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Chapter 1

Ocean Engineering & Marine Energy

Ocean Engineering

Ocean Engineering is an ambiguously defined discipline, but may refer to
Oceanographic Engineering a term describing marine electronics engineering applied
to supporting the work of oceanographers; or, may refer to offshore engineering, or
maritime engineering, which is the branch of engineering allied to civil engineering, and
concerned with the technical aspects of fixed and floating offshore marine structures and
systems related to harnessing ocean resources. These include offshore oil and gas and the
rapidly expanding area of ocean renewable energy, as well as other ocean resource
activities such as sub-sea mining and aquaculture.

Fields of study

The Society of Naval Architects and Marine Engineers (SNAME) describes the work of
"ocean engineers" as follows:

Ocean engineers study the ocean environment to determine its effects on ships and other
marine vehicles and structures. Ocean engineers may design and operate stationary
ocean platforms, or manned or remote-operated sub-surface vehicles used for deep sea
exploration.

Although the term appears to describe one who designs, maintains, and operates oceans,
the SNAME description bears a strong resemblance to a conflation of naval architecture,
marine electronics, and offshore engineering.

As with all engineering disciplines ocean engineering should be concerned with the
design and operation of systems — in the ocean; and should not be confused with
oceanography — the scientific study of oceanic systems; nor marine electronics
engineering (oceanographic engineering), which is concerned with the design and
operation of remote sensing systems.

Ocean engineering is essentially a broad study of offshore civil engineering, naval
architecture and marine engineering; as such it may encompass the study of man-made
structures such as nearshore piers, breakwaters, groins, piles, and sewer outfalls as well
as common offshore structures such as petroleum drilling, operating platforms, and ships.
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Renewable ocean energy

The ocean environment presents a vast quantity of renewable sources of energy in the
form of winds, waves, tides, currents and the density and thermal gradients between
ocean water layers.

Ocean engineering education

The Accreditation Board for Engineering and Technology (ABET) established the
following criteria for the curriculum of ocean engineering programs:

The program must demonstrate that graduates have: knowledge and the skills to apply
the principles of fluid and solid mechanics, dynamics, hydrostatics, probability and
applied statistics, oceanography, water waves, and underwater acoustics to engineering
problems; the ability to work in groups to perform engineering design at the system level,
integrating multiple technical areas and addressing design optimization.

Marine Energy

Marine energy or marine power (also sometimes referred to as ocean energy or ocean
power) refers to the energy carried by ocean waves, tides, salinity, and ocean temperature
differences. The movement of water in the world’s oceans creates a vast store of kinetic
energy, or energy in motion. This energy can be harnessed to generate electricity to
power homes, transport and industries.

The term marine energy encompasses both wave power — power from surface waves,
and tidal power — obtained from the kinetic energy of large bodies of moving water.
Offshore wind power is generally confused as a form of marine energy, but is not as wind
power is derived from the wind, even if the wind turbines are placed over water.

The oceans have a tremendous amount of energy and are close to many if not most

concentrated populations. Many researches show that ocean energy has the potentiality of
providing for a substantial amount of new renewable energy around the world.

Potential of ocean energy

The theoretical potential is several times greater than the actual global electricity demand,
and equivalent to 4-18 million ToE.
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Theoretical global ocean energy resource
Capacity  Annual gen.

(GW) (TW+h) Form
5,000 50,000 Marine current power
20 2,000 Osmotic power
1,000 10,000 Ocean thermal energy
90 800 Tidal power

1,000—9,000 8,000—80,000 Wave power
Forms of ocean energy
Renewable

The oceans represent a vast and largely untapped source of energy in the form of surface
waves, fluid flow, salinity gradients, and thermal.

Marine current power

The energy obtained from ocean currents

Osmotic power

The energy from salinity gradients.

Ocean thermal energy

The power from temperature differences at varying depths.

Tidal power

The energy from moving masses of water — a popular form of hydroelectric power
generation. Tidal power generation comprises three main forms, namely: tidal stream
power, tidal barrage power, and dynamic tidal power.

Wave power

The power from surface waves.

Non-renewable

Petroleum and natural gas beneath the ocean floor are also sometimes considered a form
of ocean energy. An ocean engineer directs all phases of discovering, extracting, and
delivering offshore petroleum (via oil tankers and pipelines), a complex and demanding
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task. Also centrally important is the development of new methods to protect marine
wildlife and coastal regions against the undesirable side effects of offshore oil extraction.
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Chapter 2

Naval Architecture
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Tahitian Princess in Torshavn, Faroe Islands, August 2009

Naval architecture, also called naval engineering, is an engineering discipline dealing
with the design, construction and repair of marine vehicles. Naval architecture involves
basic and applied research, design, development, design evaluation and calculations
during all stages of the life of a marine vehicle. Preliminary design of the vessel, its
detailed design, construction, trials, operation and maintenance, launching and dry-
docking are the main activities involved. Ship design calculations are also required for
ships being modified (by means of conversion, rebuilding, modernization, or repair).
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Naval architecture also involves formulation of safety regulations and damage control
rules and the approval and certification of ship designs to meet statutory and non-
statutory requirements.

Overview

Due to the complexity associated with operating in a marine environment, naval
architecture is a co-operative effort between groups of technically skilled individuals who
are specialists in particular fields, often coordinated by a lead naval architect. This
inherent complexity also means that the analytical tools available are much less evolved
than those for designing aircraft, cars and even spacecraft. This is due primarily to the
paucity of data on the environment the marine vehicle is required to work in and the
complexity of the interaction of waves and wind on a marine structure.

Elements
The word "vessel" includes every description of watercraft, including non-displacement
craft, WIG craft and seaplanes, used or capable of being used as a means of

transportation on water. The principal elements of naval architecture are:

Hydrostatics
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Body plan of a ship showing the hull form
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Concerns the conditions under which the vessel is subjected to while at rest in
water and its ability to remain afloat. This involves computing buoyancy,
(displacement) and other hydrostatic properties.

Trim - refers to the longitudinal inclination of the vessel.

Stability - Ability of a vessel to restore itself to an upright position after being
inclined by wind, sea, or loading conditions.

o Hydrodynamics

Concerns the flow of water around the ship's hull, bow, stern and over bodies
such as propeller blades or rudder, or through thruster tunnels.

Resistance - resistance towards motion in water primarily caused due to flow of
water around the hull. Powering calculation is done based on this.

Propulsion - to move the vessel through water using propellers, thrusters, water
jets, sails etc. The energy to drive these is mainly provided by internal combustion
engines. Some vessels are electrically powered using nuclear or solar energy.
Ship motions - involves motions of the vessel in seaway and its responses in
waves.

Controllability (manoeuvring) - involves controlling and maintaining position and
direction of the vessel

Deck of an oil tanker, looking aft.
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e Structures

Involves selection of material of construction, structural analysis of global and
local strength of the vessel, vibration of the structural components and structural
responses of the vessel during motions in seaway.

e Arrangements

This involves concept design, layout and access, fire protection, allocation of
spaces, ergonomics and capacity.

e Construction

Construction depends on the material used. When steel or aluminium is used this
involves welding of the plates and profiles after rolling, marking, cutting and
bending as per the structural design drawings or models, followed by erection and
launching. Other joining techniques are used for other materials like fibre
reinforced plastic and glass-reinforced plastic.

The craft of naval architecture

The air craft carrier USS Kitty Hawk (CV 63) at Naval Station Pearl Harbor.

Traditionally, naval architecture has been more craft than science. The suitability of a
vessel's shape was judged by looking at a half-model of a vessel or a prototype. Ungainly
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shapes or abrupt transitions were frowned on as being flawed. This included, rigging,
deck arrangements, and even fixtures. Subjective descriptors such as ungainly, full, and
fine were used as a substitute for the more precise terms used today. A vessel was, and
still is described as having a ‘fair’ shape. The term ‘fair’ is meant to denote not only a
smooth transition from fore to aft but also a shape that was ‘right.” Determining what is
‘right’ in a particular situation in the absence of definitive supporting analysis
encompasses the art of naval architecture to this day.

The science of naval architecture

Modern low-cost digital computers and dedicated software, combined with extensive
research to correlate full-scale, towing tank and computational data, have enabled naval
architects to more accurately predict the performance of a marine vehicle. These tools are
used for static stability (intact and damaged), dynamic stability, resistance, powering, hull
development, structural analysis, green water modelling, and slamming analysis. Data is
regularly shared in international conferences sponsored by RINA, Society of Naval
Architects and Marine Engineers (SNAME) and others. Computational Fluid Dynamics
1s being applied to predict the response of a floating body in a random sea.

The Naval Architect

A naval architect is an engineer who is responsible for the design, construction, and/or
repair of ships, boats, other marine vessels, and offshore structures, both commercial and
military, including:
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Containership Cosco Xiamen exiting Burrard Inlet (Vancouver's harbour)

e Merchant ships - oil tankers, gas tankers, cargo ships, bulk carriers,
container ships

o Passenger/vehicle ferries, cruise ships

o  Warships - frigates, destroyers, aircraft carriers, amphibious ships

e Submarines and underwater vehicles

o Icebreakers

o Offshore drilling platforms, semi-submersibles

e High speed craft - hovercraft, multi-hull ships, hydrofoil craft

o Workboats - barges, fishing boats, anchor handling tug supply vessels,
platform supply vessels, tug boats, pilot vessels, rescue craft

e Yachts, power boats, and other recreational watercraft
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Some of these vessels are amongst the largest such as supertanker and most complex such
as Aircraft carriers and highly valued movable structures produced by mankind. They are
the most efficient method of transporting the world's raw materials and products known
to man. Modern engineering on this scale is essentially a team activity conducted by
specialists in their respective fields and disciplines. Naval architects integrate these
activities. This demanding leadership role requires managerial qualities and the ability to
bring together the often-conflicting demands of the various design constraints to produce
a product which is fit for the purpose.

In addition to this leadership role, a naval architect also has a specialist function in
ensuring that a safe, economic, and seaworthy design is produced. To undertake all these
tasks, a naval architect must have an understanding of many branches of engineering and
must be in the forefront of high technology areas. He or she must be able to effectively
utilize the services provided by scientists, lawyers, accountants, and business people of
many kinds.

Naval architects typically work for shipyards, ship owners, design firms and

consultancies, equipment manufacturers, Classification societies, regulatory bodies
(Admiralty law), navies, and governments.
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Chapter 3

Floating Production Storage and Offloading

FPSO Mystras at work off the shore of Nigeria
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FPSO Crystal Ocean moored at the Port of Melbourne

A floating production, storage and offloading (FPSO) unit is a floating vessel used by
the offshore industry for the processing of hydrocarbons and for storage of oil. A FPSO
vessel is designed to receive hydrocarbons produced from nearby platforms or subsea
template, process them, and store oil until it can be offloaded onto a tanker or transported
through a pipeline. FPSOs are preferred in frontier offshore regions as they are easy to
install, and do not require a local pipeline infrastructure to export oil. FPSOs can be a
conversion of an oil tanker or can be a vessel built specially for the application. A vessel
used only to store oil (without processing it) is referred to as a floating storage and
offloading vessel (FSO).

History

Oil has been produced from offshore locations since the late 1940s. Originally, all oil
platforms sat on the seabed, but as exploration moved to deeper waters and more distant
locations in the 1970s, floating production systems came to be used.

The first oil FPSO was the Shell Castellon, built in Spain in 1977.

The Sanha LPG FPSO operates offshore Angola, and is the first such vessel with

complete onboard liquefied petroleum gas processing and export facilities. It can store up
to 135,000 cubic meters of LPG while awaiting export tankers for offloading.
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There are so far no LNG FPSOs. In the opposite (discharge and regasification) end of the
LNG chain, the first ever conversion of a LNG carrier (Golar LNG owned Moss type
LNG carrier) into an LNG floating storage and regasification unit was carried out in 2007
by Keppel shipyard in Singapore. An LNG FPSO works under the same principles an oil
FPSO works under, taking the well stream and separating out the natural gas (primarily
methane and ethane) and producing LNG, which is stored and offloaded. On July 29,
2009, Shell and Samsung announced an agreement to build up to 10 LNG FPSOs: Likely
size and capacity: 456 meters in length and 74 meters in width, with a capacity of
450,000 cubic meters Estimated cost $5b. Already Flex LNG has four contracts for
smaller units at the same yard.

Mechanisms

Tanker-OHloading
Buoy

FPSO diagram

Oil produced from offshore production platforms can be transported to the mainland
either by pipeline or by tanker. When a tanker is chosen to transport the oil, it is
necessary to accumulate oil in some form of storage tank such that the oil tanker is not
continuously occupied during oil production, and is only needed once sufficient oil has
been produced to fill the tanker. At this point the transport tanker connects to the stern of
the storage unit and offloads oil.

In the early days, the storage units consisted of decommissioned oil tankers, which were
stripped down and equipped with process/production facilities (becoming therefore
FPSOs), and were connected to a permanent mooring point. Today, there are two main
types of FPSOs, those built converting an existing oil tanker, and those that are purpose-
built. The FPSO design will depend on the area of operation. In benign waters the FPSO
may have a simple box shape or it may be a converted tanker. Generally (but not always)
the production lines (risers) are connected to a major component of the vessel, called a
Turret, which allows the vessel to rotate in order to head into the wind and reduce
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environmental forces on the moorings. In relatively calm waters, such as in West Africa,
turrets can be located externally to the ship structure, hanging off the bow of the FPSO.
For harsher environments like the North Sea, the turret is generally located internally.
The turrets and the mooring systems can be designed to be disconnectable or to remain
permanently moored. Most ship-shaped FPSOs in the North Sea are purpose-built and are
permanently moored.

While most FPSOs are ship-shaped, FPSOs may also be semi-submersible type platforms
with storage or may have a cylindrical shape. These are moored in fixed orientation.

An FPSO has the capability to carry out some form of separation process. If the unit does
not have such facilities, it is generally referred to as a Floating Storage and Offloading
unit, and would be operated in conjunction with a production platform.

Advantages

Floating production, storage and offloading vessels are particularly effective in remote or
deepwater locations where seabed pipelines are not cost effective. FPSOs eliminate the
need to lay expensive long-distance pipelines from the oil well to an onshore terminal.
They can also be used economically in smaller oil fields which can be exhausted in a few
years and do not justify the expense of installing a pipeline. Once the field is depleted, the
FPSO can be moved to a new location. In areas of the world subject to cyclones
(northwestern Australia) or icebergs (Canada), some FPSOs are able to release their
mooring/riser turret and steam away to safety in an emergency. The turret sinks beneath
the waves and can be reconnected later.

Specific types

A floating storage and offloading unit (FSO) is a floating storage device, which is a
simplified FPSO without the capability for oil or gas processing. Most FSOs are old
single hull supertankers that have been converted. An example is Knock Nevis, ex
Seawise Giant, the world's largest ship, which had been converted to an FSO to be used
offshore Qatar.

At the other end of the LNG logistics chain, where the natural gas is brought back to
ambient temperature and pressure, ships may also be used as FSRUs. A LNG floating
storage and regasification unit (FSRU) is a floating storage and regasification system,
which receives liquefied natural gas (LNG) from offloading LNG carriers, and the
onboard regasification system provides natural gas send-out through flexible risers and
pipeline to shore.
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Vessels

Records

FPSO Firenze moored at Hellenic Shipyards, 2007

The FPSO operating in the deepest water depth is the Espirito Santo FPSO from Shell
America operated by Brazilian Deepwater Production Ltd (a joint venture between MISC
Bhd and SBM Offshore). The FPSO is moored at a depth of 1,800 m in the Campos
Basin, Brazil and is rated for 100,000 bpd. The EPCI contract was awarded in November
2006 and first oil was achieved in July 2009. The FPSO conversions and internal turret
were done at Keppel Shipyard Tuas in Singapore and the topsides were fabricated in
modules at Dynamac and BTE in Singapore.

The world's largest FPSO is the Kizomba A, with a storage capacity of 2.2 million barrels
(350,000 m®). Built at a cost of over US$800 million by Hyundai Heavy Industries in
Ulsan, Korea, it is operated by Esso Exploration Angola (ExxonMobil). Located in 1200
meters (3,940 ft) of water at Deepwater block 200 statute miles (320 km) offshore in the
Atlantic Ocean from Angola, Central Africa, it weighs 81,000 tonnes and is 285 meters
long, 63 meters wide, and 32 meters high (935 ft by 207 ft (63 m) by 105 ft).

The world's smallest FPSO is the Crystal Ocean, operating in 137 m of water in the Bass
Strait between Australia and Tasmania on the Basker Manta Field. It is leased by Roc Oil
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(Sydney-based international petroleum exploration and production company) from
Rubicon Offshore and is operated on their behalf by AGR Asia Pacific; it is currently
producing 5,000 bpd.

The FPSO in the shallowest water depth of just 13 m is the Armada Perkasa in the Okoro
field in Nigeria, West Africa, for Afren Energy. This spread moored (fixed orientation)
vessel uses 100 mm, 150 mm and 200 mm bore DeepFlex non-steel flexible risers in a
double lazy wave formation (with weights and distributed buoyancy) to accommodate the
large motion offsets in an environment of extreme waves and currents.

The Skarv FPSO, developed and engineered by Aker Solutions for BP Norge, will be the
most advanced and largest FPSO deployed in the Norwegian Sea, offshore Mid Norway.
Skarv is a gas condensate and oil field development. The development will tie in five
sub-sea templates, and the FPSO has capacity to include several smaller wells nearby in
the future. The process plant on the vessel can handle about 19 MSm3/d (670 MScf/d) of
gas and 13,500 Sm3/d of oil (85,000 bbl/d). An 80 km gas export pipe will tie in to
Asgard transport system. Aker Solutions (formerly Aker Kvaerner) developed the front-
end design for the new floating production facility as well as the overall system design
for the field and preparation for procurement and project management of the total field
development. The hull is an Aker Solutions proprietary "Tentech™975" design. BP also
selected Aker Solutions to perform the detail engineering, procurement and construction
management assistance (EPcma) for the Skarv field development. The EPcma contract
covers detail engineering and procurement work for the FPSO topsides as well as
construction management assistance to BP including hull and topside facilities. The
production start for the field is scheduled for August 2011. BP awarded the contract for
fabrication of the Skarv FPSO hull to Samsung Heavy Industries in South Korea and the
Turret contract to SBM. The FPSO has a length of 292m, breadth of 50.6m and is 29m
deep and accommodate 100 people in single cabins. The hull will be delivered in January
2010.

Current FPSOs

Data on operating FPSOs is reported each year in an annual survey.

Nev:)l:ulld Startup | Vessel Designer
FPSO Vessel . Current .
Name Oilfield Location Field Operator Conversion | Y¢3T /Operator

Abo FPSO | Abo Gulf of Guinea, | , ..\ Conversion |2003 | Prosafe

Nigeria
Agbami L Star Deep Water .
FPSO Nigeria Petroleum Newbuild 2008 Chevron
Akpo FPSO | Akpo Gulf of Guinea, | . Newbuild 2009 | Total

Nigeria
Al Zaafarana | Warda Gulf of Suez, Aker Solutions Conversion |1994 Gemsa Petroleum
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FPSO

Anasuria
FPSO

Anoa Natuna

Aoka Mizu

Arco Ardjuna
FSO

Armada
Perkasa

Asgard A

Azurite
FDPSO

Baobab
Ivoirien
MV10 FPSO

Belanak

Berge
Helene(OIM
Adarsh
Shukla)

Bleo Holm

Bohai Ming
Zhu FPSO

Bonga FPSO
Brasil FPSO

Bunga
Kertas FPSO

Capixaba
FPSO

Captain
FPSO

Cidade de
Niteroi

Cidade do
Rio de
Janeiro
MVi4 FPSO

Cidade de
Vitoria FPSO

Teal, Teal
South,
Guillemot A

Anoa Field,
Natuna Sea

Ettrick

Ardjuna Oil
Field

Okoro Setu

Asgard

Azurite

Baobab Field

Belanak
Field

Chinguetti

Ross, Blake,
Parry

Penglail9-3,
China

Bonga
Roncador

North Lukut
& Penara

Golfinho
Captain

Jabuti, Brazil

Espadarte
Sul Field

Golfinho II

Egypt

North Sea, UK

Indonesia

North Sea, UK

West Java Sea,
Indonesia

Nigeria
North Sea,
Norway

Atlantic,
Republic of the
Congo

Cote d'Ivoire

South Natuna
Sea, Indonesia

North Atlantic
Ocean,
Mauretania

North Sea, UK

Bohai, China
Gulf of Guinea,
Nigeria
Campos Basin,

Brazil

South China
Sea, Peninsula
Malaysia

Espirito Santo
Basin, Brazil

North Sea, UK

Santos Basin,
Brazil

Campos Basin,
Brazil

Espirito Santo
Basin, Brazil

Shell Newbuild
STAR Energy

Nexen

Pertamina Hulu Energy

Afren/AMNI Conversion
Statoil Newbuild
Murphy Oil Conversion
CNR International Conversion
S.AR.L.

ConocoPhillips Newbuild
Woodside Petroleum Conversion
Talisman Energy Conversion
ConocoPhillips

Shell Newbuild
Petrobras Conversion
Petronas Carigali Conversion
Petrobras Conversion
Chevron Newbuild

MODEC (for Petrobras) | Conversion
Petrobras Conversion
Petrobras Conversion
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1996

1990

2009

1973

2009

1999

2009

2005

2004

2006

1999

2003

2005

2002

2004

2006

1996

2009

2007

2007

Co

STAR Energy, KN,
Natuna Sea BV

Bluewater Energy
Services

Pertamina

Bumi Armada
Berhad

Prosafe Production

MODEC Inc.

KBR /J. Ray
McDermott

Bluewater Energy
Services

CNOOC

Samsung Heavy
Industries

SBM Offshore

DPS/FPSO Ventures

SBM Offshore

MODEC Inc.

MODEC Inc.

Saipem




Cossack
Pioneer

Cuulong
MV9 FPSO

Dalia FPSO

Dhirubhai 1

Erha
Espadarte
FPSO

Espirito
Santo BC-10
FPSO

Espoir

Ivorien

Falcon FPSO

Farwah

Four
Vanguard

Gimboa
FPSO

Girassol
FPSO

Glas Dowr

Global
Producer 111

Greater
Plutonio
FPSO

Griffin
Venture
FPSO

Gryphon
FPSO

Heewene
Brim FPSO

Jasmine
Venture MV7
FPSO

Jotun A

Kakap
Natuna

Cossack,
Wanaea

Su Tu Den
Field

Dalia

MA-D6

OPL 209

Espadarte
Espirito
Santo
(BC10)
Espoir

Currently
none

Al-Jurf

Woollybutt

Gimboa

Girassol

Sable

Dumbarton

Block 18
Greater
Plutonio

Griffin,
Chinook,
Scindian

Gryphon

Pierce

Jasmine
Field

Jotun

Kakap KH
field

Indian Ocean,
Australia

Vietnam

South Atlantic
Ocean, Angola

Bay of Bengal,
India

Gulf of Benin,
Nigeria
Campos Basin,
Brazil

Campos Basin,
Brazil

Gulf of Guinea,
Cote d'Ivoire

Johor River,
Malaysia

Mediterranean,
Libya

Indian Ocean,
Australia

South Atlantic
Ocean, Angola

South Atlantic
Ocean, Angola

Indian Ocean,
South Africa

North Sea, UK

South Atlantic
Ocean, Angola

Indian Ocean,
Australia

North Sea, UK

North Sea, UK

Thailand

North Sea,
Norway

Indonesia

Woodside Petroleum

Cuulong Joint
Operating Company
(CLJOC)

Total

Reliance Industries
Limited

ExxonMobil

Petrobras

Shell Americas

CNR

ExxonMobil

Total

ENI

Sonangol

Total

PetroSA

Maersk

BP

BHP Billiton

Maersk

Shell

PEARL Energy Pte Ltd.

ExxonMobil

ConocoPhillips(Kakap)
Ltd.

Conversion

Newbuild

Newbuild

Conversion

Newbuild

Conversion

Conversion

Conversion

Conversion

Conversion

Conversion

Newbuild

Newbuild

Newbuild

Newbuild

Newbuild

Newbuild

Conversion

Newbuild

Conversion
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1995

2003

2006

2008

2006

2000

2009

2002

2003

2003

2009

2001

2003

2006

2007

1994

1993

1999

2004

1999

1986

MODEC Inc.

AFP

SBM Offshore

SBM Offshore
MISC Bhd

Prosafe

SBM Offshore

Premuda

Saipem

Bluewater Energy
Services

Maersk

BP

Bluewater Energy
Services

MODEC Inc.

Bluewater Energy
Services

MODEC Inc.




FPSO

Kikeh

Kizomba A

Kizomba B

Kuito FPSO

"Kwame
Nkrumah"
FPSO

MacCulloch
FPSO

Maersk
Curlew

Marlim Sul
FPSO

MODEC
Venture 11
FPSO

Mondo FPSO

Munin

MVS Langsa
Venture
FPSO

Mystras
FPSO

Nganhurra
FPSO

Maersk
Ngujima-Yin
FPSO
Norne FPSO

Northern
Endeavour

Perintis

Petrojarl

Banff

Petrojarl
Foinaven

Petrojarl 1

Petrojarl

Kikeh

Hungo,
Chocalho

Kissanje,
Dikanza

Kuito

Jubilee
Fields

MacCulloch

Curlew

Marlim Sul

Mutineer-
Exeter Field

Luanda,
Angola

Lufeng,
Xijiang

Langsa field

Okono,
Okpoho

Enfield

Vincent

Norne

Laminaria,
Corallina

MASA field

Banff

Foinaven

Glitne
oilfield

Varg

Sabah,
Malaysia

South Atlantic
Ocean, Angola

South Atlantic
Ocean, Angola

Cabinda,
Angola

Gulf of Guinea,
Ghana

North Sea, UK

North Sea, UK

Campos Basin,
Brazil

Australia

Block 15,
Angola

South China
Sea, China

Malacca Strait,
Indonesia

Gulf of Guinea,
Nigeria

Exmouth Sub-
basin, Australia

Exmouth Sub-
basin, Australia

North Sea,
Norway

Timor Sea,
Indonesia

South China
Sea, Peninsular
Malaysia

North Sea, UK

North Atlantic,
UK

North Sea,
Norway
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Chapter 4

Physical Oceanography

Present day Earth topography [m]

| :
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World ocean bathymetry.

Physical oceanography is the study of physical conditions and physical processes within
the ocean, especially the motions and physical properties of ocean waters.

Physical oceanography is one of several sub-domains into which oceanography is
divided. Others include biological, chemical and geological oceanographies.
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Perspective view of the sea floor of the Atlantic Ocean and the Caribbean Sea. The purple
sea floor at the center of the view is the Puerto Rico Trench.

The pioneering oceanographer Matthew Maury said in 1855 "Our planet is invested with
two great oceans, one visible, the other invisible; one underfoot, the other overhead, one
entirely envelopes it, the other covers about two thirds of its surface.” The fundamental
role of the oceans in shaping Earth is acknowledged by ecologists, geologists,
meteorologists, climatologists, geographers and others interested in the physical world.
An Earth without oceans would truly be unrecognizable.

Roughly 97% of the planet's water is in its oceans, and the oceans are the source of the
vast majority of water vapor that condenses in the atmosphere and falls as rain or snow
on the continents. The tremendous heat capacity of the oceans moderates the planet's
climate, and its absorption of various gases affects the composition of the atmosphere.
The ocean's influence extends even to the composition of volcanic rocks through seafloor
metamorphism, as well as to that of volcanic gases and magmas created at subduction
zones.

The oceans are far deeper than the continents are tall; examination of the Earth's

hypsographic curve shows that the average elevation of Earth's landmasses is only
840 metres (2,760 ft), while the ocean's average depth is 3,800 metres (12,500 ft).
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Though this apparent discrepancy is great, for both land and sea, the respective extremes
such as mountains and trenches are rare.

Area, volume plus mean and maximum depths of oceans (excluding adjacent seas)

Body Area (10°km?) Volume (10°km?®) Mean depth (m) Maximum (m)
Pacific Ocean 165.2 707.6 4282 -10911
Atlantic Ocean 82.4 323.6 3926 -8605

Indian Ocean 73.4 291.0 3963 -8047
Southern Ocean 20.3 -7235

Arctic Ocean  14.1 1038

Caribbean Sea 2.8 -7686

Temperature, salinity and density

Sea—surface density [kg m_j]

= e
1020 1021 1022 1023 1024 1025 1026 1027 1028

WOA surface density.

Because the vast majority of the world ocean's volume is deep water, the mean
temperature of seawater is low; roughly 75% of the ocean's volume has a temperature
from 0° — 5°C (Pinet 1996). The same percentage falls in a salinity range between 34-35
ppt (3.4-3.5%) (Pinet 1996). There is still quite a bit of variation, however. Surface
temperatures can range from below freezing near the poles to 35°C in restricted tropical
seas, while salinity can vary from 10 to 41 ppt (1.0-4.1%).
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The vertical structure of the temperature can be divided into three basic layers, a surface
mixed layer, where gradients are low, a thermocline where gradients are high, and a
poorly stratified abyss.

In terms of temperature, the ocean's layers are highly latitude-dependent; the thermocline
is pronounced in the tropics, but nonexistent in polar waters (Marshak 2001). The
halocline usually lies near the surface, where evaporation raises salinity in the tropics, or
meltwater dilutes it in polar regions. These variations of salinity and temperature with
depth change the density of the seawater, creating the pycnocline.

Circulation

Thermohaline Circulation

| - 2 a

5 deep wWater-toRyai@h

| — ] Salinity (PSS)

32 34 36 38
Density-driven thermohaline circulation

The ultimate energy source for the ocean circulation (and for the atmospheric circulation)
is the sun. The amount of sunlight absorbed at the surface varies strongly with latitude,
being greater at the equator than at the poles, and this engenders fluid motion in both the
atmosphere and ocean that acts to redistribute heat from the equator towards the poles,
thereby reducing the temperature gradients that would exist in the absence of fluid
motion. Perhaps three quarters of this heat is carried in the atmosphere; the rest is carried
in the ocean.

The atmosphere is heated from below, which leads to convection, the largest expression
of which is the Hadley circulation. By contrast the ocean is heated from above, which
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tends to suppress convection. Instead ocean deep water is formed in polar regions where
cold salty waters sink in fairly restricted areas. This is the beginning of the thermohaline
circulation.

Oceanic currents are largely driven by the surface wind stress; hence the large-scale
atmospheric circulation is important to understanding the ocean circulation. The Hadley
circulation leads to Easterly winds in the tropics and Westerlies in mid-latitudes, which
creates an anticyclonic wind stress curl over the subtropical ocean. This leads to slow
equatorward flow throughout most of a subtropical ocean basin (the Sverdrup balance).
The return flow occurs in an intense, narrow, poleward western boundary current. Like
the atmosphere, the ocean is far wider than it is deep, and hence horizontal motion is in
general much faster than vertical motion. In the southern hemisphere there is a
continuous belt of ocean, and hence the mid-latitude westerlies force the strong Antarctic
Circumpolar Current. In the northern hemisphere the land masses prevent this and the
ocean circulation is broken into smaller gyres in the Atlantic and Pacific basins.

Coriolis effect

The Coriolis effect results in a deflection of fluid flows (to the right in the Northern
Hemisphere and left in the Southern Hemisphere). Because the distance around the Earth
decreases as one moves away from the equator, and because the Earth rotates in a counter
clockwise direction as seen from the north pole, air and water masses are deflected to the
east as they move from the equator to the poles, and to the west as they move from the
poles to the equator. This has profound effects on the flow of the oceans. In particular it
means the flow goes around high and low pressure systems, permitting them to persist
for long periods of time. As a result, tiny variations in pressure can produce measurable
currents. A slope of one part in one million in sea surface height, for example, will result
in a current of 1 cm/s at mid-latitudes. The fact that the Coriolis effect is largest at the
poles and weak at the equator results in sharp, relatively steady western boundary
currents which are absent on eastern boundaries.

The Coriolis effect is also responsible for coastal upwelling as wind-driven currents tend
to forced to the right of the winds in the Northern Hemisphere and to the left of the winds
in the Southern Hemisphere. When winds blow either equatorward along an eastern
ocean boundary or poleward along a western ocean boundary, water is driven away from
the coasts (the so called Ekman transport), and denser water rises from below to replace
it.

Ekman transport

Ekman Transport results in the net transport of surface water 90 degrees to the right of
the wind in the Northern Hemisphere, and 90 degrees to the left of the wind in the
Southern Hemisphere. As the wind blows across the surface of the ocean, it "grabs" onto
a thin layer of the surface water. In turn, that thin sheet of water transfers motion energy
to the thin layer of water under it, and so on. However, because of the Coriolis Effect, the
direction of travel of the layers of water slowly move farther and farther to the right as
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they get deeper in the Northern Hemisphere, and to the left in the Southern Hemisphere.
In most cases, the very bottom layer of water affected by the wind is at a depth of 100 m
— 150 m and is traveling about 180 degrees, completely opposite of the direction that the
wind is blowing. Overall, the net transport of water would be 90 degrees from the
original direction of the wind.

Langmuir circulation

Langmuir circulation results in the occurrence of thin, visible stripes, called windrows on
the surface of the ocean parallel to the direction that the wind is blowing. If the wind is
blowing with more than 3 m s, it can create parallel windrows alternating upwelling and
downwelling about 5-300 m apart. These windrows are created by adjacent ovular water
cells (extending to about 6 m (20 ft) deep) alternating rotating clockwise and
counterclockwise. In the convergence zones debris, foam and seaweed accumulates,
while at the divergencezones plankton are caught and carried to the surface. If there are
many plankton in the divergencezone fish are often attracted to feed on them.
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Hurricane Isabel east of the Bahamas on 15 September 2003

At the ocean-atmosphere interface, the ocean and atmosphere exchange fluxes of heat,
moisture and momentum.

Heat
The important heat terms at the surface are the sensible heat flux, the latent heat flux, the
incoming solar radiation and the balance of long-wave (infrared) radiation. In general, the

tropical oceans will tend to show a net gain of heat, and the polar oceans a net loss, the
result of a net transfer of energy polewards in the oceans.
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The oceans' large heat capacity moderates the climate of areas adjacent to the oceans,
leading to a maritime climate at such locations. This can be a result of heat storage in
summer and release in winter; or of transport of heat from warmer locations: a
particularly notable example of this is Western Europe, which is heated at least in part by
the north atlantic drift.

Momentum

Surface winds tend to be of order meters per second; ocean currents of order centimeters
per second. Hence from the point of view of the atmosphere, the ocean can be considered
effectively stationary; from the point of view of the ocean, the atmosphere imposes a
significant wind stress on its surface, and this forces large-scale currents in the ocean.

Through the wind stress, the wind generates ocean surface waves; the longer waves have
a phase velocity tending towards the wind speed. Momentum of the surface winds is
transferred into the energy flux by the ocean surface waves. The increased roughness of
the ocean surface, by the presence of the waves, changes the wind near the surface.

Moisture

The ocean can gain moisture from rainfall, or lose it through evaporation. Evaporative
loss leaves the ocean saltier; the Mediterranean and Persian Gulf for example have strong
evaporative loss; the resulting plume of dense salty water may be traced through the
Straits of Gibraltar into the Atlantic Ocean. At one time, it was believed that
evaporation/precipitation was a major driver of ocean currents; it is now known to be
only a very minor factor.

Planetary waves
Kelvin Waves

A Kelvin wave is any progressive wave that is channeled between two boundaries or
opposing forces (usually between the Coriolis force and a coastline or the equator). There
are two types, coastal and equatorial. Kelvin waves are gravity driven and non-dispersive,
meaning that the phase speed of the wave at any one frequency will equal the group
speed of the wave energy for all frequencies. This means that Kelvin waves can retain
their shape and direction over long periods of time. They are usually created by a sudden
shift in the wind, such as the change of the trade winds at the beginning of the El Nifio-
Southern Oscillation.

Coastal Kelvin waves follow shorelines and will always propagate in a counterclockwise
direction in the Northern hemisphere (with the shoreline to the right of the direction of

travel) and clockwise in the Southern hemisphere.

Equatorial Kelvin waves propagate to the east in the Northern hemisphere and to the west
in the Southern hemisphere, using the equator as a guide.
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Kelvin waves are known to have very high speeds, typically around 2—3 meters per
second. They have wavelengths of thousands of kilometers and amplitudes in the tens of
meters.

Rossby Waves

Rossby waves, or planetary waves are huge, slow waves generated in the troposphere by
temperature differences between the ocean and the continents. Their major restoring force
is the change in Coriolis force with latitude. Their wave amplitudes are usually in the tens
of meters and very large wavelengths. They are usually found at low or mid latitudes

There are two types of Rossby waves, barotropic and baroclinic. Barotropic Rossby
waves have the highest speeds and do not vary vertically. Baroclinic Rossby waves are
much slower.

The special identifying feature of Rossby waves is that the phase velocity of each
individual wave always has a westward component, but the group velocity can be in any
direction. Usually the shorter Rossby waves have an eastward group velocity and the
longer ones have a westward group velocity.

Climate variability
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December 1997 chart of ocean surface temperature anomaly [°C] during the last strong El
Nifio

The interaction of ocean circulation, which serves as a type of heat pump, and biological
effects such as the concentration of carbon dioxide can result in global climate changes
on a time scale of decades. Known climate oscillations resulting from these interactions,
include the Pacific decadal oscillation, North Atlantic oscillation, and Arctic oscillation.
The oceanic process of thermohaline circulation is a significant component of heat
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redistribution across the globe, and changes in this circulation can have major impacts
upon the climate.

Antarctic circumpolar wave

This is a coupled ocean/atmosphere wave that circles the Southern Ocean about every
eight years. Since it is a wave-2 phenomenon (there are two peaks and two troughs in a
latitude circle) at each fixed point in space a signal with a period of four years is seen.
The wave moves eastward in the direction of the Antarctic Circumpolar Current.

Ocean currents
Among the most important ocean currents are the:

e Antarctic Circumpolar Current
e Deep ocean (density-driven)
e Western boundary currents

o  QGulf Stream
Kuroshio Current
Labrador Current
Oyashio Current
Agulhas Current
Brazil Current

o [East Australia Current
o Eastern Boundary currents
California Current
Canary Current
Peru Current
Benguela Current

O O O O O

O O O

: Ocean gyre
Antarctic circumpolar

The ocean body surrounding the Antarctic is currently the only continuous body of water
where there is a wide latitude band of open water. It interconnects the Atlantic, Pacific
and Indian oceans, and provide an uninterrupted stretch for the prevailing westerly winds
to significantly increase wave amplitudes. It is generally accepted that these prevailing
winds are primarily responsible for the circumpolar current transport. This current is now
thought to vary with time, possibly in an oscillatory manner.

Deep ocean
In the Norwegian Sea evaporative cooling is predominant, and the sinking water mass,

the North Atlantic Deep Water (NADW)), fills the basin and spills southwards through
crevasses in the submarine sills that connect Greenland, Iceland and Britain. It then flows
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along the western boundary of the Atlantic with some part of the flow moving eastward
along the equator and then poleward into the ocean basins. The NADW is entrained into
the Circumpolar Current, and can be traced into the Indian and Pacific basins. Flow from
the Arctic Ocean Basin into the Pacific, however, is blocked by the narrow shallows of
the Bering Strait.

Western boundary

An idealised subtropical ocean basin forced by winds circling around a high pressure
(anticyclonic) systems such as the Azores-Bermuda high develops a gyre circulation with
slow steady flows towards the equator in the interior. As discussed by Henry Stommel,
these flows are balanced in the region of the western boundary, where a thin fast
polewards flow called a western boundary current develops. Flow in the real ocean is
more complex, but the Gulf stream, Agulhas and Kuroshio are examples of such currents.
They are narrow (approximately 100 km across) and fast (approximately 1.5 m/s).

Equatorwards western boundary currents occur in tropical and polar locations, e.g. the
East Greenland and Labrador currents, in the Atlantic and the Oyashio. They are forced
by winds circulation around low pressure (cyclonic)

Gulf stream

The Gulf Stream, together with its northern extension, North Atlantic Current, is a
powerful, warm, and swift Atlantic ocean current that originates in the Gulf of Mexico,
exits through the Strait of Florida, and follows the eastern coastlines of the United States
and Newfoundland to the northeast before crossing the Atlantic Ocean.

Kuroshio

The Kuroshio Current is an ocean current found in the western Pacific Ocean off the east
coast of Taiwan and flowing northeastward past Japan, where it merges with the easterly

drift of the North Pacific Current. It is analogous to the Gulf Stream in the Atlantic
Ocean, transporting warm, tropical water northward towards the polar region.

Heat flux

Heat storage

Heat storage and transfer in the ocean is very uneven.
Sea level change

Tide gauges and satellite altimetry suggest an increase in sea level of 1.5-3 mm/yr over
the past 100 years.
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The IPCC predicts that by 2100, global warming will lead to a sea level rise of 110 to
880 mm.

Rapid variations

Tides

The Bay of Fundy is a bay located on the Atlantic coast of North America, on the
northeast end of the Gulf of Maine between the provinces of New Brunswick and Nova
Scotia.

The rise and fall of the oceans due to tidal effects is a key influence upon the coastal
areas. Ocean tides on the planet Earth are created by the gravitational effects of the Sun
and Moon. The tides produced by these two bodies are roughly comparable in magnitude,
but the orbital motion of the Moon results in tidal patterns that vary over the course of a
month.

The ebb and flow of the tides produce a cyclical current along the coast, and the strength
of this current can be quite dramatic along narrow estuaries. Incoming tides can also
produce a tidal bore along a river or narrow bay as the water flow against the current
results in a wave on the surface.

Tide and Current (Wyban 1992) clearly illustrates the impact of these natural cycles on
the lifestyle and livelihood of Native Hawaiians tending coastal fishponds. Aia ke ola ka
hana meaning . . . Life is in labor.

Tidal resonance occurs in the Bay of Fundy since the time it takes for a large wave to
travel from the mouth of the bay to the opposite end, then reflect and travel back to the
mouth of the bay coincides with the timing between this repeating wave that is also
reinforced by the tidal rhythm producing the world's highest tides.

As the surface tide oscillates over topography, such as submerged seamounts or ridges, it
generates internal waves at the tidal frequency, which are known as internal tides.
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Tsunamis

A series of surface waves can be generated due to large-scale displacement of the ocean
water. These can be caused by sub-marine landslides, seafloor deformations due to
earthquakes, or the impact of a large meteorite.

The waves can travel with a velocity of up to several hundred km/hour across the ocean
surface, but in mid-ocean they are barely detectable with wavelengths spanning hundreds
of kilometers.

Tsunamis, originally called tidal waves, were renamed because they are not related to the
tides. They are regarded as shallow-water waves, or waves in water with a depth less than
1/20 their wavelength. Tsunamis have very large periods, high speeds, and great wave
heights.

The primary impact of these waves is along the coastal shoreline, as large amounts of
ocean water are cyclically propelled inland and then drawn out to sea. This can result in
significant modifications to the coastline regions where the waves strike with sufficient
energy.

The tsunami that occurred in Lituya Bay, Alaska on July 9, 1958 was 520 m (1,710 ft)
high and is the biggest tsunami ever measured, almost 90 m (300 ft) taller than the Sears
Tower in Chicago and about 110 m (360 ft) taller than the World Trade Center in New
York.

Surface waves
The wind generates ocean surface waves, which have a large impact on offshore

structures, ships, coastal erosion and sedimentation, as well as harbours. After their
generation by the wind, ocean surface waves can travel (as swell) over long distances.
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Chapter 5

Bingham Plastic

A Bingham plastic is a viscoplastic material that behaves as a rigid body at low stresses
but flows as a viscous fluid at high stress. It is named after Eugene C. Bingham who
proposed its mathematical form..

It is used as a common mathematical model of mud flow in offshore engineering, and in
the handling of slurries. A common example is toothpaste, which will not be extruded
until a certain pressure is applied to the tube. It then is pushed out as a solid plug.

Explanation

M ewtonian
Liguid

YVolume of fow

Bingham
Plastic Liguid

R
Yield stress Shear Stress

Figure 1. Bingham Plastic flow as described by Bingham

Figure 1 shows a graph of the behaviour of an ordinary viscous (or Newtonian) fluid in
red, for example in a pipe. If the pressure at one end of a pipe is increased this produces a
stress on the fluid tending to make it move (called the shear stress) and the volumetric
flow rate increases proportionally. However for a Bingham Plastic fluid (in blue), stress
can be applied but it will not flow until a certain value, the yield stress, is reached.
Beyond this point the flow rate increases steadily with increasing shear stress. This is
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roughly the way in which Bingham presented his observation, in an experimental study of
paints.
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Figure 2. Bingham Plastic flow as described currently

Figure 2 shows the way in which it is normally presented currently. The graph shows
shear stress on the vertical axis and shear rate on the horizontal one. (Volumetric flow
rate depends on the size of the pipe, shear rate is a measure of how the velocity changes
with distance. It is proportional to flow rate, but does not depend on pipe size.) As before,
the Newtonian fluid flows and gives a shear rate for any finite value of shear stress.
However, the Bingham Plastic again does not exhibit any shear rate (no flow and thus no
velocity) until a certain stress is achieved. For the Newtonian fluid the slope of this line is
the viscosity, which is the only parameter needed to describe its flow. By contrast the
Bingham Plastic requires two parameters, the yield stress and the slope of the line,
known as the plastic viscosity.

The physical reason for this behaviour is that the liquid contains particles (e.g. clay) or
large molecules (e.g. polymers) which have some kind of interaction, creating a weak
solid structure, formerly known as a false body, and a certain amount of stress is required
to break this structure. Once the structure has been broken, the particles move with the
liquid under viscous forces. If the stress is removed, the particles associate again.

Definition
The material is rigid for shear stress 7, less than a critical value 9. Once the critical shear
stress (or "yield stress") is exceeded, the material flows in such a way that the shear rate,

ou/0y, is directly proportional to the amount by which the applied shear stress exceeds the
yield stress:
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Friction Factor Formulae

In fluid flow, it is a common problem to calculate the pressure drop in an established
piping network. Once the friction factor, £, is known, it becomes easier to handle
different pipe-flow problems, viz. calculating the pressure drop for evaluating pumping
costs or to find the flow-rate in a piping network for a given pressure drop. It is usually
extremely difficult to arrive at exact analytical solution to calculate the friction factor
associated with flow of non-Newtonian fluids and therefore explicit approximations are
used to calculate it. Once the friction factor has been calculated the pressure drop can be
easily determined for a given flow by the Darcy—Weisbach equation:

2h;gD

f - L I”Ir 2

. h‘f is the frictional head loss (SI units: m)

. f is the friction factor (SI units: Dimensionless)
« Lis the pipe length (SI units: m)

o Yis the gravitational acceleration (SI units: m/s?)
o Dis the pipe diameter (SI units: m)

o Vs the mean fluid velocity (SI units: m/s)

Laminar flow
An exact description of friction loss for Bingham plastics in fully developed laminar pipe

flow was first published by Buckingham. His expression, the Buckingham-Reiner
equation, can be written in a dimensionless form as follows:

64 He 64, He
= Rl 6Re ~ 3 7R

where:

. f Lis the laminar flow friction factor (SI units: Dimensionless)
« [eis the Reynolds number (SI units: Dimensionless)
« Heis the Hedstrom number (SI units: Dimensionless)

The Reynolds number and the Hedstrom number are respectively defined as:
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D=,
He = ;
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where:

e Pis the mass density of fluid (SI units: kg/m?)
e Vxais the kinematic viscosity of fluid (SI units: m?/s)

Turbulent flow

Darby and Melson developed an empirical expression that determines the friction factor
for turbulent-flow regime of Bingham plastic fluids, and is given by:

f]" — 10& Re—{).l%
where:

. fTis the turbulent flow friction factor (SI units: Dimensionless)

a = —1.378[1 + 0.146 ¢~ >*<107 "]

Approximations of the Buckingham-Reiner equation

Although an exact analytical solution of the Buckingham-Reiner equation can be obtained
because it is a fourth order polynomial equation in f, due to complexity of the solution it
is rarely employed. Therefore, researchers have tried to develop explicit approximations
for the Buckingham-Reiner equation.

Swamee-Aggarwal Equation

The Swamee Aggarwal equation is used to solve directly for the Darcy—Weisbach friction
factor f for laminar flow of Bingham plastic fluids. It is an approximation of the implicit
Buckingham-Reiner equation, but the discrepancy from experimental data is well within
the accuracy of the data. The Swamee-Aggarwal equation is given by:

64 , 1067+ 0.1414(%)1-1‘*3(&
Re " [1+0.0149(2)116|Re * Re

fr= )
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Danish-Kumar Solution

Danish et al. have provided an explicit procedure to calculate the friction factor f/ by using
the Adomian decomposition method. The friction factor containing two terms through
this method is given as:
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Combined Equation for friction factor for all flow regimes
Darby-Melson Equation

In 1981, Darby and Melson, using the approach of Churchill and of Churchill and Usagi ,
developed an expression to get a single friction factor equation valid for all flow regimes:

T T l
f= ™+
where:

40000
Re
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i+

m= 1.

Both Swamee-Aggarwal equation and the Darby-Melson equation can be combined to
give an explicit equation for determining the friction factor of Bingham plastic fluids in
any regime. Relative roughness is not a parameter in any of the equations because the
friction factor of Bingham plastic fluids is not sensitive to pipe roughness.
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Chapter 6

Introduction to Coastal Management

Oosterscheldekering sea wall, the Netherlands.

In some jurisdictions the terms sea defense and coastal protection are used to mean,
respectively, defense against flooding and erosion. The term coastal defence is the more
traditional term, but coastal management has become more popular as the field has
expanded to include techniques that allow erosion to claim land.
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Historical background

Coastal engineering, as it relates to harbours, starts with the development of ancient
civilizations together with the origin of maritime traffic, perhaps before 3500 B.C.

Docks, breakwaters, and other harbour works were built by hand and often in a grand
scale.

Some of the harbour works are still visible in a few of the harbours that exist today, while
others have recently been explored by underwater archaeologists. Most of the grander
ancient harbor works have disappeared following the fall of the Roman Empire.

Most ancient coastal efforts were directed to port structures, with the exception of a few
places where life depended on coastline protection. Venice and its lagoon is one such
case. Protection of the shore in Italy, England and the Netherlands can be traced back at
least to the 6th century. The ancients understood such phenomena as the Mediterranean
currents and wind patterns and the wind-wave cause-effect link.

The Romans introduced many revolutionary innovations in harbor design. They learned
to build walls underwater and managed to construct solid breakwaters to protect fully
exposed harbors. In some cases wave reflection may have been used to prevent silting.
They also used low, water-surface breakwaters to trip the waves before they reached the
main breakwater. They became the first dredgers in the Netherlands to maintain the
harbour at Velsen. Silting problems here were solved when the previously sealed solid
piers were replaced with new "open"-piled jetties. The Romans also introduced to the
world the concept of the holiday at the coast.

Middle Age

The threat of attack from the sea caused many coastal towns and their harbours to be
abandoned. Other harbours were lost due to natural causes such as rapid silting, shoreline
advance or retreat, etc. The Venetian Lagoon was one of the few populated coastal areas
with continuous prosperity and development where written reports document the
evolution of coastal protection works. Engineering and scientific skills remained alive in
the east, in Byzantium, where the Eastern Roman Empire survived for six hundred years
while Western Rome decayed.

Modern Age

Leonardo da Vinci could be considered the precursor of coastal engineering science,
offering ideas and solutions often more than three centuries ahead of their common
acceptance. Although great strides were made in the general scientific arena, little
improvement was done beyond the Roman approach to harbour construction after the
Renaissance. In the early 19th century, the advent of the steam engine, the search for new
lands and trade routes, the expansion of the British Empire through her colonies, and
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other influences, all contributed to the revitalization of sea trade and a renewed interest in
port works.

Twentieth century

Evolution of shore protection and the shift from structures to beach nourishment. Prior to
the 1950s, the general practice was to use hard structures to protect against beach erosion
or storm damages. These structures were usually coastal armoring such as seawalls and
revetments or sand-trapping structures such as groynes. During the 1920s and '30s,
private or local community interests protected many areas of the shore using these
techniques in a rather ad hoc manner. In certain resort areas, structures had proliferated to
such an extent that the protection actually impeded the recreational use of the beaches.
Erosion of the sand continued, but the fixed back-beach line remained, resulting in a loss
of beach area. The obtrusiveness and cost of these structures led in the late 1940s and
early 1950s, to move toward a new, more dynamic, method. Projects no longer relied
solely on hard coastal defence structures, as techniques were developed which replicated
the protective characteristics of natural beach and dune systems. The resultant use of
artificial beaches and stabilized dunes as an engineering approach was an economically
viable and more environmentally friendly means for dissipating wave energy and
protecting coastal developments.

Over the past hundred years the limited knowledge of coastal sediment transport
processes at the local authorities level has often resulted in inappropriate measures of
coastal erosion mitigation. In many cases, measures may have solved coastal erosion
locally but have exacerbated coastal erosion problems at other locations -up to tens of
kilometers away- or have generated other environmental problems.

Current challenges in coastal management

The coastal zone is a dynamic area of natural change and of increasing human use. They
occupy less than 15% of the Earth's land surface; yet accommodate more than 50% of the
world population (it is estimated that 3.1 billion people live within 200 kilometres from
the sea). With three-quarters of the world population expected to reside in the coastal
zone by 2025, human activities originating from this small land area will impose an
inordinate amount of pressures on the global system. Coastal zones contain rich resources
to produce goods and services and are home to most commercial and industrial activities.
In the European Union, almost half of the population now lives within 50 kilometres of
the sea and coastal zone resources produce much of the Union's economic wealth. The
fishing, shipping and tourism industries all compete for vital space along Europe's
estimated 89 000 kilometres of coastline, and coastal zones contain some of Europe's
most fragile and valuable natural habitats. Shore protection consists up to the 50's of
interposing a static structure between the sea and the land to prevent erosion and or
flooding, and it has a long history. From that period new technical or friendly policies
have been developed to preserve the environment when possible. s already important
where there are extensive low-lying areas that require protection. For instance: Venice,
New Orleans, Nagara river in Japan, Holland, Caspian Sea
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Protection against the sea level rise in the 21st century will be especially important, as sea
level rise is currently accelerating. This will be a challenge to coastal management, since
seawalls and breakwaters are generally expensive to construct, and the costs to build
protection in the face of sea-level rise would be enormous.

Changes on sea level have a direct adaptative response from beaches and coastal systems,
as we can see in the succession of a lowering sea level. When the sea level rises, coastal
sediments are in part pushed up by wave and tide energy, so sea-level rise processes have
a component of sediment transport landwards. This results in a dynamic model of rise

effects with a continuous sediment displacement that is not compatible with static models
where coastline change is only based on topographic data.

Planning approaches

“Do nothing™

“Managed realignment”

“Hold the line”

“Move seaward”

“Limited intervention”

THE FIVE GENERIC POLICY OPTIONS

Five general coastal management strategies

There are five generic strategies for coastal defense:
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e inaction leading to eventual abandonment

e Managed retreat or realignment, which plans for retreat and adopts engineering
solutions that recognise natural processes of adjustment, and identifies a new line
of defence where to construct new defences

o Hold the line, shoreline protection, whereby seawalls are constructed around the
coastlines

e Move seawards, by constructing new defenses seaward the original ones

o Limited intervention, accommodation, by which adjustments are made to be able
to cope with inundation, raising coastal land and buildings vertically

The decision to choose a strategy is site-specific, depending on pattern of relative sea-
level change, geomorphological setting, sediment availability and erosion, as well a series
of social, economic and political factors.

Alternatively, integrated coastal zone management approaches may be used to prevent
development in erosion- or flood-prone areas to begin with. Growth management can be
a challenge for coastal local authorities who often struggle to provide the infrastructure
required by new residents seeking seachange lifestyles. . Sustainable transport investment
to reduce the average footprint of coastal visitors is often a good way out of coastal
gridlock. Examples include Dongtan and the Gold Coast Oceanway.

Do nothing

The 'do nothing' option, involving no protection, is a cheap and expedient way to let the
coast take care of itself. It involves the abandonment of coastal facilities when they are
subject to coastal erosion, and either gradually landward retreat or evacuation and
resettlement elsewhere. This option is very environmental friendly and the only pollution
produced is from the resettlement process. However it does mean losing a lot of land to
the sea and people will lose their houses and their homes.

Managed retreat

Managed retreat (also managed realignment) allows an area that was not previously
exposed to flooding by the sea to become flooded by removing coastal protection. This
process is usually in low lying estuarine areas and almost always involves flooding of
land that has at some point in the past been claimed from the sea.

Managed retreat is often a response to sea level rise exacerbated by local subsidence of
the land surface due to isostatic rebound in the north.

Coastal defence

In the UK the main reason for implementation of Managed Realignment is generally to
improve coastal stability, essentially replacing artificial ‘hard’ coastal defences with
natural ‘soft’ coastal landforms (Pethick 2002). This process can be used to protect areas
of land further inland rather than that near the coast by relying on natural defences to
absorb or dampen the force of waves.
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Habitat loss

In addition to being used as a means of coastal defence, Managed Realignment has also
been used in a number of cases to mitigate for loss of intertidal habitat.

Although land claim has been an important factor for salt marsh loss in the UK in the past
(Allen 1992) the majority of current salt marsh loss in the UK is believed to be due to
erosion (Morris et al. 2004). This erosion may involve coastal squeeze, where protective
sea walls prevent the landward migration of salt marsh in response to sea level rise when
sediment supply is limited (Hulme 2005; Morris et al. 2004). Salt marshes are protected
under the EU Habitats Directive as well as providing habitat for a number of species
protected by the Birds Directive. Following this guidance, the UK’s biodiversity action
plan aims to prevent net losses to the area of salt marsh present in 1992. It is therefore a
legal requirement that all losses in marsh area must be compensated by replacement
habitat with equivalent biological characteristics (Crooks et al. 2001). This equates to the
need to restore approximately 1.4 km? of salt marsh habitat per year in the UK.

Advantages

There are no direct costs apart from that of removing any defences already in place and
maintenance costs are very low.

Sediment flow is also restored to its natural state, beaches can be naturally replenished
due to erosion of the coast, providing protection and the balance of the coastline returns.

Disadvantages

A certain amount of land will inevitably be lost in this process while beaches are being
built up resulting in settlements, farmland and other property being destroyed. Because of
this, managed retreat is often not a socially acceptable plan and may invoke the need for
compensation to land-owners. Intertidal sites are often a rich archaeological resource and
the loss of heritage is a factor to weighed in managed retreat projects.

There are no agreed protocols on the monitoring of MR sites (Atkinson et al. 2001) and,
consequently, very few of the sites are being monitored consistently and effectively
(Wolters et al. 2005¢). Due to the low levels of monitoring there is little evidence on
which to base future managed realignment projects. This has led to the results of
Managed Realignment schemes being extremely unpredictable.
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Examples

Freiston Shore Managed Realignment site, Lincolnshire

In the UK, the first managed retreat site was an area of 8,000 square metres at Northey
Island in Essex flooded in 1991, followed by larger sites at Tollesbury and Orplands
(1995), Freiston Shore (2001) and Abbott's Hall Farm, at Great Wigborough in the
Blackwater Estuary, it is one of the largest managed retreat schemes in Europe. It covers
nearly 280 hectares of land on the north side of the estuary (2002) and a number of
others.

Current progress

At present approximately 6 km? of salt marsh have been restored by MR in the UK
(Mossman et al. In prep). One of the major reasons cited for the slow pace of current salt
marsh restoration in the UK (Morris et al. 2004) is the uncertainty associated with the
practice (Foresight).

Managed retreat is an alternative to constructing or maintaining coastal structures.
Managed retreat allows an area that was not previously exposed to flooding by the sea to
become flooded. This process is usually in low lying estuarine or deltaic areas and almost
always involves flooding of land that has at some point in the past been reclaimed from
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the sea. Managed retreat is often a response to a change in sediment budget or to sea level
rise. The technique is used when the land adjacent to the sea is low in value. A decision is
made to allow the land to erode and flood, creating new sea, inter-tidal and salt-marsh
habitats. This process may continue over many years and natural stabilization will occur.

The earliest managed retreat in the UK was an area of 0.8 ha at Northey Island in Essex,
that was flooded in 1991. This was followed by Tollesbury and Orplands in Essex, where
the sea walls were breached in 1995. In the Ebro delta (Spain) coastal authorities have
planned a managed retreat in response to coastal erosion (MMA 2005, Sitges, Meeting on
Coastal Engineering; EUROSION project).

Cost — The main cost is generally the purchase of land to be flooded. Housings
compensation for relocation of residents may be needed. Any other human made
structure which will be engulfed by the sea may need to be safely dismantled to prevent
sea pollution. In some cases, a retaining wall or bund must be constructed inland in order
to protect land beyond the area to be flooded, although such structures can generally be
lower than would be needed on the existing coast. Monitoring of the evolution of the
flooded area is another cost. Costs may be lowest if existing defenses are left to fail
naturally, but often the realignment project will be more actively managed, for example
by creating an artificial breach in existing defences to allow the sea in at a particular
place in a controlled fashion, or by pre-forming drainage channels for created salt-marsh.

Hold the line

Human strategies on the coast have been heavily based on a static engineered response,
whereas the coast is in, or strives towards, a dynamic equilibrium (Schembri, 2009).
Solid coastal structures are built and persist because they protect expensive properties or
infrastructures, but they often relocate the problem downdrift or to another part of the
coast. Soft options like beach nourishment, while also being temporary and needing
regular replenishment, appear more acceptable, and go some way to restore the natural
dynamism of the shoreline. However in many cases there is a legacy of decisions that
were made in the past which have given rise to the present threats to coastal infrastructure
and which necessitate immediate shore protection. For instance, the seawall and
promenade of many coastal cities in Europe represents a highly engineered use of prime
seafront flange-eating space, which might be preferably designated as public open space,
parkland and amentities if it were available today. Such open space might also allow
greater flexibility in terms of future land-use change, for instance through managed
retreat, in the face of threats of erosion or inundation as a result of sea-level rise.
Foredunes areas represent a natural reserve which can be called upon in the face of
extreme events; building on these areas leaves little option but to undertake costly
protective measures when extreme events (whether amplified by gradual global change or
not) threaten. Managed retreat can comprise 'setbacks', rolling easements and other
planning tools including building within a particular design life. Maintenance of those
structures or soft techniques can arrive at a critical point (economically or environmental)
to change adopted strategy.
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e Structural or hard engineering techniques, i.e. using permanent concrete and rock
constructions to "fix" the coastline and protect the assets locate behind. These
techniques--seawalls, groynes, detached breakwaters, and revetments--represent a
significant share of protected shoreline in Europe (more than 70%).

e Soft engineering techniques (e.g. sand nourishments), building with natural
processes and relying on natural elements such as sands, dunes and vegetation to
prevent erosive forces from reaching the backshore. These techniques include
beach nourishment and sand dune stabilization.

Move seaward

The futility of trying to predict future scenarios where there is a large human influence is
apparent. Even future climate is to a certain extent a function of what humans choose to
make of it, for example by restricting greenhouse gas emissions to control climate
change. In some cases - where new areas are needed for new economic or ecological
development - a move seaward strategy can be adopted. Some examples from
EUROSION are: Koge Bay (Dk) Western Scheldt estuary (NI), Chatelaillon (F), Ebro
delta (E)

There is an obvious downside to this strategy. Coastal erosion is already widespread, and
there are many coasts where exceptional high tides or storm surges result in
encroachment on the shore, impinging on human activity. If the sea rises, many coasts
that are developed with infrastructure along or close to the shoreline will be unable to
accommodate erosion, and will experiment a so-called "coastal squeeze". This occurs
where the ecological or geomorphological zones that would normally retreat landwards
encounter solid structures and are squeezed out. Wetlands, salt marshes, mangroves and
adjacent fresh water wetlands are particularly likely to suffer from this squeeze.

An upside to the strategy is that moving seaward (and upward) can create land of high
value which can bring the investment required to cope with climate change.

Limited intervention

Limited intervention is an action taken whereby the management only solves the problem
to some extent, usually in areas of low economic significance. Measures taken using
limited intervention often encourage the succession of haloseres, including salt marshes
and sand dunes. This will normally result in the land behind the halosere being more
sufficiently protected, as wave energy will be dissipated by the accumulated sediment
and additional vegetation residing in the newly formed habitat. Although the new
halosere is not strictly man-made, as many natural processes will contribute to the
succession of the halosere, anthropogenic factors are partially responsible for the
formation as an initial factor was needed to help start the process of succession. This
must not be confused with 'accommodate’ which is about property e.g. effective
insurance, early warning systems and not about habitat.
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Construction techniques
The following is a catalogue of relevant techniques that could be employed as coastal
management techniques. The costs given are very rough estimates made during 2005,

based on UK Pound sterling.

Hard Engineering methods

Groynes

Groyne atMundesley, Norfolk, UK.

Groynes are wooden often made of greenhart, concrete and/or rock barriers or walls
perpendicular to the sea. Beach material builds up on the updrift side, where littoral drift
is predominantly in one direction, creating a wider and a more plentiful beach, therefore
enhancing the protection for the coast because the sand material filters and absorbs the
wave energy. However, there is a corresponding loss of beach material on the downdrift
side, requiring that another groyne to be built there. Moreover, groynes do not protect the
beach against storm-driven waves and if placed too close together will create currents,
which will carry sand material offshore.

Groynes are extremely cost-effective coastal defence measures, requiring little
maintenance, and are one of the most common coastal defence structures. However,
groynes are increasingly viewed as detrimental to the aesthetics of the coastline, and face
strong opposition in many coastal communities.
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Many experts consider groynes to be a "soft" solution to coastal erosion because of the
enhancement of the existing beach.

But groyne construction creates a problem known as Terminal Groyne Syndrome. The
terminal groyne prevents longshore drift from bringing material to other nearby places.
This is a common problem along the Hampshire and Sussex coastline in the UK; a
perfect example is Worthing.

Sea walls

Walls of concrete or rock, built at the base of a cliff or at the back of a beach, or used to
protect a settlement against erosion or flooding. Older style vertical seawalls reflected all
the energy of the waves back out to sea, and for this purpose were often given recurved
crest walls which also increase the local turbulence, and thus increasing entrainment of
sand and sediment. During storms, sea walls help longshore drift

Modern seawalls aim to destroy most of the incident energy, resulting in low reflected
waves and much reduced turbulence and thus take the form of sloping revetments.
Current designs use porous designs of rock, concrete armour (Seabees, SHEDs, Xblocs)
with intermediate flights of steps for beach access, whilst in places where high rates of
pedestrian access are required, the steps take over the whole of the frontage, but at a
flatter slope if the same crest levels are to be achieved.

Care needs to be taken in the location of a seawall, particularly in relation to the swept
prism of the beach profile, the consequences of long term beach recession and amenity
crest level. These factors must be considered in assessing the cost benefit ratio, which
must be favourable in order to justify construction of a seawall.

Sea walls can cause beaches to dissipate rendering them useless for beach goers. Their
presence also scars the very landscape that they are trying to save.

Modern examples can be found at Cronulla (NSW, 1985-6), Blackpool (1986-2001),
Lincolnshire (1992—-1997) & Wallasey (1983-1993) . The sites at Blackpool and
Cronulla can be visited both by Google Earth and by local webcams (Cronulla,
Cleveleys).

A most interesting example is the seawall at Sandwich, Kent, where the Seabee seawall is
buried at the back of the beach under the shingle with crest level at road kerb level.

Sea walls are probably the second most traditional method used in coastal management.
Revetments
Wooden slanted or upright blockades, built parallel to the sea on the coast, usually

towards the back of the beach to protect the cliff or settlement beyond. The most basic
revetments consist of timber slants with a possible rock infill. Waves break against the
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revetments, which dissipate and absorb the energy. The cliff base is protected by the
beach material held behind the barriers, as the revetments trap some of the material. They
may be watertight, covering the slope completely, or porous, to allow water to filter
through after the wave energy has been dissipated. Most revetments do not significantly
interfere with transport of longshore drift. Since the wall greatly absorbs the energy
instead of reflecting, it erodes and destroys the revetment structure; therefore, major
maintenance will be needed within a moderate time of being built, this will be greatly
determined by the material the structure was built with and the quality of the product.

The Cost — Confirmed by material used; est. $2340 — $4000. Average $10 per meter built.
Rock armour

Also known as riprap, rock armour is large rocks piled or placed at the foot of dunes or
cliffs with native stones of the beach. This is generally used in areas prone to erosion to
absorb the wave energy and hold beach material. Although effective, this solution is
unpopular due to the fact that it is unsightly. Also, longshore drift is not hindered. Rock
armour has a limited lifespan, it is not effective in storm conditions, and it reduces the
recreational value of a beach. The cost is around £300 per metre, depending on the type
of rocks used.

Gabions

Boulders and rocks are wired into mesh cages and usually placed in front of areas
vulnerable to heavy erosion: sometimes at cliffs edges or jag out at a right angle to the
beach like a large groyne. When the seawater breaks on the gabion, the water drains
through leaving sediments, also the rocks and boulders absorb a moderate amount of the
wave energy.

Gabions need to be securely tied to prevent abrasion of wire by rocks, or detachment of
plastic coating by stretching. Hexagonal mesh distributes overloads better than
rectangular mesh.

Downsides include wear rates and visually intrusiveness.

Cost —est. £11 per m
Offshore breakwater

Enormous concrete blocks and natural boulders are sunk offshore to alter wave direction
and to filter the energy of waves and tides. The waves break further offshore and
therefore reduce their erosive power. This leads to wider beaches, which absorb the
reduced wave energy, protecting cliff and settlements behind. The Dolos which was
invented by a South African engineer in East London has replaced the use of enormous
concrete blocks because the dolos is much more resistant to wave action and requires less
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concrete to produce a superior result. Similar concrete objects like the Dolos are the A-
jack, Akmon, Xbloc and the Tetrapod, Accropode.

Cost — est. £1,950 per m. Water depth may increase the cost.

CIiff stabilization

Cliff stabilization can be accomplished through drainage of excess rainwater of through
terracing, planting, and wiring to hold cliffs in place. Cliff drainage is used to hold a cliff
together using plants, fences and terracing, this is used to help prevent landslides and
other natural disasters.

Entrance training walls

Rock or concrete walls built to constrain a river or creek discharging across a sandy
coastline. The walls help to stabilise and deepen the channel which benefits navigation,
flood management, river erosion and water quality but can cause coastal erosion due to
the interruption of longshore drift. One solution is the installation of a sand bypassing
system to pump sand under and around the entrance training walls.

Cost — Expensive - Gold Coast Seaway was a A$50M project in the 1980s and the
adjacent sand bypassing project costs A$3M per year to pump 500,000 cubic meters of
sand across the trained entrance.

Floodgates

Storm surge barriers, or floodgates, were introduced after the North Sea Flood of 1953
and are a prophylactic method to prevent damage from storm surges. They are habitually
open and allow free passage, but close when the land is under threat of a storm surge. The
Thames Barrier is an example of such a structure.

Soft Engineering methods
Beach nourishment

Beach nourishment or replenishment is one of the most popular soft engineering
techniques of coastal defence management schemes. This involves importing alien sand
off the beach and piling it on top of the existing sand. The imported sand must be of a
similar quality to the existing beach material so it can integrate with the natural processes
occurring there, without causing any adverse effects. Beach nourishment can be used
alongside the groyne schemes. The scheme requires constant maintenance: 1 to 10 year
life before first major recharge. Cost — est. £5,000-£200,000 per 100 metre, plus control
structures, ongoing management and minor works.
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Sand dune stabilization
Vegetation can be used to encourage dune growth by trapping and stabilising blown sand.

Cost — est. of £1.1 million per annum
Beach drainage

Beach drainage or beach face dewatering lowers the water table locally beneath the beach
face. This causes accretion of sand above the drainage system.

Grant (1946) — the elevation of the beach watertable had an important bearing on
deposition and erosion across the foreshore. A high watertable coincided with periods of
accelerated beach erosion, and conversely, a low watertable coincided with pronounced
aggradation of the foreshore A lower watertable (unsaturated beach face) facilitates
deposition by reducing flow velocities during backwash and prolonging laminar flow. In
contrast, a high watertable results in condition favoring beach erosion. With the beach in
a saturated state, Grant proposed that backwash velocity is accelerated by the addition of
groundwater seepage out of the beach within the effluent zone.

Turner and Leatherman (1997) moving from the origins and development of the
dewatering concept to field and laboratory studies available at the time of writing
concluded that there was too little evidence for being convinced that the systems had a
positive effect. None of the case studies provide full scientific evidence of undisputable
positive results regarding beach stabilisation although in some cases an overall positive
performance was reported. In many cases no adequate long-term monitoring was
undertaken at a frequency high enough to discriminate the response to high energy
erosive events.

A useful side effect of the system is that the collected seawater is very pure because of
the sand filtration effect. It may be discharged back to sea but can also be used to
oxygenate stagnant inland lagoons /marinas or used as feed for heat pumps, desalination
plants, land-based aquaculture, aquariums or seawater swimming pools.

Beach drainage systems have been installed in many locations around the world to halt
and reverse erosion trends in sand beaches. Twenty four beach drainage systems have
been installed since 1981 in Denmark, USA, UK, Japan, Spain, Sweden, France, Italy and
Malaysia.
Costs
The costs of installation and operation per meter of shoreline protection will vary due to

e system length (non-linear cost elements)

e pump flow rates (sand permeability, power costs)
e soil conditions (presence of rock or impermeable strata)
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o discharge arrangement /filtered seawater utilization

o drainage design, materials selection & installation methods
o geographical considerations (location logistics)

o regional economic considerations (local capabilities /costs)
e study requirements /consent process.

The costs associated with a beach drainage system are generally considerably lower than
hard engineered structures. They also compare very favorably with beach nourishment
projects, particularly when long-term project economics are considered (nourishment
projects often have a limited life or a program of re-nourishment).

Monitoring coastal zones

Coastal zone managers are faced with difficult and complex choices about how best to
reduce property damage in the shorelines. One of the problems they face is error and
uncertainty in the information available to them on the processes that cause erosion of
beaches. Video-based monitoring lets collect data continuously at low cost and produce
analyses of shoreline processes over a wide range of averaging intervals.

Event warning systems

Event warning systems, such as tsunami warnings and storm surge warnings, can be used
to minimize the human impact of catastrophic events that cause coastal erosion. Storm
surge warnings can also be used to determine when to close floodgates to reduce the
physical impact of such events.

Wireless sensor networks can be deployed quickly to set up a coastal erosion monitoring
system, and scaled accordingly.

Shoreline Mapping

Defining the shoreline is a difficult task due to the dynamic nature of the coast and the
intended application of the shoreline (Graham et al. 2003; Boak & Turner 2005). Given
this idea the shoreline must therefore be considered in a temporal sense whereby the scale
is dependent on the context of the investigation (Boak & Turner 2005). The following
definition of the coast and shoreline is most commonly employed for the purposes of
shoreline mapping. The coast comprises the interface between land and sea, and the
shoreline is represented by the margin between the two (Woodroffe, 2002). Due to the
dynamic nature of the shoreline coastal investigators adopt the use of shoreline indicators
to represent the true shoreline position (Boak & Turner 2005).

Shoreline Indicator
The choice of shoreline indictor is a primary consideration in shoreline mapping.

According to Leatherman (2003) it is important that indicators are easily identified in the
field and on aerial photography. Shoreline indicators may be physical beach
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morphological features such as the berm crest, scarp edge, vegetation line, dune toe, dune
crest and cliff or the bluff crest and toe. Alternatively, non-morphological features may
also be used. These indicators are based on water level including the high water line,
mean high water line, wet/dry boundary, and the physical water line (Pajak &
Leatherman 2000). Figure 1 provides a sketch of the spatial relationship between many of
the commonly used shoreline indicators.

The high water line (HWL), defined as the wet/dry line (H in Figure 1) is the most
commonly used shoreline indicator because it is visible in the field, and can be
interpreted on both colour and grey scale aerial photographs (Leatherman, 2003; Crowell
etal. 1991). The HWL represents the landward extent of the most recent high tide and is
characterised by a change in sand colour due to repeated, periodic inundation by high
tides. The HWL is portrayed on aerial photographs by the most landward change in
colour or grey tone (Boak & Turner 2005).
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A diagram representing the spatial relationship between many of the commonly used
indicators. (Adapted from Boak and Turner 2005)

Importance and application

The location of the shoreline and its changing position over time is of fundamental
importance to coastal scientists, engineers and managers (Boak & Turner 2005; Pajack &
Leatherman 2002). Present day shoreline monitoring campaigns provide information
about historic shoreline location and movement, and about predictions of future change
(Appeaning Addo et al. 2008). More specifically the position of the shoreline in the past,
at present and where it is predicted to be in the future is useful for in the design of coastal
protection, to calibrate and verify numerical models to assess sea level rise, map hazard
zones and formulate policies to regulate coastal development. Accurate and consistent
delineation of the shoreline is integral to all of these tasks. The location of the shoreline
also provides information regarding shoreline reorientation adjacent to structures, beach
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width, volume and rates of historical change (Boak & Turner 2005; Pajack & Leatherman
2002).

Data sources

A variety of data sources are available for examining shoreline position however, the
availability of historical data is limited at many coastal sites and so the choice of data
source is largely limited to what is available for the site at a given time (Boak & Turner
2005). Shoreline mapping techniques applied to data sources have moved towards
automation in association with technological advances and the need to reduce
uncertainty. Although these changes have resulted in improvement in coastal data
processing and storage capabilities, the frequent change in technology has prevented the
emergence of one standard method of shoreline mapping. This has occurred because each
data source and associated method have their own unique capabilities and shortcomings
(Moore 2000). A number of the data sources used for shoreline mapping and their
associated advantages and disadvantages are discussed below.

Historical maps

In the event that a study requires the shoreline position to be mapped before the
development of aerial photographs, or if the location has poor photograph coverage it is
necessary to employ historical maps in order to detail shoreline position (Moore 2000).
The main advantage and reason for using historical maps is that they are able to provide a
historic record that is not available from other data sources. Many potential errors
however are associated with historical coastal maps and charts. Such errors may be
associated with scale, datum changes, distortions from uneven shrinkage, stretching,
creases, tears and folds, different surveying standards, different publication standards,
and projection errors (Boak & Turner 2005). The severity of these errors depends on the
accuracy standards met by each map and the physical changes that have occurred since
the publication of the map (Anders & Byrnes 1991). The oldest reliable source of
shoreline data in the United States dates back to the early-to-mid-19th century and is the
U.S Coast and Geodetic Survey/National Ocean Service T-sheets (Morton 1991). In the
United Kingdom, many maps and charts were deemed to be inaccurate until around 1750.
The founding of the Ordnance Survey in 1971 has since improved the accuracy of the

mapping.
Aerial photographs

Aerial photographs have been used since the 1920’s to provide topographical information
about an area. They are therefore a good database for compilation of historical shoreline
change maps. Aerial photographs are the most commonly used data source in shoreline
mapping because many coastal areas have extensive aerial photo coverage therefore
providing a valuable record of shoreline position (Moore 2000). In general, aerial
photographs provide good spatial coverage of the coast however temporal coverage is
very much site specific depending on the flight path of the aeroplane. A second
disadvantage associated with aerial photography is that the interpretation of the shoreline

WORLD TECHNOLOGIES




position is subjective given the dynamic nature of the coastal environment. This
combined with various distortions inherent in aerial photographs can lead to significant
error levels (Moore 2000). The minimisation of further errors is discussed below.

Object space displacements

Conditions outside of the camera can cause objects in an image to be displaced from their
true ground position. Such conditions may include ground relief, camera tilt and
atmospheric refraction.

Relief displacement is prominent when photographing a variety of elevations. This
situation causes objects above ground level to be displaced outward from the centre of the
photograph and objects below ground level to be displaced toward the centre of the image
(Figure 2). The severity of the displacement is affected negatively with decreases in flight
altitude and as radial distance from the centre of the photograph increases. This distortion
can be minimised by photographing numerous swaths and creating a mosaic of the
images. This technique will create a focus for the centre of each photograph where
distortion is minimised. It is important to note that this error is not common in shoreline
mapping is the relief is fairly constant. It is however important to consider when mapping
cliffs (Moore 2000).

Ideally aerial photographs are taken so the optical axis of the camera is perfectly
perpendicular to the ground surface thereby creating a vertical photograph. Unfortunately
this is not often the case and virtually all aerial photographs experience tilt whereby up to
3° is not uncommon (Camfield et al. 1996). In this situation the scale of the image will be
larger on the upward side of the tilt axis and smaller on the downward side. Moore,
(2000) notes that many coastal researchers have not realised the severity of this error and
therefore do not consider it in their methods.
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An example of relief displacement. All objects above ground level are displaced
outwards from the centre of the photograph. The displacement becomes more evident
near the edges.

Radial Lens Distortion

Lens distortion varies as a function of radial distance from the iso-centre of the
photograph meaning that the centre of the image is relatively distortion free, but as the
angle of view increases the distortion becomes more prominent. This is a significant
source of error in earlier aerial photography but as technology has increased and camera
lens have become more refined it has become less of an issue with later photographs.
Such a distortion is impossible to correct for without knowing the make and model of the
lens used to capture the image. However if overlapping images have been acquired one
can digitize the centre portions of the aerial photographs (Crowell et al. 1991).

Delineation of the shoreline

The dynamic nature of the coast has meant that accurate mapping of an instantaneous
shoreline position has been associated with significant uncertainty. This uncertainty

arises because at any given time the position of the shoreline is influenced by the short-
term effect of the tide and a wide variety of long term effects such as relative sea-level
rise and along shore littoral sediment movement. Not only does this affect the accuracy of
computed historic shoreline position but also any predicted future positions (Appeaning
Addo et al. 2008). As mentioned earlier the HWL is most commonly used as a shoreline
indicator. This can usually be seen as a significant tonal change on aerial photographs.
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There are however many errors associated with using the wet/dry line as a proxy for the
HWL and shoreline. The errors of largest concern are the short term migration of the
wet/dry line, interpretation of the wet/dry line on a photograph and measurement of the
interpreted line position (Leatherman 2003; Moore 2000). Systematic errors such as the
migration of the wet/dry line may arise from tidal and seasonal changes. Storm-induced
erosion is another factor which may cause the wet/dry line to migrate landward. Field
investigations have shown that these changes can be minimised by using only
summertime data (Moore 2000; Leatherman 2003). Furthermore, the error bar can be
significantly reduced by using the longest record of reliable data to calculate erosion rates
(Leatherman 2003). Finally it is important to note that errors may arise due to the
difficulty of measuring a single line on a photograph. For example where the pen line is
0.13 mm thick this translates to an error of £2.6 m on a 1:20000 scale photograph.

Beach profiling surveys

Beach profiling surveys are typically repeated at regular intervals along the coast in order
to measure short-term (daily to annual) variations in shoreline position and beach
volume. (Smith & Zarillo 1990). Beach profiling is a very accurate source of information
however measurements are generally subject to the limitations of conventional surveying
techniques. Shoreline data derived from beach profiling is often spatially and temporally
limited due to the high cost associated with such a labour intensive activity. Shorelines
are generally derived by interpolating between a series of discrete beach profiles. It is
important to note however that the distance between the profiles is usually quite large and
so the accuracy of the interpolating becomes compromised. In contrast to aerial
photographs, survey data is limited to smaller lengths of shoreline generally less than ten
kilometres (Boak & Turner 2005). Beach profiling data is commonly available in from
regional councils in New Zealand such as those compiled by the Hawkes Bay Regional
Council.

Remote sensing

Technological advancement over the last decade has led to the development of a range of
airborne, satellite and land based remote sensing techniques (Smith & Zarillo 1990).
Some of the remotely sensed data sources are listed below:

e Multispectral and hyperspectral imaging

e Microwave sensors

e Global positioning system (GPS)

o Airborne light detection and ranging technology (LIDAR)

Remote sensing techniques are attractive as they are cost effective, reduce manual error
and remove the subjective approach of conventional field techniques (Maiti et al.
2009).Remote sensing is a relatively new concept and so extensive historical observations
are unavailable. Given this idea, it is important that coastal morphology observations are
quantified by coupling remotely sensed data with other sources of information detailing
historic shoreline position from archived sources (Appeaning Addo et al. 2008).
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Video analysis

Video analysis provides quantitative, cost-effective, continuous and long-term monitoring
beaches (Turner et al. 2004). The advancement of coastal video systems over the past 15
years has resulted in the extraction of large amounts of geophysical data from images.
Such data includes that about coastal morphology, surface currents and wave parameters.
The main advantage of video analysis lies in the ability to reliably quantify these
parameters with high resolution and coverage in both space and time. This in particular
highlights their potential importance as an effective coastal monitoring system and an aid
to coastal zone management (Van Koningsveld et al. 2007). Interesting case studies have
been carried out using video analysis. Turner et al. (2004) used a video-based ARGUS
coastal imaging system to monitor and quantify the regional-scale coastal response to
sand nourishment and construction of the world-first Gold Coast artificial (surfing) reef
in Australia. In addition, Smit et al. ( 2007) demonstrated the added value of high
resolution video observations for making short-term predictions of near shore
hydrodynamic and morphological processes, at temporal scales of meters to kilometres
and days to seasons.
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Chapter 7

Groyne

Groynes in Sitges

A groyne (groin in the United States) is a rigid hydraulic structure built from an ocean
shore (in coastal engineering) or from a bank (in rivers) that interrupts water flow and
limits the movement of sediment. In the ocean, groynes create beaches, or avoid having
them washed away by longshore drift. In a river, groynes prevent erosion and ice-
jamming, which in turn aids navigation. Ocean groynes run generally perpendicular to the
shore, extending from the upper foreshore or beach into the water. All of a groyne may be
under water, in which case it is a submerged groyne. The areas between groups of
groynes are groyne fields. Groynes are generally made of wood, concrete, or rock piles,
and placed in groups. They are often used in tandem with seawalls. Groynes, however,
may cause a shoreline to be perceived as unnatural and unattractive.
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Groynes in the Waal river, part of the Rhine in the Netherlands

In coastal engineering

A groyne's length and elevation, and the spacing between groynes is determined
according to local wave energy and beach slope. Groynes that are too long or too high
tend to accelerate downdrift erosion because they trap too much sediment. Groynes that
are too short, too low, or too permeable are ineffective because they trap too little
sediment. Flanking may occur if a groyne does not extend far enough landward.

WORLD TECHNOLOGIES




Groyne on the East coast of England

How groynes work

A groyne creates and maintains a wide area of beach or sediment on its updrift side, and
reduces erosion on the other. It is a physical barrier to stop sediment transport in the
direction of longshore transport (also called Longshore Drift). This causes a build-up,
which is often accompanied by accelerated erosion of the downdrift beach, which
receives little or no sand from longshore drift (this is known as terminal groyne
syndrome, as it occurs after the terminal groyne in a group of groynes). Groynes do not
add extra material to a beach, but merely retain some of the existing sediment on the
updrift side of the groynes. If a groyne is correctly designed, then the amount of material
it can hold will be limited, and excess sediment will be free to move on through the
system. However, if a groyne is too large it may trap too much sediment, which can cause
severe beach erosion on the down-drift side.
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Timber groynes in Bournemouth, England

In rivers

River groynes (spur dykes or wing dykes) (American English: "dikes") are often
constructed nearly perpendicular to the riverbanks, beginning at a riverbank with a root
and ending at the regulation line with a head. They maintain a channel to prevent ice
jamming, and more generally improve navigation and control over lateral erosion, that
would form from meanders. Groynes have a major impact on the river morphology: they
cause autonomous degradation of the river.

They are also used around bridges to prevent bridge scour.
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Submerged Groin, Hunting Island, South Carolina
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A "Keep of the groynes" sign in Brighton with a groyne showing in the background.

Groynes can be distinguished by how they are constructed, whether they are submerged,
their effect on stream flow or by shape.
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Timber groyne in Sandown, Isle Of Wight, England

By construction method

Groynes can be permeable, allowing the water to flow through at reduced velocities, or
impermeable, blocking and deflecting the current.

o Permeable groynes are large rocks, bamboo or timber
o impermeable groynes (solid groynes or rock armour groynes) are constructed
using rock, gravel, gabions.
By whether they are submerged

Groynes can be submerged or not under normal conditions. Usually impermeable groynes
are non-submerged, since flow over the top of solid groynes may cause severe erosion
along the shanks. Submerged groynes, on the other hand, may be permeable depending
on the degree of flow disturbance needed.

By their effect on stream flow

Groynes can be attracting, deflecting or repelling.
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e Attracting groynes point downstream, serving to attract the stream flow toward
themselves and not repel the flow toward the opposite bank. They tend to
maintain deep current close to the bank.

o Deflecting groynes change the direction of flow without repelling it. They are
generally short and used for limited, local protection.

e Repelling groynes point upstream; they force the flow away from themselves. A
single groyne may have one section, for example, attracting, and another section
deflecting.

By shape
Groynes can be built with different planview shapes. Examples are straight groynes, T

head, L head, hockey stick, inverted hockey stick groynes, straight groynes with pier
head, wing, and tail groynes.
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Groyne in Schobiill, Nordfriesland, Germany
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Chapter 8

Seawall

An example of a modern seawall in Ventnor on the Isle of Wight in the UK.

A seawall (also written as sea wall) is a form of hard and strong coastal defence
constructed on the inland part of a coast to reduce the effects of strong waves.

In the UK, sea wall also refers to an earthen bank used to create a polder, or a dike. The
term is also sometimes used for walls used to make artificial harbours and port facilities.
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Seawalls may be constructed from a variety of materials: most commonly, reinforced
concrete, boulders, steel, or gabions. Additional seawall construction materials may
include vinyl, wood, aluminium, fibreglass composite and with large biodegrable
sandbags made of jute and coir. Modern concrete seawalls tend to be curved to reflect the
wave energy back out to sea. Poor designs require constant maintenance as waves erode
the base of the seawall.

Seawall in production in Galveston, TX, USA, 1905
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Remains of the first seawall of Canvey Island built ¢.1622.

Design principles and types

A range of seawall types can be envisaged in relation to wave energy, resembling cliff
and beach profiles. Vertical seawalls are built in particularly exposed situations. These
reflect wave energy and under storm conditions standing waves (clapotis) will develop.
In some cases piles are placed in front of the wall to lessen wave energy slightly.

Curved or stepped seawalls are designed to enable waves to break and to dissipate wave

energy and repel waves back to the sea. The curve can also prevent the wave overtopping
the wall, and provide additional protection for the toe of the wall.
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Seawall in Sicily
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Seawall in Poland

A series of rubble mound-type structures (revetments, riprap) are used in less demanding
settings. The least exposed sites involve the lowest-cost bulkheads, or revetments of sand
bags or geotextiles. These serve to armour the shore and minimize erosion. They may be
either watertight, covering the slope completely, or porous, to allow water to filter
through after the wave energy has been dissipated.

Vertical wall Curved concrete wall
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History
Pondicherry

On December 26, 2004, when towering waves of the 2004 Indian Ocean earthquake
crashed against India's south-eastern coastline killing thousands, the former French
colonial enclave of Pondicherry (now Puducherry) escaped unscathed. During the city's
nearly three centuries as a French colony, French engineers had constructed and
maintained a massive stone seawall, which kept Pondicherry's historic centre dry even
though tsunami waves drove water 24 feet above the normal high-tide mark.

The barrier was initially completed in 1735. Over the years, the French continued to
fortify the wall, piling huge boulders along its 1.25-mile (2-km) coastline to stop erosion
from the waves pounding the harbour. At its highest, the barrier running along the water's
edge reaches about 27 feet above sea level. The boulders, some weighing up to a ton, are
weathered black and brown. The sea wall is inspected every year. Whenever gaps appear
or the stones sink into the sand, the government adds more boulders to keep it strong.
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The Union Territory of Pondicherry recorded some 600 deaths from the huge tsunami
waves that struck India's coast after the mammoth underwater earthquake (which
measured 9.0 on the moment magnitude scale) off Indonesia, but most of those killed
were fishermen who lived in villages beyond the artificial barrier.

Seawall in Bembridge, UK
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Seawall on Goat Island in Newport, Rhode Island, USA
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Advanced Numerical Study

3D Numerical Simulation - MEDUS 2009
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3D Numerical Simulation - MEDUS 2009

WORLD TECHNOLOGIES




3D Numerical Simulation - MEDUS 2009

The Maritime Engineering Division University Salerno(MEDUS) developed a new
procedure to study, with a more detailed and innovative approach, the interactions
between maritime breakwaters (submerged or emerged) and the waves, by an integrated
use of CAD and CFD software.

In the numerical simulations the filtration motion of the fluid within the interstices, which
normally exist in a breakwater, is estimated by integrating the RANS equations, coupled
with a RNG turbulence model, inside the voids, not using a classical equations for porous
media.

The breakwaters were modelled, as it happens in the full size construction or in physical
laboratory test, by overlapping three-dimensional elements and the numerical grid was
thickened in such a way to have some computational nodes along the flow paths among
the breakwater’s blocks (AccropodeTM, Core-locTM, Xbloc®).
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Alaskan Way Seawall

The Alaskan Way Seawall is a seawall which runs for 7,000 feet along the Elliott Bay
waterfront southwest of downtown Seattle from Bay Street to S. Washington Street. It
was built to provide level access to Seattle's piers and supports the Alaskan Way Viaduct
and Alaskan Way itself, which is a surface street. Completed in 1934, the seawall was
built on top of wood piling which has significantly deteriorated due to wood eating
gribbles. In addition, everything behind the seawall from Alaskan Way to Western
Avenue is built on top of fill, making for a very dangerous situation should a large
earthquake occur. The viaduct itself is particularly at risk; experts give a 1-in-20 chance
that it could be shut down by an earthquake within the next decade, and so plans are
underway to replace both seawall and viaduct. The seawall replacement is estimated to
cost $800 million US dollars.

Galveston Seawall
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Galveston Seawall during construction

Galveston Seawall paintings

The Galveston Seawall is a seawall in Galveston, Texas, USA that was built after the
Galveston Hurricane of 1900 for protection from future hurricanes. Construction began in
September, 1902, and the initial segment was completed on July 29, 1904. From 1904 to
1963, the seawall was extended from 3.3 miles (5.3 km) to over 10 miles (16 km) long.
Reporting in the aftermath of the 1983 Hurricane Alicia, the Corps of Engineers
estimated that $100 million in damage was avoided because of the seawall. On
September 13, 2008 Hurricane Ike's storm surge and large waves over-topped the
seawall. As a result, a commission was established by the Texas Governor following the
hurricane to investigate preparing for and mitigating future disasters. A proposal has
been put forth to build an "Ike Dike," a massive levee system which would protect the
Galveston Bay, and the important industrial facilities which line the coast and the ship
channel, from a future, potentially more destructive storm. The proposal has gained
widespread support from a variety of business interests. As of 2009 it is currently only at
the conceptual stage.

Texas F.M. 3005, otherwise known as Seawall Boulevard along the wall, runs along the
seawall.

The seawall is presently 10 miles (16 km) long. It is approximately 17 feet (5.2 m) high,
and 16 feet (4.9 m) thick at its base. The seawall was listed in the National Register of
Historic Places in 1977 and designated a National Civil Engineering Landmark by the
American Society of Civil Engineers (ASCE) in 2001.
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Many miles of the seawall are painted with murals called "wall art". These huge murals
are painted by children and depict underwater life. The art is meant to make the seawall
more interesting to visitors.

Georgetown Seawall

Georgetown seawall
The most famous stretch of seawall in Guyana is the Georgetown Seawall.

Seawall is the name given to the wall of concrete built along the foreshore with the sea in
Guyana, mostly in Demerara. It is part of the battle against the Atlantic Ocean. Earth
walls are called sea-dams.

Seawalls were found necessary because of constant erosion of land by the sea. Historians
note that two estates, Kierfield and Sandy Point, known to be existing in 1792 north of
the present Georgetown Seawall, were completely washed away by 1804.

The foreshore is subject to cycles of erosion and accretion. (Tables of erosion and
accretion, started by G.O. Case have been maintained by the government). It appears that
accretion in the early 1840s was followed by erosion in the late 1840s. By 1855, the great
Kingston Flood took place when the sea-dam was breached. It was after this catastrophe
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that the sea wall between Fort William Frederick and the Round House was started in
1858. Built principally by convict labor with granite from the Penal Settlement at
Mazaruni (now Mazaruni Prison), it was completed in 1892.

Serious flooding resulting from breaches in the sea wall took place at Enmore in 1955, at
Buxton in 1959, and at Bladen Hall in 1961.

The Georgetown Seawall is a favourite place for afternoon walks, for listening to music
(at the bandstand), for races on the beach, for spontaneous cricket matches, for lovers’
trysts and other activities.

In 1903 the Georgetown Seawall Bandstand was built with funds subscribed by the
public as a memorial to Queen Victoria. The shelter north of the bandstand, called the
Koh-i-noor Shelter, was erected in 1903.

Gold Coast Seawall

The Gold Coast seawall in Australia is contained within the Gold Coast's shoreline
management plan. The original seawall was laid out following 11 cyclones in 1967 with
assistance from coastal engineers from Delft University. The seawall alignment was
selected to pick up as many of the older seawalls as possible. The seawall consists of
three layers, armour boulders up to 4 tonnes, secondary armour around 360 kg and a clay
shale foundation layer. The seawall is 16m across and 6m high and has a front slope of
1:1.5. The seawall was tested in a wave tank to withstand attack from a 1:100 cyclone
wave.

A Gold Coast Seawall costs around A$3000 per meter to construct in 2006. The seawall
is constructed along a designated seawall alignment along urban sections of the Gold
Coast coastline. Non-Urban sections of coastline including South Stradbroke Island and
the Southport Spit are not licenced for the construction of a seawall. The Gold Coast
Planning Scheme requires private property owners along the beach to construct the
seawall at their property at the property owners expense prior to making any investment
into their house. The Council constructs sections of seawall that protect public land.
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Saemangeum Seawall

Saemangeum Seawall

Picture taken in January 2004.

Korean name
The Saemangeum Seawall, located on the southwest coast of the Korean peninsula, is

the world's longest man-made dyke, measuring 33 kilometres. It runs between two
headlands, and separates the Yellow Sea and the former Saemangeum estuary.
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A view of the Semanum Seawall.

In 1991, the South Korean government announced that a dyke would be constructed to
link two headlands just south of the South Korean industrial port city of Gunsan, 270
kilometres southwest of Seoul, to create 400 square kilometres of farmland and a
freshwater reservoir. Since then, the government has spent nearly 2 trillion won on
construction of the dyke, with another 220 billion won budgeted on strengthening the
dyke and a further 1.31 trillion won to transform the tidal flats into arable land and the
reservoir.

The construction of the Saemangeum Seawall has caused controversy from the moment it
was announced as environmental groups protested against the impact of the dyke on the
local environment. Supreme Court challenges in 1999 and 2005 led to temporary
production stoppages but ultimately failed to stop construction of the seawall. Major
construction was completed in April 2006, with the seawall 500 metres longer than the
Afsluitdijk in the IJsselmeer, the Netherlands, previously the longest seawall-dyke in the
world.

With remaining minor construction and inspection finished, the Seawall was officially
open to the public on 27 April 2010. Lee Myung Bak, the incumbent president of Korea,
has commented that Saemangeum would be "...the kernel and the gateway of South
Korea's west coast industrial belt.", and is "another effort by us for low-carbon and green
growth, along with the four-rivers project". A ceremony was held in Saemangeum the
same day, with cabinet officials, politicians, and delegates from countries around the
world.
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Seawall (Vancouver)

The seawall in Stanley Park.

The seawall in Vancouver, Canada is a stone wall that was constructed around the
perimeter of Stanley Park to prevent the erosion of the park's foreshore. Colloquially, the
term also denotes the pedestrian, bicycle, and roller blading pathway on the seawall, and
which has been extended far outside the parameters of Stanley Park. It has become one of
the most used features of the park by both locals and tourists. Despite perennial conflicts
between pedestrians, cyclists, and inline skaters, park users consider the seawall to be the
most important feature of Stanley Park and it is the most used park facility.

Construction

The original idea for the seawall is attributed to park board superintendent, W. S.
Rawlings, who conveyed his vision in 1918:
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It is not difficult to
imagine what the
realization of such an
undertaking would
mean to the attractions
of the park and
personally I doubt if
there exists anywhere
on this continent such
possibilities of a
combined park and
marine walk as we L)
have in Stanley Park.

The proposal was made to the federal government that it should help finance seawall
construction because it owned the park and only leased the land to the city. It was argued
that the waves created by ships passing through the First Narrows were eroding the area
between Prospect Point and Brockton Point. On this basis, the federal government helped
pay for the wall only until 1967 because the portions of the park vulnerable to erosion
were now protected.

Park visitors walk, bike, roll, and fish on the seawall. The Lions Gate Bridge is in the

background.
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Reserve soldiers walking on the pedestrian side of the seawall, near Siwash Rock in
Stanley Park.

Most of the Stanley Park portion of the wall was built between 1914 and 1971, although
the park portion was not completed until 1980. Much of the original wall was
constructed under the direction of James "Jimmy" Cunningham, a master stonemason
who spent 32 years on the project until his death in 1963. Cunningham continued
supervising construction into his last days despite being ill, and on at least one occasion,
went to check the seawall's progress still wearing pajamas. He died in 1963, long before
the wall was finished, but remains the one most associated with the project, and a
commemorative plaque can be found near Siwash Rock, also where his ashes were
scattered. In contrast to the continuity during Cunningham's oversight of the project,
construction of the seawall was intermittent, owing to the short-term funding
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commitments of the civic and federal governments. The first 4,000 feet was completed
between 1914 and 1916. A series of storms threatened the foreshore near Second Beach
during the war, when water flooded the patch of land between the beach and Lost
Lagoon. In 1920, the wall served as a workfare project for 2,300 unemployed men (the
largest number of workers at any one time), and by 1939, 8,000 more feet of the wall was
finished. Another 9,100 feet was built between 1950 and 1957, and the final 2,500 feet
was not taken on until 1968. The last block, completing the original vision of the seawall,
was tapped into place by H. H. Stevens, who also helped initiate the project in 1914 as a
Member of Parliament for Vancouver. Others that laboured on the wall included
unemployed relief workers again during the Great Depression and seamen on from
HMCS Discovery on Deadman's Island facing punishment detail in the 1950s. Also in
that decade, stone sets from the recently dismantled BC Electric Railway streetcar system
were incorporated into the seawall.

Seawall conflict

A protracted conflict between pedestrians and cyclists plagued the seawall for years.
Strolling pedestrians took issue with cyclists speeding by, while cyclists felt they had a
right to cycle the seawall. As traffic increased over time, collisions were becoming more
frequent. Cycling on the seawall was consequently outlawed, and by 1976, the
Vancouver Police Department had issued 3,000 tickets to offenders. A solution was
proposed in 1977 by a Calgary-based group of charitable foundations. It offered to pay
$900,000 to widen the path on the English Bay side to six metres in order to
accommodate both cyclists and pedestrians on the condition that the city match that
amount. The proposal triggered an outcry from environmentalist groups, such as the Save
Our Parkland Association. City council nonetheless agreed to the plan, but conflict
between user groups persisted. The issue was not resolved until 1984 when the bicycle
lane of the seawall was designated one-way in a counterclockwise direction around the
park, which it remains today. That resolution brought fewer accidents, but as late as
1993, proposals to ban cycling on the seawall continued to be put forth. The popularity of
inline skating in the 1990s also contributed to the debate over seawall use, as well as
skateboarders to a lesser extent, until users were divided into wheeled versus non-
wheeled camps. It appears unlikely that a consensus will emerge over the most
appropriate mode of travelling the seawall, but as long as accidents remain minimal, it is
unlikely to re-emerge as a pressing park-use issue. A survey conducted for a 1992 task
force on the park found that 65% of park users were opposed to the elimination of bicycle
traffic from the seawall compared with 20% who favoured such a ban. Needless to say,
the task force's recommendation to phase out cycling went unheeded.

The seawall route has continued to expand, so that a continuous, mostly seaside, path for
pedestrians, cyclists, and inline skaters now extends for a total of 22 kilometres. Starting
from Coal Harbour, it winds around Stanley Park, along Sunset Beach, around False
Creek, past the Burrard Street Bridge, through Vanier Park, and finishes off at Kitsilano
Beach Park.
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Chapter 9

Breakwater (Structure)

Breakwaters create safer harbours, but can also trap sediment moving along the coast.
Alamitos Bay, CA entrance channel.

Breakwaters are structures constructed on coasts as part of coastal defence or to protect
an anchorage from the effects of weather and longshore drift.

Purposes of breakwaters

Offshore breakwaters, also called bulkheads, reduce the intensity of wave action in
inshore waters and thereby reduce coastal erosion. They are constructed some distance
away from the coast or built with one end linked to the coast. The breakwaters may be
small structures, placed one to three hundred feet offshore in relatively shallow water,
designed to protect a gently sloping beach. Breakwaters may be either fixed or floating:
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the choice depends on normal water depth and tidal range. They are made of large pieces
of concrete and are spaced about 50m from each other. Breakwater construction is
usually parallel or perpendicular to the coast to maintain tranquility condition in the port.
Most of Breakwater construction depends upon wave approach and considering some
other environmental parameters

When oncoming waves hit these breakwaters, their erosive power is concentrated on
these structures some distance away from the coast. In this way, there is an area of slack
water behind the breakwaters. Deposition occurring in these waters and beaches can be
built up or extended in these waters. However, nearby unprotected sections of the
beaches do not receive fresh supplies of sediments and may gradually shrink due to
erosion, namely longshore drift.

Breakwaters are subject to damage, and overtopping by big storms can lead to problems
of drainage of water that gets behind them. The wall also serves to encourage erosion of
beach deposits from the foot of the wall and can increase longshore sediment transport.

3 of the 4 breakwaters forming Portland Harbour
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The eight offshore breakwaters at Elmer, UK

Protection of anchorages

An anchorage is only safe when ships anchored there are protected from the force of high
winds and powerful waves by some large underwater barrier which they can shelter
behind. Natural harbours are formed by natural barriers such as headlands or reefs.
Mobile harbours, such as the D-Day Mulberry harbours were floated into position and
acted as breakwaters. Some natural harbours, such as those in Plymouth Sound, Portland
Harbour and Cherbourg, have been enhanced or extended by breakwaters made of rock.

Types of breakwater structures

A breakwater is constructed some distance away from the coast or built with one end
linked to the coast. Breakwaters may be either fixed or floating: the choice depends on
normal water depth and tidal range. A breakwater structure is designed to absorb the
energy of the waves that hit it. This is done either by using mass (e.g. with caissons) or
by using a revetment slope (e.g. with rock or concrete armour units).

Caisson breakwaters typically have vertical sides and are usually used where it is
desirable to berth one or more vessels on the inner face of the breakwater. They use the
mass of the caisson and the fill within it to resist the overturning forces applied by waves
hitting them. They are relatively expensive to construct in shallow water, but in deeper
sites they can offer a significant saving over revetment breakwaters.
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Rubble mound breakwaters use the voids in the structure to dissipate the wave energy.
Rock or concrete armour units on the outside of the structure absorb most of the energy,
while gravels or sands are used to prevent the wave energy continuing through the
breakwater core. The slopes of the revetment are typically between 1:1 and 1:2,
depending upon the materials used. In shallow water revetment breakwaters are usually
relatively cheap, but as water depth increases, the material requirements, and hence costs,
increase significantly.

Advanced Numerical Study
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3D Numerical Simulation - MEDUS 2009

The Maritime Engineering Division University Salerno (MEDUS) developed a new
procedure to study, with a more detailed and innovative approach, the interactions
between maritime breakwaters (submerged or emerged) and the waves, by an integrated
use of CAD and CFD software.

In the numerical simulations the filtration motion of the fluid within the interstices, which
normally exist in a breakwater, is estimated by integrating the RANS equations, coupled
with a RNG turbulence model, inside the voids, not using a classical equations for porous
media.

The breakwaters were modelled, as it happens in the full size construction or in physical
laboratory test, by overlapping three-dimensional elements and the numerical grid was
thickened in such a way to have some computational nodes along the flow paths among
the breakwater’s blocks (AccropodeTM, Core-locTM, Xbloc, IAS (Integrated Armor
System).
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Chapter 10

Floodgate

Tokyo floodgates created to protect from typhoon surges

Floodgates are adjustable gates used to control water flow in reservoir, river, stream, or
levee systems. They may be designed to set spillway crest heights in dams, to adjust flow
rates in sluices and canals, or they may be designed to stop water flow entirely as part of
a levee or storm surge system. Since most of these devices operate by controlling the
water surface elevation being stored or routed, they are also known as crest gates. In the
case of flood bypass systems, floodgates sometimes are also used to lower the water
levels in a main river or canal channels by allowing more water to flow into a flood
bypass or detention basin when the main river or canal is approaching a flood stage.
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A flood wall gate at Harlan, Kentucky
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o Bulkhead gates are vertical walls with movable, or re-movable, sections.
Movable sections can be lifted to allow water to pass underneath (as in a sluice
gate) and over the top of the structure. Historically, these gates used stacked
timbers known as stoplogs or wooden panels known as flashboards to set the
dam's crest height. Some floodgates in large levee systems slide sideways to open
for various traffic. Bulkhead gates can also be made of other materials and used as
a single bulkhead unit. Miter gates are used in ship locks and usually close at an
18° angle to approximate an arch.
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A hinged crest gate during installation
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Fish belly flap gates at the Scrivener Dam, Canberra

o Hinged crest gates, are wall sections that rotate from vertical to horizontal,
thereby varying the height of the dam. They are generally controlled with
hydraulic power, although some are passive and are powered by the water being
impounded.

Variations;

o flap gate

o fish-belly flap gates
e Bascule gates

o Pelican gates

Tainter gate diagram

WORLD TECHNOLOGIES




Tainter gates and spillway

o Radial gates are rotary gates consisting of cylindrical sections. They may rotate
vertically or horizontally. Tainter gates are a vertical design that rotates up to
allow water to pass underneath. Low friction trunnion bearings, along with a face
shape that balances hydrostatic forces, allow this design to close under its own
weight as a safety feature.
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Reservoir Hinge Spillway crest

Floating Drum

Fill valve- allows Floatation chamber

water into the float is empied through
chamber, raising this valve, lowering
the drum and crest the drum and crest
height height

Drum gates are controlled with valves.
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Drum gates on a diversion dam

o Drum gates are hollow gate sections that float on water. They are pinned to rotate
up or down. Water is allowed into or out of the flotation chamber to adjust the
dam's crest height.
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A roller gate on the Mississippi.
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Clamshell floodgates at the Arrowrock Dam.

Roller gates are large cylinders that move in an angled slot. They are hoisted with
a chain and have a cogged design that interfaces with their slot.
Clamshell gates have an external clamshell leaf design.

Fusegates Fusegate System is an innovative spillway control technology, which
consists of free standing blocks (the Fusegates) set side by side on a flattened
spillway sill. The Fusegate blocks act as a fixed weir most of the time and operate
independently without any remote control or energy source only in case of
excessive flood conditions. The System is developed and patented by Hydroplus
from Paris, France. It has been installed on more than 50 dams around the world
with sizes ranging from 1m to more than 9m in height. Fusegate are typically used
to increase the storage capacity of existing dams or to maximize the discharge
potential of undersized spillways.
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Flattened spillway
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Typical fusegate sketch

Fusegate in Terminus Dam - Lake Kaweah
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Valves

Discharge from a Howell-Bunger valve

Valves used in floodgate applications have a variety of design requirements and are
usually located at the base of dams. Often, the most important requirement (besides
regulating flow) is energy dissipation. Since water is very heavy, it exits the base of a
dam with the enormous force of water pushing from above. Unless this energy is
dissipated, the flow can erode nearby rock and soil and damage structures.

Other design requirements include taking into account pressure head operation, the flow
rate, whether the valve operates above or below water, and the regulation of precision and
cost.

o Fixed cone valves, also known as Howell-Bunger valves, are designed to
dissipate the energy from a water flow during reservoir discharge. They are a
round pipe section with an adjustable sleeve gate and cone at the discharge end.
Flow is varied by moving the sleeve away or towards its cone seat. The design
allows high pressure water from the base of a dam to be released without causing
erosion to the surrounding environment. Fixed cone valves are able to handle
heads up to 300 m.
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o Hollow jet valves are a type of needle valve used for floodgate discharge. A cone
and seat are inside a pipe. Water flows through an annular gap between the pipe
and cone when it is moved downstream, away from the seat. Ribs support the bulb
assembly and supply air for water jet stabilization.

e Ring jet valves are similar to fixed cone valves, but have an integral collar that
discharges water in a narrow stream. They are suitable for heads up to 50 m.

o Jet flow gate, similar to a gate valve but with a conical restriction prior to the
gate leaf that focuses the water into a jet. They were developed in the 1940s by
the United States Bureau of Reclamation to allow fine control of discharge flow
without the cavitation seen in regular gate valves. Jet flow gates are able to handle
heads up to 150 m.

Physics

In order to do a simple calculation of the force on a rectangular flood gate one can use the
following equation:

F=pA
where:

F = force measured in the SI units kg-m-s_2 which is called the newton (N)

p = pressure P gh measured in N/m?, which is called the pascal (Pa)
where:

e p (tho) is the density of fresh water (1000 kg/m”);
o gis the acceleration due to gravity on Earth (9.8 m/s?);
e his the height of the water column in meters.

A = area = rectangle : length x height measured in m”

where:

length = the horizontal length of a rectangular floodgate measured in meters
height = the height of a non-submerged flood gate from the bottom of the water
column to the water surface measured in meters

If the rectangular flood gate is submerged below the surface the same equation can be

used but only the height from the water surface to the middle of the gate must be used to
calculate the force on the flood gate.

WORLD TECHNOLOGIES




Chapter 11

Beach Nourishment

Before and after photos of beach restoration efforts, Florida coastline, USA.
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Beach nourishment device

Beach nourishment— also referred to as beach replenishment—describes a process by
which sediment (usually sand) lost through longshore drift or erosion is replaced from
sources outside of the eroding beach. It involves transporting and depositing sand from
elsewhere to the depleted area. Beach nourishment is typically part of a larger coastal
defense scheme. Nourishment is typically a repetitive process, since nourished beaches
tend to erode faster than natural beaches unless nourishment is complemented by
measures to reduce erosion rates.

Field studies and theory confirm that a wide beach can reduce storm damage to coastal
structures by dissipating energy across the surf zone and beach rather than impacting
upland structures and infrastructure.

In many coastal areas, the economic impacts of a wide beach can be substantial. The

10 miles (16 km)-long Miami Beach, Florida, beach was replenished over the period
1976-1981. The project cost approximately $64,000,000 and revitalized the area's
economy. Prior to nourishment, in many places the beach was too narrow to walk along,
especially during high tide.
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History

The first nourishment project in the U.S. was constructed at Coney Island, New York in
1922-23.

Causes of erosion
Beaches can become eroded naturally and due to the impact of humans.

Erosion is a natural response to storm activity. During storms, sand from the visible
beach submerges to form storm bars that protect the beach. Submersion is only part of the
cycle. During calm weather smaller waves return sand from the storm bar to the visible
beach surface in a process called accretion. The term erosion conjures visions of
environmental damage so the term submersion often replaces it in describing a healthy
sandy beach. Continental drift erodes coastlines naturally. Ocean currents can change,
disrupting the submersion/accretion cycle.

Some beaches do not have enough sand available to coastal processes to respond
naturally to storms. When there is not enough sand left available on a beach, then there is
no recovery of the beach following storms.

Many areas of high erosion are due to human activities. Reasons can include seawalls
locking up sand dunes, coastal structures like ports and harbors that prevent longshore
drift, dams and other river management structures. These activities interfere with the
natural sediment flows either through dam construction (thereby reducing riverine
sediment sources) or construction of littoral barriers such as jetties, or by deepening of
inlets; thus preventing longshore transport of sediment across these channels.

Visible and submerged sand

The distinction between total sand in a beach and the proportion of the sand above the
waterline (submersion fraction) critically impacts beach nourishment. Two beaches with
the same amount of visible sand may look much different under water. An eroded beach
with substantial submerged sand surrounding it may recover without nourishment.
Nourishing a beach that has little submerged sand requires addressing the reason that the
submerged sand is missing. Otherwise, the same forces that stripped the submerged sand
once are likely to do so again. The amount of submerged sand eroded is typically much
greater than the amount of missing sand on shore. Replacing only the visible sand is
insufficient without replacing the sand that once supported the accretion part of the
process is insufficient. In that circumstance, the beach is unstable and the visible sand
quickly erodes. If human activity is a major cause of the erosion, mitigating that activity
may be more cost effective over both short and long term periods than nourishment.
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Requirements for effective nourishment

Sediment texture (grain size and sorting) is critical for success. Sand fill must be
compatible with native beach sand. In some cases, beaches have been nourished using a
finer sand than the original. Thermoluminescence monitoring reveals that storms can
erode such beaches far more quickly than the natural beach. This was observed at the
Waikiki nourishment project in Hawaii.

Profile Nourishment

Beach Profile Nourishment describes programs that nourish the full beach profile. In this
instance, "profile" means the slope of the uneroded beach from above the water to well
out to sea, not just the visible portion. The Gold Coast profile nourishment program
placed 75% of its total sand volume below low water level. Some coastal authorities
overnourish the below water beach (aka "nearshore nourishment") so that over time the
natural beach increases in size. These approaches do not permanently protect beaches
eroded by human activity. Doing so still requires mitigating that activity.

Replenishment material

The selection of suitable material for a particular project depends upon the design needs,
environmental factors, transport costs considering both short and long-term implications.

The most important material characteristic is the sediment's grain size, which must
closely match the native material. Excess silt and clay fraction (mud) versus the natural
turbidity in the nourishment area disqualifies some materials. Projects that did not match
grain sizes performed relatively poorly. Nourishment sand that is only slightly smaller
than native sand can result in significantly narrower equilibrated dry beach widths
compared to sand the same size as (or larger than) native sand. Evaluating material fit
requires a sand survey that usually includes geophysical profiles and surface and core
samples.

Type Description Environmental issues

Exposure to open sea makes this the most

difficult operational environment. Must ~ Impacts on hard
Offshore consider the effects of altering depth on ~ bottom and migratory

wave energy at the shoreline. May be species.

combined with a navigation project.

Sand between jetties in a stabilized inlet.
Often associated with dredging of

Inlet navigational channels and the ebb- or
flood-tide deltas of both natural and jettied
inlets.

Accretional  Generally not suitable because of damage
Beach to source beach.
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Generally the easiest to obtain permits and
assess impacts from a land source. Offers Potential secondary

Upland opportunities for mitigation. Limited impacts from mining
quantity and quality of economical and overland transport.
deposits.

Potentially high quality and sizeable
Riverine quantity. Transport distance a possible cost
factor.

May interrupt natural
coastal sand supply.

Often excessively fine grained. Often close

to barrier beaches and in sheltered waters, Can compromise
easing construction. Principal sources are  wetlands.
flood-tide deltas.

Typically, high transport and redistribution
costs. Some laboratory experiments done

Lagoon

Artificial or

non- on recycling broken glass. Aragonite from
indigenous .
Bahamas a possible source.
Deposits near inlets and local sinks and
sand from stable beaches with adequate .
supply. Generally used only following a Hagy o source site.
Emergency : Poor match to target

storm or given no other affordable option.
May be combined with a navigation
project.

requirements.

Nourishment projects

The setting of a beach nourishment project is key to design and potential performance.
Possible settings include a long straight beach, an inlet that may be either natural or
modified, and a pocket beach. Rocky or seawalled shorelines, that otherwise have no
sediment, present unique problems.

Cancun, Mexico

Federal and state governments in Mexico have invested about $71 million dollars ($957
million pesos) throughout the state of Quintana Roo in restoring the beaches along
Cancun, Playa del Carmen, and Cozumel.

Hurricane Wilma hit the beaches of Cancun and the Riviera Maya in 2005. The initial
nourishment project was unsuccessful, leading to a second round that began in September
2009, and was scheduled to complete in early 2010. The project designers and the
government committed to invest in beach maintenance to address future erosion. Project
designers considered factors such as the time of year and sand characteristics such as
density. Restoration in Cancun was expected to deliver 1.3 billion gallons (6.1 million
cubic meters) of sand to replenish 450 meters (1,476 ft) of coastline. This time, the beach
is promised to last at least 10 years.
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Northern Gold Coast, Queensland, Australia

Gold Coast beaches in QueenslandAustralia have experienced periods of severe erosion.
In 1967 a series of 11 cyclones removed most of the sand from Gold Coast beaches. The
Government of Queensland engaged engineers from Delft University in the Netherlands
to advise them. The 1971 Delft Report outlined a series of works for Gold Coast Beaches,
including beach nourishment and an artificial reef. By 2005 most of the recommendations
had been implemented.

The Northern Gold Coast Beach Protection Strategy (NGBBPS) was a Aus$10 million
dollar investment. NGCBPS was developed between 1992 and 1999 and the works were
completed between 1999 and 2003. The project included dredging 3,500,000 cubic
metres (4,580,000 cu yd) of compatible sand from the Gold Coast Broadwater and
delivering it through a pipeline to nourish 5 kilometers (3 mi) between of beach between
Surfers Paradise and Main Beach. The new sand was stabilized by an artificial reef
constructed at Narrowneck out of huge geotextile sand bags. The new reef was designed
to improve wave conditions for surfing. A key monitoring program for the NGCBPS is
the ARGUS coastal camera system operated by the University of New South Wales.

The cost/benefit ratio for NGCBPS was conservatively estimated at 75:1 for a
AUSS$10million investment into beach replenishment. The benefits were estimated from a
model of lost visitor nights in hotels following previous erosion events. NGCBPS so
improved beach health that recovery following minor and moderate storms occurred
within weeks. Additional unquantified benefits included lifestyle benefits for residents,
additional public open space and improved fishing, diving and surfing conditions.

Netherlands

More than one-quarter of the Netherlands is below sea level and about 80% of the coast
consists of sand dune or beach. The shoreline is closely monitored by yearly recording of
the cross section at points 250 meters (820 ft) apart, to ensure adequate protection. Where
long-term erosion is identified, beach nourishment using high-capacity suction dredgers
is deployed.

Hawaii
Waikiki

Hawaii planned to replenish Waikiki beach in 2010. Budgeted at $2.5 million, the project
covered 1,700 feet (520 m) in an attempt to return the beach to its 1985 width. Prior
opponents supported this project, because the sand was to come from nearby shoals,
reopening a blocked channel and leaving the overall local sand volume unchanged, while
closely matching the "new" sand to existing materials. The project planned to apply up to
24,000 cubic yards (18,000 m’) of sand from deposits located 1,500 to 3,000 feet (460 to
910 m) offshore at a depth of 10 to 20 feet (3.0 to 6.1 m). The project was larger than the
prior recycling effort in 2006-07, which moved 10,000 cubic yards (7,600 m?).
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Maui

Maui, Hawaii illustrates the complexities of even small-scale nourishment projects. A
project at Sugar Cove transports upland sand to the beach. The sand allegedly is finer
than the original sand and contains excess silt that envelops coral heads, smothering the
coral and killing small animals that live in and around it. As in other projects, on-shore
sand availability is limited, forcing consideration of more expensive offshore sources.

A second project, along Stable Road, that attempted to slow rather than halt the erosion
was stopped halfway toward its goal of adding 10,000 cubic yards (7,600 m®) of sand.
The beaches had been retreating at a "comparatively fast rate" for half a century. The
restoration was complicated by the presence of old seawalls, groins, piles of rocks and
other structures.

This project used sand-filled Geotube groins placed that were originally to remain in
place for up to 3 years. The pipeline was anchored by concrete blocks held on by fiber
straps. A video shows the blocks bouncing off the coral in the current, killing whatever
they touch. In places the straps broke, allowing the pipe to move across the reef, "planing
it down". Bad weather exacerbated the damaging movement and led to the final
shutdown. The smooth, cylindrical Geotubes can be difficult to climb over before they
are covered by sand.

Supporters claim that this year's seasonal summer erosion is much less than in prior
years, although the beach was narrower after the restoration ended than it was in 2008.
Authorities are studying whether to require the project to remove the groins immediately.
Potential alternatives to Geotubes for moving sand include floating dredges and/or
trucking in sand dredged offshore.

A final consideration is that sea level is rising and that Maui is sinking under its own
weight and that of the Island of Hawaii (The Big Island). Both islands surround massive
mountains (Haleakala, Mauna Loa, and Mauna Kea) and are expanding a giant dimple in
the ocean floor, some 30,000 feet (9,100 m) below the mountain summits.

Alternatives/complements to nourishment

Nourishment is not the only technique used to address eroding beaches. Others can be
used singly or in various combination with nourishment, driven by economic,
environmental, and political considerations.

Structural

The structural approach attempts to prevent upstream erosion. This can take the form of
revetments, seawalls, detached breakwaters, or groins, etc. Shore parallel structures
(seawalls or revetments) placed on an eroding shoreline prevent erosion of the upland.
Such protections are temporary; erosion continues, albeit more slowly; eventually the
beach will disappear.
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Groins and breakwaters trap sand from the littoral stream and may impact adjacent
shorelines. There is growing evidence that nearshore breakwaters, if filled with sand, do
not negatively impact the littoral drift system.

Recognizing that there are briefer cycles of shoreline advancement and recession
superimposed on the long-term shoreline change, armoring tends to occur during periods
of erosional cycles. The time required before no fronting beach is present may be
decades.

Retreat

Moving inland has been exercised infrequently along the United States shoreline. Retreat
is the most appropriate option where erosion is rapid and in the absence of substantial
economic activity.

Pressure Equalizing Modules

All beaches lose and gain sand depending on the tides, precipitation, wind, waves etc.
Wet beaches tend to lose sand. Waves infiltrate dry beaches easily and deposit sediment
on the beach. Generally a beach is wet during falling tide, because the sea sinks faster
than the beach drains. As a result most erosion happens during falling tide. PEMs drain
the beach to drain more effectively during falling tide. Fewer hours of wet beach translate
to less erosion. Permeable PEM tubes inserted vertically into the foreshore connect the
different layers of groundwater. The groundwater enters the PEM tube allowing gravity
to conduct it to a coarser sand layer, where it can drain more quickly. The PEM modules
are placed in a row from the dune to the mean low waterline. Distance between rows is
typically 300 feet (91 m) but this is project-specific. PEM systems come in different sizes
depending. Modules connect layers with varying hydraulic conductivity. Air/water can
enter and pressure equalize.

PEMs are minimially invasive, typically covering approximately 0.0005% of the beach.
The effects are local, and bring no known harm to flora or fauna, including nesting sea
turtles. The tubes are below the beach surface, implying no visible impact. Installation
takes little time. Costs are low, because PEMs require few materials, and no energy-
intensive dredging. PEM installations have been successfully installed on beaches in
Denmark, Sweden, Malaysia, and Florida, USA.

Recruitment
Appropriately constructed and sited fences can capture blowing sand, building/restoring

sand dunes, and progressively protecting the beach from the wind, and the shore from
blowing sand.
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Measuring project impact
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Performance Predicability Beach Nourishment

Nourishment projects usually involve physical, environmental and economic objectives.
Typical physical measures include dry beach width, remaining post-storm sand volume,
post-storm damage avoidance assessments and aqueous sand volume. Environmental
measures include marine life distribution, habitat and population counts. Economic
impacts include recreation, tourism, flood and "disaster" prevention. Techniques for
incorporating nourishment projects into flood insurance costs and disaster assistance
remain controversial.

Environmental issues

Beach nourishment has significant impacts on local ecosystems. Nourishment may cause
direct mortality to sessile organisms in the target area by burying them in the new sand.
Seafloor habitat in both source and target areas are disrupted, e.g., when sand is deposited
on coral reefs or when deposited sand hardens. Imported sand may differ in character
(chemical makeup, grain size, non-native species) from that of the target environment.
Reduced light availability, affecting nearby reefs and submerged aquatic vegetation.
Imported sand may contain material toxic to local species. Removing material from near-
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shore environments may destabilize the shoreline, in part by steepening its submerged
slope. Related attempts to reduce future erosion may provide a false sense of security that
increases development pressure.

Sea turtles
Newly-deposited sand can harden and complicate nest-digging for turtles. However,

nourishment can provide more/better habitat for them, as well as for sea birds and beach
flora.
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