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Abstract

This study seeks to assist in better understandihgon-cohesive sediments movement under
wavecurrent actions. The core aim of the present dissertation is to devetyel, advanced

2DH numerical modelling techniques, and evaluate the advantages lomsabf the existing

ones with the purpose of precisely simulatimgorphodynamic mechanisms over a variety of
complex and irregular bathymetries, considering wave unsteady phenomena and several small
scale physical processes in the inner surf and swasé. 2znaddition, the advanced compound
models, which were tailored within the context of the present research, serveaksesshe
hydrodynamic and morphodynamic effects of a number of coastal defence types, such as
submerged and emerged offshedetachedbreakwaters, groynes and jetties.

To analyse general sediment phenomena in erosiominated and higkenergy coasts,
numerical assessments, based on available existing devices, were carried out in selected case
studies in Greece. Furthermore, laboratorgperimental data analysis and advanced coupled
models were used to study the incipient motion of fisend and morphological evolution from
dissipative to intermediate and reflective beach state.

Finally, inspired by the capacities and limitations of th&stng numerical devices, the
development of a novel and robust numerical model was achieved in purpose of practical
applications. In particular, a procebased newly developed sediment transport model, with a
quasi3D approach for the assessment of seisged sediment transport, was utilized in tandem
with a fully nonlinear Boussinesq model to evaluate wamgrentsediment transport
interactions in wavedominated conditions, with and without the presence of coastal defences.
In this context, novel 3D a@n2D laboratory experimental investigations were exploited to
corroborate the numerical predictions. The model validation against experimental
measurements revealed that the main scope of the thesis was fulfilled satisfactorily

In summary, thisvork unveis several fundamental aspects of fine sedimerdtion under
the combined and unsteady action of waves and currents. It is believed that this research will
help to further enhance our understanding of how 2DH modelling techniques can be applied in
an exterded range of coastaéngineeringproblems, while it can be a valuable asset for

engineers and scientists desiring to obtain accurate bed level evolution predictions
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Coefficient
Wave amplitude
Sediment concentration by mass or volume
Reference sediment concentration

Wave propagation velocities

Diameter of bed material
Median size of sediment
Deposition rate

Dimensionless particle size
Reference concentration
Erosion rate

Current friction coefficient
Wave friction coefficient
Gravitational acceleration
Water depth

Wave height

Significant wave height
spectral significant wave height
Wave action density
Cross-shore and long-shore swashcoefficients
Transmission coefficient
Roughness height

Sediment transport rate
Eddyviscositytype breaking term
Bottom friction term

Shear Reynolds number
Radiation stresses

Wave period
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Peak wave period

Instantaneous horizontal velocity
Mean horizontal velocity
Oscillatory horizontal velocity
Mean current velocity

Shear velocity

Scaling velocity

Velocity in y direction

Scaling velocity in y direction
Mean velocity in y direction
Settling velocity

Vertical distance above the bottom
Reference height

Equilibrium angle

Parameter of sediment diffusivity
Ripple height

Thickness of wave boundary layer
Empirical sediment coefficient
Sediment diffusivity
Current-related sediment diffusivity coefficient
Wave-related sediment diffusivity coefficient
Water level

Surfaceelevation

Karman number

Horizontal flux

Shields number

Critical Shields number

Water density

Sediment density

Shear stress

Critical shear stress

Kinematic viscosity coefficient
Eddy viscosity

Angle between wave and current
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General operators

b

Internal friction angle
Univocal bed function

Wave frequency

Time-average, steady component

Periodic component

Instantaneous component
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1 Introduction

1.1 Context and research areas

Including to 15 of the world's 20 megalopolis, the coastlines are among the most populated

areas in the world (Ranasinghe, 2016; Luijendijk ¢t24118). Worldwide, Lovaying coastal

zones concentrate 10% of the global population (McGranahan et al., 2007). The coastal areas

host about 154 million people, which is equivalent to one third of the population of
Mediterranean coastal countries, aloagout 46,000 km of shoreline, 54% of which is rocky and

46% is sedimentary (Hénocque and Coccossis, 2001). Littoral systems dyiddoareas, also

known as coasts, include all the areas close to mean sea level. In a general sense, there is no

global deinition for the coast and the coastal zone/area, where the latter put emphasis on the

area or extent of the coastal ecosystems (Nicholls et al., 2007). Regarding the exposure to
LRAGSYyGAlFt asSlk f SIRSKyYy NAGSIza (irkeS  T328/NII w250 20ySiSAyT di
I NBI Ff2y3 GKS O2lrad GKIG Aa tSaa GKFY mn Y |03

Coasts are important zones in natural ecosystems, often home to a wide range of biodiversity
and human social activities. This complex system of nauangbles is particularly fragile and
exposed to multiple risks, including flooding, shoreline erosion and infrastructural damages due
to extreme hydremeteorological events: storm surges, heavy precipitation and very high tides
(Plomaritis et al., 2018ylori et al., 2019). Furthermore, the severe environmental social and
economic impacts in the marine environment are expected to become even more critical in the
near future, as climate@riven effects can aggravate the problem. Environmental disruptions,
such as sea level risehanges in precipitation and storm intensitpcreased temperatures,
ocean acidification, disappearance of species are some of the projected climate effects that put

coastal systems at a significant risk.

Over the last few yearshére has been an increasing amount of discussion in the literature,
which draws attention to the hindcasting and forecasting of the physical parameters of coastal
systems, highlighting a strong link between climate change effects and coastal hazardiégNicho
etal., 2007; Wang et al., 2014; Toimil et al., 2@réwn et al., 2013)The role of two parameters
related to change of climate, such as the potential rise of the sea water level and the increasing

frequency of extreme storm coastal storms, has b#eroughly analysed. According to tbéh
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Assessment Report (AR5) of the Intergovernmental Panel on Climate Change, the global sea level
rise within 80 years to range between 0.50 and 0.98 m with regards to theg2086 period,

in the case of the highegmission RCP 8.5 scenario (Church et al., 2013). Furtherenbigh

amount of studies has been dedicated to investigating the effects of a storm on coastal
environment during the last few years (Barnard et al., 2014; Hondula and Dolan, 2010; Klemas,
2009 Rangel Buitrago and Anfuso, 2011; Sandhdal et al., 2012), (Walker and Basco, 2011;
Massey et al., 2011). The definition of a coastal storm is considered very challenging, since it
requires the combination of several parameters regarding the atmosplenditions, water

level, tidal cycle, as well as the time of a storm beginning and how long it is active (Martzikos et
al., 2021). Harley (2017) in his detailed analysis, provided a new definition for the coastal storm
& | &YS{S$naudd dstuadncltoftHe &ocal maritime conditions (i.e. waves and/or
water levels) that has the potential to significantly alter the underlying morphology and expose
GKS o0l O1aK2NBE (2 ¢ @Sas OdNNBylGa | yYRKk2N AydzyRIE i

Coastal Vulnerability Indices (CVI) carublkzed to identify potential impacts of sea storms
based on the characteristics of a number of physical drivers and physical or socioeconomic
factors (i.e., wave height, tidal heights, subsidence, potential sea water rise, historical data of
shoreline réreat, dune geometry, beach slope, population density, land use) (Grases et al.,
2020). However, these indicators cannot consider the role of nearshore hydro
morphodynamics, and therefore a quantitative assessment of shoreline movement and flooding
conditions cannot be provided. Although, they can be utilized to assess whether the study area
is resilient or susceptible to a specific risk within a geographical domain and even at different

time scales.

1.1.1 Costal Hazards:
1.1.1.1 Inundations

Coastal floods are amongste most destructive natural hazards affecting urban zones adjacent
to the shorelines. During recent years, an increasing number of extreme meteorological events
has been recorded, storm surges, wave setup and high tides that trigger intense coastabfloodi
events, affecting hundreds of millions of peopkegurel-1 shows the frequency of flooding
along U.S. Coasts, through the comparison between the recorded events 0f12990and
20102015 (Sweet et al., 2014). Extreme coastal water levels may lead to considerable impacts

in densely populated lovying coastal aras. Coastal flooding usually occurs during high tides
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and storms that force water masses toward the shore. Effects of coastal flooding also include
road closures, less stormwater drainage capacity, deterioration of infrastructure, and intrusion
of saltwate to drinking water. In addition, these impacts can affect human health, as
deterioration of water infrastructure and saltwater intrusion can put people at the high risk of

being exposed to harmful chemicals.

Flood hazard is rarely a function of one prsgealone but comprises multiple drivers,
including energetic waves, extreme coastal water levels, heavy precipitation, and high river
discharge (Ganguli and Merz, 2019). These extreme flooding events are largely natural, however
human influence on the neahore environment can exacerbate coastal inundation (Ramsay and
Bell, 2008). Anthropogenic unplanned infrastructures and poor governance are additional
factors that increase flood risk, while massive development in coastal margins increases the
consequencs of coastal hazards. Managing this escalating risk over the near future is a
significant challenge for planning authorities worldwide. Inundation and flooding affect a
number of socioeconomic sectors such as freshwater resources, agriculture and forestry,
fisheries and aquaculture, health, biodiversity, settlements/infrastructure, recreation and

tourism.
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Figurel-1 Frequency of recorded flooding along U.S. coasts, 20005 versus 1950959 (Sweet et al.,
2014)
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1.1.1.2 Shoreline Erosion

Erosion of sandy coasts is a completely different phi/picecess from inundation, asiitvolves

a redistribution of sediment from thbeach face to offshore depths (Zhang et al. 2004). Coastal
erosion has significant impacts on infrastructure, tourism, and biodiversity, while there are no
considerable effects on the other sectors that can be affected by coastal flooding, such as
fisheries and aquaculture, agriculture and forestry or freshwater resources, according to the
study of Nicholls et al. (2011). In urbanized coastal zones, sand or gravel beaches form an
important buffer between storm attack and property (Almeida et al., 2012pdsic terms,
shoreline erosion can be defined as the net loss of sediments over a particular vertical (2D)
crosshore section of the bottom profile within a specific timescale of interest (Castelle and
Harley, 2020). This erosion phenomenon can be manifebiethe overwash of the subaerial
beachface, which is often associated with high tides and large wavepsetSenechal et al.
2020). The coastal erosion can also be defined as a landward retreat of the shoreline position.
The effects of this deficit oksliment budget concerns nearshore processes such as the presence
of beach scarps and the undermining of dunes, cliffs and anydyamle infrastructure that may

be situated.

Coastal storms are often associated with a destabilization of the littoral systaitenatural
processes involving waves, currents, sea level variability and wind forcing can seriously affect
the nearshore system by reshaping the shoreline and moving large amounts of sand offshore.
Storm surge, breaking events of high energetic wareshigh wave setip drive hydrodynamic
patterns which are determinants for the evolution of seabed morphology. In particikar,
nearshore undertow or rip currents (Afentoulis et al., 2016) can drive large amounts of sediment
from high to low wave enesgareas (Toldo, 2006; Guimaraes et al., 2014). Furthermore, for
particularly extreme weather and wave conditions, a net loss of sediment might take place along
the active beach profile (from the beach face or dune maxima down to closure depth). The
erosionprocesses during sheperiod extreme storms represents a growing problem in the long
term for stability of littoral system, as an immense and abrupt deficit of sediment may take
decades to be recovered). In the case of these speriod events, the morpological evolution
of the bottom geometry is directly proportional to the amount of the incoming wave energy in

the coastal zone (Afentoulis et al., 2017).

The recent records of extreme storms and wave events, which were encountered during the

winter of 2013- 2014 along the European coasts, have as a consequence spectacular landward
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retreat of the shoreline within a time interval of a few days. During that period, thekiriO
coastline of Southwestern France was exposed to the most intense wave conditienthe

last 18 yearsKigurel-2). Spectacular changes in meteorological and wave conditions were also
identified in Greece over the last few years, triggering significant coastal flooding and erosive

events.(Figurel-3)

An equally significant aspect of beach erodiais been experienced linited States, where
coastal erosion is responsible for about $500 million per geacerning coastal property loss,
including damage to structures and loss of land. More than $150 million are spent every year on
beach nourishment and other shore protection solutions (Dean et al., 2008). In addition to
shoreline retreat, about 325 kfrof coastal wetlands are lost in an annually basis, which is

equivalent to seven football fields disappearing every hour of every day (Dahl and Stedman,

2013.).Figurel-4 shows an overview of cliff erosion caused by a starduced energetic wave
field along the West Coast of U.S.A.

Figure1l-2 Images of the severe damaged sea defences and coastal erosion during the extreme storm
events of the winter 2013/2014 in SW France.

86



) Introduction.
PR R R R R R e R R R e R R e R R R e R e R e R e

Figurel-3 Damages of coastal infrastructures and intense beach evosilue to high energetic storm
events; Crete, Greece 2013.

Figure 1-4 Cliff erosion is a common storanduced hazard along the West Coast in USA. (Source:
https://toolkit.climate.gov)
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Besides the effects of nearshore physical processes, anthropogenic unplanned
infrastructures can intensify the ongoing coastal erosionjetises and other obstacles to
longshore transport, reflective vertical walls that accelerate offshore sand bar migration
(Seabergh and Kraus, 2003), as well as devegetation along coasts are key causes of beach erosion
intensification in the long term (Gaiel RuizZMartinez et al., 2016). Moreover, erosion is also
produced due to sediment bypassing at dams, elimination of river bed quarrying, and other
changes in river sediment supply to the coastal zone (Bird et al., 1996; Waters et al., 2016.).
About 15km2 per year is the estimated lost coastal area in Europe due to marine erosion (van
Rijn, 2011). During next coming years, urbanization, population growth and increase in
construction activity will grow this coastal risk, adding more pressure to an glréathdling

sediment supply.

1.1.2 Coastal Protection Solutions

The EUROSION study (2004) suggests opposing coastal erosion by restoring the sediment
balance in every coastal cell, which can be defined as a part that contains a complete cycle of
erosion, accrabn, sediment sources and sinks as well as the transport paths inviivesing,

2005). Furthermore, in the CONSCIENCE project (2010) coastal cells are analysed by investigating
the sand volume accumulated in largeale and sma#icale coastal cells aakious study areas

(van Rijn, 2011). It should be noted that the strategic planning for the management of our littoral
environment is implicitly based on the studying of the nearshore processes that are responsible

for the evolution of coastal morphologMilliams et al., 2017; Reeve and Spivak, 2001).

Government policies or private actors define the response to the physical processes, while
the institutional, legal, technological and financial aspects of the implemented strategies to
control coastal erosin can be summarized iFigue 1-5. Each point inside the pyramid with a
specific weighting represents every plan that can be employed to control coastal erbgjae (
1-5C). Defence is often costly and frequently temporary, consisting of hard and soft engineering
techniques (Pranzini and Williams, 2013; Pranzini et al., 2015). Moreover, the management of
retreat - structures, including the movement, demolition, or degradation of infrastructures is a
RSOA&A2Y GKIFIG Aa 06S0O02YAy3 Y2NB FNBIdsSSyid y246l R
paid to the advantages of retreating from the coast as an adaptatiortesfya rather than
AYLE SYSyiGAy3 RSFTSyOSa (2 NBaral aK2NBEAYS OKE )
Sacrifices or no active intervention is a third strategy that can be followed when the

implementation of other policies is not feasible.
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Figure 1-5 Standard strategies available to Government w.r.t. coastal erosion. b). Defend, Adapt and
Retreat strategies. ¢) Adaptation with a further axis. (Williams et al. 2017).

While coastal defence structurese built to protect vulnerable areas, recent studies have
analyzed the performance of these works to maintain shoreline position or to advance it
(Pranzini et al. 2015; Servold et al. 2017). It has long been known that the engineering projects,
which aimto deal with beach erosion issues, they are also responsible for intensifying problems
at nearby locations (sideeffects). Douglas et al. (2003) presents analytical examples of these
side effects; 1 billion Aof sediment is removed from the Americanasts due to engineering

works during the past century.

Nowadays, many countries have created legislations to protect natural coastal environments,
that enforces restrictions on construction activities close to the shore and oblige the execution
of impact assessment studies. However, during the previous decadegrious measures were
decided since the coastal areas was considered as an environment that is relatively stable. Until
Y23 GKS YI22NARGe 2F O2Fadlf AydiSNBSyildizya
protection concept. The effect of thesstructures upon the coastal environment was treated

semiempirically and fragmentarily.
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1.1.2.1 Soft engineering protection solutions

The choice of an appropriate type of structures is the object of an active discussion in many
O2dzy i NA S&3X | @ngitegrhdtactniqliey dan Be KidedNtiR deal with beach erosion.
Nowadays, coastal management is shifting towards soft techniques or Rased coastal
defence. Sandscaping and sand dunes, mangroves, seagrass, coral and shellfish reefs,
reinforcement of egetated and unvegetated dunes by a rocky core can be utilized to improve
the stability of coastal environment (Vikolainen et al. 2017; Morris et al. 2018). Figired1

8 show distinct naturebased solutions that have been already discussed in theatiire of
coastal engineeringMlangroves provide an effective natural protection against erosion, while
they can also reduce flood risk and damagdgasthermore, he geotextile tube technology has
been employed in recent years for flood and water contbait it can also be used to control
beach erosion (Koerner and Koerner, 2006; Muthukumaran and llamparuthi, 2006). These
devices can also be located within the surf zone to decrease the incoming wave energy,
contributing to a depthnduced breaking of théncident waves. The Geotube® containers for
instance are a proven solution that contributes to rebuild beaches and reclaim land from water
masses for recreational, residential or industrial purposes and for half the cost of armour stone

or riprap.

Applying softengineered measures requires ongoing and regular monitoring and
maintenance. The efficiency of natubased techniques for shoreline stabilization, such as
vegetation and biogenic reefs is the object of an active debate and sceptical comwenets
available in the literature (Garcia et al. 2018). Finally, in order to reduce the uncertainty and risk,
nature-based and hardened/improved infrastructure can be combined to form the optimal

solution (Schoonees et al., 2019; Silva et al., 2017)
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Figue 1-6 This illustration shows the impact of storm surge on coastal infrastructure and people with
and without mangrove forests. (Credit: © World Bank and Punto Aparte)

Figurel-7 Section of a geotextile tube which placed along the beach to reinforce the sand dune (Source:
Geotube®)

1.1.2.2 Hard engineering protection solutions

Coastal protection hard structures are related to the construction of large structures made of
concrete or natural stones such as detached emerged or submerged breakwaters and groynes,
seawalls, revetments. They have been employed worldwide to controtaloa®sion and to
provide protection against flooding phenomena to the inland (Charlier and De Meyer, 1989; van
Rijn, 2013; Nordstrom, 2014; Pranzini et al., 2015; Servold et al., 2017). The presence of
breakwaters results in a significant reduction of thave energy reaching the sheltered area of

the structure. The reduced wave agitation, in combination with the altered nearshore breaking
waveinduced current field, create the appropriate conditions for sediment deposition while

simultaneously enablinghereline advance. It should be noted that emerged breakwaters have
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been used at a lesser extent the last decades as a protection solution due to their impact on the
aesthetics of coastal landscape. Hence, submerged structures provide a good compromise
between the need to reduce the wave energy close to the shore and the aim to ensure landscape
preservation and a good water quality though the exchange of water between offshore and
inshore areas. However, the underlaying processes of shoreline response toergdal
breakwater structures are not yet fully understood, due to limited available data concerning the

performance of prototypesubmerged structures (Ranasinghe et al., 2010).

Moreover, groynes, another commonly used coastal protection structure, afgamed to
retain the beach and maintain the stability of the littoral system. Sediment deposition occurred
on the updrift side of a groyne due to wave diffraction, while erosion can be observed on the
downdrift side. To avoid downdrift erosion a groynddieomprised of multiple groynes is often
selected as an optimal protection solution (Baelus et al., 2019). A groyne system contributes to
the seaward advance of shoreline by hindering windriced nearshore currents, deflecting
energetic tidal currents, rad intercepting longshore littoral drift (Bakker et al., 1970). The
hydrodynamic and morphodynamic characteristics around groynes and breakwaters are partly
known based on laboratory studies, field observations, and numerical investigations (van Rijn,
2011). However, the effects of these structures on the evolution of nearshore hydrodynamics

and morphodynamics is still not yet fully understood.

Alternatively, higkstrength precast concrete can be utilized as solution for protecting littoral
systems and hteihg beach erosion. That type of structureBSigure 1-8) has generated an
increased interest and acceptance in the coastal engineering community. Different patents of
artificial reef barriers consist of precast concreds available, such as Wave Attenuation
5S@gA0Sats wSSF . I{f¥uANVYRNIISYOKI REAREYAZAS® LINBO!
environmentally friendly, unlike the surplus armored vehicles, old dteeyes, trawlers and

tugboats that are sometimes used to create artificial reefs.

It should be mentioned that hard structures are effective in the shemn, but they are
often costly, and their longerm sustainability has come under growing critiquet@ld, 2017).
The implementation of hard structures to oppose coastal erosion, can have negative impacts on
littoral systems due to interfering processes operating at a wide spatial scale of several
kilometres (Pilkey and Young, 2010, Neal et al., 204iTg&Buitrago et al., 2017). To avoid such

negative experiences, correct application of adequate management policy is required to
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preserve ecosystems as well as semdonomic activities and above all a real time monitoring of

the performance of these gictures is required.

Figurel-8! NI AFAOALIf wSSF¥a s /2Fadrtt wSail2NIGA2y LyO®»Qa LJ
and Living Shoreline Solutions Inc).

1.1.3 Nearshore processes arutedictive numerical modelling

The modelling of nearshore physical processes, such as the propagation of surface gravity waves,
hydrodynamic circulation, sediment transport and morphology, is an essential key in order to

predict coastal morphodynamics, astlined throughout this thesis.

1.1.3.1 Surface waves

Waves play an important role in stirring up sediments from the bed level, as well as forcing
current motions such as alongshore currents, rip currents, and #nassport (or streaming)
velocities, which cay the sediments. Waves can be generated either locally, known as wind
sea, due to the impact of local winds blowing for a specific distance (the fetch), and time (the
duration); or as swell, which results from distant storms and often has a longer watielend

less spread in period and direction than a locally generated sea (Soulsby, 1997). Other type of
waves can also be encountered in coastal regions, such as infragravity waves, tsunamis or tidal
surges. For the needs of this study only wiggheratedsurface gravity waves, sea and swell,

were considered.
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Wt deeper water these waves are only weakly #ioear and as a consequence the wave
field can characterized as a summation of a large number of independent wave components
resulting in a Gaussiasea state creating an irregular wave figld 6 w2 S f AWhjleShvAvest 1 M M U
propagate from offshore to shallow water regions, dejitduced nonlinearities appear,
associated with a reduction of wave propagation speed due to bottom dissipation. The latter
reaults in the reduction of the incoming wave energy through the shoaling effect. Wave
refraction and diffraction are also nearshore physical processes that appear while incident

waves interact with shallow water depths.

In addition, wave breaking is a plgal phenomenon of high importance regarding its impact
on hydrodynamic patterns and subsequently on sediment dynamics. In a large scale, wave
breaking results in energy dissipation, which is the result of many local hydrodynamic
phenomena, ultimately leddg to dissipation due to small scale viscous effects. Different
criterions can be found in the literature for the identification of the conditions under which wave
breaking take place, based on limiting steepness, limiting wave height on a horizortgdings
bed, local noHinearities, Froude numberybrid slope/vertical velocity (Bacigaluppi et al.
2019). Wave breaking drive shear instabilities that are responsible for the generation of
nearshore flows and the initiation of motion of sedimguarticles. This process is the most
significant energy input into wavdominated coastal environments and particularly in a region
known as the surf zonélhis zone is that part of the shoreface extending from the seaward

boundary of wave breaking to thevash zone.

Deigaard et al. (1991) demonstrated that the breaking wianiced bed sheastresses in
the surf zone do not differ significantly from those of unbroken offshore waves, but they exhibit
an important wave tewave variability, so that occasioniarge values could prevail. Thus, the
neglect of wave breaking processes may lead to an underestimate of suspended sediment

concentrations in the upper half of the water column throughout the nearshore zone.

1.1.3.2 Hydrodynamic circulation

Tidal motions, windstresses, atmospheric pressure gradients, wimgkiced forces, river
outflows, largescale water surface slopes and horizontal density gradients associated with
oceanic circulations can result in the generation of-seaents (Soulsby 1997). Close to the

coast, wavanduced currents are especially intense, whereas further offshore combinations of
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tidal and meteorological forcing dominate. The modelling of breaking wvrahéced nearshore
circulation such as alongshore currents, and rip currents is an objecictive research
nowadaysA big variety of modelling techniques have been used, based on iefeiirated
equations. These include phase resolving (e.g., Chen et al., 2003; Clark et al., 2011), group
averaged (Reniers et al., 2004), or fully phagetaged modelsGeiman et al. 2011 However,

it should be noted that these techniques are unfortunately not satisfactory adapted for-large
scale continental shelf processes, which are driven by stratification, making it difficult to model
crossshore transpat processes uniformly from the beach to the shelf brelkchaud et al.

2012)

When waves travel with a normal angle of incidence towards the coast, they drive complex
circulation cells and rip currents throughout the surf zone. On the other hand, whegs
approach the coast obliquely, they responsible for the generation of an alongshore littoral drift.
Despite the alongshore and crosshore currents, attention should be focused on the undertow.
Nadaoka et al. (1982) and Stive (1980, 1983) revealedistcace of seaward velocities under
the wave trough during wave breaking, while shoreward velocities were observed in the vertical
layer above the wave trough. Assuming no net flow over the vertical, the-diveeaged return
flow occurs under the wave tumh level can be defined as undertow (van Rijn 1993), which is

responsible for the transfer of significant sediment masses offshore in the surf zone.

Currents both stir up and transport sediments, hence the sediment trajectories globally
follow the curren circulation. Although, because the sediment transport fluxes depend non
linearly on the current velocities, and also due to the effect of wstireing, the direction of

longterm net sediment transport may differ from the residual current direction.

1.1.3.3 Cambined current and waves

Close to the shore, wave propagation can be affected by the existence of strong currents,
that alter wave characteristics. Especially, opposing currents have an important effect on wave
steepness even to the point of breakirgh@awa andKirby, 1999. On the other hand, following
currents enlarge wave troughs and thereby wave lengths, resulting in a wave height reduction.
Van der Kaaij and Nieuwjaaf1987) found that following currents reduce the velocities near
the bed and nearhe water surface while they increase intermediate depth velocities. This

phenomenon is especially pronounced in case of a weak current and a high wave. On the

95



Introduction.

contrary opposing currents contribute to the reduction of near bed velocities, increasing the

velocities of water particles close to the surface.

1.1.3.4 Sediment transport

In coastal zones once the sediments are detached can be transported by gravity, wind, water,
or a combination of the above. When the near bed shear velocity exceeds a critical value, which
is responsible for the initiation of motion, bed materials startrbking or sliding and interacting

with the bed. Regular or irregular jumps of sediments may occur for intense bed shear velocities.
For the values of shear velocities than exceed sediment falling velocities, sediment particles are

lifted towards the wate surface driven by turbulent forces. The transport of particles that

O2NNBalLRyR (2 GKS atARAYy3a A& NBFSNNBR Ay (KS

GNF yaLR2 NI GKIFIG O2NNBaLRyRa (2 (GKS ftAFTIAYy3I A
Moreover, the transport of very fine slit suspended materials o558 A a Ol ftf SR Qg
These materials are in nepermanent suspension and, therefore, are transported through the

stream without deposition.

1.1.3.4.1 Threshold of motion

The threshold motion audition of the sediment materials can be defined by estimating the
balance between the forces tending to move sediments the forces contrasting this motion. The
following forces are imposed on the particles: forces which tend to move the grain (dragtand lif
force);force that tries to keep the grain in its place (gravity forcEjglurel-9). This approach
considered by Armanini 2018 and it was initially derived from the classical theory originally
proposed by Shields (1936) under the assumption of homogeneous;otmwsive partiles lying

on a quashorizontal and-straight bed. In the case of sloping beds, different processes must be
taken into consideration, such as avalanching or repose angle, especially close to the swash zone

where the slope effect is dominant.

The threshdd of motion of sediments is an essential factor in most types of computation and
numerical modeling concerned with sediment response to hydrodynamics. It is required in
applications involving scour around vertical maritime structures; sea bed morphology
investigations; bed load transport (especially of coarser sediments); and entrainment of finer

sediments into suspension
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Figurel-9 Scheme of the forces acting on an individual grain on a streambed. Peadiate considered
non-cohesive (Boshoom and Stive 2021)

1.1.3.4.2 Bed load

Bagnold (1956) defines the bdolad transport as that in which the continuous contacts of the
materials with the bed are limited by the effect of gravity, whilst the susperdad transport

is determined as that in which the excess weight of the sedimentipported by random
successions of upward forces, triggered by turbulent eddies. Einstein (1950), however, stated a
different approach. He defines the bédalad transport as the transport of particles in a narrow
layer of 2 particle diameters thick, ab®the bed by sliding, rolling, or jumping in a longitudinal
distance of a few particle diameters. The bed layer is defined as a layer in which the turbulent
mixing is low without any influence on the sediment particles, and therefore suspension of
sedimernts is impossible in the beldad layer. Further, Einstein considers that the distance
travelled by bedoad particle is a constant distance of 100 particle diameters, independent of

the hydrodynamic conditions, the transport rate and the bed charactesistic

According to the ISGtandard definitions (ISO 4363), bed load is the motion of the sediment
in almost continuous contact with the bed, carried forward by rolling, sliding or hoping. Van Rijn

(1984) based on the equations of motions of individual -lEatl particles and computed the
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saltation characteristics and the particle velocity as a function of the hydrodynamic conditions

and the particle size for plane bed conditiofsgurel-10 show a schematic view of bed load

mechanism and the equilibrium of shear stress applied on sediment particles. The results of his

analysis show that the bed load transport is weakly affected by particle sizes, this camédus

Ay fTAYS GA0GK 20KSNJ LINBGA2dza Ay@SaidAadardAizya o2
(Figurel-11). The difference between the fluid shesdresses and the critical shear stresses gives

the magnitude of the bed load transport according to the study of van Rijn (1993).

Figure 7.2.13 Stresses at base of bed load
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Figurel-10 Stresses at base of bed load (van Rijn 1993)

ds D. Ther T q, (m?/s)

(um) ©) (N/m2) 6 Eq. (7.2.44) | Eq. (7.2.45)
600 15.2 0.30 7.3 5.2 10° 6.5 10°
700 17.7 0.35 6.1 4,7 10° 5.6 10°
800 20.2 0.40 5.3 4.510° 5.0 10°
900 22.8 0.47 4.3 3.8 10° 3.9 10°
1000 25.3 0.55 3.5 3.2 10° 3.110%

Tablel Bed load transport rates according to van Rijn (1993).
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Figurel-11 Influence of grain size on bed load transport rate (Guy et al. 1966)

1.1.3.4.3 Suspended load

For current velocities or wave values significantly above the threshold of motion, sand is
entrained off the bed and into suspension, where it is carried at the samedspethe current.
When this happens, the proportion of sediment carried in suspension is generally much larger
than that being carried simultaneously as bedload, and hence the suspended load is an
important contribution to the total sediment transport rat An important factor in the design

of cooling water intakes for power stations is prevention of ingress of suspended sediment, for

which calculations of the concentrations and grain sizes at the height of the intake are required.

When bedshear velocitgxceeds the particle fall velocity, the grains can be lifted to a specific
level at which the upward turbulent forces will be comparable to or higher than the submerged
particle weight, where random particle trajectories appear because of turbulent fitictos.
Globally, the behavior of the suspended sediment particles is described in terms of the sediment

concentration, which can be expressed as the solid volume per unit fluid volume or the solid
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mass per unit fluid volumé={gurel-12). Experimental observation showed that the suspended
sediment concentrations decrease with distance up from the bed (van Rijn 1984). An important
part of morphological computations with suspended sediment transport is the usage of a
reference concentratio as a beéboundary condition, which distinguish bed load and
suspended load van Rijn (1984, 1993). This resembles also to the theory introduced by Einstein

(1950), who defined the belbad transport in a layer of two particle diameters.

While bed loads assumed to instantaneously adapt to the local hydrodynamic conditions,
suspended load responds in a time and space lag manner, related to the time that the suspended
particle needs to reach the bed. Two methods have been widely used to describe thenisetha
of suspended load transport: the sediment transport rates that consider the combine action of
waves and currents and the diffusiomdvection equation. The spreading of suspended
sediments due to random motions and by turbulence is termed diffusidmsisthe spreading
due to gradients of timeaveraged velocity components is termed advection. The latter method

was utilized for the needs of the present thesis.
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Figurel-12 Definition sketch suspendedkd transport by Van Rijn (1993).

1.1.3.5 Morphology- Sediment Continuity.

Morphological changes vary at a different and slower rate as compared to the-teimrt
variations of hydrodynamics. Thus, the estimation of bathymetry update requires to keep a
budget of the sediment fluxes that have been derived by averaging the insteous flow

parameters. These sediment transport fluxes are often integrated over a number of time steps,
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which corresponds to several wave periods. In order to estimate bathymetry update the

sediment mass conservation (Exner) equation can be employedtiizéiy:

— — 3, (1.1)

where, ¢ is the sediment porosity,A.=) 7 M  denotes the total volumetric
sediment transport rate equal to the sum of suspended and bed load transport raté aisd

the local mttom elevation

The Exner equation was originally developed to describe morphological changes in terms of
sediment mass conservation in rivers (Exner, 1925). The effect of the bed slope on sediment
transport has been included in this equation by and Kdrasnet al. (2002) further analyzed it.
tlF2€tF SO Fft®d o0nwnncld RSNAGSR Fy20KSNI2FGlFylFroS 6
Exner equation for sediment mass balance that considers effects of tectonic uplift and
subsidence, soil formation and creegpmpaction, and chemical precipitation and dissolution.
Wolinski (2009) has refocused the generalized Exner equations in relation to coastal areas.
Based on his work, Deng et al. (2017) introduce two types of Exner equations: the generalized
Exner equatin based on the sediment column at a specific point and the shoreline Exner
equation based on a croshore profile of the shoreface which explicitly includes
interconnections between external sediment fluxes, shoreline position, and relativegela

changes.

1.1.4 Coastal area numerical approaches: 2DH models

Different types of numerical predictive models can be encountered in the literature of coastal
engineering for the evaluation of nearshore hydrodynamics and morphodynamics. According to

Roelvink (2011), the existing models can be described as been incéegpories:

1) Coastal profile models, where the focus is on the eshsse processes, while lofghore
variability is neglected (Roelvink and Brgker, 1993; Schoonees and Theron, 1995);

2) Coastline models and shoreline evolution based on distinctiwgsshore profiles, where
short-term fluctuations of the profile are smoothed out and bar behaviour is not considered

(GENESIS, UNIBEST and LITPACK), (Szmytkiewicz et al., 2000);
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3) Coastal area models, where alongshore and esbese variabilities areconsidered

(Nicholson et al., 1997).

Hydromorphological models had been developed since 1980 (Nicholson et al., 1997).
Amongst them, devices that employ an unstructured flexible mesh can be utilized in order to
describe thoroughly the geometry of solidundaries in a coastal zone. These devices provide
different resolution levels between offshore and nearshore regions, in order to keep a low

computational cost. Some of these models are listed below:

Delft3D (Deltares, 2014);

XBeach (Roelvink et alQ@);

FUNWAVHYVD (Shi et al. 2012)

MIKE DHI (Pietrzak et al., 2002);

Telemac (Villaret, 2010);

ECOMSED (Blumberg, 2002);

ADCIRC (Luettich and Westerink, 2004);
ROMS (Warner et al., 2008);

Walllingford, COHERENS (Luyten et al., 2006).

= =4 4 A4 -4 A A -a -

The abovenumerical models, used for the simulation of nearshore processes, can be
distinguished in two board categories, concerning their approaches to incorporate wave effects.
Those that are based on the spectrum concept (or phase averaged) as well as on raeddls b

on the momentum concept (or phase resolving). These distinct approaches have been
highlighted (Hotlhiujsen, 2003) for the numerical investigation of the dominant processes

governing wave transformation. In particular:

1. The phaseaveraged approach desbes wave propagation in the spatial and time
domain nature using the varianakensity spectrum, which is the Fourier transformation
of the autocovariance function of fresurface elevation. The most notoriously used
models following this approach aredgeneration spectral wave models (Benoit et al.,
1996, Group WAMDI, 1988). Due to the complex nature of sugarshore waves, the
usage of a deterministic approach to describing the sea surface elevation is generally
not feasible for largescale analyse@Rusu and Soares, 2013). Thus, many efforts have

been made during the recent years to describe wave propagation in the frequency
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domain, rather than in time&lomain. Thirdgeneration models, such as the WAM,
MIKE21-SW and SWAN are based on the spectrateph The physical processes that
can be assessed are wave refraction, shoaling, reflection, ymaeed setup, wave
wave interactions, deptlinduced breaking, bottom friction, wind energy transfers and
whitecapping. Furthermore, a phaslecoupled methodto consider wave diffraction,

was implemented by Holthuijsen et al. (2003).

2. The phase resolving deterministic approach describing properties of the wave field in
the spatial and temporal domain at a fine resolution. The spatial step is often a small
fraction of the wavelength. In this category, models solving the mild slope, shallow
water (SWE) or Boussinesg equations have been employed. The prediction of the
surface gravity waves by means of the phase resolving models has proven, in the recent
years, tobe a valuable tool in simulating waves propagating from deep to shallow water.

These devices give reliable predictions in comparisons with filed or experimental data.

Within the framework of the present work, several advanced existing numerical devéces w
utilized, such as MIKE21 DHI, XBeach and FUNWAVE, for the investigation of nearshore
physical processes, with a special focus on waweent-sediment interactions and they were
applied in study areas where erosion phenomena are particularinset&igurel-13illustrates
an example of numerical outputs of Mike 21 HD concerning the current field in the vicinity of
harbour structures in the cityfdRethymno in Greece (Afentoulis et al. 2017). The usage of the
above numerical tools provided significant insights and conclusions that contributed to the
development of new numerical hycnmorphodynamic models in the context of the present

dissertation.
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Figure1-13 MIKE21 HD results: U velocity contours and net velocity vectors for a reshaped harbour
layout (Afentoulis et al. 2017).
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1.2 Objectives and research questions

The present dissertation concerns the study of wave propagation in shallow water and the study
of fluid ¢ seabed interactions under unsteady flows. The main purpose is the numerical
investigation of hydrodynamic effects on the erosion and deposition mechanisms ef non
cohesive sediments, as well as their impact on coastline evolution, taking into adt®unt
presence of maritime structures, such as a shore parallel system of emerged or submerged
breakwaters, groynes and jetties. A variety of test cases and coastal engineering applications,
regarding flow seabed interactions in sloping beaches and theegftig of coastal structures to
control erosion phenomena, were thoroughly analysed in this research. Special focus was placed
on the hydremorphodynamic processes in the inner surf and swash zone, where the mechanism
of sediment transport is still uncleaind a number of uncertainties and limitations are
associated with the existing wavesirrentsbathymetric evolution numerical models. The time

scales of interest vary from a couple of hours to several months.

For the needs of this work, severatlvanced existing numerical tools and models were
utilized to better understand nearshore hydmorphodynamics processes. These devices were
applied to predict bed morphology in study areas, where intense erosion phenomena appear.
Furthermore, new algoritims and models were developed by the author of this dissertation for
the assessment of hydrodynamic parameters and sediment transport dynamics throughout the
inner surf and swash zone. A further research was based, herein, on the needs for optimal and
more effective simulation of the flow impact on the sea bottom reducing the computational
burden. Thus, this thesis involves the development and the evolution of existing or new

numerical models based on modern methods for solving flow problems.

The already deeloped stateof-the-art models that were employed here are the MIKE21 DHI
suite, XBeach and FUNWAY¥EVD model. In addition, a numerical formulation for skad
evolution, developed by Bouharguane and Mohammadi (2013) was applied to evaluate
sediment dymamics with and without the presence of coastal defences. Initially, short time scale
wave events, which can have a serious impact on the reshaping of coastline, were analysed
within our research. These phenomena relate to climate and seasonal change® dhne t
manifestation of extreme events, storms and floods with a parallel increase of the

meteorological tide.
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For the evaluation of hydrodynamic characteristics nearshore, two different numerical
approaches were followed. A model that solves the imensional norlinear shallow water
equations (NSWE) in conservative form was initially used (Marche and Bonneton 2006),(Marche
et al.2007). The main advantage of this numerical approach is that breaking events can be
modelled as the development of a freerface and current discontinuity (Bonneton et al.
2010).It is noted, however, that dispersion effects are not considered, which a limitation of this
approach is. A wavmaker was developed and implemented for the generation of irregular
waves using directimal spectral data. These irregular waves can be obtained by superposing a

series of wave components with different frequencies and directions, using random phases.

Thereafter, in deep to shallow water, dispersive nonlinear wave effects were simulated
satisfactorily using a Boussinesq approach (Madsen et al. 1997; Kennedy et al. 2001). In the
present study, a highly nonlinear Boussinesq model (Shi et al. 2012) tasked with the simulation
of wave propagation and hydrodynamic circulation was directly coupleal iewly developed
guasi 3D sediment transport and morphology model., since these equations are sufficiently

accurate in resolving nearshore wave phenomena, such as refraction and diffraction (Do 2019).

Several key approaches for sediment transport nitinig were studied, such as the threshold
motion, the suspended sediment concentration profile, the equilibrium or saturation
concentration near the bottom and the deptveraged suspended sediment concentration
under the presence of waves, currents or doethe combined action of both environmental
forces. The numerical methods incorporated in this research, include formulae for: the drag
coefficient for unsteady or tidal flows on a nditat bed of sediment, wave orbital velocity at
the sea bed, the friton coefficient for waves, bottom dissipation in combined wave and current
flow, the settling velocity of fine sand grains, the threshold bed sis&ass of sand grains due
to the action of currents and/or waves, the bedload and total transport rateamidsunder
currents and/or waves, and the longshore transport of sediment. In additior) a@proach for
the estimation of the suspended load sediment transport was implemented in order to describe

the vertical structure of the sediment concentration.

Furthermore, special attention was given to the investigation of swash sediment dynamics,
as their role is of high interest for engineering applications. Swash dynamics determine the
shoreline position, thus the precise evaluation of the natural process#ss zone contribute
in the performance evaluation of coastal defence structures in terms of their capacity to

maintain or advance the shoreline seaward.
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1.2.1 Research Goals

Based on the above objectives the goals of the thesis are:

(1) The application and aznparison between existing coastal engineering numerical
devices and software suites, in order to evaluate their performance, capacity and
properties.

(2) The development of new numerical models and tools, based on previous codes and
algorithms, for the simulion of coastal wave propagation and sediment transport
mechanisms.

B)¢KS GOSNAFAOIGAZ2Y 2F (GKS Y2RSftQa O LI OAGe
morphology and the validation against experimental results and -fileal
measurements.

(4) The applicatiorof selected devices and numerical models in order to assess -hydro

morphodynamic processes in erosidominated coastal zones.

1.2.2 Research Questions

Moreover, the present PhD dissertation aims at providing answers to the following research

questions:
(1) Howexisting numerical models and software suites perform in terms of the prediction

of nearshore complex morphological processes, influenced by the unsteady impact of
the wavecurrent combined action and how they consider coastal structures effects?

(2) What arethe key approaches for the modelling of beach-aipte or downstate
transitions and the prediction of sandbar systems and rip channels behaviour?

(3) How to develop timedependent techniques for fine sediment transport modelling,
including nonlinear wave efécts in nearshore region and swash zone, for practical
purposes (e.g., to improve the approaches of sediment simulation in 2DH/3D model)?

(4) How coupled numerical modelling techniques can incorporate the role of coastal
structures/obstacles on the mechanisms of wave propagation, vieshgced current,

sediment transport by waves and currents, and bed morphology evolution.
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1.3 Innovative points

This thesis seeks to assist in better understanding of nearshore physical peeskehe
application of advanced numerical modelling, ftire simulation of nearshore sediment
transport dynamics, with a special focus pan-cohesive sedimenmovement under wave
current actions The following innovative aspects are included:

1 An extensie reviewis providedin this work whose overall objective is ®valuate
existing 2DH modeling techniques thatare currently been utilized in coastal
morphology problemsA complete assessment of availaldeviceswas made in
terms oftheir capacitiesa provide accurateand reliable predictionsf bathymetric
evolution This analysis contaiplethora ofmodeling suiteshat wasemployedfor
the simulation of nearshore physical processes, such waave propagation,
hydrodynamic circation, wavecurrent interaction sediment transport and
morphology. Therefore,in selected case studiebydro-morphodynamic patterns
were investigated through MIKE 21 and XBeastftware whilst seabed
morphologcal evolutionsn the vicinity of detached submegd breakwatersvere
simulated by means of aninimization principlesbased numerical formulatian
Valuableinsights were gained abotie limitations and advantages edisting2DH
coastal area modétg approaches

1 Inspired by the capacities and limitatiom$ the existing numerical devices, the
development of a novel and robust numerical model was achieved in purpose of
practical applications. In particulargaiasi3-D sediment transport and morphology
model that fully considers unsteady and nonlinear hydynamic effects, was
developed and introduced in the context of the present dissertation. Special
attention was given to the role of sediment transport dynamics across the swash and
inner surf zone, incorporating them in the numerical deviceaddition,advanced
numerical techniques were utilized tocsimulate three-dimensional patterns of
suspended load fluxes and consider wave nonlinear and unsteady effects on bed load
transport rate. This new predictor was tailored for the Suspended Sediment
Transport lased on the solution of the thredimensional convectiowliffusion
(massbalance) equation for the sediment concentration.

1 This newly tailorecsediment transportpredictor was coupled toa fully nonlinear
Boussinesq waveriver (FUNWAVHVD, for the purpose ofperforming reliable
computations andproviding accurate predictions of bed level evolution, across

various timescales of interestherefore, the innovation of the proposed approach
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consists irreducingthe uncertainty in hydremorphodyramic simulations, which is
often associated with the existing and available numerical tools that can be
encountered in the literature of coastal engineerinip a rigorous modelling
framework, this study provides a series of tools and algorithms that tattss
modeller to analyse model sensitivity, undertake parameter optimisation and
quantify parametefinduced uncertaintyL y 2 NRSNJ (12 @GSNRATFTe GKS
and corroborate the applied formulations, the compound model was validated
thoroughly agaist a number of laboratory data and other numerical investigations.
Furthermore, he role of several coastal protection structures (Groynes, emerged or
submerged breakwaters) was rigorously evaluated in terms of their capacity to
control beach erosion. A picular effort was made to keep the computational
complexity at a reasonable level by utilizing morphological acceleration techniques
and exploiting computational techniques of parallel schemeswvas, therefore,
demonstrated that this newly developédtegrated model can be utilized to a wide
range of maritime engineering applications, both for soft engineering (beach
replenishment, sand dune management, drainage) and hard engineering techniques
(design of groynes, breakwaters, seawalls, revetments).

A further innovation aspect of the dissertation consiststlud fact that the beach
down-state and upstate transitions were investigated via different numerical
approaches, unveiling important discoveries about morphodynamic effects of rip
current systemsin that regard,measurementsof a 3Dphysicalexperimentwere
utilized as benchmark in ordés corroborate two distinct simulation techniques that
were appliechereinfor the predictions ofwave-sandy bed interactions ovenanitial

shallow sloping bottm.

1.4 Thesis organization

This thesis in all has five chapters:

1

(1) Chapter one, this introduction, presents the research issues, background and
overviews of wave, current circulation and sediment transport modelling, as well as
techniques and strategies ta@ontrol beach erosion. Objectives and research
questions were proposed.

(2) Chapter two, presents the applications of several existing coastal area models in
erosiondominated areas. This chapter also provides numerical observations on

sediment dynamics wer waves and currents using MIKE21 and XBeach devices,
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while a novel numerical approach based on minimization principles were applied to
optimize the form of coastal defences. General features and limitations of available
processbased models are summaeid.

1 (3) Chapter three is about sediment transport phenomena associated with the
presence of sandbars and rip channels. Numerical techniques were developed in
order to predict beach wstate and dowerstate transitions, while the numerical
findings were qualitavely validated against experimental data. A special focus was
placed on the incipient motion of fingand particles under combined waves and
currents and seabed evolutions. For this purpose, minimization principles and
advanced formulas for the estimatisrof sediment fluxes were employed, while the
hydrodynamic solution was based ntinear shallow water equations.

1 (4) Chapter four develops a 2DH model for morphodynamic simulations under wave
current interactions, inspiring by the capacities and limi@as of the already existing
numerical procespased models, that have been discussed in previous chapters. The
new sediment transport model accounts for unsteady wave effects and swash zone
morphodynamics, and it was coupled to a fully nonlinear Boussineseg model,
providing integrated predictions of bed level evolution, across various timescales of
interest. This novel model was validated thoroughly against laboratory data and
other numerical investigations. Discussions are made on the impact of sevastl
structures and configurations on nearshore morphology.

1 (5) Chapter five summarizes the whole work, gives answers to thalgimeed

research questions and makes suggestions for future study.
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2 Coastal area models and applications

in erosion-dominated areas

2.1 Context

Coastal zone is a significant geographical and particular region, since it gathers a wide range of
sociathumam activities and appears to be a complex as well as fragile system of natural
variables. Coastal communities are increasingly at risk from serious coastal hazards, such as
shoreline erosion and flooding related to extreme hydneteorological events: stormusges,

heavy precipitation, tsunamis and tid€3oastal defence predisposed to coastline recessioe, d

to the action of high tides and increasedve energynearshore may involve variougrotection
structures to reduce or at least to mitigashorelineerosion problemsTherefore, it is necessary

to describe the driving mechanisms, which contribute to the destabilization of coastal
environment Within the context of the present research, a comprehensive analysis of hydro
morphodynamic phenomena was effeeted in study areas where intense erosiam

sedimentation problemsccur, applying advanceskistingnumericaldevices

A plethora of existing and new numerical devices e@ployed for the simulation of wave
propagation, hydrodynamic circulationyave-current interactions,sediment transport and
morphology.The results of this study providaluableinsights into the mechanisms of storm
induced bathymetric changes and the performance of coastal defences to control beach erosion
and maintain landsape integrity respecting a functional design and environmental or aesthetic
values, within the context o&n integratedcoastal zone managementhe stateof-the-art
models that were employed here are: the MIKH2HI suiteand XBeachmodel. In addition, a
numerical formulation for seabed evolution, developed by Bouharguane and Mohammadi
(2013) was utilized to assess sediment dynamics with and without the presence of coastal

structures.
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2.2 The investigation of form and processes in the coastal zone undéregxe

storm events- the case study of Rethymno, Greece

The recently recorded extreme storm and wave events in the European coast caused spectacular
erosion of the shoreline (Castelle et al. 2015). Similarlpumcase study the coasal city of
Rethymro, in Greecemajor flood and extreme wave evenigere encountered during the last

few years, resulting in serious damages mainly on the Old Town of Rethymno and the east low
laying areas followed by significant erosion phenomena (Makropoulos et al. 2014b;
Kragiopoulou et al. 2016; Tsoukala et al. 20R&thymno city was one of the eleven case study
areas of PEARL (Preparing for Extreme And Rare events in coastal regions) project, an EU funded
research project, which aims at developing adaptive risk management strategies for coastal
communities focusing on extreme hydmoeteorological events, with a multidisciplinary
approach integrating social, environmental and technical research and innovaticas to

increase the resilience of coastal regions all over the world.

2.2.1 Case Study characteristics

The area under study is located at the Prefecture of Rethymno, which is one of the four
Prefectures of Crete in Greece. Rethymno is a coastafityits population stands at 32,468
inhabitants with a density of 140 population/km2. As th&d most popubus urban area in the
island of Crete, commercial, administrative, cultural and tourist activities are being developed
along the north coast where the city is located. The mean absolute altitude is 15 m (Makropoulos
et al. 2014a). The case study area ideksithe port of Rethymno, located in the Northern area

of Crete within the homonymous bay and the adjacent coastal area on the east (a total area of
about 19 km2) with a coastline length of approximately 8.8 kigure2-1) and a maximum

depth equal to 30 m.

Flooding has always been an important issue for ¢bastalcity of Rethymno. Major flood
events were encountered throughout the years, resulting in serious damag@sly in city
centre and the east lovying areas. In addition, changes in wind conditions, potentially due to
climatic changes, lead to a more frequent occurrence of storm evaiis.etreme weather
conditions of strong winds drive storm waves that dz combined with flash floods from
ephemeral streamslThese orm-induced flooding usually occurs through three basic processes:
1) overflowing or inundation(2) wave overtoppincausing floods intermittentlglue to the wave

run-up (3) barrier breaching.
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Energetic wave conditions close to the land trigger violent wave overtopping discharges along
the windward breakwaters of the harbour, as shownFigure2-2 - Figure2-3, affecting the
stability of breakwaters and port facilities as well as human safety. An additional sefext ef

of wave overtopping is the flood inundation of the harbour's surface area and the surrounding
roads. The guantities of seawatelFigure2-2) that penetrates from the west (Parking area)
during those storm events, overflows the harbour's surface area, as well as the wider coastal
area, causing disruption to loading and unloading operations, damage to the port facilities and

the cargo, traffic ppblems and damage to coastal shops and restaurants.

GRethymnO

Map of Crete N 35.388°,E 24.543° ~

N 35.374°E 24.54

Figure2-1 Location, coordinates and size of the case study aregatellite image from Google Earth
31/08/2015 (Google Earth Engine Team 2015)

Moreower, the adjacensandybeaches are exposed totenseerosion, spoiling the coastal site
and affecting the tourism's contribution to local econoritfhe coastal bed is comprised mostly
of fine sand, with a median sediment diameter of 20.15 mm, which was used for the
morphological simulations. These fine sand materials render the coast especially vulnerable

against erosive wave sequences, as sand particles can be easily transported due to their light
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special specific weigh# shorelir retreat of several meters has been observed in recent years,

which can be validated gvailable field measurements and satellite phofgsrambas, 2010)

The combined occurrence of extreme hydreteorological events poses a redireat to
Rethymno'ssommunity, while iemphasizes the need for specific actionable roadmaps that will
enhance the existing infrastructure and operational strategies against the danger of flood
multidisciplinary approach, involving monitoring of swash dynamics on structurd beaches
evaluation of laneuse and lanetover change due to urban expansion and unplanned
constructionmplementation of soft and naturbased techniquess required to prevent floods
and subsequent coaaterosion This wide range of actions isaessaryor helping stakeholders

to identify areas that are sensitive to floods and also to define efficient flood management

strategies and socteconomic measures for Rethymno.

2010 [ 2010

Figure2-2 Recent floods at the harbour area of Rethymno (2@2013).
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Figure2-3 Recent floods at the harbour area of Rethymno (2019).

2.2.2 Prevailing environmental conditions

For the needs of our research, a number of wind and wainelcast and forecasiata were
analysedin order to determine the wave prevailing conditions at the offshoareas of
Rethymno, these data wereetrieved from the work of Tsoukala et al., 20khd they had
initially been presented in thestudy of Velikou et al., 2014 CCSEAWAVS projett those
projects wind regional and locaheasurementsvere utilizedto force a global wave modéi

the north offshore zone of our study areend a 3level SWAMased schemevas uilized
(Athanassoulis et al., 2014he nested areas arilustrated inFigure2-4. This techniquevas
developed in the framework of Thales project CCSEAWAVS (Prinos, ®@ick)aimed to
estimate the effects of climate change on sea level and wave climate of the Greek seas, the
coastal vulnerabilityand the safety of coastal and marine structures. This simulation scheme
used past and future projections climatic wind fields for the estimation of wave characteristics
with resolution 0.2 * 0.2 degrees in the Mediterranean basin. These data provided aound
information for repeating the simulation using a finer mesh 0.05*0.05 degrees inside an Eastern

Mediterranean subsection. Then, a higésolution 0.005*0.005 degrees mesh was applied in
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the selected coastal region of Rgmno. Details of the methodolggwere described in
Athanassoulis et al. (2015).

Level-1 Mediterranean Sea

Spatial step ~ 20 km \

Reglon: (23 597 35 £, 34" $1° 35" €] x {35 16" 387N, 38" 57 43" )

35950'N
35040'N |

35°30'N -

35°20'N |

24°E 24°10'E 24°20°E 24°30°E 24°40°E 24°50°E

Level-2 Surrounding seas of Greece,
Aegean Spatial step ~ 5 km

Figure2-4 Estimation of offshore wave characteristics using de¥el downscaling approacfiTsoukala
et al., 2016)

The distribution of significant wave height, wave peakigue and mean wave direction in a
water depth of about 100 meters in the offshore area ofr @ase studyfor one past (1961
2000) and two btenturial future periods (2002050, 20532100) is shown irFigure 2-5.
Overal] the projected futuredistributions remain very close to those of the past period. Some
weak but noticeablediscrepancies can belentified during period 20532100, with higher
occurrence of waves originating from the North sector. Although relatively small, this probability
shift towards southward waves can be significant due to the Ndgatting orientation of

Rethymno coast.

Using the available offshore wave data, a categorization of storm ewvesd®chieved in
order to treat the storm surgesn-group and notindividually and, associatinthem with
respective factors of coastal vulnerability for the needs of the present researchvasdone
by following the definition and identification of the storms through the energy content as
proposed by Dolan and Da\it992). The classificatiomasaccomplished into fivelasses: 4
weak, II- moderate, IH significant, I\ severe and V extreme. The first step before applying
this approachwas the characterization of the forcing. A storoan bedefined as the event
exceeding a minimum significant wave height (e.g. Hs > 2 m) and with a minimum duration of 6

h (Li et al., 2014, Michele et al., 2007).
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Figure2-5 Probability density functions for the significant wave height Hs (left panel), peak wave period
Tp (central panel) and mean wave direction (right panel), for three time peri@spoints ni,i = &
3(down) (Tsoukala et al., 2016).

The threshold of signifamt wave height (Hs) was considered here to be 2 m in order to describe
rare events with only 10% of total wave heights and thus defined as the 90th percentile of the
data set (RangeBuitrago and Anfuso, 2011). The energy content of each event can then be

estimated as follows:
O 0Qo
Where, {1¢t2) is the storm duration andlk is always greater thahs threshold.
The above analysis was divided into two periods: 12800 (past climate) and 20a0.00
(future climate). The results of the average wave height, period and duration in n2 grid point, of

Figure2-5, for each storm class are given in the following Talitesthermore,Martzikos and

Afentoulis, 2017, carried out a further analysis and categorization of storms in this coastal area.

125



) Coastal area models and applications in erosiominated aeas

North wind direction 1960i 2000

Hs Tr Average Average e
SieligleEES range  range Hs [m] To [s] duration events
[m] [s] > P [h]

Weak 2.004.6 6.29.4 2.5 7.7 14.20 318
Moderate 2.0i5.7 6.510.0 29 8.1 34.50 27
Significant 2.0014.6 7.59.6 3.6 8.1 44.25 4

\ Severe 2.005.6 6.7110.7 3.3 8.3 72.50 6
VAl Extreme T T T T T 0
Table2 Storm events for the period 19662000 N direction.
North wind direction 2000i 2100
Hs Tr Average Average Average o of
Sieie S range range Ha [m] T, [s] duration events
[m] [s] ° P [h]

Weak 2.0/5.3 6.4110.1 2.5 7.7 14.13 823
Moderate 2.0i'5.0 6.7719.9 2.7 8.0 42.03 94
Significant 2.00/6.0 6.910.3 3.0 8.2 61.84 13

\Y Severe 2.005.4 6.4110.0 3.2 8.2 81.38 8
VA Extreme 2.0i5.0 7.89.7 4.2 9.1 72.00 1

Table3 Storm events for the period 2062100 N direction.

Northwest wind direction 1960 2000
Tp

Hs

Storm I Average  Average Average No. of
class [m? [s? Hs[m] Tp [S] duration [h]  events
Weak 2546 6.294 2.5 7.7 11.40 10

Table4 Storm events for the period 19662000 NW direction.

North westwind direction 2000' 2100

Hs Average
SIelINeERSE  range lpISNacHRAVEB0CHRaVElagE duration NG @
(] [s] Hs[m] Tp[S] [h] events
Weak 20i46 6.29.4 2.5 7.7 10.55 33
Moderate 2.0i5.7 6.510.0 3.0 8.1 39.00 1
Table5 Storm events for the perio®000;2100NW direction.
North eastwind direction 1960 2000
Hs Average
Storm class [RENT S Tprange Average Average duration No. of
[m] [s] Hs[m] Tp [S] [h] events
Weak 2.00128 6.294 2.3 7.7 10.55 24
Moderate 2.0i3.1 6.510.0 2.6 8.1 24.00 14
Significant 2.003.7 6.911.0 2.8 8.4 31.00 8

Table6 Storm events for the period 196(2000 NE direction.
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Northeast wind direction 200G 2100

Hs Average
Storm class EI L Tprange Average Average duration No. of
[m] [s] Hs[m] Tp[s] [h] events
Bl Weak 2029 6.294 2.3 7.7 10.55 24
NI Moderate 2.0135 6.5100 2.6 8.1 24.00 14
B significant 2.03.8 7.011.2 2.9 8.4 31.00 8

Table7 Storm events for the period 2062100 NE direction.

For the investigation of nearshore morphodynamics, the necessary wave condition at the
offshore boundary of the local geographical area were derived from a downscaling approach,
based on the transformation of global wind fields carrying the effect of tinchange and
affecting nearshore wave conditions. The obtained offshore wave parameters (directional
spectrum) presented in the study of Tsoukala et al., 2016 were used to determine the input
parameters of the nearshore models (MIKE21 and XBeach) whica agplied for the
transformation of the offshore information to shallower regions, up to the coast. The overall
duration of the selected storm surge scenarios is equal to the real duration of specific storm
events as obtained in a previous study (Kragidpo et al. 2016), in which four storm scenarios

have been identified as worsiase.

Two selected scenarios accounting for the largest incoming wave energy, attributable to
North and NorthEast incident wave directions, were selected and simulated witi@rpresent
study, considering that the coastline is well protected from waves incoming from the-ne@gh
direction because of the presence of the jetties and the nearby hill. Thus,-theettion storm
event with highest identified significant waveigbt Hs= 4.95 m)and storm durationlp = 72
h), and the NHlirection storm event with highest identified significant wave heidti< 2.66
m) and storm durationd = 24 h)are selected to be simulated. The basic characteristics of the
two storm scenarios are listed belowTable8, while the energy density spectra forgimcident

waves of the respective scenarios are illustrate@igure2-6

Event
Duration (h

Hsrange Tprange H sAverage T pAverage

Direction

2.464.95 7.849.65 4.18 9.07 72
2.07-2.66 6.788.96 2.41 8.16 24

Table8 Characteristic storm events in the case study area.
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Figure2-6 Energy density spectra for the average input wave characteristics for (a) the North Storm
Scenario and (b) the Nortitast Storm Scenario (Afentoulis et al., 2017).

2.2.3 Coastal Processes Assessment Using Numekiicalelling Approaches

Within this context, the precise assessment of coastal physical processes, using advanced
numerical models, wasarried outto estimate the vulnerability of the coast. MIKE 21 (DHI
2015a, b) and XBeach (Roelvink et al. 2009; Smit 2040) models were employed to simulate
wave propagation, wavnduced currents, sedimemitansportand morphology, under extreme
wave conditions in the coastal zone of Rethymmbese 2DHnumerical modelscan output
several wave parametersuch as wavheights, velocitie®f particles time-averaged eulerian
velocities, radiation stresses groundwater discharges, sediment transport ratesd
morphological changes of the sea bottom. In previous studies, these models were combined
through a nesting methodn which MIKE 21 offshore wave calculations served as an input to
XBeach simulation in the nearshore area (Carevic et al. 2016; Ruiz de-Alzgbaru et al.
2011). Here, a different approach was followed. The models were tested on their ability §3 asse

hydrodynamic processes and sediment transport by comparing their results. In such manner,
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the performance of each model can be evaluated, while agreement between the two models

results provides reliability in the assessment of physical processes.

2.2.3.1 Modek description and seip

2.2.3.1.1 MIKE21 Coupled Model FM

MIKE 21 by DHI Water and Environment is a state of the art numerical model, used here to
evaluate waves, hydrodynamics, sediment transport and equivalent bed evolution, through the
coupling of its SpectralWaves (SW) module with the Hydrodynamics (HD) ealitheSt
Transport (ST) aspects of tNKE 21 Coupled Model FM his procesbased numerical model

has been used extensively in a variety of coastal engineering applications, with and without the
presence otoastal protection structureS.he MIKE21 Cougdd model FM suite includes several
complementary numerical models and tools three of which were used for the purpose of this
research:

1 MIKE21 SW, a 3rd generation spectral wave model based on the conservation of the
wave action balance, suited for the gragation and transformation of waves in the
coastal zone.

1 MIKE21 HD, a deptiveraged hydrodynamic model based on the Reynolds averaged
NavierStokes equations of motion (RANS), for the description of the nearshore
circulation.

1 MIKE21 ST, a sand transp@nd morphology updating model, used to calculate

sediment transport rates and ultimately the morphological bed evolution.

These devices are directly coupled, allowing for the interaction between waves and currents
and the effect of bed level changeswaves and hydrodynamics. The calculations are performed
in an unstructured finite element mesh, which is especially suitabledtmulations witha high
degree of flexibility, reducing the computational burden and offering a more precise
representationof the coastline and complex topography features. In the following subsections

the governing equations of each model will be presented.

2.2.3.1.2 MIKE21 SW model
MIKE 21 SW model is a 3rd generation spectral wave model suited for the propagation of waves
in the ocanic scale and in nearshore areas. The governing equation of the model is based on

the principle of conservation of the wave actibalance, which reads in Cartesian coordinates:
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—a
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whereb 6 E & & the wave action density®, Q are the propagation velocities in the
spatial domainQ is the propagation velocity in the frequency domain ands the propagation
velocity in the directional domain. All the aforementioned trarstelocities are computed
according to the linear wave theory . In the right part of Equation (13) the {edenotes the
source and sink terms of the energy balance equation (e.g. generation due to wind; white

capping dissipation, naelinear wave interations, depthinduced breaking etc).

The discretization in the geographical and spectral domain is carried out using a finite volume
cellcentered method. In frequency space, a logarithmic discretization is used, whereas in the
directional space an equidant division is used. The time integration is performed based on a
fractional step approach. The propagation step is at the first level solved without taking the
source terms into account, utilizing an explicit Euler scheme. To deal with severe stability
restrictions, a multisequence integration scheme is implemented, allowing for the use of large
time steps for the wave propagation and spectrum evolution. On the second level the source

term integration step is solved using an implicit method.

2.2.3.1.3 MIKE21 Hinodel
The hydrodynamic and transport model MIKE21 HD is based on the solution of the depth
integrated shallow water equations, expressed by the continuity and momentum equations in

the Cartesian space:

O oy 2.2)

T 1T® 1T N - 1an 0.0})
5 Te Te R WLt oo
(2.3
LLetX 1Y Ty Loy oy
K w w T w T w
L1
60 1T w W D" w T w
(2.9
T_ T_ ET_Y 1 T—QY T_"QY D Y
K w w T w T w

WhereQis the total depth of the water colummjzand Qare the depthaveraged velocity

components in the x and y direction respectivélyis the surface elevatiort is the Coriolis
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parameter,” is the water density{z & «{& sare components of the radiation stress tendgt,
is the atmospheric pressey{ being the magnitude of point sources, witly, @ being the
velocity vectors of the point discharge atidz¢; ¢z denoting lateral stresses including viscous,

turbulent friction and differential advection.

2.2.3.1.4 MIKE21 ST model

MIKE 21 ST model calcds the sediment transport rates and the morphological bed evolution
either in a pure current case, or under the combined effect of waves and currents. The model is
valid for sand grains and often overestimates shirgied material transport rates. Fdrd case

of wave and current induced sediment transport, the rates are calculated by linear interpolation
on an externally formed sediment transport table. The core of this utility is a quasi-three
dimensional sediment transport model (STPQ3D). The motirilates the instantaneous and

time-averaged hydrodynamics and sediment transport in the two horizontal directions.

The determination of the bed level evolution is the rate of bed level changethe element

cell centers. This parameter is obtath by solving the weknown equation of sediment

continuity, denoted as Exner equation:

Pe _p_1h 10 (2.5)
T O p £ w w

Wheren is the sediment porosityg {z is the total load sediment transport rates in the x
and y direction respectively ang is a sediment source or sink term. The new bed level is then

obtained by a forward in time differential scheme.

2.2.3.1.4.1 MIKR1 SETUP

The aforementioned MIKE21 modules wereplgd on a triangulated flexible mesh
generated on the wet part of the case study area, while the bathymetrical data were
interpolated over this computational domain, as shownHigure2-1, and covering a total
surface of 14 krh

Figure2-7 shows the initial bathymetry used in the model runs. Initial conditions for the
storms events are waves which enter the computational domain through the northern
boundary, as it is presented Figure2-8. Different leves of spatial resolution werappliedin
order to capture wavenontlinear effectsclose to the shoravith a wide spatial stepffshore,
while keegng the computational cost at a minimuniThe ST module simulated sediment

transport phenomena due to the combined action of wave and currents, and predicted the
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morphological evolution of the seabed. In the model run, the sedimentiglast are treated as
non-cohesive, representing uniform sand with porosity of 0.4 and size @it 2the main input

parameters that were used for MIKE21 and XBeach model similarly are liStedle®.

Bathymetry [m]
[ ] Above -1
C1] 4-4
8- -4
9- -8
12- 9
15--12
A17-15
19 -17
22-419
I Below -22
[ ] Undefined Value

Figure2-7 Initial Bathymetry of MIKE 21 model (Afentoulis et al., 2017).
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Figure2-8 Mike 21 Unstructured Mesh with Boundary conditions (Afentoulis et al., 2017).

Mean Grain . Relative Sediment Bed Resistance Chezy
Porosity )
Density No.

Diameter

0.4 2650 kg/m 32 m%9s

Table9 Main input parameters for MIKE 21 and XBeach.

2.2.3.1.5 XBeach model

XBeach (Roelvink et al., 2009) is an epeuarce code, developed to model nestiore wave
propagation, hydrodynamics, sediment transport amsrphodynamics. It has been initially
tailored for storm impacts on sandy beaches in the United States (McCall et al., 2010), but has
been widely used for the evaluation of morphodynamic conditions for sandy beaches (Mickey
et al., 2020; Afentoulis et aR017). In recent years, important features were added, such as an
efficient phaseresolving wave solver, allowing to estimate inwave motions on the incident

band wave time scaleXBeach in Surf Mode does not solve the short waves individually, thus,

their phase information cannot be obtained. XBe&® calculates short wave motions using a
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wave action equation with timelependent forcing. This equation solves the variation in the

short wave envelope on the scale of wave groups:

1O HOAOMOT H—b

o To To T— ouv 0°Yh (2.6)
b fufdi_ i?ﬁﬂi 2.7)

Where, Ais the wave action density¢ is the group velocity associated with the peak
frequency represents the angle of incidence with respect to thaxis, andO 0 and'O "@re
dissipation terms for the respective waves and bottom friction [3¥])is the wave energy
density in each directional bin, and intrinsic frequendg calculated as:

QQOER (2.8)

The lowfrequency waves and mean flowge solved in the time domain using the nowelar

shallow water equatioras follows:

T-1®% 1 .

76 16 " @9
rée 16 1e . T6 TO6 T tow,.l- 00
Te 0To Yra ® in g v v Ko @10
Toe .10 Te | 1o 16 T tow ] - 0w
"5 0To %t ® Mg g v om Forn @

whereé andyu represent the Lagrangian velocities, vh is the horizontal viscoSgythe
Coriolis coefficientt andt are wind shear stresses, @andt & dare the bed shear stresses
determined by the Chezy coefficieatsis the water level andis the water depthmrepresents

the water density and g the gravitational constaatand™Oare the wave forces due to radiation

stress.

In the present version of XBeach, two sediment transport formulations are available. For both
methods the tdal equilibrium sedirent concentration is calculated using a dejatheraged
advectiondiffusion scheme with a souresnk term. In this study, the Soulskan Rijn sediment

transport formulation (keyword: form = soulsby_vanrijn) was employed.
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XBeaclSETUP

The computational gd, over whichthe available bathymetrical and topographic#dta were
interpolated, is constructed withspatial dimensionsof 1500 x 5160 m ircrossshore and
alongshore directionrespectivelywhile the spatial steps areiniforms @x = dy = 5m). Ths
domain has a total surfadbat isrelativelysmaller than that of MIKE 21, becas& (G KS Y2 RSt Qa
limitation to use a structured grid\ 3D view of the initial bathymetry is illustratedFigure2-9.
Similarly to theset-up of MIKR1 STmodule, the sediment properties represehereauniform

sand witha porosity of 0.4 andx particlesize of 0.2 mmTable9). XBeach is 2DH model that
runs under stationary and hydrostaticonditions, for simulation othe two selectedstorm
scenarios(Table8). Thisconfigurationis based on a sequence of timrarying wave groups
generated using dONSWARpectrum (keywordwbctype = jons table). Asin the case of
MIKEZ21, wavesan enter in the computational domain through the northermffshore open
boundary which is parallel to thehoreline For a more precise investigation of thew effects

on wave propagation nearsharéhe wave-current interacton option was activategkeyword:

wci = 1). MPI (Message Passing Interface) funcivas enabled, allowing XBeach grid to be
divided into parts, which are simulated on different cores, speeding up the total simulation time.
Wave height, velocitiesediment transporand bathymetry updates are the output variablefs

interest for theselectedwavescenarios.

Elevation (m)

20 i o L1 20 30 an

Figure2-9 3D view of initial bathymetry of XBeach model (Afentoulis et al., 2017).
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2.2.3.2 Model Performance and Comparison

The two models offer different capabilities of simulating the coastal response during extreme
storm events. The capacity of the models to simulate basic nearshore processes is compared in
Tablel0. Regarding the simulation of sediment transport under storm events, XBeach provides
key information on the crosshore limits, while MIKE 21 provides important information on

alongshore scheme impacts (Williams et al. 2014).

Additionally, the two models differentiate ohow deep water wave propagation can be
predicted. MIKE21 SW module takes into consideration a number of phenomena, occurring in
deep water, such as white capping and nonlinear energy transfer amongst theedtfigave
components of a directiondtequency spectrum that plays a crucial role for the temporal and
spatial evolution of a wave fiel®n the other hand{Beach modaloes not sufficiently account
for these phenomena Finally, an important aspect in ad to accurately simulate the
hydrodynamic processes, is wawerrent interaction. XBeach provides a limited representation
of this process, when nestationary conditionsvasnot consideredA y W& dzNF, asiSl 4 Q Y2 R
wasstill on experimentastate at the time of writing of this researchvore specifically, XBeach
in surf beat mode is based on a sherave averaged and waxgroup resolving concept, which
put significant difficulties in predicting nonlinear wawve interactions, as well as intreave
effects on hydrodynamics and morphology. Additionally, diffraction and dispersion phenomena
cannot be adequately simulated using XB model in surfbeat mode. Although-ssralail
morphological processes in the inner surf and swash zone can be precisely evakiagethis
device, as special focus was placed on avalanching and-Igtupe sediment mobilization,
while the forcing of wave breakidgduced roller energy dissipation on the hydrodynamic
circulation, was considered in the calculations of gradientsadfation stresses. Moreover,

overwash, inundation, vegetation and hard structure impact, and breaching were included in

computations.
Simulated processes Mike21 XBeach Sq
Shoaling and Refraction n n
Wave Breaking n n
Wave dffraction n X
White Capping n x
Wave-Current interaction n n
Alongshore Sediment Transport n n
Crossshore Sediment Transport n n

Table10 Comparison of the two models: capacity to simulate basic processes
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2.2.3.3 Numerical predictionand proposed solution methods.

The obtained numericdindings concerningthe parameters ofwave heightswaveinduced
current velocities, sediment transport rates and bottom evolutidhese variables are time
averagedver several wave periodsd they were extracted aftehe simulations have reached
a guasisteady stateThe first 30 minutes were omittefilom the analysis to allow the waves to

pass through the domain.

2.2.3.3.1 Wave propagation

The maps of computed wave heigatross the computational domailas generatedduring
MIKR21 SWand XBeachimulations areillustrated in Figure2-10. These Figures depicts the
distribution significant wave height/s) and the root mean square wave heig{fms ) for

MIKE21anXBeach model resulteespectively

Wave height value range is similar in the output of the two models, taking into account that
Hsis slightly higher tham,s (Hs p 8w However, MIKE 21 wave heights tend to steadily
decrease as waves propagate nearshore, while ira¥B the wave decay is not directly
proportional to the decrease of the water depfhhis is due to the naturef the wavegenerator,
employed by XBeach model, whiclncroporates the role of different directional bins
01Se g2 NRWWYdiedicdnab Ay &aAT S 2F mn RSIPQOP ¢KS gl &
are treated leads to an excessive smoothing of the longshore wave groupiness, whilst the wave
energy from different directional bins is added up, without considering the interference of the
distinct wave components (Roelving et al., 2018he final distribution of wave energy (or
I QGA2y0 Ay EZX @& | yR -statichadt rdh§whére tffe timé&aryinghvive SGSR 6 &

energy balance equation is solved, as it is described in paragrah1.5

Thus, onsidering wave height differentiations in a small spatial scale, XBeach shows a non
uniform image of wave heigiistributions, while MIKE 21 shows a smooth transformation of
wave height values. Waves sigeefintly affect the harbour basin and the outer regiarfriont of
the windward breakwaterWave heights reacthe values of 20 and 1.4 meters for the North
and MNorth-East storm scenarios, respectivelgnd this energetic wave fieldan trigger
considerableovertopping discharge followed byhighwave runup heights. More preciselyor
the N storm scenario, the harbour basin seems to be well protected, whiabt ibv&@ case for

the NE scenario, where disturbance is caused by incoming wavéscaksbe deduced by the
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results of Figure 2-10-C XBeach modetoes rot account for simulating the diffraction

phenomenon.

Incident Wave N

Sign. Wave Height [m]
B Avove 2.00
Bl 1.75-200

= 1.50-1.75
125.1.50

Sign, Wave Hoight [m]
I Above 2.00

Undefined Value

Wave
Hoight [m]

AAANR ,
. "\:\\\_ .

d

Figure2-10 Spatial distribution of significant wave height (Hs ) by MIKE 21 SW for the North (a) and
North-East (b) storm scenarios. Spatial distribution of the root mean square of wave height (Hrms ) by
XBeach for the North (c) and Nortbast (d) storm scenarios @ntoulis et al., 2017).
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2.2.3.3.2 Hydrodynamics

The spatial distribution of alongshore and cred®ore depthaveragedand timeaveraged
velocity componentg/, Lof waveinduced currentss presented irFigure2-11 and Figure2-12,
respectively. Theolour mapdepictsthe magnitudeof eachvelocity component (in U figures
positive values represent eastward direction, while in V figures positive values represent
northward direction). Thélackarrows represent the velocity net vector of both alongshanel
crossshore components, whose magnitudeas calculatedas ¢ VW6 0 . The numerical
results ofthe two models validate the existence of an intense alongshore current to the west,
caused by both the N and the NE storm scenarios, which can be a dominant factorifieersted
Y2UA2y® | RRAGA 2y | inficatE thdipkeSency &f Brbrig Ondlert@woeintsktz(i &

the East windward side ¢the main breakwater

Finally, the mean values of the deptlveraged velocities are in good agreement between
the two models, as they do not exceed an absolute of 2 m/s for both models. However, the two

models do also dubit significant differences:

1. There is a lack of information on offshore hydrodynamic circulation in XBeach
model results;

2. In nearshore areas, velocity values from MIKE 21 are significantly lower than the
corresponding ones of XBeach;

3. Thevelocity vectors form irregular patterns in the case of XBeach, whereas MIKE
21 results exhibit weltegulated nearshore current patterns;

4. Although for the NE storm scenario, westward current propagation results are
similar between the two models, for thé storm scenario, XBeach results present
an intense crosshore movement, whereas MIKE 21 results present mainly an
alongshore movement.
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Figure2-11a,b) Northern Storm ScenarioSpatial distribution of alongshore velocity U and creskore
velocity V-MIKE 21 FM HD model. ¢,d) NorEastern Storm ScenariGpatial distribution of alongshore
velocity U and crosshore velocity V- MIKE 21 FM HD med
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Figure2-12a, b) Northern Storm Scenari®patial distribution of alongshore velocity U and creskore
velocity V- XBeach model. ¢, d) NortRastern Storm Scenarie Spatial distribution of alongshore
velocity U and crosshore velocity \- XBeach model
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2.2.3.3.3 Sediment transport fluxes
The alongshore and crosbiore components of the sedimebtansport rates, as extracted by
the numerical simulationare illustrated inFigure2-13, Figure2-14. Once more, the arrows

represent the sediment drift net vector of both alongshore and cigse components, whose

magnitude is calculated ag Y Y . The sediment transport, in-xand ydirections,

includes both bed and suspended load. As shown itéhew Figuresthe crossshore sediment
motion is significantly intense for the case of the N storm scenario wherethereach values
of 0.005 m3/s/m in front of the leeward breakwater and 0.01¥sfm at the east area of the

shoreline, which signifies the storimduced erosion phenomena that the area is facing.

The formation of thee offshore drifts is induced by the undertow currents that were
identified in the analysis ofthe hydrodynamicprocesses Our findings appear to be well
substantiated by a number dftudiesin the literature of coastal engineering, as it has been
observed thathe offshore sand bar migration, which is driven by strong offshdirected mean
currents, can be observed whencident waves are more energetic (Gallagher et 1898
Thornton et al. 1996). Furthermore, as it was expected from thabservation of the
hydrodynamicpatterns the alongshore sediment transpoftuxes attain high valuesin the
southeastpart of the case study areindicating a westward sediment circulation. r@aring
the sediment transport results of the two models, a good agreement can be seen in the values
of alongshore transport. On the contrariy, terms ofcrossshore sediment transport, XBeach
provides results only in shallow water depths, while MIKEHivs mild sand movementn
deep waters.Finally, the obtained numerical outputs are in good agreement with field
observation, which reveals an important deposition of sediment particles in the entrance of

harbor basin.
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Figure2-13a, b) Northern Storm Scenarie Spatial distribution of sediment transport total load x and y
component - MIKE 21 ST model. c,) dNorthern Storm Scenario Spatial distribution of sediment
transport total load x and y componert MIKE 21 ST model
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Figure2-14 a, b) North-Eastern Storm ScenarioSpatial distribution of sediment transport total load x
and y component XBeach model. ¢,)dNorth-Eastern StornScenario- Spatial distribution of sediment
transport total load x and y componentXBeach model
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2.2.3.3.4 Testedconfiguratiors ¢ Harbour design

The existinglayout of the harbour isespeciallyvulnerable tosevere weather events, as
significantwave-induced overtopping discharge have beerencountered overthe windward
breakwater (Tsoukala et al. 2016). Furthermore, the sedindiits that were numerically
investigated in this study forca high volume oediment, which is stored in the areastaf
the leeward breakwater, to move inside the harbour basiiis processcan lead to a
subsequent decrease of the water dehd the shoalingof the harbourentrance,which can
obstruct or hinder the navigatioMoreover, the high amount of the transpted sand trigges
significant erosionphenomenaalong the adjacent eastern coastsigure 2-15 depicts an

overview of the identified vulnerable areas of our study zone.

Both satellite image ofigure2-16 andthe MIKE 21 ST bed level change lesdor the case of

the N storm(Figure2-16 - down)validate the existence of a sediment longshore movement and
depositionof sand towards the west pagtart of the computationadomain,in front of the

leeward breakvater. In order to control these sediment transport phenomeraa alternative

harbour layoutwas proposed, including breakwaters with a cadv shape reinforced with
XBlocksconcrete armour. Moreover, the solution configuration of a submerged breakwater

systemwas evaluated in order to combact erosion phenoménthe eastern lowlying coastal
area.Figure2-17TRSLIA Olia G KS NBAYTF2NOSYSyid 2F (GKS oNBIF{1g
the harbour geometric properties, as well as the drawing of the projected system of submerged

detached breakwaters along the coast.

Significant .
gl s lioaing ; Coastal Erosion
Discharge of the Harbour's

Entrance

s Souta

Figure2-15 Identification of Vulnerable areas
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Figure2-16 Up: Satelliteimage from Google Earth (31/08/2015), displaying sediment deposition inside
the harbor basin (Google Earth Engine Team 2015). DoBed level change for the Northern Storm
Scenario with the current harbour layoutMIKE21predictions

Figure 2-17 Up: NBAY T2 NOSYSyid 2F (GKS oNBIF16FGSNRa SYolylyYSy
geometric properties Down: Scheme of the projected system of submergel@tached breakwaters
along the coast.
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The response of the proposed harbour layout against stmhiced hydremorphodynamics
was evaluated in order to investigate sediment transport patterns and assess the sedimentation
tendency in the harbour entrance. For the worstse of North Storm Scenay the numerical
investigations were carried out using the MIKE 21-FBAST module chain. Through the
reshaping of the breakwaters, the main direction of hydrodynamic circulation is altenedh
sufficient tranquility of the harbour entrance was achidv@he results of wave propagation
show a smooth transformation of wave height values towards the shallow water regimnsé
2-18). Waves do not affeche harbour basin and the outer region in front of the windward

breakwater is well protected.

Our investigations showhat the reinforcement of the breakwaters dissipates wave energy
reducing the wave ruip, overtopping and reflection phenomen#ave heights reach the
values of 1.dl.4 metersclose to the breakwater aretor the originated from North storm
scenario. Ag¢t can be deduced by the results Bigure2-19, net velocity vectors follow altered
patterns, comparing to the initial state, which leads to avoidificant spatial velocity gradients
close to the harbour that drive the sediment depositi@ed level changes and tipatterns of
the sediment transport fluxeduring the selected extreme storm eveate illustratedin Figure
2-20as obtained by MIKE21 ST moddlke morphological evolutioshows what was expected
from the analysis of the hydrodynamic patterns, the accumulated amount of sediment in front
of the entrance is significantly decreased for this configuration and some erosion can be

identified in the toe of the windward breakwater

Figure2-18 Map of Wave Height distribution for the case of the North wave scenario as obtained by
MIKE21 SW module
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