amplitudes.
A coefficient ∆S/∆x was calculated to evaluate the spectral energy variation per unit
length in the overwash region and investigate its energy dissipation (a technique already
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Fig. 5.18 Panel (a) shows the frequency integrated spectral differential per unit length
(∆S/Sinc )/∆x on the upper surface of the plate, from the front edge (x = 3 m) to the rear
edge (x = 4 m), for kainc = 0.15 and T = 0.9 s case with overwash. Panel (b) shows the
coefficient integrated over the plate surface ∆S/Sinc for each kainc = 0.15.
used to investigate white-capping (Holthuijsen, 2010)).
∆S S(xi+1 ) − S(xi )
=
∆x
xi+1 − xi

(5.20)

The coefficient is then integrated over the frequencies and nondimensionalised with respect
to the incident spectrum Sinc . Fig. 5.18a shows the coefficient evolution from the front
edge (x = 3 m) to the rear edge (x = 4 m) for kainc = 0.15. Between x = 3 m to x = 3.6 m
the coefficient is slightly negative, then a sharp reduction is observed at x = 3.6 m and
x = 3.9 m. Spectral energy behaviour reproduces the same trend recorded for the total
energy fluxes, initially showing a small continued dissipation followed due to the waterplate friction. This is subsequently followed by a sharp increase of the energy dissipation
due to the collision-induced breaking occurring between the two bores, which dissipates
alone around up to 1% of the incident energy.
Fig. 5.18b shows the coefficient integrated over the plate surface, to evaluate the overall
spectral energy dissipation ∆S/Sinc above the plate. The coefficient is evaluated for all the
kainc to assess its evolution with respect to the incident amplitude. Energy dissipation is
limited to ≈ 1% for kainc = 0.06 where overwash is almost nonexistent, then it gradually
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increases up to the 5% in in the case with kainc = 0.15, a value similar to the results shown
in Fig. 5.17.
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Fig. 5.19 Panel (a): errorbars of each individual kaow in the overwash zone from the front
edge (x = 3 m) to the rear edge (x = 4 m) for the kainc = 0.15. Panel (b): max kaow vs max
spectral energy dissipation per unit length at the x = 0.85 m position for all the T = 0.9 s
cases. Triangles represent the mean value and errorbars are 2-times the standard deviation.
Red dashed line represents the breaking threshold at ka = 0.33
In the overwash process most of the dissipation occurs during the collision-induced
breaking. According to Babanin et al. (2007) an individual wave reaches breaking conditions for values of ka > 0.33. Fig. 5.19a shows the individual values of kaow on the
upper surface of the plate for the case with kainc = 0.15. In the first part of the plate
between x = 3 m and x = 3.6 m waves are well below the breaking threshold, ranging
between 0.08 and 0.12. In the area amid x = 3.6 m and x = 3.8 m, kaow sharply increase
reaching breaking conditions, similarly to the spectral energy in Fig. 5.18a. In Fig. 5.19b a
correlation between the maximum individual kaow and the maximum ∆S/∆x coefficient for
each case is presented. Overwash for kainc > 0.1 exceeds the breaking limit, explaining the
additional energy dissipation occurring for the highest amplitudes observed in Fig. 5.18b.
A coefficient Ė p was calculated to quantify the energy flux reduction in the overwash
area, nondimensionalised with respect to the incident wave total energy flux
Ė p =

Ėx=0 − Ėx=1
Ėinc

(5.21)
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where Ėx=0 is the energy flux at the the front edge of the plate, Ėx=1 is the energy flux at
the rear edge and Ėinc is the energy flux of the incident wave. Ė p ranges between 0, which
corresponds to no energy flux reduction, to 1, which corresponds to a complete dissipation
of the incident energy.
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Fig. 5.20 Comparison between the sum of the energy flux coefficient in the front and rear
field Ė f + Ėr in the case with overwash (blue crosses) and in the case without overwash
(red circles) and the sum of the energy flux coefficient in the front and rear field plus the
plate coefficient Ė f + Ėr + Ė p (magenta triangles) vs. incident kainc . Black dashed lines
represent the ideal perfect conservation of the incident energy flux.
Reflection and transmission coefficients Ė f and Ėr were developed in order to evaluate
the total energy flux respectively in the front and rear field in both cases with and without
overwash, nondimensionalised with respect to the incident wave total energy flux
Ė f =

Ėre f +inc − Ėinc
Ėinc

(5.22)

Ėtsm
Ėinc

(5.23)

Ėr =
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where Ėre f +inc is the energy flux recorded in the front field, Ėtsm is the energy flux recorded
in the rear field and Ėinc is the energy flux of the incident wave. As Ė p they range between
0 and 1.
Fig. 5.20 shows the comparison between the sum of Ė f + Ėr for both the cases with
and without overwash and the sum of Ė f + Ėr + Ė p for the case with overwash. In the
case with overwash the sum of Ė f + Ėr linearly decrease from 1 for kainc = 0.06 to 0.8 for
kainc = 0.15. The same coefficient for the case without overwash is > 0.97 for each kainc ,
confirming that energy dissipation in wave-plate interaction occurs only in presence of
the overwash. Including the energy flux reduction by the overwash, the sum Ė f + Ėr + Ė p
ranges between 1 and 0.86, showing that overwash account only for a fraction of the energy
dissipated during wave-plate interaction for the highest amplitudes.
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Fig. 5.21 Total energy flux (Ė) evaluated below the plate for the cases with (a) kainc = 0.06,
(b) kainc = 0.1 and (c) kainc = 0.15, nondimensionalised with respect to the value of
incident energy flux. Solid lines are the case without overwash, dashed lines are the case
with overwash.
It is still unclear where the energy missing from the balance is dissipated. Similarly to
Fig. 5.17, the energy flux below the plate is evaluated in Fig. 5.21 in order to investigate
possible dissipation occurring outside the overwash area. Underneath the plate, without
overwash the energy absorbed by the motion of the plate at the front edge is entirely released
in the rear field except for kainc = 0.15 where a 1% reduction is recorded. Allowing the
water on top of the plate, lower energy fluxes are recorded after the rear edge compared to
the front edge for all the amplitudes except kainc = 0.06. For larger waves an additional
energy flux reduction, absent in the case without overwash, is produced between x = 3.3 m
and x = 4 m and is not fully recovered. The difference between front and rear energy flux
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in the case with overwash ranges between 0 and 11% of the incident energy flux. The
reason of this discrepancy between the two configurations and at this stage needs to be
investigated more in detail in the future.

5.7

Conclusions

A numerical wave tank was developed by coupling HOS-NWT and IHFOAM to simulate
the interaction between incident waves and a moored thin floating plate. The purpose was
to evaluate the effect of wave overwashing the plastic plate on reflection and transmission.
The thin plate was simulated in two different cases, with and without overwash. The
numerical set-up was designed in accordance to the laboratory wave-plate tests presented
in chapter 3. Experimental results were used to validate numerical model predictions. In
both cases with and without overwash front and rear field numerical wave amplitudes were
similar to the experimental ones, showing a good agreement between the two datasets in
all the regions of the spatial domain. The numerical model was able to successfully predict
the values of wave reflection in both with and without overwash cases. At the same time it
correctly reproduced the difference in wave transmission between the two configurations
due to energy dissipation.
The hydrodynamics of the numerical plate was also investigated. It was shown that increasing the overwash layer strongly affects the pitching movement of the plate, increasing
the mean pitch angle and decreasing the pitch response amplitude operator. At the same
time the action of the overwash was responsible for a relevant increase of the vorticity at
the rear edge of the plate for the highest incident amplitudes. A detailed analysis of the
total energy flux was then conducted in the overwash region of the plate to evaluate the
amount of energy that is dissipated. On the upper surface, the amount of energy flux at the
rear edge was lower than the energy flux at the front edge. The energy was dissipated in
particular by the breaking occurring between front and rear edge bores, which produced a
complete dissipation of the energy flux carried by the front edge bore. This was confirmed
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also by the analysis of the spectral energy for unit length, which showed strong dissipation
in the area where the breaking occurs.
However the overall energy flux balance showed that, although overwash accounts for
a significant part of the incident wave energy, for larger waves it is not the unique source
of energy loss. The analysis of the energy flux was carried out also below the plate to
investigate additional sources of dissipation. It was shown that the energy dissipation was
almost absent in the case without overwash, but it was relevant in the other configuration,
especially for the largest amplitude. This confirmed the major role operated by the
overwash in the attenuation of the incident waves. Overwash not only actively dissipates
energy when it propagates on the upper edge of the plate, put it also triggers an additional
dissipation below the plate, which is absent in the case with barriers. A more detailed
investigation is required to assess where the energy is dissipated in this region.

Chapter 6
CFD modelling of wave reflection and
transmission with multiple floes
6.1

Introduction

In chapter 5 a numerical coupled wave-floe model was presented. The model couples
the High Order Spectral - Numerical Wave Tank (HOS-NWT), developed by the Ecole
Centrale de Nantes, and IHFOAM, developed by the institute IHCantabria. HOS-NWT
is based on the high order spectral theory and on the hypothesis of the homogeneous,
incompressible and inviscid fluid and non-breaking waves. It is used to simulate wave
generation and propagation in the first part of the numerical wave tank due to its low
computational requirements and the built-in wavemaker. IHFOAM is a multiphase NavierStokes solver based on the CFD software OpenFOAM and is used to simulate the area of
the numerical domain where the wave-floe interaction takes place. It features a 6 DoF tool
perfect to model the floating plate but at the same time it requires a lot of computational
power to run. The coupling between the two models is necessary because simulating
the whole spatial domain using IHFOAM would have been too time consuming given its
computational requirements, while at the same time HOS-NWT is not suitable to reproduce
the wave-floe interaction.
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Here the coupled model is used to numerically reproduce the double plate experimental

tests presented in chapter 4 and investigate the reflection and transmission of the incident
waves with and without overwash. As shown in Fig. 6.1, to accommodate a second thinplate in the coupled model the IHFOAM domain has been extended to 18 m, from the
14 m of the single plate simulations. The distance between the two plates is 0.5 m as in
the experimental tests. A second toroidal mesh deformation zone is created around the
second plate to allow its movement independently from the first one. Mesh cells sizes,
Plate physical properties and Water and air layer depth are unchanged.

0.4 m

Rear
eld

0.9 m

Front
eld
Plate 2

IHFOAM

Plate 1

From
HOS - NWT

18 m

Fig. 6.1 Schematic plan view of the IHFOAM section of the numerical wave flume with
two plates (not to scale)
The same tests described in chapter 4 are run using this model in both cases with and
without overwash. The model is run on the same HPC system of the single plate one, but
due to the widening of the IHFOAM spatial domain, the simulation time was increased to
30 s and consequently the computational time required for each test increased to 10 days.
The same model outputs showed in section 5.2.4 for the single plate are calculated here for
the double plate case.

6.2

Experimental and numerical observations

Results are presented only for T = 0.9 s since it is consistent with the other periods.
Numerical double plate results are here compared with experiments presented in chapter 4.
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Tests results are used to validate the numerical model in the two-plates configuration in the
front and rear field. Lacking of overwash measurements for the double plate experiments,
a comparison of the water layer on the upper surface of the plate is not included.

6.2.1

Front field

An example of the timeseries in the front field for the cases with and without overwash
and kainc = 0.15 is presented in Fig. 6.2.
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Fig. 6.2 Experimental (blue dashed line) vs. numerical (red line) front field free surface
elevation comparison (a) without overwash and (b) with overwash with incident T = 0.9 s
and kainc = 0.15.
The overall agreement between the two signals is good, although numerical timeseries
show higher variability of the wave amplitudes compared to the experimental results. The
presence of overwash does not produce any relevant difference in the numerical wave
reflection. The maximum crest and trough difference is the 4.5% of the wave height
without overwash and the 3.3% of the wave height with it.
Fig. 6.3 shows numerical and experimental wave spectra for kainc = 0.15 compared
to the incident one. As in the previous chapters, no relevant spectral differences are
recorded in the front field with and without overwash. Numerical results correctly match
the experimental tests in the first two harmonics. Also the energy increase in the higher
frequencies compared to the incident spectrum is similar in both datasets. However the
agreement worsens after three times the main frequency, where numerical harmonics shape
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Fig. 6.3 Experimental (blue line) and numerical (red line) spectra S comparison over f / finc
in (a) the front field of the case without overwash and (b) the front field of the case with
overwash, for kainc = 0.15 and T = 0.9 s. Black dashed line represents the numerical
incident spectra.
becomes less defined. The overall quality of the numerical results is not affected due to the
limited amount of energy included in the tail of the spectra.
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Fig. 6.4 Incident versus front field kare f +inc for (a) the case without overwash and (b)
the case with overwash. Blue triangles and errorbars are the mean value and 2-times the
standard deviation of the experimental results and red dots and errorbars are the mean value
and 2-times the standard deviation of the numerical results. Experimental and numerical
markers are plotted with an offset of ±0.002 from the respective x-value for the sake of
clarity.
A detailed overview of the front field amplitudes kare f +inc for both plate configurations
is presented in Fig. 6.4. Numerical mean amplitudes match experimental ones in both
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plates configurations and for all values of kainc . Again, allowing the water to wash the
upper surface of the plate does not produce any visible difference in wave reflection
compared to the case where the overwash is not allowed. The only difference between
the two datasets is the higher variability of the numerical front field amplitudes compared
to the experimental ones. As noticed in Fig. 6.2 this is more evident in the case without
overwash, but it is sufficiently small not to compromise the quality of the numerical results.

6.2.2

Transmitted field

Timeseries of the rear field for the kainc = 0.15 case with and without overwash are shown
in Fig. 6.5.
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Fig. 6.5 Experimental (blue dashed line) vs. numerical (red line) rear field free surface
elevation comparison (a) without overwash and (b) with overwash with incident T = 0.9 s
and kainc = 0.15
Similarly to the front field, numerical timeseries generally match well tests results,
correctly showing lower wave heights in the case with overwash. However numerical
signal is more variable than the experimental one, showing crest and trough amplitude
difference up to the 5.8% of the wave height without overwash and the 6.6% of the wave
height with overwash.
Rear field numerical and experimental wave spectra compared with the incident one for
kainc = 0.15 are shown in Fig. 6.6. Results agree better with each other than in the front
field. The numerical model correctly predicts the spectral energy reduction in the main
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Fig. 6.6 Experimental (blue line) and numerical (red line) spectra S comparison in (a) the
rear field of the case without overwash and (b) the front field of the case with overwash, for
kainc = 0.15 and T = 0.9 s. Black dashed line represents the numerical incident spectra.
frequency and the increase in the tail of the spectrum. In the case without overwash the
model-data agreement is good for all the first 4 harmonics, while for the other configuration
it slightly diverges after the third one. However due to the low amount of energy included
in the high frequencies of the spectra the quality of the results is not affected.
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Fig. 6.7 Incident versus rear field katsm for (a) the case without overwash and (b) the
case with overwash. Blue triangles and errorbars are the mean value and 2-times the
standard deviation of the experimental results and red dots and errorbars are the mean value
and 2-times the standard deviation of the numerical results. Experimental and numerical
markers are plotted with an offset of ±0.002 from the respective x-value for the sake of
clarity.
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Fig. 6.7 shows the rear field amplitudes for all the kainc values and both cases with and
without overwash. Numerical results show the same transmitted katsm recorded during
the experiments. The incident wave attenuation is correctly reproduced with and without
the presence of water on top of the plate, confirming the additional energy dissipation
occurring in the first case. The variability of the transmitted amplitudes is lower than the
front field one. This is probably due to the presence of reflected and incident wave fields
at the same time, which generates more turbulence compared the rear field where only
transmitted waves are propagated.

6.3

Plates hydrodynamics

As for the single plate configuration, the hydrodynamics of both first and second plate is
strongly affected by the presence of overwash. Fig. 6.8 shows the direct comparison of the
mean overwash layer recorded on top of the first and second plate against the results of the
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Fig. 6.8 Mean overwash layer depth how for (a) the first plate and (b) the second plate. Red
markers represent the double plate case and blue markers the single plate case. Markers
are the mean value and whiskers are 2-times the standard deviation.
In both plates the upper surface water layer is thicker than the single plate case,
reaching a maximum of 13 mm in the first one and 14 mm in the second. The presence
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of an additional plate produces also a relevant amount of overwash for kainc = 0.06 case,
while in the one-plate configuration the phenomenon was non-existent. Water depth is
similar between the two plates except for kainc = 0.1 and kainc = 0.12 cases. The reason
for this discrepancy is still unclear and needs to be investigate further.
Fig. 6.9 shows the mean pitch angle for the two plates against the single plate configuration. Without overwash only a slight increase of the pitch angle is recorded for both
plates with kainc > 0.1. At the same time, in presence of water on the upper surface, the
angle of the first plate follows the same trend of the one-plate configuration, showing a
small increase up to 0.023 rad for kainc = 0.15, while also the second plate pitch angle
increases for kainc > 0.1 up to 0.0095 rad for the largest incident wave. It is also important
to notice that in the double plate case with overwash the variability of the pitch angle is
greater than for the single plate configuration, showing more irregular movements of the
plates.
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Fig. 6.9 Mean pitch angle A p for (a) the case without overwash and (b) the case with
overwash. Black markers are the single plate results, magenta markers are the first plate
results and green markers are the second plate results. Markers are the mean value and
whiskers are 2-times the standard deviation.
The increase in the overwash layer generated by the second plate produced also relevant
changes in the response amplitude operators. Fig. 6.10 shows the heave response amplitude
operator (RAOH) for both single and double plate configurations.
In the case without overwash all three datasets produced the same results, except for
the first plate in the double configuration which showed higher variability. On the opposite
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Fig. 6.10 Heave response amplitude operator (RAOH) for (a) the case without overwash
and (b) the case with overwash. Black markers are the single plate results, magenta markers
are the first plate results and green markers are the second plate results. Markers are the
mean value and whiskers are 2-times the standard deviation.
a strong RAOH decrease is recorded in presence of overwash and for kainc > 0.1. Both
plates produced values lower than the one-plate configuration results, reaching a minimum
of RAOH = 0.05 for kainc = 0.15, showing greater heave amplitude reduction due to the

RAOP

thicker overwash layer compared to the tests with one plate.
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Fig. 6.11 Pitch response amplitude operator (RAOP) for (a) the case without overwash and
(b) the case with overwash. Black markers are the single plate results, magenta markers
are the first plate results and green markers are the second plate results. Markers are the
mean value and whiskers are 2-times the standard deviation.
Fig. 6.11 shows the pitch response amplitude operator (RAOP) for both configurations.
As for the single plate tests, the presence of overwash does not produce any additional
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Fig. 6.12 Vorticity field for (a) case without overwash and (c) case with overwash, with
T = 0.9 s and kainc = 0.06 and (b) case without overwash and (d) case with overwash with
T = 0.9 s and kainc = 0.15.
decrease of the coefficient. However the second plate produced lower values of RAOP for
kainc > 0.1, reaching a minimum RAOP = 0.29. This confirms that the pitch amplitude is
affected with a stronger overwash, especially for the largest incident waves.
The different hydrodynamic behaviour induced by the second plate can be observed
also in the velocity field. Fig. 6.12 shows four snapshots of the vorticity field near the two
plates in both cases with and without overwash, for kainc = 0.06 and kainc = 0.15. The
main difference from the single plate configuration is the increase of the vorticity in the
open water space between the two objects. For the smallest amplitude both cases show
higher vortex production in the area just after the rear edge of the first plate compared to the
same plots in Fig. 5.16. The additional vorticity is more evident for the highest amplitude
where not only a strong production is observed both at the rear end of the second plate
and between the two plates. This is suspected to be responsible for the energy dissipation
recorded in the double plate case without overwash.

6.4

Analysis of the energy fluxes

The total energy flux in the overwash region is calculated to investigate the additional
energy dissipation produced by the thicker water layer produced on top of the plates
compared to the single plate configuration. Fig. 6.13 shows the energy flux on the upper
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Fig. 6.13 Total energy flux (Ė) evaluated from the front edge of the first plate (x = 5.5) to
the rear edge of the second one (x = 8) on the upper surface of the plates for the case with
overwash with (a) kainc = 0.06, (b) kainc = 0.1 and (c) kainc = 0.15, nondimensionalised
with respect to the value of incident energy flux Ėinc .
edge of both plates. Differently from the single plate case, a sharp energy drop is recorded
in the first half of the surface immediately after the peak, then the energy slowly decreases
until it reaches the rear edge. The amount of energy propagating on top of the first plate is
always higher than the second one. The difference is more evident in the kainc = 0.15 case
where the energy flux reaches values up to the 20% of the incident energy near the front
edge of the first plate. The difference between the energy entering at the front and going
out at the rear edge of both plates is approximately ≈ 15% in all the three cases.
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Fig. 6.14 Frequency integrated spectral energy differential per unit length (∆S/Sinc )/∆x
on the upper surface of (a) the first plate and (b) the second plate), for kainc = 0.15 case
with overwash
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The coefficient ∆S/∆x presented in chapter 5 is used here to evaluate the spectral

energy variation per unit length on both plates. Fig. 6.14 shows ∆S/∆x coefficient, nondimensionalised with respect to the incident spectrum, from the front to the rear edge for
both plates in the case with kainc = 0.15. The spectral energy trend is similar to the total
energy one, presenting the strongest energy dissipation near the front edge for both plates
plus an additional one at the rear edge, confirming the relevant differences from the single
plate overwash energy dissipation which was occurring due to a collision-induced breaking
in the second half of the surface.
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Fig. 6.15 Spatial integrated spectral energy differential per unit length (∆S/Sinc ) for all
kainc cases with overwash
Fig. 6.15 shows the ∆S/∆x integrated over the surfaces of the two plates, again nondimensionalised with respect to the incident spectrum. Results show that the total amount
of spectral energy dissipated by overwash is ≈ 15% for kainc > 0.06, while it is the 19%
for kainc = 0.06. Except for the first amplitude, the overall spectral energy dissipation is
similar to the total energy dissipation in the overwash region shown in Fig. 6.13.
The total energy flux coefficients Ė f , Ėr and Ė p are calculated in the same way described in section 5.6 for the single plate configuration. Fig. 6.16 shows the sum of the
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Fig. 6.16 Comparison between the sum of the energy flux coefficient in the front and rear
field Ė f + Ėr in the case with overwash (blue crosses) and in the case without overwash
(red circles) and the sum of the energy flux coefficient in the front and rear field plus the
plate coefficient Ė f + Ėr + Ė p (magenta triangles) vs. incident kainc . Black dashed line
represents the ideal perfect conservation of the incident energy flux.
front and rear coefficients in both cases and the sum of front rear and plate coefficients
in the case with overwash. Except for kainc = 0.06 including the energy dissipated in the
overwash region it is not sufficient to reconstruct the amount of incident energy, since up to
the 24% of that is missing for kainc = 0.15. It is interesting to notice that, differently from
the single plate configuration, also in the case without overwash a large amount of incident
energy is missing, confirming that in presence of multiple plates additional sources of
energy dissipation other than overwash become more relevant. The amount of incident
energy missing is maximum for kainc = 0.15 where it reaches the 25%, a value similar to
the result obtained in the case with overwash including the plate coefficient.
The energy flux evolution underneath the plate is investigated to evaluate these additional dissipations. Fig. 6.17 shows the total energy fluxes below the plates with and
without overwash. As in the one-plate set-up, overwash affects the energy dissipation
not only above the plate where it occurs but also below the plate, producing an incident
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Fig. 6.17 Total energy flux (Ė) evaluated below the two plates for the cases with (a)
kainc = 0.06, (b) kainc = 0.1 and (c) kainc = 0.15, nondimensionalised with respect to the
value of incident energy flux. Solid lines are the case without overwash, dashed lines are
the case with overwash.
energy flux loss up to the 42% of the incident value for kainc = 0.15 and showing a relevant
reduction even in the kainc = 0.06 case. Differently from the single plate configuration, also
the case without overwash shows a relevant reduction of wave transmission, in particular
for kainc = 0.1 and kainc = 0.15, where it reaches the 29% of the incident flux. The energy
loss occurs mainly at the rear of the first plate, where the flux does not recover to the front
edge value, while is less relevant for the second plate. The reason of this phenomenon
is unclear and needs to be investigated in details, but the additional interaction occurring
between the two plates, where the transmission from the first one and the reflection from
the second collide, is suspected to be responsible for this strong energy flux reductions.

6.5

Conclusions

The CFD wave-plate interaction model presented in chapter 5 was here extended to the
double plate configuration. A second floating object was included in the model 0.5 m after
the first one to reproduce the two-plates set-up used during the experimental tests. No
changes were made to mesh cells size, data sampling and initial conditions. Results were
initially validated using the outcomes of the experimental tests and then used to investigate
plates hydrodynamics and total energy fluxes. A good agreement between numerical and
experimental results was recorded both in the front and rear field. The CFD model was
able to satisfactorily reproduce the amount of incident wave reflected and transmitted,

6.5 Conclusions
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including the additional reduction of wave transmission produced by the presence of a
second plate. Numerical wave spectra matched well the experimental ones in the first two
harmonics, while the agreement was slightly less clear in the high frequency tail.
A thicker overwash layer was recorded in the double plate configuration, up to three
times the one-plate values. This produced a strong increase of the mean pitch angle in
both plates compared to the case without overwash. At the same time the heave response
amplitude operator RAOH showed a relevant reduction compared to the single plate case
in presence of overwash for kainc > 0.1. The same thing happened to the pitch operator
RAOP, confirming that plates hydrodynamical behaviour strongly differs from the oneplate configuration, producing also a greater vorticity in particular in the open water space
between the two floating bodies. The energy flux analysis in the overwash region showed
a sharp decrease immediately in the first half of the plate, then a gentle one in the second
part, with the first plate producing more energy loss than the second one. The same trend
was found evaluating the spectral energy difference per unit length. Both quantities showed
a constant 15% energy reduction in the overwash region for each value of kainc , except for
kainc = 0.06 which shown a slightly higher amount of spectral energy dissipation. Front,
rear and plate energy flux coefficients were calculated to compare the respective energy
flux values with the incident one. Even including the contribution of the plate coefficient,
a large amount of energy (up to the 24% of the incident flux) is missing in the case with
overwash, revealing the presence of additional sources of energy loss. This was supported
also by the relevant energy reduction occurring in the case without overwash (up to the
25% of the incident flux), which confirmed that the energy is dissipated regardless the
presence of water on top of the plates.
It is still unclear where energy is dissipated other than the overwash area. The analysis
of the energy fluxes underneath the plates showed a strong energy flux loss just after
the rear edge of the first plate, in both cases with and without overwash. It appears that
the interaction between the transmission coming from the first plate and the reflection
generated by the second one produces further turbulence and energy dissipation compared
to the single plate case. This is more evident in the overwash case, but it occurs also
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without it. A more detailed analysis of this aspect of the wave-ice interaction is therefore
required to assess the amount of energy dissipated by this phenomenon.

Chapter 7
A physical model for the Antarctic
marginal ice zone
7.1

Introduction

Ice in the Antarctic marginal ice zone is usually found in the form of consolidated pancakes
immersed in a matrix of frazil ice (Wadhams et al., 1987). Large fetches allow the formation
of rough sea-states, in which the formation of a lamellar ice continuous cover as in the
Arctic ocean does not happen. Pancakes are round shaped granular ice floes created by the
action of wind and ocean waves, which push frazil ice crystals together until they merge in
circular aggregates (Shen and Squire, 1998). Moving towards the Antartic continent far
from the ice edge, where the sea-state conditions are calmer, pancakes freeze together into
larger floes until they form a continuous unbroken cover (Lange et al., 1989). Pancakes
thickness ranges between 0.4 and 0.7 m depending by the distance from the ice edge, with
a typical aspect ratio of 1:10.
In the outer MIZ the most part of the wave-ice interaction takes place. Pancakes dampen
the incident wave and produce relevant changes in the dispersion relation, shortening the
wavelength (Wadhams et al., 2018). Attenuation depends by different factor such as
physical properties (diameter, thickness) and spatial distribution. Field observation were
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used to investigate values of wave attenuation coefficients in-situ (Doble et al., 2015,
Meylan et al., 2014b).
Several model of the wave attenuation in pancake ice region have been proposed over
the years. Shen and Squire (1998) developed a wave damping model based on the floe-floe
collisions occurring due to their differential drift. They found that the energy loss depends
by the characteristic of the incident wave and the geometry of the pancakes energy and
it is mainly due to turbulent losses and collisions between adjacent pancakes. Model
predictions showed a good agreement with field data recorded in the Weddell sea, but the
model was not able to capture the total energy loss, in particular for short-period waves
and in the inner part of the ice field. Doble et al. (2015) used a two-layer viscous model to
obtain a prediction of the attenuation rate. Model data were subsequently compared with
the field data obtained in the Weddel sea, in order to investigate the relation between ice
properties and wave attenuation. Although a correlation between ice thickness and eddy
viscosity was found, the model lacked field data to be correctly validated. Wang and Shen
(2010)and Mosig et al. (2015) presented similar issues.
Various experimental models have been developed to reproduce the wave-floe interaction in laboratory, a controlled environment necessary to have the perfect knowledge
of the tests parameters. Floes were simulated using single or multiple plates (Bennetts
and Williams, 2015, Bennetts et al., 2015, Toffoli et al., 2015). However in these cases
ice floes were modelled using plastic or wooden material, due to the technical limitations
of testing ice at the average room temperature. Sizes of the model floes were also chosen
similar to the wavelength, to reproduce the wave-ice interaction occurring in the outer part
of the marginal zone.
A new physical model of the wave-ice interaction for the Arctic MIZ cover is here
presented. A large array of small ice cubes, whose size and shape resemble ice pancakes,
are tested under the action of monochromatic and random incident waves generated by
a wavemaker. Tests are carried out in a refrigerated flume with an operating temperature
of -1 ◦ C to avoid the melting of the ice cubes. Incident wavelengths are much larger than
the cubes size to reproduce the conditions of the Arctic MIZ. Different concentrations
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of ice cubes are tested to assess the changes in the attenuation rate. Experimental data
are sampled through a series of probes to evaluate the free surface elevation in different
parts of the flume. A spectral energy and wave height coefficient are then calculated to
investigate the energy dissipation in every position.

7.2
7.2.1

Experimental set-up and post processing
The facility

Experimental tests were run in the Sea-Ice Wave Wind Interaction facility (SIWWI) of the
Michell laboratory at The university of Melbourne. The facility is provided with a 14 m
glass-and-wood flume with a cylindrical wave maker at the top end and a linear beach (with
a slope of 1:6) at the bottom end to prevent waves reflection. The flume is 0.75 m wide and
water depth is 0.46 m. The entire system is hermetically enclosed in a refrigerated chamber
in order to provide the best environment for ice formation and testing. The temperature of
the chamber can be manually set between -20 ◦ C and 40 ◦ C using an external controlled
air conditioning system (see Fig. 7.1). In these experiments ice cubes were created outside
the facility and deployed in the tank only for the tests.

7.2.2

Set-up

A detailed sketch of the experimental configuration is shown in Fig. 7.2. Ice cubes were
placed into the water in a 2.5 m long area, starting 4 m from the beginning of the flume
(as in Fig. 7.3). A metallic grid was placed 3.5 m before the bottom end of the flume to
stop the drift of the cubes before they reach the linear beach. Four capacitive probes were
installed to record the free surface elevation before, in the middle and after the ice blocks
deployment area, operating with a sampling rate of 50 Hz.
Two different ice cubes concentrations ice were tested, Cice = 8 kg/m2 and to Cice =
13.3 kg/m2 . The room temperature was set at ≈ 0◦ in order to prevent additional ice
growth and avoid the melting of the ice cubes. The physics of the experiment was scaled
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Fig. 7.1 Air conditioning system inside the SIWWI wave flume.
according to the incident wave period and amplitude. This type of scaling preserve the
same dynamics of the ocean waves at the laboratory scale. The scaling of the mechanical
properties of the single ice block was not investigated and is not part of this research.
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Fig. 7.2 Schematic plan views of the experimental set-up used during the ice blocks
experiments (not to scale).

Fig. 7.3 Photos showing the experimental set-up of the tests. Left-hand pictures shows the
ice blocks starting position and the instruments in the first half of the flume. Right-hand
pictures shows the same for the second half of the flume.

7.2.3

Initial conditions

7.2.3.1

Random waves

Ice cubes were tested using random waves generated from a JONSWAP spectrum as a
function of the angular frequency ω = 2π f


5 ωp 4 r
αg2
S(ω) = 5 exp − ( ) γ
4 ω
ω
"

(ω − ω p )
r = exp −
2σ 2 ωp2

(7.1)

#
(7.2)

where α is the Phillip’s constant, g is the gravitational acceleration, ω p is the peak
frequency, γ is the peak enhance coefficient, and σ is the spectral width parameter. Different
spectra were tested with a peak frequency of 1.25 and 1.4 Hz and incident nondimensional
amplitude (ka = kHs /2 where Hs is the significant wave height) kainc = 0.08, with the
value of α chosen accordingly. A peak enhance coefficient γ = 1 was used. Five different
timeseries are generated from each JONSWAP spectrum using an Inverse Fast Fourier
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Transform algorithm with uniformly distributed random phases within the interval[0; 2π)
and Rayleigh distributed random amplitudes. The timeseries are then used as input for the
wavemaker to calculate the movement of the paddle. Each timeseries was tested for all the
ice blocks configurations and was run for 10 minutes.
7.2.3.2

Monochromatic waves properties

Monochromatic waves were generated with an incident frequency of 1 and 1.25 Hz, again
with an incident amplitude kainc = 0.08. The same monochromatic case was repeated five
different times to assure the repeatability of the wave generation for each test and was
run for 60 seconds. Monochromatic waves were run using an ice-free set-up to obtain a
reference case to be compared during the analysis of the results recorded in presence of
ice.

7.2.4

Data postprocessing

The spectral analysis of the free surface elevation timeseries was obtained applying a
Discrete Fourier Transform to the recorded signal. The energy spectrum S( f ) is defined as
1
S( f ) =
2

Z ∞

2
a(ˆf ) d f

(7.3)

0

where â( f ) is the amplitude of the component of the wave field at frequency f (Holthuijsen,
2010). The spectrum was evaluated as ensemble average over non-overlapping time
windows of 512 points. For each one of these time windows a spectral energy coefficient
E was evaluated as
E=

|m0,S(f) |
m0,S(f)inc

(7.4)

where Sinc is the incident spectrum and
Z ∞

m0 =

S( f ) d f ,
0

is the zeroth-order moment of the wave spectrum S( f ).

(7.5)
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7.3

Spectra analysis

7.3.1

Monochromatic waves

An example of the monochromatic wave spectra S( f ) at the different probes, for incident
frequency f p = 1 Hz, is shown in Fig. 7.4. Spectra were sampled at the time t = 20 s. At
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Fig. 7.4 Energy spectrum S( f ) normalised with respect to the peak value of the incident
spectrum S0max for the peak frequency f p = 1 Hz. Plot (a) shows the spectrum evaluated at
the first probe, plot (b) at second probe, plot (c) at the third probe and plot (d) at the fourth
probe. Black dashed line represents the incident spectrum, blue line represents the case
with Cice = 8 kg/m2 and red line represents the case with Cice = 13.3 kg/m2 .
probe 1, for both cases with Cice = 8 kg/m2 (blue line) and Cice = 13.3 kg/m2 (red line),
spectral energy is higher in presence of ice than in the incident wave, due to the reflection
effect operated by the ice cubes which increases the incident wave energy in the area
between the wavemaker and the ice field. From probe 2 spectral energy starts to decrease
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due to the presence of the ice attenuating the incident waves. Moving downwards the ice
covered area to probe 3 and probe 4 the attenuation effect increases. The maximum energy
reduction is recorded at probe 4 for Cice = 13.3 kg/m2 , where the peak value for S( f ) is
the 25% lower than the incident one, while for Cice = 8 kg/m2 it is the 10% lower.
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Fig. 7.5 Energy spectrum S( f ) normalised with respect to the peak value of the incident
spectrum S0max for the peak frequency f p = 1.25 Hz. Plot (a) shows the spectrum evaluated
at the first probe, plot (b) at second probe, plot (c) at the third probe and plot (d) at the
fourth probe. Black dashed line represents the incident spectrum, blue line represents the
case with Cice = 8 kg/m2 and red line represents the case with Cice = 13.3 kg/m2 .
The same analysis for incident frequency f p = 1.25 Hz is shown in Fig. 7.5. At probe
1 the presence of ice blocks produced the same reflection effect described in Fig. 7.4a but
stronger. Due to the shorter wavelength, a larger amount of incident energy is reflected for
f p = 1.25 Hz than for f p = 1 Hz, thus producing higher peak in the energy spectrum. At
probe 2 the energy reduction is higher than in the f p = 1 Hz case, and the same happens
for probe 3 and probe 4. The maximum energy reduction is recorded for the case with
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Cice = 13.3 kg/m2 , whose peak value for S( f ) at probe 4 is the 75% lower than the incident
one, while for Cice = 8 kg/m2 it is the 50% lower.

7.3.2

Random waves

Random waves tests produced results on the same pattern of the monochromatic ones.
Fig. 7.6 shows the wave spectra with peak frequency f p = 1.25 Hz, recorded at the different
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Fig. 7.6 Random waves energy spectrum S( f ), normalised with respect to the peak value
of the incident spectrum S0max , for the peak frequency f p = 1.25 Hz. Plot (a) shows the
spectrum evaluated at the first probe, plot (b) at second probe, plot (c) at the third probe
and plot (d) at the fourth probe. Black dashed line represents the incident spectrum,
blue line represents the case with Cice = 8 kg/m2 and red line represents the case with
Cice = 13.3 kg/m2 .
probes at 16 s. At probe 1 both cases with Cice = 8 kg/m2 and Cice = 13.3 kg/m2 recorded
spectra higher than the incident one due to the reflection operated by the ice blocks. As
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for the monochromatic waves, from probe 2 ice cubes started to attenuate the incident
spectrum showing a reduction ranging from the 10%, for the low ice concentration, to the
27% for the high one. The attenuation increased moving towards probe 3 and probe 4,
where it reaches a peak of the 27% for Cice = 8 kg/m2 and the 67% for Cice = 13.3 kg/m2 .
Between probe 1 and 4 it was also recorded a shift in the peak frequency f p , which is the
8% shorter for the low concentration case and the 12% shorter for the high concentration
one, making the ice cubes operate as a low-pass filter.
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Fig. 7.7 Random waves energy spectrum S( f ), normalised with respect to the peak value
of the incident spectrum S0max , for the peak frequency f p = 1.4 Hz. Plot (a) shows the
spectrum evaluated at the first probe, plot (b) at second probe, plot (c) at the third probe
and plot (d) at the fourth probe. Black dashed line represents the incident spectrum,
blue line represents the case with Cice = 8 kg/m2 and red line represents the case with
Cice = 13.3 kg/m2 .
Wave spectra at the different probes for f p = 1.4 Hz are shown in Fig. 7.7 for both
cases with Cice = 8 kg/m2 and Cice = 13.3 kg/m2 . As noticed in Fig. 7.6, at probe 1 spectra
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recorded in presence of ice are higher than the incident one. In this case wave reflection
due to ice cubes not only produces an energy increase but it also shifts the peak frequency
to higher values. Spectra attenuation recorded at the different probes was higher than
for f p = 1.25 Hz. For the case with Cice = 8 kg/m2 the peak energy at probe 2,3 and 4
is respectively the 25%, 44% and 64% lower than the incident one. For the case with
Cice = 13.3 kg/m2 the peak energy at probe 2,3 and 4 is respectively the 75%, 91%and
92% lower than the incident one, showing almost a complete dissipation of the incident
waves. The low-pass filter effect observed in Fig. 7.6 is higher in this case, with the peak
frequency 14% shorter in the low ice concentration case and 23% shorter in the high
concentration case.

7.4

Energy coefficients

7.4.1

Monochromatic waves

The mean value of the spectral energy E coefficient was evaluated for all the probes for
both periods.
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Fig. 7.8 Energy coefficient E(t) evaluated for each probe for the peak frequency f p = 1 Hz.
Plot (a) shows the coefficient evaluated for the case with Cice = 8 kg/m2 and plot (b) shows
the coefficient evaluated for the case with Cice = 13.3 kg/m2 .
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Fig. 7.8 shows the E coefficient evaluated at the different probes for the monochromatic

waves with incident frequency f p = 1 Hz and ice cubes concentration Cice = 8 kg/m2 and
Cice = 13.3 kg/m2 . In the first case the difference between probe 1 and probe 4 is only
≈ 5%, with little to none attenuation recorded at each location. Higher ice concentration
produce a more relevant reduction of the spectral energy at probe 4 where E is the 25%
lower than the incident value. In the first 3 positions the results are the same of the low
concentration case.
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Fig. 7.9 Energy coefficient E(t) evaluated for each probe for the peak frequency f p =
1.25 Hz. Plot (a) shows the coefficient evaluated for the case with Cice = 8 kg/m2 and plot
(b) shows the coefficient evaluated for the case with Cice = 13.3 kg/m2 .
The E coefficient for incident frequency f p = 1.25 Hz is shown in Fig. 7.9, for ice
cubes concentration Cice = 8 kg/m2 and Cice = 13.3 kg/m2 . The differences between the
different probes are higher than the case with f p = 1 Hz. For Cice = 8 kg/m2 the value
of E decreases showing a linear attenuation from probe 1, where E = 1.16, to 4, where
E = 0.63. For Cice = 13.3 kg/m2 the value of E at probe 1 and 2 slightly increases due to
higher wave reflection and at the same time it sharply decreases at probe 3 and 4 due to
stronger attenuation. The maximum value is E = 1.21 and the minimum E = 0.42.

7.4.2

Random waves

The energy coefficient E for the random eaves with peak frequency f p = 1.25 Hz is shown
in Fig. 7.10 for ice cubes concentration Cice = 8 kg/m2 and Cice = 13.3 kg/m2 .
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Fig. 7.10 Random waves energy coefficient E evaluated for each probe for the peak
frequency f p = 1.25 Hz. Plot (a) shows the coefficient evaluated for the case with Cice =
8 kg/m2 and plot (b) shows the coefficient evaluated for the case with Cice = 13.3 kg/m2 .
Results are similar to the monochromatic ones for the same frequency. For the case
with Cice = 8 kg/m2 E linearly decreases from probe 1 to probe 4, with the values of
the coefficient ranging between 1.03 and 0.74. Compared to the monochromatic case
both wave reflection and transmission are slightly lower. The same happens for Cice =
13.3 kg/m2 where the E coefficient ranges from 1.17 at probe 1 and 0.45 at probe 4
showing the same sharp increase of the wave attenuation observed in Fig. 7.9b.
1.6

(a)

fp=1.4 Hz

(b)

1.5 fp=1.4 Hz

1.4 C =8 kg/m2
ice

Cice=13.3 kg/m2

1.2
1

E

1

0.8
0.6
0.5
0.4
0.2
0

1

2

3

Probe

4

0

1

2

3

4

Probe

Fig. 7.11 Random waves energy coefficient E evaluated for each probe for the peak
frequency f p = 1.4 Hz. Plot (a) shows the coefficient evaluated for the case with Cice =
8 kg/m2 and plot (b) shows the coefficient evaluated for the case with Cice = 13.3 kg/m2 .
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The spectral energy coefficient for f p = 1.4 Hz is shown in Fig. 7.11, for ice cubes

concentration Cice = 8 kg/m2 and Cice = 13.3 kg/m2 . For both ice cubes concentrations
the incident wave energy attenuation is the highest of any other frequency tested. At low
ice concentration a 20% reflection is recorded at probe 1 similar to the previous cases,
while the incident wave is attenuated from probe 2 to 4 where it reaches a maximum of
39% of attenuation. At high ice concentration, while wave reflection remains the same at
probe 1, attenuation is strongly increased between probe 2 and 4. At the end only the 20%
of the incident spectral energy is recorded after the ice field, confirming that shorter waves
are more sensible to attenuation than the longer ones.

7.5

Conclusions

An array of floating ice cubes was tested in a series of laboratory experiments under the
action of monochromatic and random waves. The analysis was performed in the SIWWI
facility at The University of Melbourne. The facility includes a wave flume enclosed
in a refrigerated chamber, which allowed the execution of the tests preventing the melt
of the ice. Monochromatic waves were generated with a frequency of 1 and 1.25 Hz
and ka = 0.08. Random waves were generated from a JONSWAP spectrum with a peak
frequency of 1.25 and 1.4 Hz and again ka = 0.08. Results were sampled using four
capacitive probes deployed in the flume before, in between and after the ice covered
section. Timeseries obtained from each one of the probes were post-processed using a
Discrete Fourier Transform, to investigate the energy spectrum S( f ) over the incident
frequency. A spectral energy coefficient E was subsequently calculated to evaluate wave
reflection and attenuation. The main goal of the analysis was to observe the effects of the
ice cubes over the incident waves at various locations of the wave flume.
In both random and monochromatic waves cases probe 1 recorded spectral values higher
than the incident ones. This was due to the wave reflection generated by the presence of
the ice cubes, which scattered back towards the wave-maker a fraction of the incident wave.
The amount of reflection varied depending by the ice cubes concentration and the frequency
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of the incident waves, ranging from the 0% recorded for the monochromatic incident waves
with f p = 1 Hz and Cice = 8 kg/m2 to the 21% recorded for the monochromatic incident
waves with f p = 1.4 Hz and Cice = 13.3 kg/m2 . Both the increase of the incident frequency
and the ice concentration generally produced an increase of the wave reflection. At probe
2, 3 and 4 the attenuation of the incident wave was recorded instead. As for probe 1,
the amount of incident wave transmitted in the ice covered region is strongly influenced
by the concentration of ice cubes and the frequency of the incident waves. Similarly to
wave reflection, the attenuation was minimum for f p = 1 Hz and Cice = 8 kg/m2 , where
it was limited to the 5% and no relevant difference was recorded between the different
probes. On the opposite, for f p = 1.4 Hz and Cice = 13.3 kg/m2 the amount of incident
waves transmitted decreased from the 42% at probe 2 to the 20% at probe 4, where almost
the entire amount of incident energy was dissipated by the ice cover. Monochromatic
and random waves produced reflection and attenuation results following the same trend
on average. In random waves spectra it was also possible to notice a shift of the peak
frequency in the last probes. Ice cubes acted as low-pass filter, lowering the value of the
peak frequency compared to the incident one.
The findings confirmed on the large scale the reflection and transmission effects
investigated for the single and double floe in the previous chapters, even with an incident
wavelength much larger than the floe size as in this case. The transmission of the incident
wave decreases with the increase of the incident frequency, and at the same time it increases
the wave reflection. This was investigated not only for the monochromatic waves but also
for the random ones, a condition more similar to the real sea-state. A more detailed study
is required to investigate in a deeper way the source of the energy dissipation inside the
ice cubes covered region using additional laboratory tests and, if possible, numerical CFD
simulations.

Chapter 8
Concluding remarks and future
directions for research
8.1

Summary of the results and conclusions

The rise of the average Earth temperature due to the global warming is reducing year by
year the extension of the polar ice covers, in particular the Arctic one. Large areas of
the Arctic ocean once permanently covered by ice are now open to the atmosphere. This
has major implications in the energy exchange with the atmosphere reducing the albedo
effect and increasing the water heat adsorption. Warmer oceans produce weaker winter
ice covers, which open larger areas of open water during summer, thus creating a vicious
cycle. Ice-free areas in the Arctic ocean also attracted the interest of the maritime transport
industry, interested in using the newly opened summer routes like the Northwest Passage
and the Northern Sea Route. A careful sea-state model for the polar regions is therefore
required to allow a safe maritime navigation.
The area of the ice cover including the most part of the wave-ice interaction is the
marginal ice zone (MIZ), which consists in the outer section just before the open water,
where ice is found in the form of large floating objects (known as floes). Several models
for the MIZ have been proposed over the years. They are usually divided in two categories,
continuous models, used to reproduce the ice pack and the inner part of the MIZ, and the
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solitary floe models, more suitable to the outer part of the MIZ where floes are sufficiently
scattered to be considered as a unique entity. Since in this dissertation the focus is put on
the waves point of view, the latter is the approach considered in this study due to greater
interaction with the open ocean compared to the inner MIZ. The Wadhams model is the
reference solitary floe model, which consists in a Kirchoff-Love thin-plate floating on top
of an inviscid, incompressible fluid undergoing irrotational motions. First proposed in
the 1973, it was subsequently improved by Meylan and Squire who introduced the first
mathematical solution and later extended to include additional features like multiple floes
interaction and waves-in-ice comprehensive models.
Although these models generally produced good results, they constantly overpredicted
the wave transmission by the ice floes. These was due mainly to the lack of field data,
in particular for in rough sea-state conditions. Laboratory wave-floe experiments were
carried-out to investigate more in details waves attenuation, confirming the overestimation
of wave transmission for larger waves. This discrepancy is due to phenomena not taken
into account in the canonical model. One of these is overwash, which consists in the
shallow water waves (known as bores), washing the upper surface of the plate, generated
by the pitching movement. Although overwash is commonly recorded during experimental
tests, only recently has been considered as a possible major source of energy dissipation.
Its impact of wave attenuation needs to be carefully modelled and evaluated.
Additional experimental and numerical tests are presented in this dissertation in order to
reproduce the whole complexity of the wave-ice interaction and investigate the additional
energy dissipation produced during overwash. Both tests were run to investigate in details
the wave attenuation process. Experiments were used to get a general overview of wave
reflection and transmission, using single and multiple plates with and without overwash.
The numerical model was developed to simulate the experimental tests in a numerical
domain and evaluate the most crucial aspects of the wave-ice interaction using a level of
detail impossible to achieve in the experimental tests. Additional real ice experiments were
run to obtain a large scale overview of the wave propagation in a pancake field.

8.1 Summary of the results and conclusions
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Single and multiple plate experiments showed that wave reflection is unaffected by the
presence of overwash and only depends by the incident wavelength and period. Reflected
amplitudes were correctly predicted by the existing canonical thin-plate model in every experimental set-up when the plate was neglected to drift. On the opposite wave transmission
greatly varied depending by incident wave period and amplitude and plate configurations.
While for the single plate configuration without overwash wave transmission was the same
of model predictions, in all the other cases, in particular for the largest waves, a relevant
reduction of the transmitted amplitude was recorded, reaching a maximum in the double
plate case where more than 50% of the predicted transmission was missing. Notable energy
dissipation was recorded also in the double plate case without overwash, showing that
although it is one of the major source of losses, other factors contribute in reducing the
wave transmission. Wave-plate interaction not only produced relevant changes in the wave
scattering but also influenced the spectral energy distribution, shifting energy from the
main harmonics to the high frequency tail of the reflected and transmitted spectra.
The numerical model, after being validated with experiments results, confirmed the
experimental findings in the numerical domain. Overwash was found responsible for
the dissipation of up to the 6% of the incident energy flux in the single plate case and
the 15% in the double plate. The most part of the energy dissipation occurred due to
a collision-induced breaking in the rear part of the plate, where bores generated at the
front and rear edge collided after propagating on top of the plate. Overwash also affected
the hydrodynamics of the plate, increasing the mean pitch angle and reducing the heave
response amplitude operator. However it produced energy losses not only on the upper
surface of the plate but also below. The reason why this is happening is still unclear but it
s suspected that the additional turbulence produced in the overwash cases at the rear edge
is responsible for this additional energy dissipation.
Experiments with pancake ice field model confirmed wave attenuation small scale
results at a larger one, using real ice instead of plastic plate. Incident wave attenuation
is strongly dependant by the incident period and ice field concentration even when its
wavelength is much bigger than the dimension of the floating ice.
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8.2

Future research developments

This dissertation showed improvements in the overall knowledge of the wave-ice interaction, providing an extensive description of wave scattering in presence of different plate
configurations and how the overwash affects wave tranmission. However several aspects
still need to be investigated in detail to evaluate their role in the dissipation of the incident
energy.
First of all the role of the overwash in the energy dissipation below the plate needs
to be assessed. No reductions of the energy flux below the plate are recorded in the oneplate case without overwash, but allowing the water on top of the plate a relevant energy
dissipation is observed. This is more evident in the double plate configuration. A detailed
investigation is required to find out how the overwash can affect the energy propagation
below the plate and the phenomena responsible for this. Also a turbulent model needs
to be implemented in the numerical model to correctly reproduce the cascade losses and
quantify the amount of energy involved in the vorticity field highlighted in the dissertation.
Additional experimental and numerical tests are also required for the multiple floes
case. In this dissertation only a double plate configuration with no impacts between floes
was presented. The investigation need to be expanded evaluating wave transmission with
more than two floes and allowing collision among them, a phenomenon often occurring in
the polar ice covers which needs to be included in energy dissipation models. Also the role
of the distance between each floe needs to be assessed.
Finally the wave-floe interaction needs to be evaluated including the drifting of the
plate. In this dissertation only single drifting plate experiments with overwash were carried
out to have a brief overview of the phenomenon. A full extensive analysis is required to
check the reflection and the transmission of the incident waves when single and multiple
plates motion is not restricted in any way, a condition more similar to the ice floes arrays
commonly found in the polar regions.
The final goal is to develop a new analysis including all the aspects of the wave
interaction, in order to produce an extensive dataset to produce an accurate estimation of
the wave attenuation in presence of given ice field conditions. This can lead to a better
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prediction of the sea-state evolution in presence of ice and a better estimation of the safety
conditions necessary to develop maritime shipping routes.
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