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Preface

“Blue Growth” initiative drives the society to the new era. The future for making reach and maintain the
consuming way of living for the European citizens belongs to the seas and the oceans. Marine
environment with its vast unexploitable resources promises socio-economic development, but
simultaneously requires to cope with new technological challenges that inevitably arise. Ports and coastal
facilities are the necessary hubs for the transit of people, goods and equipment between civilizations.
Over 90% of global trade is conducted on the world’s oceans. To ensure that “Blue Growth” and “Blue
Economy” are kept safe, commercial operators are increasingly looking to a whole range of maritime
technologies. In the same context, coastal infrastructures are expected to play a crucial role to secure
undisturbed transportation and storage of goods before being distributed to land convey equipment. The
new era requires that ports, coastal, nearshore and offshore infrastructures should be further developed
and modernized to satisfy the increased demands. In the same time, they should follow modern rules and
regulations, which are associated with safety, security, risks mitigation and environmental sustainability.

Marine and maritime sectors allow nations the opportunity to generate economic growth, enhance the
security of supplies, resilience and foster competitiveness through technological innovation. There is only
a single, but challenging, way to exploit the practically infinite sustainable resources of the marine
environment. And that comes from continuous research and development (R&D) efforts, which will find
practical and economically efficient ways to make rich out of the sea for the benefit of the society. R&D
is the inevitable mechanism to conceive and implement ideas and to rein the harsh marine environment.
The sea is open, provides a variety of opportunities, is unexplored economically, aside only from the
traditional activities. On the other hand, it is not friendly. Sea have to be respected, but in the same time it
has to allow employment of tasks of innovation. Innovation through R&D may generates opportunities
using breakthrough technologies and developing state-of-the-art knowledge for a flourish future. The
ultimate goal is to support visions for maintaining industrial leadership. With public support, the blue
economy sector may be able to play a crucial role in the future. In fact, it is more that certain that the
future for economic growth belongs to seaborne activities.

The 1* International Conference on the Design and Management of Port, Coastal and Offshore
Works has been particularly designed to address state-of-the-art topics, associated with “Blue Growth”
and its pillars. The main goal, set by the organizers is to develop a forum for new ideas. Ambition of the
organizing entities is to establish a long-lasting scientific environment, where novelty will prevail. Focus
shall be given to the new generation and the ideas of the future. We sincerely hope that a new
international scientific community will be generated by this effort, which aside from the pure scientific
and engineering aspects, will address the most important for societal acceptance Science Practice Policy
Interface. Our truthful aspiration is that DMPCO will stimulate discussions and intense scientific
interactions between the participants about new trends and ideas in the design, construction, and operation
of ports, coastal and offshore structures for the benefit of the engineering science and the society at large.

In terms of the core disciplines, the conference has been explicitly designed to update, to the major
extend, the technical background of professionals involved in the production of port, coastal, and offshore
projects, fostering the enhancement of the level of knowledge for engineers and scientists working in
those subjects. Keynote speeches, special sessions and papers have been included in the program to
address cutting-edge topics and state-of-the-art reviews in the current interdisciplinary professional
environment that demands cooperation between specialties and acquaintance of the engineers with
advanced techniques and good practices.

DMPCO 2019 International Conference which attracted 250 attendees from 8 Countries over the Europe
discussing research and applications in port coastal and offshore engineering design and management.



The final program contained 103 presentations included submitted papers as well as, keynote invited
speeches. In these 88 selected papers from the Scientific Committee are finally included. The papers have
been listed within the ten main original conference topics, which included themes such as Sustainable
Ports planning, construction and operation, design criteria guidelines and proposals for coastal structures
adaptation in a changing climate, ecological issues monitoring and management under the framework and
challenges of Marine Spatial Planning.

With the work of the secretariat, the Organizing, Scientific and External Advisory Committees, the
persons who generously served as Chairmen of the technical sessions, the financial sponsors, this
Conference has represented one of the premier technical meeting on Port, Coastal, and Offshore works.
These e-proceedings amply reflect both the new scientific research results and the practical engineering
achievements, fully in line with the concept of the DMPCO Conference.

This successful edition of e-proceedings gives more energy for organizing future DMPCO Conferences so
that researchers and engineers from all countries will be able to participate in an exciting field with
numerous intriguing problems to be solved.

See You in Thessaloniki in 2021.

On behalf of the DMPCO’s Organizing Committee

Vicky Tsoukala,
Assoc. Professor, NTUA
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Accu-Waves: A decision support tool for navigation safety in ports

C. Memos'", Ch. Makris®, A. Metallinos', Th. Karambas.?, D. Zissis’, M. Chondros', G. Spiliopoulos?,
M. Emmanouilidou', A. Papadimitriou', V. Baltikas®, Y. Kontos”, G. Klonaris', Y. Androulidakis?®,
V. Tsoukala'

! Laboratory of Harbour Works, NTUA, Athens 15780, Greece
2 Laboratory of Maritime Engineering, AUTh, Thessaloniki 54124, Greece
3 MarineTraffic, Katehaki 75, Athens 11525, Greece
*Corresponding author: cmemos@mail.ntua.gr

Abstract

The paper presents a decision support tool being developed to provide reliable forecasts on sea states
prevailing at selected ports worldwide. The application will support approaching procedures of vessels
to ports. It is based on co-operating, hydrodynamic models that derive data from global scale, open sea
forecasts. The implementation of the project includes development and application of a hydrodynamic
circulation model, a spectral wave propagation model and a phase-resolving wave model for port
basins; model integration; and materialising a cloud-based forecast platform that will provide wind,
wave, sea level and current data for a 3-day forecast every 3 hours. The laboratories of Harbour Works
(NTUA) and Maritime Engineering (AUTh) will offer the research background while the third partner
MarineTraffic will implement the on-line forecast platform for the end-users. The results of this
applied research will lead to innovative products that will address significant needs such as increase of
navigation safety at ports, facilitation of port pilotage operations, and improved port layouts.

Keywords Port navigation, Sea conditions, Navigation safety, Wave penetration.

1 INTRODUCTION AND SCOPE

Ports are vital links in the chain of maritime transportations and have a decisive impact on their
quality. Recent reports of marine accidents show that 60% of them are due to the human factor. The
majority of accidents could be avoided if appropriate means of support for navigation existed. The
British Ministry for Transportation found that a 34% of ship accidents sailing in ports incur due to
incompetent pilotage. Project Accu-Waves (http://accuwaves.eu/) will develop a tool to provide
reliable data on prevailing sea states in port approaches and harbour basins in 3-day forecasts every 3
hours. The results will support navigation procedures of vessels calling to ports.

The project will build upon the cooperation of Marine Traffic, one of the world’s leading platforms of
intelligent services for ship tracking, with NTUA and AUTh as research partners through their
Laboratories of Harbour Works and Maritime Engineering, respectively.

2 METHODOLOGY LAYOUT

The application will be based on high-resolution hydrodynamic models and will derive input data from
global scale open sea forecasts. The implementation of the proposed project will be based on the
following steps: (i) define and organize input data; (ii) develop three hydrodynamic numerical models,
i.e. a spectral wave model for wind-induced irregular wave fields (model A), a mild-slope equation
wave model (model B), and a barotropic hydrodynamic circulation model (model H); (iii) calibrate,
test, and integrate the models into a single suite; (iv) apply the above suite to fifty ports worldwide; (v)
develop an electronic operational forecast platform that will provide wind, wave, sea level and current
data at 3-hourly 3-day forecast for the said ports.

Model A will simulate waves in the port approaches covering an area a few dozens of kilometres
across, while model B will tackle wave propagation and transformation inside the harbour. Model A
will provide input wave data to model B, while Model H will provide input data of sea levels and
mean currents to both models A and B. Model H will incorporate storm surge and astronomical tide



effects. Models B and H will not be applied to all 50 ports; this will depend on the actual configuration
of each harbour and the shape of the water body associated with its location.

3 INPUT DATA AND THEIR ASSESSMENT

Missing bathymetric information in the relevant sea areas of the selected port sites (see §5) were
obtained through National Hydrographic Services, British Admiralty, Navionics (Www.navionics.com)
and GEBCO (www.gebco.net). The environmental input data needed for implementing this project are
forecast values of wave, sea level, tide, and wind characteristics. The wave data are focused on wind
wave parameters (including swell), i.e. significant wave height, peak spectral period, and main
direction; for tides, sea level, atmospheric pressure, current velocities and directions are collected;
winds are represented by wind speed and direction. The sources used to obtain the above forecasts are
the Copernicus Marine Environmental Monitoring Service (CMEMS), used for wave and tidal data;
and the National Oceanic and Atmospheric Administration (NOAA), for atmospheric data.

Contingency plans have been set up in case any of the sources fails to function for a period longer than
3 days. These plans are required due to the on-line nature of the final product. Quality assessment of
the above forecasts has been undertaken with satisfactory results.

4 NUMERICAL MODELS
The three numerical models mentioned earlier cover different needs in terms of area coverage and
accuracy. These are set to interact efficiently in a way depicted in Figure 1.
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1. Figure 1 Workflow diagram between numerical models

HiReSS (Model H) is a high resolution storm surge numerical model simulating 2DH barotropic
hydrodynamic circulation based on the shallow water equations (Androulidakis et al. 2015). It can
predict the free surface elevation and the integrated over depth sea currents due to storm surge
combined with wind and astronomical tide effects. HiReSS takes into account the astronomical tide
through a static tide model (Schhwiderski 1980). It has been developed, calibrated, verified and
applied on a number of actual sites (see e.g. Makris et al. 2016, Krestenitis et al. 2017).

Tomawac (Model A) is a 3rd generation directional spectral wave model developed by Laboratoire
National d’Hydraulique et Environnement (Benoit et al. 1996). It simulates the development in space
and time of the spectrum of sea surface elevation in waters of any depth. The numerical calculations
are executed by the finite elements method over an unstructured mesh. The model captures processes
of wind wave generation and propagation, white-capping, energy dissipation due to bottom friction,
wave refraction, shoaling and breaking, wave blocking due to opposing currents, wave—wave
interactions, depth- or current- induced refraction, wave-current interaction, and, under certain
conditions, wave diffraction.

WAVE-L (Model B) is a 2DH solver of the mild slope equation based on the hyperbolic
approximation of Copeland (1985). It will be developed to cope with quasi-regular wave propagation
in coastal waters of mildly sloping bed and capture wave modifications due to the presence of



currents; wave shoaling, refraction, diffraction; wave reflection at solid boundaries, energy dissipation
due to bottom friction; depth-induced wave breaking (Karambas and Samaras 2017). The numerical
solution of the equations is based on an explicit scheme applied on a grid staggered between the cell
values of surface elevation and mean velocities. Along the open sea and lateral boundaries sponge
layers are placed following the technique proposed by Larsen and Dancy (1983).

5 PORTS FOR APPLICATION
A number of 50 ports have been selected for application. The selection was based on criteria of world-
wide coverage and traffic volume. The selected sites are shown in Figure 2.
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2. Figure 2 Location of ports selected for application

It is noted that input data for 34 out of the 50 port sites will be obtained from the Global package of
CMEMS, whereas for eight of them data will be served by the relevant European NW and another
eight by the MED regional packages of the Copernicus platform (http://marine.copernicus.eu).

A crucial parameter associated to the local conditions is the extent of the water body which models H
and A should be applied upon taking into account the availability of input data over a grid much
coarser than the model’s resolution. It was decided that model H will be applied to much larger water
bodies than the vicinity of a single port in order to capture large scale meteorological processes present
over such broader areas. Thus, 13 such areas were selected ranging in extend from the Mediterranean
and Black Sea to the Halifax Gulf, Canada.

Regarding model A, to be run in all 50 sites, an ad hoc delineation of the sea area was performed,
where environmental input data will be sought from the said sources. This expanse is defined as the
water surface of a circular area centered at the port. The radius of those circles ranges in from 3 km to
45 km.

6 INITIAL MODEL RESULTS
Various tests were applied on the hydrodynamic models to check robustness and tackle a number of
problems. A wide spectrum of numerical tools will be used to transfer appropriately the raw data to the
required input format in models H and A. In the following, samples of first results are presented for
models H (Figure 3), A (Figure 4a) and B (Figure 4b).

Ty

3. Figure 3 Model H: Spatial distribution of the free surface elevation due to storm surge in Tokyo Bay,



Japan with (a) SW light winds (b) NE light winds

4
a

4. Figure 4 Spatial distribution of significant wave height (a) Model A: for SE strong winds, NY port
approaches, USA (b) Model B: inside the new Patras port, Greece, for strong NW winds

Synthesis of the results from models A and B is achieved by a technique of densification of the mesh
inside the port ensuring compatibility with model’s B grid.

7 MODEL VERIFICATION

All numerical models to be used have been in general verified adequately so far. However, since some
advancements in particular to the mild-slope model are envisaged to take place in this project
additional verification will be performed via measurements to be collected at two stations to be
installed in Thessaloniki and Patras ports. A Seagauge Wave & Tide Recorder and a Directional Wave
Buoy Station will be used to record significant wave height, peak spectral period, distribution of wave
energy with direction, and sea surface elevation. Measurements will be compared with model
predictions for the same input data and adjustments will eventually be imposed.

8 ARCHITECTURE OF THE IT SYSTEM

Managing the information flow from accessing the initial data to providing the final product to the end
user is a critical element of this cloud-based automated forecasting system, considering the vast
amount of data that should be continuously processed and accommodated. The co-ordination of the
individual processes of the system will be implemented in the Python programming language on top of
the LINUX operational system. A general layout of the IT system is shown in Figure 5.
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5. Figure 5 The operational system architecture of information flow

Data transformation is critical to our system, as it is responsible for all data handling required for the
communication between the numerical process and the data storage units. To optimize resources
management, i.e. the processing power and the vast amount of data generated during processing, the



co-ordination procedure parallelizes processing per port with respect to constraints risen from data and
hardware availability, (shown by the Cycles of Figure 6). Finally, the database will be setup to support
retrieving old data as part of contingency plans and facilitating data archiving and cleanup procedures.

Data processing Cycle

Max Storage
Threshold
Reached

New Output available

Data acquisition Cycle

6. Figure 6 Maintenance cycle of big data

9 IMPACT

The application will address significant needs such as safe spatial and temporal planning of navigation
in the approaches and inside ports and mooring sites, while facilitating the captain—pilot interaction.
This will allow more efficient management of the navigation and towage services. Indeed, the
procedure by the European Space Agency to certify navigation paths in ports requires knowledge of
operational conditions including sea state and related environmental data. The safety issue is
underlined also in the e-Navigation strategy by the International Maritime Organization, where the aim
is to analyse and provide quality data for limiting the human error in navigation. It will also be
possible to better document dredging plans and manage more efficiently berth positions and moorings.
Finally, the tool will prove particularly useful in modifying existing or designing new port layouts.
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Abstract

In this paper we present recent evolvements of a robust numerical model for the simulation of storm
surges in gulfs and coastal areas, inside which large harbors and significant urban port facilities exist.
HiReSS (High-Resolution Storm Surge) is a 2-DH barotropic model for the simulation of
hydrodynamic circulation and sea level variations, based on the depth-averaged shallow water
equations. It is applied in large enclosed water bodies or semi-enclosed marginal seas, gulfs, bays and
shallow coastal areas over the continental shelf. HiReSS takes into account several processes, such as
the inverse barometer effect, shear stresses of wind on the sea surface, Coriolis effects, astronomical
tides, ocean bottom friction, turbulence of horizontal eddies, and impact of wave-driven circulation in
open seas and nearshore zones. It is implemented in large computational fields, covering e.g. the entire
Mediterranean Sea, led to dynamically downscaled simulations in nested high-resolution domains, e.g.
Thermaikos Gulf in northern Greece. HiReSS model results refer to sea surface elevation and depth-
averaged currents, used as input in irregular wave simulations with a spectral wave model at 3-hour
time intervals for 3-day forecasts, producing 24 representations of storm surge impacts per daily
prognostic model implementation. The model will be applied in 25 regions worldwide with complex
bathymetries and diverse coastlines that contain in total 50 port facilities with high traffic load and
commercial interest (project Accu-Waves). The produced data sets support mooring, navigation and
towage procedures of vessels in commercial ports and harbors, reducing risk of vessel impact at the
bottom.

Keywords Sea surface height, Ocean circulation, Ports, Navigation safety.

1 INTRODUCTION

1.1 Theme of research

In this paper we present recent evolvements of a robust numerical model for the simulation of storm
surges (De Vries et al. 1995) in gulfs and coastal areas, inside which large harbors and urban port
facilities exist. The model is named HiReSS (High-Resolution Storm Surge) and it is based on 2-DH
formulations of the depth-integrated Navier-Stokes equations for the simulation of the barotropic
mode of hydrodynamic circulation (Krestenitis et al. 2016). It can simulate the free surface elevation
and the depth-integrated sea currents due to meteorological forcing (mostly severe weather conditions)
combined with astronomical tide effects (Krestenitis et al. 2015a). Its newest version under
development is intended to be part of a software suite for an operational tool that will provide reliable
3-hourly forecasts for 3 upcoming days about sea state conditions in coastal areas near ports and inside
harbor basins (Memos et al. 2019; project Accu-Waves, http://accuwaves.eu/).

1.2 Scope of research

Main goal of this study is to develop new features of the HiReSS model in order to render it fully
operational for robust forecasts of sea level and currents in engineered coastal regions. A second goal
is to validate HiReSS against available sea level data from in situ observations by tide gauges of
national hydrographic services (e.g. HNHS; https://www.hnhs.gr/). Moreover, the Fortran code of the
storm surge model will be fitted in an integrated modeling system suite for automated operational
forecasting of both surge-induced and tidal sea levels in the framework of high-resolution spectral
wave modeling in and around fifty significant ports globally (Memos et al. 2019; project Accu-Waves,
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http://accuwaves.eu/). Conclusively, the produced data sets of HiReSS results will support mooring,
navigation and towage procedures of ships and boats in commercial ports and harbors, mostly
reducing risk of vessel impact at the bottom.

2 METHODOLOGY
2.1 Numerical model

2.1.1 Basic attributes

HiReSS is a new version of the HRSS model (Krestenitis et al. 2015b); it is based on the depth-
averaged shallow water equations of hydrodynamic circulation, and it is capable to simulate the
response of the sea surface and consequent barotropic sea currents to atmospheric weather conditions
(wind and pressure) in large regions of either enclosed water bodies or semi-enclosed marginal seas,
gulfs and bays over the continental shelf (Krestenitis et al. 2015a).

HiReSS can take into account the combinatory effects of several processes, such as the inverse
barometer (response of sea level to atmospheric pressure gradient of large barometric systems); shear
stresses of wind applied on the air-water interface; geostrophic Coriolis forces on large water masses;
astronomical tides; ocean bottom friction; turbulence of horizontal vortices through the eddy viscosity
concept; impacts of the wave-induced mean flows (Stokes drift) on the wind-driven currents in open
seas and nearshore coastal zones. It can predict the mean free surface elevation (termed herein as sea
surface height) and the depth-integrated sea currents due to surges induced by wind-storms combined
with the effect of low/high barometric systems and astronomical tides.

2.1.2 Main equations and assumptions
The extended continuity and momentum equations, in order to account for storm surge-driven and
tidally affected circulation can be written as (Krestenitis et al. 2016):
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where ( is the free surface elevation, H=hA+( is the total water depth of the sea, /4 is the local still water
depth, U and V are the depth-integrated horizontal velocity components along the x and y axes of an
ortho-regular staggered Cartesian grid of the Arakawa-C type for the finite difference method, ¢ is the
time, f is the Coriolis coefficient, g is the acceleration of gravity, P, is the atmospheric sea level
pressure (SLP), p, is the water density, Cj is the bottom friction Manning-type coefficient, C; is the
air-water drag coefficient (Smith and Banke 1975), W, and W, are the wind velocity components at
10m above mean sea level, and Ej is the horizontal eddy viscosity coefficient.

HiReSS also takes into account the effects of astronomical tides on barotropic circulation through the
static model parameterization by Schhwiderski (1980), by initiating Z, and Z, terms (Eq. 4) in the
momentum equations (Egs. 2, 3). Tide forecasts are based on the solution of harmonic equation (. in
all georeferenced grid cells with discrete longitudes and latitudes, concerning both semi-diurnal and
diurnal tidal range signals (Krestenitis et al. 2015a). HiReSS model is implemented in the framework
of dynamically downscaled simulations initiating from computational fields covering e.g. the entire
Mediterranean Sea (discretization step of 4x<1/25° or ~4Km) and led to nested domains of high spatial
resolution (4x=1/200° or ~500m). These results are also used as input in TOMAWAC model runs.

2.2 Application study

General application of HiReSS model is intended for 25 coastal regions globally, indicatively covering
among others the Red, Caribbean, Java, Yellow, Mediterranean and Black Seas, and Persian, Tokyo
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and Halifax Gulfs. These areas have rather complex bathymetries with diverse coastlines and contain
in total 50 port facilities with high traffic load and commercial interest. Herein we present specific
implementations of HiReSS in the Mediterranean Sea with a special focus on the Thermaikos Gulf
(northeastern Aegean Sea) and the port of Thessaloniki (Figure 1); ports of Patra and Piraeus in
Greece are also checked together with the harbors in Barcelona, Algeciras, Haifa and Genova).
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Figure 1 Bathymetry charts of Mediterranean Sea (left graph) and Thermaikos Gulf with the Thessaloniki Port
basin (right graph); contours and color bars refer to depth d (m)

3 RESULTS

The results of pilot simulations with HiReSS concern maps of meteorologically induced sea surface
heights (SSH) and current velocities (by zonal and meridional components, U and V) at 3-hourly time
intervals for 3-day forecasts; 24 representations of storm surge impacts per day are produced.
Preliminary results concern the entire Mediterranean basin with a focus on the Thermaikos, Patraikos
and Saronikos Gulfs in Greece and other four Spanish, Italian and Israeli commercial ports.

3.1 Model validation

The model has been applied on a number of sites in the past, comprising large regions in open seas and
coastal areas. It was calibrated and thoroughly validated via comparisons of hindcast modeling results
against in situ observations for either short periods with intense weather events (Krestenitis et al.
2017) or large periods (>15yrs; for extreme events of annual maxima SSH) in the Mediterranean,
Aegean and lonian Seas, i.e. MeCSS (Androulidakis et al. 2015) and GreCSS (Makris et al. 2015,
2016) model versions. In Figure 2 characteristic comparisons of HiReSS hindcasting model results
against tide-gauge measurements of SSH during 2012 in Thessaloniki and Genova ports are provided.
Satisfactory accuracy of prediction is achieved with quite high Pearson product-moment correlations
(>0.7) and acceptable errors reaching down to 15%. It is noted that the forecast skill of the storm
surge model highly depends on the quality and resolution of the atmospheric weather input data, rather
than its own parameterizations.
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Figure 2 Comparisons of HiReSS hindcasting model results against in situ observations of SSH (m) by tide
gauges during 2012 in Thessaloniki and Genova ports; RMSE: root-mean-square error; r: Pearson correlation

3.2 Case study

Figure 3 presents plots of HiReSS model forecast results concerning simulated fields of SSH and
ocean current velocities in the entire Mediterranean Sea basin in conjunction with an atmospheric
weather conditions field (SLP and wind vectors; upper graph). Negative SSH (sea surface below mean
sea level) are observed in the Adriatic and Aegean Seas naturally due to the presence of a large
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atmospheric high-pressure barometric system (“good weather”) and northerly winds (even if faint). On
the contrary, large values of positive SSH are shown in the Gulf of Gabes (northcentral African coast)
and near the Gibraltar straits, which are influenced by the low-pressure barometric system that
prevailed south of the Iberian Peninsula on the northwestern African region. Strong easterly winds
occurred between the two systems. It is concluded that HiReSS model may efficiently reproduce the
inverse barometer effect together with wind-driven circulation.
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Figure 3 Upper graph: Atmospheric weather conditions (SLP in hPa and wind vectors in m/sec) chart over the
Mediterranean Sea; Lower graph: HiReSS forecast results (SSH in m and current vectors in m/sec) chart of the
Mediterranean basin on April 2152019, UTC 00:00.
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Figure 4 Graphs of HiReSS model results about surge- and tide-induced SSH (m) [left graph] and SLP (hPa)
[right graph] in seven characteristic ports of the Mediterranean basin (Algeciras, Barcelona, Genova, Haifa,
Patra, Piraeus, Thessaloniki ports); Forecasts refer to a 3-day period of April 19%-22" 2019

Figure 4 presents characteristic SSH time-series (left panel) produced by HiReSS forecasts in seven
ports of the Mediterranean basin. Sea levels in Greek ports and Genova are shown to range from zero
(“dead calm” sea state in Patra port) to -20cm, whereas storm-induced sea surface elevation is evident
in Algeciras and Barcelona up to 30cm. Reversed patterns are shown in SLP graph (right panel),
corroborating the influence of the inverse barometer effect in these areas. Semi-diurnal undulating
configurations are also clearly seen in the surge- and tide-driven SSH time-series, revealing the
characteristic tidal patterns in the Mediterranean Sea; tidal effects are obvious even if astronomic tidal
ranges are not significant in the specific region.

14



4 CONCLUSIONS

A robust operational forecast model for storm surges is built in the framework of an integrated tool for
short-term marine weather and sea-state prognoses in broader areas around and inside port facilities
with global commercial interest and high transportation loads. HiReSS has been validated by
comparisons of model output against sea level observations from tide gauges in ports by official navy
hydrographic services in southern Europe. It is proved to satisfactorily simulate the sea level variations
inside harbor areas, providing also rough estimates of mean sea currents there. HiReSS results will
hopefully address significant needs of port authorities, ship pilots and navigators towards battling
problems of vessel impact on the harbor bed during mooring, towage and berth operations, according
to reliable short-term sea-state forecasting. Presented cases in Mediterranean ports support that
inference. Results are also judged to be crucial as input (local bathymetric changes) in irregular wave
simulations with the TOMAWAC spectral wave model in the Accu-Waves modeling system.

Acknowledgements

This research is part of the Accu-Waves project (http://accuwaves.eu) co-financed by the European
Union and Greek national funds through the Operational Program Competitiveness, Entrepreneurship
and Innovation, under the call RESEARCH — CREATE — INNOVATE (project code: TIEDK-05111).

References

Androulidakis Y et al. (2015) Storm surges in the Mediterranean Sea: variability and trends under
future climatic conditions. Dyn Atmos Ocean 71: 56—82. doi:10.1016/j.dynatmoce.2015.06.001.

De Vries H et al. (1995) A comparison of 2D storm surge models applied to three shallow European
seas. Environ Softw 10(1): 23-42. doi:10.1016/0266-9838(95)00003-4.

Krestenitis YN et al. (2011) Coastal inundation in the north-eastern Mediterranean coastal zone due to
storm surge events. J Coast Conserv 15: 353-368. doi:10.1007/s11852-010-0090-7.

Krestenitis Y et al. (2015a) Operational Oceanographic Platform In Thermaikos Gulf (Greece):
Forecasting And Emergency Alert System For Public Use, Paper presented at 36™ IAHR World
Congress, The Hague, The Netherlands.

Krestenitis Y et al. (2015b). Operational Forecast System of Storm Tides in the Aegean Sea (Greece),
Paper presented at the 2015 ASLO Conference, Granada, Spain.

Krestenitis YN et al. (2016) Coastal Engineering — Maritime Environmental Hydraulics. Kallipos
Publications, NTUA, Athens, Greece. (in Greek) ISBN:978-960-603-253-0.

Krestenitis Y et al. (2017) Severe weather events and sea level variability over the Mediterranean Sea:
the WaveForUs operational platform. In: Perspectives of Atmospheric Sciences (Eds: Karacostas T
et al.), Springer Atmospheric Sciences, 63-68. doi:10.1007/978-3-319-35095-0 9.

Makris CV et al. (2015) Numerical Modeling of Storm Surges in the Mediterranean Sea under Climate
Change. Paper presented at 36™ IAHR World Congress, The Hague, The Netherlands.

Makris C et al. (2016) Climate Change Effects on the Marine Characteristics of the Aegean and the
Ionian Seas. Ocean Dyn 66(12): 1603—1635. doi:10.1007/s10236-016-008-1.

Makris C et al. (2018) Climate change impacts on the coastal sea level extremes of the east-central
Mediterranean Sea. Paper presented at XIV PRE Conference, 695-704. ISBN:978-960-99922-4-4.
Memos CD et al. (2019) Accu-Waves: A decision Support Tool for Navigation Safety in Ports. Paper

presented at the 1% International Scientific DMPCO Conference, Athens, Greece.

Schwiderski EW (1980) On charting global ocean tides. Rev Geophys, 18(1): 243-268.
doi:10.1029/RG018i001p00243.

Smith SD, Banke EG (1975) Variation of the sea surface drag coefficient with wind speed. Q J Roy
Meteor Soc, 101(429): 665-673. doi:10.1002/qj.49710142920.

15






WAVE-L: An integrated numerical model for wave propagation forecasting
in harbor areas

Ch. Makris'", Th. Karambas', V. Baltikas', Y. Kontos', A. Metallinos?>, M. Chondros’, A.
Papadimitriou’, V. Tsoukala®, C. Memos®

"Department of Civil Engineering, Aristotle University of Thessaloniki, Thessaloniki, 54124, Greece
2School of Civil Engineering, National Technical University of Athens, Zografos, Athens, 15773, Greece
*Corresponding author: cmakris@civil.auth.gr

Abstract

In this paper we present the evolvement of an integrated numerical model (WAVE-L) for the
simulation of wave propagation and transformation in areas around and inside ports and harbors.
WAVE-L is a high-resolution phase-resolving wave model based on the hyperbolic mild-slope
equations, capable of simulating the transformation of complex wave fields over varying bathymetries
in harbors and coastal areas in the vicinity of ports. The modeled wave processes include shoaling,
refraction, diffraction, total and partial reflection from structures, energy dissipation due to wave
breaking and bottom friction in a combined way. The new version of WAVE-L incorporates wave
generation simulated on any boundary (longitudinal, lateral or oblique) with corresponding expansion
of peripheral sponge layers, providing potential to spatially restrict the computational field in areas
adjacent to ports, thus reducing demand of computational time and resources. Moreover, the modified
WAVE-L version is able to simulate quasi-irregular, multi-directional waves, whose generation and
propagation may furthermore account for various angles and directions simultaneously. WAVE-L is
one-way coupled to coarser implementations of an open-sea spectral wave model and a 2-DH
hydrodynamic circulation model for storm surges that provide input and boundary conditions. WAVE-
L model is thoroughly validated against experimental data on diffraction and multidirectional spectral
wave propagation; pilot implementations of it are carried out at the Greek port basin of Thessaloniki.
The ultimate goal is to create a tool for high-resolution operational forecasts of wave conditions
around and inside significant ports with high traffic load and commercial value (project Accu-Waves).

Keywords Wave model, Wave propagation, Harbor areas, Ports.

1 INTRODUCTION

1.1 Theme of research

In this paper we present the evolvement of a classic, integrated numerical model for the simulation of
wave propagation and transformation in coastal areas around and inside ports and harbors. The model
is called WAVE-L and it is based on the 2-DH depth-integrated harmonic hyperbolic formulation of
the mild-slope equation for wave propagation. Its integrated version under development is intended as
a crucial part of a computational tool that will provide reliable 3-day forecasts at 3-hour intervals on
prevailing sea states in areas near the certified pathways of port approaches and in regions inside
harbor basins (project Accu-Waves; http://accuwaves.eu/). WAVE-L’s results will support safer
navigation and maneuvering around harbor structures for ships and vessels accessing ports.

1.2 Scope of research

Main goal of this study is to formulate new features of the WAVE-L model in order to make it fully
operational, quick and robust for high-resolution forecasts of both monochromatic and spectral wave
fields around and inside port basins. A secondary aim is to thoroughly calibrate and validate the
WAVE-L model against experimental data of wave propagation and transformation in the field and
laboratory flume scales (Vincent and Briggs 1989; Yu et al. 2000). Furthermore, we intend to further
manipulate the Fortran codes of the WAVE-L model in order to produce results integrated into a
single-suite modeling system for automated operational forecasting of wave characteristics in and
around fifty significant ports worldwide (project Accu-Waves; http://accuwaves.eu/). Ultimate goal of
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research is to develop an operational ensemble of hydrodynamic numerical models (Memos et al.
2019), i.e. an open-seas spectral wave model for wind-induced irregular waves and a barotropic storm
surge model for 2-DH hydrodynamic circulation that will provide input data and boundary conditions
for the WAVE-L model to produce maps of high-resolution wave height, period and direction data at
3-hour/3-day forecasts for the said ports.

2 METHODOLOGY

2.1 Numerical model

The new version of the previously developed WAVE-L model (Karambas and Samaras 2017) is an
evolved rendition of the HARBOUR-L model (Karambas et al. 2010). WAVE-L is a high-resolution
phase-resolving wave model based on the hyperbolic mild-slope equations (Copeland 1985) and it is
capable to simulate the transformation of complex wave fields in harbors and coastal areas in the
vicinity of ports with varying bathymetries (Watanabe and Maruyama 1986). In these areas the
modeled wave processes include propagation, transformation, shoaling, refraction, diffraction, total
and partial reflection from structures, wave-current interaction, energy dissipation due to depth-limited
wave breaking and bottom friction in a combined way (Christopoulos et al. 2012).

2.1.1 Basic equations and assumptions

The basic continuity and momentum equations (mass and quantity of motion conservation,
respectively) can be derived by replacing both pressure and velocity distributions that correspond to
linear theory (for small amplitude waves) in the linearized Navier-Stokes equations (valid for periodic
wave propagation from deep to shallow waters), and thus for numerical simulations of wave
transformation in 2-DH (depth-averaged) formulation they can be written as:

| A(Uwd) | 0(Vyd)

= 1
at + dx + ady 0 ( )
av,  19(c?>n) 1 gn ad a2u,, a2u,,

Pw 1 -1 9 _ 5 T ow 2
ot d o0x d cosh(kd) dx Vh dx2 T Vn ay? be-UW ( )
Wy  19(c*n) 1 gn ad _ 3%V, a2v,,
at d dy d cosh(kd) dy Vn dx2 t Vn ay? be'VW Q)

where 7 is the wave-induced free-surface elevation, d is the still water depth of the sea, U,, and V;, are
the depth-integrated horizontal velocity components along the x and y axis, respectively, k&=2xz/L is the
wavenumber, L is the local wave length, ¢ is the wave (phase) celerity, c=27/T is the wave angular
frequency, f is the normalized bed friction coefficient, v; is the horizontal eddy viscosity coefficient.

Depth-limited wave breaking in shoal areas can be modeled by using the eddy viscosity concept for
Reynolds stresses via a coefficient v, in the r.h.s. of the momentum equations (Egs. 2, 3), which is
given by (Battjes, 1975), where D defines the energy dissipation due to wave breaking, and coefficient
O can be derived based on the assumption of a Rayleigh distribution for wave trains in nearshore
areas from the following equations:

1/3
v, = 2h(2) (4)
1
D =2QufspgHn O]
10, _ (Hrms)?
o= () ©)

where f; is the mean spectral frequency (f,=1/T., T,» mean spectral wave period), H,, is the maximum
wave height with H,=yd, y is the wave breaking parameter (y=0.55-1.0), Qs is the percentage of
breaking waves at a particular depth d, and H,., is the root-mean-square wave height H,,,=2(<25n>>)"?
and brackets < > denote time-averaged values. It is inferred that for the total prevalence of breaking
waves (Jy=1 whereas for non-breaking waves Hu<<Hu, i.e. O»<<l. This modeling approach can
describe breaking of random waves in complex bathymetries, conforming to the requirements of
operational random wave forecasts and consequent newly added features of WAVE-L (see §2.1.2).
Bottom friction energy dissipation is modeled using the linearized (normalized by local depth d) terms
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in the r.h.s. of the momentum equations (Egs. 2, 3) in x- and y-directions of the Cartesian horizontal
plane. The linearized bottom friction coefficient f; is a function of the wave-induced velocity and the
wave friction coefficient f,,, following the relationship:

foo = (5 furUG + ViE)/d (7)

2.1.2 Innovative features

In the new proposed version of the WAVE-L model, wave generation can be simulated both on lower-
‘South’ and lateral boundary simultaneously, with corresponding expansion of the peripheral sponge
layers (Larsen and Dancy 1983) by an exponential damping factor of wave energy content, DF(x) as:

DF(x) = exp[(b™*/4% — p*$/4%) In 2] (8)

where x; is the width of the sponge layer, b=1+rs+exp(-1/r;) where r~=10/t, (¢; is the number of grid
points inside the sponge layer). In this way, we are now capable to spatially restrict the computational
field in areas adjacent to harbors and thus reduce demand of computational time and resources.

Moreover, the existing version of the model is modified to simulate multi-directional, quasi-irregular
waves (spectral waves propagating with single group celerity). The generation and propagation of
spectral waves may furthermore account for several different angles and directions simultaneously,
practically following the modeling approach of Lee and Suh (1998) that provides the directional
spreading function D(f,6) by the Fourier series representation for the wrapped normal spreading
function (see also Vincent and Briggs 1989) as:

D(f,0) = 3=+ 2 iy exp [~ (732 | cos[n(0 = 6,,)] ©)

where N is the number of terms in the series, 6, is the mean wave direction (0° or 45° in our test
cases), and for each case of 6, 0., the directional spreading parameter (either 10° or 30° in our tests).

Partial and full reflection of incipient waves from harbor structures are modeled based on an updated
version of the Karambas and Bowers (1996) modeling approach of an extra dissipation term in the
momentum equations inserting a turbulent eddy viscosity coefficient, which is calculated via a system
of complex equations (based on a complex wave number K) of the friction coefficient f;, thus allowing
to solve them iteratively for given values of the reflection coefficient R, from literature.

2.2 Application study

Pilot implementation of the new WAVE-L model is carried out at the three largest Greek harbors,
namely the ports of Patra, Piracus and Thessaloniki (Figure 1). Fine resolution bathymetric depth
charts are produced by digitizing 1:5000 maps of the Hellenic Navy Hydrographic Service (HNHS;
https://www.hnhs.gr/) and interpolating by the Kriging method. The mild-slope equation model is one-
way coupled to a coarser 3™ generation spectral wave model (TOMAWAC) for input boundary
conditions; the port area of typically <10 Km?* (Figure 1) is integrated in larger domains. It also
receives input of local changes in bathymetry, viz. mean sea level elevation, from a barotropic 2-D
hydrodynamic circulation model for storm surges (HiReSS; Makris et al. 2019).
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Figure 1 Bathymetry chart of Thessaloniki Port basin (six jetties and piers and one protective breakwater);
contours and color bar refer to depth. X- and Y-axis refer to distances in m from arbitrary start point.
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3 RESULTS

The results mainly concern gridded fields and relevant maps of wave characteristics (height, period
and angle of propagation direction) for both regular and quasi-irregular wave fields of very high
spatial resolution, i.e. discretization step of dx<2m, at 3-hourly time intervals covering the needs of 3-
day forecasts, leading to 24 representations of sea-states per daily model implementation. Model
results support the approaching procedures of vessels to port and harbor basins.

3.1 Model validation

Evaluation of the WAVE-L model’s performance is conducted by comparisons of simulation results
with experimental data of multi-directional irregular wave diffraction around semi-infinite breakwaters
and through breakwater gaps (Yu et al. 2000; Li et al. 2000). The elliptical shoal experimental setup
by Vincent and Briggs (1989) with a directional spectral wave generator is also numerically
reproduced with WAVE-L as a test. Figure 2 presents satisfactory comparisons of model results
against experimental data of both implementations, in terms of normalized wave heights H/H,, H, is
the offshore wave height (upper graphs), and diffraction coefficient Kp (lower graphs), respectively.
All cases refer to new WAVE-L model implementations for spectral waves in several directions.
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Figure 2 Comparisons of WAVE-L modeled results against experimental data of Vincent and Briggs (1989) and
Li et al. (2000), in terms of normalized wave height H/H, (upper graphs), for spectral waves in experimental
cases U3 and B3 [left and right graphs, respectively], and diffraction coefficient Kp (lower graphs) for
experimental data of unidirectional irregular waves (spreading parameter s=co and initial angle of propagation
6,~45°) and multi-directional irregular waves (s=19 and 8,=45°) [left and right graphs, respectively].
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Figure 3 Results charts in the Thessaloniki Port basin for significant wave height Hs (color bar in m) [left graph]
and surface elevation # [right graph] for quasi-irregular multi-directional wave fields, respectively.

3.2 Case study

Figure 3 presents plotted results concerning simulated fields of gridded data (dx=2m) for H, (left
panel) and # (right graph), depicting steady state conditions of extreme cases (H,=2m) for southern
seas as narrow spectral wave fields. The protection offered by the sub-aerial breakwater is obvious in
the first case, as transmitted H; is decreased by diffraction reaching hardly up to 1/4 of the offshore
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wave height on the open boundary. Reflection patterns of quasi-irregular surface elevation are also
visible in the port basin fir the second case of spectral wave propagation, i.e. multidirectional harsh
southern sea states.

4 CONCLUSIONS

WAVE-L is validated by comparisons of model output against experimental data by classic laboratory
physical simulations for regular and spectral waves. It is proven to adequately simulate the wave
propagation in nearshore areas over uneven bottoms and specifically inside harbors, around and on the
leeward side of breakwaters, incorporating wave-structure interaction and plausible diffraction
modeling. The new WAVE-L results will hopefully address significant needs such as safe spatial and
temporal planning of navigation towards and inside ports, port operations to and from mooring sites,
while facilitating the ship-pilot and port-navigator consultation. This should eventually allow for more
efficient management of the navigation and towage services, such as berth positions assignment
according to short-term weather forecasting. The presented Thessaloniki Port case corroborates that.
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Abstract

In the present work, two advanced numerical models developed in-house by Scientia Maris to cover
real-life applications, describing the wave agitation in a port basin, are presented. The first one, 2DH
Maris-BW model, is a highly non-linear and fully dispersive Boussinesq-type model while the second
one, 2DH Maris-HMS, is a non-linear hyperbolic-type mild slope model. Both models are capable of
simulating the transformation of complex wave fields, mainly in harbors, but also in coastal areas,
with varying bathymetries and steep slopes. The numerical models when compared with experimental
data showed that a more than satisfactory agreement was achieved and in most cases a better behavior
over other widely known models.

Keywords Advanced numerical models, Numerical simulation, Wave disturbance, Port basin.

1 INTODUCTION

Harbors are vital links in the chain of maritime transportations having a crucial impact on the global
economy. The function of a harbor is to provide safe anchorage for vessels and to facilitate smooth
transfer of cargo and people between ships and hinterland. Assured surface tranquility inside the basin
is not only essential for safe moorage, but it is also important for efficient port operations. Essentially,
low wave agitation in harbors reduces the excitation of ships moored at anchorage or along a quay and
optimizes the mooring forces.

Nowadays, numerical models are a major tool for engineers involved in the design of port and marine
structures and have become increasingly important for many relevant applications. There are
numerous models in the literature more or less advanced, covering various aspects of wave dynamics
from deep water to the nearshore, at different scales and at varying levels of detail. However, port
engineering practice requires robust models that are able to represent in an efficient as well as in a
reliable way the full range of processes concerning the issue of wave disturbance inside port basins.
They should be able to reproduce adequately the most important phenomena such as diffraction, depth
shoaling/refraction, partial or total reflection, transmission and wave-wave interactions. At the same
time, model versatility should also be considered as an essential requirement, since such models
should be able to be adapted to a wide range of design layouts and applications.

In this paper, two advanced numerical models developed in-house by Scientia Maris able to cover
real-life applications, with respect to the wave disturbance in a port basin, are presented. The first one,
Maris-BW model, is a highly non-linear and fully dispersive Boussinesq-type model while the second
one, Maris-HMS, is a non-linear hyperbolic-type mild slope model. Both models are capable of
simulating the transformation of complex wave fields, mainly in harbors, but also in coastal areas,
with varying bathymetries and steep slopes. The numerical models were also compared with numerous
measurements and showed that a satisfactory agreement was achieved in all cases.

2 MODEL DESCRIPTION

2.1 Maris-BW, Boussinesq-type Wave model

This model is a sophisticated numerical model which was initially developed by Chondros and Memos
(2014) based on the formulation of Madsen and Schéffer (1998). This model is able for simulating
non-breaking and breaking long and short crested waves in a variety of bottom profiles and structures
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of steep slopes, extending the applicability from very deep through to shallow waters and thus
overcoming a shortcoming of most models of the same type. The applicability of that model was
further extended by Metallinos et al. (2019), in order to tackle wave propagation over submerged
porous breakwaters, as well as to estimate the velocity distribution inside the structure body, taking
into account its porosity. The model’s equations read in 2DH form :

(e +V[(d+e)U]=0 ()

1
U,+V{+ ES(U VU + p2(AM + eAlll + 2450 + 3 A8 + pu* (A + el
+0Wb,e?u") =0

)

where { is the surface elevation, U = (U,V) is the depth-averaged horizontal velocity vector, V =
(0/0x,0/0y) is the gradient operator, d is the water depth above the structure, € is the nonlinearity
parameter equal to H/d (where H is the local wave height) and u is the frequency dispersion
parameter equal to h/L (where L is the local wavelength). For the A'! terms the reader is referred to
the original paper of Madsen and Schéffer (1998) and to that of Chondros and Memos (2014).

2.2 Maris-HMS, Hyperbolic-type Mild Slope model

Maris-HMS is an advanced version of a previous model initially developed by Karambas et al. (2010)
and (2013). This model is a phase-resolving wave model based on the hyperbolic mild-slope equations
as proposed by Copeland (1985) and it is capable to simulate the transformation of complex wave
fields in harbors and coastal areas over uneven bottoms. It takes into account energy dissipation due to
wave breaking and bottom friction as well as it incorporates the exact non-linearity in any depth. More
specifically, the latter was achieved through an initial calculation of phase, group velocities and wave
numbers by the linear dispersion relation and then by a recalculation of the nonlinear phase, group
velocities and the wave numbers in accordance to any of Stokes second or fifth order, cnoidal or
solitary wave theories. More details can be found in the companion paper of Chondros et al. (2019).
The governing equations are:

St -V 2Qy =0 (1)

2
Uy +S ¢ = v V20, 2)

where ¢ is the surface elevation, Uy, = (U, V,) is the mean velocity vector,V is the horizontal
gradient operator, d is the depth, Q,, = Uyh,, = (Qu,Py), hy, is the total depth (h,, = d + {), c is
the celerity, ¢, is the group velocity (¢4 = (gd)®®) and v, is the horizontal eddy viscosity coefficient
copying with wave breaking and (partial or total) wave reflection.

3 VERIFICATION WITH EXPERIMENTS

Numerical results of both models, comprising wave height, surface elevation and wave energy spectra,
are compared against experimental data. The scenarios used for the comparison include the
experimental layouts of Berkhoff et al. (1982), Vincent and Briggs (1989) and Metallinos et al. (2019).
Further comparison has been made, with MIKE 21 models in some cases.

3.1 Experiment of Berkhoff et al. (1952)

In this section, the Maris-BW and Maris-HMS results were compared against test data of Berkhoff et
al. (1982). The results of the widely known models MIKE21 BW and MIKE21 EMS were also
compared against the same data. The bathymetry consisted of an elliptic shoal resting on a 1:50 plane
sloping seabed, while the entire slope was turned at an angle of 20° to the wave paddles. The incident
wave characteristic was Hg=0.0464 m and T=1.0 s. All models run for £t = 40 s. The wave heights
produced by the models were obtained by averaging over the last ten periods of simulation, since the
wave field reached a stable state after 30 s. The results of all models are given in Figures 1 and 2.
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8. Figure 2 Comparison of the Maris-HMS (blue line) with MIKE21 EMS (red line) against experimental
data of Berkhoff et al. (1982) (dark blue circles).

From the above results, we can state that all models behave well compared to the laboratory
measurements of Berkhoff et al. (1982). However, in some cases, a slightly better performance from
Maris-BW and Maris-HMS was achieved compared to MIKE21 BW and MIKE21 EMS respectively.
The reason for the first case is the higher non-linearity embedded to the Maris-BW compared to
MIKE21-BW, while in the second case the explanation is based on the fact that a calculation method
of the non-linear amplitude dispersion velocities is incorporated in the Maris-HMS.

3.2 Experiment of Vincent and Briggs (1989)

Vincent and Briggs (1989) performed experiments with frequency-direction spreading which pass
over a submerged elliptic shoal by using a directional spectral wave generator in a basin of the Coastal
and Hydraulics Laboratory of the U.S. Army Engineer Research and Development Center. The wave
conditions used for the simulation is a sinusoidal wave with H; = 0.0254 m and 7 = 1.3 s. For the
numerical simulations of this experiment, the bathymetry with a submerged elliptic shoal is
reproduced. The computational grid was Ax = Ay = 0.05 m and the time steps Az = 0.01 s. The model
run for 30 s and the last 5 periods are used to extract the numerical results of wave heights.

Below the comparison of Boussinesq models against the experimental data are shown at four transects.
An overall satisfactory agreement of the Maris-BW results with the experimental measurements is
again noted. This is true also in the most demanding domain of the experimental setup, i.e. just
downstream of the shoal (#s7) where the MIKE21 BW results are quite away from the measurements.
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Figure 3 Comparison of the Maris-BW (blue line) with MIKE21 BW (red line) against experimental

data of Vincent and Briggs (1989) (dark blue circles).
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3.3 Experiment of Metallinos et al. (2019)

In this section, results of Maris-BW compared to the measurements of Metallinos et al. (2019) are
shown. The latter carried out 2DH laboratory experiments in a wave basin at the Hydraulic
Engineering Laboratory, University of Patra. Part of these tests included measurements of free surface
elevation over a permeable SB with steep slopes, under regular and irregular (Jonswap) wave attack,
including breaking or non-breaking events. A permeable submerged breakwater (SB) with porosity
¢=0.50 was constructed and placed on a mild sloping bottom at 1:15. The height of the structure was
0.2 m at the middle of the crest, while the crest width was 0.5 m. The SB was made of natural stones
with d5,=0.05 m sloping 1:2 at both sides and downstream was placed sand in order to study the
evolution of bed morphology. The water depth at the SB axis was 0.25 m, leaving a 0.05 m freeboard
below S.W.L. The validation shown here, consists of one irregular wave with Hy = 0.080 m and
T,=2.00 s. The comparison between the measured and the computed wave energy spectra at three

representative stations are given below.
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10. Figure 4 Spatial evolution of wave spectrum. (—) experiment, (- - -) Maris-BW.

From the above comparisons of the model’s results with the measurements as well as the results of
other cases not shown here, it can be deduced that the model was able to describe accurately the wave
field over and around a porous SB with steep slopes capturing the nonlinear phenomena at the free
surface, under regular or random wave attack. Also, it has to be noticed that those experiments could
be also seen as a representation of a typical coastal defense project including a porous SB at a scale
equal to 10+15. Thus, the layout could represent a prototype SB constructed at a depth of about 2.5 —
3.75 m with armour stones of a mean diameter 0.5 — 0.75 m.

4 APPLICATION STUDY

Both models were also applied to a real case study regarding the wave disturbance in a port basin.
More specifically, an implementation of Scientia Maris models was carried out for simulating the
wave agitation at the new port of Patra. Incident extreme waves of characteristic height H; = 3.70 m
and T,=7.80 s were considered referring to 9BF wind from western direction. The 2DH numerical
domain in the BW model was discretized using a grid size of Ax = Ay = 2.5 m and a time step of At =
0.01s while in the HMS model spatial and time step was 2.5 m and 0.005 s respectively. The
simulation time was 600 s m for both models. The results are illustrated in maps below depicting wave
heights and surface elevations.

It can be observed that both models can adequately simulate the wave processes of wave breaking,
shoaling/refraction, diffraction and reflection. Regarding reflected wave trains, an increase in wave
height is observed windward the breakwater in both models. These reflected waves are propagated in a
large distance windward the structure’s toe, seemingly without dissipation, which can be attributed to
the linear nature of the propagated signal. However an important benefit of the BW model is that
despite the regular waves considered, wave-wave interactions were taken into account due to the
improved dispersion characteristics and high non-linearity embedded in the model. Consequently, the
magnitude and propagation distance of the reflected waves is reduced and closer to the psychical
processes compared to the HMS model. The proper predicted reflected height is of paramount
importance in wave agitation studies due to the reflected nature of a port basin. Nevertheless, the real
time of the simulation of the BW model was around 6 hrs while in the HMS model was approximately
20 min. Indeed, given the nature of a mild slope model, the latter is much quicker, maintaining the
needed computational resources at more reasonable levels, compared to the first one.
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11. Figure 5 Wave height results of Maris-BW model (left) and Maris-HMS model (right) in the new Port of
Patra

5 CONCLUSIONS

The presented Maris-BW and Maris-HMS numerical models when compared with test data showed
that satisfactory agreement was achieved and in most cases show a better behavior over other widely
known numerical models. Given the satisfactory agreement between models’ results and laboratory
measurements, both models were successfully applied to an application study in the new port of Patra.
and were able to reproduce adequately phenomena related to the physical processes in a port basin.
Hence they are deemed to constitute suitable models for the design and evaluation of the wave
disturbance into a port basin addressing significant needs of the engineering community. In this paper
the benefits as well as the drawbacks of each model were reported so that the engineer would be able
to choose the appropriate model depending on his specific needs.
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Abstract

Spectral wave models have experienced constant development and vast improvements over the past
decades. They are continuously extended in order to model the complex wave transformation
processes that are present in the coastal zone. Nevertheless, wave transmission due to overtopping has
not been included properly yet. In the present paper a new methodology to include wave overtopping
in spectral wave models is presented. The methodology consists of executing sequential simulations at
small time step intervals and whenever wave overtopping occurs in a breakwater, waves are generated
and transmitted behind the structure. This is achieved by modifying the boundary condition at the lee
of a coastal structure to account wave generation due to overtopping. The above methodology was
implemented in the open source wave model TOMAWAC with satisfactory results, however it can be
generalized and applied in any available third generation spectral wave models.

Keywords Wave overtopping, Spectral wave model, Overtopping in breakwaters, Wave generation.

1 INTRODUCTION

Over the last thirty years, models based on the spectral wave action balance equation (WAE) such as
WAM (WAMDI Group 1988), TOMAWAC (Benoit et al. 1996), SWAN (Booij et al. 1999), and
WAVEWATCH II® (Tolman 2002) have gained widespread usage, almost pushing out energy
conserving methods based on ray tracing (O'Reilly and Guza 1993) or phase-resolving models based
on the mild slope equation (Berkhoff 1972), the latter being now confined to harbor agitation
applications. The biggest advantage of the spectral wave models concerns the low computational
resources required for the model execution and the unconditional stability of the numerical schemes
used to solve the WAE equation. Despite numerous advancements over the last decades, spectral wave
models seem rather incapable of simulating the complex hydrodynamic processes that are dominant in
the nearshore area, such as wave diffraction, reflection, wave overtopping etc. In the present paper a
parametric methodology to incorporate wave transmission due to wave overtopping occurring in a
rubble mound breakwater is proposed. The methodology is based on calculating the wave transmission
coefficient and simulating the resulting wave generation and propagation at the lee side of the
structure (i.e. breakwater), in case overtopping occurs.

2 WAVE TRANSMITION DUE TO OVERTOPPING ON A SLOPING BREAKWATER
Breakwaters designed for coastal protection may have a reduced crest elevation that allows large
overtopping volumes. This volume will plunge into the water that is present on the lee side of the
structure and generate waves. However, in case the breakwater is designated to protect a harbor from
wind waves, overtopping can cause agitations inside the basin and disturb the harbor tranquility. This
process is called wave transmission and is defined by the wave transmission coefficient:

e =t (1)

Hmo,i
Where Hmo; is the incident significant wave height at the toe of the structure, and Hmo, is the
transmitted significant wave height.

For smooth sloping structures, the following prediction formula was derived in the European DELOS
project (EurOtop Manual 2018):
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Where R is the crest freeboard height, &, the breaker parameter in deep water and B the angle of wave
attack.

Generally, for a low-crested sloping structure, overtopping occurs if the wave run-up height (Ry2%),
defined as the vertical difference between the highest point of wave run-up exceeded by only 2% of
the waves, and the still water level (SWL) as shown in Figurel exceeds the crest freeboard height.

R,.. =Wave run-up height
R, = Freeboard

H_, =Wave height at the toe of the structure
h = Water depth at the toe of the structure

12. Figure 6 Definition of wave run up height and geometry of a smooth sloping structure

The wave run-up height for an assessment approach is given by the following formula (EurOtop
Manual 2018):

Ryu29,
~u2% 1.65yb}/f}’Bfm_1,o ®

mo,i

In the above equation v is the influence factor for a berm, vyris the influence factor for roughness
elements on a slope, yp is the influence factor for oblique wave attack and &m.1 is the surf similarity
parameter at the toe of the structure, based on the energy period.

Utilizing the above formulas, knowing the incident wave characteristics at the toe of the breakwater
and the geometry of the structure one can calculate the transmitted wave height due to overtopping in
the lee side of the breakwater.

3 METHODOLOGY TO CALCULATE WAVE OVERTOPPING

A pilot implementation of the proposed methodology to calculate wave transmission due to
overtopping in a rubble mound breakwater utilizing the TOMAWAC spectral wave model will be
presented in this chapter. The methodology can be extended further and be implemented for various
types of coastal structures, with simple modifications of the equations (2) and (3) to accommodate the
different geometries of the coastal structures considered.

3.1 Model setup

A hypothetical wave basin, 100 m long and 60 m wide was constructed numerically to be used in the
case study for the implementation of wave overtopping in the TOMAWAC wave model. About 48 m
from the eastern boundary a breakwater 4 m wide and 56 m long is placed. The breakwater was
sufficiently long in relation to the basin’s width in order to minimize the diffraction effects. The
breakwater therefore acts as a dam to the wave propagation and in such a case the only wave agitations
behind the structure are expected to be caused by overtopping. The offshore wave generation
boundary is located at the west side of the mesh. The novelty of the proposed approach is that the lee
side of the breakwater is considered an open boundary as well, with wave generation only in the case
overtopping occurs. The triangular mesh consists of elements with mean nominal length of 3.50 m.
The mesh is more refined in the area around the structure to achieve a more accurate representation of
the wave transmission behind the structure. The unstructured mesh, along with the applied boundary

30



conditions are shown in Figure 2.

(a) &

1 Boundary Conditions
Solid Bounda
(2] Open Boundary |

13. Figure 7 (a) Unstructured bathymetric mesh (b) considered boundary conditions (green for open
boundary, grey for solid wall)

3.2 Calculation procedure

The proposed methodology is based on the principle of executing sequential simulations with the
TOMAWAC wave model, for a small time increment, and each time wave overtopping occurs, the
boundary at the lee side of the structure (which was considered an open boundary with zero wave
energy entering the domain until that time step) is modified, and wave generation occurs from this
boundary with wave characteristics equal to those of the transmitted wave height due to overtopping.
After each discrete simulation is completed, the wave energy spectrum is saved in order to be used to
re-initialize the spectrum for the next simulation (hotstart).

The algorithm and methodology procedure is described below.

1) Creation of the unstructured mesh and the boundary conditions as shown in Figure 2

2) Extraction of the closest nodes’ ID windward the breakwater and the wave generation nodes’
ID at the lee side of the breakwater

3) Specification of geometrical parameters of the structure (such as crest freeboard height)

4) Specification of the maximum number of iterations (Nmax) and the current iteration number
(N), with N=0 initially

5) Increase of the number of iterations by one, N=N+1

6) Execution of the Nth simulation of wave propagation with an adequately small time step to
better capture the overtopping effect

7) Along with the simulation completion the wave energy spectrum is saved to reinitialize the
simulation for the next time increment

8) Extraction of the values of Hmo, Tp, Mean Wave Direction at the windward nodes specified at
step 2 for the end time step of the simulation

9) Calculation of wave run-up height at the windward side of the breakwater using equation (3)

10) In case wave run-up height exceeds the specified crest freeboard height, overtopping occurs
and the transmission coefficient is calculated from equation (2), whereas transmitted wave
height is calculated from equation (1) for the nodes at the lee side of the breakwater

11) Modification of the boundary conditions in order to assign the calculated wave characteristics
at the nodes of the lee side of the breakwater

12) Generation of waves from the boundary described in step 11 in the case of wave overtopping.

13) In case N<Nma, return at step 5 using the previously saved spectrum at step 7 as initial
conditions. If N=Np.« proceed at step 14

14) Concatenation of the 2-D results of the wave height distribution of the discrete simulations in
one file. The total simulation time is Npax * At

The proposed methodology is generic and can be implemented in any spectral wave model, by
modifying the boundary conditions in a similar manner and calculating the wave transmission
coefficient due to wave overtopping.

For the hypothetical case presented in section 3.1 two different simulations where performed, the first
one was the “do nothing” scenario, where no overtopping was considered, while the second
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simulation was executed with the proposed methodology and the required modifications in the
algorithm. General simulation parameters and incident wave characteristics are displayed in Table 1.

14. Table 1 Simulation parameters and wave characteristics at the offshore boundary for the idealized test
case
. At Total time Crest Hino Ty MWD(from)
Overtopping freeboard o
(s) (s) height (m) (m) (s) ©)
Simulation 0 NO 2.0 40.0 0.6 3.0 6.0 270.0
Simulation 1 YES 2.0 40.0 0.6 3.0 6.0 270.0

4 RESULTS AND DISCUSSION

The obtained results concern maps of the computed significant wave height for the whole
computational domain. For the breakwater considered in the idealized test case and the incident wave
characteristics at the offshore western boundary, all influence factors that are present in the calculation
of wave run-up in equation 3 where set equal to 1. In Figures 3, 4, 5 and 6, snapshots of the calculated
spatial distribution of wave height for both Simulation 0 and Simulation 1 are shown for a total time of
8.0's, 14.0 s, 28.0 s and 40.0 s respectively.

(a) (b)
15. Figure 8 Snapshots of computed significant wave height distribution at T=8.0 s a) for Simulation 0 b)
for Simulation 1

(a) (b)
Figure 9 Snapshots of computed significant wave height distribution at T=14.0 s a) for Simulation 0 b) for
Simulation 1

16. Observing the above snapshots, for the Simulation 0 case, no wave agitation is observed
behind the structure since wave overtopping is not taken into account. The only computed significant
wave height at the computational domain behind the breakwater can be attributed to the sheltering
effect due to the structure’s presence, which is minimal due to the relatively large length of the
structure in relation to the basin’s width. On the other hand, for the Simulation 1 case, excluding the
distribution shown in Figure 3, wave transmission due to overtopping occurs at the lee side of the
breakwater, since the computed wave run-up heights for the windward nodes exceed the relatively low
crest elevation of the structure. Wave transmission coefficients for this test case range from 0.3 to 0.55
depending on the values of the incident significant wave height at the structure’s toe. Additionally,
wave run-up values are calculated at every time step, and in case wave run-up height is smaller than
the crest freeboard height then the transmitted wave height is set to 0.0. This is the case shown in
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Figure 3, where the incident wave height is not adequate to produce wave run-up height that exceeds
the crest elevation of the structure, therefore no wave generation occurs at the lee boundary’s nodes.
Considering the above, the structure of the algorithm allows to use time and spatially non
homogenous boundary conditions at the offshore boundary and calculate overtopping at each node

independently.

3
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(a) (b)
Figure 10 Snapshots of computed significant wave height distribution at T=28.0 s a) for Simulation 0 b) for
Simulation 1

(a) (b)
17. Figure 6 Snapshots of computed significant wave height distribution at T=40.0 s a) for Simulation 0 b)
for Simulation 1

The methodology proposed in the present paper for the inclusion of wave overtopping in spectral wave
models can be a valuable asset for engineers in order to simulate the effect of wave overtopping in
various studies ranging from coastal protection or propagation of dam-break waves. This approach is
not intended to push out the use of phase-resolving models for harbor agitation studies, but rather
improve the performance and accuracy of phase-averaged models that are used for a large number of
applications concerning wave propagation in the coastal zone.
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Abstract

The advance of simulation software provides useful tools for the analysis of the ship approach
procedures and ship-infrastructure interaction. Hand calculation of the various applied methods
described in several design recommendations, is difficult and time consuming. And the results of such
hand calculations are only approximations. This paper refers to advantages provided by adopting the
relevant software.

Keywords Navigation, Mooring, Simulation.

1 SHIP APPROACH

Available software is designed to simulate single or multiple ship dynamics in restricted water, taking
into consideration wind, waves, currents, and possible obstacles. The user should input general
topography, channel configuration, and environmental conditions. The software uses a simulator to
generate probable ship tracks to evaluate harbor safety and estimate the likelihood of collision for
various types of vessels, traffic densities, navigation channels geometries and environmental
conditions. It is used by harbor designers and port managers for structures and waterway design,
modification, improvement and implementation of safety measures.

The simulator is based on the knowledge of ship dynamics. Comprehensive models for ship dynamics
under cruising and maneuvering conditions are implemented. It must incorporate a large variety of
options to simulate vehicles (large ships and small boats), with different engine types, weather and sea
conditions, and land and coastal configurations. Some of the navigation code rules have been
implemented for allowing auto piloting of multiple ships in the computer-controlled mode.

The simulator employs modular mathematical models for the various components of the ship (hull,
propeller(s), rudder(s), and thrusters) and environmental effects (wind, current, waves) and waterway
(bottom, pier walls) to achieve a sophisticated mathematical model for the ship. The models are based
on collective experience resulting from development of many simulators.

The simulator can be used for the following applications:
e Traffic safety evaluation in harbors
Safety study of vessel types, traffic densities, waterway geometries
Harbor structures design
Navigation channels design
Port traffic planning
Marine/navigation regulation development
Tug operation optimization
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Figure 1 Tanker maneuvering within a narrow bay

2 MOORING DESIGN SOFTWARE
The software must be based on international recommendations and procedures such as OCIMF
including wind and current coefficients for tanker moorings.

A port designer will be able to plan a vessel's mooring arrangement and to assess the adequacy of a
terminal's mooring facilities and to manage the mooring while at the berth.

At terminals, available software can be used to assess the adequacy of vessel mooring equipment for
the terminal mooring arrangement. The need for and effectiveness of auxiliary mooring lines can be
judged. Wind or current limitations can otherwise be imposed. On vessel, it can be used to plan
mooring arrangements in advance. Time will then be saved in deploying lines to the proper mooring
points. At the mooring, it can be used in real- or fast-time mode to anticipate line tending
requirements.

Key Features of available software should include
e All types of inshore and offshore ship moorings

e Shielding effect of piers

e In-built OCIMF methods and coefficients

e Time related analyses to account for vessel draft (loading) and tide level changes
e Auto generation of wind or wave capability rosette

e Fixed piers with catenary anchored buoys

e Side by side mooring

The basic simulator configuration should allow for quayside moorings at piers, jetties and sea islands
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Additionally, the simulator may be built with added capability to include spread moorings with buoys
and catenary chains (Catenary eff ects in chains included from both ship and anchor to buoy, catenary
eff ects in wires included for CBM’s, buoys allowed in pierside moorings.).

In case of a dynamic simulation vessel hydrodynamics with time varying wind and current can be
used. The user can input other time dependent forces such as wave drift. The dynamic force and
response of passing ships can also be calculated.

The Wave Response Module calculates the vessel response to first-order wave eff ects taking shallow
water and solid wall eff ects into account. The changing line load due to vessel motion at each fairlead
is calculated.

Finally a second ship can be added to any mooring type, pierside, turret, host at bow anchor, etc.

<'L(//
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Figure 2 Mooring Simulation of LPG Carrier
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Abstract

Physio-geographical factors play an important role in the selection of the appropriate site for a port
location. The port of Alexandroupolis, started operating in the middle 1870s as a small fishing shelter,
and is currently aspired to act as a major port in the Eastern Mediterranean region regarding tourism
and commerce. The present contribution investigates the properness of its location, regarding physio-
geographical setting, hydrodynamic and sedimentological features. The results show that the position
of the port is rather problematic considering the shallow bathymetry and the hydrodynamic capability
to rework seabed fine sediments, along with the supply of suspended material by the R.Evros; these
factors constitute both the entrance of the port and the constructed navigation channel vulnerable to
siltation and inappropriate for large vessel shipping.

Keywords Navigation channel, Dredging, Hydrodynamic activity, Resuspension.

1 INTRODUCTION

The selection of a port location is dependent on many factors which vary widely (e.g. social,
commercial, geographic etc.) and are interconnected (Agerschou et al., 2004). Among all, the
importance of the physical factors of the location is undoubtedly important and is related to the
physical protection, land availability for infrastructure and services, the hydrographic network and the
presence of river systems, coastal underwater geomorphology, sedimentology and hydrodynamics.
These physical features are being examined in the case of the Port of Alexandroupolis to investigate
the properness of its location.

2 THE PORT OF ALEXANDROUPOLIS

2.1 Geographic setting

The port of Alexandroupolis is situated at the western edge of the Evros River delta, in the shallow
waters of the extensive open continental shelf of the North Aegean Sea, where the isobath of 10 m is
located at a distance of 3 km offshore. The port started operating in the middle of 1870 as a small
fishing shelter. Since 1924, continuous expansions started taking place (Figure 1) with simultaneous
upgrade of the terrestrial installations aiming to increase port’s capacity in the Eastern Mediterranean
region regarding tourism (cruise ships, recreational craft) and commerce and, more importantly, the
sector of combined transport.

1924 1960 1996

L g

2004

.

Figure 1 Map series of the Alexandroupolis port evolution
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Reclamation works in the port are active up to date with excavation works at both the port basin and
the navigational channel, which extend eventually at a distance of 4 km, in order to deepen the latter
up to 14 m depth.

2.2 Hydrodynamic and sedimentological setting

The hydrodynamics of the area is mainly defined by the wave regime, as the astronomical tide is lower
than 20 cm, whilst, sea level rise due to meteorological tide may reach 0.8 m (HNHS, 2005).
Therefore, the port area is exposed to SW, S and SE wind-induced waves, with the SW waves being
the most frequent (4.8%) on an annual basis, presenting the maximum wave conditions (Table 1).

Nearshore wave conditions (wave breaking height (Hp), wave direction (ay), depth (dp) and wave
velocity (u,) at breaking) induced by the aforementioned offshore wave regime, calculated with
respect to the mean annual frequency of occurrence and the maximum wave conditions are presented
in Table 2 (after Karditsa et al., 2013).

Table 1 Wave characteristics in the Alexandroupolis Gulf
|

Di‘:; ‘c‘;?on f(%) Tp(sec) Hi(m) L(m) P (10*°W/m) |
. E 2 SW 4.8 3.49 0.44 19.04 6.36
§ §E S 1.8 3.78 0.53 22.32 3.71
& SE 0.8 1.82 0.12 5.16 0.40
% % SW 0.015 11.29 6.28 198.84 15.44
z 3 S 0.005 7.86  4.83  96.38 1.80
§ > SE 0.002 6.87 3.22 73.63 0.28

Granulometrically, seabed sediments present a zonal distribution pattern, sub-parallel to the depth
contouring. Thus, nearshore sediments (<10m depths) consist of sand (S, zS), while the zone
extending from the 10 m to the 30 m isobaths is dominated by muddy (M, sM) sediment. A secondary
zone enriched in silty material (Z, sZ) is extended within the muddy sediments, in water depths
between 10 m and 20 m. The offshore sediments in water depths >30m, are classified as muddy sands
(mS) (Karditsa et al., 2013), representing the transgression to the relict sandy deposits appeared in
water depths > 40m (Pehlivanoglou edt al, 2000) (Figure 2a). This zonal spatial distribution is closely
related to wave induced hydrodynamic characteristics. Thus, seaward limit of nearshore sandy zone
coincides with the breaking depth related to the highest incoming SW waves, whilst, closure depth (for
maximum wave conditions) and the commencement of the intermediate zone of wave propagation (for
the average wave conditions), generally, coincide with the shoreward limit of the silty zone lying in
between 10 m and 20 m of water depth.

[—Breaking Zone (Maximum Value)

Figure 2 (a) Seabed sedimentology in the gulf of Alexandroupolis and (b) Evros plume dispersion under
southerly directed winds
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In addition, the gulf of Alexandroupolis receives suspended sediment provided by the westward
dispersion of the Evros River plume, especially under the influence of SW and S directed winds
(Figure 2b).

3 METHODOLOGICAL APPROACH

Wave data (offshore significant wave height (Hs) and wave period (T)) along with the nearshore
hydrodynamic characteristics (wave breaking height (Hy), wave direction (ap) at breaking, depth (db)
and wave velocity (up) at breaking) were calculated with the use of the prognostic equations of CERC
(1984) utilising the wind data obtained by the nearby airport’s weather station, installed by the
Hellenic National Meteorological Service (period 1951-2002).

The total wave energy flux (P) was calculated by the Eq. 1 (Komar, 1998): P= E C, e

where, C; = Co/2 (for deep water conditions) and C, is wave velocity (=1.56 T) and E is the total wave
energy given by the Eq. 2 (Komar, 1998): E=1/8 p g H,® 2)

where, p is sea water density, g (=9.81 m/sec’) and Hj is significant wave height.

The seaward limit of wave impact upon the nearshore seabed sediment is given by the closure depth
(h¢), during storm conditions (Hallermeier, 1981):

2
h.=228H —685 [ A, J

2
g7, (3)

where, Hc is the maximum (extreme) wave height before breaking and T. is the extreme wave period.

The capability of near-bed flow to initiate resuspension of the bottom sediments was investigated with
the use of the Shield’s criterion of motion (0), which is given mathematically by the Eq. 4:

Hzf/[(a—p)-g-d] )

where, (1) is the shear stress (see below), ¢ is the density of the sediment (=2650 kgr/m?), p is the
density of sea water, g (=9.81 m/sec2) and, d is the mean grain size of the sediment samples.

Shear stress (1) induced by wave activity is calculated using the Eq 4: tw=1/2pf, Uy’ %)

where, fi, is wave friction factor and Uy is water orbital velocity. Wave friction (fy) is given by
Soulsby’s (1997) Eq. 6: £,=1.39 (A/z,)*** (6)

where, 7, is the hydraulic roughness length depending on two cases; (i) sediment skin friction (Zosf)
calculated based on grain size (dso) according to the Eq.7:  zos=ks/30, where k&= dso 2.5 7

and (ii) bedforms drag i.e. the presence of bed forms (ripples) which was set at z—=0.01m (Sternberg,
1968). Near-bed orbital velocity is calculated using the Ep.8: U,=nHy/Tsinh(k d) ®)

where, H and T are the significant wave height and period, respectively, k (wave number) =2x/L; (L is
the wave length) and d is the water depth.

4 THE IMPACT OF EXTREME EVENTS ON THE PORT OF ALEXANDROUPOLIS

During February 2015 extended dredging works had been taking place in the port of Alexandroupolis
in order to deepen the navigation channel of the port up to 30% of its natural depth i.e. from 7-8 m
natural depth to 12 m depth. The navigation channel following a SSE direction extends 4 km offshore.
Dredging works started in October 2014 and in January 2015 had been completed up to 50% of the
initial planning. Nevertheless, in February 2014 strong winds of South directions took place with
velocities in the order of 15-33 knots (8-17 m/s), and bursts of 34-40 knots (17-20 m/s), lasting for
more than 36 hours. The wind-induced south waves reached the 3.6 m height (Hs) and 7.2 s period
(Ts). In Table 2, the calculated hydrodynamic — morphodynamic parameters (i.e. wave breaking height
(Hy), depth (dp) and wave velocity at breaking (uy)) are presented. In addition, longshore transport
induced by south waves is expected to follow a westward direction at both (west and east) sides of the
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port, with respect to coastline orientation (Figure 3). Moreover, the result of the calculations regarding
the capability of the incoming waves to initiate resuspension of the bottom sediments (Table 3) show
that all shelf sediments could have been subjected to resuspension during this storm event.

1 '} '
Longshore transport

=== Breaking zone
ssanss Closure Depth
% Potential Resuspension

40°50'0°N

40°45'0°N

25°50'0°E 25°55'0"E

Figure 3 Schematic presentation of longshore transport direction, position of breaking zone and closure depth
and positions of examined sediment’s potential resuspension under extreme south wave activity

Table 2 Water depths of breaking (db) and depth of closure (hc) together with the corresponding significant
wave heights

Breaking Zone Closure depth zone
Depth (dv, m) Wave height (Hp, m) Depth (di, m) Wave height (Hs, m)
4.8 3.8 6.4 3.5

Table 3 Calculation of the capability of near-bed flow to initiate resuspension of the bottom sediments

Tw 0 Ocr
Sediment skin friction (zosr) ds0=0.019mm 1.26 1.32 0.1
Bed forms drag (zosa) Zo=0.01m 5.98 6.26

Moreover, storm surge that exceeded +0,4 m (gauge station of Alexandroupolis port, HNHS), in
combination with coastal geomorphology (i.e. shallow shelf, sheltered to the north and northeast) led
to the initiation of a south-southwestward directed underflow which contributed not only to seabed
sediment reworking but also to the removal and transfer of the resuspended sediments.

As a consequence, the storm event of February 2015 is related to the immediate filling of the dredged
navigation channel during which channel depths turned from 13 m to 9 m, when the surrounding
natural depths are ~7.5 m. Intersections in Figure 4 provide an indicative example of the sequence of
dredging and infilling of the navigation channel close by to port entrance. More specifically,
November 2014 corresponds to the initiation of dredging, January 2015 the completion of dredging
actions in navigation channel in the area close to the port entrance and February 2015 the infilling
after the storm event.

44



‘Afovag Arathou

Figure 4 Indicative intersections in the navigation channels representing natural depths (green), and depths
during January 2015 (pink) and February 2015 (light green)

5 CONCLUSION

The position of the port of Alexandroupolis is assessed to be problematic, based on the
geomorphological, sedimentological and oceanographic characteristics of the area. The port is
associated with a rather shallow, smooth and fine-grained seabed, with the 12 m isobath being at a
distance of >3 km far from its entrance; the latter means that an artificially dredged navigational
channel is required for large merchant shipping. However, the hydrodynamic (wave) ability to
resuspend fine grained seabed material, along with the supply of suspended (fine grained) material by
the Evros River, and the overall oceanographic setting, constitute both the area nearby to port entrance
and the constructed navigation channel, vulnerable to siltation.
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Abstract

Experience gained over the years by harbour engineers has shown that the knowledge of the seafloor
bathymetry and geology as well as the presence of geo-hazards on harbour project sites is a pre-
requisite for the safe planning, design and construction of harbours. This paper focuses on and
discusses case studies of maritime infrastructures in Greece, which were planned and designed without
fully complying with worldwide adopted guidelines for site investigation studies. The lacking of
knowledge in the prevailing seafloor bathymetry and geology as well as the presence of geo-hazards
during the planning and design phase showed that the final cost of most of these constructions was
much higher than originally estimated, some finished much later than the estimated date and others
failed to meet the initial design. The above suggests that the study of the above mentioned using state
of the art marine geophysical surveying technologies are necessary for the successful planning, design
and construction of harbours.

Keywords Marine geophysical surveying, Seafloor bathymetry, Offshore geology, Geo-hazards.

1 INTRODUCTION

The frequent worldwide failure in foreseeing the effects of geological hazards on maritime
infrastructures over the last century has put pressure on scientists and engineers to possess complete
overview of the geological conditions and hazards prevailing on the site that may impose construction
and/or operation constraints on the infrastructure. This paper focuses on and discusses case studies of
maritime infrastructures in Greece (Fig 1), which were planned and designed without fully complying
with worldwide adopted guidelines for site investigation studies, aiming at highlighting that the study
of the geological conditions prevailing on the site, with state of the art strategies, is a pre-requisite for
the efficient plan and design of maritime structures (Murphy et al., 2010; Kevin-Smith et al. 2010;
Tarata et al., 2005). Furthermore, based on these case studies, the paper proposes a set of surveying
strategies for acquiring an overview of the above-mentioned conditions, which may impose constraints
on the construction and operation of such infrastructures.

Here, five cases of marine structures that were planned and designed in the late 1990°s and constructed
in the past two decades, are examined (Fig. 1). The New Patras Harbour, the New Aigion Harbour, the
Katakolo Port and the Alexandroupolis Harbour and navigation channel dredging. In most of these
cases the cost of construction was much higher than originally estimated and the infrastructure was
completed much later than the planned schedule. The laboratory of Marine Geology and Physical
Oceanography was involved in these projects after complains by the contractors to the public
authorities supervising the projects, that there were discrepancies regarding the prevailing on the site
conditions ie bathymetry, sediment composition, sediment thickness etc, given in the master plan and
those, that the contractor meets in the site during the construction works.

2 CASE STUDIES

2.1 New Patras Harbour

Patras is the 3rd largest city in Greece with a population of around 200,000 and its harbour is the
gateway to Italy and Western Europe (Fig. 1). The continuous increase in marine transport in the 80°s
led the central government to decide on the construction of a new harbour about 1km south of the
existing one. The New Patras Harbour project started in 1993. According to the Master Plan the
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harbour would have cost about 120.106 Euros, to be built in 3 phases and finished in 2004 (ADK. S.A.
and Triton Inc., 1994). The harbour would have comprised a 2.8 km quay and a 2.5 km breakwater
parallel to the coast and would have accommodated the simultaneous berthing of 12 ferries and Ro-Ro
vessels. However, none of the above mentioned materialized. The first two harbour phases finished in
2011, that is 7 years later than scheduled, and the 3rd phase is pending with the cost almost doubled,
the quay length is 1,000m with five docking stations and the breakwater length is 1,500m. All the
above-mentioned changes to the master plan were the result of the poor master plan study. The site
investigation, on which the planning and design of the New Harbour was based, was limited to
bathymetric and geotechnical engineering studies but didn’t include the use of worldwide high
resolution bathymetric and marine geophysical surveys, which are pertinent to harbour engineering.
These changes increased tremendously the original estimated cost of the harbor and delayed the
schedule of the harbor operation starting time.

The data used in the master plan for the planning and design of the harbour was based on the study of
bathymetry and of the physical and mechanical behavior of the sediments on the seabed under static
and cyclic loading. The bathymetric map on the site was based on charts provided by the
Hydrographic Department, which are suitable for navigation purposes, supplemented by lead sounding
(ADK A.S. and Triton Inc., 1944). The geotechnical study of the sediments included bore-holes,
sampling and laboratory tests as well as in-situ measurements (ADK A.S. and Triton Inc., 1944). The
contractor (Christiani & Nilsen and EMPEDOS S.A.) during the construction phase, found that the
depth along the site, where the breakwater was supposed to have been built, was by about Sm deeper
than the depth given in the bathymetric map provided in the master plan. The bathymetrical and
marine geophysical survey that followed in order to check the contractor’s claims, showed that the
depth in the site where the breakwater was planned to be built was indeed 5 m. deeper. Furthermore,
the survey showed, that the seafloor on the site was covered by craters seeping methane with an
average diameter and depth of about 50m and 20m, respectively. The survey also showed the presence
of active faults crossing the harbour site and the presence of methane in the pores of the sediments
(Hasiotis et al. 1995; Christodoulou et al. 2003) (Fig.1b). These findings had a colossal impact on the
harbour design. The breakwater was moved nearer to the coastline resulting in a smaller size harbour
basin, the number of simultaneous ship berthings was reduced from 12 to 5 and the scheduled starting
date of the harbour was delayed by 5.5 years to 2011 instead of 2004. Furthermore, significant design
changes mainly in the ground improvement measures and in the sequence of construction operation
were made, in relation to the initially recommended design to enhance the stability and safe
construction of the quay and the breakwater (Loukakis and Yegian 1998). These changes increased
tremendously the original estimated harbour cost.

2.2 The Aigio New Harbour

Aigio town is situated in the Corinth Gulf in Greece and its population is around 25,000 (Fig. 1). In
1997 the central government decided on the construction of a new harbour about 800m to the north of
the existing one, to meet the demands of the increasing traffic. The new harbour was planned to
service ferries, cruise liners and RO-RO vessels. The New Aigio Harbour consists of a rectangular
quay built on reclaimed land with a length along the seafront of 265m and a width of 60m (Rogan and
Associates, 1997). The site investigations carried out for the planning and design of the harbour were
limited to bathymetric and geotechnical engineering studies but did not include high resolution
bathymetric and marine geophysical surveying, used worldwide.

The on-site bathymetric map was based on an existing chart provided by the Hydrographic
Department for navigation purposes and the seafloor was inspected by divers. The geotechnical study
of the sediments included four bore-holes, sampling and laboratory tests as well as in-situ
measurements for examining the mechanical behavior of the sediments on the seabed under static and
cyclic loading (Gazetas, 1995). The contractor found during the construction, discrepancies in the
bathymetry and in the geotechnical characterization of the surficial sediments given in the Master
Plan. The high resolution bathymetry and marine geophysical survey which followed, was carried out
after the excavation in the upper 2 m. of the surficial layer, the installation of 10 m. long stone
columns and the construction of the first phase preloading embankment showed: (i) discrepancies in
the bathymetry between the present high resolution bathymetric survey and the one carried out after
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the excavation of the upper 2m in the surficial layer and the installation of the stone columns (ii) the
presence of three parallel layers dipping downslope at an angle between 4 and 5% and the presence of
methane in the sediments pores (Fig. 1c) and (iii) rotated slides affecting the upper layer in the seabed
and the stability berm in the quay wall (Fig. 1c). Discrepancies of between 2 to 4m found in
bathymetry along the zone, where the preloading embankment was placed, can be explained either by
settlement of the seabed due to the consolidation effect caused by the construction of the preloading
embankment and the pore water drainage through the stone columns or, at depth mistakes in the chart
used. Furthermore, the marine geophysical surveying suggested that: (i) the Safety Factor determined
for the slope stability of the proposed quay had to be recalculated because the slope gradient used for
its calculation was different to that observed, (ii) the rate and magnitude of the expected sediment
settlement had to be re-estimated and (iii) the stone column lengths had to be increased in order
penetrate the deeper layer.

2.3 Alexandroupolis Harbour and Navigation Channel Dredging

Alexandroupolis town is located in northwestern Greece and its population is around 50,000 (Fig. 1).
The Alexandroupolis harbour is the 3rd largest in northern Greece and is considered the gateway to the
Balkan and central Europe (Fig. 1d). The port comprises a small harbour about 280,000 m2 in size,
which is used as a marina and a larger outer one about 1x10 m2, which can accommodate ferry-boats,
general cargo and Ro-Ro vessels as well as tankers. At present the max. safe draft along the 1.7km
quay varies from 4to 10.5m whereas along the 3.5km navigation channel it is 7m. Since 2008
extensive dredging is going on to increase the safe draft in the harbour and in the entrance channel to
12 and 12.5m, respectively. The dredger type suggested for use in dredging the muddy sand sediments
in the harbour basin was the suction dredger, in order to minimize the turbidity and confine the spread
of the contaminant material within the basin. However, the dredger type chosen proved inefficient in
dredging the muddy sand sediments in the harbour due to the presence of solid man-made debris in the
sediments. Indeed, the marine geophysical survey, which was carried out detected a large number of
solid man-made objects ranging from small size to ship anchors and chains lying on the seafloor
and/or inter-bedded in the sediments.

2.4 Katakolo Port

The Katakolo Port lies on the western edge of the Peloponnesus peninsula in Greece. It is the gateway
to Olympia, the birth place of the Olympic Games, and the Delphi Oracle, the Umbilicus of Earth. The
port was built in 1857 for the transport of blackcurrants to Italy and Western Europe. The modern port
was constructed in 1992 and about 250 cruise ships berth there every year. It is one of the busiest
Greek ports for cruise ships. The port is comprised of a long and a short pier and a wharf in between
with a total quay length of 700m. The long pier and the wharf can accommodate three cruise ships
berthing alongside simultaneously. The maximum draft in the navigation channel is 6.1m and its width
1s250m. The maximum draft along the cruise ships berths is 9.5 and 7m.

The site investigation for the port plan and design was based on existing bathymetric maps
supplemented by lead soundings and the study of the geotechnical properties of the sediments on the
seabed, together with a stability analysis of the seafloor-sediment interaction under static and cyclic
loading. Local people witnessing in the past flames, emerging from the soil, (the most recent being in
1972) followed by an explosion in the vicinity of the port, (indicative of gas seepage from the soil)
was not considered by the port authority as potential geological hazards, which could pose risk to the
infrastructure, vessels or human life. Therefore, no further steps were taken to investigate gas seepage
from the soil, nor were safety measures proposed.

Offshore geophysical and onshore geological/geochemical surveys which were carried out in 2003 and
2009 in and around the port within the ASSEM and HYPOX Project framework financed by E.U.
(Etiope et al. 2006) have shown that: (i) there are deep accumulations of natural gas migrating to the
surface through fault zones, (ii) sediments in the port are gas charged, (iii) gas seeps from the seafloor
and gas bubbles rise into the water column, (iv) gas seeps through vents on land causing cracks across
the asphalt quay pavement beside the customs office, the duty free and the car park areas and (v) the
gas is a mixture of methane and hydrosulfide, (vi) gas fluxes range from 5,600 to 165,000 mg.m-2d-1
with the methane content in the air at about 50cm above the seeping vents being between 5 and 10%
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and the hydrosulfide levels between 102 and 103 ppmv. These methane and hydrosulfide
concentration levels in the air are considered as human hazards because they are potentially toxic
when inhaled and inflammable, respectively (Etiope et al., 2006). In addition, the presence of gas in
the sediment pores reduces the shear strength of the sediments leading to loss in their bearing capacity.
However, all these years the piers and the wharf have been affected by only minor damage.
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Figure 1 (a) Map showing the location of the surveyed harbours. (b) New Patras harbour (i) Bathymetrical map
(DEM) showing the presence of a pockmark field where the breakwater was installed, (ii) seismic profile
showing the presence of gas in the sediment pores of the surficial sedimentary layer, (c) New Aigion harbour,
Seafloor images showing: (i) the bathymetry in the basin harbour, (ii) and (iii) slumped sediments on the seafloor
over the dredged area and gas in the sediment pores, (d) Alexandroupolis harbour, Seafloor sonar image
showing: (i) the presence of debris (dots) on the seafloor and (ii) a large solid debris on the seafloor with a
strong magnetic signature and (e) Katakolo Harbour, (i) bathymetric map showing the presence of an active fault
and the areal extend of gas seeping zones, and (ii) sonar image showing rising gas bubbles in the water column.

3 DISCUSSION

The above presented case studies have shown that the master plan study for the harbours construction
that was drafted without taking into consideration the use of recently developed and worldwide
accepted marine geophysical survey technologies has failed to fully assess the suitability of the seabed
on which the infrastructure will be placed. On the contrary the supplementary marine geophysical
surveys, which were carried out in a later stage during the construction, have shown that the purposed
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planned high resolution geophysical surveys give solutions to the problems the engineers faced during
the construction of the harbours.

Summarising, the lessons taken from the above discussed case studies, it can be suggested that the
detailed knowledge of the bathymetry, the seabed geology including the thickness and stratigraphy of
the subsurface sedimentary layers and the presence of geological hazards in the harbour site with the
use of state of the art marine geophysical surveying technologies i.e multi-beam echo- sounders, side-
scan —sonar, sub-bottom profilers, remote operated vehicles and magnetometers, is a pre-requisite for
the safe construction and operation of a harbour. For more information about the state of the art of the
seafloor mapping technologies please visit: www.oceanus.upatras.gr and www.ionian-acquarium.com
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Abstract
The aim of the current paper is the presentation of blank-sheet design of a new Marina foreseen at the Paralimni
area in eastern Cyprus. The understudy coastal area consists of enclosed embayments and pocket beaches. The
new Marina is foreseen in one of them. The knowledge of all the critical coastal and hydrodynamic processes
was elaborated through studies that provided input for the geological factors, the surficial sediments and the
wave climate. The optimization of the marina design was carried out through mathematical 2D modeling, by
implementing the MIKE21 software suite. The calibration is based on extensive seabed sampling and a habitat
mapping, along with current and wave measurements. Additional optimization regarding the design of the
critical sections of the marine works was achieved through 2-D physical modelling executed in collaboration
with the HR Wallingford laboratory. The scope of the current paper is the presentation of the design procedure
implemented for the optimization of the various aspects of the new Marina in order to meet the high standards of
safety and comfort for the Marina users along with minimization of environmental impacts.

Keywords Cyprus, Marina, Physical Modeling

1 LOCAL CONDITIONS

The Paralimni Marina site is located inside the greater Famagusta Bay of Cyprus, which occupies the eastern
part of the island, and more specifically approximately 9 km to the north of cape Cavo Greco, as indicated on the
aerial photo here below. The shore at the vicinity of the proposed marina’s site runs in a general NW-SE
direction following the general trend of the Cypriot eastern coast. The latter are stabilized by marine works,
mainly small groynes and are widened by artificial nourishment.

rystal Springs Beach

Serena Bay Beach

New Paralimni
Marina

Golden Coast Beach

18. Figure 11 Aerial view of the general project location in relation to the Island of Cyprus on the left and
Aerial view of the project location on the right

2 FIELD STUDIES

Extensive field studies were required in order to accurately document the local conditions and factors that
influence the hydrodynamic and sediment transport regime of the coastal area. These studies are listed here
below:

e Topographic survey covering the coastal area and the bathymetry up to a depth of -27 m, extending for
about 850 m to the NE from the proposed marina and about 1650 parallel to the coastline, covering as
well the coastal land area around the project location.

e Seabed sampling of surficial sediments including more than 50 samples in sections spaced along 150 m-
250 m intervals and covering the entire coastal profile.

e Seabed mapping. indicating the areas covered by rock boulders or continuous rock or by sand. the areas
covered with Posidonia Oceanica.
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e  On-site wave and current measurement campaign.

3 DATA ANALYSIS AND MODELING

The analyses and modeling carried out, in order to investigate existing and developed conditions in the probe
area, are presented in the following sections

3.1 MetOcean and Wave Climate Analysis Study

The available hindcast database which was used, provided by the MWM (Mediterranean Wave Model) covers 39
years of records. In order to establish the long-term wave climate of the area, this data was analyzed using the
“Peaks-Over-Threshold” (or POT) approach employed for both wind and wave data. At the first stage, the MIKE
21 SW (Spectral Waves) module is applied to calculate the wave conditions caused by the examined wind and
wave conditions. The regional model established from which the boundary conditions for the local wave model
were extracted.

3.2 Sediment Transport Analysis

The scope of this study is to assess, both qualitatively and quantitatively, the wave induced hydrodynamic
conditions and the relevant sediment circulation on the area of interest both in present day conditions and after
the construction of the marina. The sediment transport analysis was carried out both for the annual average wave
events but also took into account frequent storm events, i.e. those for 1-year return period.

3.3 Wave agitation Model

Wave agitation modelling was conducted in order to optimize the layout in terms of wave penetration, mainly
focusing at the entrance and the inner marina works for the new Paralimni Marina in Cyprus. Several layouts
were examined.

Layout 1: The layout that originated from the Master Planning for the new marina

Layout 2: The entrance width is increased and the roundhead section is lengthened compared with

layout 1.

e Layout 3: Same as layout 2 including absorbing quays at the northern curved and at the northern side of

the root of the Operations pier
The selected wave events’ simulation is carried out in two stages. The initial stage relates to the extreme wave
conditions outside and inside the marina, namely arising from the 10-year and the 100-year return period wave
events respectively. The second modeling stage, incorporates the finally selected option, i.e. Layout 3, by
checking the most critical sectors by considering the 1 and 50 yrs return period wave events. These critical
sectors are the NE, ESE and SE that owing to their orientation and wave characteristics result in higher wave
energy penetration inside the basin.

3.4 Basin Water Circulation Modeling

The water quality is discussed in the water circulation Modeling. Different cases were selected regarding the
number and the position of the culverts. The water circulation of the basin was examined under the influence of
wind, tide and the combination of these two loads. The inspected cases are mentioned bellow.

Case A: Present Marina Geometry without Culverts
Case B: Marina with one (1) culvert at the main breakwater and one (1) at the operations Pier
Case C: Marina with two (2) culverts at the main breakwater and one (1) at the Operations Pier

e Case D: Marina with two (2) culverts at the main breakwater and two (2) at the Operations Pier
Through the modelling, an estimation of the water renewal was possible as well as the pattern of the wave- , tide-
induced current developed inside the basin.

3.5 Physical model

A 2D physical model was set up at scale of 1:31.37 which ensured the main aspects of wave/ structure
interaction were reproduced accurately at a scale the avoided scale effects; particularly regarding Reynolds
number considerations and for wave overtopping. The purpose of the physical model was to:

e Verify the stability of the breakwater armouring layers, namely the main layer (Accropode™), the
filters and the toe protection mound.

e  Measure wave overtopping discharges over the test section’s crest

e  Optimize the above aspects by testing an optimized configuration of the typical section
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4 RESULTS
In the present chapter, the results are presented in brief.

4.1 Wave penetration Model

The results of the adverse wave conditions are presented below, ie the NE sector for the three examined layouts.
The conditions occuring at the entrance are improved in layout 2 and 3 and the wave conditions inside the basin
and specially in fr

ont of the quay walls became milder with the addition of absorbing quays at appropriate locations.

(a) : T S ‘,,’ —

19. Figure 12 Wave Height Distribution For the NE wave sector and the 10 years return period. a) layout
1,b)layout 2, c)layout 3

4.2 Sediment Transport Analysis
In the following figures the results of NE sector for the average wave conditions are presented, indicating that
sediment transport regime remains almost unaffected by the presence of the marina works.

20. Figure 13 Littoral transport of annual average events from the NE prior and after the inclusion of the
Marina works

4.3 Water Circulation Model

Under the combined effect of tide and wind, the wave circulation is shown below. The area of stagnant water
(white color) is restrained in case C compared to the case D. At the case C the circulation in the large basin
becomes more intense than in case B. In case D deterioration in flow pattern is noticed in both basins.

21. Figure 14 A snapshot of hydrodynamic field (a) case B, (b) case C (c) case D
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4.4 Physical model
Physical Modeling indicated the excellent performance of the tested section against the most adverse wave

conditions. Concerning wave overtopping, the discharges were recorded for the initial cross-section. In order to
enhance the conditions at the lee side of breakwater for small craft, an optimized cross-section was proposed and

tested. In the figure below the diagram of the wave overtopping discharges are shown for the initial and the
optimized design.

@ Initial Design
M Optimisation 1

10 e

q(Vs/m)
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22. Figure 15 Overtopping event during 1 in 100yr wave condition on the left, comparison of wave
overtopping discharges recorded during Test Series A and B for 1 in 50yr, lin 100yr and Overload wave
conditions on the right

5 CONCLUSIONS
A variety of design outputs arose from the aforementioned studies to determine basic design aspects of the
preliminary stage design. The main conclusions emerged are summarized below:

e  Modification of the marina works layout and type (tested Layout-3 option) resulted by the wave
agitating model provides the higher tranquility levels within the marina.

e  The hydrodynamic and sediment transport modeling process indicates that the inclusion of the Marina
does not modify in the existing littoral regime for the embayments in the vicinity of the proposed
works. Thus the inclusion of the new Marina is not expected to cause any morphological changes in the
neighboring recreational coastal areas.

e Increase in the crest level and width of the most exposed part of the main breakwater in order to
provide safe conditions even for the smallest of vessels moored there.

e Selection of location and dimensions for water circulation culverts both at the outer protective works
and at the inner marina works. This works optimization will greatly facilitate water circulation and thus
ameliorate water quality in the basin.
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Abstract

The aim is to share expertise and best practice examples of a durable and holistic approach to fender
system design to increase productivity at marine terminals. Only when all components are designed in
the correct balance and work together properly, the fender system will perform as expected. Users and
engineers should be made aware of the fact that “what looks good in a drawings, might not work in the
field”. Since the rubber units are mostly standardized in the industry, the main engineering and design
challenge is with the steel panels, chains and the corresponding anchorage. The rubber unit is a crucial
component of the system, but is only as good as the overall design of the system. Simple issues like
incorrect chain angles or the positioning of the rubber unit on the steel panel and substructure could
lead to premature failure of the fender system as a whole. When fenders fail or are not working
properly due to low quality or incorrect designs, then there is a cost to the port in terms of repair,
downtime, or even accidents which should not be underestimated.

Keywords Fender design, Maritime fenders, Rubber fenders, Holistic approach to fender systems.

1 AIM

The aim of the paper is to share expertise and best practice examples of a durable and holistic
approach to fender system design to increase productivity at marine terminals. The paper starts by
highlighting the importance of rubber fender materials, the compound mixing and manufacturing
process. This is followed by important factors influencing the design of superior fender systems. An
honest look on typical problems of poor fender system design and resulting consequences provides a
unique insight to the industry. The paper closes with corrective measures to always ensure high-
quality products.

2 INDUSTRY NEED AND IMPORTANCE

The road from designing the compound for a rubber fender with the desired properties to a mixing and
manufacturing procedure that adheres to the highest quality standards is a complex one. It appertains
to a holistic approach that a fender system is treated as one, starting from source materials over design
to the manufacturing process. Only when all components are designed in the correct balance and work
together properly, the fender system will perform as expected. When fender systems fail or do not
work properly due to low quality or incorrect designs, then there is a cost to the port in terms of repair,
downtime, or even accidents which should not be underestimated. In order to avoid increased
maintenance and replacement cost or additional losses for downtime, a holistic approach to fender
system design should be advocated throughout the marine industry. The entire project-specific process
from calculations and design to creating and producing high-quality, durable fenders, fully committing
to international standards and norms, and a clear sense of responsibility should be key to all
manufacturers.

3 INTERACTION OF RUBBER FENDER MATERIAL AND FENDER SYSTEM DESIGN

Being a crucial component of the system, the rubber unit’s raw material, compounding and the mixing
process is a very pivotal and sensitive part of rubber manufacturing. There is no international standard
specifying the chemical composition of the rubber compound, it is rather based on practical
knowledge and experience. Based on this, it is not the chemical composition but rather the physical
properties of a fender being the only reliable indicator of the quality of a rubber compound. Adjusting
the compound for every new fender project according to its requirements is the key to a customized
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fender design, as the characteristics of rubber compounds greatly affect fender performance and
durability. There are infinite combinations of rubber compositions and they all depend on the type and
amount of raw rubber and compounding agents used in the formulation. The expertise in the fields of
compound designing, mixing, production and testing that comes with long-standing know-how are the
key to safety, reliability, and durability of fenders.

Figure 1 Raw rubber material

However, the best formulation of the compound and the highest quality raw materials may not result
in a reliable rubber fender when inappropriate mixing techniques are involved, or the wrong
equipment is used. Ultimately, the consistency of a multi-layered process such as customized rubber
mixing depends to a great extent on the operational control over every production step, a solid concept
of quality management and once again the manufacturer’s experience.

Having produced a high-quality rubber unit is still not sufficient for a reliably operating fender system.
The rubber unit is only as good as the overall design of the system.

4 IMPORTANT FACTORS INFLUENCING SUPERIOR FENDER SYSTEM DESIGNS

The overall philosophy of a fender is simple: the fender’s capacity to absorb the berthing energy of a
vessel needs to be more than the kinetic energy of the vessel. The engineering around fender designs
has been described as “part science — part art” in that it requires comprehensive experience to fully
understand how to provide a good balance between performance, functionality and cost.

4.1 Berthing Energy of Vessels

Calculating the berthing energy of vessels is the first and most important step in the fender design
process. If something goes wrong here, the entire waterfront design could be at risk. The relevant
parameters here are ship type, berthing mode or point of contact from bow. Several calculation tools
are available on the market which support clients during the berthing energy calculation process. It is
important to mention that the results should be seen as a guideline only. It is highly recommend to
share your design approach with an experienced manufacturer to make sure that e.g. the substructure is
sized correctly for the required fenders.

4.2 Factor of Safety

Another important topic is the factor of safety (FOS). It is applied to the normal berthing energy such
that the fender system will be capable of absorbing reasonable abnormal impacts, which may be
caused by mishandling, malfunction, adverse wind and current or a combination of all. It is important
to know, however, that calculation of normal and abnormal berthing energy is based on experience,
while the actual berthing energy can vary substantially each time the vessel berths.
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Figure 2 Factor of Safety

Even though all design principles are closely followed, there are several problems which can occur.
Their severe consequences can be avoided if the corrective measures are followed from the beginning.

5 TYPICAL PROBLEMS OF POOR FENDER SYSTEM DESIGN, RESULTING
CONSEQUENCES AND CORRECTIVE MEASURES

The typical problems of poor fender system design could be the rubber fender position on the panel
and chain layout, the steel panel’s internal structure, UHMW-PE protection pads, and coating system.

5.1 Fender Position on Panel

An unfavorable fender position on the panel exists if for example the rubber unit is installed too close
to the top edge of the panel which can result in potential damage to vessel hull, damage to the rubber
unit due to torsion and tension loads and a lower fender performance. A reduction of the life cycle of
the fender system and the accompanying increase in maintenance and replacement cost negatively
affects the efficiency of port operation.

Figure 3 Unfavorable panel position (P1), chains with incorrect angle (P2) and low rubber quality with incorrect
design (P3)

A holistic approach positions the rubber unit so that it allows for an evenly distributed hull pressure.

Well placed, with the right angled and tensioned chains, the rubber unit is protected against panel self-
weight, tension and shear forces.
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Figure 4 High-quality solution by SFT

5.2 Internal Structure of Steel Panels

A wrong structural calculation for the steel panels can result in the capacity of the steel beams being
lower than required for the applicable load cases. The consequences are bent panels and a dramatic
reduction of the life cycle of the system. A structural calculation following specified standards should
be based on real load cases, vessels and berthing conditions. A robust steel fender panel needs to be
designed to support loads over the complete life cycle.

5.3 UHMMW-PE Protection Pads

If inappropriate FQ/100% virgin material is used, a quick deterioration of protection pads and a
following damage to the steel panel and rubber unit is a severe consequence. High quality UHMW-PE
material protects the steel panel from direct impact by vessels and the rubber fender from shear forces.

5.4 Coating System
Corrosion of steel components is a problem with major consequences. Several causes attribute to that,
one of them being that the coating system for the panel is below the required minimum thickness.

Figure 5 Incorrect steel protection

60



Another reason could be the missing hot-dip galvanization or not using stainless steel. Besides
corrosion, the consequences are manifold: reduction of the steel panel load support capacity, damages
to anchors and chains and a dramatic reduction of the fender system’s life cycle. The coating thickness
should be applied according to specifications and the chains and hardware should be either hot dip
galvanized or produced from stainless steel (hardware only).

Poor fender design has many faces with severe consequences for ports, ships and people. A holistic
approach to fender manufacturing and design based on experience and expertise can minimize risks
and failures.

6 HOLISTIC APPROACH OF FENDER SYSTEM DESIGN

Users and engineers should be made aware of the fact that “what looks good in a drawing, might not
work in the field”. Since the rubber units are mostly standardized in the industry, the main engineering
and design challenge is with the steel panels, chains and the corresponding anchorage. Simple issues
like incorrect chain angles or the positioning of the rubber unit on the steel panel and substructure
leads to premature failure of the fender system as a whole. If a rubber fender system does not perform
as required, safety in marine operation and efficiency for marine terminals cannot be ensured.

For the ShibataFenderTeam Group, the approach to achieving a high-quality fender system has
emerged through a long history of experience with the materials and the processes involved.

All steps of fender design go hand in hand and influence each other. This fact emphasizes the need for
a holistic approach to fender system design in the industry and an experienced manufacturer to ensure
reliable, safe and efficient operations for ports.

Figure 6 Holistic approach to fender system design
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Motéc apoPfiqteg amé omhouévo ckvpPOIENT
A. Anépyng, K. Kopmoing

*YrevBuvog emxowvoviag: (k.kampolis@asprokat.gr)

Mepiinyn

2V mopodco, avaKoiveooT TopovctaleTal 1 OEPNTIK TPOGEYYIOT] TOL PAIVOUEVOD TNG TAELGTG KOl
NG 1G0PPOTIAG TOV EMTAEOVIOV TPOKATUCKEVOCUEV®Y GTOWEIOV OO OTMOUEVO GKUPOSEUD, T
teyvoroyio Kot uEB0dOL £ACPAAIONG OTEYOVOTNTOG KO OVTOYNG TOV TAOTOV TPOKOTUCKEVAGUEVDV
oTolElmv amd omAGuéEVo okvupodepna. Emeénysitar 1 agipopio TV KOTOCKELOV AVTMOV GE OVGUEVEIG
KOPIKEG GUVONKES KOl TEPTYPAPOVTUL 01 SVVATOTNTEG TOV EYKIPOTICUEVODV EEAPTNUATMV TOV APOPOVY
Vv €ELMNPETNON TOV OKAPAOV. ZVYKPIVETOL 1] OIKOVOUIKT Kol 00KIOC HEB0SOG XPNOTG TOV TAMTOV
TPOKOTOACKEVOCUEVOV OTOEIOV amd omMouévo oKkLPOOEND, UE OVTIOTOWYEC TAMTEC KOTOOKEVEG
oA ov vakav. [Mopovoialetar 1 eBvikn vopoloyio kaBd¢ kol  TEQVIKEC 0dMyleg TOPAY®YDV
TPOKOTOACKEVAUCUEVOV TADTAOV oTolygiv. TELOG TapovclalovTol GUYKEKPIUEVEG EQAPUOYEC TADTAOV,
Kot 6TafEPOV TPOKATUCKEVAGUEVOV GTOLYEIDV 0O OTMGUEVO oKLPOSEND, OE AEVEG Kot Mapiveg.

1 EIZATQI'H

H peyiotonoinon tov Boddooiov Tovpiopon, dNodPYNGE TOLES TOVPIGTIKOVG AUEVES KOl EOIKOTEPA
TiIg Mapiveg. T v opBoroyikr a&lomoinom tng emPAVELNS TOV AMUEVOV EQOPUOCTNKE 1 XPNOM
TAOTOV TPOKATACKEVOUCUEVOV KOTAoKEL@V. Edkotepa ot mhwtég mpoPfinteg amnd omiiouévo
OKVPOJEUA, LLE TNV YOPOUKTNPIOTIKY VYNAN OVTOYT TOVG KOl TNV S10(POVIKOTNTO TOVS OVTILET®RIL OV
Oetikd Ta évrova mepIPoavToAroyikd TpofAnuata Tov Bodldooiov tepPdaiovtog .

2 TO ®AINOMENO THX ITAEYZHX TQN XQMATOQN

H Apyn tov Apyumdn: «Ilav copo EVPIGKOUEVO EVTOG LYPOL VPicTATAL MONGN Katakopven (Avmon)
€K TOV KAT® TPOS T Gv kol ion Tpog To Pépog Tov LYPOL OV eKTOTILETAL OO TO GO

1) Otav 10 Bapoc Tov GORNTOC < NG Aveong —  emmALel

2) Otav 10 fApog Tov GOUATOC = NG Avoorng — ompeitan

3) Otav 10 Bapoc Tov cOpaToc > e Avoong —  Pubiletan

1*

Auftriebskraft
AL MERAAAA
LN ARA
NN\ AYAEE A
NSNS NS N NN\ N\

aN

N\ Gewichtskraft
N \vx N N N NN

Typa 1 Ot tpeig mepurtdroeig 1, 2, ko 3
H gfoopdion tng gvotdbelog Tov GOUOTOG KOTA TNV TAELGN, dNAadN TOTE 1 1COPPOTIN TOV
EMMTAEOVTOC COUOTOC Eivol evaTadng 1oydel otav to {gbyog TV dVo duvaueny gival o€ tétown 0éom

MoTE TO oMU, Vo Teivel vo, emavéADeL oty apykn Tov Béom. Ewdwotepa otav 10 Kévipo Bdapoug
(KB) tov copatog givar kétm omd To k€vrpo Tov. (Zymua 3)
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Yyqpa 2 H e€acpdiion g evatdfelog Tov cOUATog Yyqpa 3 H e€acpdiion g 100ppomicg Tov GMLOTOG
Kot TV TASOoM Kot TV TASOoN

H wopporia tov copatog katd tnv mAguon givar gvotafng | actadng étav to Metdkevipo (M)
Bpioketor Tavo 1 kKato arnd To Kévrpo Bapovug (G). (Zyx.3)

3 H XPHXH TOY XKYPOAEMATOX XTIX ITAQTEX TIPOBAHTEX KAI H AEI®OPIA
TOY
SVOTNUOTIKEG LEAETEG GYETIKA Y10, T1] GUUTEPIPOPA TOV GKVPOSERATOS 6T0 Balacovd vepd Edel&ov
OTL TO GUUTUKVOUEVO GKLPOdEUN €lval VIO KAVOVIKEG cLvOnKkeg avOekTikd otnv emidpacn Tov
Borocovol vepo.
Mo v 7wopoyoyf OKLPOSEUATOG KOTOAANAOL Yoo AIMEVIKG €pYo YEVIKOTEPO, UTOPOVV Vv
ypnowonombovv ola to, €01 Toéviov coppave e o EN 197-1 (m.y. Towévto tomov Portland
KAn). [IpobmdOeon yio TNV VYNAN AvTOoYN TOL CKVPOJEUATOG EfvaLL:
e H enapkdc vynAy TEPLEKTIKOTNTA TOV G€ Tolpévto.> 400 Kg./m?
e H tyn tov Adyov Nepov / Toévron va eivor pikpotepn omd 0,50. (w/ ¢ <0.50)
e H emwdioyn tov omAiopod omd To OKLPOdEU Vo glvar ovénuévn, Kol KATO Kovovo
peyodutepn tov 5 cm (BA. Koavovieuo Teyvoroyiag Zxvpodépatog KT 2016)
e No gpoppdleton pio ELVOTKN KOKKOUETPIO adpavav.
e To oxvpddena va givol CIULOVTIKA GCUUTVKVOUEVO, DOTE VO, EXEL VYNAT UNYOVIKT GVTOYN Kol
voortooteyavotnTa. (Zyqua 4 & 5)

Exernixr) avroxr (%)

5 15 2 % x

3 W0
Napopévy aipag (%)

Hydratationsgrad

Amishoa avroxng Aoyw eANTTORG o 10 20 25 30 20
TUPTTURVROTI Anted der Kepdlarporen [Vol.-55]

Zyqpa 4 AGypoplo avtoyng Zyqpna 5 Adypappo v3aTooTEYaVOTNTOS O
TOGOGTO 0/0 TOPWV AEPOG CLUVAPTNON
TOGOGTOV 0/0 TOP®V 0EPOG Kt AOYOL W / €

"Hom o ITAiviog o TTpeaPutepog avapépel oto Naturalis Historia to 77 p.X. 0Tt o1 popaikég amofddpeg
010 BoAacovo vepod yivovtal "Mio eviaia wéTpvn Ao, aKoTovVONTn Y10, TO KOUOTO KOl 1oYupoTEPT
kaOnuepwva". 'Extote ypnoyonoteital 6yed6V 0mOKAEIGTIKG, TO GKLUPOSEUN GTA AYUEVIKA EPYOL.

Oco apopd mAmTA péco amd okvpodena, To 1848 koatackevaletal T0 MPAOTO TAEOVUEVO OO
omAMopévo okvpodepa amd tov Joseph-Louis Lambot ¢ Papka, mov mapovcidotnke 1o 1855 otnv
Moaykoouia ‘ExBeon tov Iapioov. Evad kotd tov A” [Toykoouio [Morepo gppavilovtor ToTapdmiot
omd OMAIGUEVO oKkvupddeua otnv kevipikn Evpomn, wor katd tov B’ Tlaykoéouo IloAepo,

64



KaTOoKELALOVTOL €V GEPE OKTOIOPOlL KAT TOAEUIKA TAOID omd TNV YVOOTH YEPUAVIKY EToupeio
DYWIDAG, eve Ttic embueveg dekoetieg KoTtaokevdlovial TOWKIAM TOLPIOTIKA  GKAPN Omo
Ferocement.

51 4 YXEATAXMOX KAI TEXNOAOTITA TITAPAT'QI'HE
5.2 O oyedoudg TAMTHG TPOKATUCKELOGUEVNGS TPOPANTOG At OTAIGIEVO GKLPOSEL
Aappdver v’ Gy kat’ apyn TV 6OGTH AsTovpyia TG
e Mnyovikn Avtoyn - Zteyavotnta
e Bdpoc - Avoon
o [I\ebon- lcoppomia- Metdxevtpo
Kot 6hec T1g Tpoimobicelg Tov oYESCUOD TOV AMUEVIKOV EPYOV:
e Aveuoldylo
e Kvopoatiopodg
o Xmpotaéio — Kvkhogopio cxopmv
o [Ipdcdeom okapmv
o [lapoyéc Nepot, Hiextpikov pedpoarog, Tniepdvov, Amoyétevong, KA
Mo v Prounyavikn tovg mopoaymyn tpéret va epapuoletar tpdtumo dwuyeipiong mowotntog (m.y. ISO
9000). Eve etvon amopaitntn 1 avtictoryn coppdpewocn Baon tng onfuavong CE yu kabe mopayopevo
TPOTOV. AedOPEVOL OTL OVTEG O KATOACKEVEG VITOKEWVTOL O€ OVGUEVEIS KOPIKEG GLUVONKES, amalTovVTOL

eni MAEoV epyaoTNPloKEC Kol in situ dokiéc. (my. Yodatomepotdtnta okvpodéuatog Pacn EN
12390.08).

Idwitepo Ta eykiPoticuéva eEaptuota, yio Ty ELINPETNON TOV CKOUQ®V, TPETEL VO TANPOLY TIG
OVTIGTOLEG TTPOSIAYPAPEG TNG VOVGITAOTOG KOt VoL EIVOL EYKEKPILEVO OTO TIGTOTOMUEVO VIOYVAOUOVO.
(ILy. avoeidwta e&aptiuata, KAT). Ot 0 eyKIPOTIGUEVEG TaPOYEG, VEPOD, MAEKTPIKOD PEVUATOG,
TNAEPDOVOL, ATOYETELONG KAT TOL GLVNOMG KATUANYOUV GE GUYKEVIPIKO KIPMTI0, TPETEL VA, TANPOLV
TG avTioToEeg mPOdypoPés kot STdEEl; TV VOPALMKAOV KOl  MNAEKTPOAOYIKAOV
gyKataoTacemv. (Zynuo. 6 & 7)

Tyqpna 6 Avoéeidot déotpa kot Kifotio A’ Tyqpa 7 Zuykevipikd KiBOTIo Tapoymdv vepov &
Bonbeiov + Zocifio+dmntiotikd copo. NAEKTPIKOD PEVLLOTOG

5 XPHXH KAI OIKONOMIKOTHTA
O Mo Tég TPoPANTES 0d OTMGUEVO GKLPAdEUN PPIGKOVY EQOPIOYT :
o Y& popivec yuoo vo vodlopEGOLY TV EMPAVELD. TOV AUEva Kol va a&loTolcovy 0G0 TO
duvatov meplocdTepeg BEGEIC TPOGOEGTC CKAPDV.
o Ye yyBvotpogeia yio €0KOAN TPOGPOCT) TPOCHTUCOD KOL LWKPDV LUETAUPOPIKDOV UECDV .
o Y& MUEVEC UE TOAPPOLKA PUIVOUEVE, OTOL Ol TAWMTEG TPOPANTEC Aettovpyovy aveEdpTTa
oo TNV ekdoTOTE GTAOUN TOV VOUTO®V
e Y& TPOCTATELTIKOVE KUUOTOOPOVOTEG G AUEVES, LOPIVEG KAT
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Ol TA0TEC TPOPANTEG amd oKLPOGIEUN AGY® NG OYPOVIKOTNTOAG TOVG, €ivol MakpoPlotepeg Kot
OIKOVOUIKOTEPEG OO AVTIOTOLYEC KOTACKEVAGUEVEG 0O GAA0 VAKE. 'ETol 0 ypdvog amdoPeong tng
OpYIKNG OamAVNG €lval HEYAADTEPOG YO TIC TPOKATOCKEVOGUEVEC TPOPANTEG OMO OTMGUEVO
OKVPOSEUL.

6 EONIKH NOMOAOI'TA XPHXHZ ITAQTOQN ITPOBAHTQN

To ®EK 1651/23.06.2014 apopd otnv dwdikacio TomobEtnong TAmtdv e£edpmv, EMPAVELNG HEYPL
ekato mevivro, (150) .., ot Bdhacoa, yopic eréupacn otov arylodod, yuo emoylaxn xpnomn. Eva to
petayevéotepo OEK 2252/20.07.2016, Bedtidvel Tig oyeTIKEG dl0d1IKOGIEG EYKPLONC.

evikdtepa 1oyvovV Kot ot NG dloTa&eLs:

®EK 674/B*/17.4.2008 & ®EK 479/B*/20.4.2010 mov apopovy TV €KTOVNOT LEAETOV 0510AOYNONG
0cQOAEING MUEVIK®OV eyKaTooTdoemVy, Kobdmg kat to T1.A. 190/1984_ (DEK 64/A°/15.5.1984) ko [LA.
70/1990 (®EK 31/A/14.03.1990) mov a@opovv Ty VYIEWR KOl AGQGAEN TOV ePYULOUEVOV GE
VOOTNYIKES KoL AYUEVIKES EPYOCIES.

7 XTOIXEIA AITAPAITHTA I'TA XPHXH ITAQTOQN ITPOBAHTQN
"Eyxpion tomobémong

Xopota&io — Kvkiopopio okapov

AVTYETOMON OVELOV KOl KULOTIGILOD

Tpomotl mpdcdeong, 6TEPEMOTG, KAl AYKVPWOOTG

Svvtipnon

OMcOnpdTNTo emaveiog

Teyvikd dedopéva eyKIPOTIOUEVOVY EEUPTNULATOV.

Xpbdvog Aettovpyiag Kot avtioToryn andoPecn KOGTOVE oyopag,
Teyvikn Kot 0IKOVOUIKT] GUYKPLON UE TPOPANITEG AAADY VAIKDV.

8 ED®APMOI'EX MAQTON KATAXKEYQN

Avdroya pe tnv mpocPoocn omarteitor OoAdocio 1 yepoaion LETOPOPH KOl OVTIGTOLYN TOVTICT TOV
TPOKOTACKEVOCUEVOV TAOTOV otolyeimv. Omov avaloya pe TOo PApog, TNV omOGTACT KAT
YPNOYLOTOIOVVTOL OVTIGTOLYO METAPOPIKA Kol avOYOTIKA péca. (Zynua. 8 & 9). Katackevalovrot
TAOTEG TPOPANTEG 0€ TOKIAIL S1OTOUNG, UAKOVE, KO LOPPNC. ZNUAVTIKOG TopdyovTog eKTOg 0md T
avapepfévia eivar 1 c®OTH GLVOEGHOAOYIDL aVOUETOED TOLG, T TPOGOEST TOVG OTIC oTabEpég
TPOPANTEG KO 1) 6TadEPT aykOpwon Tovg. (Zynuo. 10 & 11).

Tyqpa 8 I16vTion TpoKaTocKEVAGUEVOL Typna 9 Xepoaio tOVTION TAOTNG
TA®TOV KupaToBpadot o yBvotpoeeio TPOKOTOOKELOCIEVNG TTPOPANTOG
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Tyqpna 10 Tpokatookevaopéveg TAMTEG TPOPANTES OO OTAIGUEVO GKUPOJELLO.

9 XYMIIEPAXMATA

Ol TAOTEC TPOKATACKEVAGUEVEG TPOPANTES 0O OTAGUEVO GKLPAdEUM, OTTMG KOl OAQ TO OVTIGTOLYO
TPOKATAGKEVOCUEVO, TPOIOVTO. OO OTAICUEVO OKLUPOOEUO Yol TO AWMEVIKG €pyd, UE TNV
YOPOKTINPLIOTIKY] VYNAN OVTOYN TOVG TNV VOOTOCTEYOVOTNTO TOLG KOl TNV  SOYPOVIKOTNTO TOVG
avtetonilovtag Oetikd ta évtova TpoPANLaTa Tov BoOAAGG10V TEPIPAAAOVTOC, EXOVV KOTOOTEL Eval
dOKILO GTOLYEID GTOVG TOVPIOTIKOVE MUEVES, popives BvoTpoPein K.o. AUEVIKEG EYKATAGTAGELC,

EYXAPIXTIEX
AZITPOKAT AE — INGEMAR INGEGNERIA MARITTIMA - EAPAZH —X. YoALidog ATE

Biproypoagikéc Avapopéc

Arywnng Bacilelog / T'evikn Gvokny / ABvan 1930

Poykav , Adéhing 1. Mafnpata Bordociog vopavAikng & Alpevikov épymv / AGMva 1973.
Jochen Stark, Bernd Wicht / Dauerhaftigkeit von Beton / Springer Verlag/ Hamburg 2005.
AXTIPOKAT AE: Teyvikd GvAAAS10 TPOKATOCKEVAGUEVOV TAOTMV TPOPANTOV.
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Sub session 1.3: Construction and Operation







YoYKpLTIKI] 0EoA0yNon HovTELOV pHadncng Yo T1) O1EPEVVNGT TS TAPIYOYIKOTNTAS GE
Mpevikd £pyo vwodopng peyding KMpoKog: 1 IEPInTmon TOV KOYeAOTOV KIfoOTiov
OTTAMGPEVOV GKVPOOENATOG (caisson)

I1. PéAAn', A. Tlavac™’, T1. TTavrovPaxng’
'Kriproxég Yrodopég A.E., Adfvo, Gapiépov 30, T.K. 10438, EALGSa

ZKévtpo Kavotopiog Kotaskevdv, EOvikd MetooPio IloAvteyveio, AOMva, Zaypdeov, T.K. 15780, EAL&Sa
*YrevBvvog emikovmviog: antpanas@gmail.com

Hepiinyn

H Oewpio g xopmoing padnong epoapuoletal, 1060 610 YPOVIKO TPOYPOUUATIOUO OGO Kol GTN)
KOGTOAOYNGT GUVOETOV KOTACKEVAGTIKMOV dPACTNPIOTATOV. TKOTOG TNG £pEuvag givar 1 a&loAdynon
ONUOGIEVUEVOV HOVTEA®V KOUTOANG UAONONG OC TPOG TNV OVAADGCT] TOADTAOK®OV KOTUGKEVAGTIKMY
GLGTNUATOV VIO TO TPICHO TOL @avouévov e udbnone. H diepebivnon agopd ta e&ng mévte (5)
povtéda: (o) Evboypappo (n Wright), (B) Stanford "B", (y) Kvpwo, (6) Babuwtd kot (g) ExOetikd. H
gpevvnTikn pebodoroyior mEPLOUPAVEL TN GUYKPITIKY €QOPUOYN KAOE HOVTEAOV, Yol TNV AVAALOT
MUEVIKOD €pYOV LTOOOUNG MEYOANC KMUOKOG, HE ypomn otoyeimv mopaymywotrag. H avdivon
TpoyuaTomoleital o dVo eminedo kabdc kabe évo amd ta mEVTE (5) LOVTEAD YPNGILOTOLEITOL Y10, TOV
TPOodoPopd: 1) Tov  PEATIOTOL  HOVTEAOL YO TNV TPOGOPUOYN IGTOPIKAV  OEO0UEVOV
TOPOYOYIKOTNTOGS KO 11) TOV BEATIGTOL HOVTEAOL Yo TNV TPOPAEYN TOL PLOUOD TOPAYOYIKOTNTOC.
Kpitipro a&oldynong sivar o Pabudc omdkAiong TV TpoyUATIKOV 0E00UEVOV A0 TIG EKTIUAGELS TOV
dtvel to ke povtéro. To anoteréoporo vrodeukvoovy 6Tl To KuPikd povtédo vaepéyel og mpog tnv
eKTiUMoN 1oTopIKAY dedouévayv, evd To povtédo Stanford "B" mpofAémer xoivtepo TO pvOUo
TOPOYOYIKOTNTOC. Qg HEAAOVTIKY €PELVNTIKY katevBuvor mpoteivetal 1 enéktacn Tov mediov Tng
€PELVOC UE TNV EVOOUOTMON TEPIGGOTEP®YV UOVTEAMV KOUTOLANG HAONONG G GLVOVAGUO HE TNV
gvioyvon TV 0edoUEVOV TESTIOV amd AW, TOPOUOIOD TOHTTOV, £PYO.

Aé€erg khewowd Koumodn pabnong, Emovoinmricny dpactmpiotnta, [opayoywdtra, ZTaTioTikn
avdivon.

1 EIZATQI'H

H extipnon tng mapayoyikdtnTog AauPavel voyn g S1dpopovs TapdyovTeg TOL AVTIKOTOTTPiLovY
™ @uocopia ¢ dwoiknong tov €pyov (Panas kai Pantouvakis 2010). ‘Evag amd tovg Poacikovg
TOPAYOVTEG TOPAYDYIKOTNTAG EIVOL 1) EXTAVOANTTIKT PVOT) T®V KATOCKELOGTIKOV dpactnplotitov. ['V
avtd TO0 AdY0, M TTOPATNPOLUEVT BEATIDON TNG TOPAYOYIKOTNTOG O EXOUEVOLG KOKAOVG TOPAYMOYNS
Yo o GUYKEKPUEVT] EMOVOANTTIKY OpOooTNPOTNTA (.. KOTOOKELT] KTIPIOL UE TOAAOVE TUTIKOVG
0pOPOVC) EIVOL GLYVA ATOPPOLL, TOL POIVOUEVOD TNG UAONOTG TOL AVATTOCOETAL HETOED TOV HECHV
Topoyyng mov amacyorovviar oto £pyo (Pellegrino kou Costantino 2018, Thomas «.¢. 1986). Me
GAAo A0V, 1 TOPAYOYIKOTNTO EMOVOANTTIKOV JPOCTNPOTHTOV PeATidvETOl, 060 avédvetor 1
EUTELPIQ, TOV OTOGYOAOVUEV®Y GUVEPYEI®V.

H Oswpia g xoumding pabnong £€xer dexbel kpitikny kvpiog Yoo TNV LAEPATAODGTEVCT] TOV
GLGTNUATOV TOV LEAETOVVTOL KOOMDG KOl Y10 T LOVOSIAGTOTN EQUPLOYT TOL gVOVYPOUUOD LOVTEAOD,
OV 06OV LOVOTTOAEL OAEC TIG OYETIKEG HeAéteg mapaywyikotntag (Jarkas 2016, Jarkas koi Horner
2011). Avtd €xel OC OMOTEAEGLO TOV TTEPLOPICUO TOV TEGIOV EPUPUOYNE TOV OTOTELECUATOV KAO®DC
KOl TOV TOPOUETPOV TOL OTOTVTMVOVTOL 0To GAA0 povtéda pabnong. Méca oe avtd to mAaicto,
yivetor dlepedvnorn kol cuykprtikny afloloynon mEVTIE ONUOCIEVUEVMY Kol EVPEMG OMOOEKTOV
HOVTEAV KOUTOANG MAONoNg Yoo TV avAAvon AWEVIKOD £PYOV VTOOOUNG MEYAANG KAMUOKOG,
KAVOVTOG ¥pNOT CTOYEI®OV TOPUY®YIKOTNTAG LE GKOTO TOV TPOGOLOPIoUO: 1) TOL BEATIGTOV LOVTEAOD
KOUTOANG UAONo”NG Yo TNV TPOCHPUOYN TMV IGTOPIKAV OEIOUEVOV TOPOYOYIKOTNTAG KOl i1) TOV
BérTioTov pOVTEAOL KOUTOANG uaBnong yio v mpoPieyn tov puBuod moapaywywdtntag. Eivoar n
TPMTN EPELVNTIKY TPOCTADEI 7OV OVOADEL LLE AETMTOUEPEID, TNV EPUPUOYT HOVIEA®V KOUTOANG
UEONoNG Yo TNV KOTOGKEDT] MUEVIKDV £PY®V VTOSOUNG LEGH OTO TO TPIGUO, TG TOPAYDYIKOTITOC.
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H doun g epyaciog sivar n €€\g: Apyikd, TapEYOVTAL Ol OTOPOLITITEG TANPOPOPIES GYETIKA LE TOV
TOMO TOV HOVTEA®V KOUTOANG Habnong mov emléydnkov. XTn cuvéxewn, ovaADETOL 1) EPELVNTIKA
pebodoroyia, mopovolalovial To OTOTEAECUATO, TNG £PEVLVOC Kol TEAOG O10TLAMVOVTOL TO POGIKA
GLUTEPACIOTO, KAO®DE Kal Ol TPOTAGELS Y10 TEPALTEP® SIEPELVNOT).

2 BIBAIOT'PA®IKH ANAXKOIIHXH

2.1 Kaumvin Mabnons

H 6ewpla g ®oumiing udbnong vmodexviel 6TL O ATOLTOVUEVOS XOOVOS (EQYATOMQES) YL
TNV TOQOYWYT] WaS OMARNG LOVADAS UELDVETAL G TTOGOOTO TOV YQOVOU IOV OITOLTHON®E YLl
TV TOQAYWYN TG oM YoUuevng povddag (Jarkas xaw Horner 2011). To mocootd ovoudleton
ouOuOC naOnong (learning rate) xow YoQaxTNOICEL TNV £XTAOT TOV GOLVOUEVOU TG LABMONG YLo
pia dpaotEoT T (Thomas %.&. 1986). MoOnpatind, o guluds udbnong tovtiCetan pe v
#hion g xoumding udbnong. Oco wxEdTEEN 1) TLuf Tov QUOKOD PABNoN G, TOOO EVToVHTEQO
T0 Ppouvopevo g wabnons. H Bewoia tng vapumding udbnong epaouotetar yio tnv extipnon
TOU OTIOUTOUUEVOV YQOVOU TOQaymYNS Mag povadag (). 000OS xRTIOU, YLAMOUETQO
00070(0g) 1] YLo. TOV VITOAOYLOUO TNG 00QOLOTIRNG MEOS OLAQUELAS ROATOOKREVNG OLAPOQETIRMV
moootitwv pioag povadag (Everett ko Farghal 1994). H afgowotixt péon dudioreta vohoyiCetan
WG TO TMAXO TOV OUVOMXOU YQOVOU IOV OITOLTHONKE YLOL TNV RATAOXREVT] EVOG OEOOUEVOU
0QLOpol povddwv mEOg ToV 0BNO TV povddwv mou mapnyOnoav (Panas xou Pantouvakis
2014). ‘Otov yoNOWOTOLETOL 1] TTRMTY ®aTnyoeia dedouévav, Tdte 1 ovahlvon Bewoeitor Ot
euteQLExeL povodlaio dedopéva (unit data), evdy dtav YOMNOWOTOLETOL 1) OEVTEQN ROTN YOOI
oedopévarv, M avdivorn eumegéyxel abgolotivd dedouéva (cumulative data). To Adyoug
TEQLOQLOUOV Y WOEOV, 1 TALEOVO0. £QEVVa TTEQLOQILETAL 0T YQTOT LoVadLaiwV OEdOUEVMV.

2.2 Movtéia Kaurvins Mabnons
O mévte (5) oMol HOVTEA®V KOUTOANG MaOnong mov epoapudctnkay otnv épevva givar ot €&ng
(Everett xou Farghal 1994, Srour k.6. 2016, Thomas «.d. 1986):

e EvOUyooppo poviého (1 Wright): Eivor to modto poviého xopmoAng pdbnong xow
avamroyOnxre to 1936 amd tov T. P. Wright yio Tov 71000OL0QL0UO OUVTEAEOTMOV OV
emnEedlovv 10 #OO0TOG %ROTAOREVNS aeQooxadpav. H ovopaoio tov mooégyetar amd v
evBeia yoouurn mov dnoveyeitar dtav oyxediaotel oe AoyaLduxi xhipoxa. Ymo0étel 6tL o
ouOuOS wabnong L=2-, 6mwov n n xAion tg AoyoQOuxing vouTiAng, eivor otabepds o” OAY
™ dudoxelo TG 0aoTNELOTNTAS. ATOTELEL TO TMO OUYVA YQNOLWOTOLOVUEVO LOVTIELO OTIG
UEAETES TAQOYWYIXOTNTAS TOU RATAOREVAOTIXOV RAAOOU AOY®™ TNG OTAOTNTOS TOV XKOL TNG
RAVOTNTAS TOV VO TTOQEYEL ATOdEX T axpifela (Srour %.G. 2018).

e Movtélo Stanford "B": E{vow mogoailoy Tov vBUYQOUUOU HOVTELOU PE TNV TIRO0OT|%T EVOC
ovvieleot) «B» o omolog expodler v moomnyoluevn eumepion Tov ovvegyelov xan
kopaiveton petagy 0-10. To éva delpo ovveyeio oybel 0T B=0, evd yio éva €umelgo oy el
ot 4<B<10.

e KvBurd povrého: Elvar evioyvon tov uBiyooupov poviéhov xal vobéter 0t o Quiudg
pdbnong wwooel vo oAAGEEL pe TNV WAQOOO TOU YEOVOU AOY® TNG EMQEQEONG TG
TQONYOUUEVNG EUTELQIAS %OL TNG €ELOOQQOTNONG TNG TOQOYWYLXOTNTAS ®ABDS TO £QY0
TANoLdler 0TV OAOXANQ®OT] TOV.

e BaOuwtd povtého: Amotedel ypoppik mpocéyyion tov KuPikod HOVTELOL HE TPELS SloKPITéG
eacelg, kabe pio pe otabepd pvdud pabnone. H mpotn ovoudleton @don uddnong 6mov ot
gpyalOUEVOL OTOKTOVV YVAGCT] TOL £PYOV KOL 1) TOPAY®@YIKOTNTA avEdvetar pe tayeic pvbuovg. H
devTEPN OVOPEPETOL MG PAON pouTivag Katd Tnv omoia emttuyydvetar otadlokn Peitioon Tng
TOPOUYOYIKOTNTOC, EVA 1 TPitn @domn opiletar mg n mEPI0d0C TNG KTLTIKNG TOPAYOYIKOTNTUC KOl
ovppaivel 6tav 0 pLOUOC TAPAYOYNG CTAUATGEL VO PEATIDVETOL.

e ExBetnd poviého: Baolletaw omv mogadoyn 0Tt pépog tov ¥eovou avd povdada eivan
0100eQ0 v TO VIOAOLTO VTORELTAL OE PeATimwon péow g emovdinyms. To péoog mov
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vroxrertan og Pertiowon Oo pewwdel xotd To Nuov petd amd éva 0tabed aQud povadwv,
OV AVOPEQETAL MG "OUVTEAEOTHG RATA TO NOV" ®OL O XOOVOG 0vd Hovada Ba meooeyyioeL
oTadLaXA (oL TEMX 1) Y OUNAOTEQN TLU).

OL poOnuatinég OXECELS YLOL TNV EXTIUNOY TNG TOLQAYMYIROTNTOS Ue PAoN T TEONYOUUEVA
povtéha amewoviCovral otov Iivaxa 1.

Mivaxag 1 Mabnuatikég oYE0eLg EKTIUNGONG TOPOYOYIKOTNTAG Y10 TO LOVTELD KOUTOANG PaBnong

Movtéro MoOnpoticég oyéoeig
Evboypoppo Y = A*X™" 1 logY = logA —n * logX
Stanford "B* Y =A* (X+B)™" 1 logY = logA —n * log (X + B)

KoPud logY = logA — b * logX + C * (logX)? + D * (logX)?

Babpmtod logY = logA — n, *logX — n, *J; * (logX — logxpl) —ng *x]J, (logX — logxpz)
, A-Y

Ex0etikd Y =Yy + —2*x/u:

Omnov (ue oepd Y=ypovog i avBpomomdpeg 1 k66T0g Hovadag X; A=ypovog 1 ovOpmTOmPES 1

epPaviong): KOGTOG TPOTNG Hovadag X=opBpog Hovadwv; n=kAion Tng AoyopOUIKNG
KapmoAng, B=mponyodpevn eumepia couvepyeiov; b=KkAon ™G KOUTOANG Yo
mv mpadt povida; C=tetpaymvikdc mapdyovtog, D=kvPikdc mopdyovrog;
ni=kAion 1" @dong, nz,n3=mpdobetn KAion 2" kot 3" @daong Xpi=onueio
oAloyng 12" @dong; xp= onueio aAloyng 2"-3" edong; Ji=1 otav X>xpl,
oAog 0 5 Jo=1 otav X>Xp2, oAdG 0; Yur=teMKOG YpOVOG ovd povado
(eAdytotn TN wov propei va etacet to Y); H=ovvieleotig KoTd T0 NUIov.

2.3 Awadikacio KATACKEVNS KOWELMTHV KIfWTIWV OTAGUEVOD GKUPOIEUATOS (caisson)

Ta caissons ovoaeépovior otn Piproypagio o¢ «tAwntd Kifdtia oxvpodépotoc» (floating box
caissons) ka1 cuvnifmg kataokevalovial oe TA®TEG avtoPfubilopeveg dekauevés. Emonuaiveton 611
AOY® TOL TLTOTOMUEVOL GYNUATOG TOV Caissons OAAY Kol TNG ETMAVOANTTIKAG VONG TOV EPYOCIADV,
0ol kataokevalovtal cVVHOME KOTA ONAdES, N GKLPOSETNON TOVG YiveTal ue ypnon olcHaivovta
UETAALOTUTTOV. XTN YEVIKN TEPIATMOMN, 1 OKLPOJETNOTN Kol 1 OAicOnom Tov UETOAAOTLTIOVL
nmeprroppavet Tpelg eaocelg (Ewdva 1): 1) cuvapporoynon eEomiiopov oiAicOnong, ii) oAlcOnon ko iii)
amoouvoppoldynon e&omicpod olcOnonc. Mo kabe pio amd owtég TIg PAcElC dmeTOONKE £viovn
ekONAmon Tov Qawvopévov g pabnong (Pantouvakis ko Panas 2013) tov omoiov M mepaitépm
depehivnon akoAovBel GTIG EMOUEVES TOPOYPAPOVG.

Axoouvappordynen

Ewova 1 Kohog Tapaywyng caisson

3 EPEYNHTIKH MEG®OAOAOI'TIA

"‘Eva Ayeviko £pyo vmodoung LEYaAng kAipakag anotéhece T HEAETN epintwong yio v épevva. To
épyo mepredduPove v katookevn 34 caissons kot ohokAnpmdOnke to 2012 (Panas kot Pantouvakis
2018). H peBodoroyia eivar diod1dotarn Kot yiverol ypnon povadioiov 6edouéveov TopaymyikoTnToC.
[Ipdtov, Yo TOV 7TPOodopopd Tov PEATIGTOV UOVTEAOL Ylo TNV TPOGOPUOYN TV 1GTOPIKAOV
OEJOUEVMV TAPUYDYIKOTNTOS, YPNOLoTOIOVTOC TO Solver Tov MS-Excel epapuoletor n Mébodog tmv
Eloyiotov Tetpayovov (MET), ®ote vo Ttpocsdioptotovy 1 BEATIOT KOUTOAN TPOGAPUOYAG Kal Ot
TOPAUETPOL TOV KAOe povtélov. To kprtiplo agloddynong Tov HOVIEA®Y Yo TNV TPOGUPUOYN TOVG
OTO 16TOPIKG SedOpEVa Eival 0 GUVIEAESTNS MPocdiopiopon Tov Pearson (R?) mov kvpaivetar 6To
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dtotnuo [0,1], 670V TO UNOEV VTOONADVEL Kapio GUGYETION KoL TO EVOL VTOONAMDVEL TEAELD GLUGYETION.
AgbTepov, Y10 TOV TPOGIOPIGUO TOV PEATIGTOV HOVTELOL TTPOPAEYNG TOL PLOUOD Tapayw®YNS, Pomn
g nebodov twv Everett kou Farghal (1994) ta 6edopéva yopilovtor ot péon. To tpdta 17 caissons
yivovtot ta 16Topikd dedopéva, evad ta, vmorowma 17 eivor ta peArovrikd. H MET epapuoleton yo ta
npmto, 17 caissons kot wpoodopiletar 1 PEATIOTN KOUTOAN TPOGAPUOYNG Yo KABe povtéro. Xtn
GUVEYELD, Ol KOUTOAEG LaBnong enekteivovtal, GOV, Ue TV e&icmon ¢ BEATIOTNG KOUTOANG, Yl
T Sedopéva amd o 17° puéypt To 34° caisson. O GVVIEAEGTHC TPOGdopIcrod tov Pearson (R?) Sev
LGYVEL Y10 TN CLGYETION TOV CNUEIMV TNG EKTETAUEVNG KOUTOANG UE TO TPOYUATIKA OEGOUEVO KOt 1)
axpifela TpoPreymc tov poviéhov a&loAoyeital pe Paon to otatiotikd deiktn Ef mov dtatummOnke
ano tovg Everett kot Farghal (1994) €101kd yio povtédo, kapmoing pébnong (€. 1):
Zlely;" “Yms
Ep = ——4— %100 (1)

O6mov: m = 0 apBudg TV caissons TOL £(OVV KaTOoKELOoTEL, k = 0 apBudg TV caissons oL 1
TOPOYOYIKOTNTO, TPETEL VO, TPOPAEPOEL, Yimei = Ol EKTIUDUEVEG TWES TOPOYOYIKOTNTOS KOL Yinsi = O
TPOYUATIKES TIES TapayykotnToac. O otatiotikdg dgiktng Ef wopaivetor and 0%, mov vrodekvoet
TEAELD GLGYETION, G UEYGAEG OETIKEC TILES TTOV VTTOJEIKVOOVV KOO GUGYETION.

4 AIIOTEAEXMATA

O ITivakog 2 cvvoyilel tnv amddoon kdOe Loviélov yio, Tig dV0 TEPMTMOGELG Kot 1| Ewova 2 divel pia
YPOPIKN OVOTOPAOTACT TOV amoTEAEGHLATOV. OG0V apopd ToV TPOocdlopioid ToL BEATIGTOV LOVTEAOL
YL TNV TPOGOPUOYN 1GTOPIKADV OEGOUEVAOV TOPAYDYIKOTNTAG, OOTICTOVOLUE OTL TO KUPBIKO LOVTEAD
vrepéyel (Iivaxog 2). To ExBetikd poviédlo divel tn AydTEPO EVVOTKT TPOGAPUOYR, XOPIC OU®S Vo
givar un oamodektn, o€ amdAvTEC TEC. Ta amoTeEléopnata EVIGYDOVY TNV TPOYEVESTEPT EPELVO. KOl
VTOINADVOLV OTL TO KAADTEPO LOVTELD Tpooapuoyng eEaptdtar and T B€om Kot T evor kabe Epyov.
Yvuykpivovtog o KuPuwo kow Bobuwtd pe to EvBoypoppo poviélo mopatnpodue U0 GTOTIGTIKG
acnuavtn dapopd 2.51% kot 0.43% avtictorya (p <5%), yeyovog mov emiPefatdvel Tnv TGN TOV
KOTOOKELAGTIKOD KAGOOL Vo yapaktnpilel to Evbdypoappo poviého mg mo "erikd mpog to yprotn”
o0 divel a&lOTIOTO UTOTEAEGLLOTA OTOLTAOVTOG AYOTEPEG TOPUUETPOVS KOl TOPAOOYES.

Mivakog 2 Anotedéopato LovIEA®V KOUTOANG Labnong yio ta 34 caissons

Movtého Kopmding Mabnong R: R:., Ef s (%)
EvbOypoppo 0.9530 0.9629 11.33
Stanford "B" 0.9327 0.9626 5.75
Kvpwo 0.9781 0.9767 17.42
Bobuwto 0.9573 0.9628 16.21
ExBetucd 0.9256 0.9096 6.87
a) . 5.000
@) 5.000 4 o > ——Ipaypatnika Agdopéva
—s—Ilpaypatika Aedopéva 4500 Ev0bypappio
4.500 1 -=-Evfbypappo { -~ Stanford B
4000 4 -=- Kupiko
4.000 14 +-Stanford B ’ bt —— Babpoto
.- - 14 Exfeniko
& 3.500 4 Kops é: 3500 - Enéktaon EvBoypappon
=N . .
2 *—Bafpwtd 2 A = Enéxtaon Stanford B
g ., 3.000 1w . e .
E 3.000 1 % P 5 >~ Enéxtaon Exfetikod
5. i F‘"“"“w & , Enéxtaon Kufwo
Z 2500 4 z 2507 Enéxtaon Babpotod
2.000 A 2000 1
1,500 1 %ﬁﬁ"‘ 1300 1
1.000 T T T T T T d
T T T 0 s 0 0 s 10 15 20 25 30 35
: - N - i ~ (b) Ap1pog caissons

ApOpog caissons
Ewova 2 Kopmodreg pabnong: a) Kaumdreg pabnong yio mpocappoyn 16topikdv dedopévev, b) Kaumdreg
LEONoNG Kot EKTETOUEVEG KOUTOAES LLaBnong Yo TpdfAieym pubpod Topaywyng
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Ocov agpopd v axpifeia mpdPfreync tov povtéAwv yio to puud tapaymyng (flivaxog 2) to povtéro
Stanford "B" &yet tnv xaAvtepn amddoon pe deiktn Effis-34=5.7%, mov detkviEL TOAD KAAT CLGYETION.
Ievikd eivol amodextd 0t T0 povtéro Stanford "B" mpocopoidvel pe moAOTAOKEG KOATAGKEVOOTIKES
dwdkaocieg, eWdwd og €pyo peyding wipokag. To KuvPuod xar Babuwtd poviédo éxouv toug
peyodvtepoug deikteg Efiis34). [Tapoio mov ot Tiég eivor omodekTég, o1 EKTETOUEVES KOUTOAES TOVG
petd to 25° caisson (Ewova 2b) vrodnidvouv pio onuoavtiky taon avénong yuo 1o Kupud kot pia
évtovn tdom «Pooioney vy to Babuwtd. Augotepeg ot KOUTOAES, GNUATOSOTOVY KIVOLVO TOPAYDYNG
U1 PEOMOTIK®DY OTMOTEAECUATOV VIO ETEKTACT TOL TESIOV TIUDV TOVG EKTOC TOL dglypatog tov 34
caissons. To Kvpkd kot BaBuwtd povtéro emPefaidvouvv v dmoyn tov Everett ko Farghal (1994)
OTL €ivol Kokoi TpoyvmaoTikoi deikteg, 6o SlomicT®GaV TOPOUOLES OOVVOAUIEG GE OIKOJOUIKE £PYOl.

5 XYMIIEPAXMATA

H épevva, amédei&e 6T1 T0 pavouevo tng udbnong Ntav EViovo Katd TNV KOTOOKEDT TMV caissons, We
OTOTELECUO VO, EUPOVIOTEL ONUOVTIK PeAtioon oty mopayoywkotta. Amo Tig mepimov 4,000
EPYATOMPEC/caisson Yo TO TPMTO 2 caissons, TO £py0 OAOKANPpmONKe pe péon Topay®ykodTnTo
nepimov 1,500 epyatompeg/caisson. Ta mévie poviélo KOUmTOANG pabnong mov avaAibOnkav, 6Go
aQPOpa TNV TMEPITTMOON NG TPOGUPUOYNG TOLS OTO IGTOPIKE OEOUEVO TOPUY®YIKOTNTAG, &YV
ouviedeot] mpocdiopiopod R*>0.9, mov vmodnidvel apketd vynkd Pabud cuoyétiong pe Ta
Tpoyuatikd dedopéva mediov. To KuPkd poviélo amodeiydnke 1o kotadinidtepo, evd to Exfetico
glye ™ wkpotepn oaxpifela. Avtictora, oty mepintmon ¢ TPOPAEYng Tov  pLOpov
TopayykotTnTog, To povtélo Stanford "B" Bpébnke va givarl o KaAOTEPOG TPOYVOOTIKOG OEIKTNG, LUE
10 ExOetikd kot EvBdypappo povtéro va divouv emiong modd koiéc mpoPréyelc. Te kabe mepintmon,
gtvar adlopEIoPNINTO YEYOVOG TG 1 QAPOYN TG Bempiag Tng KapmuAng pabnong o€ AUEVIKO £pyo
VTOOOUNG HeYGANG KAIpakag amoTtelel €va ypnolo epyareio, TOGO Yo TV omoTiunon 660 Kot Yo TV
EKTIUMON NG  TOPOYOYIKOTNTOS Wwitepa  oOVOET®OV KOl TOADTAOK®V  KOTOGKEVAGTIKOV
dpacTNPOTAT®V, TOL GUUPGAAEL OTN GMOOTH ANYN OTOPACE®V 7OV GYETI{OVTOL UE YPOVIKEC Kol
KOGTOAOYIKEG TOPAUETPOVE TOL Epyov. [TBavég emextdoelg tng €pevvag Oa pmopodoov va
OTTOTEAEGOVV 1] EVOOUAT®ON Kot GAA®V povtéAav ¢ PifAoypapiog Kol 0 eUTAOVTIGHOG TNG Pdomng
dedopévmv Tediov e TEPIOTOTEPEG OPUTTNPLOTNTEG KATOOKEVNG ILE EVTIOVO TO GTOlXEl0 TNG Ldbnong.
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Abstract

Multimarine Shipyards Ltd has embarked upon a project to install a 120 m long floating dock at the
Limassol Port. For the implementation of this project, a preparatory construction phase was mandatory
and included: (1) the dredging of 25,000 m® of material from the existing inclined sea-bed level to the
level of -13.2 m from the Mean Low Water Still Sea Level (2) the construction of a 42 m long deck of
a total area of 1,000 m* and the driving of two piles, to facilitate the mooring of the floating dock. This
paper provides an overview of the development and implementation of a Construction Environmental
Management Plan (CEMP) for the installation of the 120 m floating dock ERENEOS, at Limassol Port
in Cyprus.

Keywords CEMP, Floating dock, Monitoring, Marine Good Environmental Status

1 INTRODUCTION

The Cyprus Ship Registry is one of the largest in the world and the third largest in the European
Union. Cyprus is considered to be the largest Ship-management Centre in the EU and among the three
largest globally (Cyprus Shipping Chamber, 2018). The wider shipping sector in Cyprus employs
4,500 employees ashore and 55,000 seafarers. Shipping constitutes one of the most active and
profitable sectors of the economy, estimated at 7% of GOP (Cyprus Shipping Chamber, 2018).
According to the International Convention for the Safety of Life at Sea (IMO, 1974) for all merchant
vessels a minimum of two inspections of the ship’s hull are required during any five year period, and
the interval between any such two inspections should not be greater than 36 months. Although these
inspections can happen while the vessel is in water, it is much easier, and more common, to perform
them at dry docks.

In the last few years, hydrocarbon exploration activities in Cyprus’s Exclusive Economic Zone have
soared and several international energy companies are active in the area, including Noble Energy, ENI
and Total (Deloitte, 2018). Massive discoveries of hydrocarbons in Egyptian and Israeli waters are
also being investigated leading to a boom in the presence and growth of the oil and gas industry on the
island. The exploration activities are supported by significant infrastructure, including vessels that
require maintenance and repairs in nearby ports.

To better serve the needs of the Cypriot shipping industry and the growing oil and gas sector in the
Eastern Mediterranean, Multimarine Ltd, a Cypriot company that operates at Limassol Port and
specializes in mechanical and marine engineering services to the Marine, Power, and Oil and Gas
industries, decided to invest in infrastructure that would provide dry docking services to vessels up to
7100 tonnes. A floating dock design was selected as it has several advantages over alternatives, which
include inter alia the fact that (i) it does not require waterfront space, (ii) it can be constructed offsite
anywhere in the world where there is expertise, and this makes its acquisition financially preferable as
it can be constructed by the lowest bidder, (iii) it has a resale value as it can be sold anywhere in the
world, and (iv) it can accommodate vessels that are longer that the dry dock itself (Heger, 2005).

The ‘ERENEOS’, as the Multimarine dry dock is called, was therefore constructed in the Ukraine by
Pallada Ltd and delivered to Cyprus in January 2018. In accordance to relevant legislation (RoC,
2005), an Environmental Impact Assessment was implemented and a relevant Environmental Permit
was received by the Department of Environment of the Cypriot Ministry of Agriculture. Additionally,
and above the legislative requirements, Multimarine requested ISOTECH to prepare a Construction
Environmental Management Plan (CEMP) to ensure that any environmental risks during the
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construction of the necessary infrastructure for the installation of the floating dock would be
minimized, and to put in place procedures to swiftly mitigate any environmental impacts. This paper
provides an overview of the preparation and the implementation of the developed Construction
Environmental Management Plan (CEMP).

2 METHOD: DEVELOPMENT OF THE CEMP
Prior to the installation of the ERENEOS Floating Dock several preparatory construction activities had
to be implemented, specifically:

e Dredging of 25,000 m’ from the existing inclined sea-bed level to the level of -13.2 m from the
Mean Low Water Still Sea Level (Figure 1).

e Construction of an underwater sheet pile wall to form a vertical retention front of the slopes of

the excavations.

Construction of a 42 m long deck and of a total area of 1,000 m’.

Installation of a gangway to provide access to the deck.

Two exploratory drills and subsequent evaluation prior to the pile-driving.

Driving of two piles to facilitate the mooring of the dock.

NAQTH AEZAMENH

Figure 1 Left: Schematic of the planned dredging area (orange striped area). Right: Layout of the deck
construction area (blue frame)
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2.1 CEMP Scope of Work
This CEMP is a risk management tool, which has been developed to:

e Provide measures to avoid, minimize, and mitigate potential adverse environmental impacts
associated with the proposed construction works.

e Identify roles and responsibilities of key personnel responsible for the implementation of the
CEMP.

e Provide guidance for the monitoring, measuring, and reporting of environmental performance of
all environmental aspects during the construction phase of the Project.

2.2 Environmental Control Plans

An evaluation of the foreseen construction activities, in combination with the environmental baseline
at Limassol Port, the outcomes of the Environmental Impact Assessment (ISOTECH, 2017), and the
terms of the Environmental Permit by the Cypriot Department of Environment (2017) identified that
during the project’s construction phase there was the potential for several activities to negatively
impact the environment, for example by causing significant vibrations and noise, using limited natural
resources, emitting dust etc. For each environmental aspect that could be impacted, an Environmental
Control Plan (ECP) was developed. The ECPs are short (2-3 page), stand-alone documents that, for
each of the potential environmental impacts, outline the mitigation/ prevention objectives and the
relevant legal obligations, and assign roles and responsibilities for monitoring, reporting and the
implementation of mitigation measures. The structure of each ECP appears in Table 1. The seven
resulting ECPs were developed to facilitate the proper implementation of the CEMP by ensuring that
busy staff are able to have a quick and clear reference document regarding concrete mitigation and, if
necessary, corrective actions that they have to implement:

e ECP-001: Noise and Vibration

e ECP-002: Waste Management

e ECP-003: Air Quality- Dust Emission

e ECP-004: Use of Natural Resources

e ECP-005: Landscape and Visual

e ECP-006: Heavy Vehicles Requirements
e ECP-007: Emergency Response

Table 1 Structure of the Environmental Control Plans

ECP Section Description of Content

Objectives Goals for each ECP

Legal Limits Deriving from EU/ National law and/or Environmental Approval

Relevant Literature List of relevant laws and EIA referrals

Responsible Staff Person responsible to identify potential impacts and non-
conformances to undertake appropriate action

Monitoring Monitoring requirements for the duration of the Project

Reporting Responsibilities, format and frequency for reporting

Mitigation Measures  Provides a summary of how environmental objectives are to be
achieved through practical actions

Corrective Action Actions to be undertaken should limits and targets be exceeded
Equipment Equipment needed to implement mitigation measures

2.3 CEMP Structure

The main sections of the CEMP document appear in Table 2. Two noteworthy aspects of the CEMP
are the assignment of roles and responsibilities and the development of a communications procedure
for all environmental issues during the project’s construction phase. Roles and responsibilities were
assigned to the Project Owner (i.e. Multimarine’s Top Management), the Project Manager, the
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Construction Manager, the site workers, general subcontractors and the Environmental Subcontractor
(i.e. ISOTECH Ltd). Awareness-raising and training responsibilities for site workers and other key
personnel were clearly defined within this section of the CEMP and an accompanying training
schedule was drafted. The Communication Protocol included within the CEMP related particularly to
communication of environmental issues arising during the construction phase, including the
communication procedures in case of an environmental incident or emergency.

Table 2 CEMP Structure

Section Title

Description of Content

Project Description

Existing Environment and Construction
Activities

Legislative and Regulatory Requirements
Potential Environmental Impacts
Environmental Control Plans

Implementation of CEMP
Environmental Monitoring Procedure

Environmental Incident and Emergency
Management Procedure

Description of the Project.

Existing environment at the Project site and a description of the
proposed construction works.

Relevant legislative and regulatory requirements to the Project.
Potential impacts of construction on the existing environment.

Environmental Control Plans (ECP) on mitigation measures and
monitoring requirements for every environmental impact.

How the CEMP will be implemented and specifies roles and
responsibilities of concerned personnel.

The environmental monitoring programme to be followed.

Details the protocol to be followed in the event of an incident or
emergency.
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3 CEMP IMPLEMENTATION: MONITORING AND REPORTING

The implementation of the CEMP consisted in the regular monitoring and reporting of the project’s
environmental performance (Table 3). Specifically, the subcontractor responsible for the construction
activities completed Daily Environmental Inspection Checklists (Figure 2), which were collected and
reviewed on a weekly basis by Multimarine’s Project Manager. An external audit, including a site
walkthrough, was carried out by ISOTECH Ltd on a monthly basis. The audit aimed to gather
information on all the potential environmental aspects of the project, and specifically those relating to
the Environmental Permit by the Department of Environment. The scope of the audit included, inter
alia:

e Status of construction work and site activities.

o The environmental impacts and risks.

e Environmental monitoring programme and management plan; and the overall implementation
status.

e Adequacy and effectiveness of the implementation of the proposed environmental controls

(through Incident Reporting Form, Corrective Action Request etc.).

Overall environmental monitoring results.

Reporting of environmental incidents, complaints, accidents, and emergency.

Status of closing out all non-conformances and corrective actions.

Material usage, waste generation and disposal records.

Environmental training records.

Environmental complaints.

Any other environmental issues arise from the implementation of this CEMP.

Air and Dust
1. | Is the site dusty?

2. | Observation of any air polluting emissions from site relevant activities-
sources?

3. | Observation of any dust emissions from site relevant activities?

4. | What is the Mean Air speed?

5. | Presence of gusts or air speeds over 4 beaufort?

6. | Formation of new piles?

7. | Any action on piles and roads to minimize fugitive dust?

8. | Presence of any uncovered vessel or container?

9. | Any overfilling of vehicles during transportation of bulk materials?

10. | Water reservoir full and water dispersion system operating properly?

11. | Are all vehicles covered during transportation of aggregates?

12. | Any operation with excess noise?

13. | Any noisy activity outside working hours (7:00am -5pm)?

Waste Management

74. | Bins and skips present for all waste streams?

75. | All bins and skips covered, in good condition and with enough space for
next day?

16. | Any Wastes outside designated areas?

Community Annoyance

77. | Any environmental related complain from third party? | ‘ | |

Training

18. | Any special need for training/informative note based on the work of the
day?

19. | Daily briefing for each phase of the project, regarding dust and noise
emission, waste management, accident prevention and procedure?

Figure 2 Daily Inspection Checklist
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Table 3 Summary of CEMP Monitoring and Reporting Requirements

Report Frequency Responsibility

Daily Inspection Checklist Daily Construction Subcontractor
File with Daily Inspection Weekly Project Manager
Checklists

External Audit Monthly ISOTECH Ltd

Waste Management Register Whenever waste leaves site Project Manager

(transfer notes)

Induction and Training Log Prior to personnel starting activities on site Construction Subcontractor
Environmental Incident Report ~ When a significant incident occurs on site  Construction Subcontractor
Corrective Action Request When a significant incident occurs on site  Construction Subcontractor

The development and implementation of the CEMP not only secured the environmentally responsible
performance of the construction activities necessary for the installation of the ERENEOS floating
dock, but also provided Multimarine with a proof of environmental performance, which could be
provided to the relevant authorities at any time upon request. It could therefore act as a ‘best practice’
example to be replicated and applied in all construction activities that have the potential to
significantly impact the environmental status of sensitive receivers.
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Abstract

Multimarine Shipyards Ltd has successfully installed a 120m long Floating Dry Dock named
‘ERENEOS’ at Limassol Port in Cyprus. The Floating Dock, class ABS accredited, was
constructed in the Ukraine in 2017 by the company Pallada Ltd and delivered to Cyprus in
January 2018. The dock provides Multimarine with the ability to offer Vessel Dry docking
Services. Several environment related studies (carried out by ISOTECH Ltd) have been
completed prior to the installation of the dock at Limassol Port: Environmental Impact
Assessment (EIA), an Environmental Permit, Construction Environmental Management Plan
(CEMP) for the preparatory construction phase i.e. dredging, construction of a deck and of the
two piles to facilitate the mooring of the floating dock. Multimarine Shipyards commissioned
ISOTECH to prepare an Operational Environmental Management Plan (OEMP), a dynamic
management system that identifies the environmental risks and legal obligations associated with
the day to day operations of the Dock and specifies the management measures Multimarine will
implement in order to prevent or minimise the environmental impacts associated with these
operations, including guidance for the monitoring, measuring, and reporting of environmental
performance during the operations. This is the first OEMP ever implemented in Cyprus. This
paper provides an overview of the implementation of the OEMP for the day to day operating
activities of the Floating Dry Dock ‘ERENEOS’ for the first year of its operation.

Keywords OEMP, Environmental risk, Shipyards, Mitigate environmental impacts

1 INTRODUCTION

In 2018, Multimarine Ltd, a Cypriot company that operates at Limassol Port and specializes in
mechanical and marine engineering services to the Marine, Power, and Oil and Gas industries,
decided to invest in infrastructure that would provide dry docking services to vessels up to 7100
tonnes. A floating dock design was selected as it has several advantages over alternatives, which
include inter alia the fact that (i) it does not require waterfront space, (ii) it can be constructed
offsite anywhere in the world where there is expertise, and this makes its acquisition financially
preferable as it can be constructed by the lowest bidder, (iii) it has a resale value as it can be
sold anywhere in the world, and (iv) it can accommodate vessels that are longer that the dry
dock itself (Heger, 2005). This decision of Multimarine was based to better serve the needs of
the Cypriot shipping industry and the growing oil and gas sector in the Eastern Mediterranean,

The ‘ERENEOS’, as the Multimarine dry dock is called, was therefore constructed in the
Ukraine by Pallada Ltd and delivered to Cyprus in January 2018. In accordance to relevant
legislation (RoC, 2005), an Environmental Impact Assessment was implemented and a relevant
Environmental Permit was received by the Department of Environment of the Cypriot Ministry
of Agriculture. Additionally, and above the legislative requirements, Multimarine requested
ISOTECH to prepare a Construction Environmental Management Plan (CEMP) to ensure that
any environmental risks during the construction of the necessary infrastructure for the
installation of the floating dock would be minimized, and to put in place procedures to swiftly
mitigate any environmental impacts. Once the construction/ installation phase was completed,
Multimarine commissioned ISOTECH Ltd to prepare an Operations Environmental
Management Plan, used to monitor and report on all relevant environmental parameters during
the operation of ‘ERENEOS’in order to prevent or minimise the environmental impacts
associated with these operations, including guidance for the monitoring, measuring, and
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reporting of environmental performance during the operations. This paper provides an overview
of the implementation of the OEMP for the day to day operating activities of the Floating Dry
Dock ‘ERENEOS’ for the first year of its operation.

2 METHOD: DEVELOPMENT OF THE OEMP

The ‘ERENEOS’ floating dock, which has been installed at the southeast basin of Limassol
Port in Cyprus, is 120m long and 32m wide. It is U-shaped and made up of a reinforced
concrete dock and two steel side walls (Figure 1).

The operating activities on the dock include the following:

Tank Cleaning Works (Ballast Tanks, Fuel Oil Tanks, Diesel Oil Tanks, Lub Oil Tanks)
Rudder, Propeller, Tailshaft Inspection and Maintenance

Deck Machinery (Valves, Pumps, Winches) Overhaul and Repair

Hull Blasting/Painting (Topsides, Vertical Sides/Boottop/Rudder Blade, Flat Bottom)
High Pressure Water Cleaning/Washing

Hand Scraping

Paint Application by Rollers and/or Airless Spray

Sea Chests Maintenance

Anodes Renewal

Anchor Chains Maintenance

Chain Lockers Maintenance

Cargo/Slop Tanks — Coating Repair

Steel Plates and Pipes Renewal

Welding Repairs

Non-Destructive Testing

Main Engine and Auxiliary Engines Overhaul

Figure 1 Floating Dock ERENEOS Installed at the Limassol Port

An evaluation of the foreseen activities, in combination with the environmental baseline at
Limassol Port, the outcomes of the Environmental Impact Assessment (ISOTECH, 2017) and
an extensive literature review on the main environmental impacts of the operation of floating
docks and ship-repair activities in general (e.g. Hayman et al., 2000; Papaioannou, 2004)
identified that the operation of ERENEOS could have the following environmental impacts:

e Noise emissions, particularly as it regards the operation of wet grit blasting for the
cleaning of vessels hulls, steel/metal cutting operations and the operation of cranes.
Increased water consumption due to hull cleaning operations taking place on the dock.

e Marine pollution by liquid wastes such as paints, solvents, oils, lubricants, fuel, and
sludge.
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e Marine pollution by solid wastes deriving from the various activities on the dock, such as
empty paint cans, oily rugs etc.

e Air pollution as it regards the emission of particles resulting from wet grit blasting
operations, the emission of particles during painting activities and the emission of metals
and gases during cutting and welding.

e Light pollution during night-time works.

2.1 OEMP Scope of Work

Following the identification of the main environmental impact risks from the operation of
ERENEOS, the Operation Environmental Management Plan (OEMP) was developed as a
dynamic management system that:

e Provides measures to avoid, minimize, and mitigate potential adverse environmental
impacts associated with the operation of the Floating Dock, taking into consideration all
permit terms and other legal requirements.

e Identifies roles and responsibilities of key personnel responsible for the
implementation/application of the OEMP.

e Provides guidance for the monitoring, measuring, and reporting of environmental
performance of all environmental aspects during operations.

2.2 Assignment of Responsibilities

A key aspect of the OEMP’s development was the clear definition of roles and responsibilities
as it regards the environmental performance of the ‘ERENEOS’, so that each key member of
staff could know at any one time what they are responsible for. Specifically, roles and
responsibilities were assigned to the Project Owner (i.e. Multimarine’s Top Management), the
Health, Safety and Environment Officer, the Dock Master, the site workers, general
subcontractors and the Environmental Subcontractor (i.e. ISOTECH Ltd). Responsibilities for
training of site workers and other key personnel were clearly defined within this section of the
OEMP and an accompanying training schedule was drafted. Roles and procedures for
responding to environmental incidents and emergencies were also developed at this stage.

2.3 Environmental Control Plans
A total of seven Environmental Control Plans (ECP) were developed, one for each of the main
potential environmental impacts of the floating dock’s operation:

e ECP-001: Noise
ECP-002: Water Management
ECP-003: Fluid Waste Management
ECP-004: Solid Waste Management
ECP-005: Air Quality
ECP-006: Light Pollution
ECP-007: Emergency Response.
The ECPs are short (2-3 page), stand-alone documents that, for each of the potential
environmental impacts, outline the mitigation/ prevention objectives and the relevant legal
obligations, and assign roles and responsibilities for monitoring, reporting and the
implementation of mitigation measures. The structure of each ECP appears in Table 1. The
ECPs were developed to facilitate the proper implementation of the OEMP by ensuring that
busy staff are able to have a quick and clear reference document regarding concrete mitigation
and, if necessary, corrective actions that they have to implement.
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Table 1 Structure of the Environmental Control Plans

ECP Section

Description of Content

Objectives Goals for each ECP

Legal Limits Deriving from EU/ National law and/or Environmental
Approval

Relevant List of relevant laws and EIA referrals

Literature

Responsible Person responsible to identify potential impacts and non-

Staff conformances to undertake appropriate action

Monitoring Monitoring requirements for the duration of the Project

Reporting Responsibilities, format and frequency for reporting

Mitigation Provides a summary of how environmental objectives are to be

Measures achieved through practical actions

Corrective Actions to be undertaken should limits and targets be exceeded

Action

Equipment Equipment needed to implement mitigation measures

3 OEMP OUTPUTS: MONITORING AND REPORTING

The OEMP defines procedures for the regular and consistent monitoring of the operation of
ERENEOS to ensure that any environmental risks are avoided or, if necessary, mitigated (Table
2). One of the main concerns of the Permitting Authority (i.e. Department of Environment), and
in fact one of the points with the greatest environmental impact potential, is the submergence of
the dock for the docking and undocking of vessels. If the floating dock is not properly cleaned
before submergence hazardous wastes (e.g. metal grindings, paints, solvents or lubricants) could
be released in the marine environment. The developed checklists, and specifically the ‘Before
Submergence’ checklist (Figure 2), ensure that all the necessary steps are implemented prior to
the submergence of the dock and thus all potential releases in the marine environment are
avoided.

Table 2. OEMP Reporting Schedule

Report Frequency Form
Daily Inspection Checklists Daily Checklist
Other Inspection Checklists As required Checklist
File with all Inspection Checklists Monthly Report
Monthly External Audit Monthly Report
Waste Management Register All waste leaving Dock Waste
waybill
Water Consumption Register Monthly Report
Induction and Training Log Prior to start of activities Log Book
Environmental Incident Report When incident occurs Incident
report
Corrective Action Request When CAR is issued CAR Form

Further to the monitoring and reporting required by Multimarine staff, monthly external audits
are implemented by ISOTECH’s environmental experts, adding an additional level of control to
the performance of the ERENEOS. The OEMP has also been seamlessly integrated in
Multimarine’s ISO14001:2015 certification.
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Optical observation along the platform

Is the dock clear from any equipment- EAC 1 (essential

materials condition), EAC 3
2. | Is the Dock’s floor surface clean from EAC 1 (essential

residual material resulting from condition), EAC 3

cleaning, painting and repairs (rust,
paint, shells, etc)

3. | Has the Dock’s floor surface been EAC 1 (essential
cleaned with high pressure washers? condition), EAC 3

4. | Observation of any wastes outside EAC 1 (essential
designated areas? condition), EAC 3

5. | Are the 4 main tanks and 4 secondary EAC 1 (essential
tanks properly cleaned (based on condition), EAC 3

standard cleaning procedure)?

6. | Are the 8 pipe drains open prior to
submergence?

7. | Incase of accidents, has the floor surface
been properly cleaned using spill kits
and chemical spill kits empty?

8.

9.

10

Additional Comments / Observations:

Figure 2 Extract from the ‘Before Submergence’ Checklist used by Multimarine

The OEMP provides Multimarine with a proof of performance:

1. The OEMP secures the environmentally responsible performance of the dock, the
monitoring and reporting requirements of the permitting authorities through a “real-
time” monitoring structure

2. Through the OEMP, Multimarine can provide any documents/data to the relevant
authorities at any time upon request.

3. The OEMP provides traceability of possible pollutants in a shared environment such as
a harbour. In a harbour several activities take place and it is of high importance to
identify who is responsible in case of environmental accidents. With a system such as
the OEMP in place, the company can proof whether it is responsible or not for an
accident.

The Operation Environmental Management Plan is a pro-active tool, a policy decision of any
company that wants to secure proof of good environmental performance and at the same time
boost its accountability to the competent authorities and the general public.
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Hepiinyn

H mapovoa perétn ovvrdydnke and v etanpioc POTKAN KAI ZYNEPI'ATEX A.E. ota miaicwo Tov
npoypappatog «Poseidon Med II» kol apopd ©TO0 GYESOOUO TOV OTOPOITNTOV AUEVIKOV KOl
xepoaiov vrodopudv oto votio (Néo) Awéva Tlotpdv dcote va @riofevioel pikpng KAIpokog
EYKATOOTAGELS TPOPOd0aiag kat amodnkevong Yypomomuévov ducucod Agpiov (Y.D.A.), v apdT
7OV VAOTOlEITOL 0TOV €AAAdIKO YdPo. Exmovibnie, emmdéov, N amopaitytn yio v mepiBorllovTikn
00€1000TNon TV épynv Merém Ilpokotapkticod [Ipocdiopicpod IepiPariioviikdv Amaithcemv
(ILILILA.), katd tnv omoio. €£ETAOTNKOV Ol EXMTTAOCELS TOV TPOTEWVOUEVDV EPYMV, GTO TEPPAALOV
TOG0 KOTA TN OLOPKELN KATOCKELNG 0G0 Kol KATd Tr OGpKED, AEITOVPYIOG TOVG. T TAGICIO TNg
UEAETNG ekmoviOnke TANODPO VTOCTNPIKTIKOV PeAETOV Omw¢ M Kopotikn kot 1 AKTOUNYOVIKN
Merét, n Merétn IMhonynong kobmg ko M [pokotapktiky Melétn Ac@Aaielng Tov vad PEAET
EYKATOOTAGEWMY, COUQ®VA UE T, doa TpoPArémovtal otny odnyia Seveso 11 Ta épya mwov mpoteivovral
gival M kaTookev Kovovplag 0éong moapaPorng kot Tpodcdeong mhoiov petapopdc LNG (Liquified
Natural Gas), votia Tov Néov Ayéva, 1 Katackewn e£€0pag epyaciog, yepupduatog Tpocfacng pe
TNV OKT KOU GUGTALOTOS VAVOET®V TOPaPOANg Kot TPOcdeong Tov mAoiov petapopdc Y.D.A.
Emmpdcbeta, mpoteivovtor 1 dnuovpyio pikpng kKAMUoKoG yepoainy eyKatacTaceny amodnkevong
Ko O10vouT|G.

1 EIZATQI'H

H 6pdomn «Poseidon Med I1» amotedel Evav mpaxtikd 0dkd yaptn e 6tdy0 TV gvpeia vioBETNo™ TOV
VypomouéEVOL Puatkoy agpiov (Y.D.A.) wg éva ac@arég, mEPPAALOVTIKA am0d0TIKO Kol PLOGIULO
EVOALAKTIKO KOOGULO Y10, T VOUTIALQ.

To mpdypappa, To omoio cuyypnuatodoteitoan and v Evponaiki ‘Evoon vAoroleital og Tpelg xdpeg
— EAMGda, Itodio wor Kompo — kot meprropfaver €61 evpomaikovg AMuéveg (Ilepondg, Ildtpa,
Hpdxieo, Hyovpevitoo, Aepecdg kot Beveria), kabohg kot tov tepuotikd otabud Y.D.A. om
Pepvbovoa. [epihapfaverl o 6yed1ac1d pog oAoKANpouévng aAvcidag avepodtacpod pe Y.M.A. ot
vauTiAia omookonel otn dnpovpyia pog Prociung kot ebpudung ayopdc Y.0.A.

2 NNPOTEINOMENA AIMENIKA KAI XEPXAIA EPT'A

2.1 Xwpobétnon twv Epywv

To Apdvt g Iatpag katarappdvel Tov B0AGco10 YOPO Kot TNV SVTIKT TOPAKTIO TEPLOYN TNG TOANG
0€ OL0 GYEdOV TO UNKOG TNG AKTNG TNG, ONAAOT TN Yepoaia Apevikn {dvn, 0nwg &xel KoBoploTel Le TIg
oyetikég anopdoeic. Oprobeteitan yevikd and tovg motapovg [adko (votwa), Meilyo (Bopeia) Kot
00 TIG YPOUWES TOV TPAIVOL 1 001KEG AEPOPOVG /GEOVES aVATOMKAE, TPOG TNV TAELPE TNG TOANG, TOV
OmOTELODV Kol To UGG, Opla TNG (OVNG TOL MUEVE, [LE TNV TOAN).

H eykotdotoon puepng kiipoakag Y.M.A. wpoteivetan va yopobetnel oty emyympévn meployn 610
NA tufquoe tov véouv Aéva Iatpdv, kovtd otnv ekPfoln Tov motapod Aavkov, Eviog TV opimv Tov
Muéva. H ovykexpyuévn kpifnke og 1 Pértio B€om yio tn dnuovpyio TV amapaitntev yepoainy
KoL AMUEVIKOV gyKoTaoTdoemv omobnkevong Y.D.A. kot agpiédevong.

H mpotewvopevn mepoyn éxel éktaon mepimov ion pe 38.000 t.u.. H éxtaom ovt) ddvoator va
QIAOEEVIGEL TIC ATOPITNTES YEPOUIES EYKOTAGTACEL TNG Hovadag Y.D.A. evd 6To TOPAKTIO UETMTO
g B avorTuyBovV 01 OTaITOVUEVEG AYUEVIKEG VTTOOOUES,
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Ewova 1: Oéon tov Epyov, pikpng khipakog eykatdotaon Y.O.A.

2.2 Heprypapij twv Epywy
Ta wpotevopuevo, AMUEVIKA £pya. TEPIAOUPAVOLY TNV ONUIOVPYio AUEVIKOV VTOSOU®DV Ol omoieg Oa
e&umnpetovv

a) TNV mapofoin tov mhoiov tpogodociog (LNG Carrier) pe Y.®.A., yopnrkdtnrog Eog 20.000
K.M..

B) v petagopd tov Y.O.A. amd tn 0éon edAipeviopol Tov TA0iov TpoPodociog oTic deEaIeVEG
amofnkevong kabhg Kot

Y) Vv mapafoin g eoptnyidag tpopodociog (umdptlag) mov Bo Tpayuatonolel TV Tpoodoacio
TV Thoiov aktonioiog pe Y.D.A. (ship to ship bunkering),

d) 1 dnuovpyio Bécemv TpoPodociag PuTiopopmy oynuatov pe Y.O.A.
€) TNV KATOCKELN LIKPNG KMUoKaG povadag exavatpopodociog Y.D.A.
oT) Tig amapoitnteg KTiplakég kot H/M vrodopég

H Mpevikn eykotdotacn vy v ebuanpétnon tov miloiov mov petopépovv Y.O.A. pe okomd v
TPOPOJ0Gia TV SeEUUEVDY OTNV YEPCOIN EYKOTAGTOOT, OTOTEAETOL amd €VOVYPOUUO YEQPUP®UQ
npocPoaong  (jetty) eml Pabpov, T0 o0mol0  KATOANYEL OTNV  KEVIPIKY  TAATQOPLQ
popthoemc/ekpoptdcems. H Oepedhioon tov Pabpov Oa yivel 68 cvmTodg yoAvPOoUOTeGAAOVS
OV EURNYVOOVTOL UE OQOIPECT] TOV E£0MTEPIKOD E€60PUKOD VAIKOD KOl TANPOVVTOL LE OTAICUEVO
oKVPOdEUN Kot TO, ovoiypato HeTabd Tov Babpav yepupdvovtal e EAaPPa HETAAAKN KoTaokevT. H
KEVTPIKN TAATQOPUO (POPTMOCENS KOTUOKEVALETOL OMTO TPOKOTACKEVAGHUEVE, GTOXEI OTAMGUEVOD
OKVPOSEUATOG TTOV YPTCLEVOLY (O EVAOTLITOG Y10 TNV EMTOTOV £YYLGOT GKLPOSEUATOG, Kot €3paletal
eni yaAvpoomacodimv

Exatépmbev tng kevipikng mloteodpupog mpoPAémoviol vovdeta mpdcodeong mAgdplong To. omoia
oLVOEOVTOL HETOED TOVG UE dLadpduovg TpdcaPacng, ol omoiot givat YaADPOVA SIKTVOTA YEQPVPDUATO
Yopig evoldueoeg otnpi&elg.

Emm\éov, tomobetodviar téocepa (4) TAmTA vawdetao Tpocoecns (mooring bouys).

To YDA petagépeton omd to mAoio otig 0e&apevég, yio. amodnikevon. Ot kpvoyevikég de&opeveg Exouv
KOAVOPIKO oynua pe ovopootikh yopntikotra, 1.000 k.pu. YDA, uiqkovg mepinov 50 pétpmv mepinov
Kot drapetTpo / Hyog 5,80 pétpo n kabe pia.

O de€apevég Ttomobetovvral ot celpd. Eyel mpoPrebei va eykatactaboiv técoepig (4) deapevig,
Tpeic (3) evepyég ko pia (1) kevn, ot omoieg kotaAauPavovy éxtacn mepimov 2.200 t.u.. YTapyet
dVVATOTNTO KoL ETOPKNG XEPCOIOG YDPOG, O UEAAOVTIKO YPpOVO Kol pOGov amartndel omd ) (Rnon,
EMEKTOONG TNG EYKOTAGTACNC.

> perétn copmeptinednikay ol avaykaicg H/M Kot KTiplakég EyKaTOoTAGELS Y10 TV KOTOUGKEDT KOl
Aertovpyia TV Epywv, evd £yve d1eE001KT KUKAOPOPLOKT CVAALGT).
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Ewova 2: T'evien Adtaén Epyov, pikpng kiipokag eykatdotacn Y.O.A.

H dnovpyia tov anopaitmtov yepoaiov kol MUEVIKGOV gyKkatactdoemy arodnkevong Y.O.A. 610
ampave tng Idatpag eivar épyo pe kd6otog Kataokevng g tééeme tov 60.000.000 evpd Kot YPOVIKO
opifovta olokAnpwong Tev Epymv dvo (2) €.

3 OEMATA AX®AAEIAX

H Ipokatapktiky Merétn Acpareiog Yo TiG eykataoTdcelg amodnkevong YDA oe ydpo vOTo TOV
Awéva g Ilatpog ovvtaybnke pe Pdon v Evpomaixky Odnyio 2012/18/EE ki tmv Kown
Yrovpywn Andéeacn 172058/2016 (PEK 354/B/17.02.2016), yio TNV OVIIHETOTION TOV KIVOOVOV
OTUYNUOTOV UEYAANG KAlpakag oyetilopévav pe emikivovveg ovoiec. Amotelel Pacikd yvmdpova, yio
Vv ade0edotnon tov Epyov kot meptiapufavel v [Holtwkn [IpdAnyne Meydiov Atuynudtmv Tov
AW ep1oTn NG EYKATAGTOCTG, TN TEPLYPAPT TOV XVOTHHOTOC Alayeipiong tng Ac@aiegiog, avaivon
TOV KVOOVOV aTUYNUOTOG omtd TIG OpUoTNPLOTNTES TG EYKOTAGTAONS, KoBMS Kot To, epapuolopeva
UETPOL TPOANYNC 0TV LOTOV.

Kotd v ekmdvnon g perémnge, &ywve diepehivnon 6Amv Tev Tifoavav cevapiov Kivodvoy atuyuatog
(aitia, ovpPdvio Kol ETTTOGCEL]), cvvtayOnikav avtictoyo Slypauuate Kot TpoTddnkay o
KaTOAMAQ LETPO TPOANYTG TETOLOV ATUYNUATOV.

Kotd v mocotk) avdivon kivévvov (Quantitative Risk Analysis), to copmépacuo mov mTpoékoye
givar 011 0 kivdvvog cuvolkd yopaktnpiletol ™G OUEANTEOS, €VM TPOKOMTEL OTL GE KOVEVO
e€etalouevo oevaplo dev B TpokANBolv ETMTOCELS EKTOG TOV 0PIV TNG EYKUTAGTAGTC.

H Myn pétpov TpodANYNg otuyfUatog 0AAG Kol 1 0pYEvVOGCT OVTILETOTIONS OTUYNUATOV (X)Ed10
"‘Extaxtng Avaykng) eivar og kdOe mepintmon amopaitnteg mpodmodécelc yio TV aceoin Acttovpyia
NG EYKATAOTOONG,

AxkolovOel gVOEIKTIKO GYED0 AmOTOTMGONG TOV {OVAOV ETKIVOVVOTNTOG TOV GUVTAYONKOY COUPOVO, e
aroteléopata g [pokoataprtikng Merétng Acpadeiog kat e TN ¥PNON KOUTOAANAOL LoONUATIKOD
OLLOLDLLATOC,
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ZONEZX EMIKINAYNOTHTAZ

YMNOMNHMA

ZQONH EMIKINAYNOTHTAZ A ETHZIA MIOANOTHTA 1X10*

ZONH ENIKINAYNOTHTAZ [A ETHZIA MIOANOTHTA 4,2X10°
= ZONH ENMIKINAYNOTHTAZ lA ETHZIA MIOANOTHTA 1X10°
= ZQONH EMIKINAYNOTHTAZ A ETHZIA MIOANOTHTA 1X10°®
— ZQONH ENIKINAYNOTHTAS llA ETHZIA MIOANOTHTA 1X10”

Ewova 3: Xyéo1o Enkivouvotnrog coppova e tao arotedéopata tng [pokatapktikigg Mehétng Acpadeiog

4 ANTIKTYIIO TQN EPI'QN XTO IIEPIBAAAON

Kota tov Ilpoxoatopktikd Ilpocdiopiopnd Ilepifarloviikdv Amortioenv €ytve ekTiunom Kot
a&ohdynon tev [epiParloviikdv Emmtdcemv mov avapévovtol Kot TNy KOTUoKEDT Kot AETovpyio
TV Vo eEétaon Epyav.

Ytov v e&étaon Teppatikd otafud amobnkevong Y.O.A. pikpng KAlpokag, mEpav g oadikociog
arofnkevong tov Y.D.A. og de&opevég, TPOKETOL VO AAUPAVOLY YDPO ETUEPOVS VTOGTIPIKTIKEG —
GLVOOEC O1EPYNGIES, OTMG 1) EKPOPTOGCT] TOL VYPOTOUUEVOD PLGTKOD aePiov amd TO TAOIN LETAPOPAS
UIKpfg SuvapkotnTog otic degopeveéc amofnKevone, 1N 0EPLOTOINeN WEPOLG TOV VYPOTOUUEVOL
QUoKoL agpiov, 1 petaPopton Tov Y.O.A. og @optnyd mAoio kaBdC Kol 1 ¥epoaion POPTOON
Butopopwv oymuatov pe Y.O.A.

YOueova pe v keipevn vopobecio, A0Yo T@V aveTEP®D dPAGTNPIOTATOV Kot Aapupdvovtog v’ oy
OTL 1 amoONKELTIKY KAVOTNTA TOL €V AOY® TEPUATIKOD otalfuod amobrkevong Y.M.A., extipudton 6Tl
0o avélBer apykd oto 3.000 k.p. mepimov, n VO e€éTaon dPACTNPIOTNTO KATOTOCGETOL GTY| Uéoh

oxAnon.

Emm\éov, oouepmva pe v keipevn vouobesio, o vid e&étaon otabudc amobrkevong Yypomoinuévon
Dduociod Agpiov katotdcoetol TepPorloviikd otV Yroxatnyopio A1 Kol GUVERMG 1 OPUOSIOTNTO
EAEYXOVL KOl EYKPIONG TOL QOKEAOL TEPPOALOVTIKNG 0d€1000TNoNG eumintel otn Aledbvvon
[epParrovtiknig Aderodotnong tov Y.ILEN.

Ta mpotewvdueva Epya, TPOKELTAL VO, GUVEIGOEPOLY GTOV TEPLOPICUO TOV aEPI®V POTTOV, KOO 1
xpon Y.@.A. og Koo Kivnong tov TAoimv, 6€ cOYKpIoT e Ta cupPotikd kadoyo TAoiov, Oa
€YEL OC OMOTELEC A T LEIDMOT) TOV EKTOUTOV:

* o&ewiov tov Beiov (SOX) émg kot 100%
*  o&ewiov tov aldtov (NOX) katd 90%
s alopodpevev couatwiov (PM) katd mepitov 99%
*  dwo&ediov Tov dvBpaka (CO2) ¢mc kot 20%
Ue GUVOAKE eEaPETIKA BETIKO OVTIKTUTTO GTIV AVOPOTIVY VYEIN TOV KOTOIK®OV TNG TEPLOYNG.

[Tépav avtov, avopEVoVTOL CTUOVTIKEG DETIKEG ETTTMOGELS GTNV OIKOVOUIN TNG TEPLOYNG, TOGO KATH TN
(QAacT NG KOTOOKELNG OGO KOl KOTA Tn @dom Aertovpyiag tng eykatdotacng evd OBo mhwyel M
aroudévmon g Avtikrg EAAGSag amod ta diktua davoung tov Y.O.A.
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Creation of a jetty for permanent berthing of a Floating Storage and Regasification
(FSR) unit for LNG Import in Vasilikos, Cyprus — Overcoming challenges
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Abstract

The present study contains a description of the Basic Design of the Offshore Marine Works foreseen
for the Action of CYnergy project, namely the design of a Jetty for FSRU berthing and LNG transfer
activities. The proposed works include the construction of a trestle/ jetty that will accommodate the
permanent berthing, mooring and loading/ unloading operations, of an FSRU in the bay of Vasilikos,
in Cyprus. An assessment of the Environmental and Social Impacts deriving from the construction and
operation of the project is also given. The study identifies the existing site environmental conditions
and presents the examined alternatives and the design considerations. A detailed technical description
of the project as well as the supporting studies for the preparation of EIS are presented. Particular
emphasis is also given in Hazard Identification Study and in Quantitative Risk Assesment Study where
the impact of the project during the operational phase for various accidental or non-accidental disaster
scenaria is examined.

Keywords Jetty, LNG import facility, Mooring Analysis, Environmental Monitoring.

1 INTRODUCTION

This work was implemented within the CYnergy Action. This Action contributes to the
implementation of the energy PCI 7.3.2 "Removing internal bottlenecks in Cyprus to end isolation and
to allow for the transmission of gas from the Eastern Mediterranean region", which aims at building
the infrastructures and associated equipment intended to supply natural gas to Cyprus, remove internal
bottlenecks and end energy isolation.

The Action of CYnergy project takes as a focal point a Liquefied Natural Gas (LNG) Storage Facility
to be developed in Cyprus and aims at developing a comprehensive strategy for the use of Natural Gas
(NG) in Cyprus, as well as an analysis of the financial structures for the implementation of
infrastructure investments in the sectors of transport and energy. CYGAS and Lloyds Register are
among the Partners of the Action, who contributed in the overall design of the Jetty.

2 SITE CONDITIONS

The planned location for the Natural Gas facilities in Cyprus is Vasilikos, about 25 km east of
Limassol and about 30 km southwest of Larnaca. Some of the landside area is a brownfield site,
previously occupied by the Hellenic Chemical Industries’ fertilizer plant. This plant ceased operations
in 1986 and was demolished and cleared in the 1990’s. The area is characterized as a “phosphogypsum
lagoon”, and environmental requirements exist for it. Thus, no excavation will be allowed in this area.

Wave Conditions: There are no wave measurements in the area. Previous studies for the design of the
Single Point Mooring (SPM) of the EAC and for the Ministry of Energy have reached to the
conclusions that the predominant incident weather direction is SSW (195 to 225 degrees due North)
and the significant wave height (Hs) offshore for 50 years return period is 6.45m.

Geotechnical Parameters: According to the Geotechnical Survey performed by Noble, Quaternary
deposits and Pre-Quaternary Bedrock, local geologic units were encountered in the nearshore areas of
the Site.

Sea Level: Sea level rise for the Eastern Mediterranean is estimated to be 4-5 mm/yr (HR Wallingford
2000).
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Wind: Currently, wind rose data from Zygi is unavailable and wind data collected at Larnaca Airport
are used (Table 1).

Table 1 Wind speed frequency table at Larnaca (1996-2012)
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Tidal Levels: The previously available information about tidal water levels was gathered from two
sources The Admiralty Chart 849 “Ports in Western Cyprus” listed tidal datums for a few locations
with Limassol being the closest location to Vasilikos Bay and the HR Wallingford (1995) report
(Table 2).

Table 2 Tidal datum’s from Chart 849 and Wallingford (1995) report

Chart 849, Wallingford Wallingford
Datum Limassol, (1995), (1995),
m CD m CD m LSDC

Extreme High Water 0.9 0.5

MHWS 0.6 0.5 0.1

MHWN 0.5 0.4 0.0

MLWN 0.3 0.3 -0.1

MLWS 0.2 0.2 -0.2
Extreme Low Water 0.1 -0.5

3 DESIGN LOADS
The design life for all elements of the marine structures is 50 years. Adverse environmental loads are
considered for the design of the marine infrastructure.

e The maximum design wave (from the prevailing wind direction) used was equal to max H,= 6.45m
e The maximum fender thrust obtained through mooring analysis was equal to max F; = 9600 kN.
e The ground acceleration factor used was equal to 0.25g.

The following loading categories are considered: Dead loads [DL], Live loads [LL], Operational loads
[OL], Accidental loads [AL] and Earthquake loads [E]. Also, load combinations are considered:
Ultimate Limit States [ULS] and Serviceability Limit States [SLS]. The allowable deflection of the
superstructure is L/300 for operational maximum vertical deflections and 300mm for accidental
maximum horizontal deflections.

4 TECHNICAL DESCRIPTION
The necessary infrastructure is expected to include the following:

1 Marine Works: Jetty for the permanent berthing of an FSRU and LNG transfer activities and
revetment for the protection of the shoreline

2 Floating Storage and Regasification Unit (FSRU) — Gas export system and Loading Arm (inclusive
of; meters, Gas compressors, filters, heaters, venting system, quick connection, export arm
pipelines), permanently berthed in Vassilikos bay

3 Jetty borne Gas Pipeline (inclusive of; gas pipelines, valves) connecting the FSRU to the receiving
point onshore
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4 Onshore Gas Pipeline and Shoreside AGI (inclusive of; pipeline, inline valves, cathodic protection
systems, PIG trap, civil works), connecting the receiving point onshore to the downstream delivery
point

5 Pipeline Storage Array (inclusive of; inlet and outlet manifolds, inline valves, protection systems,
civil works), able to store Natural Gas in gaseous form in the required operational pressure ranges
adjacent to Vassilikos power station

6 Onshore Above Ground Installation (AGI) — Pressure Reduction, pre-Heating Filtering and
Metering Station (inclusive of; inlet and outlet isolation valves, filtering metering, gas heating,
pressure reduction, PIG trap, protection systems, civil works),

4.1 Technical Description of the Marine Works

4.1.1  Jetty

The jetty is located west of the main breakwater of Limassol Port — terminal 2 (Vasiliko), at a distance
of about 1,3km. The trestle runs offshore in a north — south direction for about 750 meters before
turning south-west 430 meters to form the FSRU berth. A future extension of the jetty by another
310m, in order to accommodate an LNG Carrier is foreseen.

The trestle is approximately 14 meters wide. The trestle pile cap is supported on vertical and raked
steel pipe piles, at intervals of 20m. The pile caps, made of reinforced concrete, support a S5-meter-
wide roadway and 9-meter-wide pipe rack, which is wide enough to accommodate both cryogenic
(LNG) and natural gas pipes. Pipe expansion loop bends were assumed every 300 meters.

The orientation of the berth is about 220 degrees North, so that the ships are aligned into the prevailing
direction of wind and waves. Thus, according to the proposed layout, the depth at the inner berth is
between 15 and 18 meters while the outer (future) berth depth ends up being about 22 meters.

The berth will consist of a loading platform of dimensions 30 meters by 40 meters. The loading
platform substructure and deck is supported by piles. Ships berth against four breasting dolphins. The
breasting dolphins will be equipped with fenders and quick release mooring hooks to accommodate
the LNGC’s spring lines.

There are also eight (8) mooring dolphins for each berth, each mooring dolphin equipped with a quick
release mooring hook.

Several models were used for the structural design of the structure. Geotechnical analysis was
performed for the geotechnical design of the piles. Mooring analysis was also conducted and the
outputs (loads on breasting and mooring dolphins) were used as input for the design of the Breasting
and Mooring Dolphins.

The plan view of the jetty and a typical trestle section are presented in Figure 1.

4.1.2 Revetment

A rubble mound revetment will be constructed in order to protect the shore line in the area around the
landing of the main access jetty, at both sides of abutment Al. The revetment will be designed to
protect the slopes of the embankment and the regasification area from run-up and overtopping of
waves as well as from scouring of the toe of the slopes. The revetment will protect an area of
approximately 116m, 58m from each side of the axis of the longitudinal axis of the abutment A1l.

4.2 Basic Calculations

4.2.1 Structural Analysis

Several models are used for the analysis of the jetty structure. The individual pile-heads for the jetty
and the platform are analysed by respective individual models and also by a complete model of the
jetty assembly. Similarly, the mooring and breasting dolphin structures are analysed by dedicated
models. The pile embedment is modelled through corresponding elastic lateral bedding values along
the depth of the pile, according to the recommendations of the geotechnical investigation report. The
program RFEM (Dlubal Software GmbH, 2016) is used for the analysis.
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The analysis and design of the deck is carried out separately for the 2 phases: construction phase with
only single precast beams subject to erection loads and operation phase with the 4 beams rigidly
connected by the concrete topping and under full-service loads. The construction phase loads
considered are the following: self-weight of beam, prestress, self-weight of precast slabs, Weight of
fresh concrete topping and Live load during concreting. The operational phase loads considered are
the following: self-weight of beam & topping, prestress, self-weight of precast slabs, dead load from
equipment and live load applied on the jetty surface deck not occupied by the piperacks.

For the design of the loading platform a finite element model is used representing the complete
superstructure in the final stage, along with the support piles. The pile embedment is modelled through
corresponding elastic lateral bedding values along the depth of the pile, according to the
recommendations of the geotechnical investigation report.

4.2.2  Mooring Analysis

A static mooring analysis was carried out using the software OPTIMOOR (Version 6.3.8).
OPTIMOOR (Tension Technology International, 2016) is a calculation tool that uses input data for a
specified vessel, for a specified berth arrangement and calculates the wind-wave-current generated
forces and other forces that relate to ship’s draft alterations and tide. Figure 2 presents the modeled
vessel’s mooring arrangement. Note that there are two spring lines, two headlines and four breasting
lines both at bow and at stern mooring arrangement. The following conclusions can be drawn by the
analysis conducted:

e The maximum fender thrust is obtained when the wind and wave direction is 800 relative to the
vessel’s longitudinal axis (1200 N).

e The mooring lines of the ship were based on OCIMF’s guidelines (OCIMF, 2017).

e At this stage, and as the final design ship is not known yet, it is recommended to install triple quick
release hook (QRH) in each mooring dolphin and double-quick release hook at each breasting
dolphin.
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Figure 2 Modeled vessel’s mooring arrangement

5 ENVIRONMENTAL STUDIES
The following specialized studies were conducted and served as an input to the of Environmental
Impact Assessment (EIA):

Basic Design — Offshore Marine Structures Structural Design Calculations

FSRU Terminal Risk Assessment — Preliminary Site Evaluation Study (HAZID)
FSRU Terminal Risk Assessment — Preliminary Quantitative Risk Analysis (QRA)
Baseline Benthos Assessment and Impact on marine ecosystem

Air Pollution Impact Study

Noise Impact Study

Temperature Modification Model Study

Two Natura 2000 Areas are located in the wider region of the Works: Periochi Asgatas (SCI , code:
CY5000007) and Potamos Pentaschinos (SPA, code: CY6000008).

The main outputs of EIA are listed below:

The jetty is constructed on piles, therefore coastal hydraulics are not affected, thus no changes on
the physical characteristics of the coastal area are expected.

Small scale impacts might appear, concerning the water temperature, due to the seawater traffic
during the operation of L.N.G. gasification, which is a negligible impact on seawater environment.
Noise and vibrations because of construction works and ships traffic are expected to be of limited
duration.

No significant impact on the acoustic environment of the study area is expected from ships and the
operation of FSRU

Common Impact on marine ecosystem and fishes: Panic cause, change of routes, change of places
to find food

Implementation of an environmental monitoring program, on a regular bases for the basic
environmental parameters (air pollution, noise pollution, solid and liquid waste, chemical analysis
of liquid waste, monitoring of the aquatic environment, marine pollution control, soil pollution
control, assessment of local economy, assessment of the road accidents/safety and quality control of
the monitoring program) is proposed.
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Abstract

The present paper aims to describe the available equipment in the international market, for handling
containers (Twenty-Foot Equivalent Unit or Forty-Foot Equivalent Unit) at a seaside container
terminal. In addition, an initial approach is attempted in the procedure of selecting the suitable system
of container-box handling equipment in a container terminal, based on the size of the berthing vessels
and the estimated annual volume of containers. The procedure of designing a container terminal and
the selection of the suitable equipment is a dynamic process, which can and should be modified in
order to achieve increased container terminal productivity, especially in a field related to the very
competitive area of international shipping. Finally, the most important Key Performance Indicators
that should be used in order to evaluate the productivity and the effectiveness of the container handling
process are mentioned.

Keywords Container terminal, TEU, STS crane, Container handling system.

1 DEFINITIONS
It is important to begin by giving some basic definitions:
Seaside container terminal is a port or a terminal in which almost exclusively container ships are
being served.
The specialized equipment used for handling the container boxes at a container terminal is called
Container Handling Equipment.
Containers are steel boxes with dimensions according to certain international standards, and with high
resistance to mechanical stresses induced during a sea journey. The boxes are used to transport dry or
liquid commodities all over the world.
Over the years waterborne transport is continuously increasing, mainly due to the increase of the
standard of living on a global scale and the decrease of the sea-transportation cost, as a result of the
use of containers.
Contemporary container ships are classified in various ways, including the one described below:

e Panamax and small size container ships

e Post Panamax and Super Post Panamax container ships
e New Panamax container ships

e Post New Panamax container ships

e Triple E class and Giga class container ships.

2 CONTAINER TERMINAL DESIGN & CONTAINER HANDLING SYSTEM

The most important issue in the design process of a container terminal and in the process of selecting
the proper container handling system is the design vessel (maximum and average) and the estimated
annually transported container volume (i.e. number of containers).

Due to the substantial increase in the size of new container ships, it is not technically or economically
feasible for large container ships to berth in all ports. For this reason certain basic ship-routes have
been formed by the so-called mainliner services, which are followed by the mega container ships
(called mother ships), whilst the distribution on a local and regional level is achieved using smaller
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container ships (called feeders). Thus, the essential criterion in the design of a container terminal is
whether it will accommodate mega container ships (mother ships) or smaller feeder container ships
(feeders) or both. It is easily understood that ports serving mainliner container vessels have
considerable advantage.
Besides the above, the following information should be taken into account during the design
procedure :
e Main & feeder lines served
e Imports, Exports, trans-shipment traffic and transit traffic, serviced by rail or road
transport
e Loaded or Empty containers
e Container Size distribution between Twenty and Forty Foot Equivalent Units
(T.E.U.) or (F.E.U.)
e Full Container Load (F.C.L.) or Less than Container Load (L.C.L.) containers.

A container terminal may be divided in two basic zones, the seaside operations zone and the landside
operations zone.
The sea zone is divided in three areas:
e Anchoring area
e Approach channel area
e Berthing area.
The land zone is divided in three areas:
e Quay wall area
e Stacking area
e Land delivery/receipt area.
The typical cross section of the land zone can be seen in Fig. 1.

Quayside Landside

Stack
with RMG
= 8
{ L= = | =Y
5 ﬁn % Quay Crane  Vehicles Vehicles

Trucks, Train

Figure 1 Cross Section of a land zone of a container terminal (source 4).

Specialized equipment is used in a container terminal for:

e Loading and unloading of container ships (Ship To Shore)

e Horizontal transportation of the boxes from quay wall area to the stacking yard and
vice versa

e Stacking the container boxes in the stacking yard area

e Horizontal transportation of the boxes from the stacking yard area to the landside
access area

e Loading and unloading trucks and trains on the landside receipt / delivery operations
area

This specialized equipment comprises key part of the terminal’s Container Handling System.

The equipment of the Container Handling System is divided into two main categories:

(a) Cranes or Gantry Cranes on Quay side or Loading and Unloading Cranes or Ship To Shore (STS)
Cranes (Figure 2). The most important equipment of a container terminal is the Ship To Shore or Quay
Gantry Cranes. They represent the equipment that determines the size of the maximum vessel that can
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be served on the terminal, as well as the loading / unloading rate (TEU per hour). Besides the Quay
Gantry Cranes (QGC) there are other types of smaller cranes that are described in subsequent sections.
(b) Vehicles for intra-terminal horizontal transportation and vertical (stacking) movements. A wide
variety of systems / equipment is available in the international market, for horizontal transportation
and stacking in various stacking heights. The Container Handling Systems are divided in groups,
detailed in subsequent sections, as shown in Figure3.
For the intra-terminal horizontal transportation the following equipment alternatives maybe used:
» Tractor — Trailer Units of various types. The trailer unit can be suitable for port use only or for
street use, and may comprise single or multiple trailers (passive vehicle)
Forklift truck (non-passive vehicle)
Reach Stacker (non-passive vehicle)
Straddle Carrier (SC) or Shuttle Carriers (ShC) (non-passive vehicle)
» Automated Guided Vehicle (passive vehicle)
The intra-terminal horizontal transport units may include passive vehicles and non-passive vehicles.
The passive vehicles need assistance from another vehicle / crane for their loading / unloading, whilst
the non-passive vehicles complete both the horizontal transportation and the loading / unloading
procedure themselves without assistance from another vehicle / crane.
For stacking the following equipment can be used:
» Forklift truck (non-passive vehicle)
Reach Stacker (non-passive vehicle)
Straddle Carrier (SC) or Shuttle Carriers (ShC) (non-passive vehicle)
Ruber Tyred Gantry Crane (RTGC )
Rail Mounted Gantry Crane (RMGC )
» Over Head Crane (OHC) on concrete or steel frames
Two basic systems of intra-terminal transportation and stacking can be distinguished:
v Systems with common equipment for intra-terminal transportation and stacking (i.e.,
Forklift, Reach-stacker, Straddle Carriers)

v' Systems with different equipment for intra-terminal transportation and stacking (i.e., Tractor

YV V VY

YV V VYV

— Trailer in combination with Rubber Tyred Gantry Cranes or Rail Mounted Gantry Cranes).

3 SELECTION AND EVALUATION OF THE PRODUCTIVITY OF CONTAINER
HANDING SYSTEMS

3a Selection of the container handling system

Selection of the Container Handling Systems in a container Terminal is carried out ad hoc, primarily
as mentioned earlier, based on the maximum design vessel and the estimated number of container
boxes to be handled. For this reason, a large variety of equipment types are available on the
international market. In any case, it should be mentioned that acquisition / procurement cost and
operation cost should be taken into account. In addition to the above and in order to improve /
maximize the productivity of a container terminal, simulation models are being used for both the
design and the handling system selection.

The most important piece of equipment in a container terminal is the vessel loading and unloading or
Ship to Shore (STS) crane. The size of the STS crane is determined by the size of the design vessel
and specifically on the number of container rows on the deck of the ship. Figure 2 shows the different
sizes and relevant capabilities of the STS cranes.
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Figure 2 STS Crane Selection (Source : http://notes.husk.org/image/122802778349)

Figure 3 shows various types of stacking equipment and may be used to select the proper type of
equipment on a container terminal based on the TEU density in the stacking area.

Practical Storage Capacity
250 500 750 1000 1100 TEU/hectare
Figure 3 Selection of Stacking System based on the density of the stack area (source: KALMAR & 11)

Similarly, Figure4 may be used to select the proper stacking equipment on a container terminal based
on the number of TEU’s (import, export, transit) passing through the container terminal on an annual
basis.

Reach Stacker
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RTG

M_ RMG

Volume
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Figure 4 Selection of Stacking System annual throughput (Source: Konecranes & 11)
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Various techniques and graphs have been produced to aid the design process and assist in the selection
of the proper handling system in a container terminal. Recently, computer models have been produced
using simulation techniques in order to improve the productivity and effectiveness of a container
terminal, new or even an existing one.

3b Key Performance Indicators
For the evaluation of the productivity and the effectiveness of a container terminal, the following Key
Performance Indicators should be counted:

e  Waiting time of a ship at anchor

e Time of a ship on quay

e Number of container moves per STS in a certain period of time

e Traffic & Throughput indicators
For the evaluation of the Container Handling System in the case of high stacking the following should
be taken into account:

e Acquisition / procurement cost and operation cost

e Compatibility with labor standards
e Flexibility / layout modification
e Response to peak demands
e Delays response / interaction

4 SUMMARY

An overview of the different types of equipment used in container terminals to load / unload vessels,
horizontally move containers within the terminal area and vertically move (or stack) containers within
the terminal yard was given. Metrics used to select the proper type of equipment based on the
operations of a specific terminal were discussed. The container handling system in place affects the
productivity of a terminal. Key performance indicators used to evaluate terminal productivity were
presented.
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Hepiinyn

H avémioon evog vrdpyovtog AUEVA, UE EMIOKEVEG OGTOYIDY, OVOKATOOKEVEG KOl PEATIOCES TV
cuvinkov eEAAevicpov givar pio dadikacio wov topovolalel peydreg duokories. Idwitepa, 6tav o
Muévag eivarl moAodg, OTMG GTNV TOPOVCH TEPITTOOT, Ol SVGYEPEIEG KOl To OmpOPAenTo €ivor
apoypatikotte. H éMewyn minpogopiodv (oyédio, peAéteg, poptupies), aAld kot 1 xp1ion Soeopmv
TOAOLOV TEYVIKOV, ACOUPATOV LE TNV GUYYPOV TPAKTIKY, SUGYEPAIVOLV TN GUVTOEN LEAETMV KOl TNV
EQapUOY KotdAANA@v nebddmv. Meydro evoiapépov mopovoialer n koboipeon wpoPorov amd
omAopévo okvpodepa (1), o omoiog gixe ypnoiponombel oav kpNTidmpa, KabOS KoL 1 OVIIKATAGTOON
ToV and TAWTA oTotYEiD, fopimc TOTOV.

Aé&Eg1g kKhewod: Avamhaon AMpéva, Emokevéc otoryeimv Apéva, TTakadg Mpévag,.

1 EIXATQTH

O Evetwkdc Awévog, o omoioc Aertovpyel onuepa ocav Mapiva kot Alevtikd Katogoyio,
KatoAopfavel To Avtikd Tufpo tTov Aevikod Xvykpotipatog Tov HpoakAgiov kot amotelel cuvéysia
tov Kevtpikov — Exiotikon kot tov Avatoiikod —Europgopaticod.

SOHUQOVO [LE 10TOPIKEG LapTLpieg, otnv 0éomn tov Evetucod Apéva mpobmnpye Mvwikdg Apuévog o
omoiog Aertovpynoe amod to 1100 n.X. émg 1o 1210 p.X., omdte katookevaotke o Evetikdc Ayévag, o
omoiog Asrtovpyet péypt ofjuepa.

Onog eivar guowd, o Aévoc avouopembnike otadokd mopoakolovboviag Tig e&eMéelg g
TeYvoroYiog kataokevng Tv Alevik®v Epywov, 6g cuvaptmon HeE TIG KOTA KOpovG OTOILTNHOELS
EAMUEVIGLOD, TO YOPOKTNPIOTIKA TOV OKOEOV Kot TNV Tpododo uebddmv, HECOV Kol VAK®V
KOTOOKELNG.

H avémioon tov Evetikod Awéva mepilapfdvel v amodounon tov dutikov kpnmiddpatog (A. K.),
T0 omoio mapouctalel OABepO BEapua otnv Teploxr tou KoUAe kal gykupovel cofapol¢ KvdUvoug
yia tnv achalela twv Slepxopevwy, v Pubokdpnon TG AYWEVOAEKAVNG, TNV OVOVED®GT KOl
GUUTANPOOT] TOL €£0TAMGUOD, KOOMG Kol enepPAoelc asOnTIKOV Kol AEITTOVPYIKOD YOPOKTIPO.

To A.K., ufrovg 100u kot Trdtovg 3.50p, mov amoteieitan amd widko O.X., mayovg 0.451 6g popon
poPolov, avtikabictatol and KIPoTIOoNUe TA®TE oTotKEln Papémg TOTOV.

2 ENITOIIIEX EPEYNEX

[Mpokeywévov ot eykataotdcelg Tov Evetikod Ayéva va avtoamokplBodyv 6TIg GNUEPIVEG OTOITNOELS,
€yve AEMTOUEPTIC KATAYPOPT] TV VTOPYOVIOV £PYMV KoL £YIVOV EPEVVNTIKEG YEDTPNGELG GTNV TEPLOYN
tov A. K. k00dg kot 6to pécov g AMUEVOAEKAVNC.

O gpevvnTIKEG YewTpnoelg otny meptoyn tov A. K. katédei&av 011 o€ fdBog amd tov mubuéva puéypt ta
15m, dev vrdpyel otabepd vofabpo. H yorapn appotAvmong 6VoTOCT TOL VIESAPOLS OEV EMITPEMEL
v Oepelimon épyov Bapdnrag, evd n Abon ue Eyyvtovg maccdiovg O.X. kabictatol TpofANUoTIKn
KoL 1O10HTEPOL OVTIOTKOVOLLIKT.
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3 EIIXKEYEX KAI ANAIIAAXEIX

[Ipotov gykatactafoliv To TAOTA oTotEin Papémg ToTOL umpootd oto A. K., mpornyeitol ) kabaipeon
TOV VIApPYoVTOg dfpruévov mpoPdrov. H dadikacio avth amaitel 1010itepn TPocoyn Kol ETUELELO.
Extedeitan otadiaxd pe adwatdpoktn komn. H exkivnon tng epyoaciog yivetoar mavto pe eykdpoileg
Topég ava 0.50m, evd akolovBovv dapnkelg eykomég ava 1.00p , Eekvovtog amd 10 GKpo TOL
PoPorov Kol mpoywpaviag otadlakd uéypt v pie avtod. Ta amotepvoueva TepdyLo
amouakpOvovtal evd cuveyileton 1 dadikacio kabaipeong Tov tpofdrov.

Endveo oto kpnmidopo tov Evetikod Awévo katackevdletor EOAIVO KOTAGTPOUO, TO OmOi0
amoteleitor omd dokovg, TeYideg Kol cavideg (métompa). Xprnowomoteiton Evieio. ovlextik) o€
Ooddoolo mepPAALOV KoL UE KOVOTOMTIKY avtoyny o€ kpovorn kot TpiPn (tomov IROKO, 7
avaAdyov). H ompién g Eulokatackeung endveo oto kpnmidmpa yivetor pe avEeidmta HeTaAMKA
eMdopata ko kKoyAiec. Meta&d Tmv covidmv ToL TETCOUATOS aPVOVTOL KEVE TAdTovg 10mm.

Y11¢ Béoelg TV Oe0TPDV KoL TV AAA®V oTolyEiny eE0TAGUOD TOL KPNTIOMUOTOC OpaLpEiTaL EVTeyva
TUAUO TOL TeToOuatog. H Telikh em@dvelr TOL KOTOOTPMOUATOC gu@ovilel opoloyéveln kot
kaAoisOnocio.

H PvBokdpnon mpoPiémeton vo EEKVAGEL A TNV KEVIPIKN TEPLOYN TNG AUEVOAEKAVNIG Kol vV
emextafel 6TAd10KA TPOC TO TEPLPEPELNKE KPNTIODUOTO KOl VO, GTARTE 6€ andotact 10m amd avtd.
H amoxopdn tov Pubokopnudtov Oa yiveton pe goptnyideg avotryopévov mobuéva (KAaméta) Kot 1
amoppwy1| Tovg o€ Boddooia teployn 6mov to. Badn Ba Eemepvovv ta SOm.

Kotd tov 6%€010610 TG aVOKATAGKEVTG KOl SOUOPP®CNS TOV KpNTdoudtov tov Evetikod Ayéva
eEMOON uépuva, OCTE 1 TPOCPOCT TOV ATOU®Y UE EOIKEC OVAYKES (TAVTO GLUVOSEVOUEV®V) GTNV
TEPLOYN, VO YIVETOL ATPOCKOTTA KOl UE ATOAVTY] OOPAAELQL.

YUyKeKPWEVQ, TO OSOUOPPOUEVO e EVAOKOTOOKELT KOTOGTPOUOTO TOV KPNTOOUATOV dgv Oa
napovotdlovv khicelg peyolvtepeg tov 10% og OAN v ékTOoN TOLG. X OAN TNV OlOPOU TOV
KOTOOTPOUATOG 0V TTapovotdlovtal eumddio 1 epayuoi. [pofArémetor emiong katdAinio cHoTnUA
TupOGPeonc Kat AVETEG Kot ac@areig E£0001 dLopVYNG.

Ye mepinT®on SOVGUEVAV KOIPIKAOY GUVONK®MV, 1] EKTAKTOV KOTAGTAGE®Y, 00 amaryopeveTal 1) ETICKEYT
Tov Apéva amd AMEA
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Abstract

In the present paper, a new Floating Wave Energy Converter System (FloWECS), consisting of a
floating platform and multiple rotating flaps, is proposed and is preliminary investigated. The
numerical analysis is implemented in the frequency domain under the action of regular head incident
waves and it is based on a “dry” mode superposition approach. In this approach, the generalized
modes concept is utilized for describing the relative to the platform rotation of the flaps, additionally
to the six rigid-body modes. The required mode shapes of the generalized modes are determined
through appropriate vector shape functions, which are derived in the present paper. The
diffraction/radiation problem is solved using a numerical model based on the conventional boundary
integral equation method. Initially, the hydrodynamic forcing of the “isolated” platform is assessed.
Next, the hydrodynamic behaviour and the energy absorption of the FloWECS are investigated.

Keywords Wave energy converters, Rotating flaps, Generalized modes, Hydrodynamic response.

1 INTODUCTION

In the last decades, the global demand for energy security enhancement has led to a growing interest
towards wave energy exploitation, as waves offer an abundant renewable energy source. As a result,
various configurations/types of offshore Wave Energy Converters (WECs) have been proposed and
developed by many researchers. However, up to now there is not a generally “approved” type of
WEC, which has managed to overcome existing technological barriers, such as long-term reliability
and survivability in the sea, while being at the same time financially viable (Magagna and Uihlein
2015). Therefore, wave energy technology still advances targeting to the development of new, energy-
effective, cost-efficient and reliable WEC systems and, therefore, to the establishment of
competiveness with other renewable energy sources. Motivated by this, in the present paper, a new
FIoWECS is proposed and is preliminary investigated.

2 DESCRIPTION OF THE PROPOSED SYSTEM

The proposed FIoWECS (Figure 1) of total draft, h, and of total radius, r;, consists of: (a) a floating
platform, which has a central, semi-submerged, floating cylinder of large radius, r,, and four
submerged pontoons of height, h,,, attached in the cylinder’s circumference and (b) four, submerged,
rotating flaps hinged at the pontoons with two rigid structural arms, along with linear Power Take-Off
(PTO) mechanisms for wave energy absorption. Elliptical flaps (maximum width, br, maximum
height, hs, and length, I, Figure 1) are selected for the FloWECS as, according to Kurniawan and
Moan (2013), they achieve higher energy absorption compared to other flap configurations. Similar
flaps have been combined with a Semi-Submersible Wind Turbine and were investigated by Luan et
al. (2014). Due to its circular configuration and the placing of several flaps in its circumference, the
proposed FIoWECS has the main advantage of wave energy absorption independently of the incident
wave direction, through the concurrent operation of two or more flaps. Moreover, the large diameter of
the FIoOWECS’ central cylinder offers the potential to install a wind turbine or PV panels on the
cylinder’s deck towards the combined exploitation of wave energy with offshore wind or solar energy.

In the present paper, a FloWECS of r; =50 m and h = 24 m is examined, with a central cylinder of
7, = 25 m and four submerged pontoons of h,, = 6 m. Each of the four elliptical flaps has by = 3.5 m,
hf =7 mand [; = 20 m and it is hinged to a pontoon with two supporting arms of length, [, equal to
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12.5 m. All flaps are fully submer ptged and are placed below the Mean Water Level (MWL) at a
distance dy =2 m from it (Figure 1).

Figure 1 General view of the proposed FloWECS

3 NUMERICAL MODELLING

The FloWECS’ hydrodynamic analysis is implemented in the frequency domain under the action of
regular incident waves and it relies on the boundary integral equation method, which is numerically
realized using the WAMITO software (Lee 1995). The analysis is based on a three-dimensional linear
potential theory, where the whole system is assumed to undergo small oscillations of complex
amplitude §j,j = 1,..., 6, in its six Degrees Of Freedom (DOFs) corresponding to rigid-body modes.
Moreover, the relative to the platform motion (rotation) of the four flaps is taken into account through
the inclusion of N = 4 additional DOFs, which correspond to generalized modes of body motion with
amplitude §;,j = 7,..., (6 + N). The required mode shapes of the generalized modes are determined in
this paper in vacuum (“dry” mode superposition approach), through the derivation of appropriate 3D
vector shape functions, Sj, j = 7,..., (6 + N), as described below, based on the approach introduced by
Newman (1994). The 1* order boundary value problem is solved based on a three dimensional low-
order panel method, utilizing Green’s theorem and imposing the appropriate boundary conditions on
the free surface, the sea bottom, and on the floating body (Lee and Newman 2005). The radiation
potentials, ¢;, for j = 7,..., (6 + N), are subjected to the following boundary condition on the body
boundary (Newman 1994):

. =8S.n (1)

where n = (n,, n, n,) is the unit normal vector.

Coming back to the vector shape functions, S, j = 7,..., (6 + N), is calculated at the middle of each

panel of the FIoOWECS’ descritized wetted surface, considering a unit rotation for each (j — 6)™ flap.
Thus, assuming that the FloWECS’ wetted surface has been discretized using NP panels, while each
of the flaps has been descritized using NF panels, S;, j = 7,..., (6 + N), has dimensions (NP X 3) and

1s defined as:

) j j j 2

sM0=%) 0 0 0

FLP(j—6) - - -
G- [S. l_ [u_FLp(l 6) [ FLP(=6) FLP(i~6)
| = =

FLP(j

j

RM(j

j

where S 6 (NF X 3) is the sub-matrix of S; corresponding to the panels of the (j — 6)™ flap,

while SRMU~6) [(NP — NF) X 3] is the sub-matrix of §; related to the panels of the whole body except
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[P0 (NF X 1), v (NFX 1) and w, P07
(NF X 1) are the components vectors of SFLPG-6)

j
Based on the above, SiF LP(’_G), j=17,..., 10, for the case of N = 4 flaps, are determined using Eq. 3,
where 6 is the unit rotation angle of each flap, Xj_¢ (NF X 1), Yj_¢ (NF X 1) and Z;_¢ (NF X 1), j =

7,..., 10, include the X, Y, Z coordinates of the middle of the panels of the (j — 6)™ flap in the global
coordinate system OXYZ. The corresponding mode shapes are schematically shown in Figure 2.

for the (j — 6)™ flap’s panels. Moreover, u

along X, Y and Z directions respectively.

SELP11 X, cosf + Z; sin6 + I;sinf Y, —X;sin6 +Z; cos6 — I (1 — cos6)

SELP2 _ X, Y, cos0 —Z,sinf —[;sinf  Y,sinB + Z, cosO — [, (1 — cosH) 3)
SELP3 [ 1X3cos6 + Zs sinf + I sinf Y; —X3sin® +Zz cos6 — I (1 — cos 6)
SiLp4 Xy Y,cos60 —Z,sinf — Il ;sinf Y,sinf +Z,cos6 — I, (1 —cosB)

MODE 7

’”“Ew"

MODE 8

MODE 10
MODE 9

(b) :
Figure 2 Mode shapes of the four generalized modes (j = 7,..., 10): a) Top view, b) 3D view

Having calculated 1* order hydrodynamic quantities, the amplitudes of the body’s motions &;, j =
7,..., (6 + N), are obtained from the solution of the equation of motion (Eq. 4).

?:iv[—wz(Mij +Ay) +iw(By + BLE]) + Cylé=F “4)

where, w is the incident wave frequency, F; are the generalized exciting forces, M;; and C;; are the
coefficients of the generalized mass matrix and hydrostatic-gravitational stiffness matrix respectively,
while A;; and B;j are the coefficients of the generalized added mass matrix and radiation damping
matrix respectively. Finally, ij
mechanisms. The PTO of each flap is modeled as a linear damping system, with bprgi, i = 7,..., (6
+ N), actuated from the rotational motion of the corresponding (i — 6)™ flap. Therefore, ij = bproi
fori=j=7,..,(6+N), while Bf]:O fori #j=7,..,(6 4+ N). In the present paper, bprp;, i =j =
7,..., (6 + N), is taken equal to the radiation damping of the i*" mode at its natural frequency, wy;, i.e.
bproi = Bii(w = wp;).

Finally, the total absorbed power of the FloWECS as a function of w is calculated as follows:

are the coefficients of the damping matrix caused by the PTO

2
Prot(w) = ZS'(:;N) 0-5bPT01'w2|E]'| ®)

4 RESULTS AND DISCUSSION

The hydrodynamic analysis is implemented for regular head (f =0 deg, Figure 1) waves with w
varying between 0.1 and 1.3 rad/s. Initially, the exciting force and the response of the “isolated”
(without the flaps) platform of the proposed FIoOWECS is assessed, since this kind of structure presents
a new configuration that has not been previously examined. For this purpose, the examined platform
(referred hereinafter as “PLT3”) is compared with two different platform configurations: a) a platform
consisting of a single floating cylinder, i.e. without pontoons (“PLT1”’) and b) a platform consisting of
a central cylinder and a continuous submerged pontoon attached at the lower part of the cylinder
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(“PLT2”). In both PLT1 and PLT2 cases, the dimensions are defined in accordance with the
dimensions of PLT3. Figure 3 shows indicatively the variation of the non-dimensional (in terms of
pgAr?) heave exciting force, F3, and of the heave response, expressed in terms of the Response
Amplitude Operator, RAO;, as a function of w. Based on Figure 3a, it can be easily concluded that F;
for PLT3 has, contrary to PLT2, a quite smooth variation pattern, which is also very similar with the
one obtained in the case of PLT1. Moreover, the values of F; for PLT3 are smaller compared to both
PLT1 and PLT2 cases for most of the examined frequencies. As for RAO; (Figure 3b), the peak values
of RAO; for the three examined platform cases occur at different frequencies, as a result of the
existence of different heave natural frequencies, w,3 (w,3 = 0.849 rad/s, 0.239 rad/s and 0.625 rad/s
for PLT1, PLT2 and PLT3 respectively). It is interesting also to note that the existence of the pontoons
(PLT2 and PLT3 cases) leads to a great reduction of the RAO; peak values compared to PLT1.

6 T T T T 3.5 T T T r
—PLT 1 —FPLT I
a
| @ —rrr2|  sf ® —PLT2
—PLT3 _ —FPLT3

0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
o [rad/s] o [rad/s]

Figure 3 Effect of the platform’s geometry on: a) F;, b) RAO;

Next, the hydrodynamic behaviour and the energy absorption of the proposed FIoWECS is assessed
and investigated for head incident waves. In this case, the system is allowed to move freely only in
heave, while for the examined S value, two of the four flaps (FLP1 and FLP3), corresponding to
modes 7 and 9 (Figure 2a), are activated, since the other two flaps (FLP2 and FLP4) are parallel to the
incident wave direction. Based on the hydrodynamic analysis of the examined FloWECS, the natural
frequency of both the 7™ and the 9™ mode has been calculated equal to 0.225 rad/s, leading to bpro;,
i =7, 9, values equal to 72,467.11 Ns/m. In the following, r, has been considered as the characteristic
length scale for non-dimensionalization.

3.6

34

32

2.8

0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
o [rad/s] o [rad/s] o [rad/s]

Figure 4 Variationof: a) F;, j =3,7,9,b) A;;, i =j =3,7,9,¢) By, i = j =3,7,9 as a function of w

>
Figure 4 shows the variation of the non-dimensional exciting force, Fj, j = 3, 7, 9, and of the non-
dimensional added mass, 4;;, and radiation damping, B;;, coefficients for i = j = 3,7, 9, as a function
of w. As expected, the exciting forces and the hydrodynamic coefficients of the 7™ and the 9™ modes
have exactly the same variation pattern and values. On the other hand, F; varies similarly with the case
of the “isolated” platform (PLT3, Figure 3a), presented above. With regard to RAO;, j = 3, 7, 9
(Figure 5a), RAO;, j = 7, 9, have exactly the same values and the same variation pattern, which is
characterized by the existence of two distinctive peaks. The first one is observed at w = 0.2 rad/s and
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is attributed to the resonance of the 7" and the 9" modes at this frequency range (w,; = wpe = 0.225
rad/s). The second peak occurs at w = 0.45 rad/s and is related to the strong coupling of the 7" and 9™
modes with heave along with the occurrence of heave resonance at this frequency range (w,3= 0.45
rad/s). In an analogous manner, RAO; is characterized by the existence of two successive peaks, one
at w = 0.2 rad/s and one at w = 0.45 rad/s, due to coupling effects with the 7™ and the 9™ modes and
due to heave resonance respectively. It is noted that the peak values of RAO;, j = 3,7, 9, at w = 0.2
rad/s are very large. This fact is attributed to the values of the bpto;, i = 7, 9, considered in the present
paper, that may lead to very large responses close to resonance, as it has been also reported by
Gunawardane et al. (2019). Finally, Figure 5b shows the variation pattern of P;,; as a function of w,
which has been calculated by applying Eq. 5 for j = 7, 9, considering the concurrent operation of
FLP1 and FLP3 for the examined incident wave direction. The maximum absorbed power
approximately equal to 200 kW/m? occurs at w = 0.2 rad/s, while a second peak with value equal to
70.76 kW/m is observed at w = 0.45 rad/s. All the above are in absolute accordance with the
discussion made above regarding RAO;, j =7, 9.
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Figure S Variation of: a) RAO;, j =3, 7, 9, b) P, as a function of w

5 CONCLUSIONS

In this paper, the generalized modes concept is utilized for the analysis of a new FIoWECS, consisting
of multiple rotating flaps. The required mode shapes are, initially, extracted, while, next, the
FIoWECS’ hydrodynamic performance is preliminary assessed. The generalized modes’ response is
characterized by the existence of distinctive peaks at different w values, attributed to resonance effects
and to the strong coupling of these modes with heave. Consequently, the proposed FloWECS shows
large power absorption at two frequency ranges. Further investigation is required towards the selection
of appropriate damping values for the PTO, based on predefined maximum allowable rotations.
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Abstract

The present paper focuses on the numerical investigation of the performance of a heaving Wave
Energy Converter (WEC) placed in front of a bottom-mounted vertical wall. The analysis is
implemented in the frequency domain under the action of regular and irregular waves, while emphasis
is given on the effect of the WEC’s dimensions, of the incident wave direction and of the distance
between the WEC and the wall on the WEC’s response and its power absorption. The results
demonstrate that the device with the largest examined radius and draft is more effective in terms of
power absorption for the examined installation site, while for given WEC’s dimensions, the distance
between the WEC and the wall affects significantly the power absorption of the WEC.

Keywords Heaving wave energy converter, Vertical wall, TMA spectrum, Absorbed power.

1 INTRODUCTION

Wave energy presents an abundant renewable energy source and, nowadays, the wave energy sector is
rapidly growing, aiming at achieving competitiveness with other renewable energy sources. Various
types of Wave Energy Converters (WECs) have been developed so far, which can be installed and
operate either in offshore areas or at near-shore locations. At the latter locations, within the framework
of integrating WEC technologies with other marine facilities (Mustapa et al. 2017) towards the
realization of cost-efficient solutions, an oscillating-body device can be installed in front of existing
coastal structures, such as vertical (wall-type) breakwaters. In those cases, hydrodynamic interactions
between the WEC and the breakwater are introduced, which may have a direct impact on the absorbed
power and, generally, on the overall performance of the WEC. Considering the well-known category
of heaving WECs (point absorbers), there are a few studies dealing so far with the performance of this
kind of device in front of a vertical wall. Specifically, Schay et al. (2013) assessed in the frequency
domain the power absorption of a single heaving WEC (cone and hemispherical cylinder) in front of a
bottom-mounted, vertical wall of infinite length, while the power absorption of an array of five
heaving WECs placed in front of the aforementioned bottom-mounted structure has been investigated
in both frequency and time domain by Mavrakos et al. (2004).

In the present paper, the performance (hydrodynamic behavior and energy absorption) of a free-
floating, heaving, cylindrical WEC placed in front of a bottom-mounted vertical wall is investigated in
the frequency domain. The WEC is selected to be installed at the North coast of Crete island, Greece,
while energy is produced through a linear Power Take Off (PTO) mechanism, actuated from the heave
motion of the WEC. The diffraction/radiation problem, assuming a wall of infinite length, is solved by
utilizing the conventional boundary integral equation method. Two different geometries of the WEC
are examined by modifying the radius and the draft of the device. The action of regular and irregular
waves is taken into account, while focus is given on the effect of the WEC’s dimensions, of the
incident wave direction and of the distance between the WEC and the wall on the response and the
power absorption of the WEC.

2 NUMERICAL MODELLING

A free-floating heaving cylindrical WEC of radius r and draft d is placed in an area of finite and
constant water depth h in front of a bottom—mounted vertical wall at a distance b from it, as shown in
Figure la, where the PTO mechanism is schematically represented as a linear damping system, with
damping coefficient by;,. The WEC and the wall are subjected to the action of regular incident waves

of linear amplitude A and of circular frequency w that propagate with angle § with respect to the
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global horizontal X axis (Figure 1b). The WEC’s hydrodynamic analysis, including hydrodynamic
interaction effects between the WEC and the wall, is performed in the frequency domain under the
action of regular waves. It is based on a 3D linear potential theory, where the WEC is also considered
to oscillate freely only along its working direction, i.e. along the z direction (Figure la). For taking
into account the wall, the method of images is applied (e.g. Mavrakos et al. 2004), assuming,
therefore, the existence of a “pure” wave reflecting wall of infinite length.

A AZ (a) (b)
Mean Water heaveT r Ya
Level (MWL) y [ 1 Incident wave
<+ direction
7 W = >0
' KN WEC
E 1l
OXYZ: Global d|| WEC Wa C)
coordinate b .....
system (OX h i
axis, not PTO b Wall 0 X
shown here, . pto
pointing (linear) | I_I I |
inwards)

Figure 1 Geometry of the examined problem: a) Y — Z plane, b) X — Y plane

The 1% order boundary—value problem is formed and solved based on the boundary integral equation
method (Lee and Newman 2005). The calculation of 1* order hydrodynamic quantities follows, while,
finally, the WEC’s response is obtained by solving the equation of motion, which is formed as
follows:

[~w?*(m + Asz3) + iw(Bsz + bprg) + C33]83 = F3 (D

In Eq. 1, the subscript 3 denotes heave motion, i? = —1, F; is the heave exciting force, &;is the
complex amplitude of heave, m is the mass of the WEC, A3z and B33 are the heave added mass and
radiation damping coefficients respectively, while C;3 presents the heave hydrostatic stiffness
coefficient. bpro corresponds to the damping coefficient caused by the PTO mechanism, which is
taken equal to the WEC’s heave radiation damping at its heave natural frequency, wy3.

The heave response of the WEC is expressed in terms of the Response Amplitude Operator (Eq. 2),
where |&5] denotes the amplitude of the complex quantity &5:

— &l
RAQ; = = )
For regular waves, the mean power, p(w), absorbed by the WEC at a specific w is given by:
p(®) = 0.5bprow?RA0;” 3)

For irregular incident waves, the absorbed power, p(Hs, T,), for a given sea state described by a
spectrum with significant wave height, Hy, and peak period, T, is calculated as follows:

p(Hs, T,) = f,” Srma(w|Hy, Ty)p(w)dw (4)

In. Eq. 4, Srma(w|Hs, Ty) is the spectral density of the TMA spectrum (e.g. Bergdahl 2009), which is
deployed in the present paper as the incident wave spectrum in order to take into account limited water
depth conditions. More specifically, the TMA spectrum has a finite depth spectral formulation and
corresponds to a modified Jonswap spectrum in shallow waters. For a given sea state with H, and 7},
Stma(w|Hs, Ty,) can be obtained by multiplying the corresponding spectral density of the Jonswap
spectrum with the so-called “limited depth” function, @(h, w), given by Eq. 5 below (e.g. Bergdahl
2009). The spectral density of the Jonswap spectrum is obtained using the well-known relevant
formulation (e.g. DNV-GL 2017).

116



0.5 <w\/%> for wyh/g <1

1-0.5(2 —a),/h/g)zfor 1<w\h/g<2
1 for w\h/g =2

®(h,w) = %)

3 CHARACTERISTICS OF THE PHYSICAL PROBLEM EXAMINED

In the present paper, the WEC is selected to be installed in front of a vertical (wall-type) breakwater
(h = 12 m) at the North coast of Crete island, Greece. The installation area is mainly affected by wind-
generated waves of North (N), North-East (NE) and North-West (NW) directions corresponding to
B =270° 225° and 315° respectively (Figure 1b). Eight different sea states are taken into account,
with characteristics shown in Table 1. The sea state No. 4 corresponds to the most frequent one having
annual frequency of occurrence equal to 16.26%. All the above characteristics correspond to irregular
waves. In the case of regular waves, the numerical analysis is implemented for the aforementioned 8
values and for w varying between 0.4 and 3.5 rad/s.

Table 1 Examined sea states

No.of Sea N direction (§ = 270) NE direction (f = 225-) NW direction (8 = 315)
State Hy (m) T, () Hy (m) T, () Hy (m) T, ()
1 0.010 0.517 0.010 0.517 0.010 0.517
2 0.113 1.772 0.113 1.772 0.113 1.772
3 0.478 3.640 0.478 3.640 0.478 3.640
4 1.345 6.106 1.345 6.106 1.345 6.106
5 2.216 7.214 2.239 7.262 2.064 6.883
6 3.105 8.090 3.137 8.145 2.892 7.720
7 4.127 8.912 4.169 8.972 3.844 8.503
8 5.284 9.693 5.338 9.759 4.921 9.249

As for the WECs, two different WEC geometries (WEC1 and WEC?2) are examined. WECT1 has small
d and r (d/h = 0.06 and r/h = 0.08), while WEC2 is a deep draft cylinder (d/h = 0.5) of larger
radius (r/h = 0.33). For each WEC, we examine three different values of b equal to 0.5 m, 1 m and 4
m. The heave natural period of both WECs, T,,3 = 2mw/w,3, along with the corresponding values of
bpro = B33(w = wy,3) are shown in Table 2 for all three examined b values. It is emphasized that T3
and bpry have been calculated by taking into account the effect of b on A33 and Bz3. Based on Table
2, it can be easily concluded that WEC2 presents a well-tuned device for the specific installation site,
since its T3 for all b values examined is closer to the peak period (T, = 6.11 s) of the most frequent
sea state of the installation site (sea state No.4, Table 1).

Table 2 T, and bpy, for WEC1 and WEC2

No. of b=0.5m b=10m b=4.0m
WEC

Ths () bpro (kKNs/m) Ths () bpro (kKNs/m) Ths () bpro (kKNs/m)
WECI1 2.14 1.517 2.15 0.841 2.19 1.442
WEC2 5.90 46.725 5.87 46.849 5.74 35.819

117



4 RESULTS AND DISCUSSION

For the case of regular waves, Figure 2 shows the effect of b and § on p(w) (Eq. 3) for WECI1 (Figure
2a) and WEC2 (Figure 2b). In the case of WECI, b affects significantly p(w). For both examined 8
values, largest peaks of p(w) occur when WECI is installed far from the wall (b = 4 m). On the other
hand, in the case of WEC2, the placement of the device close to the wall affects positively its power
absorption, since the largest p(w) peak values are observed for b = 0.5 m for both f = 225° and 270°.
With regard to the effect of 8 on p(w), for a given WEC and b value, the action of perpendicular
incident waves (8 = 270°) leads to a decrease of p(w) compared to § = 225°, which is more intense in
the case of WEC1. Moreover, for WECI it introduces a shift of p(w) peaks at smaller w values (for
b = 0.5 m and 4 m). Finally, the results of Figure 2 clearly illustrate that by increasing the device’s
draft and radius (WEC?2), the power absorption effectiveness of the WEC is greatly enhanced. All the
above are in absolute accordance with the results related to RAO5 (Figure 3).
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Figure 2 Effect of b and 8 on p(w): a) WECI1, b) WEC2
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Figure 3 Effect of b and f on RAO5: a) WECI, b) WEC2

Figure 4 CWR of WECI for all b values examined and for: a) § =225° b) § =270° ¢c) B =315°

In the case of irregular waves, the Capture Width Ratio (CWR) is used in order to assess the power
absorption effectiveness of WEC1 and WEC2. CWR is defined as the ratio of the absorbed power (Eq.
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4) to the product of the available power with the diameter, 2r, of the WEC. Figures 4 - 5 show the
CWR of WECI1 and WEC?2 for the eight sea states of Table 1 and for the three examined b and f§
values. It is clear that WEC2 has a better power absorption ability, since it leads to larger CWR values
for most of the examined sea states. For WECI1, the maximum CWR value (equal to 0.37) occurs for
the sea state No. 2 and for b = 4 m (Figures 4a and 4c), while for WEC2, CWR obtains its maximum
value (equal to 0.58) in the case of the site's most frequent sea state, i.e. sea state No. 4, for b = 0.5 m
(Figures 5a and 5c).

......

............

b - -

Figure 5 CWR of WEC2 for all b values examined and for: a) § =225° b) § =270° ¢c) B =315°

5 CONCLUSIONS

In the present paper, the performance of a free-floating, heaving, cylindrical WEC placed in front of a
bottom-mounted vertical wall is investigated in the frequency domain. Under the action of regular
waves, the relevant results illustrate that the WEC’s dimensions have a great effect on the WEC’s
response and, therefore, on its power absorption. Specifically, by increasing the draft and the radius of
the device, the WEC’s power absorption effectiveness is greatly enhanced. The placement of the deep
draft cylinder (WEC2) close to the wall affects positively its power absorption, while the opposite
holds true for WEC1. Moreover, for both WECs, maximum power absorption occurs under the action
of oblique with respect to the wall waves. In the case of irregular waves, the deep draft floater (WEC2)
shows a better annual power absorption effectiveness (525.5 kW per year compared to 15.1 kW for
WECT1), since WEC?2 is better tuned with respect to the characteristics of the site’s most frequent sea
state. Finally, for the specific installation site, the placement of WEC2 close to the wall affects
positively its power absorption, since for b = 0.5 m CWR obtains its largest values, while the opposite
holds true for WEC1, where the largest CWR values are obsrved for b = 4.0 m.

References

Bergdahl L (2009) Comparison of measured shallow-water wave spectra with theoretical spectra.
Paper presented at the 8th European Wave and Tidal Energy Conference, Uppsala.

Det Norske Veritas — Germanischer Lloyds (DNV — GL) (2017) Environmental conditions and
environmental loads. Recommended Practice DNVGL-RP-C205.

Lee CH, Newman, JN (2005) Computation of wave effects using the panel method. In: Chakrabarti S
(ed) Numerical models in fluid-structure interaction, WIT Press, Southampton, UK, p 211-251.

Mavrakos SA, Katsaounis GM, Nielsen K, Lemonis G (2004) Numerical performance investigation of
an array of heaving power converters in front of a vertical breakwater. Paper presented at the 14th
International Offshore and Polar Engineering Conference, Toulon, France, 1:238-245.

Mustapa MA, Yaakob OB, Ahmed YM, Rheem C-K, Koh KK, Adnan, FA (2017) Wave energy
device and breakwater integration: A review. Renew Sust Energ Rev 77: 43-58.
doi:10.1016/j.rser.2017.03.110.

Schay J, Bhattacharjee J, Soares CG (2013) Numerical modelling of a heaving point absorber in front
of a vertical wall. Paper presented at the 32nd International Conference on Ocean, Offshore and
Arctic Engineering, Nantes, France, Paper No. OMAE2013-11491.

119






Hydrodynamic interactions by arrays of vertical axisymmetric bodies in front of a wall
for wave energy converter applications

I. E. Anastasiou’, K. I. Chatjigeorgiou, D. Th. Tsaousis
School of Naval Architecture and Marine Engineering, National Technical University of Athens, Athens, 9

Heroon Polytechniou Ave, 15773 Zografos Campus, Greece
* Corresponding author: eiranasta@gmail.com

Abstract

The purpose of this study is to investigate the interactions of sea waves with arrays of vertical
axisymmetric bodies, in front of a vertical wall. The circular (truncated) cylinders are conceived as
wave energy converters for exploiting, through the heave forces, the wave energy transmitted to the
solids. The wall is placed purposely to induce wave reflections technically with aim to amplify the
wave potential that influences the solids yielding thus larger heaving motions. The main goal is to
study possible alterations in the transfer functions of heaving motions and desirably the magnification
of the productive interval of wave frequencies. The formulation of the problem is performed
analytically using the matched eigenfunction expansion technique. The task is to develop an efficient,
robust and fast solution methodology. The approach is accurate and complete in the sense that it does
not account for reverse propagating waves which is typically used by the method of image bodies and
assumes univocally that the wall is infinite. The obtained results show that indeed, the existence of the
wall amplifies the magnitudes of the heave forces, while in the correct approach, does not double the
values for zero frequency as for instance is done by the method of image bodies which by default
assumes pure reflection of the waves by the infinite wall.

Keywords Hydrodynamics, Circular and Elliptical Cylinders, Wave Energy Converters, Addition
Theorems.

1 INTRODUCTION

The hydrodynamic interactions developed between structures is of substantial importance for marine
structures. A number of notable works that study hydrodynamic interactions with structures have been
elaborated, such as Chatjigeorgiou and Mavrakos (2010), Chatjigeorgiou (2011), Chatjigeorgiou and
Molin (2013), Chatjigeorgiou and Katsardi (2018), Chatjigeorgiou (2018), Chatjigeorgiou et al.
(2019), Mavrakos et al. (2004), Siddorn and Eatock Taylor (2008) who tackled multiple bodies using
analytical approaches. Cases of wall induced wave reflections were studied by Teng and Ning (2003)
and Teng et al. (2009) who investigated the wave diffraction and radiation problem of a cylinder
which is fixed on the bottom and is placed in front of a wall.

The present study extends past efforts including a vertical wall in front of an array of truncated
cylinders. It develops a semi-analytical approach in an effort to investigate/examine the velocity
potential generated by the superposition of the diffraction potential induced by the wall and by the
truncated circular cylinders as well as the velocity potential due to the incoming wave. The wall is
simulated as an elliptical cylinder, with a semi-minor axis equal to zero, fixed on the bottom and
piercing the upper free surface. In the present investigation, arrays of circular truncated cylinders are
placed in front of a vertical wall. Circular cylinders are preferred due to their simple geometry, the
possibility to use the separable solutions of the Laplace equation, and mostly because they are
dominant in numerous applications in the open ocean.

2 FORMULATION OF THE PROBLEM
2.1 The boundary value problem

The vertical wall is simulated as an elliptical cylinder with zero semi-minor axis and semi-major axis

121



equal to a. An elliptical coordinate system is used which is placed on the center of the wall. The
transformation from elliptical to Cartesian coordinates is achieved through the equations x =
ccoshucosv andy = csinhusinv, where u and v denote families of confocal ellipses and
hyperbolae respectively, while ¢ is the semi-focal distance which is equal to ¢ = Va? — b?. A local
polar coordinate system is used for each cylinder, which is placed at the center of the cylinder. The
transformation from polar to cartesian coordinates is achieved through x =1, cosf, andy =
73, Sin 6.

The schematic of the problem considered herein is given in "Figure 1".
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Figure 1 a) Top view, b) Side view

L is the distance between the center of the wall end the center of the cylinder k, a; is the angle
between the length L, and the horizontal axis, by is the radius of the cylinder, Rj, = Ry; is the
distance between the center of two cylinders, By; is the angle between the length Rj, and the
horizontal axis, hq is the distance between the flat bottom and the underneath area of the cylinder and
h is the water depth.

We assume that the fluid is inviscid, incompressible and the fluid motion is irrotational. A regular
wave with linear amplitude A and circular frequency w is assumed as well, which propagates towards
the arrays of the cylinders and the wall. All these assumptions allow as to introduce a linear velocity
potential ®(x, y, z, t), which can be written as:

@(x,y,2,t) = Re[p(x,y,z)e '] (1)

The governing boundary value problem is expressed through the following equations:

Vip=0, inQ )

Ko+ ¢, =0, on Sg, z=h 3)

@, =0, in ), z=0 4)

¢, =0, Z = hqy, 0 <6y <2m, 0 <1 < by Q)
¢r, =0, r = by, 0 <6y <2m, hix<z<h (6)
@, =0, u—-0 0<z<h (7
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where K = w?/g, g is the gravitational acceleration, Q is the liquid domain, which extends to
infinity and Sr is the undisturbed free surface. "Eq. 2" is the Laplace equation "Eq. 3" is the free-
surface boundary condition (dynamic and kinematic), "Eq.4" is the zero velocity condition which must
be satisfied on the flat bottom, "Eq.5" is the zero velocity condition which should hold on the bottom
surfaces of all cylinders, respectively and "Egs.6-7" are the Neumann conditions on the wetted surface
of the cylinders and the wall. The overall/total velocity potential that extents to the infinite domain (A)
can be expressed as

N
Q=@+ Z oS + o ®)
k=1

where ¢; denotes the incident wave, qol()k) is the diffraction caused by the kth cylinder and qol()e) is the
diffraction caused by the wall. It is worth noting that the present boundary value problem can be
solved only in the case where the total velocity potential is expressed with respect to a single
coordinate system. The velocity potential(s) in the lower domain(s) below each cylinder is denoted by
@g. The defined potentials must satisfy the following matching conditions

0ps 0@
a—r:=a—;, m=by, 0<0,<2m, 0<z<hy )
P4 = P, e = by, 0 <6y <2m, 0<z<hy (10)

2.2 Exciting forces
The derivation of the velocity potentials allows the calculation of the hydrodynamic loading on the

cylinders and the wall via direct pressure integration. The surge, sway and heave forced will be given
by

h 21

Fx(k) = —pgAby f ©4(by, Oy, z) cos B, dbdz (1)
hax J0
h 21

RO = —pgaby | | @albe,,2) sin6y 0z (12)
hax J0

w by r2m (13)
FE, =pgA @5 (1, O, hay )73 A0y dry,
o Jo

2.3 Case Studies

The developed method is applied for an array of circular cylinders in front of a vertical wall. The array
considered here consists of five circular cylinders arranged in a line. The radius of all the cylinders is
equal to b and the length of the wall is equal to 6b. This array is studied for two different cases in the
first (case 1) "Figure 2" the distance between the cylinders is equal to 5b while in the second (case 2)
"Figure 3" the distance is equal to 3b. The cylinders are numbered from right to left.

| Sb | .\ sb | | 5b | .\ sb ‘ 5b

3b

Figure 2 Case 1
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3 RESULTS

Figure 3 Case 2

sb J

3b

Of major importance are the heave loads on the cylinders which are the mechanism for absorbing
wave energy. Thus, only this type of forces will be presented. "Figures 4-6" depict the heave forces
(normalized by pgAb?), exerted on all cylinders assuming that the direction of the incoming wave 270
degrees. In each case, a wide range of wave frequencies has been taken into account. The results in
"Figure 4a-5a" corresponds to the array which is depicted in "Figure 2" while the results in "Figure
5b-6b" corresponds to "Figure 3".
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Figure 4 Heave forces on the cylinders case 1: a) h;/h = 0.5, b) h, /h = 0.25
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Figure 6 Heave forces on the cylinders case 2: a) h;/h = 0.25, b) h; /h = 0.8.

The results depicted in "Figures 4a-5a" demonstrate that the decrease of the depth increases the force
in each cylinder. This conclusion is confirmed in "Figures 5b-6b". In particular while the distance
between the cylinders is decreased the heave forces increases as well. Comparing "Figures 4a, 5b",
"Figures 4b, 6a" and "Figures 5a, 6b" we may conclude that the decrease of the distance between the
cylinders increases the heave force in each case.

4 CONCLUSIONS

The hydrodynamic diffraction problem by an array of circular cylinders in front of vertical wall was
investigated. The ultimate task of the study is to design optimum wave energy converters of
cylindrical shape. This is an ongoing work that will be followed by the investigation of additional
configurations of WEC clusters.
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Abstract

The paper presents large scale laboratory measurements involving the response of a three-legged
jacket structure representing the support structure of an offshore wind turbine. The full-scale structure
was assumed to be installed in water depth ranging between 50-60m and in the laboratory scale the
water depth was 3.5m. To simulate the flexibility of the foundation system and test the dynamic soil-
wave-structure interaction, the jacket model was placed on top of a set of novel special devices
(bearings), consisting of spring assemblies, allowing relatively small but realistic horizontal and
vertical motions of the structure. The experimental data presented herein involve the oscillating
properties response of the model subjected to ocean waves. Regular wave events are presented. It is
shown that the structure moves as expected (and designed) in surge and pitch. The displacements were
analogous to the wave steepness and peak displacements are evident near certain frequencies which
indicate the occurrence of resonance or near resonance phenomena.

Keywords Three-legged jacket structure, Offshore wind energy, Large experimental scale.

1 INTRODUCTION

The current trend of the offshore industry for offshore renewables focuses towards the use of increased
output wind turbines installed in large water depths using bottom founded or floating support systems
(de Vries 2011; Musial and Ram 2010). Jacket substructures constitute an attractive solution, offering
the required strength and stability to facilitate large output wind turbines and have been used in
numerous offshore wind parks. In an attempt to minimize the construction costs of conventional four-
legged jacket substructures, de Vries (2011) as well as Chew et al. (2013; 2014) investigated three-
legged jackets as an alternative, showing that improvements in terms of their hydrodynamic
performance and costs can be achieved. The present study concerns the experimental investigation of
the oscillating properties of a three-legged jacket tower. The experimental study was conducted within
the framework of MARINET-2 as a sequel of the work presented in MARINET and was realized in
CNR-INM (former INSEAN) facilities in Rome.

2 METHODOLOGY

The present study concerns the experimental investigation of the oscillating properties of a three-
legged jacket tower. A three-legged jacket support system, fabricated using a 1:18 scale-down factor,
was examined under a wide range of steady/unsteady wave cases with characteristic wave steepness
varying between 0.05 and 0.29. Experiments were conducted in a wave flume with length, width and
depth equal to 220m, 9m and 3.5m respectively. Regular and random waves were generated by a
mechanical wavemaker, situated at the end of the wave basin and were absorbed by an artificial
sloping bay at the other end of the basin. Measurements were recorded with respect to surface
elevation, wave run-up, peak displacements and acceleration measurements at the centroid of the
assembly. Steady wave solutions were employed to investigate resonance phenomena and are
presented herein.
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2.1 The jacket configuration

The experimental setup outlined in the present study was based on a scaled-down model of such a
structure. The geometric characteristics of the scaled-down model are presented in Figure 1(a). It has a
triangular shape, tapering from a wide bottom section to a top smaller section, consisting of three
columns, interconnected by means of bracings. The total height of the structure is 5.01m, while each
side of the triangular shape has an axial length of 1.06m near the deck and an axial length of 1.75m at
the bottom. The height of the jacket is 5.01m and the attachment of the pads increased this height to
5.32m.The three legs are interconnected by means of diagonal members. In total, five sets of diagonal
members are arranged at each face along the height of the tower. The jacket was constructed by
welding the steel tubular members. For the three columns, CHS219x5 tubular members were used,
while for the bracings CHS114x%5 ones. Finally, a 20mm thick plate was placed at the top of the jacket.
The above configuration led to a structure with a total mass of approximately 1200kg. The scaling
factor is not explicitly fixed, as the specific structure (in full scale) can be installed in various water
depths. A rational scaling factor can be assumed to 1:18. Each side of the equilateral triangle at the
bottom part of the model is 1.75m, which implies that in full scale the structure would occupy 430m?
at the bottom.

2.2 Soil-structure interaction

In a previous project conducted within the context of the MaRINET EU program, the jacket was
submerged in water in the long towing tank of the CNR-INM facilities in Rome and was subjected to
various wave conditions. The results of this program have been published in Loukogeorgaki et al.
(2016) and Chatjigeorgiou et al. (2018). Among the top priorities set for the present experimental
program, which was funded by the MaRINET2 project, was to consider the flexibility of the
foundation and test the dynamic soil-wave-structure interaction, when the structure is subjected to
wave loads of different characteristics. For this reason, special devices were designed and constructed
(bearings), consisting of spring assemblies, that were fastened at the baseplates of the columns, and, in
turn, were attached at the bottom concrete slab of the basin, which simulate the flexibility of the
foundation system.

Each bearing (Figure 1(b)) consists of a large rectangular plate [A], aimed to be fastened on the basin
slab, on which two pairs of plates are perpendicularly welded. Plates [B] are used in order to hold the
assembly of the vertical springs, while plates [C], [D] are used in order to hold the horizontal spring.
Plates [B] have a horizontal longitudinal slot, in which two steel rods can move freely. The horizontal
(resp. vertical) springs have an axial stiffness of 7.65kN/m (resp. 370kN/m). The vertical springs have
an axial stiffness significantly higher than the horizontal springs, a typical situation in practical cases
of pile foundations. It has to be emphasized here that the specific values of the axial stiffnesses used,

(b)
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0 1 plate
1.06m 7 ' v N /
Steel rods

Figure 16 a) Jacket model, b) Bearing systems attached in each jacket leg
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are not meant to simulate a real case of pile foundation, but rather to lead to a specific dominant period
for the whole structural system, which was calculated to be 1.54s. This target for the dominant period
was set, so that the wave periods causing resonance, to be within the capacity of the wave generator of
the facility.

2.3 Instrumentation

The model was oriented towards the wave maker as shown in Figure 22. The orientation of the model
ensured the worst case of loading. Due to the inherent limitations of the experimental set-up in
combination with the available measurement apparatus, the direct measurement of the induced
hydrodynamic loading was an impossible task. Therefore, the quantities evaluated in this paper are (a)
the accurate measurement of the wavefield, (b) the displacements at the of the structure’s top end.

With respect to (a), 9 wave gages were placed in the area of interest as shown in Figure 2. One of the
wave gauges was placed in the far-field in order to measure the generated wave prior to any kind of
interactions. An additional wave gauge was placed behind the structure, to identify the alterations of
the wavefield due to the presence of the structure. In addition, six more wave gauges were placed near
the front of the jacket, to allow the measurement of the surface elevation.

With regards to point (b), the time-history of the arising deformations was also measured during each
trial. That was achieved with the use of a high accuracy, Krypton data acquisition device. The arising
deformations were measured at the location of the plate, concerning all six-degrees of freedom, three
for displacements and three for rotations.

3 RESULTS

Both regular and long-crested irregular waves were tested; the paper focusing on the former. The
laboratory measurements presented herein refer to a range of relatively small waves to the largest
waves produced during the experimental sequel. Selected results are presented in Error! Reference
source not found.. In detail, the first column of Error! Reference source not found. presents the
reference name of the experimental case addressed, with R referring to regular waves. The period T of
the regular waves are presented in column 2. In the following columns (3-4) the measured wave
heights H and respective wave steepness kH/2 are presented, for the positions corresponding to wave
gauge 6 as shown in Figure 2 and represent the surface elevation, as it was derived by the wave-maker.
The final two columns of Error! Reference source not found. present the response measurements
associated with the dominant displacements (surge and pitch). The relatively small-wave cases, R-r14
and R-r28, which hit the jacket, are weakly nonlinear waves, while the rest of the cases are associated
with highly nonlinear waves.

Z_bwd H=2010mm
Y_bwd H=1965mm
X_bwd H=1855mm

Accelerometers
H ~ 1900 from L plate

23. Figure 2 Schematic of the configuration
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Table 1 Experimental measurements

kH
Case T (s) Frequency (Hz) H,,, (mm) % Max Surge (mm) Max Pitch (deg)
R-r14 3.33 03 220 0.045 13.2 0.157
R-r28 2.00 0.5 300 0.151 604 0.657
R-r42 2.00 0.5 465 0.235 90.7 0.900
R-r39 1.54 0.65 250 0.213 68.1 0.755
R-r43 1.54 0.65 391 0.333 91.8 0.977
R-r27 1.43 0.7 200 0.197 44.1 0.492
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Figure 3 Linear transfer functions

The linear transfer functions obtained from the analysis of peak displacement measurements
concerning regular wave tests with waveheight equal to 0.25m are shown in Figure 3. The maximum
induced peak displacement is noticeably increased as the wave frequency approaches the value of
0.6Hz, indicating either the occurrence of resonance or near resonance phenomena or the increased
forces due to the impact force caused by wave slamming. A similar trend is noted in the other tested
cases. Indeed, R-r42 and R-r43 cases are associated with a large nonbreaking regular wave case and a
breaking regular wave case respectively; the latter breaking on the jacket and not earlier in the wave
basin. R-r43 has much larger wave steepness than R-r42 but both surge and pitch are of similar
magnitude for both cases. This difference is also related with the additional wave-impact loads that are
developed due to wave-slamming caused by wave breaking on the jacket (Wienke and Oumeraci
2005).

4 CONCLUSIONS

The paper presented laboratory measurements involving the response of a jacket structure properly
scaled to represent (in full scale) an offshore wind turbine support structure. To simulate the flexibility
of the foundation system and test the dynamic soil-wave-structure interaction, the jacket model is
placed on top of a set of novel special devices (bearings), consisting of spring assemblies, allowing
relatively small but realistic horizontal and vertical motions of the structure. The structure experienced
the action of large regular waves. From the investigation of the measurements it is shown that the
structure moves in surge and pitch, while the motions in the other degrees of freedom were, as
expected (and designed), negligible. The displacements were analogous to the wave steepness. The
focused events yielded larger displacements than regular waves of similar wave steepness. Nonlinear
effects were evident. The occurrence of resonance or near resonance phenomena and/or the effect of
impact forces is evident and the investigation of the irregular wave cases, where nonlinearity can
become more important, is subject to future work.
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Abstract

Coastal zone monitoring is essential in order to understand their evolution and incorporate sustainable
coastal management practices. Frequent data collection is essential but often surveys can be costly and
time-consuming. Several costly and time-consuming tools and techniques have been developed during
the last few years for change detection and monitoring, allowing for both qualitative and quantitative
analysis. In this study we present the ability of an off-the-shelf Unmanned Aerial Systems (UAS)
coupled with Structure-from-Motion (SfM) photogrammetry to map and measure coastal features (e.g.
shorelines). The UAS surveys taken place over three campaigns during Autumn 2017 (November),
Spring 2018 (March) and Autumn 2018 (October) in Pinios river deltaic coast. The demonstrated
UAS-SfM methodology produced remote sensing data with great spatial resolution which could be
used to visually identify important parameters for coastal research and management at a fraction of the
cost of other available techniques and. Even an off-the-shelf UAS is suitable for repeat surveys to
assess spatial and temporal changes at small spatial extents and to better comprehend how these may
be related with site-specific natural processes along the coast.

Keywords Coastal area Monitoring Management Remote sensing Structure from motion.

1 INTRODUCTION

Coastal zone monitoring of dynamic morphodynamical environments such as river deltas is essential
in order to understand their evolution and incorporate sustainable coastal management practices.
Frequent data collection is essential but often surveys can be costly and time-consuming. This often
leads to increase the time lag between successive monitoring campaigns to reduce survey costs, with
the consequence of fragmenting the data available for coastal zone management. In this study we
present the ability of off-the-shelf Unmanned Aerial Systems (UAS) coupled with Structure-from-
Motion (SfM) photogrammetry to map and measure coastal features (e.g. shorelines).

2 MATERIALS AND METHODS

2.1 Study Area

The study area is in Thessaly, an administrative region of Greece, on the western shore of the
northwest Aegean Sea in the eastern Mediterranean Sea and the receiving basin is Thermaikos Gulf
which extends from Thessaloniki bay to 200 m isobath (Figure 1). Annually, the deltaic coastline is
mainly exposed to winds blowing from the north, northeast and east with a frequency of about 17%,
13% and 15% respectively. Additionally, waves have heights of <1 m and of >2 m with a frequency of
83.2 % and 4.82 % respectively (Athanasoulis and Skarsoulis 1992). From the dominant north
direction, the fetch is about 105 km and the mean wave height is 0.6 m. Waves from the east have a
fetch of 125 km and mean wave height of 0.9 m whereas, waves from the northeast have a reduced
fetch of about 60 km and mean wave height of 0.8 m. The longest fetch is from southwest (275 km)
but the waves originating from this direction are much less frequent (2.6 %). Hence, the Pinios delta is
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exposed to long fetches available from N, NE, E and SW (Foutrakis et al. 2007) subjecting the deltaic
coastline to a relatively monthly high wave attack of 70-1454 w/m* (Poulos et al., 2000). Surface
currents are generally weak (<10 cm s™') (Karageorgis and Anagnostou 2001) and the mean tidal range
is 19 cm (Tsimplis 1994). The socio-economic development in the deltaic plain is based on agriculture
and tourism. Hence, the cultivated and urban areas have increased significantly over the recent
decades and the main land use along the coastline is buildings (e.g. hotels, vacation residences). For
the purposes of the study three segments of the deltaic coast were selected; Stomio, Alexandrini and
Nea Mesagkala.
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Figure 1 From bottom to top: Study area and UAS surveys in Alexandrini, Nea Mesagkala, and Stomio.
2.2 Methodology

2.2.1 UAS platform and field data collection

We deployed a Phantom 4 (P4) manufactured by DJI Inc. (Shenzhen, China); a popular quadcopter
which has many features of interest for scientific applications. The integrated camera can acquire 12-
megapixel still imagery and uses a wide-angle rectilinear lens and thus avoid the heavy distortions
common with the fish-eye lenses employed in several older drone and camera models. For navigation
and flight stabilization, the internal consumer-grade positioning system uses both the GPS and
GLONASS systems, increasing the number of satellites used in the position determination. DJI's
specifications report a positioning accuracy of =2.5 m; adequate especially for the horizontal axis the
measurements of which are also used for the alignment of the images captured during the survey.
These positions are automatically exported to the EXIF metadata for each image in WGS84 latitude
and longitude thus providing a location stamp (geotag) for each image.

The high resolution natural colour aerial images of the three coastal areas were collected over three
campaigns in Autumn 2017 (24/11/17), Spring 2018 (11/03/18) and Autumn 2018 (02/10/18). Skies
were cloud free and wind speeds never exceeded P4’s maximum wind speed resistance (10 m/s). Each
fully automated survey was planned and executed with the freeware “Dronedeploy” mobile
application which allows the user to define and check effortlessly on site a variety of flight and camera
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capturing parameters (e.g. flight altitude and resolution, battery usage, front and side overlap etc.)
before the image acquisition.

2.2.2 Structure-from-Motion

Visual-topographic point clouds and an orthomosaic were produced using SfM algorithms in Agisoft
Metashape Professional software (Agisoft 2019). The SfM workflow to generate a point cloud
includes photo alignment and tie point generation, camera optimization, and finally dense point cloud
construction. Since fine topographic details were available, the workflow continued with meshing the
original images. Texturing was also applied to the resulted mesh in a future step and a high quality
orthophoto was generated (Figure 1).

2.2.3 Shoreline change monitoring

The most critical part of the methodology, in terms of shoreline change monitoring, is to identify with
high accuracy the separation points between the waterbody and the land. To this purpose, the high
quality orthophoto of each period was used (Figure 1). Due to very high density of pixels, the wet and
dry areas were detected readily in the image, making the shoreline digitizing procedure an effortless
task with very accurate results. Afterwards, the Digital Shoreline Analysis System v.4.3 (DSAS) was
employed to estimate the seasonal shoreline changes. It is an extension of the ESRI ArcGIS v.10
software that computes rate-of-change statistics for a time series of shoreline vector data using a
measurement baseline method. According to this method, the baseline is constructed by the user and
serves as the starting point for all transects cast by the DSAS application. The measurement transects
intersect each shoreline at the measurement points used to calculate rates of changes. The distances
from the baseline to each intersection point along a transect are used to compute the selected statistics.
For the purpose of this study an onshore baseline was constructed roughly parallel to the general trend
of the coastline and transects were spaced at 5 m intervals. Although there are several methods for
calculating the rate-of-change by DSAS, Net Shoreline Movement (NSM) method was chosen to
analyze the shoreline changes. It is associated with the dates of only two shorelines and reports not a
rate but the distance between the oldest and youngest shorelines for each transect (Thieler et al. 2009).

3 RESULTS AND DISCUSION

3.1 Nea Mesagkala

This segment is located north of Pinios river mouth and is characterized by the expanding residential
use of the beachfront over the past 30 years not within a coastal management framework. Also, during
the summer season the beach is modified to create more space for recreational use. SCE analysis
showed that the lowest maximum total change in shoreline movement is observed at Nea Mesagkala
(13 m) among the three studied areas. In terms of NSM analysis, 78% of the shoreline has propagated
from 11/2017 to 03/2018 (winter period) and 69% retreated from 03/2018 to 10/2018 (winter-summer)
(Figure 2a and 2b). The same analysis for the period 11/2017-10/2018 reports that 77% of the
shoreline has propagated (Figure 2c). Although SCE and NSM analysis reported insignificant net
retreat during the monitoring period, this part of deltaic coast is the most vulnerable and susceptible to
increases in wave runup, storms and inundation because of its physical attributes (e.g. gentle slope,
small width, absence of dune system). As shown in Figure 3a at some parts of the stretch coastal
buildings are affected by storms originating from the less frequent east and southeast waves during the
year.

3.2 Alexandrini

This segment is located between the river mouth and Stomio and together with Nea Mesagkala is
highly anthropized with many fixed structures along the beachfront. However, Alexandrini represents
a more natural beach system than the Nea Mesagkala. DSAS analysis reported that maximum total
change in shoreline movement in this part of deltaic coast is 19.3 m while the 67% and 62% of the
shoreline retreated the periods 11/2017-03/2018 and 03/2018-10/2018 respectively. Even though, the
above statistics suggest a risky and hazardous setting for coastal structures along the stretch, the
undisrupted, in most cases, dune system, provide a buffer against extensive shoreline retreat and wave
overtopping during storm events and provide a source of sand to replenish the beach during periods of
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erosion a buffer against sea erosion and wave overtopping during storm events (Figure 3c).

39°57T0°N 39°56'15'N 39°55'30°N 39°5445'N 39°53'15°N 39°5230°N

22°44'15"E

22°4245°E

22°420°€
22°4330°E

39°57'0°N 39°56'15°N 39°55'30°N 39°54'45°N 39°53'15"N 39°52'30°N 39°51'45'N

39°5T0°N 39°56'15'N 39°55'30°N 39°5445'N 39°53'15°N 39°5230°N

22°44'15°E

22°4245°E

w
8
o
3
&

22°420°E

39°57'0°N 39°56'15°N 39°55'30°N 39°54'45°N *54'0" 39°53'15"N 39°52'30°N 39°51'45°N

39°5T0°N 39°56'15'N 39°55'30°N 39°5445°N 39°53'15°N 39°5230°N

22°44'15"E

22°4245°E

22°420°E
22°4330°E

39°54'45°N 39°54'0°N 39°53'15"N
Accretion Erosion

Figure 2 Results of NSM analysis during three periods: a) 11/2017 —03/2018, b) 03/2018 — 10/2018 and c)
11/2017-10/2018.

3.3 Stomio

Stomio, positioned at the south edge of the deltaic coast, is not characterized by urbanization like the
other two segments and can be considered as natural dynamic system controlled mainly by physical
processes. It has the widest beach in the entire study area and hosts the mouth of an abandoned
channel of Pinios river. Usually, during wet period the mouth is opened dividing the beach into two
segments.

winter vegetation

beach cusps

Figure 3 The potential of UAS surveys in coastal monitoring: a)old/contemporary wave runup level and
disrupted dune at a part of Nea Mesagkala beach characterized by shoreline retreat during whole monitoring
period, b) vegetated dunes and wave runup in Nea Mesagkala, ¢) beach cusps and eroded dune in Alexandrini
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and d) beach cusps and winter vegetation in Stomio.

and providing additional sediment input. During the dry period the mouth is closed, and the beach is
used for recreational and touristic purposes. Among the three studied segments, SCE analysis
presented that the greatest maximum total change in shoreline movement for all available shoreline
positions is observed at Stomio (34 m). However, the big beach width dissipates wave energy and
consequently decreases the impact of storms. Like Alexandrini, exhibits almost identical trend through
the monitoring period in terms of shoreline movement; 80%, 43% and 83% of the shoreline has
retreated during the periods 11/2017-03/2018, 03/2018-10/2018 and 11/2017-10/2018 respectively.

It is worth noting that during the period 11/2017-03/2018 while in Nea Mesagkala most of the
shoreline (78 %) has propagated in Alexandrini and Stomio most of the shoreline has retreated.
Probably this difference was caused by flood incident occurred 15 days before the UAS survey. Nea
Mesagkala beach being very close to the Pinios river mouth affected by the plume dispersion in a
greater degree than the other two sites.

Finally, beach cusps, dunes and vegetated areas were detected and recorded easily at different sites
and dates; their size and position could potentially provide valuable information about the state of the
beach (accretion/erosion) and the related wave regime.

4 CONLUCIONS

The use of UAS-SfM has enhanced the ability of monitoring coastal features. Thus, the extraction of
the shoreline position was very precise (e.g. clearly visible berm, swash zone, beach step) and the
resulted statistics characterized by very low uncertainty. UAS-SfM produces remote sensing data of
great spatial resolution which could be used to visually identify important parameters for coastal
research and management at a fraction of the cost of other available techniques and means (e.g.
topographic surveys, airborne lidar and high-resolution satellite images). This method can serve as an
important tool for coastal management because it is suitable for repeat surveys to assess spatial and
temporal changes at small spatial extents and to better comprehend how these may be related with site-
specific natural processes along the coast.
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Abstract

In this contribution the results of an automated coastal feature, capable to detect the (2-D) wave run-up
positions on specialized optical imagery of high spatio-temporal coverage are presented. The wave
run-up detector was developed/used to record/monitor the positions of the swash maxima, in geo-
rectified coastal imagery obtained through a Beach Optical Monitoring System (BOMS). The
automated procedure was tested on video imagery obtained from two highly touristic beaches
(Kamari, Santorini and Kalo Livadi, Mykonos), during a highly energetic 3 and 2-month period for
each beach respectively. In addition, a wave logger deployed offshore each beach provided hourly
wave records, concurrent to the detected wave run-up positions. The detected wave run-up positions
showed good agreement with the recorded wave forcing. The maximum wave run-up range for the
examined beach sections was found to be at 37 m and 32 m from the swash minima in Kamari and
Kalo Livadi beaches respectively. The study results suggest that the developed methodology can
provide a fast, powerful and efficient beach monitoring tool, capable to provide high-frequency time
series of wave run-up positions; and thus, accurately define the swash maxima (i.e. the “aigialos” line)
of a beach. The latter is of extremely importance when it comes to proper beach spatial planning and
coastal zone management scheme.

Keywords Wave run-up, Swash zone dynamics, Coastal video monitoring, Image processing

1 INTRODUCTION

Wave run-up, i.e., the time-varying position of the shoreward excursion of water on the beach, is an
important beach dynamic feature. Its maximum excursion and height above the mean sea level form
fundamental parameters of swash zone dynamics, the zone which probably is the section of highest
interest for engineers, geologists and managers working on the coastal zone; being the most frequently
accessed part of the beach, where morphological changes can be frequent. At the same time, wave run-
up is a common hazard factor for beaches and barrier islands through overwash and an essential factor
to be considered for the effective design of coastal works and beach nourishment projects, the
prediction of storm surge and wave impacts and the planning of coastal management schemes
(Vousdoukas 2014). Moreover, wave run-up is related to regulatory boundaries; the maximum
recorded wave run-up at a beach (commonly defined as “aigialos” line in greek) forms the baseline
from which a ‘setback’ zone should be defined and in which no further development shall be allowed,
according to the Greek (Law 2971/2001) and European legislation (e.g. the ICZM Protocol to the
Barcelona Convention (Art. 8(2)) and the 490 Directive 2014/52/EU). However, accurate records of
wave run-up is at least hard (if not impossible) to retrieve with the classic mapping or/and image
processing techniques. Repeated topographic leveling during and after storm events require dedicated
human efforts under extreme conditions, while satellite images except their cost, are characterized by
low temporal coverage. At the same time, the estimation of wave run-up is also a complicated task, as
nearshore hydro-morphological changes are based on complex processes-response mechanisms
driving the swash zone, operating at various spatio-temporal scales (Suanez et al. 2015). Coastal
engineers commonly use empirical formulae to predict this crucial parameter, which have derived over
previous parameterization efforts that suggest control by the nearshore seabed slope and the incident
wave energy (e.g. Holman, 1986; Stockdon et al. 2006). Over the recent years, emphasis has been
given to the development of image processing algorithms/techniques, capable to
record/monitor with high accuracy specific coastal features of interest on specialized optical
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datasets deriving from coastal video monitoring systems (e.g. Vousdoukas et al. 2010;
Vousdoukas 2014; Velegrakis et al. 2016).

2 METHODOLOGY

An autonomous Beach Optical Monitoring System (BOMS -
http:/www.vousdoukas.com/index video.html ) was installed in two highly touristic beach systems of
the Cycladitic islands of Santorini (Kamari, an open beach of SE orientation) and Mykonos (Kalo
Livadi, a typical “pocket” sandy beach) (Figure 1a)-c)). The BOMS comprises of a station PC and 1 or
more Vivotek IP8362 video cameras, set to obtain beach imagery (videos) with a sampling rate of 5
frames per second in burst mode (for 10 minutes at the beginning of each daylight hour). Images are
corrected for lens distortion, geo-rectified and projected on real-world (UTM) coordinates using
standard photogrammetric methods and Ground Control Points (GCPs), collected with a Differential
GPS (Topcon Hipper RTK-DGPS). The geo-rectified and UTM-projected images of each hourly 10-
min burst (3,000 snapshots/frames) are furthermore processed in order to generate high resolution
time-stack images of the cross-shore position of the swash maxima (IMMAX images - Figure 1d)-¢))
amongst other optical coastal products (for details see Velegrakis et al. 2016). For the purpose of this
study, IMMAX datasets for a highly energetic period (in terms of wave activity) for each beach have
been extracted, covering 107 (16/12/2016 — 29/03/2017) and 61 (20/10/2014 — 19/12/2014) days for
Kamari and Kalo Livadi beaches respectively. In addition, a pressure sensor/wave logger
(RBRYVirtuoso) deployed offshore each beach (at 9.1 and 9.3 m depth — Figure 1a) and 1c¢) ), provided
high frequency (4 Hz) wave parameters of zero-moment wave height (HmO0) and peak wave period
(Tp) during the 10-min hourly bursts, concurrent to the optical datasets. However, in the case of
Kamari beach due to video system downtime, continuous and concurrent morphodynamic and
hydrodynamical information was not available for 14 days (21-24/01/2017 and 06-15/02 2017).
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Figure 1 a)-c) Locations of Kamari and Kalo Livadi beaches showing also the locations of the BOMS, the
deployed wave logger (RBR) and the monitored beach sections; d)-¢) example of a single wave run-up detection
on the plotted IMMAX image of a stormy hour (blue line), wave run-up global maxima (i.e. the “aigialos line for

the monitored period - red line) and the 8 selected cross-shore profiles for Kamari and Kalo Livadi beach
respectively.
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A fully-automated coastal feature detector was developed in order to record/monitor the wave run-up
positions on each hourly IMMAX image. The detector is based on a very fast algorithm that uses a
localized kernel that progressively grows along the IMMAX digital image, following the maximum
backscatter intensity along the feature of interest (Chatzipavlis et al. 2018). In terms of record
accuracy, this tends to decrease with the distance from the camera due to the increasing pixel footprint.
Therefore, detections from the proximal beach stretch (350 m long) were considered in the analysis; in
this area, the pixel footprint and the accuracy of detections are estimated at about 0.25 m. The wave
run-up maxima of all single detections on the hourly IMMAX imagery (i.e. the “aigialos line” for the
monitoring period of each beach) was estimated (depicted as red line in Figure 1d)-e)). This is set as
reference line in order to estimate the distance between the wave run-up maxima and the daily
maximum single wave run-up detection. In this contribution, information is shown for 8 representative
and equally spaced (with a 50 m distance between each other) cross-shore profiles (Figure 1d)-e).

3 RESULTS

The wave run-up changes of the studied period were found to be significantly correlated with the wave
climate recorded from the RBR wave loggers in both beaches, as expected. During periods of
increased wave energy, the distance between the reference line (wave run-up global maxima) and the
daily maxima recorded wave run-up is decreasing or even eliminated, meaning that wave run-up
reaches its maxima point for the studied period (Figure 2a)-d)). Interestingly, this distance elimination
occurs at different time periods between the examined beach sections. In Kamari beach 5 out of the 8
examined cross-shore profiles reach their max. recorded wave run-up position on 30/12/2016 when
wave heights of 1.8 m have been recorded. However, cross-shore profiles P-1, P-5 and P-7 reach their
maxima recorded wave run-up at different dates when the recorded wave heights were of about 1.2 m
(Figure 2a) and 2c)). Similar trend can be found in Kalo Livadi beach, where half of the examined
beach sections (P-1, P-3, P-4 and P-6) reach their maxima recorded wave run-up point on 08/11/2014
when the highest wave has been recorded (1.7 m), whereas on 23/10/2014 with milder wave heights
(1.3 m) the remainder cross-shore sections (P-2, P-5, P-7 and P-8) reach their limit wave run-up point
(Figure 2b) and 2d)).
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Figure 2 a)-b) Variability of the distance between the reference line (global max. wave run-up) and the daily
maxima wave run-up at the 8 selected cross-shore profiles for Kamari and Kalo Livadi beach respectively; c-d)
zero-moment wave height; and e)-f) peak wave period recorded from the wave logger (RBR) in Kamari and
Kalo Livadi beaches respectively.
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It is also evident that the 8 cross-shore profiles of each beach show different behavior regarding their
wave run-up range (i.e. distance between the max. and min. wave run-up positions). In Kamari beach,
the central section of the monitored beach stretch showed increased variability (wave run-up range >
30 m for P-3, P-4 and P-5). The highest range was found to be associated with P-5 (37m) while the
lowest value was recorded at the most southwestern beach point (P-1, 24 m). In Kalo Livadi beach,
the western section of the monitored beach stretch was found to be associated with increased wave
run-up variability (> 24 m for P-1, P-2, P-3 and P-4), whereas the remainder beach sections are
associated with wave run-up ranges < 24 m (P-5, P-6, P-7 and P-8). The highest wave run-up range is
recorded for the westernmost cross-section (32 m, P-1) while the lowest value is recorded for the
easternmost beach section (16 m, P-8).

4 CONCLUSIONS

The wave run-up positions at the examined cross-shore sections showed good agreement with the
wave forcing records in both beaches. However, there are beach sections in both beaches where the
wave run-up maxima didn’t occur at the time of the highest recorded wave. This is attributed to the
ever changing beach morphology (and especially the seabed slope), which controls the swash maxima
excursion. In addition, most of the examined cross-shore beach sections were found to be areas of
increased wave run-up variability, whereas some beach sections (P-1 located at the southwestern part
of Kamari beach and P-8 at the easternmost edge of Kalo Livadi) showed lower variability. This is
also attributed to the milder beach slopes, evident on these areas through previous topo-bathymetric
surveys. The wave run-up maximum range was found to be at a distance of 37 m and 32 m from the
swash minima of the monitoring period for Kamari and Kalo Livadi beaches respectively.

The study results suggest that the developed methodology can provide a fast, powerful and efficient
beach monitoring tool, capable to provide high-frequency time series of wave run-up positions; and
thus, accurately define the swash maxima limit (the “aigialos” line). The latter is of extremely
importance when it comes to proper beach spatial planning, coastal engineering and coastal zone
management scheme.
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Abstract
Coastal zones are facing intensified natural and anthropogenic disturbances including sea level rise, coastal
erosion and over-exploitation of resources. Coastal zone monitoring of these effects involves satellite-borne
shoreline extraction and detection of change rates over time. Shoreline changes are directly related to waves,
tides, winds, storms, extreme events, sea level change and human activities affecting the geomorphologic
processes of the coast. The shoreline evolution along the study site (Paggaion Municipality coastline, Northern
Greece) was examined and assessed blending satellite-borne shoreline changes with the incident wave power,
acting in the area during the latest decade (2009 - 2018). The study focuses on two geographical sub-areas: the
eastern site representing the highly touristic sand dunes zone (Ammolofi), and the western site of Kariani-Orfani
coastal zone, where significant erosion is evident. Both areas were selected based on their high economic and
aesthetic values and the potential vulnerability to coastal erosion and climate changes impact, as identified by
previous studies.

Keywords Coastal processes; Shoreline evolution; Satellite image classification; DSAS; GIS analysis.

1 INTRODUCTION

The coastal zone is a very dynamic geomorphologic system where changes occur at diverse temporal and spatial
scales (Mills et al. 2005), mostly related to erosion, as a result of natural and/or anthropogenic activities (Van
Rijn 2011). Natural effects include shoreline interactions with incident waves, tides, storms, tectonic and
physical processes and the sediment load transported from the watershed by rivers (Dolan et al. 1980). Coastal
zone monitoring is an important task for national/regional development and environmental protection, in which
the assessment of the state of historic shorelines is important (Rasuly et al., 2010).

Coastal authorities are faced with the increasingly complex task of balancing development and managing coastal
risks. Integrated Coastal Zone Management (ICZM) provides a framework to resolve conflicts, mitigate impacts
of short-/long-term uses and support strategies for sustainable coastal management (Anfuso et al., 2011). The
present study is focused on the dynamics of shoreline movement in Paggaion Municipality, Northern Greece.
The area was selected based on its high economic, archaeologic and aesthetic values and the potential
vulnerability to coastal erosion and their exposure to climate change impacts. The methodology carried out by
examining and assessing the coastline erosion and accretion “hotspots” from the period 1986 to 2018, using
lower and higher resolution historical satellite images. Furthermore, the incident wave power and wave angle
acting in the coastal zone during the latest decade (2009 — 2018) was correlated to the erosion activity using
higher resolution historical satellite images.

2 STUDY AREA

The study is focused on the southern shoreline of the Paggaion Municipality, Northern Greece (Figure 17). The
total length of the shoreline is 36.3 km, covering the zone from Ofrinio to Ammolofi Beach. The study is
focused on two geographical sub-areas: a) the eastern site, representing the highly-touristic sand dunes zone
(Ammolofi), extending up to 50 m in width and approximately 20 km in length; and b) the western site of
Orfani-Kariani coastal zone. Both areas have beach sediments composed of fine sand to very coarse sand (0.230
to 1.573 mm), separated by rocky peninsulas.
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24. Figure 17 Study area of Paggaion Municipality (Kariani (a) and Ammolofi (b) study sites)

3 METHODOLOGY

3.1 Satellite Imagery

Eight historical satellite images were retrieved to cover the time period from 1986 to 2018 (Table 1). The
historical image selection was mainly based on the correct geo-reference and on the image clarity from

cloud cover. The monochromatic Near Infrared Band was selected for the image analysis and historic

shoreline extraction.

The shoreline movement analysis was carried out into two different time periods, based on the spatial resolution
of the examined satellite images: (a) satellite images from Landsat 4-5 TM during 1986 to 2009, with lower
spatial resolution (pixel size of 30 m), retrieved from the Earth Explorer database of the United States Geological
Survey Global Visualizer, and (b) satellite images from RapidEye and PlanetScope during 2009 to 2018,
retrieved from Planet Explorer Beta, with higher spatial resolution of 5 m and 3.1 m, respectively.

25. Table 2 Data products and its specifications
Data Products Resolution Year of I‘xElage Source

Acquisition
20-04-1986
29-07-1999

Landsat 4-5 TM 30 m Earth Explorer, USGS
08-04-2005
15-08-2009
23-06-2009

RapidEye 5m 12-07-2012

Planet Explorer Beta

18-07-2015

PlanetScope 3.1m 15-08-2018

3.2 Coastline extraction from satellite images

The methodology employed in this study entailed the semi-automatic procedure of shoreline delineation, using a
semi-automatic image classification technique. Historic satellite images were analyzed and their shorelines were
extracted by applying the semi-automatic classification process, allowing the identification of materials in an
image according to their spectral signature. For the classification process only the Near Infrared Band of the
satellite images was used. The image was imported to Semi-Automatic Classification Plugin (SCP) for QGIS
(Congedo, 2016) and we manually identified around 30 areas on each image by recognizing the two classes. The
new raster file was classified by applying the minimum distance classification algorithm. The shoreline was
extracted by vectorizing the classified raster image and applying a Gaussian filtering algorithm in order to
smooth the polyline and receive a better fit to the coast.

3.3 Evaluation of the shoreline evolution

The shoreline analysis was performed in two time periods (1986 — 2009 and 2009 — 2018), based on the satellite
image resolution. In order to evaluate the shoreline evolution, an analysis was carried out by the Digital
Shoreline Analysis System (DSAS), provided by the USGS (Thieler et al., 2009). The DSAS procedure used
transects positioned along the shoreline at distances of 20 m. The reference baseline required by the DSAS
procedure was manually digitized and positioned offshore and parallel to the most recent shoreline (2018). A
series of statistical indices was produced, such as the Net Shoreline Movement (NSM, meters) index, reporting
the distance between the oldest and the earliest shorelines for each transect, the End Point Rate (EPR, m/y)
calculated by dividing the distance of Net Shoreline Movement by the time elapsed between the oldest and the
most recent shoreline, and finally, the Weighted Linear Regression (WLR, m/y), in which the weight w is a
function of the variance of the measurement uncertainty (Genz et al., 2007):

146



w=1/¢é (1)
where e is the shoreline uncertainty value. Using the data produced by the DSAS transects, a statistical analysis
of the shoreline evolution along the study years was applied and various statistical parameters were calculated
and analysed. The results were verified by applying two methodologies for outlier removal: the Interquartile
Range (IQR) method and the method of extreme values removal (based on quantile distribution — 1%) to “clip”
the data and remove the outliers. Both methods were applied in combination with an optical and empirical
detection.

3.4 Wave Characteristics at the Breaker Zone and Incident Wave Energy Calculation

Historic offshore wave time-series data at fourteen data points, were retrieved from the reanalysis product of the
Copernicus Marine Environmental Monitoring Service (CMEMS). Wave data were comprised of the daily time-
series of the spectral significant wave height (Hmo), the zero up-crossing wave period (To2) and the wave
direction relative to the north (¢o). These data, as open sea significant wave height (H,), wave period (T) and
open sea direction (¢o) were imported into a simple wave-ray model to transform the offshore wave
characteristics into the wave characteristics at the breaker zone. More precisely, a long list of parameters was
estimated such as; a) the wavelength [m], b) the wave celerity [m/s], ¢) the wave group celerity [m/s], d) the
breaker zone, ¢) the significant wave height [m], f) the breaker was computed, g) the shoaling coefficient, h) the
refraction coefficient, i) the wave dispersion coefficients at offshore and breaker zones, j) the wave direction at
the breaker zone, k) the longshore wave-induced current, Vieng [m/s], 1) the incident wave energy at the breaker
zone [J m''s™], m) the longshore sediment transport on annual basis [m> yr'!]. All parameters were produced
following the equations described by the Coastal Engineering Manual (2008). Therefore, the estimated longshore
sediment transport at segments of the coastline, over selected periods, will be corelated to the assessed shoreline
retreat/advancement rates.

4 RESULTS

4.1 Erosion and Accretion Hotspots

Investigation of the shoreline status from 1986 to 2018 reveals that severe erosion is noticed along the Paggaion
Municipality coastline. The study was carried out in two steps: a) coarse shoreline analysis for the period 1986 to
2009, highlighting the erosion and accretion hotspots, and b) a more detailed investigation of shoreline change
rates for the period 2009 to 2018, correlating the erosion results to the estimated incident wave power.

26. Table 3 Statistical parameters produced from DSAS for the two study areas; NSM (shoreline movement in
m), WLR (erosion/accretion rate in m/y)

Kariani 1986-2009 | Ammolofi 1986-2009  Kariani 2009-2018 | Ammolofi 2009-2018
NSM  WLR | NSM WLR NSM  WIR NSM WLR
Maximum accretion | 3437 133 | 2690 137 97.72 1083 21.06 227
Maximumerosion | -35.08  -147 | -2210  -103 | -4840 537 | -22.07 .28
Average erosion 070 015 221 -0.10 411 053 -2.46 -0.25

The western coastal area covers the shoreline from Ofrinio to Kariani Beach. Several hotspots of erosion and
accretion are observed along the western coastal zone for the time period 1986-2009, with average erosion rate
of -0.10 m/y. High erosion rates are observed in the southern-cast area of Kariani coastline (about -0.70 m/y)
and in the zone located on the west side of the new port of Kariani (up to -1.47 m/y). On the other hand, the
higher accretion rates are observed in the east side adjusted to the harbor with maximum shoreline movement of
+34.37 m and accretion rate of +1.33 m/y. The eastern coastline of the study area covers the coastal zone from
Loutra Eleftheron to Ammolofi Beach. The erosion activity in that area is significantly lower compared to the
western coastal zone. More precisely, the average rate of total shoreline change is around -0.10 m/y, with
maximum erosion rate of -1.03 m/y and maximum accretion rate of +1.37 m/y. The higher accretion rates are
observed at the north-eastern site of Mirtofito beach, with maximum shoreline movement of +26.90 m from
1986 to 2009. On the contrary, the higher shoreline retreatment of -22.10 m is observed at the western region of
Eleochori Beach.

147



-

Ammolofi

N.\I».’

4 Kariani

Average per year erosion/accreton rate

Om  Am  @m  Gm  Sm fom 12, Mkm e 8en

o N P 1 ' 14 18
(a) Distance from west to east (m) (b) Distance from west to east (m)

27. Figure 18 Erosion and accretion rate (WLR) in (a) Kariani and (b) Ammolofi study areas for the time period 2009
to 2018

Additionally, a more detailed study of evaluating the shoreline movement at both study areas was carried out for
the time period 2009 to 2018, using higher resolution satellite images. In Kariani study site, the average
shoreline retreat of -4.11 m is estimated, corresponding to an average erosion rate of -0.75 m/y. The higher
shoreline erosion is observed at the west of the Kariani Port, with maximum erosion rate -5.37 m/y and coastal
retreat of -48.40 m. In Ammolofi study site the average erosion rate is significant lower (-0.25 m/y). The higher
erosion rates occurred mostly at the western sandy beaches of this area (-1.70 m/y) and at the central sector of
Mirtofito beach (-1.62 m/y) (Figure 18b).

4.2 Correlation between Copernicus wave data and the erosion trends from 2009 to 2018

The incident wave energy prevailing over the study area influences sediment budget according to wave height
and wave direction, which determine accretion or erosion features. More precisely, the mean incident wave
energy in Kariani (239.93 J m''s!) is significantly higher than the wave energy in Ammolofi study site (102.32J
m's ™). The period 2009 to 2012 was the most energetic period with average wave power of 251.07 J m™'s''in
Kariani and 109.98 J m's"! in Ammolofi Beach. In both areas, shoreline retreat of -2.97 m and -2.56 m is
observed. Moreover, for both study areas, the time period where the lower wave energy occurs corresponds to
the period that slight shoreline accretion is observed.

In Kariani the most frequent incident wave orientation is ESE and SE with wave heights up to 3.6 m and the
mean incident wave energy is estimated ~239.93 J m*!'s™'. In that area the higher wave activity is observed in the
south-eastern edge of Kariani shoreline, with estimated average incident wave energy of 260.24 J m's™!. At this
beach segment the most significant shoreline movement of -2.10 m is observed in the same time period.
Moreover, in Kariani the wave power and direction seem to affect the sediment transportation, moving from the
south-eastern sandy beaches to the north-western coastal zone, thus confirming the DSAS results (Figure 18a).
On the other hand, in the Ammolofi study area, the wave power appears significantly lower (102.32 J m™!s™!) and
the wave orientation is mostly from SSE and SE directions with wave heights up to 3.8 m. The wave crests reach
the breaker zone at directions almost perpendicular to the shoreline, favoring cross-shore transport and the
development of an extended sandy bar lowering the impact of erosion (-0.96 m). The higher erosion is observed
at the eastern edge of Ammolofi beach, where the average incident wave energy is around 55 J m™'s! and the
shoreline movement is approximately -1.20 m. The sandy dunes of Ammolofi are vulnerable to coastal erosion
although lower wave activity occurs (Figure 18b). The coastal erosion recorded from 2009 to 2018 is correlated
to the incident wave energy on the coast and to the size of the sediment. Sandy beaches with fine grain sediment
are more vulnerable to coastal erosion under the impact of high wave power. Moreover, the incident wave angle
affects the wave power required to sediment flushing from the beach and also to the sediment transportation. In
Kariani the average incident wave angle is around 118 degrees and the waves propagate from ESE to SE
directions. In Kariani higher wave energy is required to transport the sediments from the south east to the north
west of the study area. In contrast, in Ammolofi beach the wave direction is almost perpendicular to the
shoreline (around 162 degrees) and the waves propagate from SE to SSE directions. Although the erosion rates
are relatively high, the wave power is significantly lower compared to Kariani.
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28. Table 4 Parameters contributing to shoreline change at four indicative areas

Study Site CMEMS Shoreline change (m) Wave energy (Jm’'s) Grain size (mm) Wave angle (degrees) .Wave‘
points |2009-2012 [2012-2015|2015-2018(2009-2012 | 2012-2015|2015-2018 2009-2012|2012-2015]|2015-2018 | Orientation
Kariani 182239 -1.49 -1.64 1.55 295.81 276.45 250.71f 0.485 Medium sand 118.11 118.21 118.98] ESE - SE
182240 -2.40 -1.28 1.05 305.60|  288.81 263.58| 0.488 Medium sand 117.54 117.95 117.50] ESE - SE
Ammolofi 183437 -2.52 3.45 -3.74 74.29 60.79 72.16] 0.230  Fine sand 160.76 161.71 155.65 SE - SSE
29, 183438 -3.01 2.58 -3.07 60.38 45.25 58.91] 0.414 Medium sand 161.28 162.41 156.17] SE - SSE

5 CONCLUSION

The assessment of shoreline change using satellite images reveals that the study area has experienced high rates
of erosion and accretion along the coastline during 1986 — 2018. Processes of erosion increased due to
anthropogenic activities and natural conditions, such as wind and wave action. The erosion in the study area is

affected both from the incident wave energy, the direction of waves propagation and the sediment grain size. The

higher erosion rates correspond to periods of increased incident wave energy from directions favoring the
longshore sediment transport. On the other hand, the lowest erosion rates correspond to segments that the
coastline presents a smoother profile with minor changes in orientation. The present study constitutes a

successful effort to correlate the offshore wave data given from the Copernicus Marine Environmental system to

coastal erosion rates produced by historic satellite images.
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Abstract

Building Information Modelling (BIM) services were applied to the design development of the
project: “CP10B1 — Design & Construction of Lusail City Marina District Waterfront Promenades
areas”, which was awarded to SALFO & Associates, SA. The Lusail City Development is located
north of Doha within a 2,000 hectare site and its total resident, office and visitor population is
expected to be approximately 450,000 people at its completion. Marina District promenades are
designated for high end waterfront public realm areas with many distinctive amenities. The project
was developed in areas that as a result of extended soil reclamation works. The main objective of the
BIM implementation was to prevent uncoordinated design leading to missed milestones and deadlines,
abortive design works and finally to budget overruns. The BIM model was divided into zones and
further into design disciplines and sub-disciplines following the project’s work breakdown system.
Elements in the BIM environment were modeled depending on the specified level of detail for each
discipline and design stage, starting from LoD 200 for the Concept Design stage up to LoD 500 for the
As-Built design stage. BIM Models were developed throughout all project phases, providing clash
detection reports, Quantity Takeoffs and 4D Construction scheduling, allowing the Contractor to
mitigate the project risks.

Keywords 3D BIM Model (Level of Detail), Clash free design, Time and Cost Monitoring &
Control

1 PROJECT DESCRIPTION

1.1 Project’s location

The ’Lusail Development’ is located north of Doha within a 2,000 hectare site, which will comprise of
residential housing for 200,000 residents, mixed-use retail, commercial centers, hotels and community
facilities. The total resident, office and visitor population is expected to be roughly 450,000 people.

1.2 Project’s scope

The CP10B1 package, which is an integral part of the “Lusail Development” included the landscape
and utilities design of the Marina District North Promenade, the South Marina West & East Wing, the
East Promenade and the South Promenade, which cover an area of 130,000 sq. m. approximately. (See
below map).
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The landscape design included amenities such as interactive water-features with underground plant
rooms, shade structures, kiosks, waterfront platforms, waterfront steps and ramps, whereas the
infrastructure utilities include all the required services for the promenades landscape features and for
the services connections to the adjacent projects, such as potable water, firefighting, district cooling,
fuel line from fuel tanks to fuel dock, irrigation water (potable water or treated sewage effluent), foul
sewage, surface water drainage, power and electrical network (11kV low voltage & extra low voltage),
CCTV network, emergency access for fuel dock and VIP yacht facilities, gas, pneumatic waste
collection system, public address and general alarm.

1.2 Existing Conditions

The project was developed within a very long (approx. 4 km) and very confined (approx. 30 m wide)
corridor which resulted from extended soil reclamation works and was secured by either rip rap or
quay walls, as reflected in the below section profiles.

Figure 1 Section Profile at Quay Wall area Figure 2 Section Profile at Rip rap area

The design scope had to take into consideration all the aforesaid existing conditions and especially the
marine construction elements (e.g. geotextile, filter layer, rock armour) which had to remain intact and
not to be disturbed by any drilled pile, or any casted foundation, or any excavated trench.

Furthermore, within the project’s limit of works, there were existing utilities already being installed by
previous construction packages.

2 BIM IMPLEMENTATION METHODOLOGY

The BIM methodology was utilised to develop a detailed BIM model early in the design stages, which
was regularly updated with all design changes, and developed in more detail (Level of Detail) as
necessary.

2.1 Objectives

The main objective of the BIM implementation and BIM use were to prevent uncoordinated design
leading to missed milestones and deadlines, abortive design works and finally to budget overruns. The
BIM model assisted in regular design auditing regarding the detection of uncoordinated details and
their timely corrections, provided detailed quantity take-offs and 4D construction simulations showing
the construction process, in order to compare the planned schedule with the actual construction
progress.

2.2 Overall BIM Model Strategy
2.1.1 3D Model Breakdown Structure

The BIM model was divided into zones and further into design disciplines and sub-disciplines
following the project’s work breakdown system (WBS) structure.
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Central BIM model

Zones BIM models

Disciplines BIM models

Subdisciplines

Figure 3 3D Model Breakdown Structure

Those work packages were merged into one unique, complex BIM model, using the Building Explorer
BIM software platform, which allowed smooth work with a very large amount of BIM elements in one
place, inter-disciplinary collaboration and simultaneous working on the same BIM model by different
teams.

2.1.2 Level of Detail

Elements in the 3D BIM were modelled depending on the specified level of detail for each design
element category and on the design stage. Starting with the Concept design model, the level of detail
increased until concluding at the As-built stage from LOD 200 to LOD 500. The elements to be
modelled and the specific LOD were determined at the beginning of each stage and varied from each
design stage and each discipline, according to the purpose for which the BIM model was intended to
be used.

Table 1 Disciplines Design Level of Detail

DB od
Concept model IFC Model As-built model
LOD LOD LOD

[Landscape

Wall 200 300 500
Slab 200 300 500
Furnituro 200 300 500
Planting 200 300 500
Raiing 200 300 500
Lighting fixtures 200 300 500
Structural works
[war 200 300 500
[s1=b 200 300 500
Beam 200 300 500
Igumn 200 300 500
Stair 200 300 500
Ramp 200 300 500
Ieﬁem: model 200 200

[MEP works

Pipe 200 300 500
Pipo fitling 200 300 500
Flex pipe 200 300 500
[Conduit 200 300 500
[Conduit fitting 200 300 500
Electrical equipment 200 500
Mechanical equipment 200 500
IPloe accessones 200 500
|Sm:uvilz dovices 200 500
[Sprinklers 200 500

2.1.3 BIM Uses

The BIM Models were developed throughout all project phases, assisting with design coordination and
clash detection in the early design phases. As the design progressed, Quantity Take-offs and 4D
Construction scheduling were possible. During the construction phase, the BIM Model was utilised for
monitoring, controlling and reporting the planned versus the actual progress. Finally, a detailed As-
built Record BIM model was developed in order to depict project’s as-built conditions and allow the

end user to facilitate maintenance.
Table 2 BIM Uses

Schematic
Design
Phase

Issue For

Construction
Phase
Construction
Phase

Existing Conditions Modelling
Design Authoring with BIM Modeling
Desi

N AW K
X X | X XX
X X XX

X X X
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2.3 BIM Deliverables

2.3.1 BIM Execution Plan: A comprehensive document defining how all BIM deliverables were
produced and delivered and determined the responsibilities of the on-site BIM team.

2.3.2 Building Information Models (Architectural, Structural, MPE Services, Landscape, Outdoor
Utilities 3D BIM Modelling), 3D Virtual Building & Advanced 3D visualisations, developed at the
designated Level of Detail according to Model Element Matrix

2.3.3 BIM Spatial Conflict Analysis and Design Inconsistencies (see 3 INCONSISTENCIES AND
CONFLICT ANALYSIS): Clash Reports on monthly basis, including 2D drawings with marked area
of clashes, 3D BIM model with highlighted conflicts, Screenshots, exported from the detailed 3D BIM
model (See below Figure), showing clashes in design documentation, Reports with specified numbers
of clashes within and between different trades, updates of BIM model after clashes were resolved, and
final verification report.

Figure 4 Clashes between several design elements (Tree pits, Foundations, Structures & Utilities pipes)

2.3.4 Design visualisations and presentation material including model screenshots, 3D walkthroughs
and flyovers directly from the software.

2.3.5 2D BIM Drawings extracted from the BIM model to substantiate design deliverables
preparation.

2.3.6 Quantity Take-off Analysis based on the Work Breakdown Structure, in order to support the
design team to create the final Bill Of Quantities (BoQ) required for the project budgeting.

2.3.7 4D Schedule Planning & Linking the construction program with specified elements within the
model in order to create 4D visualisation of the proposed construction schedule and help mitigate
program delays

2.3.8 Progress Monitoring and Control by tracking construction progress, updating Construction
Schedule with progress data, regenerating 4D simulations in order to monitor actual Construction
Progress versus planned Construction Schedule

2.3.9 As-built BIM Record model by developing the final As-Built 3D BIM model during and after
the construction phase, according to summarised data received from the construction site. The final
As-built model was developed at the designated Level of Development 500 in accordance with LOD
definition as per Client’s requirements by collecting all relevant as-built documentation from the
Contractor.
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3 INCONSISTENCIES AND CONFLICT ANALYSIS

BIM Technology was used in order to develop a clash free design in terms of coordinating all the
infrastructure underground disciplines, respecting the site constraints including the Rip Rap and Quay
Wall construction elements and meeting the Client’s requirements to construct a prestigious high end
public realm landscaping project. The 3D model for the main corridors and the concept landscape was
developed in order to coordinate main routes of the required utilities, by ensuring that there were no
clashes with underground hardscape and soft-scape elements. The procedure was implemented in
coordination with the design experts, starting from the early phase of the design process by validating
the tender inputs and elaborating them in the concept design development. The model was used to
ensure proper distances between systems, as required by local regulations reflected in the table below
and taking also into consideration the landscape structure foundations, e.g. light poles, benches and
bike racks, etc along with all underground structures, such as manholes, chambers, irrigation tanks,
fuel tank and control rooms, district cooling Energy Transfer System Room and water-feature
plantrooms.

Table 3 Utilities clearances

[ELV (Smart city, PA, WiFi, Media)

[ssp/ccTv
|Water features system

|11kV cables
[Earthing
[District cooling
[Fuel system
lIrrigation
Main
g ro0s
|| Grass
[Potable water
[Storm drainage
[Foul sewer
|Fire fighting
Qtel
[Dewatering
[Tree pits

[Lighting
PWC
Gas

11KV cables
V (Smart city, PA, WiFi, Medial
D/CCTV
ighting
rthing

apply to
main routes of the systems

cooll
uel system
E

Main
Trees
Grass
ble water
dra
oul sewer

ire fighting

el

/ater features system
ree pits

|Piant rooms | 1

[T

By carrying out this exercise, the design experts were able to locate initially the required services and
as the design was evolving through the next design stages (Schematic — Detailed Design — Issued for
Construction) constant clash analyses were performed in order to ensure that the design remains clash
free.

4 CONCLUSION

BIM Modelling services contribution to the successful completion of CP10B1 project was especially
significant, considering the confined available space, the tight time schedule, the amount of the in-
scope utilities services and last but not least the Client’s particular demanding requirements.
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Abstract

The use of techniques of two different origin were compared and combined aiming to map the
seagrass meadows at shallow waters of South Evoikos Gulf, in central Greece. The high spatial and
spectral resolution of WorldView-2 satellite images and its ability of water penetration, offers a
positive approach for sea bottom mapping, in a relatively high resolution. In addition, the ground truth
fieldwork survey with side scan data acquisition revealed that it was in impressively high agreement
with the outcomes from the remote sensing data interpretation.

Keywords WorldView-2, South Evoikos Gulf, sea bottom classification.

1 INTRODUCTION

The use of Very High Resolution (VHR) satellite imagery at various applications is gaining more and
more popularity due to the growing number of offered data and the increasing spectral properties.
WorldView-2 is the first commercial VHR multi-spectral satellite providing imagery in eight different
sensors having bands that range from the visible to near-infrared (0.40-1.04 pum). The integration of
the “Coastal” band (0.40-0.45 um) in the 8-band WorldView series of satellite imagery data, which
was followed by the addition of the similar wavelength band 1 (0.43 - 0.45 um) in the Landsat-8
Operational Land Imager (OLI), gave a great boost to applications related to shallow water depths.
The fundamental principle underlying the methods used to study the sea bottom from remotely sensed
imagery is that different wavelengths of the solar light penetrate the water body to different depths
(Phinn et al. 2008).

The ability to accurately determine the seagrass at underwater regions is of great importance for the
biodiversity of the submarine environment (Schmidt and Skidmore 2003). The use of certain spectral
wavelength data tends to be the most cost-effective way of monitoring the marine habitats by mapping
the sea bottom type along with several other jobs like modeling coastlines or even navigating through
shallow aquatic areas by studying the bathymetry (Lyzeng 1978; Fornes et al. 2006).

2 DATA AND METHODS

The northern part of South Evoikos Gulf was chosen as a test site for this research work, due to its sea
bottom morphology as shallow depths extend at a wide area and the frequent presence of Posidonia
oceanica species (Figure 1).

WorldView-2 scene acquired on January 11, 2014 was used, after careful search at DigitalGlobe’s
Image Finder quick look archives, as a number of conditions should have been fulfilled (Figure 2).
Initially, the sea surface should have been calm enough and the solar angle should have been as much
vertical as possible at the time of acquisition (Mean Sun Elevation 59.1°). Accordingly, the satellite
sensors should also be in a relatively small angle across the nadir track (Off Nadir View Angle =
10.1°).
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Figure 1 Field photograph of seagrass as seen from the beach
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Figure 2 Index map of the area of interest at South Evoikos Gulf, between Mainland Greece and the island of
Evia, comprised by two separate satellite images with natural color band combination. The VHR WorldView-2
image in the middle of the figure is in contrast with the medium resolution Landsat-8 OLI, which completers the
map figure. The yellow rectangle delineates the study area represented in Figure 4

The dataset was pre-processed before ortho-rectification procedure (Deida and Sanna 2012), including
pan-sharpening for increasing the spatial resolution by using the Hyperspherical Color sharpening
algorithm (Padwick, et al, 2010), which is specially designed for the WorldView- 2 sensor multi-band
data and seems to work efficiently also with other multispectral data containing at least 3 bands.
According to the workflow of this algorithm the imagery data are transformed from native color space
to hyperspherical color space, in order to replace the multispectral intensity component with an
intensity matched version of the panchromatic band.

The satellite image processing part of the methodology was followed by the classification of the
Coastal band. Supervised classification was used to cluster the pixels of the image into classes
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corresponding to user-defined object/areas including the seagrass, based on training classes which
consist of groups of pixels representing individual spectra (Phinn et al. 2008).

Several routes were carried out, with a vessel carrying side scan equipment, for mapping large areas of
sea bottom, primarily for locating the presence of seagrass meadows (Figure 3). The collected data
were registered and geo-rectified for constructing a map representing the seagrass distribution around
the test site. The extensive seagrass deployments at the clayey sea bottom of the study area at Avlida,
consists of Cymodocea along with Cystoseira crinite (at shallower areas closer to the coastline).
Moreover, sparse developments of Ulva Enteromorpha and Colpomenia were also located during the
fieldwork, which are indicators of organic pollution.
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Figure 3 The vessel’s routes are displayed at the map on the left and sample of the capture images is displayed at
the right

3 RESULTS AND DISCUSSION

The classified images of the Coastal band appeared to have very accurate depictions of the shallow
water regions covered by seagrass in the original radiance images, based on visual comparisons with
the side scan data interpretation (Figure 4).

The spectral reflectance pattern as revealed by remote sensing spectral measurements shows subtle
differences between various sea bottom coverages. The difference is quite evident between submerged
seagrass and the other types of sediments.

The cost of providing a VHR satellite image is highly competitive comparing to a marine survey,
especially when the pricey side scan equipment along with its maintenance is included in the
investigation budget. On top of that the possibility of automating this technique for being efficient at
large areas is quite promising. However, the possibility of coupling remote sensing techniques with
other ancillary data such as side scanning, would be the best combination for obtaining even more
reliable results.

Minor issues concerning the accurate geo-rectification of the satellite imagery can be overruled since a
fair geographic placement of the datasets can be applied by using the geo-location information of the
satellite, mentioned in the metadata files. Nevertheless, a serious objection could be the effective
penetration depth of the Coastal band wavelength spectral radiance, which cannot exceed the 30
meters at clear and moderate turbid water bodies (Stumpf 2003), bearing in mind that several species
of seagrass can be found at much deeper sea bottoms.
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Figure 4 Processed pseudo color WorldView-2 satellite image of the area of interest (band combination
314/RGB), showing the seagrass development at the sea bottom between mainland Greece and Evia island
(upper image). At the bottom image, the fieldwork seagrass mapping results are displayed

The additional spectral bands of the VHR images acquired by WorldView series of satellites,
especially the use of red-edge, improved the separability of the different Aquatic Macrophyte species.
Additionally, multi-band operations such as the Normalized Differential Vegetation Index (NDVI)
using the new red-edge band yielded good result. Specifically, NDVI of red-edge (instead of
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NearInfraRed1) to red showed better variability and separability of seagrass communities than the
NDVI of using the classic NearInfraRed1 and red normalization ratio, even though higher values were
obtained in the latter case. Other applied ratios were generated but didn’t yield any use for the
discrimination of seagrass.

The remote sensing spectral measurements added value to the use and interpretation of WorldView-2
images. The increased spatial resolution after the pan-sharpening procedure improved the visual
interpretability to a great extent. More studies are required to prove the use of the additional bands for
biomass estimation from satellite images and further to know about the vegetation carbon pool.

References

Deidda M, Sanna G (2012) Pre-processing of high-resolution satellite images for sea bottom, Italian
Journal of Remote Sensing, vol 44(1), pp. 83-95.

Fornes G, Basterretxea A, Orfila A, Jordi A, Alvarez J (2006) Mapping Posidonia oceanica from
IKONOS, Journal of Photogrammetry & Remote Sensing, vol 60, pp. 315-322.

Lyzeng D (1978) Passive remote sensing techniques for mapping water depth and bottom features.
Applied Optics, vol 17, pp. 379-383.

Padwick C, Pacifici F, Smallwood S (2010) WorldView-2 pan-sharpening. In: ASPRS 2010 Annual
Conference, San Diego, CA, USA.

Phinn S, Roelfsema C, Dekker A, Brando V, Anstee J (2008) Mapping seagrass species, cover and
biomass in shallow waters: An assessment of satellite multi-spectral and airborne hyper-spectral
imaging systems in Moreton Bay (Australia), Remote Sensing of Environment, vol 112, pp. 3413—
3425.

Schmidt K, Skidmore A (2003) Spectral discrimination of vegetation types in a coastal wetland.
Remote sensing of Environment vol 85, pp. 92 — 108.

Stumpf R, Holderied K, Sinclair M (2003) Determination of water depth with high-resolution satellite
imagery over variable bottom types, Limnology and Oceanography, vol 48(1), pp. 547-556.

161






Preliminary assessment of observing different regimes in the marine environment using
SAR mode altimetry data

N. Flokos’, D. Delikaraoglou

National Technical University of Athens, Department of Surveying Engineering, 9 Iroon Polytechniou Str.,
Zografou Campus, 15780 Athens, Greece

*Corresponding author: flksnik@gmail.com, ddeli@mail.ntua.gr

Abstract

The Sentinel-3 constellation of Earth Observation satellites is designed to provide accurate and timely
information to better manage the marine environment, and to understand and mitigate the effects
of climate change by utilizing systematic measurements and products of sea-surface topography, sea-
state and ecosystem characteristics over the open ocean and the regional and shelf seas. The aim of the
paper is twofold: (a) to provide a brief overview of the types of new altimetry data available to users
from the current Sentinel-3 satellites, and (b) to outline the new features, compared to the conventional
radar altimeters, and the new capabilities provided by the Sentinel-3 SRAL (SAR mode) altimeters.
The presentation will show representative results based on comparative analyses using previous
(conventional) and current Sentinel-3 altimetry data, in an effort to identify critical data handling
aspects (i.e. data access) and associated constraints (such as primary outputs, ground coverage, etc.)
vis-a-vis typical user requirements for various marine applications, especially closer to the coastal
areas where the SAR altimetry method is shown to be superior to conventional systems in terms of
accuracy, spatial resolution of the observations etc.

Keywords Satellite altimetry, Sentinel-3 Mission, Marine observations, Sea Surface Topography.

1 SCOPE AND CAPABILITIES OF SATELLITE ALTIMETRY

In the 1970s, the satellite altimetry technique was initially designed to observe sea level by a
combination of radar pulses used to measure the distance from the satellite to a reflecting (sea, lake or
ice) surface, and positioning techniques allowing the precise location of the satellite on its orbit. These
measurements yield a wealth of information about the state of the sea surface which, in turn, can be
used for a wide range of marine applications — in particular, for mapping the global/regional ocean
surface topography with sufficient accuracy to describe and study the marine environment, from the
large-scale ocean circulation to the detailed observations of ocean mesoscale variability.
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Figure 1 Past altimetry missions often used as reference (left)-Image credit NASA/JPL; Timeline of past,
current, and planned missions (right)

Since 1992, a 20-year period of “continuous ocean surface measurements”, with the operation of
TOPEX/Poseidon, Jason-1, -2, GFO and ENVISAT as the follow-on to the ERS-1 and -2 satellites, led
to an explosive growth in ocean and climate studies made possible by a longer and more accurate time

163



series of sea surface measurements. In 2013, the launch of SARAL/AItiKa, marked the beginning of a
series of new generation altimetry satellites with objectives geared towards the SWOT (Surface Water
Ocean Topography) mission envisioned for 2021, and the Jason Continuity Service (Jason-CS/Sentinel
6) series of satellites planned for 2020 and 2025. The SWOT mission aims to make the first global
survey of the Earth's surface water (of rivers, lakes and flooded zones) and to observe the fine details
of the ocean surface topography (the ocean mesoscale and sub-mesoscale circulation), and to measure
how terrestrial surface water bodies change over time (Morrow et al. 2018). It will all be done from a
single satellite to be equipped with the latest altimetry concept technology: a Ku-band wide-swath
interferometric altimeter (SIRAL), with multiple antennas, and capable of nadir, SAR, and InSAR
mode measurements allowing better acquisition of measurements closer to the coastlines.

1.1 Saral/AltiKa and Sentinel-3 mission characteristics — New robust and stable altimetry
technology advancements

Among the current altimetry satellites the SARAL and Sentinel-3 satellites provide the opportunity for
systematic evaluation of the new capabilities of Ka- and Ku-band altimeters for fine resolution along-
track applications, including for new coastal and inland water applications, which will also help
further developments for the future Swot mission.

The SARAL (Satellite with ARgos and ALtiKa) mission is considered to be complementary to the
Jason-2 mission and serving as a gap filler between the Envisat and the Sentinel-3 missions. SARAL’s
AltiKa altimeter is the first oceanographic altimeter working in the Ka-band (35.75 GHz) at a pulse
repetition frequency of 4000 Hz, whereas conventional Ku-band altimeters operate at a pulse
repetition frequency of 2000 Hz. Such a high radar signal frequency enables better observation of ice,
rain, coastal zones, land masses (forests, etc.), and wave heights for coastal, inland waters and ice
applications. Furthermore, the Ka-band (as compared to altimeters operating at Ku-band) is much less
affected by the ionosphere, and has greater performance in terms of vertical resolution, time
decorrelation of the radar echoes, spatial resolution and range noise. On the other hand, its main
drawback is that Ka-band electromagnetic waves are sensitive to strong (>1.5 mm/h) rain rates which,
nevertheless, only occur globally 10% of the time, and mostly in the Tropics.

The Sentinel-3 mission is dedicated to providing operational oceanographic services within the frame
of the European Union’s Global Monitoring of Environment and Security (GMES) programme. Using
multiple state-of-the-art sensing instruments (such as the Sea and Land Surface Temperature
Radiometer/SLSTR, the Ocean and Land Colour Instrument/OLCI, the SAR Altimeter/SRAL, and the
Microwave Radiometer/MWR), two satellites are already in orbit (the Sentinel-3A and -3B available
since 2016 and April 2018 respectively), and two more satellites are scheduled to be launched by
2021. Their sensors deliver high-quality measurements for determining the sea surface topography,
significant wave height (SWH), sea-surface temperature and ocean-surface color parameters, all with
dense global coverage.

The Sentinel-3 SRAL altimeter is a nadir-looking radar designed with many “dual-functionality”
technical characteristics such as: dual frequency signals for sea surface measurements in the Ku-band
(13.575 GHz, bandwidth = 350 MHz) and C-band (5.41 GHz, bandwidth = 320 MHz); dual radar
modes, with the conventional altimeter pulse Low Resolution Mode (LRM), providing sea surface
topography measurements approximately every 7 km, and the SAR mode for along-track High
Resolution Mode (approximately every 300 m) composed of combined bursts of Ku- and C-band
pulses (cf. Fig. 2); and dual, closed-loop (traditional) and open-loop tracking modes for better
monitoring of the radar return pulses and the corresponding waveforms over rough surfaces. In
addition, the SRAL altimeter is supported by a dual frequency (23.8/36.5 GHz) microwave radiometer
measuring atmospheric humidity as supplementary information for added precision of the
tropospheric path correction of the altimeter signal, as well as a DORIS (Doppler Orbitography and
Radiopositioning) and a GNSS receiver, and a laser retroreflector for precise orbit positioning.

In order to address the differing user needs for various applications in both the online and offline
domains, the Sentinel-3 altimetry data products are disseminated at various pre-processing levels (e.g.
Product Level-1, -2, -3, -4); according to the surfaces covered by the data (e.g. WAT (water) or LAN
(land)); and by geographical region (global or regional). There are also delivered with differing
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turnaround (availability) timelines, as: Near Real-Time (NRT), Short-Time-Critical (STC) and Non-
Time-Critical (NTC) products which are made available to the users within 3 and 48 hours and 1
month after acquisition, respectively. For many marine applications (e.g. ocean weather forecasts) the
48-hour turnaround of the STC products may still be considered as near real time.
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Figure 2 Schematics of conventional LRM altimetry (left), Patterns of radar pulses in SRAL’s LRM and HRM
radar cycles respectively(middle and right)

2 USAGE OF SATELLITE ALTIMETRY IN COASTAL AREAS

Conventional satellite altimetry has had large success over the open ocean, the domain for which it
was originally designed. In this endeavor, the unique combination of day/night and all weather
operation, global coverage of high resolution sea state-related measurements along tracks of the sea
surface with the possibility of revisiting the some marine locations regularly makes it possible to
provide a detailed global picture of sea level and monitor its spatial-temporal changes routinely.

pril 2015, Jason-2 tracks (b) 8-10 April 2015, SARAL/AltiKa tracks
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Figure 3 Altimetry data availability from the conventional vis-a-vis the new generation altimeters
On the other hand, the processing strategies used in analyzing altimetry data from the open ocean are
not fully exploited to their full potential in getting sea level information in the coastal zones, i.e. in the

domain that should be of interest to a broad range of marine data users that have an interest in using
altimeter data from the coastal regions in their operational products or services.
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From the viewpoint of altimetry data usage, coastal zones (usually within a few tens of kilometers
from a coast) present a more complex environment where water conditions change all the time. In
such areas, altimetry data from the conventional satellite missions are often discarded as exhibiting
extreme noise levels making it difficult to interpret or model land contamination effects on the
altimetric waveforms (Idris et al., 2014; Vignudelli, 2011). As a result, utilizing coastal altimetry data
becomes a more complicated task mainly due to the intrinsic difficulties in performing a
computationally intense ‘retracking’ of the observed waveforms and to correct the estimation of
various critical geophysical parameters (i.e. sea level anomalies (SLA), significant wave height and
wind speed). The practical implication is that for the purpose of retrieving SLAs near coastal zones,
particular attention is also needed when applying the corrections of sea states (e.g. inverse barometer
and sea state bias), oceanic signals and tides, and of the atmospheric effects on the radar signals (e.g.
wet and dry tropospheric components, ionospheric delays, and high-frequency wind and pressure
(barometric) response to atmospheric forcing which otherwise are less accurate due to high variability
of the sea surface closer to the coasts.

Figure 3 illustrates the coverage and data availability constraining factors of the conventional LRM
altimeters vis-a-vis the new capabilities made available with the newer generation SAR altimeters. In
Fig. 3(a), the 3-day altimetry tracks of Jason-2 stop providing data when the satellite crosses over the
Aegean islands. By contrast, as shown in Fig. 3(b), similar 3-day altimetry tracks of SARAL/AItiKa
provide continuous data coverage over the same area. Respectively, Fig. 3(c) and 3(d) show analogous
situations over a 2-week period, with the SARAL tracks providing good continuous spatial sampling
over the Aegean region. Practically, this means that in order to provide homogeneous maps of sea
level would require analysis and homogenization of the data from multiple altimeters typically on at
least biweekly basis. Furthermore, together with the ground-tracks repeatability patterns and the dense
spatial sampling achieved due to the orbital characteristics of the different satellites, it is now possible
to acquire very accurate marine topography data over all types of surfaces (sea, coastal areas, sea ice,
ice sheets, ice margins, and in-land waters). All these factors provide significant advantages in many
marine applications gearing towards the management of the marine environment, e.g.: the support of
coastal and offshore operations, the monitoring of wave propagation and the protection of the coastal
zones against extreme environmental conditions, and the location of ‘hot spot areas’ suitable for
deploying wind and wave systems for sustainable energy conversion and exploitation.

This improved performance of the SAR altimeters in coastal zones is largely due to the way both the
time delay and the Doppler shift of the radar pulse echoes are recorded. Firstly, in a similar manner to
the conventional pulse-limited LRM, the observed time delay indicates which annulus or ring of
constant return signal strength (i.e., range gate) about the nadir point is contributing to the returned
pulse energy. In addition, the measured Doppler shift gives the position fore or aft of the satellite flight
direction, thus providing a much finer spatial resolution, nominally as narrow as 300 m in the along-
track and 1.64 km in the across-track directions. A SAR altimeter thus provides multi-look viewing for
each sub-satellite point; range correction then aligns these multiple records for a given point within a
"waveform stack". An incoherent sum over all look directions gives a SAR waveform, which is
sharper than an LRM waveform because of the finer footprint achieved through Doppler processing,
and has a lower noise level due to the higher number of pulses averaged.
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Figure 4 Regional patterns of observed sea level anomalies (left), and velocity field (right)
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Overall, with the new SAR mode altimeters, combining data from several of the currently operational
satellites gives a better space/time resolution (typically at scales of 50 km to 500 km and 10 days to
100 days respectively), and thus enable to observe nearly the full spectrum of the sea-level and ocean
circulation variations. Typical examples are shown, in Fig. 4, where on the left is a map of regional
patterns in sea level anomalies (in m), SLAN=SSH — MSSx, expressing the dynamic part of the SSH
signal, for day 1/4/2019 from NRT data, as deduced from the combination of gridded, multi-mission
altimetry sea surface heights with respect to a twenty-year mean sea surface (MSSn=0) since 1993.
Such maps enable local sea surface slopes to be estimated with high resolution (% degree), as shown
on the map in Fig. 4 (right) which, for the same day, depicts the geostrophic velocity field of the sea
surface. Such maps are useful because the sea surface slopes relative to the geoid basically carry the
information on the ocean surface circulation, and can be used for many applications, from the
assimilation of altimetric data into operational ocean forecasting systems, to the study of eddy-mean
interactions, the computation of volume transport, and the monitoring of ocean currents. Similarly,
Fig. 5 (left) and Fig. 5 (right) depict respectively, the along-track variations and a composite map of
the Absolute Dynamic Topography of the sea surface, as deduced from the combination of gridded,
multi-mission-derived SLAs using the Mean Dynamic Topography (MDT), MDTy = MSSy - geoid,
which is the temporal mean of the SSHs above the geoid, over a period of N years (N=20 in this case).
That is: ADT = SLAy + MDTy = SSH - MSSy + MDT\.
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Figure 5 Multi-mission altimetry data availability enables to observe nearly the full spectrum of the sea-level
and ocean circulation variations

3 SUMMARY

On the way to the future SWOT mission, the SARAL/AIltiKa and Sentinel-3 satellites provide
operational wide-swath high-quality altimetry measurements for open ocean, coastal and
atmospheric applications requiring accurate information from sea and lake surface height, and
significant wave height and surface wind speed, to sea ice height and thickness. Especially, near the
coasts (and more so for inland waters) where the precision of conventional altimeters decreases, SAR
altimetry measurements contain extremely useful information, allowing to get closer to the coasts or
over continental water bodies with a better coverage and with good quality data.
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Abstract

The main purpose of this study was to evaluate and compare the wave energy potential between
different locations of Eastern Mediterranean, and in particular Greece’s marine areas, using available
wave data provided by satellite altimetry missions. In particular, this study focuses on the use of
Significant Wave Height (SWH) data Sentinel -3A and -3B new generation of altimetry satellites,
along with respective data from previous altimetry missions, in order to make a renewed assessment of
the wave energy concentrations in Greece’s marine areas and to investigate near shore hot spots as
prospective wave farm sites. We present recent results, for evaluating and comparing the levels of wave
energy potential between different locations, using available altimetry-derived SWH data processed
with statistical analysis tools and machine learning techniques.

Keywords  Sentinel-3, Satellite altimetry, Significant wave height, Machine learning, K-means
clustering, Wave energy potential.

1 INTRODUCTION

Nowadays, the imbalance between availability, demand, and production capacity of energy resources,
coupled with the impacts of climate change and of fossil fuels-related ecological risks make the future
energy resources planning, management, and decision-making a challenging process. The transition to
cleaner energy resources, such as solar, wind and wave energy, has financial and environmental
incentives. Greece, with its approximately 16.000 km of coastline, has high wind potential over the
Aegean Sea that induces relatively moderate to strong, but constant wave activity, with an annual mean
wave power projected at 4-11 kW/m. Furthermore, as strong reflection and diffraction phenomena of
waves occur in this region, the exploitable wave energy potential of Greece is considered as the highest
in the Mediterranean, estimating that it amounts to be about 5-9 TWh of electricity that can be
generated annually (Delikaraoglou, 2006). Naturally, such levels of wave energy if appropriately
harvested, could contribute significantly to the power needs of many of the islands in the Aegean Sea,
especially the non-interconnected ones.

1.1 Preliminaries and Related Work

Wave energy farms, if suitably selected in locations with optimal wave conditions could be established
offshore, near shore or even close to the coasts in some cases. Their exploitation requires three basic
levels of decisions: (i) assessing the wave energy potential and detecting the most energetic coastal
areas, (ii) selecting appropriate type of wave-energy-converters (WEC) and (iii) optimally distributing
the captured wave energy to the power network.

A first coordinated attempt to quantitatively assess the offshore European wave energy potential was
done, in the mid-1990s, using the third-generation wave analysis model (WAM) in the context of the
European Wave Energy Atlas ~-WERATLAS Project. However, from both the systematic quality
control of the WERATLAS data products and the prognostic capability studies of the underlying WAM
model (Soukisian and Prospathopoulos, 2003) it has been shown that, in this area, the WERATLAS
and WAM models tend to underestimate the significant wave heights (SWH) in a systematic way. Near
shore areas are the preferred choice for possible wave energy park installations due to their proximity
to other coastal engineering facilities. A conventional method for locating such “wave energy hot-spot
areas” would be to deploy moored buoys so that to collect direct wave measurements at selected
locations, but such an endeavor, in practice, provides very sparse data due to less mooring of buoys in
vast areas, as well as that it often results with missing data and/or non-continuous coverage of data
measurements within the area of interest. On the other hand, the task of detecting “wave energy hot-
spots” can be done very effectively using satellite altimetry data from various past and currently
operating missions which, among other geophysical parameters, provide valuable measurements of the
Significant Wave Height (SWH) which relates closely to wave energy density potential. From SWH
data, covering lengthy periods of time, the wave variability in various locations of interest can be
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evaluated, consequently leading to safe conclusions regarding the wave energy potential in these
regions. Altimetry satellites equipped with radar and/or laser altimeters provide wave and sea level
observations that are long-term, accurate, and reliable and with consistent temporal and spatial
coverage. However, with earlier altimetry satellites, using altimetry data close to the coasts posed
considerable processing difficulties due to the increased levels of measurement noise in the altimetry
waveforms from which the SWH parameter is derived. Since the launch of SARAL/AltiKa (in 2013)
and the Sentinel-3A and -3B satellites (in 2/2016 and 4/2018 respectively), Synthetic Aperture Radar
Altimeters (SRAL) have greatly improved our capability to correct the altimetry measurements
especially in the wet tropospheric component, high-frequency atmospheric and oceanic signals and
tides. Additionally, the Sentinel-3 SRAL instruments provide enhanced along track (azimuth)
resolution of the order of 300 m, thus facilitating sea surface height measurements closer to coastal
zones, areas covered with ice of different types, as well as inland lakes and rivers.

The main purpose of this paper is to provide an overview on the use of SWH data deriving from
Sentinel-3A and -3B new generation of altimetry satellites along with SWH data from previous
altimetry missions (Jason, Envisat and TOPEX/Poseidon), in order to make a renewed assessment of
the wave energy concentrations in the marine areas of Greece and Cyprus and to investigate near shore
hot spots as prospective wave farm sites.

2 FROM SWH TO WAVE ENERGY INDICATORS

Wind waves, or wind-generated waves, are wrinkles that occur on the surface of open waters due to air
pressure variations and shear effects caused by the blowing wind. Enclosed seas such as the
Mediterranean, the Baltic, and the Black Sea are considered almost free of tides and the wind is the
main cause of the observed formation of waves on their surface. Assuming an ideal sinusoidal wave, its
total (kinetic plus dynamic) energy is dependent on the length of the wave and the square of wave
height and given by the following simple equation:

E=Ex+Ep =%pga2/1=§ng2/1 (1)

where p=1025 kg/m? is the seawater density, g=9.81 m/s? is the gravity acceleration, A and a are
respectively the height and width of the wave (in m), and 4 (also in m) is the length of the wave. An
important indicator for assessing the wave energy potential is the energy density of waves (in J/m? or
Wh/m?) which is defined as the ratio of energy to the length of the wave:

Egens = E = > =2pgH? @)
Energy density reflects the mean energy of the entire length of a wave, whereas wave power P is equal
to the rate of work (i.e., the transfer or absorption of energy) being produced. It can be shown that, in
deep water, where the water depth is larger than half the wavelength, the wave power transmitted by a
wave front passing through a vertical plane perpendicular to the direction of motion of the wave is
given by the so-called deep-water force relationship:
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Where ¢ is the wave’s group velocity (in m/s) and T (in s) is the period of the wave motion. Turning
to random waves, the previous relationship can be expressed in terms of the so-called significant wave
height (denoted, in the literature, as SWH or Hs or His) representing the average wave
height (trough to crest) of the highest one-third of the waves observed, and based on the relationship:

Hy=SL03N H, )
where N is the number of waves in a sample ordered from highest to lowest. In practice, most wave-
measuring devices estimate SWH from a wave spectrum, relating Hs to the zeroth-order moment (area)
of the wave spectrum or spectral wave height Hmo and the square root of the average of the squares of
all wave heights, symbolically H,.,, through the relationship His ~ Hm0 = V2 Hems. Consequently, the
deep-water force relationship can also be expressed as
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3 EXPERIMENTAL EVALUATION

3.1 Dataset description & Experimental setup

Satellite radar altimeters are designed to measure the return power of a radar pulse that is reflected off
the ocean surface. They are unique in measuring directly the SWH from the different times of the radar
pulse return from wave crests and troughs within the area illuminated by the radar beneath the satellite.
A measured backscatter coefficient of these pulse returns is an indicator of the sea roughness which
depends mainly on the wind speed. The strength of the return radar pulse depends on the SWHs
sampled within the reflection area (footprint) of the pulse.

b Table 1 Table along track SWH (m) 1-Hz for
cluster 1 between 15/02/2019 and 28/02/2019
“*| H, (m) Centroid Minimum Maximum
“cluster 1 0.08 0.00 0.66
= cluster2 1.24 0.66 1.80
@ cluster 3 2.37 1.80 3.10
deserl cluster4 = 3.84 3.10 4.79
duster} cluster 5 5.75 479 7.06
duster | cluster 6 8.38 7.06 10.26
cluster7 12.15 10.26 14.67
Figure 19 Map showing along track SWH (m) 1- cluster 8 17.16 14.67 19.85

Hz for C band between 15/02/2019 and 28/02/2019

French AVISO Service provides altimeter-derived daily SWH data in the form of multi-satellite (Jason-
1, Jason-2 and Envisat) timeseries at 1'x1° grid points per day. This sparse space-time data frame (i.c.
grid) lacks accuracy and continuity considering its data inadequate for various applications. However,
due to its multi-mission character, this dataset extends over a large time span, this is suitable for
climate research related applications (Kaselimi, 2015). By contrast, Sentinels’ satellites products have
high spatiotemporal resolution, but so far, we have limited duration of data since the Sentinel-3A and -
3B satellites were launched on February 2016 and April 2018 respectively. The twin satellites are
equipped with SRAL (Synthetic Aperture Radar Altimeter), which is a dual-frequency (C-band and
Ku-band) instrument for determining the two-way delay of the radar echo from the Earth's surface with
a precision better than a nanosecond. For this initial study, we have processed SRAL Level 2 Marine
Products (Roy, 2018), which contain useful sea surface topography information over the open ocean,
the coastal zones, sea-ice regions and inland lake and river water surfaces. The measurements over the
coastal areas and over part of the land within a certain distance from the coastline are contained both in
the land and marine products to ensure the analysis of transition and meaningful continuity of
segments. Figure 1 shows clustered SWH values along the satellite’s track between the time period
15/02/2019 to 28/02/2019. Cluster analysis offers a useful way to organize and represent complex data
sets. In particular, k-means clustering (Wu, 2012), as a practical and convenient clustering algorithm,
aims to partition n observations into k clusters, such that each observation is assigned to the cluster it is
most similar to (with the cluster centroid serving as a prototype of the cluster). It is a classical approach
that can be implemented in many ways and for various distance metrics. The main drawback is that the
number of clusters should be known a priori. The optimal number of clusters is determined to be equal
to 8. Table 1 shows the centroid of each cluster, among with minimum and maximum SWH values per
cluster. Based on Sentinel’s 3 altimetry-derived SWH data, various statistical measures related to the
temporal (monthly and seasonal) and/or spatial variations of significant wave heights and wave power
were obtained, in order to detect locations of interest. Figure 1 shows that the majority of the SWH
values is between 0 and 5m (clusters 1, 2, 3, 4). Most of the extreme high values (i.e. clusters 6, 7, 8)
are close to the shore in coastal areas. Therefore, the noted SWH values in these clusters indicate, on
one hand, the Sentinel’s SRAL indeed has the capability to provide measurements near and on the land
surface, but also point to the fact that one still needs to perform a more careful editing of the altimetry
data so that to eliminate land measurements which would be of no immediate interest to such a wave
study.
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Figure 20 Maps showing SWH (m) 1-Hz (above left) and 20-Hz (down left) for C band and power
(kW) 1-Hz (above right) and 20-Hz (down right) for C band, between 15/02/2019 and 28/02/2019

Figure 2 shows the SWH and wave power maps that are constructed using tracks between the time
period 15/02/2019 and 28/02/2019. The maps were obtained using altimetry wave data from the C
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band, in two rates (1 and 20 Hz). We observe that the higher the rate, the better the accuracy. The most
energetic areas are located south in Crete, in Lesvos and in the coasts of Peloponnese. Is worth
mentioning that these areas were also ‘designated’ as energetic areas in an earlier detailed study by
Kaselimi (2018) using SWH data from conventional altimeters (e.g. Jason-1, -2 and Envisat). Table 2
shows statistical metrics for the areas that considered as areas with the most intense conditions.

4 CONCLUSION

From the current analysis of limited amount of SWH data derived from Sentinel’s altimeter radar
measurements and measurements derived from earlier multi-mission altimeter satellites, it is confirmed
that the Eastern Mediterranean has significant exploitable wave energy potential, especially within the
maritime regions of southwestern Aegean and the western and southern sea areas of Cyprus. These
areas display the highest levels of the Mediterranean, while having favorable low annual variability, but
also stable, as well as small exposure to extreme sea state conditions that can lead to weak
performance.

Such exploitation of wave energy potential, albeit at smaller levels than those, for instance, along the
Atlantic coast or the northern European seas, could meet a significant proportion of the energy needs of
the many islands in this region. Evidently, the areas examined in this study offer a clear example that
given time and with the right governmental support, wave energy can progress along the innovation
chain towards commercial viability and easier adaptation to large power grids. Therefore, as a next
step, it would be prudent to initiate further efforts leading towards practical demonstration of
innovative, cost efficient and environmentally benign offshore renewable energy conversion platforms
for wave energy resources in these areas.

Table 2. Descriptive statistics obtained for altimetry-derived SWH for locations of interest exhibiting
high and low wave conditions

Hs (m) Gavdos Kithira Koufonisia Skopelos Lesvos Limnos Pafos
Days 1935 1911 1929 1925 1877 @ 1885 | 1906
Mean 1.10 1.06 1,07 0.86 0.83 0.83 | 0.98
StDev | 0.56 0.55 0,54 0.49 0.51 0.52  0.57
Min 0.14 0.12 0.09 0.01 0.00 0.00 | 0.03
Q1 0.70 0.66 0.69 0.50 0.48 0.46  0.56
Median  0.97 0.94 0.94 0.75 0.71 0.71 0.84
Q3 1,40 1.34 1.33 1.10 1.07 1.08 1.24
Max 3.87 3.96 3.54 3.47 4.05 395 4.24
%
Hs>1m)

48 45 46 30 29 29 30
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