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EXECUTIVE SUMMARY

AvTiKeipevo TG TOPoLGOS HEAETNG OMOTEAEL 1] TPOCOUOIMON TOV TUPAKTIOV JEPYACIOV TOV
TPOKOAAOVV OAAOYEG OTNV TOPAKTIOL VOPOLAIKT] Kot YE®WHOPPOAOYior (OnAadn TV LYoV
KOMOTOG, KUUOTOYEVAV PELUATOV, pLOU®OV HETOPOPAS IUNHOTOC & HETABOAEC TG GTAOUNG TOV
mobuéva) petacd e verotauevng kotdotoong (Do Nothing) kot Tng mpOTEWOUEVNS YEVIKNG
ouataéng (W1).

Apyikd mpaypotorombnke avéAlvon Tov kKupatikoy kAipotoc g meployns (Kepdiato 3), amod
OTOV TPOEKVLYE OTL Ol emkpatéotepeg O1evBvvoelg eivor M NNA kot 1 ANA pe etoteg
oLYvOTNTES ELEAVIoNg 52.66% kot 33.88% avtiotorya. Xvvolkd mpocopomdnkay déka (10)
KOHOTIKEG TTEPIMTAOGELS, VO (2) amd KAbe Topéa mPoEAELONS, OTMG TOPOVLGIALOVIOL GTOV
napakdto Tivoka (Table 3-5).

[Ma v depedivnomn tov KupilopyOV OKTOUNYXOVIKOV SIEPYOCIOV TOL EMKPATOVY GTIV TEPLOYN
HEAETNG, apyIKA TpaypatoromOnke aplOuntiky] Tpocopoiwon e VEIGTAUEVNG KATAGTOOTG.
ZVYKEKPLUEVO 1) TPOGOLOIMOT €ytve E@aprolovTag TNV aAAnAovyio TV LOVIEA®Y TG eTanpiog
DHI (pacpatikd, vOpoduVOUIKO KOl OTEPEOUETOPOPES). ATO TO  OTOTEAECUOTO  TOV
TPOCOUOIDGEMV TOPATNPOVVTAL EVIALAGGOUEVES TAGELG amdBeong Kot dSaPpmong Katd PWNKog
NG OKTAG OVOTOAIKA TOV AUEVA. XT1 SLTIKN TAELPE TOL APEVE KOt O GLYKEKPLUEVA oTr pila
TOU TPOCHVELOL  KLpotoBpahotn mopatnpovvtal  Kuplapyes Tthoelg amdbeong Ko
TEPLOPICUEVEG. ZMUEIOVETOL OTL 1 CLYKEKPIUEVN Teployn ivor pn-Stafpodoctun Ady® g
OmapEng BmpAKiong Tov TOPAAIIKOD HETMTOV. XVVOAIKA, Ol TAGES TPOCAUU®ONG &lval
EUQOVEIG OTNV TPOCTVEUT TAELPE TOV VPICTAUEVOV KATUTKEVDV.

Ta Pacikd counepdopata mov Tpoékvyay and TV mpocopoimon g [evikng Adraéng W1
ocvykptikd pe avty s DN cuvoyilovron mapakdto:

o H enéktaom tov TPOSHVEUOL KLUOTOBPADGTN TPOGPEPEL GNUOVTIKY] TPOGTAGIO GTNV
TEPLOYN OVOTOAKE TOL Apoviov Yo KOpoto mov mpoonintovy omd ANA, NNA kot N
KatevBHvoelg

e [lopatnpeitar 011 o1 Kupilapyes TACES MOV TPOKVATOVY OO TNV ETNOCLO EVGOUATOON
oAV TOV yeYovOTOV &ivol TOPOUOIEG HE OVTEG TOL TPOKVTTOLV amd To. NOTIO-
Notwodvtikd Kopata, 6nwg kot otnv nepintwon DN.

e XtV okt OLTIKA TOv AEVO, KOU 7O GLYKEKPLUEVA oTn pilo TOL TPOCTVEUOL
KopotoBpadotn, ol thoelg andfeong evieivoviat o€ GOYKPLomn pe 10 oevaplo DN

e XNV avatoMKn TAELPA TOL AHOVIOV, M TEPLOYN TOVL emnpealetonr omd ta Epya
extetveron amd T pila Tov véov vanvepov kvpatobpavotn péxpt 600 pérpa mepimov
TPOG TO. VOTOALKA.

e H yevikn thon otV meploy EMPPONG €ivol Vo VITAPYOLV O TMPEUES TEPLOYES, LE
UELOUEVES TACELS SLAPPOONGC GLYKPITIKE LLE TNV LPIOTAEV KaTAoTaoT - oevaplo DN
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nfluence zone

To cvuvolkd coumépacpo eivor 0Tt N enéktacn tov AMpéva dev Ba emmpedost apvntikd v
€EEMEN NG TOPAKTIOG YEOUOPPOAOYIOG OTN OVATOAIKT] TAEVPA TOV VTAPYOVTOS AUEVA, EVED OL
eMPPAOG emavENpéves Thoelg amdBeons oTa SLTIKA, GUYKPITIKA e TNV VPIGTAUEVT] KOTAGTAOT),

dgv 0E0A0YOVVTAL G GNUOVTIKEG KoL OEV OTOLTOVV dPACELS LETPLOCLOV.
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1. INTRODUCTION

An investigation of coastal impacts is carried out, by means of numerical simulation, for
the proposed expansion of Limassol Port — Terminal 2 (Vassilikos).

The present study is prepared by the Joint Venture of the Consulting Engineering Firms
"ROGAN & Associates S.A. and Dion. Toumazis & Associates” for the Cyprus Ports
Authority.

Breakwaters can affect local wave climate, currents and sediment transport processes and
can cause changes in the configuration of the adjacent shoreline.

The scope of the preset study is to simulate the changes in the coastal hydraulics (namely
wave heights, wave-induced currents, sediment transport rates, sea bed level changes)
between the ones in the existing (Do Nothing) situation and the proposed general
arrangement (W1) and assess the potential coastal impacts associated with these changes.
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2. DESCRIPTION OF EXISTING PORT INFRASTRUCTURE AND FUTURE
EXPANSION

2.1. Existing Port Infrastructure

Vassilikos Port is located at the eastern side of Vassiliko Bay (see Figure 2-1). It is
currently operated by Vassiliko Cement Works under a concession agreement with the
Cyprus Ports Authority for a period of 50 years, i.e. until 2032. The port is capable to
handle dry and liquid bulk cargos.

Google Earth

Figure 2-1. Location of Vassilikos Port (indicated with yellow circle).

The port is protected by two breakwaters, the southern (windward) and the eastern
(leeward). The port entrance is orientated eastwards (see Figure 2-2). There are two main
quays, the northern of 360m length and the western of 125m. It has a turning circle of
280m diameter, and the water depth is about 9m (below CD).
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Figure 2-2. Existing Port Infrastructure of Vassiliko.

2.2. Future Expansion

The reason for the proposed expansion of the port is the provision of enlarged marine
infrastructure in order to meet future demands relating to dry bulk cargos as well as to
form a potential supply base to support offshore drilling operations envisaged mainly in
the area of Cyprus, Israel and Egypt.

The main works comprise the following (see Figure 2-3):

¢ Removal of the last 400m of the existing windward breakwater and 1240m
extension

e Construction of a new 275m long leeward breakwater

e Construction of a 230m long x 125m wide pier at the location of the existing
leeward breakwater

e Extension of coastal quay westward of the existing port basin 115m long / -9m
deep.

e Extension of the quay to the north of the existing port basin 50m long / -9m deep

e Construction of a new quaywall north of the new port basin 385m long / -15m
deep.

e Construction of a new quaywall east of the new port basin 195m long /-15m deep.

e Construction of a new quaywall along the inner side of the windward breakwater
1035m long / variable depth between -9m, -13m and -15m.

e Dredging of the new port basin at -15m CD

e Dredging the area between the new and the existing port basin at -13m CD
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e Dredging of the new entrance channel at -16.5m CD

~——————

BuSokopnon

——

Figure 2-3. Proposed works

2.3. Adjacent shorelines

The adjacent shorelines eastern and western of Limassol Port Terminal 2 (Vassiliko) are
depicted in the following figure.
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Google Earth

Figure 2-4. Adjacent shorelines to Limassol Port Terminal 2 (Vassiliko).

At the west side of the port, there is a coastline of about 370m length, extending from the
windward breakwater’s root up to a the “Skyra Vassa” pier (see Figure 2-5).

At the east side of the port there is a coastline of nearly 2km length, extending from the
leeward breakwater’s root up to the Zygi fishing shelter (see Figure 2-6).

10
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Google Earth

Figure 2-5. Adjacent coast at the west side of Vassiliko’s Port.

Google Earth

Figure 2-6. Adjacent coast at the east side of Vassiliko’s Port up to Marina Zygi.
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2.4. Historical Evolution of Shoreline Morphology

Historical information, regarding the evolution of shoreline morphology, is of great
importance in identifying accretion or erosion areas, temporal variations in bathymetry,
information on existing structures, pre-existing coastal features, etc. For example
accretion and erosion may be assessed by comparison of geo-referenced images/maps
taken at distinct years of the period of interest. Such information is available, for the
specific study area, through the online platform http://eservices.dls.moi.gov.cy as
published by the Department of Lands and Survey - Ministry of Interior (Republic of
Cyprus).

The present study uses the information provided by the interactive maps (see Figure 2-7),
indicating the shoreline morphology for the following years 1963, 1993, 2003 and 2008.
Furthermore, erosion and accretion areas are highlighted with pink and light blue colors

respectively.

Inspection of these figures indicates erosion trends along the coastline from 1963 up to
2008 at the east side of the port.

12
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Long: 33 29601 Lat: 34 72161
Scale 118056

Google trmamry 611 TS | Ates Dartatties | Veoredr Cve
Figure 2-7. Historical evolution of shoreline morphology. Pink color indicates erosion areas while light blue indicates accretion areas (natural or artificial)
(Department of Lands and Survey - Ministry of Interior).
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Figure 2-8. Erosion and accretion areas at the east side coast of the port (Department of Lands and Survey - Ministry of Interior). Pink color indicates erosion
areas while light blue indicates accretion areas

14
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3. WAVE CLIMATE

The present study uses wave data in the study area, as presented in previous reports:

= Annual wave roses (at depth -15m, in the vicinity of Vassilikos) as illustrated (see
Figure 3-1) in the study of HR Wallingford (2006). The wave characteristics are
given in Table 3-1.

= Offshore wave climate (see Figure 3-2), South of Cyprus, as obtained from ship
observations from 1961 to 1980. This study was carried out by Delft Hydraulics
(1990, 1991).

Significant wave
height (m}

D50
S0
[l
o
5
SE-DE

50
OF-5E
SF-0H

Figure 3-1. Inshore annual wave rose at 15m depth (HR Wallingford, 2006).
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Figure 3-2. Annual offshore wave rose, south of Cyprus (Delft Hydraulics, 1990, 1991).

Table 3-1. Wave characteristics at 15m depth as extracted from wave roses (HR Wallingford, 2006).

S (N180°) SSW (N210°) WSW (N240°)

f(%) Hs(m) Tp(sec)] f(%) Hs(m) Tp(sec)| f(%) Hs(m) Tp (sec)

3.83 0.5 3.18 36.44 0.5 3.18 30.06 0.5 3.18

0.55 1 4.50 12.03 1 4.50 3.64 1 4.50
2.73 1.5 5.51

0.18 2 6.36 1.09 2 6.36
0.18 2.5 7.12 0.18 2.5 7.12
0.18 4.5 9.55

The offshore wave climate, as provided by the second study, was transferred to nearshore
(at depth 15m) by implementing a highly accurate wave propagation model, MIKE21
Spectral Waves module (DHI, 2016), simulating wave transformation processes (i.e.
refraction, shoaling, wave breaking, etc) for SSE and ESE incoming wave directions. The
wave characteristics are given in Table 3-2.

16
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Table 3-2. Wave characteristics at 15m depth, as calculated by numerical modeling, by taking as
input the offshore wave rose by Delft Hydraulics (1990, 1991).
SSE (N150°) ESE (N120°)
offshore nearshore offshore nearshore
f (%) Hs (m) Tp (sec)| Hs (m) Tp (sec)| Dir (oN)| f (%) Hs (m) Tp (sec)| Hs (m) Tp (sec)| Dir (oN)
0.81 0.5 4.95 0.49 4.95 150.30 1.04 0.5 4.95 0.48 4.95 120.60

0.45 1 5.37 0.95 5.37 150.70 | 0.68 1 5.37 0.94 5.37 | 121.20
0.22 15 6 1.37 6 151.5 0.21 15 6 1.33 6 122.4
0.07 2 7.03 1.72 7.03 153.00 | 0.03 2 7.03 1.58 7.03 124.7

0.03 2.5 9.86 1.93 9.86 | 156.00 [ 0.04 2.5 9.86 1.39 9.86 | 128.90

The most conservative approach is adopted in this study. For directions S, SSW and
WSW, the incident wave climate is obtained from HR Wallingford’s study, whilst wave
climate incident from SSE and ESE is obtained from Delft’s study. Table 3-3 presents the
nearshore wave climate used as input to the numerical model.

Table 3-3. Adopted wave data at 15m depth, serving as input to the numerical model.

S (N1800) SSW (N2100) WSW (N2400) SSE (N1500 ESE (N1200
A/A [ (%) ]| Hs (m) | Tp (sec) | A/A| (%) | Hs (m) | Tp (sec) | A/A| (%) | Hs (m) | Tp (sec) | A/A| £ (%) | Hs (m) | Tp (sec) | A/A| f(%) | Hs (m) | Tp (sec)
1 |[3.83 0.5 3.18 4 136.44| 0.5 3.18 10 |30.06| 0.5 3.18 0.81 0.5 4.95 1.04 0.5 4.95
2 |0.55 1 4.50 5 ]12.03 1 4.50 11 | 3.64 1 4.50 13 1 0.45 1 5.37 17 | 0.68 1 5.37
6 | 2.73 1.5 5.51 14 1 0.22 1.5 6.00 18 | 0.21 1.5 6.00
3 |0.18 2 6.36 7 | 1.09 2 6.36 15 | 0.07 2 7.03 19 | 0.03 2 7.03
8 | 0.18 2.5 7.12 12 | 0.18 2.5 7.12 16 | 0.03| 2.5 9.86 20 | 0.04| 2.5 9.86
9 | 0.18 4.5 9.55
SUM 4.56 52.66 33.88 1.58 2.00
94.68

The numerical simulation of sediment transport was performed using the Equivalent Wave
Climate approach. The methodology followed for each direction of interest is as follows:

First, the representative wave period Te is calculated using the following relation:

:ZTifi
f

Where f, is the annual frequency of occurrence of the equivalent wave:

f=) fi

Next, the equivalent wave height He is calculated using the Borah xou Balloffet (1985),
relation:

Te

_ X HTfi
- f

Where, Hi, Ti, fi, the wave heights, wave periods and frequency of occurrence of the
waves that correspond to each direction.

HET,

17
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Table 3-4: Calculation of Equivalent wave climate
Direction | m,q; (deg) | Hi(m) | To(s) | f(%) | fx(%) | Hi* | Te(s) | He (m) | Fe (%)
0.5 3.53 | 3.83 0.25
S 187.5 ! >.00 | 0.55 1 3.85 0.80 4.560
2 7.07 | 0.18 4
4.56
0.5 3.18 | 36.44 0.25
1 4,5 | 12.03 1
SSW 210 L> |>o1] 273 22> | 370 | 0.8 |52.650
2 6.36 | 1.09 | 52.65 4
2.5 7.12 | 0.18 6.25
4.5 9.55 | 0.18 20.25
0.5 3.18 | 30.06 0.25
1 4.5 3.64 1
WSW 240 3.34 0.65 | 33.880
2.5 7.12 | 0.18 6.25
33.88
0.5 495 | 0.81 0.25
1 5.97 | 0.45 1
SSE 150 1.5 6 0.22 2.25 | 5.57 1.09 1.580
2 7.03 | 0.07 1.58 4
2.5 9.86 | 0.03 6.25
0.5 |495 | 1.04 0.25
1 5.37 | 0.68 1
ESE 120 1.5 6 0.21 225 | 5.33 1.02 2.000
2 7.03 | 0.03 2 4
2.5 9.86 | 0.04 6.25

Two (2) wave cases were simulated for each direction of interest:

1. The equivalent wave, as calculated using the Borah kot Balloffet (1985) relation (Table

3-4)

2. The highest wave

In total, 10 wave cases were simulated for each of the alternative layouts (i.e. DN, W1). The
wave cases simulated are given in the table below (Table 3-5):
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Table 3-5: Wave cases

Direction | m,q; (deg) | He (m) | Te (s)
S 187.5 0.80 3.85
2.00 7.07

SSw 210 0.98 | 3.70
4.50 9.55

WSW 240 0.65 3.34
2.50 7.12

SSE 150 1.09 5.57
2.50 9.86

ESE 120 1.02 5.33
2.50 9.86
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4. METHODOLOGY APPLIED AND SCIENTIFIC BACKGROUND OF
NUMERICAL MODELS

4.1. Methodology Applied

The methodology adopted is as follows:

1. Determination of three-dimensional distributions of offshore (or at specific depth in
intermediate waters) wave characteristics (wave height, period and direction).

2. The bathymetry of the study area is constructed using a flexible mesh with nodes
and elements, including the port and the adjacent shorelines.

3. The offshore wave climate and the bathymetry serve as input in the numerical
model MIKE21 SW, for simulating wave propagation, taking into account all the
dominant wave transformation phenomena such as refraction, shoaling and
breaking.

4. The radiation stresses, as calculated from the previous step, are given as an input to
the hydrodynamic module MIKE21 FM-HD, simulating the wave generated
currents all over the nearshore field.

5. Simulation of sediment transport field with MIKE21 FM-ST is then possible, since
the wave and hydrodynamic fields are known. Steps 3, 4 and 5 are applied
iteratively for each incoming wave scenario examined.

6. Finally, an annual integration of all incoming wave scenarios is carried out to
calculate an annual mean rate of bed level change.

The above procedure is applied firstly for simulating the current situation (Do Nothing
scenario, DN hereafter) and subsequently, for all the alternative scenarios under
investigation (i.e. W1), with different proposed works.

The previous steps are summarized in the following flow chart.
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4.2. Scientific Background of Numerical Models

4.2.1. MIKEZ21 Spectral Waves Model

Introduction

As mentioned above, the present study implements the MIKE21 Spectral Waves model
(DHI, 2016) to simulate the wave propagation from offshore to the entrance of the port.
MIKE 21 SW includes a new generation spectral wind-wave model based on
unstructured meshes. The model simulates the growth, decay and transformation of wind-
generated waves and swell in offshore and coastal areas. MIKE 21 SW includes the
following physical phenomena:

Wave growth by action of wind

Non-linear wave-wave interaction

Dissipation due to white-capping

Dissipation due to bottom friction

Dissipation due to depth-induced wave breaking
Refraction and shoaling due to depth variations
Wave-current interaction

Effect of time-varying water depth and flooding and drying

ASANENENENENENAN

Application Areas

MIKE21 SW is used for the assesment of wave climates in offshore and coastal areas — in
hindcast and forecast mode. A major aplication area is the design of offshore, coastal and
port structures where accurate assessment of wave loads is of utmost importance to the
safe and economic design of these structures.

Measured data is often not available during periods long enough to allow for the
establishment of sufficiently accurate estimates of extreme sea states. In this case, the
measured data can then be supplemented with hindcast data thorugh the simulation of
wave conditiions during historical storms using MIKE21 SW.

MIKE21 SW is particularly applicable for simultaneous wave prediction and analysis on
regional scale and local scale. Coarse spatial and temoral resolution is used for the
regional part of the mesh and a high-resolution boundary- and depth adaptive mesh is
describing the shallow water environment at the coastline.

MIKE21 SW is also used in connection with the calculation of the sediment transport,
which for a large part is determined by wave conditions and associated wave-induced
currents. The wave-induced current is generated by the gradients in radiation stresses that
occur in the surf zone. MIKE21 SW can be used to calculate the wave conditions and
associated radiation stresses.

Basic Equations

The governing equations is the wave action balance formulated in either Cartesian or
spherical coordinates. In horizontal Cartesian coordiantes, the conservation equation for
wave action can be written as

ZV-(N) =2 (4.1)

g
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where N is the action density, t is the time, v is the propagation velocity of a wave group
in the four dimensional phase space and S is the source term for energy balance equation.
V is the four-dimensional differential operator in space. The energy source term, S,
represents the superposition of source functions describing various physical phenomena

S =Sin+ Su + Sas + Spor + Ssurf (4.2)

Sy, represents the generation of energy by wind, S,,; is the wave energy transfer due non-
linear wave-wave interaction, S, is the dissipation of wave energy due to whitecapping,
Spot s the dissipation due to bottom and S, is the dissipation of wave energy due to
depth-induced breaking.

Numerical Implementation

The discretization of the governing equation in geographical and spectral space is
performed using cell-centered finite volume method. In the geographical domain, an
unstructured mesh technique is used. The time integration is performed using a fractional
step approach where a multi-sequence explicit method is applied for the propagation of
wave action.

Ouput Data
The following types of output data is possible
e Parameters
- Integral wave parameters
- Input parameters
- Model parameters
e Spectral parameter (directional spectrum): The direction energy/ action spectrum
is obtained by integration over the discretised frequencies.
e Spectral parameter (frequency spectrum): The direction energy/ action spectrum
is obtained by integration over the discretised directions.
e Spectral parameter (directional-frequency spectrum): The direction energy/ action
spectrum is obtained by integration over the discretised frequencies.

4.2.2. MIKE21 Flexible Mesh - HydroDynamic Model
MIKE 21 Flow Model FM is a new modelling system based on a flexible mesh approach.
The modelling system has been developed for applications within oceanographic, coastal
and estuarine environments.
MIKE 21 Flow Model FM is composed of following modules:
e Hydrodynamic Module
Transport Module
ECO Lab/Oil Spill Module
Particle Tracking Module
Mud Transport Module
Sand Transport Module
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The Hydrodynamic Module is the basic computational component of the entire MIKE 21
Flow Model FM modelling system providing the hydrodynamic basis for the Transport
Module, ECO Lab/Oil Spill Module, Mud Transport Module, Particle Tracking Module
and Sand Transport Module.

The Hydrodynamic Module is based on the numerical solution of the two dimensional
shallow water equations - the depth-integrated incompressible Reynolds averaged
Navier-Stokes equations. Thus, the model consists of continuity, momentum,
temperature, salinity and density equations. In the horizontal domain both Cartesian and
spherical coordinates can be used.

The local continuity equation is written as

du v ow

and the two horizontal momentum equations for the x- and y- component, respectively

ou | du® dvu owu _ 6_11 _ iaﬂ _
6t+6x+6y _fv gax pPo Ox

nop g, 1 (as»cx 25y) 2 (v, 2)

fZ s 2 (G T 5) TR+ 5 (vegy) +usS (4.49)
ov v  Ow  owv o 9 _ 109Pa_

+6y+6x+az_fu ‘gay poay

r)ap 1 (asyx 6syy) ( 2)

fz ay —+ =2 )+ + (v o) + S (4.4b)

Where t is the time; x, y, z are the Cartesian coordinates; n is the surface elevation; d is
the still water depth; h =n +d is the total water depth; u,v,w are the velocity
components; f is the Coriolis parameter; g is the gravitational acceleration; p is the water
density; s,, components of radiation stress tensor; p, is the reference water density; S is
the magnitude of the discharge due to point sources and (us, v) is the velocity by which
the water is discharge into the ambient water; F,, E, are the horizontal stress terms.

The spatial discretization of the primitive equations is performed using a cell centered
finite volume method. The spatial domain is discretized by subdivision of the continuum
into non-overlapping element/cells. In the horizontal plane an unstructured grid is used
comprising of triangles or quadrilateral element. An approximate Riemann solver is used
for computation of the convective fluxes, which makes it possible to handle
discontinuous solutions.

For the time integration an explicit scheme is used.
The application areas generally involve problems where flow and transport phenomena

are important with emphasis on coastal and marine applications, where the flexibility
inherited in the unstructured meshes can be utilized.
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4.2.3. MIKEZ21 Flexible Mesh - Sediment Transport Model

It is a module for calculating non-cohesive sediment transport rates. You can calculate
sand transport based on pure current information, or you can take waves into
consideration too. In addition to sand transport rates, a simulation will give you the initial
rates of bed level changes. This is sufficient to identify potential areas of erosion or
deposition, but can not take the place of a full morphological model. It can be applied in
tidal inlets, estuaries, coast lines and man made constructions like harbours and bridges.
Tide, wind wave and current can all be taken into consideration for optimum precision in
the simulations.

4.2.4. MIKE21/3 Coupled Model FM
MIKE 21/3 Coupled Model FM is a truly dynamic modelling system for applications
within coastal, estuarine and river environments. MIKE 21/3 Coupled Model FM is
composed of following modules:

Hydrodynamic Module
Transport Module

ECO Lab / Oil Spill Module
Mud Transport Module
Particle Tracking Module
Sand Transport Module
Spectral Wave Module

The Hydrodynamic Module and the Spectral Wave Module are the basic computational
components of the MIKE 21/3 Coupled Model FM. Using MIKE 21/3 Coupled Model
FM it is possible to simulate the mutual interaction between waves and currents using a
dynamic coupling between the Hydrodynamic Module and the Spectral Wave Module.
The MIKE 21/3 Coupled Model FM also includes a dynamic coupling between the Mud
Transport Module and the Sand Transport Module and the Hydrodynamic Module and
the Spectral Wave Module. Hence, a full feedback of the bed level changes on the waves
and flow calculations can be included.

The Hydrodynamic Module simulates water level variations and flows in response to a
variety of forcing functions in lakes, rivers, estuaries and coastal regions. The effects and
facilities include

Flooding and drying
Momentum dispersion
Bottom shear stress

Coriolis force

Wind shear stress

Barometric pressure gradients
Ice coverage

Tidal potential
Precipitation/evaporation
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e \Wave radiation stresses
e Sources and sinks

The Hydrodynamic Module can be used to solve both three-dimensional (3D) and two-
dimensional (2D) problems. In 3D the model is based on the numerical solution of the
three-dimensional incompressible Reynolds averaged Navier-Stokes equations invoking
the assumptions of Boussinesq and of hydrostatic pressure. Thus, the model consists of
continuity, momentum, temperature, salinity and density equations and is closed by a
turbulent closure scheme. In 2D the model is based on the shallow water equations — the
depth-integrated incompressible Reynolds averaged Navier-Stokes equations.

The application areas are generally problems where flow and transport phenomena are
important with emphasis on river, coastal and marine applications, where the flexibility
inherited in the unstructured meshes can be utilized.

MIKE 21/3 Coupled Model FM can be used for investigating the morphological
evolution of the nearshore bathymetry due to the impact of engineering works (coastal
structures, dredging works etc.). The engineering works may include breakwaters
(surface-piercing and submerged), groins, shoreface nourishment, harbours etc. MIKE
21/3 Coupled Model FM can also be used to study the morphological evolution of tidal
inlets.

It is most suitable for medium-term morphological investigations (several weeks to
months) over a limited coastal area. The typical dimensions are about 10 km in the
alongshore direction and 2 km in the offshore direction. The computational effort can
become quite large for long-term simulations, or for larger areas
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5. INVESTIGATION OF THE SEDIMENT TRANSPORT TRENDS FOR THE
EXISTING SITUATION (DN SCENARIO).

The first scenario investigated is the existing port layout, without any expansion works,
along with the current morphology of adjacent coastlines. This case refers to as the “Do
Nothing” scenario (DN hereafter).

As mentioned in Chapter 2, the port is protected by two breakwaters, the southern
(windward) and the eastern (leeward). The port entrance is orientated eastwards (see
Figure 2-2). There are two main quays, the northern of 360m length and the western of
125m. It has a turning circle of 280m diameter, and the water depth is about 9m. The DN
layout is depicted in the following figure.

Figure 5-1. Existing port layout and current shoreline morphology - Do Nothing scenario.

5.1. Input Data

Under the framework of the present study, the consultants were provided with
topographic and bathymetric surveys in the area of Vassilikos, by the Department of
Lands and Surveys. Topographic and Bathymetric data, with a spatial resolution of 10m,
extracted from the Digital Terrain Model (DTM) of the area, were obtained which for the
purpose of this study are considered fully adequate.

The specific data are used for construction of flexible meshes representing the sea bottom
along the coastal area. The bathymetric mesh BATH_ DN and BATH_DN_MESH (see
Appendix) was constructed, covering an area of approximately 7.0km x 2.0 km, with
33.626 nodes and 65.393 elements.

The wave input data are presented in Table 3-5 consisting of ten (10) wave conditions.
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5.2. Numerical Simulation of Nearshore Wave Propagation with MIKE21 SW Model
for DN Layout

Figures with a SW prefix represent the output of the Spectral SW module of MIKE 21.
Figures for each incoming wave case were produced, depicting the wave height
distribution all over the examined area (e.g., SW_S_DN_1, see Appendix).. Figures with
a suffix DN_1 (e.g., SW_S DN_1) illustrate the wave field generated using as a
boundary condition the highest wave characteristics per direction, whereas Figures with a
suffix DN_2 (e.g., SW_S_DN_2) illustrate the wave field generated using as a boundary
condition the equivalent wave characteristics per direction.

General observations and comments on the results:

e The coastal front in the area of interest is mainly susceptible to waves coming from
the SSW, WSW, S, SSE and ESE. The highest and most frequently occuring waves
are incident from SSW and WSW direction with an annual frequency of occurrence
of 52.65% and 33.88% respectively. Waves from the S, ESE and SSE directions are
less dominant with an annual frequency of occurrence of 4.56%, 2% and 1.58%
respectively.

e As waves approach the shoreline, the wave heights are decreasing due to depth-
induced wave breaking. The wave direction tends to be perpendicular to the
shoreline due to refraction effects.

e The width of the breaking zone varies depending on the incoming wave
characteristics (height and wave angle of incidence). For example, for waves
travelling from SSW and incoming wave height Hs = 4,50m, the breaking zone starts
approximately 400m away from the shoreline, while for waves travelling from SSE
and incoming wave height Hs = 2,50m, the breaking zone starts at approximately
300m away from the shoreline.

5.3. Numerical Simulation of Nearshore Hydrodynamic Field with MIKE21 FM-HD
Model for DN Layout

Figures with a HD prefix represent the output of the Hydrodynamic HD module of MIKE
21.

Figures for each incoming wave case were produced, depicting the current speed
distribution all over the examined area (e.g., HD_S_DN_1, see Appendix).
Figures with a suffix DN_1 (e.g., HD_S DN 1) illustrate the current speed field
generated using as a boundary condition the highest wave characteristics per direction
whereas Figures with a suffix DN_2 (e.g.,, HD_S DN _2) illustrate the current speed field
generated using as a boundary condition the equivalent wave per direction.

General observations and comments on the results:

e In general wave-induced longshore currents are parallel to the shoreline decaying
rapidly seaward of the breakers. These currents are generated by gradients in
momentum flux (radiation stress) due to the decay of obliquely incident waves.
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e Wave-induced currents of significant speed are evident at either side of the port
predominantly due to waves coming from the SSW (210°) and WSW (240°) sectors.

e Waves incident from South direction, generate two main currents with opposite
directions. The first one, west of the port, travels alongshore, from the edge of the
windward breakwater to the west boundary of the study area. The second one, on the
east side of the port has an opposite direction (eastward). In addition, an eddy is
formed right eastward of the existing leeward breakwater. The depth-averaged
current velocities on the west side reach values up to 0.8m/sec nearshore. At the east
side of the port the equivalent currents are approximately of the same magnitude.
These current values correspond to incident wave height, Hs, of 2.0m

e Waves incident from SSW direction, generate strong currents with general direction
from West to East. The current velocities on the east side reach values up to
1.4m/sec. At the west side of the port the currents are weaker with magnitudes which
reach 1.0m/sec. Again, an eddy is formed starting from the tip of the windward
breakwater heading towards the root of the existing leeward breakwater.

e Waves propagating from WSW direction, generate currents with general direction
from West to East. The current velocities in the east side are up to 0.9m/sec. At the
west side of the port the currents reach magnitudes up to 0.7m/sec.

e Waves propagating from SSE direction, generate currents with general direction
from East to West. The current velocities in the east side are up to 0.9m/sec. At the
west side of the port, they reach 1.0m/sec.

e Waves incident from ESE direction, also generate currents with general direction
from East to West. The current velocities in the east side are up to 0.9m/sec and in
the west side of the port the currents are up to 1.0m/sec.

5.4. Numerical Simulation of Nearshore Sediment Transport Field with MIKE21 FM-
ST Model for DN Layout

Figures with a ST prefix represent the output of the Sediment Transport ST module of
MIKE 21.

Figures for each incoming wave case were produced, depicting the rate of bed level
change distribution all over the examined area (e.g., ST_S DN_1, see Appendix).
Figures with a suffix DN_1 (e.g., ST_S DN_1) illustrate the rate of bed level change
field generated using as a boundary condition the highest wave characteristics per
direction whereas Figures with a suffix DN_2 (e.g., ST_S _DN_2) illustrate the rate of
bed level change field generated using as a boundary condition the equivalent wave per
direction.

It is well known and widely accepted that the sediment transport direction follows in general
the respective longshore current pattern for large wave heights, which is evident in the specific
results.
Variable trends of accretion and erosion along the east coast are observed
Overall, accretive tendencies are evident at the windward side of the existing structures.
Accretive patterns are also observed along the area west of the existing windward
breakwater though this is a non-erodable area due to the existence of a coastal revetment.
Alternating accretive and erosive trends are apparent along the coastline east of the port.
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5.5. Integration of Storm Events per Year — Mean Annual Rate of Bed Level Change for
DN Layout

An integration of all simulated events has been carried out, in order to determine the
mean annual rate of bed level change in the area of interest. As weighting factor per wave
event, the mean annual occurrence frequencies are adopted, which are given in Table 3-4.
Figure INT_DN shows the weighted annual rate of sea bottom change.

It is observed that the dominant tendencies arising from the annual integration of all
events are similar to those resulting from South-Southwest Waves. This was expected,
since this is the predominant wave direction with a mean annual probability of
occurrence of about 53% and it is also associated with the highest wave heights.
Furthermore, currents generated by the breaking of obliquely incident waves generally
dominate in and near the surf zone.

Variable trends of accretion and erosion along the east coast are observed. At the west

side of the port and more specifically at the root of the windward breakwater, an
accretion and an erosion area are depicted.
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6. GENERAL LAYOUT OF PROPOSED WORKS - WI1

The General Layout W1, as optimized by the wave penetration study using numerical
modeling, is investigated herein, from a coastal impact standpoint, using again numerical
modeling. More specifically, the following proposed works are taken into account:

Removal of the last 400m of the existing windward breakwater and 1240m extension
Construction of a new 275m long leeward breakwater

Construction of a 230m long x 125m wide pier at the location of the existing leeward
breakwater

Extension of coastal quay westward of the existing port basin 115m long / -9m deep.
Extension of the quay to the north of the existing port basin 50m long / -9m deep
Construction of a new quaywall north of the new port basin 385m long / -15m deep.
Construction of a new quaywall east of the new port basin 195m long /-15m deep.
Construction of a new quaywall along the inner side of the windward breakwater
1035m long / variable depth between -9m, -13m and -15m.

Dredging of the new port basin at -15m CD

Dredging the area between the new and the existing port basin at -13m CD

Dredging of the new entrance channel at -16.5m CD

Layout W1 is shown in Figure 6-1.

-0.49m

~40.68m N
> '.
a 300 600 m I
eee———

Figure 6-1. Proposed layout - W1 scenario.
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7. NUMERICAL SIMULATION FOR THE PROPOSED LAYOUT

The second scenario investigated is W1 port layout (as described in the previous
Chapter).

7.1. Input Data

As mentioned above, the consultants were provided with topographic and bathymetric
surveys in the area of Vassilikos, and in conjunction with drawings of W1 layout, a
flexible mesh was created representing the coastline and the sea bottom. The bathymetric
mesh BATH_W1 and BATH_W1 MESH (see Appendix) was constructed, covering
exactly the same area as for layout DN (approximately 7.0km x 2.0 km), with
38.141nodes and 74.209 elements.

The wave input data are presented in Table 3-5 consisting of ten (10) wave conditions.

7.2. Numerical Simulation of Nearshore Wave Propagation with MIKE21 SW Model
for DN Layout

Figures with a SW prefix represent the output of the Spectral SW module of MIKE 21.
Figures for each incoming wave case were produced, depicting the wave height
distribution all over the examined area (e.g., SW_S W1 1, see Appendix). Figures with
a suffix W1_1 (e.g., SW_S W1 1) illustrate the wave field generated using as a
boundary condition the highest wave characteristics per direction whereas Figures with a
suffix W1_2 (e.g., SW_S W1 2) illustrate the wave field generated using as a boundary
condition the equivalent wave per direction.

General observations and comments in comparison with DN layout:

e A general observation, arising from comparison of the two alternatives, is that the
port expansion works affect the nearshore wave field mainly very close to the port
area.

e The extension of the windward breakwater provides a significant protection to the
coastline east of the new lee breakwater for waves arriving from WSW, SSW and S
directions.

7.3. Numerical Simulation of Nearshore Hydrodynamic Field with MIKE21 FM-HD
Model for DN Layout

Figures with a HD prefix represent the output of the Hydrodynamic HD module of MIKE
21.

Figures for each incoming wave case were produced, depicting the current speed
distribution all over the examined area (e.g.,, HD_S W1 1, see Appendix). Figures with
a suffix W1_1 (e.g., HD_S W1 1) illustrate the current speed field generated using as a
boundary condition the highest wave characteristics per direction whereas Figures with a
suffix DN_2 (e.g., HD_S W1 2) illustrate the current speed field generated using as a
boundary condition the equivalent wave per direction.
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General observations and comments in comparison with DN layout:

e Waves incident from South direction generate two main currents with opposite
directions as in DN layout. The first one, west of the port, travels alongshore, from
the edge of the windward breakwater to the west boundary of the study area. The
second has an opposite direction (eastward). The order of magnitude of velocities
remains similar.

e Waves propagating from SSW direction generate strong currents with general
direction from West to East at the east side of the port as in DN layout. However,
attention must be paid in the resulting values of current velocity. The extension of
windward breakwater along with the deepening of sea bottom (entrance channel),
seem to affect positively the adjacent eastern coastal area and reduce the velocities,
developing in this area, from 1.50m/sec to 0.90m/sec. Furthermore, in the shadow
area of windward breakwater (east side of leeward breakwater) the velocities drop
below 0.80m/sec, thus eliminating strong currents. Since the direction SSW is the
predominant (most occurring with highest waves), this result will play a major role
on the overall (annually integrated) sediment transport field in the vicinity of the
port.

e As in the previous case, waves propagating from WSW direction, in interaction with
proposed works of layout W1, generate currents at the east side of the port with
significantly lower velocity values. For instance, in case of DN layout the velocities
reach values up to 1m/sec while in W1 layout velocities remain lower than
0.75m/sec.

e Waves propagating from SSE, ESE direction, generate currents with general
direction from East to West at the east side of the port, as in DN layout.

7.4. Numerical Simulation of Nearshore Sediment Transport Field with MIKE21 FM-
ST Model for DN Layout

Figures with a ST prefix represent the output of the Sediment Transport ST module of
MIKE 21.

Figures for each incoming wave case were produced, depicting the rate of bed level
change distribution all over the examined area (e.g., ST_S W1_1, see Appendix).
Figures with a suffix DN_1 (e.g.,, ST_S W1 1) illustrate the rate of bed level change
field generated using as a boundary condition the highest wave characteristics per
direction whereas Figures with a suffix W1_2 (e.g., ST_S W1_2) illustrate the rate of
bed level change field generated using as a boundary condition the equivalent wave per
direction.

The sediment transport pattern follows in general the respective water flow pattern as

described above. Variable trends of accretion and erosion along the east coast are
observed.
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7.5. Integration of Storm Events per Year — Mean Annual Rate of Bed Level Change for
DN Layout

An integration of all simulated events has been carried out, in order to determine the
mean annual rate of bed level change in the area of interest. As weighting factor per wave
event, the mean annual occurrence frequencies are adopted, which are given in Table 3.7.
Figure INT_W1 shows the weighted annual rate of sea bottom change.

Once again it is observed that the dominant tendencies arising from the annual integration
of all events are similar to those resulting from South-Southwest Waves. Variable trends
of accretion and erosion along the east coast are observed. At the west side of the port
and more specifically at the root of the windward breakwater, an accretion and an erosion
area are depicted.

In comparison with DN layout, it is observed that on the western side of the port, the
accretive pattern is more prominent.

At the east side of the port, only a specific coastal zone is influenced significantly. This
zone starts from the root of the new leeward breakwater and extends for 600m eastward
(see Figure 7-1). Beyond this length, the resulting image of bed level change becomes
similar to the respective of DN’s, indicating that the proposed works will not affect either
positively or negatively the sediment transport diet there.

Furthermore, it has to be mentioned that in the influence zone (of 600m), there is no
evidence of strong sediment movement trends. The overall trend is to have calmer areas,
with reduced sediment loss (blue colour in sea bed level changes) and consequently the
existing tendencies in coastline changes will not be adversely affected. In addition, it is
noted that the area consists mainly of rocky formations and coarse materials.

Based on the above results, it is concluded that the extension of the port will not affect
adversely the coastline evolution either on the west or east side of the existing port.
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Figure 7-1. Comparison of annual integrated rate of bed level change for DN (top) and W1
(bottom). The influence zone of 600m is highlighted with red line.
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8. CONCLUSIONS

The basic conclusions reached from the investigation on the DN alternative (current
situation, without any port expansion works) are as follows:

e An inspection of historical trends of beach change has revealed various erosion areas
at the coast east of the Port through the last decades.

e The predominant tendencies arising from the annual integration of all events are
similar to those resulting from South-Southwest Waves.

e Variable trends of accretion and erosion along the east coast are observed

The basic conclusions that can be drawn from the investigation of the proposed works
W1 are summarized as follows:

e The extension of the windward breakwater offers a significant protection to the area
east of the port for waves incident from WSW, SSW and S directions

e Once again it is observed that the predominant tendencies arising from the annual
integration of all events are similar to those resulting from South-Southwest Waves.
At the coast west of the port and more specifically at the root of the windward
breakwater, accretive tendencies are intensified compared to the DN Scenario.

e At the east side of the port, the area affected by the works extends from the root of
the new lee breakwater to about 600m towards the east. The overall trend in the
influence area is to have calmer areas, with reduced sediment loss and consequently
the existing tendencies in coastline changes will not be adversely affected.

The overall conclusion is that the expansion of the port will not adversely affect the
coastal geomorphology on the eastern side of the existing port, while the slightly
increased deposition trends observed in the west of the port, compared to the
existing situation, are not deemed significant and as such they do not necessitate
mitigation measures.
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