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Preface

This thesis forms the last report for, and completes this final examination project, entitled
'Guidelines for Design and Construction of Artificial Islands’. The feasibility study involved,
was performed at Delft University of Technology, Department of Coastal Engineering. This
report was accomplished over a period of nine months. During this period, several prelimi-
nary reports have been written. The most important and interesting sections of the previous
reports have been transformed to this final thesis.

During the study, the engineering aspects of artificial islands have proven to be a very inter-
esting and innovative area of civil engineering. Which certainly justify future research!

If one is only interested in the results of the study, it is sufficient to read the conclusions and
recommendation of each chapter plus the summary. The assumptions and limitations of the
results can be found in the preceding paragraphs of each chapter. Details of the study are
presented in the appendixes.
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Extensive summary

This report is an extensive summary of a report, entitled 'Guidelines for Design and Con-
struction of Artificial Islands’. Both reports were realized within the framework of a final
examination project at Delft University of Technology, Department of Hydraulic Engineer-
ng.

1. Introduction

The main objective of this examination project is to present guidelines, which may acceler-
ate the initial phase of artificial island design. The guidelines are restricted to the field of
hydraulic engineering as only artificial islands in open sea are considered.

Initially an extensive literature research was performed, not only with regard to the purposes
to construct artificial islands but also to differentiate between possible types of artificial
islands. From this literature research some general guidelines could be drawn up. The litera-
ture research also revealed the most frequently occurring problems, related to artificial island
construction. These problems gave cause for more guidelines, e.g. guidelines in relation to sea
defences, guidelines in relation to landfill and guidelines in relation to morphological impact.

1.1 Purposes for artificial islands

From history it can be concluded that artificial islands have been built for centuries. As an
example, the batteries in Tokyo Bay, constructed on man-made islands during the 1850’s to
cope with intruders, can be mentioned. From the second half of this century, however, the
construction of artificial islands has taken on large proportions. Ever since, artificial islands
have been employed in deeper and more exposed waters. Lack of extension possibilities on
the mainland, location related activities and very lucrative exploitation prospects have stim-
ulated the development of artificial islands. Artificial islands can be subdivided into single
purpose islands and multi purpose islands.

Single purpose islands

These islands are built to serve only one purpose, for example to facilitate oil-exploration.
Multi purpose islands, on the other hand, accommodate a variety of users. For instance an
island erected to serve as an urban expansion region not only includes houses, but probably
recreational facilities and some sort of energy supply as well. In general, multi purpose is-
lands are bigger than single purpose islands and provide therefore cheaper construction costs
per m® than smaller single purpose islands.
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Table 1.1 distinguishes between eight possible users of single purpose islands. All islands
mentioned in Table 1.1 have actually been built, with the exception of those for Mariculture,
because this type has so far only existed on the drawing boards. Its users are ordered by
expected island size, going from small to large.

Single purpose Used for:
Ocean mining & exploration Gas
0il
Research
Recreation
Waste handling Waste processing
Waste storage area
Mariculture Farming of fish
Oyster farm

Temporary or aiding structure | Anchoring for bridge cables
Closure of tidal areas

Work island
Energy generation Atmosphere gradient
Coal Fired plant
Port Deepwater port

Fishery port
Transhipment port

Airport

Table 1: Users of single purpose islands

QOcean mining & exploration

Natural resources are mostly mined using artificial islands. In general these islands are made
out of steel or concrete (for example oil rigs). At very exposed or shallow locations reclaimed
islands may prove to be more useful and more economic.

Recreation
At very densely populated areas, with only a limited amount of arable land, recreational
facilities on artificial islands may be a relief. Japan has built this kind of islands.

Waste handling

Processing of waste may be more favourable on a remote island than on the mainland, for
reasons of stench-annoyance, noise pollution or lack of space. Processing and storage facilities
are installed on such islands.

Mariculture
Special islands may be created for mariculture, such as cultivating weeds, mussels, oysters or
farming of fish for commercial use.

Temporary or aiding structure

A great variety of islands are part of this category, ranging from a temporary concrete factory
to protection for bridge-piers. These islands may be small as well as big. Other examples
are the working-islands for the Delta Project in the Netherlands.




Energy generation
Facilities to produce energy as well as facilities to store fuels, which are placed on an artificial
island belong to this category.

Port

For deepwater ports, extension problems or extreme dredging-costs may be reason to resort
o0 an artificial island. On the other hand, small fishery ports have been built on man-made
islands too.

Airport

If properly designed, sound-contours from the island will not cross inhabited areas anymore
or at least to a lesser extent. Thus environmental requirements can be fulfilled more easily.
Furthermore, unobstructed approach and departure routes can be obtained. Some disad-
vantages of an offshore airport should be noted as well. Firstly the problems that arise in
transporting passengers and goods from and to the island. Secondly, some reports proclaim
that aircraft operations are affected by possible fog and thermal air currents. Moreover,
environmental groups have stirred up the discussion about migratory birds resting on the
island, and thereby endangering flight-traffic.

Multi purpose islands

Table 1.2 distinguishes between three possible users of multi purpose islands. All islands
mentioned in Table 1.2 have actually been built. Its users are ordered by expected island
size, going from small to big.

Multi purpose | Used for:

Waste island Waste storage combined with
future activities, like ...
- Recreation

- Residential areas
Industrial island | Deepwater port
Industrial zones

Energy generation
Complex city Business areas
Hospitals

Leisure & Recreation
Residential areas

Table 2: Users of multi purpose islands

Waste island

Waste material, domestic as well as industrial waste, is used as landfill for a man-made island.
In order to be able to use the island for other purposes, such as recreation in future times,
the use of contaminated waste should be avoided. Environmental measures are required to
prevent leakage towards the surroundings.

Industrial island

If there is heavy industry on the island, it will be realistic to assume that related facilities like
a port and a power plant are needed. Besides, the industrial island has to be self-supporting
to some extent. It requires its own fire brigade, medical facilities, fresh water supply, waste
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treatment and electricity supply. Workmen have to be housed on the island for longer peri-
ods or a properly functioning transport system from and to the mainland has to be developed.

Complex city
Most items mentioned for an industrial island also apply to complex cities.

1.2 Types of artificial islands
Half a dozen structural types of artificial islands can be distinguished. These types are shown
in Figure 1.1.

i—! ) =
gz AR = =

Palder type

Bottom-fixed type

I

Jock—up type

Fioating type

Plting type

Figure 1: Structural types of artificial islands (not to scale)

Reclamation type

For this construction method an area in the sea is surrounded by a sea defence. The sea
defence can consist for instance of caissons, rubble mound and concrete armour elements or
double steel sheet piles. Then soil, waste, other materials or a combination of these are used
as landfill.

Polder type
The polder-alternative is a variation of the reclaimed island. Designed as a polder, the ground
level is situated lower than the surrounding average sea level. The greatest advantage of the
polder alternative is the reduction of landfill. A disadvantage, however, is the increased rate
of damage in case of failure of a dike-section. Permanent pumping is required for seepage
and rainfall.

Bottom-fixed (Gravity) type

This type is the heaviest of the six construction types. It derives its stability against over-
turning from its weight combined with its large base. First a steel or concrete structure is
created at a protected location, then this structure is towed to an ocean-site, where it is filled
with sand or sea water and sunk to the bottom. It is necessary to prepare the site before the
structure is sunk, because a flat sea bed is required.

Jack-up type
This structure consists of a floating pontoon which raises itself above the sea surface by jack-
ing itself along legs which are lowered to the seabottom after the structure has been floated
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into position. Since jack-up platforms can easily be moved from one place to another, they
are very suitable for temporary projects. They are restricted to water locations, up to 90 -
150 metres. Many oil rigs in the North Sea use the jack-up principle.

Floating type

This type consists of a barge like structure, and the facilities are placed inside or on its upper
sections. Because this is a free floating structure, anchoring is necessary to keep the structure
located in a fixed position. Automatic positioning systems (Voidth-Schneider) can also be
used for this purpose. Floating type structures can be located in water of any depth and are
hardly affected by earthquakes but there is a drawback. They are being affected by the pitch-
ing and rolling caused by waves (including waves caused by seaquakes). To temper the effect
of pitching and rolling, part of the floating-body can be submerged (called semi-submerged
islands). Even floating islands have been developed for airports.

Piling type
This type of island is constructed by driving piles into the sea bottom, on top of which a
platform is placed. Structures are erected on the platform.

1.3 Restriction to detail reclaimed islands only
In the remaining part of this report only reclaimed artificial islands will be discussed, for the
following reasons:

¢ Reclaimed islands are cheap alternatives to other types of man-made islands, provided
they are built in restricted waterdepths.

¢ Fill-material is relatively cheap, especially if the area of the island becomes larger.
¢ Larger areas can be realized with minimal additional effort.

e Reclaimed islands have been the most employed man-made islands so far. This implies
they have proved their worth and that there is enough knowledge and experience avail-
able.

2 Literature research

Examining the literature about reclaimed islands, a collection of some 200 islands, both built
and planned, was drawn up. Of course this collection is by far not complete. Nevertheless,
some information can be recovered. About 130 of the total of 200 reclaimed islands were
actually built. Large concentrations of man-made islands can be found in the Canadian
Beaufort Sea and Japan. In the Beaufort Sea 35 reclaimed islands have been employed for
the mining of oil and gas. The extremely high construction costs of these islands were jus-
tified by expected high profits. Japan also uses artificial islands as only about 30% of its
surface area is available for extension.

2.1 General guidelines as derived from literature

¢ In practice, waterdepths are restricted to £ 30 m, mostly on the basis of
economics.
The main reason is, that the amount of material required for reclaimed is-
lands will grow rapidly for increasing waterdepths. None of the built islands
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from the literature collection exceeds the 30 m depth limit. If the profits
of employing an island in deeper water are high enough, the waterdepth
restriction may of course be abandoned.

In practice, an increase in island size involves a decrease in waterdepth.
The observed relation is a logical result from the desire to construct as
economically as possible. Shallow water construction requires less landfill
and material for the sea defences, consequently a cheaper design is the
result. The economic benefits increase even more for larger areas.

A minimal amount of polder islands have been built.

Although the polder islands show great resemblance to the reclaimed is-
lands, investors seem reserved to put money into these projects. Most
countries in the world object to the idea of placing expensive structures
and even human lives on surfaces below sea level. Assumed risk of flooding
and unfamiliarity are probably the main reasons.

Most problems with the design and construction of artificial islands are
related to the following items: earthquakes, overall costs reduction, mor-
phological impact and settlements.

3 Design and construction of sea defences

Generally, the largest part of a reclaimed island consists of landfill, for example sand. The
total of measures needed to prevent the landfill from being eroded by waves and currents is
called the sea defence. In general, sea defences account for the majority of the total island’s
costs. This report only discusses so-called hard sea defences, which are structures which do
not move under design conditions. Hard sea defences allow islands to be employed in deeper
and more exposed waters.

3.1 Design and construction of sea defences
Six types of sea defences are discussed in this report:

e Rubble mound sea defence, armoured with

— Quarry stones
— Dolosse

— Tetrapods

— Modified cubes

s Vertical composite caisson type seawall

¢ Horizontal composite caisson type seawall

Rubble mound sea defences

A rubble mound sea defence consists of several layers, most of which are constructed out
of quarry (rubble) stones. The outer layer, called the primary armour layer, is designed to
withstand the expected wave attack, and is supported by a secondary armour layer. A typical
cross-section of a rubble mound sea defence is shown in Figure C.2. The dimensions used for
construction are drawn as well. All four selected armour elements will be briefly discussed.
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Figure 2: Cross-section of typical rubble mound sea defence

Quarry stones
The stones are obtained by blasting a rock-quarry, and the resulting sharp angular
elements have a natural interlocking capability.

Dolosse

Dolosse are anchor shaped concrete armour units, without any reinforcement designed
to interlock with each other. Through their high interlocking capability higher waves
can be withstood compared to other armour elements, having the same weight. Dolosse
should be placed in a selected order and in a double layer to assure proper working. To
avoid breakage of elements, dolosse should not be applied above a mass of 20 tons.

*

L J

Tetrapods

Tetrapods are plain concrete armour units consisting of four arms projecting from a
central hub. The angular spacing between all arms of a tetrapod is the same. Tetrapods
should be placed in a selected order and in a double layer as well. Furthermore, it is
advised not to use tetrapods having a mass exceeding 20 tons.

Modified cubes

This element is evolved from the cube. In this report the modified cube, as mentioned
in Shore Protection Manual is used. At its top side, this cube has caps on every corner,
and at its bottom side a square notch is applied. Modified cubes are relatively easy
to make, with only a limited need of shuttering. Consequently, modified cubes can be
considered as a standard in concrete armour elements.

*

Concrete armour units, which are claimed to function in a single layer {e.g. accropods and
core-loc) are not discussed. The main reason is the lack of information and experience with
these kind of elements. Accropods have been applied only recently, and extensive information
about failure mechanisms is not available.

Vertical composite caisson type seawall
Caissons are placed on top of a rubble mound berm. Attention should be paid to the height




of the rubble mound berm. The mound may cause waves to break against the caisson, gen-
erating high impact forces on the caisson. To avoid these impact forces, the mound should,
according to literature, not be constructed higher than about 0.3 - 0.4 times the waterdepth
above the sea bottom.

Horizontal composite caisson type seawall

If breaking waves are expected, an armoured mound can be placed in front of the caissons.
The mound must absorb and break part of the wave energy effectively. Because of this pro-
tection the impact forces on the caisson are greatly reduced.

All these six defence structures make use of quarry stones. In other words, altered costs for
quarry stones affects the total costs of all six examined sea defences.

3.2 Design assumptions and limitations

Natural assumptions and limitations

The local significant wave height H,, defined at the toe of the sea defence, is used to deter-
mine the most economic type of sea defence. However, the design of sea defences depends
on the wave period as well. The ratio between wave height H and the wave period T is
known as the wave steepness s. The other symbols in the equation account for deepwater
wave length Ly and the acceleration of gravity g.

H 2rH

T Ly ¢T?

Fortunately, the range of steepnesses is limited in nature. Steepnesses larger than 0.05 or less
than 0.01 are very unlikely in nature. Both steepnesses have their own wind induced origin.

Wind induced waves can generally be divided into two groups:

e Seas: These waves are generated by a local storm, and waves reach the beach almost
in the same shape in which they were generated. These waves are steep, with a typical
steepness in the range of 0.05.

e Swell: These waves are generated by a distant storm, they may travel through hundreds
or even thousands of miles of calm areas before reaching the shore. Wave lengths are
long, and typical steepnesses are in the range of 0.01.

Of course, seas and swell may occur at the same time and location. And an intermediate
wave may appear as well. However, this report is limited to these two basic conditions.

The range of wave heights used in this report, is based on these wave steepnesses as well
as on the wave period limits, as found in nature. Wave periods over 15 to 20 seconds for
significant wave heights require very large fetch-lengths and high wind speeds. If one assumes
that 20 seconds is a maximum for significant wave periods, the maximum deepwater wave
heigh is restricted, as a result of the steepness equation. A maximum wave height of 6.0 m
is assumed for waves having a wave-steepness of 0.01. Steep waves, on the other hand, can
reach large wave heights. A maximum deepwater wave height of 12.0 m is assumed for seas
in the computations.
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Furthermore, the maximum wave height is limited by the waterdepth. A general rule of
thumb, widely used in coastal engineering, gives:

Hyo when Hg < 0.5 * h (h = waterdepth)
H, =
05%xh when Hyp > 05*h

Waterdepth and Sea Level: The local depths assumed in the sea defence-calculations are
measured at the front of the seaward toe, rubble mound or horizontally protection layer in
case of horizontally composite seawalls. Furthermore, the depth already accounts for pre-
dicted sea level rise by tides, storm conditions, wave set-up, etc. The corresponding level is
called Sea Level (S.L.), see also Figure C.2.

S.L. = M.S.L. + Ah (tides, storm, wind, etc.)

Design assumptions and limitations

e Minimal overtopping allowed:

Because costs per square meter are high for an artificial island, it should be possible to
place structures directly behind the sea defences. However, some overtopping or spray
may occur, and a drainage system is therefore required. In this report an exceedance
level of 2% for the wave run-up on rubble mound sea defences is allowed. This means
that 2% of the approaching design waves reach a higher wave run-up level than the
calculated maximum run-up level. For caisson-type seawalls the crest height should be
constructed in such a way that minimal overtopping occurs. According to literature a
crest height of 1.5 times the significant wave height is advisable.

A system could be installed to discharge the overtopped water, the spray and the rain-
fall. In case roads are required on the island, these roads might be built as a boulevard
and at the same time be used to face the problem of overtopping water.

e Armour weight formulae:
For rubble mound sea defences two types of formulae are used in this report. A formula
by Van der Meer (1988) is used in case of quarry stone armour, the Hudson-formulae
are used for concrete armour units. A more uniform outcome would result if the same
formulae would be used in all cases. However, Van der Meer’s formula for quarry stone
armour gives more realistic results than Hudson-formulae for the same armour.
For the caisson-type seawalls Goda’s formulae are applied.

e Density of armour elements:
The density of the quarry stones is supposed to be 2650 kg/m3. The concrete ele-
ments are given a density in the same range, namely 2620 kg/ m? (a standard value in
Shore Protection Manual). This kind of density for concrete elements (without rein-
forcements) can be achieved by mixing the concrete with heavier aggregates, like iron
ore.

s Costs of concrete armour units:
A standard price for modified cubes is assumed of US § 70 / ton. This is the all in price,
for fabrication and placement. The overall costs for dolosse and tetrapods, however,
amount to US $ 80 / ton. This is caused by the fact that the costs for fabrication and
shuttering are higher in comparison to modified cubes.
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o Costs of quarry stones:

The all in costs are mentioned in Table 3.1. For quarry stones a parameter g indicates
the additional costs, for example for transport, if the quarry is situated some far distance
from the island site. The situation in which ¢ = 0, indicates a delta-region with a
suitable quarry at a distance of several hundreds of kilometres away.

Note: This distance implies, that not the lowest possible costs for quarry stones are
assumed. The value q is varied in the design, to indicate the sensitivity of the guidelines
in relation to the value of a.

Gradation Duso[m] | Wasolkg] | [US$/m’]
0.0 - 500 kg 0.32 83 (a + 36)
250 - 500 kg 0.51 361 (a + 40)
500 - 1000 kg 0.65 721 (a + 42)
1000 - 2000 kg 0.82 1443 (a + 45)
1000 - 3000 kg 0.88 1821 (a + 50)
2000 - 4000 kg 1.03 2895 (a + 55)
3000 - 6000 kg 1.18 4328 (a + 63)
6000 - 9000 kg 1.41 7399 (a + 76)
9000 - 12000 kg | 1.58 10428 (a + 86)
12000 - 16000 kg | 1.74 13904 | (a + 100)

Table 3: Gradations and prices for quarry stones

3.3 Guidelines in relation to sea defences

For each of the afore-mentioned types of sea defences: quarry stones, dolosse, tetrapods and
modified cubes defences, vertical and horizontal composite caisson type seawalls, a multitude
of designs was made. The significant wave height H,, the waterdepth A and the wave steep-
ness were varied and of each design, a cost-estimate was made based on the earlier given
assumptions. The results of all these cost-estimates are shown in several figures on the next

pages.

The economically preferred solution for different waterdepths h (including predicted sea level
rise) and different significant wave heights H, is given in Figure 3.12 and Figure 3.13. In these
graphs, ranges are indicated for the use of a certain type of sea defence. The wave steepness
influences the total lay-out of a cross-section, and consequently two separate graphs are shown
to present the guidelines, viz. one for wave steepnesses of 0.05 and one for 0.01.

e Costs for rubble mound sea defences develop somewhat different from, and
are less than the costs for rubble mound breakwaters. Reasons are the use
of landfill instead of quarry run for the interior of the sea defences, moreover
the protection of the backslope is superfluous for rubble mound sea defences.
Caissons are designed in the same way when used as breakwater or when
used as protection for a man-made island.

¢ Tetrapods, modified cubes or horizontal caisson-type seawalls are in none
of these examined situations the most economic type of sea defence. It is
mentioned, that the costs of a vertical composite caisson-type seawall can
be used as a lower-limit for the costs of a horizontal composite caisson-type
seawall, under the same conditions. To assure proper working of dolosse, the
following points must be taken into account:
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— Dolosse require placement in a double layer as well as in a selected order. Random
placement should be avoided in all cases.

— During the late 1970’s and early 1980’s a number of dolosse breakwaters failed.
Over 80% of the dolosse breakages were found to originate from the fluke-shank
intersection. By incorporating a large fillet extending to mid-shank, the static and
dynamic tensile stresses at the fluke-shank intersection can be reduced by more
than 60%.

— Special attention is required for the foundation of the dolosse. Uneven settlements
of the sea defences should be avoided, because the chance of breakages is increased
by uneven settlements.

— Apply dolosse only up to a mass of about 20 tons. At heavy and slender concrete
units, shrinkage-cracks may occur caused by uneven cooling and hardening of the
concrete. Consequently, heavy and slender concrete armour units can break at
minimal cross-sections under severe wave attack.

Similar measures are required for tetrapods, namely positioning in a double layer, not
using elements over 20 tons, and a preparation of the sub-soil.

e In case there are certain doubts about the proper functioning of dolosse
or tetrapods, a restriction can be made to compare only quarry stones,
modified cubes and caisson type structures. In doing so the economically
preferred solutions are given in Figure 3.14 and Figure 3.15.

Only significant wave heights up to 12.0 m were examined. Therefore a dotted line is drawn
at 12.0 m. Consequently, the development of the graphs over 12.0 m is theoretical. The wide
area in which dolosse sea defences appear to be economic, is explained by the high stability
coefficients of dolosse compared to the other armour types. Furthermore, the costs for quarry
stones largely influence the outcome of the research. Therefore the value a is varied to make
the guidelines applicable to altered quarry stone costs. This results in the overlapped areas
in Figure 3.12, 3.14 and 3.15.

The additional quarry costs parameter a, is varied for values ranging from -15 to 0 [US
$/m3]. For a value @ = 0 the transition between quarry stones and dolosse sea defences
is positioned at a depth of approximately 3 m. This applies for wave steepnesses of both
0.01 and 0.05. If a value of -15 US $/m? is used for the parameter a, however, quarry
stone sea defences will be economical up to a depth of about 7 m, for a wave steepness of
0.05. In a similar way, the transition between dolosse and vertically caissons shift outside
the field of examination. The same value of a for a wave steepness of 0.01 does not affect the
transition point between quarry and dolosse. The wave steepness causes this phenomenon.
According to Van der Meer’s formula quarry stone armour can withstand higher waves at
greater steepnesses, using the same mass.

Because dolosse and tetrapods are excluded from the graphs in Figure 3.14 and 3.15 the
guidelines are totally different. The economic area of quarry stone sea defences is suddenly
much wider. For a wave steepness of 0.05, a quarry stone seawall is always the most eco-
nomic type for wave heights less than approximately 2 m and at depths less than about
13 m. If the costs of quarry stones are reduced, to a = -15 US $/m3, quarry stone sea
defences will even be economical to a depth of about 19 m. The transition between vertical
caisson-type seawalls and modified cubes sea defences is positioned at wave heights of 8 or 9
m in Figure 3.14, depending on the value of a. For wave steepnesses of 0.01 quarry stone sea



defences are preferable at waterdepths less than approximately 3 m. At waterdepths over
3 m, a modified cubes sea defence is most economical at these steepnesses. If the costs for
quarry stones are reduced, to ¢ = -15 US $/m®, quarry stone sea defences will be economi-
cal both at wave heights less than about 2 m and at waterdepths less than approximately 5 m.
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Figure 3: Ranges indicating preferred type of sea defence. Wave steepness s =
0.05. Note: tetrapods, modified cubes and horizontal caisson type seawalls are
not preferred.
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4. Landfill of artificial islands

4.1 General landfill costs

The materials which are used to fill the interior of the island, and which do neither belong to
the sea defences nor to the actual island’s structures, are called landfill. Landfill can consist
of soil, waste or other materials. Landfill, found on both marine and land excavation sites can
be used, depending on economical preferences. Marine soils are economically excavated using
trailing suction hopper dredges. Its economy is depending on the sailing distance between
the excavation site and the island location.

In general, it can be stated that the bigger the size of the hopper the cheaper the costs
per m®. The cycle time, being the combined time for dredging + sailing to the dumping
site + dumping + sailing to the excavation site, determines the dredging costs per m?® for
a particular trailer. If a trailing suction hopper arrives at the island location with its load,
there will generally be four methods to remove the load.

e Direct dumping (occurs in a relatively short time)
¢ Rainbowing (medium time)
e Pumping (large time)

¢ Two times handling (Dredge + Stationary dredge)

Because cycle productions are less if emptying the hopper takes more time, the costs per
cubic metre of landfill are higher. Direct dumping is restricted to certain waterdepths de-
pendent on the vessel’s draught. Consequently, the top parts of the island have to be filled
using other methods. In other words, the landfill in top parts of artificial islands is more
expensive.

4.2 Guidelines in relation to landfill

o Large trailing suction hopper dredges are most suitable to be used in pro-
viding the fill material, especially when larger islands are considered.

¢ The overall costs of bigger islands are less as compared to smaller islands as
is shown in Figure 4.3. Figure 4.3 is based on a likely relation for the costs
of the fill and the costs for the sea defences. If the surface area of an island
grows, the length of the sea defences grows proportional to the square root
and the volume of the landfill linear. Consequently, the overall costs per
square metre are less for bigger islands than for smaller islands. The graphs
of Figure 4.3 also show that the proposed relation is not very sensitive to
the waterdepth nor to the distance to the excavation site.

The relations in Figure 4.3 were made on the basis of a circular island. A circular island
has the fine quality that its surface to circumference rate is very economic. Islands of
other shapes, show a similar relation, as drawn in Figure 4.3, but in a less extreme way.
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Construction costs related to surface area of island

—e— Average depth = 20 m, distance = 25 km
—a— Average depth = 8.0 m, distance =25 km
—— Average depth = 20.0 m, distance = 50 ki

Relative costs [% / m?]

island’s diameter [m]

Figure 7: Constructions costs related to size of island and distance to excavation site

5 Morphological impact of artificial islands

5.1 General

A reclaimed island located some distance offshore induces a low wave energy zone behind
it. In this so-called shadow-zone wave heights will be reduced, and consequently a reduction
of longshore transport occurs. A reduction in longshore transport may cause accretion in
the shadow-zone, and erosion in the adjacent areas. Whether these processes actually cause
problems, will depend on the location of the island. At densely populated areas more prob-
lems may be expected than at deserted coastal areas (e.g., islands for oil & gas exploitation
in the Canadian Beaufort Sea).

The predictions and statements made in this section will only be valid, during a relatively
short period. For morphological processes this implies a maximum of a few years, depending
on the local circumstances. Once the first signs of erosion and accretion occur, circumstances
change. For example the breaker line is re-positioned, and the refraction pattern is altered
as well. Nevertheless these short term influences on longshore transports are an indication
of the problems to be expected in the long run. And consequently on the amount of money
involved to overcome these problems during the island’s lifetime. The designer may consider
the extra costs of placing the island further offshore, generating less erosion, or placing the is-
land closer to shore, and spending more money on overcoming erosion and accretion problems.
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5.2 Numerical model HISWA

The influence of the island’s size and its distance offshore, on longshore processes should be
invested. For that reason an island model, as shown in Figure 5.2 is used. The model shows
a circular island, having a diameter D, and located some distance offshore d. The deepwater
waves, indicated by Hy and T, bend around the island caused by refraction. The shadow
zone can be seen t00; it is clear that the width of the shadow zone is determined by refraction
and also by the directional spread of the waves. Within the shadow zone the influence of the
islands is most conspicuous.

¥ AX HO,T
:[ -— D

~
~~
b0

Figure 8: Schematised numerical model (two refraction-lines drawn)

The island model is used in a numerical model, called HISWA. HISWA is a numerical 2D wave
propagation model to obtain realistic estimates of wave parameters in coastal areas, lakes
and estuaries from given stationary wind, bottom, and current conditions. Using HISWA
the wave parameters in the initial situation (before island construction) and after island con-
struction can be computed. These wave parameters can be used subsequently to compute
longshore transports, using the CERC-formula. Comparing the initial longshore transport So
to the longshore transport after island construction S, will give an indication of the relative
influence of the island’s diameter and its distance offshore on longshore transports.

The CERC-formula predicts the total longshore sediment transport through the breaker zone.
The formula relates the transport to the available wave energy. Only the driving force result-
ing from waves approaching obliquely and having the same proportions at all points along
the coast, is considered. Hence, no other driving forces than waves, such as tidal currents, are
taken into account. S, indicates the longshore transport, Hy the wave height at the breaker
line, ¢, the wave celerity at the breaker line and ¢, the angle of incidence also at the breaker
line.

S, = 0.025H2cy, sin (2 * )

Despite its limitations, the CERC-formula is easy to understand, using more formulae would
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not increase the insight into the process.

5.3 Design assumptions and limitations
Assumptions on boundary conditions

H, = 2.0 m: An average significant deepwater wave height of 2.0 m is assumed. A
suchlike wave height initiates the major part of the morphological processes, in the long
term.

Deepwater wave steepness so of 0.05: This kind of steepness indicates seas; waves
generated by local storms. Because steepnesses in the range of seas are the most
common in nature, these have been chosen.

No currents: HISWA only calculates the wave heights, and for these calculations, a
current is only of second order influence.

Bathymetry: For reasons of simplicity, the bottom-profile is kept simple. A uniform
slope of 1 : 100 to a depth of 30.0 m is assumed, beyond the sea bottom continues
horizontally.

Assumption on island’s lay-out

o Vertical walls: Reclaimed artificial islands are protected by hard sea defences in this

report. Slopes for the sea defences vary from totally vertical (caissons) to 1: 6 (rubble
mound sea defence). Related to the dimensions of the island and the influence of the
morphological processes, these slopes can be taken as vertical. As a second condition,
no transmission is assumed for the vertical walls.

Variables

¢ Diameter of circular island D: Man-made islands, which have already been built, vary

in size from a few hectares to over a thousand hectares. Accordingly three diameters
will vary, viz. 0.5, 1.0 and 4.0 km, representing areas of respectively 20, 78 and 1257
ha (ha = 10,000 m?).

Distance offshore d: The distance offshore is defined as the distance between the out-
most shoreward point of the island and the transition point between the wet and the
dry beach at M.S.L. This parameter varies for values of 1.0, 2.0 and 5.0 km.

Deepwater angle of incidence ¢o: The angle of incidence determines the extent of the
sediment transport. The transport-ratio increases for increasing wave-angle up to a
deepwater angle of about 45 degrees. This statement can be ’found’ in the CERC-
formula. An upper-limit transport is determined for a deepwater wave angle of 45
degrees, and as a reference, the same calculations are made for a deepwater wave angle
of 10 degrees.

Directional spread of the waves: Directional spread is defined as the spread of the wave
angles of incidence around the average deepwater angle of incidence. Two values are
used for the directional spread of the waves, namely 5.7° and 31.5°. The second one,
a wide spread, refers to the natural circumstances in which seas occur. The first one,
a minimal spread, is used as a reference. The directional spread will prove to have a
great influence on this section’s results!
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All variables are summed up once more in Table 5.2.

Diameter ) | Distance d do Dir. spread of waves
[km] [km] [degrees] [degrees]
0.5 1.0 10 5.7
1.0 2.0 45 31.5
4.0 5.0

Table 4: Variable input parameters for HISWA

The influence of the parameters, mentioned at 'assumptions on boundary conditions’ on the
outcome of HISWA-computations indicate the sensitivity of the method used. If the out-
come does not differ much for altered values of these parameters, the result of the model
will be more widely applicable. The parameters mentioned in Table 5.6 are changed to test
the sensitivity of the model, successively the deepwater wave height, the deepwater bottom
level, the foreshore slope and the deepwater wave steepness. Without showing calculations,
it is mentioned that HISWA outcomes are not sensitive at all to a minimal spread of 5.7°.
For a directional spread of 31.5° the influence of the parameters of Table 5.6 becomes more
remarkable, but is still small enough for the model to be widely applicable.

Hyo hy m So
10m | 20m | 1:250 | 0.01
30m | 40 m

Table 5: Altered parameters in sensitivity-analysis

5.4 Example of computation

The influence on longshore transport is investigated of a 1 km circular island, positioned 1
km offshore. Waves approach at deepwater, with an angle of incidence of 10 degrees. Two
directional spreads are taken into account, namely 5.7° (minimal) and 31.5° (large). Figure 9
shows the results varied for two directional spreads.

The relative transport rate S/Sq indicates the relation between the initial longshore trans-
port and the longshore transport directly after island construction. The centre of the circular
island is positioned at point Y = 10,000. Because the deepwater waves are travelling towards
the negative Y-direction, a positive rate of S/Sy indicates longshore transports from right to
left. What catches the eye first, are the relative transports exceeding 100% and the negative
transports, both for a large directional spread. The causes of these phenomena and other
conclusions will be discussed in the section below. For a minimal directional spread the min-
imal relative transport amounts to zero, for a large directional spread the relative transport
becomes negative. Consequently the longshore transport is totally blocked in both cases, this
process will most likely form eventually a tombolo, which can develop into a connection from
the original shoreline to the island.

5.5 Guidelines in relation to morphological impact
The effects of artificial islands on longshore transport may be severe subordinate on the is-
land’s size and its distance offshore. The directional spread plays an important role.

If deepwater angles of incidence are small, and a large directional spread is used also, neg-
ative transports may result. In some areas at the lee-side of the island, the contribution of
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Diameter = 1 fan, Distance =1 km
10 degrees

« Minimal dir. spread
# Large dir. spread

Relative ransport /S0 [%]

Distance Y-direction {m]

Figure 9: Relative changes in longshore transport after istand construction

the waves having a large angle of incidence is blocked, and only the waves having a small
or even a negative angle of incidence contribute to the transport. These waves, originating
from a deepwater wave with a negative angle of incidence, will cause the longshore transport
to move into a negative direction.

A similar situation exists at the exposed-side of the island. If a large directional spread is
chosen, the waves having a smaller angle of incidence will be blocked by the island. This
results in a higher average angle of incidence at the weather-side of the island. When the
CERC-formula is used to predict sediment-transports, the maximum transport-rate is found
for angles of incidence of about 45°. In some cases the local sediment transport after the
construction of an island may be higher than in the initial situation. For example when the
initial angle of incidence amounted to say 10 degrees, and the local average angle becomes
30 degrees.

The following guidelines can be given based on the directional spread of the incoming waves.
Large directional spread:

e For small deepwater angles of incidence, relative transports may exceed

100%.

¢ Table 6 shows the maximum blocking of longshore transport, related to the
island’s distance offshore d and its diameter D. Maximum blocking occurs at
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the centre of the shadow-zone. 100% blocking indicates a minimal transport

of zero or less.

¢ Figure 10 also shows these relations. For four situations the influence of d
and D on longshore transport is drawn. All graphs represent S-curves, and

consequently the missing parts may be extended to 5/S; = 100%.

Max. Blocking || d/D —10° | d/D — 45°
50% 5 T2
100% +2-25 + 0.5

Table 6: Maximal blocking of longshore transport
related to d/D and deepwater angle of incidence.
Directional spread is large

Minimal directional spread:

¢ Influence of deepwater angle of incidence is still noticeable, but is much
smaller compared to a large directional spread.

o Figure 5.9 is a graphical reproduction of the relation between the minimum
relative longshore transport and the islands diameter D plus its distance
offshore d. The curves are averaged for deepwater angles of incidence of 10
and 45 degrees. It may be clear, that Figure 5.9 represents the same type

of curves as shown in Figure 10, only displayed differently!

¢ Table 7 shows the maximum blocking of longshore transport, related to the
island’s distance offshore d and its diameter D. Maximum blocking occurs at
the centre of the shadow-zone. 100% blocking indicates a minimal transport

of zero or less.

Max. Blocking || d/D —10° | d/D — 45°
50% + 5.5 + 4
100% +1-15 +1-1.5

Table 7: Maximal blocking of longshore transport
related to d/D and deepwater angle of incidence.
Directional spread is minimal
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Maximum relative reduction of ongshore transport induced by artificial islands

& Minimal spread, 10 degrees
% Minimal spread, 45 degrees |
Large spread, 10 degrees

| X Large spread, 45 degrees

Minimum relative transport Smin/S0 {%)

Figure 10: Minimum refative longshore transports, related to deepwater angle of incidence and directional spread

/30 04

__ HISWA resuits

___ Extrapolotion

Figure 11: Minimum relative longshore transports, shown for each island’s diameter individually. Directional
spread is minimal
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Chapter 1

Introduction

The main purpose of this master thesis is to present guidelines to designers involved in the
planning or realisation of artificial islands. Part of these guidelines were collected from lit-
erature, other guidelines were part of the examination executed in the framework of this
project at Delft University of Technology. The latter refers to the economical comparison
of sea defence structures in chapter 3, the overall costs of man-made islands related to their
size in chapter 4 and the influence of artificial islands on morphological processes in chapter 5.

Before the guidelines are presented, first a description is given of artificial islands, also called
man-made islands. Chapter 1 introduces the reader into the world of artificial islands. The
purposes of man-made islands are discussed as well as the main types of islands. At the
end of this first chapter the problem description and research objective are stated. After the
introduction, the first guidelines are given in chapter 2. These guidelines were collected from
literature. Chapter 3 helps the reader to choose between defence structures. The overall costs
of artificial islands depend largely on the total volume of the island, this aspect is part of
chapter 4. The expenditures needed to restore the shoreline, after being eroded and accreted,
under the influence of an artificial island, are underestimated by most designers. A general
indication of the effects of an offshore island on longshore transports is part of chapter 5.
Finally conclusions and recommendations are given in chapter 6.

1.1 What are artificial islands and why are they built?

To indicate the field for which the guidelines are valid, first a definition of an artificial island
is required.

In this report an island is defined as an area in the ocean or in the coastal zone, surrounded by
water at all sides, this in contrary to a peninsula. This implies that classic land reclamation,
which in most cases forms a peninsula, is not accounted for. Neither are islands constructed
in closed waters, such as lakes. In this feasibility study mostly hydraulic aspects of man-
made islands are examined. The adjective artificial means that the island is man-made. The
material of which artificial islands are built, is not automatically a soil-type of material. An
artificial islands can be constructed of waste material, concrete and steel (e.g. jacket-structure
or a floating structure) or even out of ice (some studies have examined this possibility). In
short the studied artificial islands in this report can be defined as :
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Areas in the coastal zone or the ocean, surfacing totally or partly above water level
and surrounded by water at all sides, designed and constructed by man. These
areas are positioned in a fized location and serve a public interest.

1.1.1 Reasons to construct artificial islands

Numerous causes that justify the construction of man-made islands can be given. Hereafter,
six reasons are summed up, together they cover most causes, which eventually could lead to
the erection of an artificial island.

o Lack of extension possibilities on the mainland for the required activities.

¢ By placing the activities on an artificial island, and removing or reducing the original
activities, the original nuisances disappear within the surroundings of the former loca-
tion of the activities. By doing so the livability for the community is improved.

Note: At such a distant location as an artificial island the same environmental laws
are in force as on the mainland. The one advantage is that the chance of exceeding one
of those laws on an island will probably be much smaller. This is caused by the fact,
that man-made islands are mostly built for a single purpose or closely related purposes,
and consequently the interference with conflicting activities is minimal.

o Lack of deepwater access.
e High costs of deepening or maintaining a dredged channel access to existing ports.
¢ Mining of natural resources, such as oil and gas.

¢ Location related activities, like tidal or wind energy generation.

Whether an island is actually built, depends largely on the economical feasibility. Technical
limitations seldom were the determining factors for those islands, that were never built.
Concluding from the six reasons above, man-made islands are not always constructed near
densely populated areas. Something which might be expected at first instance. However,
the first four items are area related, because some kind of relation with the original area or
port has to be conserved, either as a market, as a source of materials or due to economical
dependence.

1.1.2 Advantages and disadvantages of artificial islands

Like every structure built, a man-made island has advantages as well as disadvantages. The
following list is a literally quotation from [1], and certainly worth mentioning. It refers es-
pecially to industrial islands, a type of island explained in paragraph 1.2.2. Some items
mentioned below, are very dependent on factors like the distance from the island to the shore
and the size of the island. Nevertheless an indication of the benefits and drawbacks of arti-
ficial islands can be obtained.
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Advantages of artificial islands

o Market accessibility; if the extension limitations have reached a certain level, moving
the activities to an artificial island might increase market accessibility. An island site
might be only 5 - 10 miles from the heart of a city as opposed to a land site, possibly
35 - 40 miles from the city centre.

e Site utilization; an island site is likely to be unencumbered with hills, valleys, streams,
highways and other physical barriers to ideal site layouts.

o Fewer environmental constraints because of a dearth of interfaces with people, plants
and creatures.

o Unlimited availability of cooling water, when placed far enough offshore.

e Removal of bad-neighbour image, ’out of sight out of mind’, etc.

Disadvantages of artificial islands

¢ Labour force transportation problems.

e Industry on island must be self-supporting in public utility services.
o Hazards from storms and other adverse events.

o Island to shore transportation of products and raw materials.

¢ Sociological implications of work environment.

1.2 Purposes for artificial islands

To understand for which purpose(s) an island is actually built, one must first be aware of
the possible users of an artificial island. When one has assembled this information, a start
can be made with the design of a man-made island, which complies with the demands of a
specific user. For example, an island used as (deepwater) port demands completely different
requirements and facilities than an island used as an airport. An important factor for an
island used as (deepwater) port is the waterdepth around the island, where on the other hand
waterdepth is of minor use for an airport-island.

The purposes for which an island is designed, are split up in two categories: single purpose
islands and multi-purpose islands. Single purpose islands are built only to serve one purpose,
for example to facilitate a fishery port. Multi purpose islands accommodate a variety of users,
and are for that reason mostly larger than single purpose islands. For instance an island
erected to serve as urban expansion region, not only holds houses, but probably recreational
facilities and some sort of energy supply as well. At present, mostly single purpose islands
have been constructed. In the future new economical developments are expected, resulting
into renewed attention for multi-purpose islands. Especially because these islands are more
attractive for investors than single purpose islands. The required size of a multi-purpose
island and the associated costs are probably the reason that until now only a few of these
islands are built. In paragraph 1.2.1 the users of single purpose islands are mentioned and
in paragraph 1.2.2 the same is done for multi-purpose islands.
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The tables shown in both paragraphs are by no extent complete. Because of the simple
fact, that one can always come up with some very rare purpose for a man-made island.
Nevertheless the classification of the tables was based on existing man-made islands. All
mentioned types of islands have been designed and constructed, with the exception of those
for Mariculture, as this type only exists on the drawing boards. If a purpose does not fit one
of the other categories it is classified as "Temporary& Aiding’.

1.2.1 Single purpose islands

Eight categories of single purpose islands are distinguished in this report, as can be seen
in table 1.1. The categories are ordered by the expected island surface which is required,
ranging from small to large. Furthermore, each category is given an abbreviation. These
abbreviations are used in appendix A to indicate what kind of island is meant. Finally, ex-
amples are given where possible.

Some remarks for each category listed in table 1.1 are given, hereafter.

Ocean mining & exploration

Applications, such as the mining of natural resources from the ocean-floor by oilrigs are well
known. In most cases these oilrigs are made out of steel and concrete. However at some
areas in the world the drilling-equipment is placed on artificial islands, filled with soil or
gravel. For example the mining of oil and gas in the Canadian Beaufort Sea is done from
reclaimed islands, to withstand natural loads such as ice-forces. For a long-term research of
an ocean-area a man-made island can also serve as an exploration-station.

Recreation

One would expect this type of single purpose user to be part of an urban zone island or
maybe an industrial island. Nevertheless Japan has developed, and even constructed islands
for this sole purpose. Countries with very limited arable land, like Japan can develop recre-
ational facilities on an artificial island to provide leisure facilities for their citizens.

Waste handling

Waste handling can occur in two different ways. Firstly, the processing of waste can be more
favourable on a remote island as compared to the mainland, for reasons of stench-annoyance,
noise pollution or lack of space. This first purpose installs processing and storage facilities
on the island. This method is called ’waste handling’. Secondly, waste material, domestic as
well as industrial waste, can be used as landfill for a man-made island. When the artificial
island is completely filled, it can be used for a variety of purposes, like recreation and hous-
ing. Environmental measures should be taken to prevent leakage to the surroundings. This
latter sort of use is part of the multi-purpose islands, and is more detailed in paragraph 1.2.2.

Mariculture
Special islands can be created for mariculture, such as cultivating weeds, mussels, oysters or
farming of fish for commercial use.

Temporary or aiding structure
These types of islands range from very small to large, as they can be constructed for a
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Single purpose Code | Some examples
Ocean mining&Exploration M&E | Gas
Oil
Research
Recreation Rec
Waste handling WH | Waste processing
Waste storage area
Mariculture Mar | Farming of fish
Oysterfarm

Temporary or aiding structure | T&A | Anchoring for bridge cables
Closure of tidal areas

Work island
Energy generation EG Atmosphere gradient
Coal Fired plant
Port Port | Deepwater port

Fishery port
Transhipment port

Airport Air

Table 1.1: Users of single purpose islands

variety of purposes. One can think of islands, which are built to ease the closing of a (tidal)
channel or an island to be used as a temporary concrete factory [2]. Aiding constructions are
mostly smaller than temporary structures. If one considers islands in use as protection for
bridge-piers [3], as a ventilation shaft for an undersea coalmine or even as a pig quarantine
storage, it seems justified to define them as aiding structures.

Energy generation

This very distinct group of users can favour from a location on a man-made island. The
environmental laws concerning noise- and smell-pollution can be coped with more effectively
on an artificial island. For power plants using sea-water for cooling purposes the difference
in temperature between intake and outgoing water is presumably allowed to be greater than
plants situated at rivers or harbours.

e For nuclear power plants the not in my backyard’ motive is effective. This especially is
in force for densely populated areas. In such cases construction on an island would be
a suitable solution. But as a result of the change in public opinion, it is questionable
whether nuclear power plants will be built at all in the future.

e An ’artificial’ Pump Storage Plant will only be economical in countries without a large
natural difference in height-levels, such as the Netherlands. And in case the available
area to construct such an immense structure is scarce, construction of a pump storage
plant on an artificial island could be a solution.

e An island constructed as an oil terminal storage is considered part of this category as
well, as it has a close relation with energy generation. Furthermore, safety aspects are
very similar.
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Port

When the economical growth of a country requires the expansion of its harbour activities, it
can face expansion-problems due to lack of area. As a solution one can choose for an artificial
island, nevertheless a shore connected expansion is an alternative as welll In some cases the
deepening or maintenance costs of a dredged channel connecting the existing ports to the
deep seas is too expensive, hence a decision can be made to erect a deep-water port on an
artificial island.

Airport

Till this moment all airports built or planned on artificial islands are expansions or dis-
placements of existing airports. These airports seek a new home on man-made islands, either
because of expansion problems on the mainland or because they can cope with environmental
requirements more easily on an island. When properly designed, sound-contours from the
island do not cross inhabited areas any more or at least to a lesser extent, thus the environ-
mental requirements can be fulfilled more easily. Furthermore, unobstructed approach and
departure routes can be obtained. Disadvantages of an offshore airport can be noted as well.
For example problems in transporting passengers and goods from and to the island. Sec-
ondly, some reports proclaim aircraft operations being affected by possible fog and thermal
air currents. Moreover environmental groups have freshened the discussion about migratory
birds resting at the island, and as a result endangering flight-traffic. This discussion is still
open for debate. Furthermore, salt sprays can disorder sensitive equipment on the island.
Although many plans have been made and are still being made, only few airports have ac-
tually been erected on artificial islands, i.e. some airports in Japan (e.g. Kansai) and Chek
Lap Kok, Hong Kong.

1.2.2 Multi purpose islands

Three categories of multi purpose islands are distinguished in this section, as can be seen
in table 1.2. The categories are ordered by the expected island surface which is required,
ranging from small to large. Furthermore, each category is given an abbreviation. These
abbreviations are used in appendix A to indicate what kind of island is meant. Finally, ex-
amples are given where possible.

Multi-purpose | Code | Possible devided into ...
Waste island WI | Waste storage combined with future activities, like ...
- Recreation

- Residential areas
Industrial island I Deepwater port

Industrial zones

Energy generation

Complex city cC Business areas

Hospitals

Leisure & Recreation
Residential areas

Table 1.2: Users of multi purpose islands

Waste island
Of all users only waste handling is mentioned both for single purpose and multi-purpose



1.3. TYPES OF ARTIFICIAL ISLANDS 7

islands. Nevertheless two different purposes are meant. In case of a single purpose island the
island is used for either waste handling or permanent waste storage. In this case the waste is
moderate or heavy contaminated, in contrary to waste handling on a multi-purpose island.

In case of a waste island the waste is of such a quality, that future use of the island is still
allowed after the island is completely filled with waste. For example for recreational pur-
poses or as a housing area. Filling with waste materials takes more time than conventional
landfill, because it takes many years before enough waste is produced to fill an entire island.
Sometimes the waste has to be temporarily stored on the main-land, because investors are
reluctant to spend money on building the surrounding sea defences, and prefer to wait several
years for the island to be built.

Industrial island

Constructing an island for use as industrial zone can be a welcome solution to cope with
expansion-problems and to comply with environmental requirements. When heavy industry
uses the island, it is a realistic assumption that related facilities are desired like a harbour
and a power plant. Besides, the industrial island has to be self-supporting to some extent.
It requires its own fire fighting force, medical facilities, fresh water supply, waste treatment
and electricity supply. Furthermore, legal matters have to be examined. Workmen have to
be either housed on the island for longer periods or a functioning transport system from and
to the mainland has to be developed.

Complex city
The items mentioned for an industrial island apply also for complex cities.

1.3 Types of artificial islands

Many structures and objects can comply with the definition of an artificial island as de-
scribed in paragraph 1.1. All these structures and objects can be categorized in half a dozen
structural types. Paragraph 1.3.1 discusses these six types, and for each structural type ad-
vantages and disadvantages are mentioned. Although not very relevant for this report, some
information about the resistance to earthquakes is given as well.

These pro’s and con’s are related to a variety of desired and undesired qualities, in para-
graph 1.3.2. This way a deliberated choice for a structural type of island is possible, provided
that the purpose of the island is known.

1.3.1 Description of structural artificial island types

Figure 1.1 displays the six structural types of man-made islands.

Reclamation type

For this construction method an area in sea is surrounded by a sea defence. The sea defence
can consist for instance of caissons, rubble mound and concrete armour elements, double
steel sheet piles or an other structure. Then soil, waste, other materials or a combination
of these is used as landfill. Two types of sea defences are especially detailed in this report,
viz. caisson-type seawalls and rubble mound sea defences. These two types are described in
chapter 3. The defence structures generally account for the major part of the islands total
construction costs. This type of island is vulnerable to strong earthquakes but resists strong
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Figure 1.1: Structural types of artificial islands (not to scale)

waves.

Polder

The polder-alternative is a variation of the reclaimed-island. Designed as a polder, the
ground level is situated lower than the surrounding average sea level The great advantage of
the polder alternative is the reduction of landfill. A disadvantage, however, is the increased
rate of damage in case of failure of a dike-section. Consequently, a polder is even more
vulnerable to earthquakes, and especially exposed in case of ship collisions or explosions. A
two-dike system can be a solution. The benefits of less landfill and a shorter construction time
should well be weighed by an increased damage-rate in case of failure. Permanent pumping
is required for seepage and rainfall.

Bottom-fixed (Gravity) type

This type is the heaviest of the six construction-types. It derives its stability against over-
turning from its weight combined with its large base. First a structure is created at a
protected location, then this structure is towed to a ocean-site, where it is filled with sand
or sea water and sunk to the bottom. It is necessary to prepare the site before the structure
is sunk, because a flat sea bed is required. This type is vulnerable to earthquake-loadings as
well. Repairs are very difficult and costly.

Jack-up type

This structure consists of a floating pontoon which raises itself above the sea surface by jack-
ing itself along legs which are lowered to the seabottom after the structure has been floated
into position. Since jack-up platforms can be easily moved from place to place they are best
suited for temporary projects. They are restricted to relatively shallow water locations, up
to 90 - 150 metres. Many oil rigs in the North Sea use the jack-up principle. A jack-up type
has moderate resistance to earthquake-loadings.

Floating type
This type consists of a barge or ark like structure, and the facilities are placed inside or on
its upper sections. Because this is a free floating structure, anchoring is necessary to keep the
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structure located into a fixed position. Automatic positioning systems (Voidth-Schneider)
can be used for this purpose. Floating type structures can be located in water of any depth
and are hardly affected by earthquakes but they have the disadvantage of being affected by
the pitching and rolling caused by waves (including waves caused by seaquakes). In order to
cope with this, measures can be taken. For example, the structure can be surrounded with
a breakwater. Or to dampen the effect of pitching and rolling part of the floating-body can
be submerged (called semi-submerged islands). Depending on changes in the weight of the
load, the drift will change. At present, the Japanese are world-leaders in the field of floating
and semi-submerged islands.

Piling type

This type of island is constructed by driving piles into the sea bottom, on top of which a
platform is placed. Structures are erected on the platform. This type is also affected by
earthquakes.

Table 1.3 shows some construction aspects of the above mentioned artificial island-types, like
typical waterdepths and the estimated lifetime of the structures, as well as some economical
features of the islands. Although this information is retrieved from a report dating back to
1976 [4] it gives an indication about the usability of the structural types. The original report
stated actual minimum and maximum prices per m? island, of course these prices are out of
date now. For that reason the maximum price per m? for the reclamation type has been set
at 100%, taking its typical waterdepths into account. All other prices are percentage related
to the maximum price for the reclamation island. Remarkable is the low cost for the polder
type compared to its estimated annual maintenance costs.

Structural type Typical Approximate Estimated Estimated Annual

‘Waterdepth Relative Costs Lifetime [years] | Maintenance, % of
[m] (Ranges) per m? original costs

Reclamation 0-30 28 - 100% 50 - 100 1-2%

Polder 0-20 0.8-16 % 50 - 100 2-5%

Bottom-fixed

- Tower(steel) 30 - 250 2000 - 20,000% 20 - 30 5 - 10%

- Pedestal (conc.) 100- 300 2000 - 20,000% 25 - 40 - 5%

Jack-up 90 - 150 2000 - 20,000% 20 - 25 5-10%

Floating!

- Tensioned to 300 - 600 1200 - 48,000% 20 - 30 5-15%

Base structure

- Platforms up to 400 15 - 300 480 - 1200% 20 - 40 5 - 10%

% 400 m? and floating

(moored)

- Moored to anchors 150 - 6000 1200 - 48,000% 20 - 40 5 - 10%

- Automatic position 300+ 1200 - 48,000% 20 - 25 5-15%

Piling G-90 144 - 1440% 25 - 50 5-10%

T Semi-submerged

for most cases

Table 1.3: Different aspects of structural island types (does not include access or facilities) [4]

1.3.2 Comparison of structural artificial island types

This section checks the suitability of the six island types on the basis of several parameters.
These parameters are split in two distinguished categories. The first category examines the
influence of natural and structural conditions on the different types of islands. The second
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category examines, if a type of island is suitable to house one of the island-users, as men-
tioned in paragraph 1.2.1 and paragraph 1.2.2.

The items in both categories are rated from 'not suitable at all’ to ’very suitable’. Con-
sequently ++ means ’very suitable’ and —— means ’not suitable at all’. The symbol 0
means indifference. For example, the reclamation type is given ++ for the area-criterion, in
table 1.4. This implies that reclamation types are very suitable to construct large areas with.

Natural and structural conditions

Six specific parameters have been selected to evaluate the structural types of islands. They
can help a designer decide which type of island is preferred. The following items are chosen
area of island, construction costs/m?, construction time, the morphological impact on the
coastline, the possible waterdepth and the influence of waves on the island. Table 1.4 gives the
pro’s and con’s for the man-made island types in relation to the aforementioned conditions.

Reclamation
Characteristics of reclaimed islands:

o Larger areas can be constructed relatively easy.

e Restricted to waterdepths of about 30 m. In deeper water the amount of material
increases rapidly, causing the island to be less economical. However, if waterdepths are
moderate this type is very suitable, especially because landfill can be obtained rather
cheaply. Sea defence structures generally account for the majority of the costs.

e Construction takes some time, as large quantities of material are required. Time is also
required for the settlements of landfill and subsoil. Furthermore, reclaimed islands may
be difficult to demolish.

e Because of its large and massive volume, blocking of waves is considerable and conse-
quently the morphological impact as well.

e Reclaimed islands are not subject to movement and vibration under wave and wind
loadings.

Polder
Characteristics of polder islands:

e Larger areas can be constructed relatively easy.

o Restricted to waterdepths of about 20 to 30 m. In deeper water the amount of material
increases rapidly, causing the island to be less economical. However, if waterdepths are
moderate this type is even more economical than the reclamation type, as less landfill
is required.

Parameter/type Reclamation | Polder | Bottom-fixed | Jack-up | Floating | Piling
Area ++ ++ 0 —— + 0
Construction costs/m? + ++ - - I o
Construction time - - 0 + + 0
Morphological impact on coast —— —_— — + - .
Waterdepth - — + 0 S 0
Wave influences ++ + -+ 0 —— +

Table 1.4: Relation between island-types and natural & structural conditions
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¢ Construction takes some time, as large quantities of material are required. This applies
also for the settlements of landfill and subsoil. Furthermore, polder islands may be
difficult to demolish.

e Because of its large and massive volume, blocking of waves is considerable and conse-
quently the morphological impact as well.

e Polder islands are not subject to movement and vibration under wave and wind loadings.

Bottom-fixed
Characteristics of bottom-fixed islands:

e When large areas are required the dimensions of the structure increase. Nevertheless,
till a certain limit, enlarging the area does not induce problems. Also, larger water-
depths can be reached using this type.

e Because the foundation on the seabed requires preparation, the costs increase. In
addition bottom-fixed structures consist mainly out of steel and concrete, which are
relatively expensive materials.

e The structure can partly be prefabricated, the top structure, however, has to be built
in-situ.

¢ Blocking of waves is considerable.
¢ Bottom-fixed islands are subject to moderate vibration from wave and wind loadings.

Jack-up
Characteristics of jack-up islands:

e Jack-up structures are designed to bear moderate loads on small surfaces. In other
words increasing the area would request a severe modification of the structure. This
fact makes the jack-up less suitable for large areas. An option would be to place more
jack-ups next to each other to increase the area.

o If the area is small costs are in range, but if the area grows this type becomes very
uneconomical.

¢ Because the total cross-section of its legs is small, the effects on waves are relatively
small, resulting in a minor effect on longshore transports.

o Waterdepth, up to 90 - 150 m.

e Jack-up islands are influenced by waves forces on the legs of the structure, and by wind
as well, because the top structure levels far above the sea surface.

Floating
Characteristics of floating islands:

e The possible area is almost unlimited, as is the waterdepth. Anchor forces grow with
increasing area, and require suitable ground conditions.

e Some kind of protection is required to reduce the effects of waves. For example a
breakwater, which increases total costs.
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o These islands lend themselves to prefabrication and mass production, and are relatively
easy to remove at the end of their operational life.

o The blocking of waves by floating objects is slightly less than with structures connected
to the bottom. Still the influence on longshore transport is severe. item Floating
islands are subject to vibration from wave and wind loadings. This can be reduced by
a protection in front of the structure (breakwater) or by lowering the structures center
of gravity.

Piling
Characteristics of piling islands:

¢ The number of piles grows if the area is increased.

o Piling structures consist mainly out of steel and concrete, which are relatively expensive
materials.

e The top structures can be built using prefabricated elements. The piles are driven into
the seabed and the prefabricated elements are placed on the piles. Construction time
is moderate.

o Because the total number of piles is large, the effects on waves are considerable. This
will consequently result in a considerable effect on longshore transports.

¢ Waterdepth, up to about 90 m.

o Piling islands are influenced by waves forces on the piles of the structure, and by wind
as well, because the top structure levels far above the sea surface. In case the top
structure is partly submerged, additional wave forces have to be encountered.

Users

Table 1.5 gives the pro’s and con’s for the man-made island types in relation to the ten types
of users.

Ocean mining & Exploration

Waterdepth has a major influence in the choice of a type of structure. A significant feature
of mining platforms is the small area on which the equipment is placed. When greater depths
are considered reclamation is unfavourable, a relatively large volume would be needed in pro-
portion to the surface-area, but for limited waterdepths the reclamation or polder types can
be very suitable. For example in the Canadian Beaufort Sea, reclamation islands were used

Parameter /type Reclamation | Polder | Bottom-fixed | Jack-up | Floating | Piling
Ocean mining& Exploration 0 0 ++ FF 0 F
Recreation ++ + 0 - 4+ 0
‘Waste handling + + 0 - 0 0
Mariculture ++ - —— 0 — +
Temporary&Aiding + ++ 0 - - _
Energy generation + + + + + +
Port B - [} —_— + +
Airport ++ + - —— + _—
Waste island ++ ++ + —— - ——
Industrial island e 0 0 _ + 0
Complex city +4 + 0 —— + o

Table 1.5: Relation between island-types and users
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in order to withstand the heavy loading by ice and enabled work for 12 months per year.
Bottom-fixed islands are very appropriate for mining, the interior can be used as a storage
for oil and gas. Also the jack-up type can be put on the job temporarily. The floating type
can work in greater depths (using automatic positioning systems, to maintain in position)
but must stop their production in bad weather conditions.

Recreation

A large variety of recreational purposes exists, therefore it is hard to give judgement about
the suitability of the island types. Nevertheless, the types which can provide large areas are
given a higher ranking.

Waste handling

To function properly, a waste handling island has to be positioned near major producers of
waste, being either urban areas or industrial zones. This probably means that waterdepths
will be moderate, because of its location close to shore. Reclaimed and polder type islands
will be most suitable.

Mariculture
Mostly small and cheap area are required. In addition, the island type must be suitable
both for surface activities and underwater activities (farming of fish).

Temporary&Aiding

In general, areas are small for temporary islands and aiding islands. When the island is used
as a construction-dock or a launching-base for a tunnel-drilling-machine [7] the reclamation
type is most suitable. When closure of channels is involved, the main property of the island
is to resist the currents. Bottom-fixed and reclamation are considered for in this case.

Energy generation

The immense variety of possibilities for energy generation on an island complicates a good
choice of a structural island type. A windmill park requires a total different lay-out than a
Pomp Accumulation Plant, for example. In principle, all six structures can be applied for
energy generation, like table 1.5 shows.

Port

A port demands an unconstrained access to its berths, and in most cases a large area for
logistic operations as well. All structures are eligible for deepwater access; the reclamation
and polder types require a vertical sea defence or a protected harbour instead of slopes on
the island-side were transhipment is considered. A polder is less appropriate, because goods
for transhipment has to be raised and lowered to a higher or lower level inside the polder,
which takes extra time. A jack-up is uneconomical when large areas are needed, the same
holds for the bottom-fixed type, however, to a lesser extent.

Airport

An airport requires a considerable amount of space, and is preferably situated some distance
offshore to minimise noise pollution. One should keep in mind that the distance offshore is
also limited by the transportation time from the airport to the main-land. An airport built
on a reclaimed island has already proved to be technical possible, viz. Kansai International
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Airport, Nagasaki Airport and Chek Lap Kok, as a large area can be constructed. This also
holds for the polder type, but some minor hindrance can be expected from the dikes or other
structures surrounding the lower positioned airstrips. Airports need to be constructed close
to inhabited areas, so waterdepths will probably be limited. A limited waterdepth makes the
reclaimed and polder types very suitable and costs minimal. Other types will be more ex-
pensive in limited waterdepths. Especially the jack-up type, since more jack-ups are needed
to require a sufficient large area. The bottom-fixed method requires expensive materials and
such will not be economical.

Waste island

Waste will be used as construction material for these islands. Reclamation and polder islands
make excellent use of this waste as fill material. The interior of a bottom-fixed structure can
be used as waste storage as well, but will be more expensive. The remaining three types do
not offer great possibilities for the storage of waste.

Industrial igland

Considering an industrial island certainly needs a (deepwater) port, the same remarks count
for this multi-purpose island as for a port-island. Moreover this type of islands requires a
large amount of building-space. Because of the large area that is required the difference in
level mentioned for the polder becomes less important. An extension of a floating structure
requires the same price per square metre as the first square metre. On the other hand
extended square metres of reclaimed islands are cheaper, because the sea defences account
for the majority of the costs (see also chapter 4).

Complex city

A complex city requires a great area and a fast transport connection to the urban areas on
the mainland. The parameter area is the main factor determining the ratings in Table 1.4
for the purpose of a man-made island as a complex city.

1.3.3 Restriction to detail reclaimed artificial islands only

Reading paragraph 1.3.1, unconsciously preference could be given to a certain type of island.
This should be avoided, and the choice for a type of island should depend strongly on its
final purpose, as described in paragraph 1.2.

This report chooses to investigate reclaimed artificial islands only. The following reasons can
be brought up. Reclaimed islands are cheap alternatives to other types of man-made islands,
provided that they are employed in restricted waterdepths (refer to table 1.3). Fill-material
is relatively cheap, especially when the area of the island increases. Furthermore, larger areas
can be realised with minor additional effort. Another reason is the fact that reclaimed islands
are the most employed man-made islands so far. This implies that they have proven their
worth and experience is available (see references).

Although polder islands are related to the reclaimed islands, they are not discussed in this
report. The reason is not of a technical nature, but results from its social viability. Most
countries in the world object to idea of placing expensive structures and even human lives
on surfaces below sea level. Assumed risk of flooding and unfamiliarity are the main reasons
to drop this type of island, and certainly not any kind of technical limitations.
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1.4 Problem description

The initiation for this report was given by C. Stigter M.Sc, of Boskalis Westminster NV, and
also member of the final examination committee. As an engineer, he was, and still is involved
in the design of several artificial islands. Within the framework of mister Stigter’s work at
Permanent International Association of Navigation Congresses (P.I.A.N.C.) this report could
provide some added value. The bulletin published by P.LA.N.C. has discussed artificial
islands several times already.

The problem description in this paragraph and the research purpose in the next are given in a
general way, in order to cover the contents of this report. Both chapter 3 and chapter 5 have
their own problem description and research purpose, because the subjects of these chapters
are too detailed to describe in this introductory chapter.

The problem description is defined as follows:

Many man-made islands were constructed in recent times all over the globe. However, some
islands were never built and only exist on drawing boards. A catalogue of these islands was
never made. Furthermore, useful time is wasted in the initial phase of the design, specifically
with regard to the assessment of sea defence structures. Useful guidelines to help designers
and constructors in this initiation phase of artificial-island design do not exist.

1.5 Research objective

Designers of artificial islands should be able, with the aid of this report, to make a first
assessment with regard to sea defence structures. Moreover, they should be able to estimate
the short term consequences of a man-made island on longshore transports. Finally, they
should be provided with some design limits, collected from literature.

1.6 Problem approach

The guidelines, which will help future designers are obtained in the following way.

1. First a literature research was carried out.

2. Using the literature, the general introduction was made, combined with the choice for
reclaimed artificial islands.

3. This research resulted in several {economic) limitations in the design and construction
of man-made islands. Furthermore, a collection of severe problems related to artificial
islands was formulated.

4. Two of these problems, which are mostly related to the field of coastal engineering,
are more detailed in this report. Namely, the choice of different types of sea defence
structures and the influence of man-made islands on longshore transports.

5. Together with an extensive list of references, these items form the lion’s share of this
report, and -more important- fulfil the research purpose as formulated in paragraph 1.5.



16 CHAPTER 1. INTRODUCTION

The guidelines were drawn up using knowledge, collected from literature. This knowledge
was extended, by making use of existing theories and methods, especially in the field of sea
defences and morphology. This resulted in guidelines with regard to economic evaluation of
sea defence systems, and guidelines that provided an indication of the short term influence
of artificial islands on longshore transports.



Chapter 2

Experience gained from
constructed islands

2.1 Introduction

During the initiation-phase of this project, a thorough literature research was executed. Two
main purposes were aimed at, viz. to come up with a collection of artificial islands, and to
investigate the main problems involved in the construction and design of man-made islands.
The first purpose resulted in a summary of world-wide constructed and planned islands. Ex-
amining these islands, already reveals some guidelines, which are discussed in paragraph 2.2.
The latter purpose, discussed in paragraph 2.3, also serves the realization of guidelines.
Knowing the main construction and design problems, a more useful correspondence can be
made between the presented guidelines, and the desires and demands of this report’s users.

2.2 Similar structural properties of artificial islands

Appendix A shows a collection of man-made islands, categorized by continent or region.
Both constructed islands and islands, which never passed the design phase are included in
the collection. The islands are sorted by construction or design period. Moreover, for each
island several structural features are mentioned, such as waterdepth, the surface area and
the distance offshore. The column Code uses abbreviations to indicate what type of user
exploits the island. The same abbreviations are used, as stated in table 1.1 and table 1.2.

Examining the structural features of the islands, guidelines can be given about the maximum
waterdepths to employ reclaimed islands in, the relation between surface area and the distance
offshore, etc. Some of the data presented in appendix A is incomplete. Nevertheless, if it
was possible to draw a relation between features, this was done. The possible relations
are displayed in appendix B, subdivided for built and planned islands. Since the data in
appendix A does not include all existing man-made islands, the relations drawn in appendix B
should be considered as indicative. The curves, drawn in the graphs indicate either upper-
boundary limits or a generalised relation between the waterdepth and the distance offshore.

17
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Below, the guidelines resulting form the collection of artificial islands and their relations are
summed up.

o In general, economical waterdepths are restricted to = 30 m
Appendix B.1 and appendix B.3 show, that built islands hardly exceed waterdepths of
30 m. Though artificial islands are planned in waterdepths up to 200 m, the majority of
planned islands still does not exceed the 30 m limit. The prediction stated in table 1.3
is now verified. However, if the profits of employing an island in deeper water are high
enough, the waterdepth restriction can of course be abandoned.

¢ Generally, an increase in island size involves a decrease in waterdepth
In appendix B.1 and appendix B.2 imaginary curves have been drawn, to indicate the
upper-boundaries. The observed relation is a logical result form the desire to construct
as economical as possible. Shallow water construction, requires less landfill and material
for the sea defences, consequently a cheaper design results. The economical advantages
increase even more for larger areas.

e Artificial islands are preferably built close to shore (< 5 - 10 km)
Built islands are mainly deployed at distances offshore of less than 6 to 10 km. Fu-
ture islands are, however, already planned at distances offshore of up to 50 km. One
reason to keep distances offshore short, is the costs involved in the approach facilities.
Furthermore, the relation between waterdepth and distance offshore is obvious.

o Generally, an increase in island size involves a decrease in the distance offshore
This relation is shown in appendix B.5 and appendix B.6, upper-boundary curves have
been included as well. Because of the relation between waterdepth and distance off-
shore, the remarks stated in the second bullet are in force as well. Greater distances
offshore, indicate flatter bottom slopes in most cases.

e A minimal amount of polder islands have been built
In the collection of appendix A limited polder islands can be found. Although the
polder islands shows great resemblance with reclaimed islands, investors seems reserved
to put money into these projects. Most countries in the world object to the idea of
placing expensive structures and even human lives on surfaces below sea level. Assumed
risk of flooding and unfamiliarity are probably the main reasons. Some polder islands
have been built in the Netherlands.

2.3 Main construction and design problems

Literature published on artificial islands over the years, brings to light problems, in the
construction and design of artificial islands. The problems range from very specific to general
and from severe to minor. Since one of the goals of this project is to present guidelines, the
most common problems were selected, some of which are detailed in this report. Four main
problems are summed up below, in a random order. Two of the mentioned problems are more
detailed in the continuation of this report. These two problems relate to the field of coastal
engineering, while the other two problems are more related to the field of soil-mechanical
engineering. All four problems are briefly described in paragraphs in this chapter.
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Earthquakes Damage to sea defences

Liquefaction

Tsunamis
Morphological impact  Erosion and accretion of coastline

Erosion and accretion of island

Consequences of soil removal at borrow sites
Overall cost reduction  Choice of sea defence structures

Equipment

Obtaining fill-material

Distance to borrow site

Availability of fill- and armour-material
Settlements Undesirable settlements

Time involved, before required settlements are reached

2.3.1 Earthquakes

Depending on the region where the island will be built, earthquakes can cause serious prob-
lems. Precautions must be taken to minimise the effect of earthquakes. Influences of earth-
quakes on artificial islands are subject of a soil-mechanical study and therefore no part of
this report, however some remarks are given.

Earthquakes can cause damage to both the sea defences and the structures placed on the
island. Three types of failures are to be distinguished:

o Soil liquefaction
e Horizontal acceleration or lateral movement of ground

o Vertical acceleration
To avoid damage, especially liquefaction some measures can be taken:

e Apply ground improvements:
- Sand drain works
- Sand compaction piles
- Deep mixing

o Use of coarse material, which can more easily dewater, thus the change of liquefaction
is much smaller.

¢ Removal of soft deposit layers. The thicker the soft deposit, the greater the ground
shaking will be, caused by the effect of amplification.

Sea-quakes are able to generate tsunamis. American experience shows that waves induced
by tsunamis only reach heights of a few metres along most East and Gulf Coast areas. The
wave height is most likely less than the design wave height ([8] third part, p21). Nevertheless,
the wave period can differ severely, resulting in a more severe wave impact.

Research data about earthquakes and ground improvements are among others mentioned in
9], (10], [11], [12] and [13].



20 CHAPTER 2. EXPERIENCE GAINED FROM CONSTRUCTED ISLANDS

2.3.2 Morphological impact

An artificial island placed some distance offshore induces a wave energy low zone behind
it. In this zone, wave heights will be lower than would be the case in a situation without
the island. Due to the reduced wave heights longshore sediment transports are reduced as
well, and accretion will occur. Extra expenditures are required to overcome the effects due
to accretion and erosion. The morphological aspects of man-made islands are discussed in
chapter 5.

2.3.3 Overall cost reduction

The total construction costs of artificial islands depend both on the costs for the sea defences
and the costs for the landfill. The construction costs for sea defences are detailed in chapter 3.
Extremely large quantities of material are needed to fill an island. Even when a polder-island
is considered, still a great potential of landfill has to be found. The economical distances
from the island-site to the borrow-area, depend largely on the used equipment, size of the
island and workable periods per year. A short description of the dredging-process is given in
chapter 4. The same chapter discusses the relation between total construction costs and the
surface area of the island as well.

2.3.4 Settlements

These kind of problems are part of a soil-mechanical study as well, and are not studied in
this report. Depending on the original bottom-soils, undesirable settlements can occur, e.g.
Kansai International Airport [11], [14] and [15]. Removal of low quality layers before con-
struction is recommendable. Secondly, the settlements have to achieve a certain level before
structures can be placed on the island. To speed up these settlements, ground improvements
can be applied as well (see paragraph 2.3.1). Apart from the already mentioned literature,
some information is also mentioned in [12], [13], [16] and [17].

2.4 Remarks

This chapter and the introductory chapter, have introduced the reader in the various aspects
of reclaimed artificial islands. The limits in design and construction of this island-type were
mentioned. These limits are applied in the continuation of this thesis. For example, in
chapter 3 an economic evaluation is made for sea defences. The maximum waterdepth in
this evaluation is set to 30 m, according to the value found in paragraph 2.2. Furthermore,
the surface areas used in the morphological study are related to realistic areas, found in
appendix A.



Chapter 3

Design of the sea defence
structures

3.1 Introduction

Generally, the largest part of a reclaimed island consists of landfill. Landfill is generally
composed of relative fine material, for example sand. If the landfill would be just dumped
at a certain location offshore, without further paying any attention to it (not applying any
nourishment), it would soon be eroded and transported by the movements of waves and
currents. To maintain the landfill at its original location, several measures can be taken.
The total of measures needed to prevent the landfill from eroding, is called the sea defence
system.

Sea defence structures for artificial islands can be distinguished in three types:

1. Soft defence systems
2. Hard defence systems

3. Combined defence systems.

A soft defence systems consist solely out of fine, mostly natural material, like sand and gravel
and is suitable for moderate wave-climates. After the construction of a soft defence, nature
reshapes and erodes the defence system under the influence of morphological processes. A
prediction of the magnitude of these processes is made in advance. By means of periodical
beach nourishment’s, the defence systems can be kept operational. Under moderate wave
attack the capitalised costs for construction and maintenance may prove to be an economical
alternative. An example is an artificial beach constructed out of sand or gravel.

A hard defence system derives it protective use from its overall inability to move. This type
of defence literally forms a boundary between the landfill and the attacking waves. The
majority of its lifetime costs are determined by the initial construction costs. A hard defence
is very suitable in locations attacked by severe wave action. Examples of hard defences are
a rubble mound defence, a caisson-type seawall and sheet-piles.
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A combined system couples the two previous systems. To reduce the amount of material
used for nourishment hard structures are added. For example groines can be erected along
the surroundings of the island or a detached breakwater can be placed in front of the island.

This report only discusses hard sea defence structures. Using these defences, islands can be
constructed in deep water and in more severe wave-climates.

Two types of sea defences are described in the following paragraphs, viz. the rubble mound
sea, defence and the caisson-type seawall. These types have proven to resist severe wave
attack and have been used widely in the construction of artificial islands. At the end of the
chapter guidelines are presented, when to use which type of seawall.

3.2 Rubble mound sea defences

A tubble mound sea defence consists of several layers, most of which are constructed with
quarry (rubble) stones. The outer layer, called the primary armour layer, must be designed
to withstand the expected wave attack. And as a general rule, each layer of the rubble mound
sea defence must be constructed in such a way that the adjacent layer of finer material can not
escape by being washed through its voids. A typical cross-section of rubble mound sea defence
is shown in figure 3.1. The most significant elements of the cross-section are dealt with below.

Filter layer

A bottom filter layer prevents the erosion of fine materials, such as sand, from underneath
the sea defence. And consequently the bottom filter layer guards the overall stability of
the sea defence. A filter layer is most necessary when the bottom consists of easily eroded
material. If the bottom is rock, a filter becomes superfluous. The bottom filter layer can be
constructed of small quarry stones. When the quarry run is too large, the bottom material
too fine or the wave-climate too severe, special woven mattresses can be applied. These
mattresses can be made sandtight by using woven geotextiles.

Toe structure

The function of the toe is to support the lower portion of the primary armour layer and to
protect the filter from direct wave attack. Furthermore, a toe constructed similar to the one
drawn in figure 3.1, eases the construction of the sea defence. The berm of the toe enables
a certain tolerance in placing of the armour elements. The weight of the toe-stones is deter-
mined primarily by the waterdepth in relation to the wave height. One can understand that
the weight diminishes with greater depths.

Dikes

These small dikes are made out of quarry run. Quarry run consists of the finest parts in
the total grading of a quarry output. The dikes have a height of about 3 to 4 metres. The
purpose of these dikes is twofold. Firstly they serve as core for the sea defence, in other words
they prevent the landfill from washing out through the voids of the secondary and primary
armour layers. And secondly, during the filling process of the island landfill is dumped or
pumped between these surrounding dikes.
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Bottom Filter |
Reference Line——"

Figure 3.1: Specific elements of rubble mound sea defence

Concrete cap

A concrete cap can be placed in the superstructure. The cap provides support for the layer
of armour elements. Furthermore, the cap can provide access for vehicles (cranes for repair-
works) and accommodation for pipelines (industrial island).

Filter cloth

Although the sea defence is to be designed in such a way that overtopping will be limited,
still some amount of water has to be discharged to the open sea. This water can come also
from either rain-fall or spray under unfavourable wind-conditions. A filter cloth is applied
for the coarser parts of the sea defence (secondary armour), to prevent washing out of landfill.

Reference line

This imaginary line indicates the boundary between the actual sea defence and the island’s
landfill. At the island side of the reference line, it would be preferable to construct a road
first, and start the actual buildings somewhat more inland. In that case, overtopping and
spray can be easily dealt with.

Secondary armour

This layer is built up out of quarry stones. The secondary armour acts as a transition
between the primary armour layer and the core material or the dikes in this case. The stone
size of this secondary armour layer depends on the weight of the primary armour elements.
Sometimes the secondary armour layer has to be built up of two layers, different in stone size.

Primary armour

The primary armour layer consists of material, which must be able to withstand the designed
wave-attack. This material could be, just like the rest of the sea defence, quarry stones.
Quarry stones are relatively cheap. But a disadvantage of a quarry stone armour layer under
severe wave attack, is the enormous weights required as well as the required thickness of the
outer layer. Therefore artificial concrete armour units have been developed over the years.
Concrete elements may prove useful in areas where only small or too few large quarry stones
can be produced. A collection of types of concrete armour units is shown in figure 3.2. Only
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four types of armour units are used in this report. All four types are listed below, and for
each type a short description is given.

1. Quarry stone armour
At sites where the quarry is relatively nearby as well as in shallow water sites, a rubble
mound sea defence armoured with quarry stones is an economical alternative. Because
the stones are obtained by blasting at a rock-quarry, sharp angular elements result with
a natural interlocking capability. Nonetheless, this interlocking capability is less than
with certain concrete armour units.

2. Dolosse

Dolosse are anchor shaped concrete armour units, without any reinforcement, designed
to interlock with each other. Due to their high interlocking capability higher waves can
be withstood compared to other armour elements, having the same weight. The dolos
was first developed in South Africa, in 1963. During the late 1970’s and early 1980’s
a number of dolosse breakwaters failed. Resulting from these failures, research was
initiated to prevent future failures. Below, some measures are stated to minimize the
risk of dolosse-failure:

¢ Placement
Attention should be paid to accurate placement. If the dolosse are placed in a
selected order and in a double layer, their working is more guaranteed and the
risk of failure is reduced. Random placement should be avoided at all times.

¢ Damage coefficient
Early values for dolosse damage coefficients Kp were in the range of 20 - 25.
The symbol Kp indicates the stability of the armour elements, see appendix C.
Present day K p-values used in Hudson-formulae amount to 15.8.

e Fluke-Shank intersection
Several papers have been published on failure-mechanisms, for example [19], [20]
and [21]. These papers identified the fluke-shank intersection of the dolos as a
region of structural weakness. Over 80% of the dolosse breakages were found to
originate from this point. From tests it was concluded that the static and dynamic
tensile stresses at the fluke-shank intersection can be reduced by more than 60%
by incorporating a large fillet extending to mid-shank. Although the hydraulic

Parallelepiped Grooved cube Accropod ® Dolos Seabee
block wnh hole
Cube Grooved cube Tetrapod Haro ® Shed Cob
(Antifer type)

@@d}

Figure 3.2: Examples of concrete armour units [18]
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stability of the dolos is expected not to be influenced by the alteration, this has
still to be tested.

e Maximum weight of dolosse

Because dolosse are slender elements, it is advised not to apply them to their
maximum available weight. At heavy and slender concrete units, shrinkage-cracks
may occur due to uneven cooling and hardening of the concrete. Consequently,
heavy and slender concrete armour units can break (brittle) at minimal cross-
sections under severe wave attack. For that reason, dolosse (and tetrapods) are
applied to a maximum weight of 20 tons in this study. Moreover, special attention
and care for the hardening-process is required during the fabrication of these type
of concrete units. More information about the maximum weight of dolosse is found
in paragraph 3.4.2.

When attention is payed to the above mentioned measures, dolosse provide great in-
terlocking with a greatly reduced change of failure. For that reason they have been
selected in this thesis.

3. Modified cubes

This element is evolved from the cube. Many different models of modified cubes have
been developed. But whatever modifications have been made, all models still resemble
a cube. Modifications differ from holes to additional caps, but all are applied to increase
the damage coefficient value and to save on the amount of plain concrete. The first
modified cube was applied in the United States around 1959. Damage coefficients are in
the range of 6 to 7. In this paper the modified cube, as mentioned in Shore Protection
Manual 1975 is used. At its top side, this cube has caps on every corner, and at its
bottom side a square notch is applied (this type of modified cube is unfortunately not
shown in figure 3.2).

Modified cubes are relatively easy to make, with only a limited need of shuttering.
Consequently, modified cubes can be considered as a standard in concrete armour
elements.

4. Tetrapods

Tetrapods are plain concrete armour units consisting of four arms projecting from a
central hub. The angular spacing between all arms of a tetrapod is the same. The tetra-
pod was developed by SOGREAH in France in 1950. Damage coefficient for tetrapods
range from 7 to 8. The same can be said for tetrapods as for dolosse, they should be
placed in a selected order, and not be applied up to their maximum available weight [22].
When the measures are taken into account, a tetrapod makes a well usable type of ar-
mour.

Above mentioned armour units should be placed in a double layer to assure their proper
working. However, some concrete armour units are claimed to be placed in a single layer, e.g.
accropods and core-loc.  The individual units are more expensive, but it is obvious that the
total costs are reduced when elements are placed in a single layer. The question may arise,
why these elements have not been chosen in this report. Not enough information and expe-
rience is available to come up with a considered examination of these elements. Accropods
have been applied only recently, and extensive information about failure-mechanisms is not
available.
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3.3 Caisson-type seawalls

Caisson-type seawalls, also called vertical wall-type seawalls, generally consist of a caisson
placed on a mound of quarry stones. In some cases the exposed side of the caisson is protected
by concrete armour units. The inner part of the caisson is divided into cells. These cells can
be partly or totally filled with sand or some other material to increase the stability of the
caisson. The caisson itself is constructed out of reinforced concrete. Three different caisson-
type breakwaters can be distinguished, as can be seen in figure 3.3. Similar structures can
of course function as sea defences for artificial islands as well.

In areas where the quarry stones are scarce, sub-type (a) may be a good alternative. To
reduce costs, the caissons can be placed on a rubble mound, a suchlike structure is called
a vertical composite breakwater. If breaking waves are expected, the caisson needs to be
protected by a sloping mound of armour elements, this is called the horizontal composite

breakwater.

Experience with caisson type breakwaters have been gained in Italy and especially in Japan.
Most of the rules of thumb and the design-equations, used in this report, have been derived
from Japanese literature. In Japan, the caisson type, particularly the caisson type compos-
ite breakwater, has almost always been used for larger breakwaters since about 1900 when
caissons were first used as breakwaters. They were used in Japan because of the often en-
countered difficulty of obtaining large quantities of stones , the reliability of work performed
by the caisson type and the need for speedy construction.

Vertical composite breakwater

This type becomes attractive when the waterdepth increases. However, it has one potential
danger. The mound can cause waves to break against the caisson, resulting in high impact
forces on the caisson. Many caissons have failed due to these forces in the past. To prevent
excessive forces the mound should not be too high and the width of the seaward berm should
not exceed 1/20 * L. L is the length of the steepest design wave which can occur at the
breakwater. Though, if the mound is too low the weight of the caissons will fail to be evenly
dispersed.

Horizontal composite breakwater

If breaking waves are expected, an armoured mound can be placed in front of the caissons.
The mound must absorb and break part of the wave energy effectively. Because of this
protection the impact forces on the caisson are greatly reduced.

3.3.1 Measures to increase effectiveness of caisson-type seawalls

The design of caisson-type breakwaters over the years, has resulted in several measures to
reduce the wave loads or to reduce material, some of these measures are summed up below.

Sloping top

A caisson constructed with a sloping top is called a Hanstholm-caisson, named after the
place in Denmark where this type of caisson was first used in the 1960s. The use of a sloping
top from about S.W.L. to the crest is very effective in almost eliminating impact forces from
breaking waves and in reducing the load from non-breaking waves. This solution, however,
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Figure 3.3: Caisson-type breakwaters [23]

is not feasible where large water-level variations occur because the sloping front must start
approximately at S.W.L. Normally, the slope is constructed having an angle of 45 degrees.
In general, the wave transmission over the sloping top caisson is larger than that over the
ordinary vertical caisson, when the crest height remains the same. Secondly, a sloping top
increases the effective weight of a caisson. When a wave runs up the sloped part, its resul-
tant force points downwards, instead of horizontally when the wall would be vertical, and
thus increases the resistant force against sliding. At the same crest height considerably more
overtopping is encountered with a sloping top caisson.

Perforated front wall

A vertical wall almost totally reflects the incoming waves. If reflection is undesirable or
if wave forces need to be reduced, the caisson’s front wall can be slit or perforated and an
interference chamber is build behind it. Some wave energy is dissipated when the waves
pass through the holes or slits in the front wall. Consequently the reflection and wave force
is reduced. The width of the interference chamber is about 0.15 to 0.25 of the local wave
length for optimum reflection absorption. Two or more interference chambers may be used
to increase dissipation. For longer wave lengths, these chambers require large widths of the
caisson.

Wave energy reducing structures
Structures such as (submerged) breakwaters can be placed in front of the caisson. This way
the impacting forces on the caissons are reduced, and the caissons can be constructed less

heavy.




28 CHAPTER 3. DESIGN OF THE SEA DEFENCE STRUCTURES

3.4 QGuidelines for the use of sea defences

The final objective of this chapter is to come up with general guidelines for the use of sea
defences. At the end of this chapter suggestions are given, to help designers in their choice
between sea defences, dependant on certain natural conditions. Of all possible types of
sea defences only the rubble mound and the caisson-type seawalls are discussed, because of
considerations already mentioned in the introduction of this chapter. This paragraph deals
successively with the research objective, and the design starting-points.

3.4.1 Research objective

When the local wave conditions at the island are known, this report helps designers in their
choice between defence structures. The users of this report have to know the waterdepth at
the toe (including additional rise due to wave setup ,etc.) and the wave height at this point.
The choice between sea defences is based on the desire to construct the cheapest possible
cross-section.

To be able to make a considered deliberation between the types of sea defences, the same
starting-points have to be assumed for each design. For that reason several restrictions and
assumptions are enforced, which form the basis for the final designs. These considerations
are discussed in the following paragraphs.

3.4.2 Design restrictions

Natural restrictions

This report uses the local significant wave height Hy, given by the user, to come up with the
most economic type of sea defence. Moreover, the design of rubble mound sea defences and
caisson-type seawalls depends on the wave period as well. The ratio between wave height
and the wave period is known as the wave steepness s.
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Fortunately, the range of steepnesses is limited in nature. Steepnesses steeper than 0.05 or
flatter than 0.01 are very unlikely in nature. Thus, if only the local wave heigths generated by
deepwater waves having a steepness of 0.01 and those of 0.05 are examined, the two extremes
are accounted for. Both steepnesses have their own wind induced origin, as stated below.

Wind induced waves can generally be devided into two groups:

e Seas: These waves are generated by a local storm, and waves reach the beach in nearly
the shape in which they are generated. These waves are steep, a typical steepness isin
the range of 0.05.

o Swell: If waves are generated by a distant storm, they may travel through hundreds or
even thousands of miles of calm areas before reaching the shore. Wavelengths are long,
and typical steepnesses are in the range of 0.01.
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Of course, seas and swell can occur at the same time and location. And an intermediate wave
can appear as well. However, this report is limited to the two basic conditions.

Now, that the steepnesses are known, realistic assumptions need to be made for the sig-
nificant wave heigths. Another limited condition by nature can be used, namely the wave
period. Wave periods over 15 to 20 seconds for significant wave heigths require very large
fetch-lengths and high wind-speeds. If one assumes that 20 seconds is a maximum for signif-
icant wave periods, the maximum deepwater wave heigth can not be too high, according to
equation 3.1. A maximum wave heigth of 6.0 m is assumed for waves having a wave-steepness
of 0.01. Steep waves, on the other hand, can reach high wave heigths. A maximum wave
heigth of 12.0 m is assumed for seas.

Furthermore, the maximum wave height is limited by the waterdepth. A general rule of
thumb, widely used in coastal engineering, is applied here as well.

Hg when Hy < 0.5 * h (h = waterdepth)
H, = (3.2)
0.5*xh when Hyy > 0.5*%h

3.4.3 Design assumptions

These assumptions are enforced by the designer himself. According to the use for which
an artificial island is constructed, the design has to answer certain design-limitations. Fur-
thermore, assumptions are made to overcome some uncertainties, like local soil conditions,
availability of material, etc.

Natural assumptions

e Bottom-slope: The bottom-slope indicates the economic possibilities to construct a
man-made island. If the slope is steep, a certain depth is reached at a distance closer
to shore compared to a flat slope. Consequently, the required surface area of the island
needs to be extended, sooner, parallel to the shore-line to obtain this area. Furthermore,
the bottom-slope determines at which distance offshore waves start to break. Again a
flat slope is more attractive, since the surfzone is extended further offshore and reduced
wave heigths are expected over a larger area compared to steep slopes. Goda’s method,
used in the computations of caisson-type seawalls, requires a given bottom-slope. For
the design of rubble mound sea defences the bottom-slope is unimportant in this report,
and even for the caisson computations its influence is limited. Nevertheless a uniform
bottom-slope of 1 : 250 is chosen.

¢ Local soil conditions: It is assumed that the soil layers, on which the defence structures
will be build, have enough bearing capacity and no ground improvements are necessary.
Settlements of the soil layer and cavities in the underlayers are excluded as well.

e Waterdepth and Sea Level: The local depths and wave heights in the sea defence-
calculations are measured at the front of the toe, rubble mound or horizontal protec-
tion layer in case of horizontal composite seawalls. Furthermore, the depth already
accounts for predicted sea level rise by tides, storm conditions, wave setup, etc. The
corresponding level is called Sea Level (S.L.), thus:

S.L. = M.S.L. + Ah (tides, storm, wind, etc.) (3.3)
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Design-limitations

o Minimal overtopping allowed: Because costs per square meter are high for an artifi-
cial island, it should be possible to place structures directly behind the sea defences.
However, some overtopping or spray can occur, and a drainage system is therefore
required. For rubble mound sea defences, overtopping is related to the wave run-up.
If the crest-height is higher than the maximum wave run-up, no overtopping will oc-
cur at all. However, this is an uneconomical condition, therefore it is normal practice
to indicate a maximum exceedance level for the run-up. In this thesis an exceedance
level of 2% for the wave run-up on rubble mound sea defences is allowed. This means
that 2% of the approaching design waves reach a higher wave run-up level than the
calculated maximum run-up level. For caisson-type seawalls the crest height should
be constructed in such a way that minimal overtopping occurs. A system could be
placed to discharge the overtopped water, the spray and the rain-fall. In case roads are
required on the island, these roads could be built as a boulevard and at the same time
used to face the problem of overtopping water.

e The total costs for each cross-section are determined, under the condition of perpen-
dicular approaching waves. Perpendicular waves cause the maximum force on a sea
defence.

e Concrete armour units: Concrete armour units, except modified cubes, should not be
used if their weight exceeds 20 tons. This limitation is enforced, because heavy concrete
units can break (brittle) under severe wave attack. For example, the weight of a broken
arm of a tetrapod is reduced to one fourth or one fifth of the original tetrapod’s weight.
Due to its reduced weight this arm will be moved by the waves. When the arm hits
other elements these can break as well, resulting in further damage and in the worst
case causing total failure of the sea defence structure. This disadvantage does not
occur using modified cubes, because their minimal cross-section is much larger than
that of the majority of the concrete armour units. Consequently greater forces can be
withstood.

o Armour weight formulae: For rubble mound sea defences two types of formulae are used
in this report. A formula by Van der Meer is used in case of quarry stone armour, the
Hudson-formulae are used for concrete armour units. A more uniform outcome would
result if the same formulae were used in all cases. However, no formula by Van der Meer
could be found for dolosse, and the Van der Meer’s formula for quarry stone armour
gives more realistic results than Hudson-formulae for the same armour. The weight of
the protective layer in case of a horizontal composite caisson-type is computed using
the Hudson relation as well.

e Density of armour elements: The density of the quarry stones is assumed to be 2650
kg/m3. The concrete elements are given a density in the same range, namely 2621
kg/m3 (a standard value in Shore Protection Manual 1975). This kind of density for
concrete elements (without reinforcements) can be achieved by mixing the concrete
with heavier aggregates, like iron ore.

Economical assumptions

e Concrete armour units: A standard price for modified cubes is assumed of US §
(b + 70) / ton. This is the all in price, for fabrication and placement. The overall costs
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for dolosse and tetrapods, however, amount to US $ (b + 80) / ton. This is caused by
the fact that the cost for fabrication and shuttering are more expensive as compared to
modified cubes. A parameter b is introduced to indicate additional costs, for example
extra transportation costs. For normal manufacturing conditions b = 0, which means
that concrete armour units can be relatively easy fabricated. If the fabrication of
concrete armour units faces some difficulties, this can be indicated by a value of b > 0
(e.g. remote area, high cement price, etc.).

e Quarry stones: A similar approach can be applied for quarry stones. For quarry stones
a parameter a indicates the additional costs. The all in costs are mentioned in table 3.1.
The original situation where a = 0, indicates a delta-region with a suitable quarry at a
distance of several hundreds of kilometres away.

Note: This distance implies that not the cheapest possible costs for quarry stones are
assumed. In paragraph 3.5 the value for ¢ is varied.

e Relative costs: A ratio (a - b) >> 0, indicates that additional costs for quarry stones
will be more expensive than those for concrete units. And a ratio (a - b) << 0, indicates
that additional costs for concrete units will be more expensive than those for quarry
stones.

e The costs for a certain type of sea defence are determined per length metre. The
reference line, as shown in figure 3.1 indicates the boundary between the actual rubble
mound sea defence and the landfill. Costs for rubble mound sea defence are calculated
as the total costs for all parts at the seaward side of the reference line. For caisson-type
seawalls an imaginary vertical reference line can be drawn at the island-side of the
caisson. However, the total costs for the mound should be included.

e Collective cross-section parts: Items, like bottom-filters, filter cloths and construction
details, which are the same for all sea defences or contribute minor to the total costs
are not calculated in the final costs of the cross-section.

3.4.4 Examples of calculations

The calculation methods as well as the interpretation of the restrictions plus assumptions
can be found in appendixes C and D. In these appendixes, design examples for each type of
sea defence are included as well. Because of the large variety of sea defences as well as the
differences of natural conditions, calculations were made using a computer model, written in

Gradation Duaso[m] | Wasolkg] | [US$/m?]
0.0 - 500 kg 0.32 83 (a + 36)
250 - 500 kg 0.51 361 (a + 40)
500 - 1000 kg 0.65 721 (a + 42)
1000 - 2000 kg |  0.82 1443 (a + 45)
1000 - 3000 kg | 0.8 1821 (a + 50)
2000 - 4000 kg 1.03 2895 (a + 55)
3000 - 6000 kg | 118 4328 (a + 63)
6000 - 9000 kg | 1.41 7399 (a + 76)
9000 - 12000 kg | 158 10428 | (a + 86)
12000 - 16000 kg | 1.74 13904 | (a + 100)

Table 3.1: Gradations and prices for quarry stones
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Tpascal. The results are shown in appendix E, shown as a multitude of tables. The tables
should be interpreted using the remarks stated below. The conclusions of these calculations
are given in paragraph 3.5.

e Although the costs per metre of sea defence are calculated using US Dollars, no cur-
rency related costs are presented in appendix E. All costs are related to the costs of
a modified cubes sea defence at the same depth and under the same circumstances,
because these elements can be seen as standards in armour units. They can be rela-
tively easy constructed and placed. For each combination of waterdepth, wave height
and wave steepness the costs of a rubble mound seadefence armoured with modified
cubes is 100%. The costs for the other defence structures under the same conditions
are related to these costs. In other words, the costs for a modified cubes sea defence
are always 100%, at any point.

¢ No costs-relations were made for the horizontal composite caisson-type seawall. Design
details for this type of seawall can be found in appendix D. For this type of seawall only
a very general cost-indication was made. However, it can be said with some confidence
that horizontal composite caisson-type seawalls are more expensive than vertical ones.
For that reason the construction costs for a vertical composite caisson-type seawall can
be seen as a lower-limit for the construction costs of a horizontal caisson-type seawall.

¢ All costs relations were made using a value of zero for both the parameters a and b.
These parameters indicate the additional costs for rubble stones and concrete armour
units. ¢ and b = 0, means that concrete armour units can be constructed relatively
easy and the quarry is at a distance of several hundreds of kilometres away from the
proposed island site.

e The maximum waterdepth is 30 metres. Examining already constructed artificial is-
lands, it becomes clear that waterdepths over 30 metres are uneconomical for the con-
struction of man-made islands. See also chapter 2.
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3.5 Conclusions and recommendations for the choice of
sea defences

These conclusions result from the assumptions and limitations made at the beginning of this
chapter as well as the graphs drawn in this paragraph. Some remarks, about the interpreta-
tion of the graphs are stated in paragraph 3.4.4. When the wave height, the waterdepth and
the wave steepness are known, the most economic type of sea defence can be chosen, using
the remarks below. The conclusions are categorized by wave steepness.

The graphs shown for every situation, indicate the relative construction costs of the sea
defence-type compared to a rubble mound sea defence armoured with modified cubes. The
relative costs are displayed in ranges of 20%. Consequently, a construction costs range of
90% - 110%, implies that the costs are relatively close to the costs of a modified cubes sea
defence.

Remark: The graphs displayed in figure 3.4 through figure 3.11 sometimes show strange
developments in the cost-curves. These developments do not represent the actual situation,
but are caused by imperfect transitions between the formulae and methods used in the sea
defences design. Despite of these strange developments, more natural costs curves have
resulted. These are shown and elaborated in paragraph 3.5.3.

3.5.1 Wave steepness s = 0.01

Rubble mound sea defence armoured with quarry stones

No sea defence of this type can be constructed in waterdepths over 10 m, attacked by a
significant wave height of 6.0 m. Examining figure 3.4, it becomes clear that at waterdepths
shallower than about 3 metres (using a = 0), quarry stone sea defences are extremely eco-
nomic. For increasing wave heights and outside the limited waterdepths the construction
costs grow. This is explained by the fact that armour weights grow rapidly for increasing
wave heights.

Rubble mound sea defence armoured with dolosse

In the examined range, the construction costs for dolosse sea defences amount to 50% - 90%
of the construction costs of a modified cubes sea defence. If the waterdepth increases or the
significant wave height enlarges the difference in costs grows. This can be simply explained,
by the larger Kp-value of dolosse compared to cubes. Attacked by the same waves, the
weight of dolosse is less than the weight of the modified cubes.

Rubble mound sea defence armoured with tetrapods

The construction costs for a tetrapod sea defence, are all in the range of about 95%. This
result can also be explained by the K p-values. Because the difference between the K p-values
of tetrapods and modified cubes is only about 1, the limited reduction of costs is clarified.

See also figure 3.6.

Vertical composite caisson-type seawall

At limited depths the construction costs for caisson-type seawalls are extremely high. The
construction costs decrease at greater depths and for higher significant wave heights. Caissons
require a minimal width to be stable, which is uneconomical at shallower depths. At these
depths the dimensions of the caisson are not determined by the wave forces, but by minimal
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structural demands. Furthermore, they are constructed out of reinforced concrete which is
also expensive.

3.5.2 Wave steepness s = 0.05

Rubble mound sea defence armoured with quarry stones

No sea defence of this type can be constructed if the significant wave height in front of the
structure exceeds 8.0 m. Examining figure 3.8, the same conclusions can be drawn as for s
= 0.01, namely at waterdepths shallower than approximately 3 metres (using a = 0) quarry
stone sea defences are extremely economic. For increasing wave heights and outside the
limited waterdepths the construction costs grow. This is explained by the fact that armour
weights grow rapidly for increasing wave heights.

Rubble mound sea defence armoured with dolosse

In the examined range, the construction costs for dolosse sea defences amount to 50% - 90%
of the construction costs of a modified cubes sea defence. If the waterdepth increases or the
significant wave height enlarges the difference in costs grows. However, at depths over about
16 m and for wave heights exceeding about 8 m, the difference diminishes slightly again (this
development is not visible in the graph). This is explained by the fact that the required
weight of the dolosse in this range exceeds 20 tons for a slope 1 - 1.5, and a smaller slope has
to be chosen. This consequently implies an increase in costs.

Rubble mound sea defence armoured with tetrapods

The construction costs for a tetrapod sea defence, are almost all in the range of 95%. This
result can also be explained by the Kp-values. Because the difference between the Kp-values
of tetrapods and modified cubes is only about I, the limited reduction of costs is clarified.
See also figure 3.6. However, at depths over 12 m and wave heights over 8 m, the costs for a
tetrapod sea defence suddenly exceeds the costs for modified cubes sea defences. Again the
tetrapod’s weight exceed 20 tons in this range and flatter slopes have to be chosen. If the
wave heights grow even more, a tetrapod sea defence can not be constructed at all.

Vertical composite caisson-type seawall

At limited depths the construction costs for caisson-type seawalls are extremely high. These
costs decrease at greater depths and for higher significant wave heights. Caissons require a
minimal width to be stable, which is uneconomical at shallower depths. Furthermore, they
are constructed out of reinforced concrete which is also expensive.
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Figure 3.4: Relative construction costs for rubble mound sea defence armoured with quarry stones (s = 0.01}
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Figure 3.5: Relative construction costs for rubble mound sea defence armoured with dolosse (s = 0.01)




37

3.5. CONCLUSIONS AND RECOMMENDATIONS - CHOICE SEA DEFENCES

c,m— 0060

0T

09 0% 0¥ 0¢ 0%

[94] s1509 @AlElRY

08

00k

0z

oyl

[w] wpdepislemogl

08k

002

022

02

092

082

008

0=s

aguajep as $8gn2 “poyy 01 paiedwiod asuajep eas podelis] o) SISOO UOIINLSUOD

0.01)
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Figure 3.7: Relative construction costs for vertical composite caisson-type seawall (s = 0.01)
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Figure 3.8: Relative construction costs for rubble mound sea defence armoured with quarry stones (s = 0.05)
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Figure 3.9: Relative construction costs for rubble mound sea defence armoured with dolosse (s = 0.05)
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Figure 3.10: Relative construction costs for rubble mound sea defence armoured with tetrapods (s = 0.05)
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3.5.3 General costs indication

All graphs discussed in paragraph 3.5 show a cost relation for an individual type of defence
structure. The purpose of this report, is to indicate what type of defence structure to use
under certain circumstances. The guidelines of this chapter are divided in two. According to
the demands of the reader, one of the two underlined items can be used. The first underlined
item, gives guidelines for all five examined sea defence structures. The latter underlined
item only provides guidelines for quarry stone and modified cubes sea defences plus vertical
caisson-type seawalls. By doing so, the suggested problems with specialised armour elements,
as mentioned in paragraph 3.2, are avoided. If a more conservative design is required, one
should refer to this item.

Guidelines for all five examined sea defences

In figure 3.12 and figure 3.13 graphs are drawn, displaying the waterdepth A (including pre-
dicted sea-level rise) and the significant wave height H,. In these graphs, ranges are indicated
for the use of a certain type of sea defence. The wave steepness influences the total layout of
a cross-section, and consequently two separate graphs are shown to present the guidelines,
viz. one for wave steepnesses of 0.05 and one for 0.01.

Only significant wave heights up to 12.0 m were examined. Therefore a dotted line is drawn
at 12.0 m. Consequently, the development of the graphs over 12.0 m is theoretically. The
wide area in which dolosse sea defences appear to be economic, is explained as follows. The
K p-value of 15.8 is extremely high in comparison to the other types of armour. Furthermore,
the costs for quarry stones largely influence the outcome of the calculations. Therefore the
value a is varied to make the guidelines usable for altered quarry stone costs. This results in
the overlapped areas in figure 3.12.

The additional quarry costs parameter g, is varied for values ranging from -15 to 0. For a
value ¢ = 0 the transition between quarry stones and dolosse sea defences is positioned at a
depth of approximately 3 m. This applies for wave steepnesses of both 0.01 and 0.05. If a
value of -15 is used for the parameter a, however, quarry stone sea defences are economical
till a depth of about 7 m, for a wave steepness of 0.05. In a similar way, the transition be-
tween dolosse and vertical caissons shift outside the field of examination by the altered value
of a. The same value of a for a wave steepness of 0.01 does not affect the transition point
between quarry and dolosse. The wave steepness causes this phenomena. According t¢ Van
der Meer’s formula quarry stone armour can withstand higher waves at greater steepnesses,
using the same weight. Tetrapods or modified cubes are in none of these examined situations
the most economic type of sea defence.

If the Hudson-method is used for quarry stones as well, the transition between dolosse and
quarry is still found at waterdepths of about 3 m at both graphs, assuming that a = 0.
According to the Hudson-equation, taking into account the used layout of the sea defences,
higher waves can be withstood using the same weights compared to Van der meer’s Method, at
steep slopes. Although the rubble mound sea defences become more economic using Hudson,
still dolosse are more economic.
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Guidelines for three certain types of sea defences

The three selected types (quarry stone sea defence, modified cubes sea defence and a verti-
cal caisson type seawall) are all structures with a minimal risk of failure. Risk of fracture
of one of the armour elements, like a dolos or tetrapod, is excluded. On the other hand,
this extra safety has its price, because the presented guidelines do not represent the most
economic possible solution. The guidelines are presented in figure 3.14 and figure 3.15. The
wave steepness influences the results of the examinations, and consequently two figures are
presented.

Because dolosse are excluded from these graphs the guidelines are totally different. The
economic area of quarry stone sea defences is suddenly much wider. For a wave steepness
of 0.05, a quarry stone seawall is always the most economic type for wave heights less than
approximately 2 m as well at depths shallower than about 13 m. If the costs of quarry stones
are reduced, till @ = -15, quarry stone sea defences are even economical till a depth of about
19 m. The transition between vertical caisson-type seawalls and modified cubes sea defences
is positioned at wave heights of 8 or 9 m in figure 3.14, depending on the value of a.

For wave steepnesses of 0.01 quarry stone sea defences are preferable at waterdepths shal-
lower than approximately 3 m. At waterdepths over 3 m, a modified cubes sea defences is
most economical at these steepnesses. If the costs for quarry stones are reduced, till @ =-15,
quarry stone sea defences are economical both at wave heights less than about 2 m and at
waterdepths shallower than approximately 5 m.

If the Hudson-method is used for quarry stones at wave steepnesses of 0.05, the economic
range for quarry stone sea defences shifts to wave heights less than about 3 m, instead of
less than 2 m. On the other hand rubble mound sea defences should already be replaced by
modified cubes sea defences at waterdepths of approximately 9 to 10 m, assuming a = 0. The
foregoing is related to the slope of the sea defence. At steep slopes Hudson permits less heavy
stones than Van der Meer, under the same conditions and taking into account the present
layout of the sea defences (P = 0.4, N = 5000). However, at deeper water and consequently
higher waves, flatter slopes are necessary for quarry stone sea defences. In case of flatter
slopes, Van der Meer permits less heavy stones than Hudson, under the same conditions and
taking into account the present layout of the sea defences.

If the Hudson-method is used for quarry stones at wave steepnesses of 0.01, quarry stone sea
defences are preferred both at wave heights less than approximately 2 m and at waterdepths
shallower than approximately 6 m, instead of 3 m. According to the Hudson-equation, taking
into account the used layout of the sea defences, higher waves can be withstood using the
same weights compared to Van der meer’s Method, at steep slopes.
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3.5.4 Influence of material-costs on the use of sea defences

In paragraph 3.5 conclusions are stated about the use of sea defences as defence structures
for artificial islands. In this section the influence of a few items on the constructions costs are
mentioned. Only qualitative indications are given. The costs of material for quarry stones
and concrete armour units have been selected for one specific location. Consequently, it has
no use to determine the remarks below quantitative, because at a different location or at a
different time the initial costs of material can be different.

o Influence of increased costs for quarry stones

If the costs of quarry stones rise dramatically, because of great distances between a
suitable quarry and the construction-site or because of another reason, the guidelines
as mentioned in this chapter maintain valid in general. Only at depths shallower than 3
m a dolosse sea defence may become more economical, for a certain increase in quarry
stone costs. Because most of a rubble mound sea defence consists of quarry stones,
only concrete armour layers are unaffected by the increase in price, and become even
more economical. The caisson-type seawalls, however, may become more economical at
somewhat shallower water and for reduced wave heights, because the cost for concrete
are relatively reduced.

¢ Influence of reduced costs for quarry stones
Only if the quarry is very close to the site, and its output holds sufficient big stones, a
rubble mound sea defence armoured with quarry stones becomes economical in deeper
water (compare the different values for a). However, under severe wave attack the
heaviest quarry stones still can not withstand the wave attack, and an other type of
defence structure is required.

¢ Influence of concrete costs

The parameter b indicates additional costs for concrete. Although its value is kept
constant at zero, some qualitative remarks can be given about its influence. For b ;; 0,
rubble mound sea defences armoured with concrete elements become more expensive.
And caisson-type seawalls become even more expensive, because larger volumes of rein-
forced concrete are required. Consequently, both the transition between quarry stones
and dolosse and the transition between dolosse and caissons can shift to deeper waters.
For b jj 0, these transitions can shift to shallower water.

¢ Difference between sea defences and breakwaters

The design of a caisson is exactly the same if it is used as a breakwater or as a sea-
wall. A rubble mound sea defence, however, is more economical than a rubble mound
breakwater under the same conditions. A rubble mound breakwater requires additional
materials to protect the inner-slope. A rubble mound sea defence only requires sand in
these parts. Moreover, rubble mound sea defences can use sand in many parts, where
rubble mound breakwaters require quarry stones. Consequently the development of
rubble mound sea defence-costs differs.

3.5.5 Recommendations for future research

Hereafter, some recommendations for future research or deepening of the executed study are
suggested.
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o Using modern formulae for armour calculations

The study was performed using both Hudson and Van der Meer formulae. The Hudson
formula is somewhat outdated, and new insights are not included. Therefore, the use of
new formulae, and applying of new methods is desirable. Furthermore, a more uniform
result is obtained in this manner.

Examining the economic applicability of 'new’ armour elements

Newer armour elements, like accropods and core-loc, which can be applied in a single
layer mat prove to be more economical than dolosse for instance. However, the failure
mechanisms of these type of elements needs to be thoroughly examined.

Examining non-hard sea defences

Hard sea defences, like rubble mound and caissons, were used in the performed study.
Soft sea defences, or combined defences were not taken into account. These types of sea
defences, however, may prove very useful at limited depths or under less severe wave
attack (for instance at the lee-side of the island).



Chapter 4

Dredging activities for artificial
islands

4.1 Introduction

The materials which are used to fill the interior of the island, and which do not belong to
the sea defences nor to the actual island’s structures, are called landfill. Landfill can consist
of soil, waste or other materials. Landfill, found on both marine and land excavation sites
can be used, dependent on economical preferences. In this chapter, only marine excavation
methods are discussed. This implies that soil-material is used as landfill. Marine soils are
economically excavated using trailing suction hopper dredges. The processes involved are
explicated in paragraph 4.2.

A short example is given, to indicate the amount of landfill required. Let us consider a
mediocre airfield of 500 ha (= 5 * 10° m?), to be build on an artificial island. The average
depth at the island’s location reaches 10 m. Examining appendix A, these values appear to
be moderate estimates. In case the ground-level is raised up to a level of 5 m above M.S.L.,
the total amount of landfill measures some 75,000,000 m3, without even considering any set-
tlements. If the island is positioned in the North Sea, suitable layers of Holocene deposits
are available, in thickness ranging from one to five metres [24]. An average excavated layer
thickness of 2 m would require an area of 6 * 6 km?, for dredging operations!

The methods of filling an island are subject of paragraph 4.3. The same paragraph also
discusses the parameters, which influence the filling process. Finally, paragraph 4.4 details
an example, which calculates the costs, required to fill a man-made island. On the basis of
this example, the economic position of larger islands in relation to smaller islands is explained.
This chapter only explains the very basics of dredging techniques. A more thorough discussion
can be found in additional literature, for example [26].
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4.2 Dredging of landfill

Excavation of soil from marine excavation sites (the sea bottom) is done with the aid of
trailing suction hopper dredges (or short, trailers). A trailing suction hopper dredge is a self-
propelled vessel, used for inland or marine shipping. It is equipped mainly with two backward
positioned suction tubes. While travelling slowly (a few knots), the bottom soil is caught by
the dragheads and pumped via the suction tubes into the vessels hopper. Trailing suction
hopper dredges can operate in moderate to high seas, especially when swell-compensators are
used. This device enables the dragheads to maintain in contact with the sea bottom, even if
the vessel itself is subjected to swell. A picture of a trailing suction hopper dredge is shown
in figure 4.1.

The operation procedure of a trailing suction hopper dredge is a repeating process. The parts
of this process are summed up below.

1. The dredging itself
2. Loaded transport to the dump-site
3. Dumping of the load

4. Empty transport to excavation site

The loaded and empty transports do not require to be elaborated. However, the dumping
of the landfill does, and is explained in paragraph 4.3. This paragraph continues with the
sections of the dredging process.

4.2.1 Sections of the dreding process

The loading of a trailing suction hopper dredge is executed by means of a chute. The sand-
water mixture is pumped through the chute, at the end of which it is evenly distributed by a
diffusor. At the opposite side of the hopper, an overflow mechanism is located. Its height is
adjustable. If soil, having a low density is loaded, a greater volume can be loaded for a given
tonnage than would be the case if heavier soil is transported. The volume can be adjusted by
means of the overflow-height. During the filling of the hopper, three stages are distinguished.

Figure 4.1: Example of trailing suction hopper dredge [25]
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1. Loading of sand-water mixture till overflow level is reached
2. Set up of water-film above overflow level

3. Continue loading with overflow losses

Figure 4.2 shows the loading-curve for a trailing suction hopper dredge, having a fixed
overflow-height. The tonnage is related to the time.  The loaded and empty transport
times (¢y and ty) can be distinguished. As well as the loading time of the hopper, during
tz. When the overflow-level is reached at Toy, the curve starts to bend. This is caused by
the overflow losses. As more soil is dumped in the hopper, more soil gets in suspension and
consequently more soil vanishes through the overflow. How long should this process continue,
and when should the loading stop?

The cycle production reaches its maximum value, when the transported amount of settled
soil in relation to the cycle time ¢ is maximal. The relation can be visualised by drawing
a tangent at the loading-curve. In particular for the part, where loading is continued with
overflow losses (point B in figure 4.2). Because the relation refers to the transported amount
of soil and not to the transported amount of water, the tangent should start at the tonnage,
for which the hopper is completely filled with water (point A in figure 4.2).The total cycle
time ¢ greatly influences the position of point B. If the cycle time grows, point B is shifted
to a position further in time. In words this means, that for large sailing distances with a long
cycle time it pays to continue loading over a longer period of time.

The loading-curve operates the following tonnages and times.

Ty  maximum tonnage (N)
Ts tonnage after water-film has flown off (N)
Toy tonnage at start overflow (N)
Tw  tonnage till overflow-level, when only water is loaded (N)
Tpo tonnage when bottomdoors are open N)
TL tonnage empty ship )
tz loading time (s)
toy loading time till overflow-level is reached (s)
tp dump time (s)
tyr loaded sailing time (s)
tyrg  empty sailing time (s)
tc cycle time (¢vy +tp +tve + tz) (s)

4.2.2 Parameters influencing cycle production

The basics of the cycle production of trailing suction hopper dredges were discussed in the
previous paragraph. On the basis of the acquired knowledge, parameters can be determined
which influence the cycle production. The most important parameters, which influence this
production over a longer period, are stated in table 4.1.

4.3 Dumping of landfill

Dumping of the landfill, or in other words the filling of the island, requires a specialised ap-
proach. It should not be taken lightly, and thoroughly studies and preparations are essential.



CHAPTER 4. DREDGING ACTIVITIES FOR ARTIFICIAL ISLANDS

™
Ts

Tov

Too
L

scheepsgewicht

L

tifd

Figure 4.2: Loading-curve for trailing suction hopper dredge, having a fixed overflow-height [26]

Vessel Soil Meteorological Other
Max. tonnage Density Workable periods Sailing distance
Sailing speed Bulking factor | Average wave length

Draught Depth Average steepness
Suction capacity | Dso, Doo, etc.
Dumping time

Table 4.1: Influencing parameters on cycle production
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The method of filling depends on numerous factors, which are elaborated on at the end of
this paragraph. Usually, the method of filling is changed, dependent on the continuation of
the construction works.

If a trailing suction hopper arrives at the island location with its cargo, their are generally
three methods to remove the cargo. Each of the three methods is discussed below.

¢ Direct dumping
e Pumping

¢ Rainbowing

Direct dumping

This is by far the fastest method of unloading. If the bottomdoors are opened, large volumes
of soil are dumped on the sea bottom. If waterdepths are moderate the impact of these
volumes may even increase the compaction of the subsoils. However, if waterdepths become
to large, the soil volumes may either be spread over a too large area or the impact on the
sea bottom is of such a magnitude, that even erosion occurs directly underneath the trailer.
This procedure takes about 5 to 10 minutes.

If the elevation of the island has reached a level of about 10 m, depending on the trailers
draught, direct dumping is no longer possible. Split trailers and trailers with sliding doors
can dump to a higher level. Split barges can reach a level of up to 5 m. At these or shallower
depths, one of the methods described below should be used.

Pumping

This method empties the vessel hydraulically. The soil in the hopper is mixed with jetwater
and pumped through a booster pump and floating pipeline, to the dump site. This method
takes more time, about one hour to an hour and a half, for an average vessel. The estimated
time, includes time required for connecting and disconnecting of pipes as well.

Rainbowing

This is a hydraulically method, as well. However, no floating pipelines are used, but the
soil-water mixture is rainbowed (spouted) over the bow of the trailer, directly on the dump
site. Rainbowing takes about 30 to 45 minutes.

If direct dumping is no longer possible, because of the elevation of the island or other reasons,
a rehandle pit may prove to be useful. The trailer dumps it load in the rehandle pit, which
is located near the island site, and returns to its excavation site again. At the rehandle
pit one or more permanent suction cutter dredges are positioned. They excavate the soil
from the rehandle pit, and pump it on the island. This way, the cycle time of the trailing
suction hopper dredges is reduced, and consequently the total costs per excavated cubic
metre of soil. However, certain conditions have to be fulfilled. Because, cutter dredges make
use of floating pipelines, wave heights should be limited to a maximum of several tens of
centimetres, otherwise the pipelines may break. A reduction of the wave heights can be
achieved by erecting parts of the sea defences above the water level, already at the start
of construction works. This way, a breakwater is realised, which reduces wave heights. Of
course, the economic value of a rehandle pit depends on the expenditures for the trailer and
the cutter dredges, the size of the island, etc.
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4.3.1 Parameters influencing dumping of landfill

A short description of three dumping methods was given in the previous section. The most
important parameters influencing these methods are summed up in table 4.2. Some param-
eters, which influence the cycle production, influence the method of dumping as well.

4.4 Costs related to size of island

This section proves that multi-purpose islands, which are generally larger, can be more
economically constructed than smaller, single purpose islands. First a very basic example is
given to calculate the cycle production of a trailing suction hopper dredge. If the costs for
rental and amortisation of the trailer are known, the costs per dredged and deposited cubic
metre of soil are known as well. Consequently the costs per square metre, for two different
island sizes can be computed.

4.4.1 Costs per dredged and dumped cubic metre

The following characteristics, are assumed for the trailing suction hopper dredge in this
example (some of which are not used, but are only mentioned to give an indication of the
trailer). Well settling soil (e.g. normal sand) is assumed for the example.

Hopper volume 8,000 m?
Effective load 11,000 ton
Draught (max.) 8.50 m
Suction pipes 2*30.90 m
Sailing speed 13 knots
Dredging depth (max.) 40 m

Table 4.3 gives an example of a cycle production calculation, using the above characteristics.
In the top box of the table, some assumption-parameters are included. The characteristics
of the trailer are shown, as well as some assumptions about its cargo. The parameters are
shortly described below.

¢ Mixture velocity
The celerity, with which the sand-water mixture is transported through the suction
pipes. If the diameter and the number of suction pipes is known, the mixture discharge
can be computed easily.

Pumping time
Rainbowing time
Available dredges

Vessel Soil Meteorological Other
Draught Demnsity Workable periods Island’s volume
Dumping time Dso, Dgo, etc. | Average wave length Fuel prices

Average steepness
‘Wave height

Table 4.2: Influencing parameters on method of dumping
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Bulking factor

The voids ratio for in-situ soils is mostly small, because of the high rate of compaction.
When the in-situ soils are excavated the compaction decreases, and the voids ratio
increases. In other words, the excavated volume of in-situ soil is dissimilar to the
volume of soil in the hopper. The relation between hopper soil volume and in-situ soil
volume is called the bulking factor.

Suction concentration
Indicates the volume percentage of the sand-water mixture which actually consists of

soil.

Loading
Indicates the volume percentage of the hopper which consist of soil.

Total overflow losses
Indicates the cumulative percentage of soil that is lost during the overflow-processes.

Turning time

During its production cycle, a trailer needs to turn from time to time. Either because
the end of its dredging-path is reached or because it has to turn after the load is
dumped. From the example, one can conclude that five turns are included.

Volume in hopper

The volume of soil and water in the hopper, depend on the maximum effective tonnage
of the trailing suction hopper dredge. During the loading of the trailer the weight of
the soil and water may not exceed the maximum effective tonnage. In our example this
results in the following equation.

(0,9 % 1900 + 0, 1 % 1030) * Vioitt water = 11,000,000
‘/soil%—water = 6067m3

The volume of soil in the hopper amounts to 0.9 * 6067 = 5461 mS.

Suction time
This, obviously, indicates the time required to fill the hopper with soil. The following
equation is used.

. o Vin—situ (4 1)
suction (1 — over flow losses) * suction concentration * Qmizture ‘

Table 4.3 shows the weekly production for the three methods of dumping. Obviously, the
direct dumping method leads to the highest cycle production. If the total weekly expenditures
for the trailer are known, the costs per cubic metre of soil can be calculated. Because the
soil will be used as landfill for the island, the hopper production is required instead of the
in-situ production. Total weekly expenditures for the trailer are for this example assumed
to be US $ 500,000. These costs account for the following costs: rent + write-off hopper,
crew, fuel, down time, additional materials, etc. The total costs are only assumed costs, for
an exact calculation more thorough computations are required. Consequently, the prices as
stated in table 4.4 result. These prices differ from the value (e.g. US § 3) used in the costs
estimates of the landfill in the sea defences as used in appendix C. The prices in table 4.4
are only used as an example!
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Cycle production for Trailing suction hopper dredge

Initial parameters

Hopper volume [m] 8000 Density in hopper [kg/m’] 1900
Effective tonnage [ton] 11000 |Density water kg/m’ 1030
Sailing speed [kn] 13 Bulking factor 1,06
Sailing distance [km] 25
Suction pipe diameter [m] 0,9 Suction concentration (%] 25
Mixture velocity [m/s] 4,0 Loading [%] a0
Number of suction pipes 2 Total overflow losses [%)] 20
Tuming time [min] 5
Intermediate computations
Volume in hopper (sand + water) [m¥ 6067 Mixture discharge [m¥/s) 5,09
Volume sand in hopper [m’] 5461 Density load [kg/m’] 1813
Volume sand in-situ [m’] 5201
Suction time
Suction time [min] 85 |
Cycle-time and -production
Direct dumping
suction time [min] 85 hours per week 168
sailing time [min] 125 repair-works fhours] 12
tuming [min] 25 workability] 0,95
dumping [min] 5 effective hours per week 148,2
mooring {min] 0 number of trips per week 37,09
240 Situ production [m’/week] 192872
Hopper production [mweek] | 202515
Pumping
suction time [min] 85 hours per week 168
sailing time {min] 125 repair-works [hours] 12
turning [min] 25 workability] 0,85
Pumping, connecting, effective hours per week 132,6
disconnecting and mooring [min] 110 number of trips per week 23,08
345 Situ production [m*week] 120012
Hopper production [m/week] | 126013
Rainbowing
suction time [min] 85 hours per week 168
sailing time {min] 125 repair-works {hours] 12
turning [min] 25 workability] 0,90
rainbowing [min] 90 effective hours per week 140,4
mooring {min] 0 number of trips per week 25,94
325 Situ production [m*week] 134897
Hopper production {m/week] | 141842

Table 4.3: Cycle production calculation for trailing suction hopper dredge
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Dumping method | Situ price | Hopper price
US $/m® US $/m?
Direct dumping 2.59 2.47
Pumping 4.17 3.97
Rainbowing 3.71 3.53

Table 4.4: Assumed prices per cubic metre of dredged soil

4.4.2 Overall island costs

Using the assumed prices of table 4.4 a total costs indication per square metre island can be
made. However, some extra assumptions are necessary as well here. Because the method of
dumping depends on the elevation of the island, so does the price for the landfill. The land-
fill in the top section of the island is more expensive than in the section, that was dumped
directly. This remark is made for a proper understanding, however, an overall landfill price
of US $ 1.46 is maintained in the following examples. These examples detail two circular
man-made islands at the same average depth, but having a different surface area. Further-
more, the price per lineair metre of sea defence is kept constant as well. This is an unrealistic
assumption, because the most exposed sides of islands require other defence structures than
the lee sides of the islands.

Assumptions:
Costs sea defence structures per lineair metre US $§ 55,000
Average landfill costs per cubic metre US§ 247
Average waterdepth both islands m 20.0

The calculations for both islands, one small and one large, are summed up in table 4.5. The
table shows that the difference in price per square metre are considerably between small and
larger islands. Figure 4.3 shows similar relations, varied for the distance to the excavation
site as well. The figure also shows, that the proposed relation is not very sensitive for the
waterdepth nor for the distance to the excavation site.

Remark: All examples in this paragraph were made on the basis of a circular island. A
circular island has the fortunate quality that its surface to outline rate is very economic.
Islands of other shapes, show a similar relation, as drawn in figure 4.3, but less extremely.

Diameter | Surface area Volume Costs defences | Costs landfill | Totall costs
[km] [m?] [m®] [US 8] [US §] [US $/m?]
1.0 0.8 ¥ 10° 15.7 * 10° 173 * 10° 40 * 10° 266
5.0 19.6 * 10° 392.7 * 108 864 * 108 968 * 10° 93

Table 4.5: Construction costs relation between large and small artificial islands
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Chapter 5

Morphological processes

5.1 Introduction

Any obstacle placed in the water, causes a disturbance in the propagating wavefield. The
magnitude of this disturbance depends on the dimensions and shape of the obstacle. In a sim-
ilar way an artificial island causes a disturbance as well. A reclaimed man-made island placed
some distance offshore induces a wave energy low zone behind it, the so-called shadow-zone.
In this zone, wave heights will be lower than would be the case in a situation without the
island. If the influence of the shadow-zone extends into the surfzone, sediment-transport is
influenced as well. Accretion will occur in the energy low region of the surfzone and erosion in
the neighbouring regions of the surfzone. When the changes in wave parameters are known,
predictions can be made about the changes in sediment-transport, using transport-formulae
like CERC and Bijker. During the island’s lifetime, additional expenditures must be taken
into account to restore the erosion regions by means of bypassing, sand nourishments or other
measures.

Realising the consequences of the island’s size and its position in the coastal zone on sediment
transports, enables the designer to make a more deliberated choice for these two variables.
Moreover, insight is gained in the lifetime costs caused by the effects of erosion and accretion.
In this report the numerical model HISWA (see paragraph 5.5) is used to provide understand-
ing in the morphological influences on coastal areas induced by artificial islands. This model
was chosen, because its does not require an extremely powerful computer, a standard PC is
sufficient. Although HISWA was not especially developed to predict sediment-transports, its
outcome suites well in the field of this report, viz. to come up with guidelines.

It is not intended to give a universal solution for the problems caused by offshore islands; this
would not even be possible! Because so many factors influence the transport, the situation
differs from place to place. Nevertheless, this report aims to map the effects of the location
and the dimension of an island on longshore transports. It is still advisable to undertake
thorough site-investigations, as well as a study of the historical data regarding transport
rates in the area. Testing the effects in scale models is another alternative.

Before any conclusions are presented, the most important aspects of morphological processes
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are presented in paragraph 5.2. Subsequently, paragraph 5.3 introduces a circular island
model, which is used in the calculations. The actual goal is formulated in paragraph 5.4 as well
as the assumptions and limitations imposed on the study. Paragraph 5.5 and paragraph 5.6.1
discuss the used model HISWA and the CERC-formula respectively. Finally conclusions and
recommendations are given in the last paragraph of this chapter.

5.2 Morphological processes

The physical processes, which actually cause the longshore transport are subject of this para-
graph. This paragraph was added to increase the understanding of this chapter’s results. A
short summary of the physical processes is given below.

First of all the situation without any obstacles is considered. In this situation, an initial long-
shore transport Sy exists. Which phenomena cause this initial longshore transport? Most
parts of this section were taken from [27].

In general, the sediment transport processes can be divided into three stages:

o The stirring-up of bottom material, bringing it into suspension, or the loosening of this
material on the bottom.

¢ The horizontal displacement of these particles by the water.

e The re-sedimentation of these particles once again.

Waves mainly loosen material on the bottom and stir it up, while currents mainly transport
material to another place. Of course, these stages are not exclusive. Waves may cause wave-
driven sediment transport and currents certainly also pick up and stir up material from the
bottom. Consequently, the combination of both waves and currents (coastal areas) results in
a relatively large longshore transport-rate.

The driving force for many coastal phenomena can be explained by the radiation stress.
Radiation stress is a pressure force in excess of the hydrostatic pressure force caused by the
presence of waves. In reality, the radiation stress is neither a true stress (force/area) nor a
true force (as implied in the previous sentence) but a force per unit length.

Unlike hydrostatic pressure, the radiation stress is not isotropic; indeed, just as with stresses,
it is associated with a given direction or plane. Here, these planes are vertical and perpen-
dicular to the two horizontal axes, X oriented in the direction of wave propagation and Y
along the wave crest (see figure 5.1). This will yield the principal stresses; Sx x and Syy.

If we consider a rectangular element of water enclosed by four vertical principal planes, shown
in plan in figure 5.1. Then, if the wave and depth conditions at all four planes 1, 2, 3 and 4
are identical, the radiation stress components on opposite sides of the "block’ shown in the
figure are identical and there is no resulting force. Only if the wave conditions vary between
planes 1 and 2 or 3 and 4, there will be a resultant force. Thus, we can expect the radiation to
influence physical processes only in areas, where wave conditions change. Such areas would,
therefore, be at locations where wave refraction, diffraction, shoaling or breaking occur. With
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Figure 5.1: Radiation shear stresses [27]

the radiation stresses, the wave-induced currents can be explained.

Within the surfzone, waves tend to break. Due to the breaking and the increased effect on
the bottom caused by the shallower water, wave stir up material on the bottom within the
surfzone. Moreover, wave-induced currents act in the surfzone, because of reasons mentioned
in the previous section. This explains why the major part of the longshore sediment transport
takes places within the surfzone.

Let us consider the same situation, but this time an artificial island is placed some distance
offshore. The island causes a wave energy-low zone or shadow zone behind it; in other words,
it reduces the wave height. The magnitude of this energy-low zone depends on the size of the
island, and the influence on longshore sediment transport relies on the distance offshore as
well. The effect of these two variables is the essential issue of this chapter. The waves in the
energy-low zone are much lower than was the case before the construction of the island, and
so is the wave-induced current (the radiation stresses are less). These two effects combined
with a reduced width of the breaker zone, because lower waves break at a distance closer to
shore, result in a local fall in sediment transport.

5.2.1 The actual problem

The reduced transport causes accretion in the shadow zone and erosion in the ’downstream’
zone directly bordering the shadow zone. The erosion is logically caused by the fact that
more sand is removed than supplied. Normally, some erosion is measured at both sides of
the energy-low zone, due to the changing angles of incidence.

Whether the erosion and accretion actually cause a problem, depends on the local circum-
stances. If the island is built in a deserted coastal area (for instance a production-island
in the Canadian Beaufort Sea) a certain amount of erosion is acceptable. However, erosion
in a densely populated coastal area is much more troublesome. Furthermore, the order of
magnitude of the erosion depends on the bottom-material. Gravel causes less erosion and
accretion than sand, and a rock bottom none whatsoever.

Before any morphological effects can be predicted, some data needs to be acquired. At
most locations in the world data is available about wave height-distribution, wave direction,
bathymetry, etc. If this data is not available or insufficient, already in the planning-phase
data collection should commence. In addition, even when construction has already begun,
it should be continued to be able to adjust the design. The preceding makes perfect sense,
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because the design phase may take several years and so does the construction phase as well.
Using statistical predictions, the essential design conditions can be obtained. Some of the
parameters, which longshore transports depend on, are summed up in table 5.1.

5.2.2 Only short term influences

The predictions and statements made in this chapter will only be valid, during a relatively
short period. For morphological processes this implies a maximum of a few years, depending
on the local circumstances. Once the first signs of erosion and accretion occur, circumstances
change. For example the breaker line is repositioned, and the refraction pattern is altered
as well. Nevertheless these short term influences on longshore transports give an indication
of the problems to expect in the long run. And consequently on the amount of money
involved to overcome these problems during, and after the island’s lifetime. The designer
can deliberate the extra costs of placing the island further offshore, generating less erosion,
or placing the island closer to shore, and spending more money on overcoming erosion and
accretion problems.

5.3 Island model used in this report

The required parameters, mentioned in table 5.1, are too complex, especially since only guide-
lines are required for this project. Consequently, a simple model is assumed, for which the
distance offshore and the surface area of the island are varied. Such a model is drawn in
figure 5.2.

The model shows a circular island, having a diameter D, and placed some distance offshore d.
The deepwater waves, indicated by HO and T, bend around the island due to refraction. The
shadow zone can be seen as well; it is clear that the width of the shadow zone is determined by
refraction. Within the shadow zone the influence of the islands is most noticeable. Therefor
the reduction of the longshore transport is most severe in this region. Although not shown in
figure 5.2, the width of the shadow zone depends on the directional spread of the waves and
the shape of the island as well. In the continuation of this chapter the influence of the island
on transport reduction is presented. More information about the actual calculation-methods
can be found in paragraph 5.6.

5.3.1 Expected relation

Without making any calculations, a prediction can be given about the short term change
in longshore sediment transport related to the distance offshore and the diameter of the
island. A qualitative relation is shown in figure 5.3. The influence of the deepwater angle
of incidence, the grain size diameter or any other parameter were not taken into account. It

Island ‘Waves Transport Geographical
shape of island wave height-distribution tidal-currents bathymetry
surface area wave direction-distribution tidal movements Dsg, Dgg, etc. of soil
sea defences wave period-distribution initial longshore transport
distance offshore

Table 5.1: Paramaters influencing longshore transport
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Figure 5.2: Refraction shown by island model (two refraction-lines
drawn)

is expected, that the influence of the island grows for increasing diameter, and diminishes
when the distance offshore increases. If the island is positioned at a very long distance from
the shore, no influence on the longshore transport is expected anymore. In the continuation
of this report, this relation is checked and more detailed.

d/D

Figure 5.3: Qualitative relation $/So and d/D, see also
figure 5.2
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5.4 Problem description

In the first chapter of this report, a general problem description and research objective were
given. Because the morphological problem, discussed in this chapter, originates a very specific
problem, also a specific problem description and research objective are required. On the other
hand, to avoid the risk of creating a too complex matter, some limitations are added as well
as a few assumptions.

5.4.1 Research objective

The short term influence of an artificial island on longshore transport should be generally
explained. Only the influence of waves on longshore transports is taken into account, not
the influence of currents. The reader gains insight in the effects on transports, related to the
island’s size and its distance offshore.

5.4.2 Design assumptions

These assumptions are enforced by the designer himself, either to overcome some gaps in the
data or to limit the area of investigation. The assumptions are divided into categories, and
a description is given for each assumption.

Natural assumptions

e H, = 2.0 m: An average significant deepwater wave height of 2.0 m is assumed. This
wave height initiates the major part of the morphological processes, in the long term. A
much higher wave height may result in a temporarily upturn of the sediment transport,
but the occurrence of this wave height is less, and consequently its contribution to the
total transport over a period of years is limited. In paragraph 5.7.1 the influence of
H, on the change in sediment transport is examined.

e Deepwater wave steepness sp of 0.05: This kind of steepness indicates seas; waves
generated by local storms. Because steepnesses in the range of seas are the most
common in nature, these have been chosen.

o No currents: HISWA only calculates the wave heights, and for these calculations, a
current is only of second order influence for the HISWA-calculations. However, the
effect of currents on the longshore transport-rate is severe.

e Bathymetry: For reasons of simplicity and to retain insight in the results of the study,
the bottom-profile is kept simple. A uniform slope of 1 : 100 till a depth of 30.0 m
is assumed, beyond that the sea bottom continues horizontally. This may seem rather
steep, and consequently a narrow surfzone will result. Nevertheless, most transport-
formulae only use the breakerdepth and the breaking wave height as parameters related
to the surfzone. Consequently, the width of the surfzone becomes unimportant, and
so does the bottom-slope. In other words, the transport density per metre surfzone,
measured perpendicular to the shoreline, will be less for a wide surfzone than for a
narrow one, under the same conditions. Nevertheless, the influence of the bathymatry
on the change in sediment transport is discussed in paragraph 5.7.1.



5.4. PROBLEM DESCRIPTION 65

Island’s layout assumptions

e Circular island: a circular island holds the most economical relation between area
surface and surroundings. The island’s size is represented by its diameter D.

e Vertical walls: reclaimed artificial islands are protected by hard sea defences in this
thesis. Slopes for the sea defences vary form totally vertical (caissons) to 1 : 6 (rubble
mound sea defence). Related to the dimensions of the island and the influence of
the morphological processes, these slopes can be presumed as vertical. As a second
condition, no wave transmission is assumed for the vertical walls.

Variable assumptions

The following parameters are varied during the use of HISWA. Finally, conclusions are drawn
for the influence of artificial islands on the longshore sediment transport based on these varied
parameters.

¢ Diameter of the island D: Man-made islands, which have already been built, vary in
size from a few hectares to over a thousand hectares. Accordingly three diameters are
varied, viz. 0.5, 1.0 and 4.0 km, representing areas of respectively 20, 78 and 1257 ha.

e Distance offshore d: The distance offshore is defined as the distance between the out-
most shoreward point of the island and the transition point between the wet and the
dry beach during M.S.L. This parameter is varied for values of 1.0, 2.0 and 5.0 km.

¢ Deepwater angle of incidence ¢o: The angle of incidence determines the extent of the
sediment transport. If waves approach perpendicular to the shore and no currents ex-
ists, no longshore transport will be generated. The transport-ratio increases for increas-
ing wave-angle up to a deepwater angle of about 45 degrees. After that, it diminishes
again. This statement can be ’seen’ in the CERC-formula, refer to paragraph 5.6.1. An
upper-limit transport is determined for a deepwater wave angle of 45 degrees, and as a
reference, the same calculations are executed for a deepwater wave angle of 10 degrees.

o Directional spread of the waves: Two values are used for the directional spread of the
waves, namely 5.7° and 31.5°. The latter, a wide spread, refers to the natural circum-
stances in which seas occur. The first one, a minimal spread, is used as a reference.
A spread in the wave direction or the existence of seasonal dominant directions, are
very common factors in nature. Below, some effects of wide and minimal spreads are
explained. These items are also recognisable in the graphs of appendix F.

1. If deepwater angles of incidence are small, and a large directional spread is used as
well, negative transports can result. At the lee-side of the island, the contribution
of the waves having a large angle of incidence is blocked, and only the waves having
a small or even a negative angle of incidence contribute to the transport. These
waves, originated from a deepwater wave with a negative angle of incidence, cause
the longshore transport to move in negative direction.

2. A similar situation exists at the weather-side of the island. When a large direc-
tional spread exists, the waves having a smaller angle of incidence are blocked by
the island. This results in a higher average angle of incidence at the weather-side
of the island. When the CERC-formula is used to predict sediment-transports,
the maximum transport-rate is found for angles of incidence of about 45°. In



66 CHAPTER 5. MORPHOLOGICAL PROCESSES

some cases the local sediment transport after the construction of an island can be
higher than the initial situation. For example when the initial angle of incidence
amounted to say 10 degrees, and the local average angle becomes 30 degrees.

All variables are summed up once more in table 5.2.

5.5 Using the numerical model HISWA

Quoting its manual, HISWA is a numerical 2D wave propagation model to obtain realistic
estimates of wave parameters in coastal areas, lakes and estuaries from given stationary wind,
bottom, and current conditions. In this report, HISWA, acronym for Hlndcast Shallow
WAves, is used to predict the changed wave parameters in the surfzone after an artificial
island is constructed some distance offshore.

However, HISWA has some limitations, two of which are mentioned below. More information
about HISWA can be found in [28] and [29].

e HISWA is not able to take into account diffraction. In irregular wave fields, it seems
that the effect of diffraction is small, except in a region less than one or two wave
lengths away from the tip of the obstacle. In other words, as long as the influence of
the island, on wave heights and angles of incidence, is measured at distances greater
than two times the wave length, the lack of diffraction is not essential anymore. Since
wave lengths are short (several tens of metres) in the examined cases, this is viable.

e Waves can only be computed in a sector narrower than 180°. If the deepwater angle of
incidence is not too large and the bottom-profile does not vary too much this should
be no problem. A value of © = 120° for the total directional sector is often used.

e HISWA is only able to cope with single-peaked spectra. Referring to the research
purpose of this report, this limitation is of no influence.

The next paragraph details the working of HISWA, the choice of the computational grid and
its boundary conditions.

5.5.1 Computational grid and boundary conditions

HISWA uses a grid to compute the changing wave-parameters. The computational region is
a rectangle covered with a rectangular grid. This grid is defined by a Cartesian coordinate
system, i.e. in a flat plane and not on a spherical earth. One of the axes (called the X-axis)
is chosen in the down-wave direction (i.e. roughly the mean wave direction); lateral (normal)
to the X-axis is the Y-axis. The computation starts at the up-wave boundary x = 0, and

Diameter of island D | Distance offshore d Deepwater angle of incidence ¢g Dir. spread of waves
[km] [km] [degrees] [degrees]
0.5 1.0 10 5.7
1.0 2.0 43 31.5
4.0 5.0

Table 5.2: Variable input parameters for HISWA
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Figure 5.4: The computational grid
. points determined previously; + points being
computed

proceeds in the positive x-direction. After the states in all points on a line in y-direction have
been determined, the computation proceeds with the next line in the grid, see figure 5.4.

The state in a point is determined only by what happens in the up-wave direction of this
point. For the propagation in x-y space an explicit scheme is used (leap-frog), in ©-direction
a fully implicit scheme is used (backward Euler). This has certain consequences. Since the
numerical scheme is explicit in x-y space, the computation is only stable under the condition
that the ratio of the forward step (i.e. the step in x-direction) and the lateral step (the step
in y-direction) is smaller than a certain limit. In cases without currents, HISWA operates
the following limit.

i—; < cot (©) (5.1)

where O is the discrete spectral wave propagation direction. A consequence of this condition
is that waves can be computed only in a section narrower than 180° (i.e. 90° to either side of
the positive x-direction). In HISWA, a value of 120° for the total directional sector is often
used. According to equation (5.1). Ax must be approximately half of Ay.

The accuracy of the computed values by HISWA depends largely on the chosen grid-density
and the boundary conditions. First the dimensions of the computational grid are required,
followed by the density of the grid. The dimensions and the grid-density are maintained for
all situations throughout this chapter.

Dimensions of the computational grid

The up-wave boundary (x = 0) should be chosen in such a way that refraction influences
are not yet noticeable on the propagating waves. This consequently holds that the up-wave
boundary should be chosen seaward of the island and at a point where the maximum depth
of 30 m has already been reached. Because the maximum distance offshore amounts to 5 km
and the maximum diameter reaches 4 km, the length of the X-axis is set to 10 km (taking
into account 1 km extra length).

The breadth of the computational grids is dependent on a few factors. First, the outmost
point, which is theoretically still influenced by the island, should be inside the borders of the
computational grid. Moreover, this point should be away far enough, to avoid influence from
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the grid’s borders. Thus the breadth in y-direction must be larger than the area of interest,
because along each lateral side of the grid (if there is an open boundary along that side) a
region exists where the wave field is disturbed by an import of zero energy from the lateral
boundaries.

The determinative situation is given for an island 5 km offshore with a diameter of 4 km
and waves approaching with an angle of incidence of 45 degrees. See figure 5.2, when we
consider the influence of the outmost left point of the island, we know the outmost left point
of the shadow zone. Without considering any refraction (making a conservative approxi-
mation) nor the influence of the directional spread, this shoreline-point is at a distance 5
km + 2 km = 7 km away from the symmetry-axis of the island in y-direction. Still the
problem of the influence of the lateral boundaries exists, and a much wider y-axis would be
required to overcome this problem. Fortunately, HISWA possesses the command BOUND-
ARY LEFT/RIGHT EXTENDED. With this option, the user indicates that the incoming
waves at the (lateral) boundary come from a region where the situation is independent of
the coordinate normal to the boundary. This region is assumed to extend to infinity. Using
this command, the disturbed area becomes much smaller. An additional 3 km is added to
the 7 km to allow disturbances and to be able to measure the exact length of the shadow
zone. The shadow zone ends at those points where the wave heights have the same magni-
tude, as was the case before the construction of the island. Although not fully necessary, a
symmetrical grid is desired, and consequently the total breadth of the grid amounts to 20 km.

Density of the grid

Now that the dimensions of the grid are known, the density of the grid can be determined. In
the beginning of this section a relation between Ax and Ay was given, namely Ax / Ay < 0.5.
Ax and Ay indicate the length and breadth of a rectangle, in x- and y-direction respectively.
If the length and breadth of an individual rectangle are chosen smaller, the density of the
computational grid increases and more accurate calculations are made. Nevertheless, it is
needless to make the grid as dense as possible. If the density is increased and the outcome
does not vary too much, it was unnecessary to increase the density. A compromise has to be
found between the accuracy of the outcome and computing-time. Table 5.3 shows the results
for several densities; 150 meshes in both x- and y-direction, and © = 120° were chosen as a
reference, and the average computed wave heights were set to 100%. The same is done for
the angle of incidence at the breaker line ¢. The average wave height was taken at several
depths and under several conditions. 50 meshes in both directions do not give an accurate
enough average wave height or angle of incidence. The difference in outcome between 100 and
200 meshes in both directions, on the other hand, is small. Because the results of 150 meshes
in both directions approximate to hand-calculations most closely (see also paragraph 5.6.1),
this option is chosen.

In the bottom-section of table 5.3 one can see the influence of the discrete spectral wave
propagation direction ©. Its influence on the results of these HISWA-calculations is small.

Summarising, this results in the following grid-characteristics, which are used in all situations.
e Grid: 10,000 * 20,000 m?

e Ax=0667m;Ay=1333m

e O =120°
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A x[m] A y[m] e Number of meshes | Number of meshes | Relative H, Relative ¢
in x-direction in y-direction

200 400 120 50 50 126% 116%
100 200 120 100 100 110% 106%
66.7 133.3 120 150 150 100% 100%

50 100 120 2060 200 92% 95%
66.7 133.3 90 150 150 103% 93%
66.7 133.3 100 150 150 101% 97%

50 100 90 200 200 95% 89%

50 100 100 200 200 94% 93%

Table 5.3: Influence of grid-density on accuracy of HISWA-outcome

5.6 Calculation approach

Over the years numerous formulae and methods have been developed to predict sediment
transports. Some examples are: CERC-formula, BIJKER-method and Van RIJN-method.
They differ in the complexity of parameters, which are taken into account. In this report
only one formula is used, namely the CERC-formula. It is one of the first transport formulae,
and easy to understand. Using more formulae, would not increase the insight in the purposes
for which the formula is used in this report. Consequently, the CERC-formula is solely used

here.

5.6.1 The CERC-formula

This method was developed soon after World War II by the Beach Erosion Board, the prede-
cessor of the US Army Coastal Engineering Research Center. The CERC-formula predicts the
total longshore sediment transport through the breaker zone. The formula relates the trans-
port to the available wave energy. Only the driving force resulting from waves approaching
obliquely and having the same proportions at all point along the coast is considered. Hence,
no other driving forces than waves, such as tidal currents, are taken into account.

The CERC-formula can be written in many forms, one of which is stated below. Both deep-
water conditions and conditions at the breaker line can be used in the CERC-formula. But
all CERC-formulae have at least one breaker line-parameter. In this report only conditions
at the breaker line are used.

S, = 0.025Hzcy sin (2 * ¢) (5.2)

Examining equation (5.2) one thing is remarkable:

¢ The longshore sediment transport is computed, only by using data at the breaker line.
In the formula itself, this is indicated by the threefold subscripts b. As said, some
CERC-derivatives use also deepwater conditions. But it is not clear, in which way an
island influences the correctness of the outcome of this type of derivatives. Most likely,
these type of CERC-formulae assume an undisturbed path, in which the waves travel
from deep to shallow waters. In other words, the outcome of these CERC-formulae
would be false, because the island changes the deepwater waves, in such a way, not
accounted for by these formulae. For that reason a derivative of the CERC-formula is
used, which is only influenced by the conditions at the breaker line and not by deepwater

conditions.
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Determining the position of the breaker line

To determine the values of the breaker line parameters, we first need to locate the breaker
line itself. If waves would be monochromatic, if no directional spread would be present and if
the bathymetry is even and smooth, all waves would break at the same depth. However, the
natural situation is manifold and different waves break at different depths. Still the CERC-
formula desires one criterion for which waves break and which can serve as a reference to
come up with the breaker line. The following relation exists at the theoretical breaker line

Hy=~yx*hy (5.3)

To overcome this problem, the theoretical breaker line is determined by hand first and related
to the percentage of broken waves @, calculated by HISWA, all under the same conditions.
The breakerdepth h; is taken as the point of correspondence between the theoretical breaker
line and the HISWA-outcomes. The hand-calculation assumes monochromatic waves, a uni-
form significant deepwater wave height and a constant deepwater angle of approach. The
bathymetry is, as assumed in paragraph 5.4.2. Refraction theory is used and the results are
listed in table 5.4.

In words this means that for a deepwater angle of approach of 10 degrees and a wave height
of 2.0 m, 5.35% of the non-monochromatic waves, having a directional spread of 5.7° and
computed by HISWA are broken at the depth of the theoretical breaker line, computed by
hand. The difference between @} of the two angles of incidence is so small, that the breaker
line is positioned, where 5% of the incoming waves are broken. It would be expected that
Qs for both angles of incidence is the same, because HISWA operates the same value for
v as used in the hand-calculations, namely 0.6. Why this is not the case, is not clear. In
some cases, HISWA uses vy-values of over 0.6, which is even more odd. Most likely the use of
non-monochromatic waves and the small directional spread, is the cause.

Method of calculation the change in sediment transport

The actual sediment transport is not of interest in this report, only the change in sediment
transport is important. Therefore, the yearly sediment transport after the construction of
an island is compared to the yearly sediment transport in the initial situation. If this is done
for a variety of island’s surface areas and distances offshore, an indication can be given about
the influence of these two parameters on longshore sediment transports.

The change in transport can be computed for a single cross-section over the breaker line or for
a larger area within the surfzone. The first option requires only one point on the breaker line.
This point should be chosen at the centre of the shadow-zone, because the island’s influence
is most severe at that point. However, the determination of such a point is easily liable to
errors. Furthermore, the influence of the angle of approach on the computed transport is
rather large, which increases the change of errors even more. Hence, it seems logically to
determine the change in transport over a larger area and consequently reduce the effect of
individual errors.

$0 | Ho[m] | v | hw (m] | ¢» | He [m] | Qy HISWA
10| 20 |06] 319 | 65 | 101 5.35 %
45| 20 |o6| 28 |259| 171 487 %

Table 5.4: Percentage of broken waves computed by HISWA, compared to theoretical breaker line
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The sediment transport is computed in several cross-sections along the 20,000 m Y-axis. The
interspace between these cross-section is set to 2,000 m. At positions near the centre of the
shadow-zone, where the reduction in transport is most severe, the interspace is reduced. This
way, a more detailed view is obtained of the changes in longshore transports. The results are
presented in several graphs, and are shown in appendix F. An example of a transport cal-
culation is given in paragraph 5.7. Conclusions and recommendations, resulting from these
graphs are presented in paragraph 5.8.

5.7 Example of computation

This section discusses the influence on longshore transports of a 1 km circular island, posi-
tioned 1 km offshore. Waves are approaching at deepwater, with an angle of incidence of 10
degrees and a minimal directional spread of 5.7°. At the end of this paragraph, the influence
of the deepwater significant wave height Hyo and the bathymetry is examined as well.

Initial longshore transport Sy

The longshore transport, present in the period before the construction of the island, is called
the initial transport Sg. The changed sediment transports are compared with this situation.
To determine the initial transport, the theoretical breaker line is related to the percentage of
broken waves, as explained in the previous section. Table 5.5 shows the initial transport, and
its parameters. The breaker depth hy differs a little from its value, calculated in table 5.4.
This is caused by the fact, that not exactly 5.35% is used for @, but the average value of 5%.
Furthermore, it is striking that the parameters ¢y and Hy vary from the values calculated by
hand. This is caused by the use of non-monochromatic waves in HISWA, with a, although
small, directional spread of 5.7°. The wave length L is used to compute the wave celerity ¢
at the breaker line, as shown in equation (5.4. The deepwater wave height amounts to 2.0
m, and the wave period to 5.06 s, because the wave steepness is kept at a value of 0.05.

Ly
Cp =— ? (54)
The initial transport Sgo = -1.86 Mm?®/year, moving in a negative direction (from right to
left), is used as a reference and set to 100%.

Present longshore transport S

The longshore transport, present in the period after the construction of the island, is called
the present transport S. For several cross-sections the breaker line is found, using trial and
error. The transport is computed at the breaker line in the same way as was done for the
initial situation. At locations near the place of minimum transport, the interval between
the cross-section is reduced. This way, a more accurate view is obtained of the changes in
sediment tranport. The relative changes can be seen in table 5.5. The centre of the island is
located at position Y = 10000. At Y = 9735, about 300 m to the left of the island’s centre,
the minimum transport-rate is found. For this situation, with a man-made island very close
to the shore, a complete blocking of longshore transport occurs. This process will most likely
form a tombolo, which can eventually develop into a connection from the original shoreline to
the island. Figure 5.5 displays iso-lines of the wave height and vectors of the wave direction.
The reduction of the wave height at the lee-side of the island, is clearly visibly. The iso-lines,
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which cross the island’s surface are caused by the chosen grid-density in HISWA. Using a
more dense grid would make these physical impossibilities disappear. The development of
the present longshore transport is shown in figure 5.6.

Y hy Hy b L Sx S«/So
m] || [m] | [m] | [*] | [m] || [Mm®/year] | [%]
Initial N.A. || 3.25 | 1.315 | -7.67 | 26.08 -1.86
Present | 2000 || 3.25 | 1.315 | -7.67 | 26.08 -1.86 100
4000 || 3.256 | 1.315 | -7.67 | 26.08 -1.86 100
6000 | 3.25 | 1.315 | -7.67 | 26.08 -1.86 100
8000 | 3.25 | 1.315 | -7.67 | 26.08 -1.86 100
9360 2.35 | 0.943 | -4.26 | 22.69 -0.47 25.06
9485 1.80 | 0.684 | -2.78 | 20.14 -0.14 7.65
9610 1.20 | 0.411 | -1.54 | 16.65 -0.02 1.27
9735 || 0.65 | 0.232 | -2.70 | 12.32 -0.01 0.52
9860 || 0.65 | 0.258 | -7.09 | 12.32 -0.03 1.68
9985 1.25 | 0.435 | -8.16 | 17.03 -0.14 7.59
10110 || 1.65 | 0.633 | -8.82 | 19.35 -0.37 19.69
10235 || 2.10 | 0.856 | -9.04 | 21.63 -0.77 41.23
10360 || 2.65 | 1.076 | -8.83 | 23.95 -1.31 70.51
11000 || 3.25 | 1.315 | -7.67 | 26.08 -1.86 100
13000 || 3.25 | 1.315 | -7.67 | 26.08 -1.86 100
15000 || 3.25 | 1.315 | -7.67 | 26.08 -1.86 100
17000 || 3.26 | 1.315 | -7.67 | 26.08 -1.86 100
19000 || 3.25 | 1.315 | -7.67 | 26.08 -1.86 100

Table §.5: Changes in longshore transport for 1 km island at 1 km offshore, ¢o = 10°
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5.7.1 Sensitivity of HISWA for H,;, and bathymetry

For the same example as discussed in paragraph 5.7 the influence of several parameters on the
changes in longshore transport are examined. Furthermore, these influences are examined
as well, for the same example using a large directional spread of 31.5°. The parameters and
their altered values are summed up in table 5.6.

Hy ho m 50
10m {20m | 1:250 | 0.01
30m | 40 m

Table 5.6: Altered parameters in sensitivity-analysis

All other parameters from the original example remain unchanged, and only one of the
parameters, mentioned in table 5.6, is changed. Because one of the assumptions was to keep
the wave steepness at a value of 0.05 (except of course for the sensitivity-analysis of the
wave steepness), the wave period changes when the deepwater wave height is altered. The
influence of the parameters is shown in figure 5.7 plus figure 5.8, and as a reference the relative
transport of the original example is drawn as well. The measured dots are connected by lines
to emphasize the differences between them, this is, of course, not the natural development
of the longshore transports. For a more detailed look at the influence of the parameters,
appendix F.2 and appendix F.3 both show seven tables with exact information.

Figure 5.7 and figure 5.8 show, that the influence of the mentioned parameters on the change
of sediment transport is minimal. The difference between the original situation and the situ-
ation using new parameters, however, is greater in figure 5.8, because of the larger directional
spread of the waves. The four parameters are discussed separately, hereafter.

e Deepwater wave height Hgg
Although the absolute longshore transport is changed severely, when the deepwater
wave height changes, the relative changes in transport remain almost unaltered. HISWA
operates the same kind of transformations on the propagating waves when traveling
toward the shore. Despite of the absolute change in wave length, the relation between
the local wave height and the deepwater wave height is only changed minor.

e Deepwater bottom level h,
The influence of the bottom level on the propagating waves would only be noticeable
if the wave height is higher than 0.5 times the water depth. In that case, the bottom
level limits the wave height. This is by far not the case and consequently the changes
in longshore transport are exactly the same for all three depths .

o Foreshore slope m

The foreshore slope influences the offshore distance, where the waves break. However, it
does not account for the depth at which the waves break, this depth remains unchanged.
At this depth, the same relation exist between the percentage of broken waves in the
initial situation and the situation after construction of the island. There is some little
difference noticeable between the changes in longshore transport induced by the two
slopes, because the refraction-pattern develops different under the influence of a flatter
slope.

e Deepwater wave steepness g
The wave steepness indicates the relation between wave height and deepwater wave
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length. And consequently the wave period is influenced as well by the wave steepness.
The wave period, the wave length and the position at which waves break are altered,
Nevertheless, the ratio between initial wave heights and wave heights, after the island
is constructed remains almost the same.
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5.8 Conclusions and recommendations

Because the results of the computations differ severe for a minimal and a large directional
spread, the conclusions are discussed in two separate paragraphs, viz. paragraph 5.8.1 and
paragraph 5.8.2. The academic relation, as displayed in figure 5.3, is verified in this chapter’s
final section, for both spreads. A more quantitative approach to the proposed relation is
suggested. Recommendations for future research are presented in paragraph 5.8.3.

5.8.1 Minimal directional spread

Appendix F shows the outcomes of the computations and the accompanying graphs. The
results for a minimal directional spread are drawn separately from those with a large direc-
tional spread. None of these graphs show a value below zero, and no negative transports
occur. Relative transport rates hardly exceed values of 100%. The most important reasons
for these effects have been mentioned in paragraph 5.4.2, at the item variable assumptions.

The minimum value of the altered longshore transport is used to determine the guidelines.
In some cases, this minimum value amounts to zero, which implies that total blocking of the
longshore transport occurs. In other cases, a certain reduction is noticeable, but transport
is still taking place. Table 5.7 shows, for all examined situations, the maximum reduction of
longshore transport. The table indicates, that an island with a diameter of 4 km reduces the
longshore transport to zero, in all examined cases. Consequently, islands of this size should
be placed further offshore to minimize the effect on longshore transports. Furthermore, it is
remarkable that the reduction for a deepwater angle of incidence of 45 degrees is less than for
an angle of 10 degrees. The relative change in wave heights is for both angles of incidence in
the same order of magnitude. The change in angle of incidence at the breaker line, however,
is much less for deepwater angles of incidence of 45 degrees.

Figure 5.10 displays the relation between the relative minimum transport and the rate
d/D; distance offshore and island’s diameter, for minimal directional spread. Although the
maximum computed relative transport amounts to about 60%, the academic relation of fig-
ure 5.3 can be seen (with some imagination) in figure 5.10. The figure reveals, that for a rate
between the distance offshore and the islands diameter of less than about 1.25 to 1.5, the
longshore transport is totally blocked.

Diameter D | Distance d | ASxmin — 10° | ASxmin — 45°

[km] [icm] [%] [%]
1.0 1.0 None None

2.0 + 7% + 12%

5.0 + 40% + 60%

2.0 1.0 None None
2.0 None None

5.0 + 8% + 25%

4.0 1.0 None None
2.0 None None

5.0 None None

Table 5.7: Minimal relative longshore transports, after island construction for minimal directional spread
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The relation shown in figure 5.10 can be split up for each island’s diameter individually. This
relation is shown in figure 5.9. The picture shows more explicitly, that larger islands continue
blocking longshore transports at greater distances offshore. In the same way, a larger distance
offshore is required, for islands having greater surface areas, before the initial transport is
reached again. The above described relation, is shown by the flatter S-curves, for greater
diameters.
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Figure 5.9: Minimum relative longshore transports, shown for each island’s diameter
individually. Directional spread is minimal
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5.8.2 Large directional spread

A similar approach is applied here, as was done for the waves having a minimal directional
spread. In this case, appendix F shows a totally different image. Relative transport rates
change to a negative value frequently. Moreover, transport rates exceed 100%. This implies
that the transport rates after the construction of the island, exceed the values in the initial
situation. Both phenomena are explained in paragraph 5.4.2, at the item variable assump-
tions.

Again, the minimum values of the altered longshore transport are used to determine the
guidelines. If a value is negative, it is considered zero. A negative transport will result in
total blocking of the longshore transport as well. Table 5.8 shows, for all examined situations
the maximum reduction of longshore transport. Total blocking hardly occurs for deepwater
angles of incidence of 45°, and only at distances close to shore. This is caused by the fact,
that these large angles do not generate negative angles of approach, even if the directional
spread is large. This in contrary to a deepwater angle of incidence of 10°. Blocking occurs
for all situations, except two. The large directional spread is also responsible for the fact
that less blocking occurs at 45° for a large spread than at 45° having a minimal spread. Due
to the large directional spread the change of waves reaching the lee-side of the island is much
larger.

Figure 5.11 displays the relation between the relative minimum transport and the rate
d/D; distance offshore and island’s diameter, for large directional spread. Although the
maximum computed relative transport amounts to about 80%, the academic relation of fig-
ure 5.3 can be seen (with some imagination) in figure 5.11. Compared to figure 5.10, the
45°-curve runs much steeper and the 10°-curve much flatter. In words this means, that in
case of a large directional spread and a deepwater angle of approach of around 45° man-made
islands can be placed closer to shore. On the other hand, if waves have a small deepwater
angle of approach and a large directional spread, blocking of longshore transport is more
severe. Total blocking still occurs for a rate d/D of about 2 - 2.5!

5.8.3 Recommendations for future research

It is clear, that the above executed study is by far not complete. Consequently, room for
future research is available. Below, some research suggestions are summed up.

Diameter D | Distance d | ASxmin — 10° | ASxmin — 45°

[km] [km] [%] (%]

1.0 1.0 None + 6%

2.0 None + 50%

5.0 + 50% + 80%

2.0 1.0 None None

2.0 None + 15%

5.0 + 1% + 65%

4.0 1.0 None None
2.0 None None

5.0 None + 35%

Table 5.8: Minimal relative longshore transports, after island construction for large directional spread
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Influence on transport for larger distances offshore

Because the maximum relative transport value is reached at values of 60% and 80%,
the development of the areas above can only be given hypothetically. Exact values
for the relation between the distance offshore and the island’s diameter are required in
these regions.

Using other transport formulae

This report only used the CERC-formula to come up with the changes in longshore
transports. The CERC-formula only takes into account the effects of waves on trans-
ports. Other formulae should clarify the effects of currents and the effects of a combi-
nation of waves and currents. Moreover, the results of this report can be verified.

Using a more natural approximation of nature

In this report two angles of incidence are assumed, both with a minimal directional
spread and a large directional spread. It would be interesting to examine the effects of
an even more realistic approach, for example testing the effects of seasonal dominant
wave directions.

Varying the shape of the island

Only a circular island has been assumed. It is very likely that some other shape, having
the same surface area, will result in less reduction of the longshore transport. Which
dimension, or combination of dimensions of the island influences longshore transports
most? The width, the length, etc.



Chapter 6

Conclusions and
recommendations

6.1 Introduction

The objective of this report, as stated in chapter 1, is to present useful guidelines to de-
signers, involved in the design and construction of reclaimed artificial islands. After having
executed a thorough research of literature, the guidelines could be narrowed down to several
subjects, all related to the field of coastal engineering. Throughout this report guidelines and
recommendations are presented. This chapter summarises all these guidelines and recommen-
dations once again. The guidelines are discussed in paragraph 6.2, and the recommendations
in paragraph 6.3.

6.2 Conclusions
Some guidelines are derived from literature. Missing knowledge, and most common problems

with the design and construction of artificial islands gave cause for the study performed in
this report. The most important guidelines, derived from literature are:

e In practice, waterdepths are restricted to & 30 m, mostly based on economics
e In practice, an increase in island size involves a decrease in waterdepth

e Hardly any artificial polder islands have been built yet

The guidelines formulated on the basis of this report’s study are presented in three para-
graphs, hereafter.

6.2.1 Use of sea defences

Five types of sea defence structures are included in the study, namely rubble mound sea de-
fences armoured with quarry stones, dolosse, tetrapods and modified cubes as well as vertical

85
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caisson-type seawalls. Using these types of defences, islands can be employed in deeper water
and in more severe wave climates.

All sea defence structures are designed, fulfilling the same demands, for instance the demand
of minimal overtopping. Furthermore, the mass of dolosse and tetrapods is limited to 20
tons. This way, the risk of concrete fractures is avoided. If designers know the waterdepth
at the toe and the accompanying wave height, guidelines are presented for two kinds of wave
steepnesses, viz. seas and swell. The most important conclusions resulting from these guide-
lines are:

For seas:

¢ Quarry stone sea defences are the most economical examined structures, at waterdepths
shallower than 3 to 7 m, depending on the relative costs of the quarry stones.

e Vertical caisson-type seawalls result to be most economic, at waterdepths over approx-
imately 25 to 28 m, and wave heights exceeding 10 to 12 m, depending on the relative
costs of the quarry stones.

e Within the large intermediate range, dolosse type sea defences are economically pre-
ferred. Their range depends also on the relative costs of the quarry stones.

For swell:

e Because quarry stones are more severely loaded by swelling waves, quarry stone sea
defences are economically only up to waterdepths of about 3 m, even if the relative
costs of the quarry stones is reduced.

¢ Because waves heights over about 6 m hardly occur at swell, higher wave heights are
not accounted for. For waterdepths over approximately 3 m, dolosse type sea defences
are economically preferred.

6.2.2 Overall costs related to size of island

Larger reclaimed islands can be constructed more economic than smaller islands. Landfill
for reclaimed artificial islands can originate from marine and land excavation sites. This
report only details landfill mined from marine excavation sites. Marine landfill can best be
excavated using trailing suction hopper dredges, if the sailing distance between excavation
site and island location is large. The cost for marine landfill depends, among others, on the
cycle time of the trailing suction hopper dredge.

Costs for the sea defence structures generally account for the majority of the total island’s
costs. If the surface area of an island grows, the length of the sea defences grows proportional
to square root and the volume of the landfill linear. Consequently, the overall costs per square
metre are less for larger islands than for smaller islands.

6.2.3 Morphological impact of artificial islands on longshore trans-
ports

A reclaimed island placed some distance offshore induces a low wave energy zone behind it.
In this, so-called shadow-zone wave heights will be reduced, and consequently a reduction of
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longshore transport occurs. A reduction in longshore transport can cause accretion in the
shadow-zone, and erosion in the adjacent areas.

For a circular artificial island the relative influences on longshore transport have been exam-
ined, varied for the island’s diameter D and its distance offshore d. Only the influence of
waves is accounted for, the influence of currents is left out of consideration. Seas have been
assumed present at deepwater. For two conditions guidelines are presented, namely a large
directional spread (which approximates seas best) and a minimal directional spread. On the
basis of these guidelines, designer can deliberate the extra costs of placing the island further
offshore, generating less erosion, or placing the island closer to shore, and spending more
money on overcoming erosion and accretion problems. The following guidelines result:

Large directional spread:
¢ For a deepwater angle of incidence of 10 degrees, relative transports exceed 100%.

¢ Total blocking of longshore transports hardly occurs for deepwater angles of incidence
of 45 degrees, and only at rates d/D < % 0.5.

e At a rate d/D = £ 2, a minimal relative longshore transport of about 50% is present
behind the island, for deepwater angles of wave incidence of 45 degrees.

¢ For deepwater angles of incidence of about 10 degrees, total blocking occurs even when
the island is placed far offshore, up to a rate d/D < £ 2 - 2.5. Because the angle of
incidence is small and the directional spread large, negative transports can result. The
waves having a large angle of incidence are blocked by the island at its lee-side. For
this same reason, islands should be placed further offshore to avoid total blockage in
comparison to situations with a minimal directional spread.

e At a rate d/D = £ 5, a minimal relative longshore transport of about 50% is present
behind the island, for deepwater angles of wave incidence of 10 degrees.

Minimal directional spread:

¢ Longshore transport is totally blocked for a rate d/D < 1 - 1.5.

e At arate d/D = £ 5, a minimal relative longshore transport of about 50% is present
behind the island, depending on the deepwater angle of wave incidence.

6.3 Recommendations

The above presented guidelines can be enlarged, by means of further research. Suggestions
for future research are given for two of the three subjects.

6.3.1 Use of sea defences

e Changing unit price costs
The study revealed a very large influence of the quarry stone and concrete prices on the
results of the guidelines. Although a value e¢ was introduced to account for additional
quarry stone costs, altered composition of the quarry stones, as stated in table 3.1, may
result in a more widely usability of the guidelines.



88

CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

o Using modern formulae for armour calculations

The study was performed using both Hudson and Van der Meer formulae. The Hudson
formula is somewhat outdated, and new insights are not included. Therefor, the use of
new formulae, and applying of new methods is desirable. Furthermore, a more uniform
result is obtained in this manner.

Examining the economic applicability of 'new’ armour elements

Newer armour elements, like accropods and core-loc, which can be applied in a single
layer mat prove to be more economical than dolosse for instance. However, the failure
mechanisms of these type of elements needs to be thoroughly examined.

Examining non-hard sea defences

Hard sea defences, like rubble mound and caissons, were used in the performed study.
Soft sea defences, or combined defences were not taken into account. These types of sea
defences, however, may prove very useful at limited depths or under less severe wave
attack (for instance at the lee-side of the island).

6.3.2 Morphological impact of artificial islands on longshore trans-

ports

Influence on transport for larger distances offshore

Because the maximum relative transport value is reached at values of 60% and 80%,
the development of the areas above can only be given hypothetically. Exact values
for the relation between the distance offshore and the island’s diameter are required in
these regions.

Using other transport formulae

This report only used the CERC-formula to come up with the changes in longshore
transports. The CERC-formula only takes into account the effects of waves on trans-
ports. Other formulae should clarify the effects of currents and the effects of a combi-
nation of waves and currents. Moreover, the results of this report can be verified.

Using a more natural approximation of nature

In this report two angles of incidence are assumed, both with a minimal directional
spread and a large directional spread. It would be interesting to examine the effects of
an even more realistic approach, for example testing the effects of seasonal dominant
wave directions.

Varying the shape of the island

Only a circular island has been assumed. It is very likely that some other shape, having
the same surface area, will result in less reduction of the longshore transport. Which
dimension, or combination of dimensions of the island influences longshore transports
most? The width, the length, etc.
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A.1 Survey of artificial islands in North and South Amer-
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A.2 Survey of artificial islands in Asia and Australia (ex-

clusive Japan)
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A.3.

A.3 Survey of artificial islands in the Beaufort Sea (Canada)
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A.4.

A.4 Survey of artificial islands in Europe
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A.5 Survey of artificial islands in Japan
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Appendix B

Structural relations for artificial
islands
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B.1 Relation waterdepth-area for artificial islands (build)
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B.2. RELATION WATERDEPTH-AREA (PLANNED)

B.2 Relation waterdepth-area for artificial islands (planned)
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B.3 Relation waterdepth-distance offshore for artificial
islands (build)
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B.4 Relation waterdepth-distance offshore for artificial
islands (planned)
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B.6. RELATION DISTANCE OFFSHORE-AREA (PLANNED)

B.6 Relation distance offshore-area for artificial islands

(planned)

09 oy 414

[wi] a10ys Yo aoueysicy

Ao xejdwon
pue|s| jeuysnpuyj
BupueH sisepn

BuipiygAiesodwa |
uoneaiosy

Hod

ainjjnouepy
uonelauas) ABiaul
Hodiy

(x.cz00)0 +*0005¥

OXR+<meDD

(pauue|d) spue|s| [eIOHY PaWIEDDY

1 00001

00002

0oooy

[ wooo't] eaiy

[4




110 APPENDIX B. STRUCTURAL RELATIONS FOR ARTIFICIAL ISLANDS




Appendix C

Design of rubble mound sea
defences

One of the possibilities to protect an artificial island against storm conditions is to construct
a sea defence totally around the island. Another possibility is to construct a sea defence only
at the wave exposed side of the island and construct the lee-side as an artificial beach. The
main function of the sea defence will be to prevent the wave actions from eroding the island.
A typical cross section of a rubble mound sea defence, as protection for a man-made island,
is shown in figure C.1 . The accentuated triangular shaped parts in the centre of the sea
defence are small quarry run berms used in the filling-process of the island.

Parameter | Description
Lg Length of filter, relative to toe
R, Crest freeboard, relative to sea level
h ‘Waterdepth
h: Depth of the toe below sea level
o Angle of structure slope
to Thickness of armourlayer
ts Thickness of secondary armourlayer
B Crest width
he Hight crest relative to seabed

Two design methods are given in this appendix, one for rubble mound sea defences armoured
with quarry stones, and one for rubble mound sea defences armoured with concrete units.
The two methods show a lot of resemblance, but are treated separately. At first some general
equations are mentioned, followed by the calculation of a quarry stone armoured sea defence
and a concrete units armoured sea defence. These design-parts, which are equal for both sea
defences are mentioned subsequently.

At the end of this paragraph two examples of calculations are given, viz. a rubble mound sea
defence armoured with dolosse at a depth of 26 m, and a rubble mound sea defence armoured
with quarry stones at a depth of 8 m.
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Reference Line— —

Figure C.1: Parameters related to cross-section of rubble mound sea defence

C.1 Methods and formulae used in calculations

C.1.1 General equations

Some equations, which are used in numerous relations are summed up below, without further

explanation.

Deepwater wave length:
Lo =gT?/2m

Peak wave period:
T,=12xT

Wave steepness:
s=H/Ly=2nH/gT*

Surf similarity parameter:

£ =tana//s

e &, is based on the normal wave period

e £, is based on the peak wave period

Relative density:
A= (parmour - Pwater)/pwater

(C.1)

(C.2)

(C.3)

(C.4)

(C.5)

The most important dimensions of a rubble mound sea defence are shown in figure C.2. These
dimensions are also mentioned in the text, but are visualised for a better understanding.
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Figure C.2: Dimenions used to construct rubble mound sea defences

C.1.2 Rubble mound sea defences armoured with quarry stones

In this case the entire cross section of the defence structure is build up out of quarry stone,
varying in weight from several tonnes to only a few kilograms. These weights can be divided
into gradations, depending on the quarry used. For this thesis the gradations and costs as
stated in table C.1 are assumed. In this paragraph, the separate steps in the design are
detailed. The parameter a indicates the additional costs for transport-distances, etc.

Run-up calculations

When the crest freeboard is as high as or higher than the maximum run-up, no overtopping
will occur. This condition is interpreted as 2% run-up allowed. In other words this means,
that only 2% of the incoming waves may cause overtopping. Consequently, when the maxi-
mum run-up is known the height of the crest above S.L. can be determined.

In case of armoured rubble slopes the 2% run-up level is given by van der Meer (1988a) [18].

R o9 /Hs = 0.966, for, < 1.5 (C.6)
Gradation Daso[m] | Waso[kg] | [US$/m?]
0.0 - 500 kg 0.32 83 (a + 36)
250 - 500 kg 0.51 361 (a + 40)
500 - 1000 kg 0.65 721 (a + 42)

1000 - 2000 kg 0.82 1443 (a + 45)
1000 - 3000 kg 0.88 1821 (a + 50)
2000 - 4000 kg 1.03 2895 (a + 55)
3000 - 6000 kg 1.18 4328 (a + 63)
6000 - 9000 kg 1.41 7399 (a + 76)
9000 - 12000 kg | 1.58 10428 | (a + 86)
12000 - 16000 kg 1.74 13904 (a + 100)

Table C.1: Gradations and prices for quarry stones
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Rygo /Hy = 117624 forg, > 1.5 (C.7)

The run-up for permeable structures (P > 0.4) is limited to a maximum:

Ryavs/Hs = 1.97 (C.8)

Armourstones calculations

The ratio H;/Ad indicates the stability of the armour stones under wave attack. Van der
Meer contrived some equations to determine this ratio. Van der Meer draws a distinction
between the required weight of the stones when plunging breakers occur and when surg-
ing breakers occur. The diameter of the stones can be calculated, using the following two
equations:

Su

% = 6.2P%18( \/N)O‘zf,;("s foré < & (plunging breakers) (C.9)
H, —013; Sd \o.2,.P i
— =1.0P (—=)"*¢, Vot forf > & (surging breakers) (C.10)

Ad vN

The transition between the two types of breakers is given by equation (C.11). In practise, for
cot < 4 surging waves do not exist and only the expression for plunging waves is recommended
for use.

Etransition = [6-2P0'31 Vv ta,na](}’-i}o..i) (C].l)

The symbol S; stands for the amount of damage caused by a certain wave height during
a certain time. Sy depends on the slope and the allowable amount of damage which the
breakwater is designed for, as can be seen in table C.2. Of course, the criterion of initial
damage is taken in the design calculations.

Thickness primary armour layer
The thickness of the primary armour layer is determined as two times the nominal diameter
of the primary armour stones, written as an equation:

tarmour = 2% Dnsoarmour (C.l?)
Slope | Initial damage | Intermediate damage | Failure
1:15 2 3-5 8
1:2 2 4-6 8
1:3 2 6-9 12
1:4 3 8-12 17
1:6 3 8-12 17

Table C.2: Design values for Sy for a two diameter thick armourlayer [18]
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C.1.3 Rubble mound sea defences armoured with concrete elements

The same series of calculations as was used for the quarry stones, is used for the concrete
elements. Only different equations are used. Some features of the concrete armour elements,
which will be used further on, are mentioned in table C.3. The costs for modified cubes have
been set to 70 US $ / ton, and the costs for dolosse and tertapods are both US § 80 / ton.
These prices include the total costs for fabrication and placing in position. Because the latter
two elements are more complicated to fabricate, they are more expensive.

Run-up calculations

When the crest freeboard is as high as or higher than the maximum run-up, no overtopping
will occur. This condition is interpreted as 2% run-up allowed. In words this means, that
only 2% of the incoming waves may cause overtopping. Consequently, when the maximum
run-up is known the height of the crest above S.L. can be determined.

Ahrens (1981) produced several somewhat conservative equations to calculate the run-up
on smooth slopes, using the surf similarity parameter based on the peak wave period. For
non-smooth slopes the reduction factor r has to be applied [18].

Ryo0/Hs = 1.66 for0 < €, < 2.5 (C.13)

RyowHy = 4.5—0206,  for€, > 2.5 (C.14)

Armour stones calculations

To calculate the weight of the concrete armour elements, the more simple formula of Hudson
is used. No factor like Sy is included to indicate the damage percentage. Generally, it
is assumed, that the weight of the armour stones are calculated for a 5% damage level,
although the correctness of this number is not clear.

W_ paH3

T KpA3cota (C.15)

The K - values have already been mentioned in table C.3. Compare the large Kp - value
of 15.8 for dolosse to the values of the other elements!

Van der Meer also derived relations for two concrete armour units, viz. cubes and tetrapods.
Because no Van der Meer relation exists for the dimensioning of dolosse, only the Hudson-
formulae are used to determine the weight of concrete armour units. However, the two Van
der Meer-relations are mentioned below. N,q indicates the relative damage level, N the
number of waves and s,, the wave-steepness. For the no-damage criterion Nog becomes zero.

Cubes:  H,/AD, = (6.7TN2/N°® + 1.0)s;,>"" (C.16)
Armour-elements | run-up reduction factor r | Kp | n, | Ka
Dolosse 0.45 15.8 | 0.56 | 0.94
Modified cubes 0.55 6.5 | 0.47 | 1.10
Tetrapods 0.50 7.0 | 0.50 | 1.04

Table C.3: features of concrete armour elements
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Tetrapods:  H,/AD, = (3.75N% /N°* +0.85)s,0? (C17)

The weight of the concrete elements depends not only on the size, but also on the density of
the concrete used. The standard weights of concrete elements are summarised in table C.4.
In the continuation of this appendix the density of the armour stones is assumed to be 2621
kg/m>. A density close to the density of quarry stones. This density can be obtained by
mixing the concrete with heavier aggregates, like iron ore.

Thickness primary armour and number of units

To ensure the workability of the concrete elements they have to be placed on the secondary
armour layer in a double layer. The thickness of the armour layer can be calculated using
equation (C.18).

tarmour = nI{A(I/V/;O)l/3 (018)

And the number of units per m? is given by:

No = nKa(l = ny)(p/W)*3 (C.19)
Where: tgrmour = thickness of armour layer
n = number of layers
Ka = layer thickness coefficient
Ny = volumetric porosity
P = density of armour material

C.1.4 Equal design parts for rubble mound sea defences

Below those parts of the cross section design, which are similar for both the quarry stone sea
defence and the concrete elements sea defence are summed up.

End of armourlayer

Because the costs of the armourlayer contributes significantly to the total costs of the sea
defence, any decrease in the amount of armour used is welcome. According to rules of thumb
the armourlayer needs to be extended till the toe in shallow water. However, if the distance
between the crest of the toe and the mean sea level exceeds 1.5 times H, the armourlayer
can be replaced by the secondary armour layer. Throughout this report a water level (S.L)
is assumed, taking into account set-up by tidal-, wind- and storm-influences. Consequently,

Volume of individual armour elements [m®)

(020 [ 0.40 | 0.81 | 2.02 | 4.050 | 4.550 | 6.070 | 7.430 | 8.090 | 10.11 | 12.14 [ 14.16 [ 16.18 |

Density

kg/m® Weight of individual armour elements{ton]

2473 | 0.50 1.00 2.00 5.00 10.00 11.25 15.000 18.35 20.00 25.00 30.00 35.00 40.00
2621 | 0.53 1.07 214 5.34 10.68 12.00 16.02 19.60 21.36 26.70 32.04 37.38 42.71
2743 | 0.56 1.11 2.23 5.57 11.14 1248 16.71 20.38 22.29 27.86 33.43 39.00 44.57
2867 | 0.568 1.16 2.31 5.79 11.57 13.04 17.36 21.30 23.14 28.93 34.71 40.50  46.29

Table C.4: Weight of armour elements [30]
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Mean sea level will be somewhat lower, hence a distance of 2 times H, is taken (also including
safety), instead of 1.5 times H,. See figure C.3.

Secondary armour calculations

Underneath the primary armourlayer a layer, or sometimes several layers, of smaller stones
is/are placed to support the armour layer and to prevent the core from washing out. A
relationship between the weight of the armour elements and the secondary armour elements
is given in the Shore Protection Manual [30]. Secondary armour elements are always rubble
stones. Weight and dimensions as stated in table C.1.

W,
WasoSecondary = _@f}{%‘m (CZO)

Thickness of secondary armourlayer
The thickness of the secondary armour layer is determined as two times the nominal diameter
of the secondary armour stones, written as an equation:

tsecond = 2 * Dpsosecond (C-21)

In case the size of the secondary armour layer is not able to prevent the core from being
washed out, a third layer has to be applied.

Core calculations

In most cases the quarry run (stones having an average weight of less than 500 kg) can be
used as core material. However, this has to be checked using filter formulae, the so called
filter rules for geometrically closed filters are used. Two demands have to be fulfilled, namely
stability and permeability between the filter layer and the base layer. If these two conditions
are satisfied then the grains can not move out of the base layer.

Stability: %2£ < 5 (provided internally stable: %f% < 10) (C.22)

dssB

Permeability: 922 > 5 (C.23)

disB

The subscripts ' and B stand for filter and base respectively. The filter layer consists of
the secondary or third armour and the core acts as the base layer. A more wide grading
can be assumed for the core material. According to Van der Meer a sea defence having a

T ¥

2¥Hs

I | 4
< ZHs i
I
]
t
i
s

Figure C.3: Area of armourlayer in cross-section according to waterdepth
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permeability P of 0.4 has to possess the following relations: Dnsoarmour / DpsoSecondary = 2
and DnSOSecondary/DnSOCore =4

Toe calculations

Van der Meer formulated an equation to calculate the Dn50 of the toe [18]. The following
equation is based on the 90% confidence level, h; indicates the distance between the top of
the toe and the water level. The formula is safe for h; / h > 0.5, for lower values the normal
armour calculations should be used.

hi/h = 0.253(H,s/ADpso)” (C.24)

Referring to general rules of thumb, the toe will be designed having a height of about 4*D 50
and a crest-width of about 4*D,50. The slopes have been set on 1 : 2. In deepwater this
will be no problem, however in shallow water the thickness of the toe may become too large
relative to the waterdepth. Consequently, a thickness of 3 or 2 times Dpgo is required. Sec-
ondly, the toe’s function is to support the armour layer. If a slope 1 : 2 is applied, using a
small D50, it is possible that the toe does not completely support the layer of armour. In
such cases a flatter slope should be chosen, e.g. 1: 3. An interpretation of the designer is
required, but above mentioned remarks can be useful for an initial design.

Additional remarks

The above mentioned design rules and equations are very general ones. For every location
the circumstances are different and therefore different designs will result. Every construction
and design should as least be preceded by a thorough site and soil mechanical investigations
as well as some computer or scale models of the sea defences. The above mentioned equations
can serve to give an indication of the relative final costs for each type of armour used in the
sea defence. Resulting in a preference for a type of armour for a certain waterdepth, based
on the cost criterion.
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C.2 Two examples of rubble mound sea defence design

Using the design rules, stated in appendix C a technically functional sea defence can be
constructed. However, the art is to design a technically functional and an economical sea
defence. One can imagine that steeper slopes require less material in a cross section and thus
will be less costly. Steeper slopes increase weight of the armour and the amount of wave
run-up, which raises the crest height and thus the total volume in a cross section. However,
the cheapest total cross section should be chosen. Secondly, the usable types of armour,
are limited by their weight. The maximum weight of the quarry stones is limited by the
quarry output. And the maximum weight of the concrete elements depends on the type of
concrete used, the shuttering and the risk of fractures in the concrete. The maximum weight
for dolosse and tetrapods is 20 tons in this report. Modified cubes can be applied till their
maximum available weight. Things will become more clear in an example. Two examples
are listed below, one for deepwater and one for shallow water.

C.2.1 Deepwater sea defence [h=26m]

It is assumed that the depth at the toe of the sea defence amounts to 26 metres. Furthermore,
the significant wave height H, is 8.0 m. Locally generated waves exist and the (local) wave
steepness has a value of 0.05 (seas).

Design description
At a depth of 26 metres a sea defence is to be designed to protect a man-made island, using
an armour of dolosse. No overtopping may occur and the cheapest possible cross-section will

be chosen.

Additional information: perpendicular approaching waves (8 = 0).
Both a and b are zero.

General calculations

Because the significant wave height and the wave period are related to each other by means

of the wave steepness, the mean wave period Ty, can be derived. According to s; = fo =

%—:ﬁ;f follows Trp, = 10.12 s.
Having calculated the mean wave period, the peak wave period and peak wave steepness can
easily be computed.
T, =12%10.12 = 12.14s.
sp=2mH/[gT? = 0.035
Relative density A for sea defence elements:
Dolosse : (2621-1030)/(1030) = 1.54
Quarry stones: (2650-1030)/(1030) = 1.57

Armour calculations

The maximum slope which can be applied depends on the maximum available armour stones,
see table C.4. If one assumes a density of 2621 kg/m3 then the maximum safe tonnage
amounts to 19.60 ton. If the calculated weight of the dolos would exceed this tonnage, a
less steep slope is necessary. Using Hudson’s formula,equation C.15, with a slope 1: 1.5 the
following weight results.
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2621 * (8.0)2

W= 58w (154)8 » 15

=15.50 ton

This result in a standard dolos of 16.02 ton. This weight is less than 20 ton, and consequently
the slope of 1 : 1.5 can be maintained. Knowing the weight of the dolosse the thickness and
number of units of the double layer of dolosse can easily be calculated.

tormour = 2% 0.94 % (16,020/2621)'/3 =3.44 m

N, = 2%0.94 (1 — 0.56)  (2621/16,020)/° = 0.25 1/m?

The armour layer ends at a distance 2 * 8.0 = 16.0 below the sea level and the secondary
armour layer continuous at that location, providing the toe allows this. But generally the
height of the toe will not be higher than 26.0 - 16.0 = 10.0 m, above the sea bottom!

Run-up
Now that the slope is know the run-up can be calculated using equations (C.4) and (C.14)
and, as a consequence the crest height as well.

& = tana/ /s, = 3.56

Rus9 /80 =4.5—-020%3.56  for & > 2.5

The total run-up, regarding the reduction amounts to Rys9 = 30.30 * 0.45 = 13.64 m. This
same number accounts for the crest height above sea level

Secondary armour
The weight of the secondary armour stones amounts to one tenth of 16 .02 ton, thus Wecona
= 1.602 ton. Resulting in a D50 of 0.88 m and a layer thickness of 1.76 m, see table C.1.

Core calculation

Normally the gradation, which contains the stones having the least weight, is used for the
core. This gradation called quarry run results in stones varying from 0.0 to 500 kg, with
a nominal diameter of 0.32 m. To check if this is correct, the filter rules (equations (C.23)
and (C.23)) are applied, using a wide grading for the core and a grading of 2 for the secondary
armour layer. So the Di;p = 0.88 / V2 =0.62 m.

Following these rules, the criterion for permeability is not fulfilled, and consequently a third
layer has to be applied. According to the Shore Protection Manwual, however, the core can
consist of material with a weight of 1/200 to 1/6000 of that of the armour layer. Resulting
from this rule the lowest gradation can be used for the core. Throughout this report this
Shore Protection Manual-relation is maintained, on the one hand for reasons of simplicity
and on the other hand to reduce calculation-time.
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Toe calculation

By trial and error the diameter of the toe stones is chosen. Trying a diameter of 0.88 m
results in a hy = 22.49 m. When a toe thickness of 4 * 0.88 = 3.52 m is chosen, the toe will
be exactly at the calculated depth and consequently stable.

ht 8.0 o1

26— 02357 08

Concrete top slab

To give support to the layer of dolosse, a concrete slab is placed. The slab’s dimensions are
related to the thickness of the armour-layer. Its height and width are equal to the thickness
of the armour layer. Thus the width of the crest results:

crestwidth = termour + (tarmour + tsecond) * sin o = 6.32 m

Cost calculation

To make sure the sea defence at a depth of 26 m is the most economical one, using the
previously designed dimensions, an indication of the total costs for each meter of sea defence
needs to be made. It is mentioned, that some small simplifications in the calculation of the
layer volumes have been made. Because the island is filled using small berms(see figure C.2),
the core consists of quarry run as well as sand. It is presupposed that 50% of the core volume
contains sand and the remaining part of the volume consists of quarry run. The quarry run
used as core, functions as berms during the filling process of the island. The costs of sand
are set to US $ 3 / m3.

Price armour layer:  {(run-up + 2 * H, ) / sin & + (farmour *+ tsecond)
* sin o }* No * Whaso / 1000 * Unitprice
= {(13.64 + 2*8.0) / sin o + (3.44+1.76)
* gin o } ¥ 0.25 * 16,02 * 80 =
US $ 20,124
Concrete slab: (z&a,n,mm,2)2 * pe / 1000 * Unitprice
= (3.44) * 2400/1000 *70 =
US $ 1,988
Price sec. layer: {(depth + run-up - Dtoe - tarmour } / Sin a +
(crestwidth - 0.5 * (2*D,ccona) ™ tan o)} *(2*Dyecona) * Unitprice
+ (depth - 2 * H, - 2 * Dtoe) * tarmour * Unitprice
= {(26 + 13.64 - 0.88 - 3.44 ) / sin o +
( 6.32 - 0.5%(2*0.88)* tan &)} * (2%0.88) * 50
+ (26 - 2%8.0 - 2%0.88) * 3.44 * 50
US $ 1,985
Price core: (depth + run-up - tarmour - 2 * Doeconda) ¥ { (crestwidth - tan o *
(ta.rmour +2*Dsccond))
+ 0.5 * {depth + run-up - tarmour - 2 * Dsecona) / tan a}* Unitprice
= (26 + 13.64 - 3.44 - 2%0.88) * { (6.32 - (farmour + 2*Daccona)*tan o)
4+ 0.5 * (26 + 13.64 - 3.44 - 2¥0.88) / tan a} * (0.5%36 + 0.5*3)
US $ 19,261
Price toe: {4*Dyoe * (4*D + toe + 2%4* Dy, } * Unitprice
= 48 * 0.88 * 0.88 * 50
+ US $ 2,112

TOTAL PRICE: US $ 45,470
The question now is, whether or not this cross section is more economical than a cross sec-

tion having a flatter slope? Without showing the calculations of all the dimensions again the
result for slopes 1 : 2 through 1 : 6 under the same conditions are summed up below.

Concluding from table C.5 a slope 1 : 1.5 results in the cheapest cross section under these
conditions.
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Slope | Depth [m] | Ho[m] | Run-up [m] | Wearmour(ton] | Dyecona[m] | Dioelm] | Piotal[1/m]
1:1.5 26 8.0 13.64 16.02 0.88 0.88 45,470
1:2 26 8.0 14.27 12.00 0.82 0.88 57,673
1:3 26 8.0 10.30 10.68 0.82 0.88 66,939
1:4 26 8.0 7.73 10.68 0.82 0.88 75,948
1:5 26 8.0 6.18 5.34 0.65 0.88 77,791
1:6 26 8.0 3.15 5.34 0.65 0.88 86,893

Table C.5: Cost comparison for different slopes (h=26 m, dolosse-type sea defence)

The sea defence as calculated above with a slope of 1 : 1.5 is drawn on the next page. It is
mentioned that the picture shows the dimensions as calculated. A thickness of 1.76 m would
be too exact to construct in practise. In practise these dimensions should be rounded off to
approximately 1.80 m.
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C.2.2 Alternative deepwater sea defence [h=26m]

When looking at the cross section of the deepwater sea defence, one could imagine that this
design is rather expensive. To reduce costs the position of the toe can be raised, and the
underlying area filled with quarry run, which is much cheaper. The height to which the toe
is raised depends on the wave height. In the previous design the armourlayer was stopped
at two times the wave height underneath the sea level. Likewise the toe starts at two times
the wave height in this new design.

Toe calculation
Again Van der Meer’s formula is used to calculate the dimension of the toe stones. Now h;
is known, viz. 2 * 8.0 = 16.0 m.

16.0 8.0
Y 9o 0.7
a5 — 0-203(1 57 Dioe

This results in Djo. = 1.43 m, and consequently a stone diameter of 1.58 m is chosen.
Remark: No filterlayer is needed between the toe and the core according to the filter equations.

To compare the two cross sections a costs calculation is made for the new design. It is noted
that the price of the core is divided into two parts. The part of the core under the toe has a
greater percentage of quarry. The quarry percentage is set at 70% and the percentage sand
at 30%. The bigger amount of quarry is needed to prevent the sand from washing out and
secondly it is used to support the toe. Nevertheless, the remaining part of the core has a
quarry-sand ratio of 40% - 60%, because less quarry is needed now in this part of the core.

Costs calculation

Price armour layer:  the same as in the previous design US 8 20,124
Concrete slab: the same as in the previous design US $ 1,988
Price sec. layer: {(depth2+ run-up - D + toe - tarmour ) / sin o +

(crestwidth - 0.5 * (2*Dyecona) * tan a)}* (2*Dsecona) * Unitprice
= {(20.74 + 13.64 - 1.58 - 3.44 )/ sin o +
( 6.32 - 0.5%(2%0.88)* tan o)} * (2*0.88) * 50
US § 5,162
Price core 1: {(depth + run-up - tarmour - 2 * Dsecond) *
(crestwidth - tan & * (farmour +2*Dsecond)
+ (depth2 + run-up - termour - 2 * Dsccona)*tan o
* {0.5%(depth2 + run-up - tarmour - 2 ¥ Daccona) + (depth- depth2)) }
* Unitprice
= {(26 + 13.64 - 3.44 - 2 * 0.88) *
(6.32 - (tarmour + 2*Dsecona)*tan o) +
(20.74+ 13.64 - 3.44 - 2*0.88)*tan o
*((0.5%(20.74 + 13.64 - 3.44 - 2*0.88) + (26-20.74))} * (0.4%36 + 0.6*3)
US § 7.066
Price core 2: (depth-depth2) * (15*Dioe + 0.5*2*(depth-depth2)) * Unitprice
= (26-20.74) * (15*1.58 + 0.5%2*(26-20.74)) * (0.7*36 + 0.3 *3)
US $ 3,976
Price toe: {3*Dype * (3*Dioe + 2*3*Dyo. } * Unitprice
=3%1.58*158%*9*86
+ US 8 5,797

TOTAL PRICE US $ 44,113

The costs of the alternative deepwater sea defence is less. This is mainly explained by the
fact that the toe-section requires less heavy stones. Instead of a thickness four times Disotoe
a thickness of three times Dsgsoe is taken, because of a supposed additional support by the
quarry run underlayers. If this is totally justified, is questionable. However, when the same
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dimensions for the toe-structure would have been applied for both deepwater sea defences,
the total costs would be nearly equal. For that reason and for reasons of simplification, both
in understanding as in computer modelling, the first cross section is maintained throughout
the comparisons. A cross section of the alternative design for the deepwater sea defence is
shown on the next page.

The cross section with the raised toe may be easier to construct. In the first cross section it
is necessary to change from the secondary armour layer to the dolosse, as outer layer, at an
underwater position. Something similar is the case for the second design, but here the toe
helps the positioning of the dolosse underwater.

Special attention has to be given to the change from secondary armour to the primary armour
layer when constructing a sea defence designed like the first cross-section. Because proper
placement of the dolosse and support by the toe is essential for the functioning of the sea
defence as a whole, and the dolosse in particular.
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C.2.3 Shallow water sea defence [h=8m]

For reasons of comparison a sea defence is constructed under the same conditions at was
done in appendix C.2.1 only at shallow water and having an armour layer of rubble stones.
This time the wave height is limited by the waterdepth. Thus,

H, =0.5*80=40m.

T,, = 7.16 s. (Remember, wave steepness is still 0.05!)
Again no overtopping may occur and the cheapest possible cross section will be chosen. Both
a and b are zero again.

Armour calculations

The maximum slope which can be applied depends on the maximum available weight of the
rubble stones, see table C.1. The maximum tonnage amounts t0 Wyso = 13.904 ton. If the
calculated weight of the rubble stone would exceed this tonnage, a flatter slope is necessary.
Using Van der Meer formulae, equation (C.11), with aslope 1: 1.5 and P = 0.4 the following

Eiransition Tesults.

Eiransition = [6.2P" Vtan o 7Fos) = 4.421¢, = tana/+/s = 2.98

€m < Etransition, this means that plunging breakers occur and equation (C.9) should be used,
with S; = 2 for a slope 1 : 1.5. N = the number of waves, in this case N = 5000, which
means that during a time of 10.12 * 5000 = 14 hours and 3 minutes waves attack on the sea
defence. This seems a long time but N = 5000 is not even an abnormal number in Van der
Meer’s formulae, normally N = 7000 is taken.

Su
VN

The required nominal diameter of the rubble armour stones adds up to 1.71 m, which is
slightly smaller than the maximum available diameter, see table refapp-quarry stones. Re-
sulting from the gradation a Dpso = 1.74 having a Whrso = 13.904 ton needs to be chosen.
The thickness of the primary armour layer is 2 * 1.74 = 3.48 m.

2, _ 6.2P%3(

Hs 0.2¢—0.5

Run-up
Now that the slope is know the run-up can be calculated using equation (refeq-run up rub-
ble2) and hence the crest height.

Ryog/Hs = 1.175%46 foré, > 1.5

This results in Ryey = 1.17 * (2.98)%46 * 4.0 = 7.73 m. This same number accounts for the
crest height above sea level

Secondary armour

The secondary armour layer will consist of quarry stones as well, positioned in a double layer.
Using the design rule the weight of the secondary armour stones amounts to 1.390 ton, hence
a Wpso = 1.443 ton is chosen, having a Dpso = 0.82 m.




128 APPENDIX C. DESIGN OF RUBBLE MOUND SEA DEFENCES

Core calculations

Using the filter equations for geometrically closed filters the nominal diameter of the core is
calculated. Most times the stones having the finest grading can be used as core material.
This has to be checked, however. A grading of 2 is assumed for the secondary armour layer.

Secondary armour: Disp = 0.82 / V2 = 058

Core: Dysp = Dsop |/ Vgrading ; Dgsp = Dso * Vgrading
dsr g apd BSE S5
dgsB disB

If the lowest gradation of Dpso = 0.32 m would be used as core the filter rules would be
satisfied, provided that a wide grading is used. If the grading is not wide enough a third
layer has to be applied.

Toe calculation

Normally the thickness of the toe is defined by four times the diameter of the toe stones, this
diameter can be found by trial and error. This would result in a toe-height of half the water-
depth. So a thickness of three times Dtoe is applied. A D5 of 0.51 m fulfils equation (C.24),
h: becomes 6.0 m.

hy 40 on
s > 023,051

The minimum value for h - h; amounts to 1.76 m and three times Dy, is 1.53 m. In other
words, the condition is satisfied. Furthermore, a slope 1 : 3 is chosen and the top-berm of
the toe is enlarged. All these measures are necessary to insure that the toe properly supports
the armour layer.

Concrete top slab

To reduce the amount of armour needed on the crest of the sea defence and to give support to
the armour layer a concrete slab is placed. The slab’s dimensions are related to the thickness
of the armour-layer. Its height and width are equal to the thickness of the armour layer.
Thus the width of the crest results:

crestwidth = termour + (farmour + tsecond) * sina= 6.89 m

Costs calculations

To make sure the sea defence at a depth of 8 m is the cheapest possible sea defence, using the
previously designed dimensions, an indication of the total costs for each meter of sea defence
needs to be made. It is mentioned that some small simplifications in the calculations of the
layer volumes were made. Because the island is filled using small berms, the core consists of
quarry stones as well as sand. It is presupposed that 50% of the core volume contains sand
and the remaining part of the volume consists of quarry stones. The costs of sand are set to

US $3/ms.
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Price armour layer:

Concrete slab:

Price sec. layer:

Price core:

Price toe:

TOTAL PRICE

{(depth + run-up - 3*Dioe ) / sin o +

(crestwidth - 0.5 * (2*Dapmour) * tan a) } * (2* Darmour) * Unitprice
={(8+773-3%051) /sina+

(6.89-0.5%tan o * (2*%1.74)) } * (2 * 1.74) * 100

(tarmour)® * pec / 1000 * Unitprice
= (1.74)% * 2400/1000 *70 =

{{depth + run-up - Dioe « 2*Darmour ) / sin o +

(crestwidth - 0.5 * (2*Dyecona) * tan a)}* (2*D,yecona) * Unitprice
= {(8 + 7.73 - 0.51 - 2*1.74 ) /sin o +

(6.89 - 0.5 * (2* Darmour)*tan )} * (2%0.82) * 45 =

(depth + run-up - 2 * Daymour = 2 ¥ Dyecond) * { (crestwidth - tan o
* (2*Darmour + 2*¥Dgecond)) +

US $ 10,903

US $ 509

US § 1,984

0.5 * (depth + run-up - 2 * Darmour - 2 * Dsecond) / tan o }* Unitprice

= (8 + 7.73 - 2*1.74 - 2*%0.51) * { (6.89 -

(2*Darmour + Q*Dsecond)*tan (1)

+ 0.3 * (8 + 7.73 - 2¥1.74 - 2¥0.51) / tan a}* (0.5%36 + 0.5%3) =
US 8 2,606

{(8*Dioe * (6*Dioe + 9*Dyoe)} * Unitprice

=45 * (0.51)2 * 40 =

+ US $ 468

US 8 16,470

The question now is, whether or not this cross section is more economical than a cross section
having a flatter slope? Without showing the calculations of all the dimensions again the result
for slopes 1 : 2 through 1 : 6 under the same conditions are summed up in table (C.6).

Apparently, a slope 1 : 5 is the most preferable under these conditions. Due to the reduced
run-up and armour weight the total costs for each meter of sea defence is less than would
be expected at first. Furthermore, it becomes clear, that the total amount of material for
a 1 :5 slope is less than for a 1 : 6 slope, due to the somewhat steeper slope. On the next
pages two cross-sections of rubble mound-sea defences are drawn, one having a slope 1 : 1.5
and the other having a slope 1 : 5.

Slope | Depth [m] | H,[m Run-up [m] | Darmour[M] | Daecond[m] | Dice[m] | Piotai[1/m]
1:1.5 8.0 4.0 7.74 1.74 0.82 0.51 16,470
1:2 8.0 4.0 6.78 1.58 0.82 0.51 15,727
i:3 8.0 4.0 5.72 1.41 0.82 0.51 16,378
1:4 8.0 4.0 4.19 1.03 0.51 0.51 11,797
1:5 8.0 4.0 3.43 0.88 0.51 0.51 11,497
1:86 8.0 4.0 2.86 0.82 0.51 0.51 11,655

Table C.6: Cost comparison for different slopes (h=8 m, quarry stone-type sea defence)



APPENDIX C. DESIGN OF RUBBLE MOUND SEA DEFENCES

130

1301 dalomy (]
dadog 1 BLION

IOUBIBP VIS BU0LS Aadong

3oalong

BUOU 1SHA0WSY

W ISUOISUBWIY 26-0-r0 a10(

S 9L = L W gy = SH O0G] 8)03%

s /% UoY Y06

1
Sauonrs Addong

)

AV




131

TWO EXAMPLES OF RUBBLE MOUND SEA DEFENCE DESIGN

c.2.

T Jo 1 AsUuaMy (]
dadog 1BUON

3DU3 43P 03T BUOLE ALdONg

4030 gng

AUOU :SHA0Wa Y

W ISUOIsUaIg Be-p0-p0 13107

S 9T, = L 'u Oy = SH 00G:T 21008

uny Addong

St=a LT

AN UoL 1287

$3U0LS Addong

eve




132 APPENDIX C. DESIGN OF RUBBLE MOUND SEA DEFENCES




Appendix D

Design of caisson-type seawalls

D.1 Calculation method

The construction of two caisson-type seawalls is detailed below, viz. the vertically and the
horizontally composite caisson-type seawall. According to literature both types can be, and
have been used in various waterdepths. For a description of both types refer to section 3.3.
When one is not absolutely sure about the possibility of excessive impacting wave forces it
is advisable to construct a horizontally composite caisson-type seawall. In this report, the
horizontally composite caisson is partly protected by a dolosse mound. This design is some-
what more expensive than the vertically composite seawall.

Below, the phases of the design are explained. When no remarks are given, the relations
can be applied for both the horizontally and the vertically composite seawalls. Otherwise a
distinction is made between the two.

D.1.1 General construction costs

A caisson needs to be prefabricated in a construction dock or at a construction site. Further-
more, the transportation- and sinking-costs have to be taken into account. These general
costs depend on a variety of circumstances, e.g. distance from island location to construction
dock, difficulty of transport, etc. The following assumptions have been made:

Construction dock: US$ 50,000 / caisson (26,25 m)
Transport and sinking: US $ 170,000 / caisson (26,25 m)

Of course, the first item can not be related to a single element, but because it is not known
how many elements are needed nor how much the construction costs or rent of a construction
dock amount to, a price of US § 50,000 per element is maintained. Since the length of a
single caisson is set to 26.25 m (explaned further on) the fixed costs per linear metre are US
$ 8,400 / m*. Other costs are:

Shuttering for concrete: US § 2/ m?

Reinforced concrete: US$ 400/ m®
Sand fill: UsS $ 3/ m?
Dolosse: US$ 80/ ton

133
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D.1.2 Crest height

Japanese caissons are mostly constructed having a crest height of 0.6 * H, above the mean
monthly highest water level. Using this value for a crest height will cause serious overtopping,
which will certainly not be allowed for most kinds of man-made islands. Various equations are
mentioned in literature to compute a non-overtopping crestheight. In this report a crestheight
above Sea Level, which results in minimal overtopping, is assumed of:

h, = 1.25% H, (D.1)

D.1.3 Dimenions of the caissons

A caisson is constructed out of reinforced concrete (p, = 2500 kg/m®). The inner part of
a caisson is divided into cells. These cells can be fully or partly filled with material (sand
(ps = 1800 kg/m?), gravel, etc.) to increase the weight of the caisson. The size of the inner
cells is limited to 4 * 4 m? or less in ordinary design. The outer wall is 0.40 to 0.50 m thick,
the partition walls are 0.20 to 0.25 m thick, and the bottom slab 0.50 to 0.70 m thick. As
the upright caisson-type seawall withstands the wave force mainly with its own weight, the
use of prestressed concrete is not advantageous in ordinary situations.

The caissons in this report are assumed to have standard dimensions, being:

Bottom slab thickness: 0.70 m
Quter walls thickness: 0.50 m
Partition walls thickness: 0.25m
Top slab thickness: 0.50 m
Inner cells: max 4 * 4 m?

In the calculations the height and the width of the caisson is part of the optimisation process.
However, the length of the caisson is fixed to 26.25 m, this is the length necessary for six
inner cells. This is a normal length for caissons, and will most likely not cause any troubles
in fabrication or when passing sluices. The width is mostly more of a problem at sluices.

Normally, the width of the caisson is adjusted according to the calculated weight, as are the
dimensions of the inner cells. In this report a standard weight per linear metre is assumed,
and consequently the weight of the caisson develops proportional with the width. Below, this
weight is estimated per linear metre for a given width of the caisson B and a given height

hcaisson-

Weight of concrete parts per linear metre: [kN/m]|

Top slab: 0.5* B *25 = 12.5 * B

Bottom slab: 0.7*B*25 = 17.5* B

Front wall: 0.5 * (hcaisson - 1.2) * 25 = 12,5 * (heaisson - 1.2)

Back wall: 0.5 * (hcaisson - 1.2) * 25 = 12,5 * (heaisson - 1.2)

Outer walls (#2): 2 * 0.5 * (B - 1.0) * (hcaisson - 1.2) * 25 / 26.25 = 0.9 * (Roaisson - 1.2) * (B - 1.0)

Partition walls: 0.10 * 25.25 * (B - 1.0) * (hcaisson - 1.2) * 25 / 26.25 = 2.4 * (hcaisson - 1.2) * (B - 1.0)
Weight of inner cells filled with sand per linear metre: [kN/m]|

Tnner cells:  0.80 * f, * 25.25 * (B - 1.0) * (hcaisson - 1.2) * 18 / 26.25 =  15.6 * f, * (hcaisson - 1.2) * (B - 1.0)

TOTAL: Beaisson - 1.2) * {3.3 (B - 1.0) + 25} + 30B
15.

W. = (
Wy = (Reaisson - 1.2) * (B-1.0) * 15.6 * f,
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The inner part of the caisson, 25.25 * (B - 1.0) *(hcaisson - 1.2) is assumed to be divided
for 10% into a concrete part (partition walls) and for 90% in an inner cells-part (used for
sand-fill). For caissons having a small width the value of 10% is somewhat overestimated, for
wider caissons it is more realistic. For a first design this is allowed. The symbol f, indicates
the percentage of the inner cells that is filled with sand.

D.1.4 Shape of the mound

Vertically composite caisson-type seawall

The slopes are normally 1: 2 - 1 : 3 on the outside and 1 : 2 on the inside. The width of
the seaward berm should be at least 5 m in rough waters but should not exceed 1/20 * L.
L is the length of the steepest design wave which can occur at the breakwater. In case of
vertically composite breakwaters, the mound should be as high as possible from an economic
point of view but still low enough to prevent waves breaking on the caisson’s front wall.
Literature is not exactly clear about the height of the mound. But from studying both
constructed caisson-type breakwaters and some flume tests, values between 0.3 and 0.4 times
the waterdepth h seem safe for the height of the mound. In this report a value in-between is
assumed,

Pmound < 0.35 % h (D.2)

This value should certainly be tested in scale models of the caisson-type seawalls. But from
this point on it is assumed that no excessive forces impact on the caisson, if equation (D.2) is
fulfilled. Tt is also believed that this value for the mound height excludes excessive breaking
waves at lower water levels than S.L. as well. Therefor, the equations by Goda for non break-
ing wave pressures and forces can be used to determine the dimensions of the caisson, as listed
in the section "Forces on caissons as a result of non breaking wave pressures’, paragraph D.1.7.

Horizontally composite caisson-type seawall

The protective elements in front of the caisson should cause the waves to loose their energy
and avoid excessive impact forces on the structure. This implies, that all design waves should
already be broken before they reach the front wall of the caissons. Consequently, the protec-
tive layer must be raised till or above S.L. (the design water-level). Furthermore, the same
conditions are applied here for the berm width, as for the vertically composite caisson-type
seawall, to force waves to break before they reach the front wall of the caisson. Again the
equations by Goda for non breaking wave pressures and forces can be used to determine
the dimensions of the caisson because no excessive forces impact on the caisson, as listed in
section *Forces on caissons as a result of non breaking wave pressures’, paragraph D.1.7.

Because protection blocks avoid breaking waves, impacting on the caisson, the height of the
rubble mound can be freely chosen now, and the limited height of 0.35*h is abandoned.
Since the concrete of the caisson attends for the major part of the total costs, the caisson
part should be chosen as small as possible (for regions with limited quarry stones this is not
very logic, so in that particular case, a vertically composite seawall or an alternative design
may prove to be more useful).

A minimum caisson height can be achieved by not completely finishing the caisson up to its
designed height, before the caisson is towed. After the caisson is placed into position the
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remaining part of the caisson can be constructed on site. This way, the draught of the caisson
is reduced, and consequently its final height as well. The minimum caisson height during the
floating transport depends on its draught and the necessary extra height to prevent waves
from flooding the caisson.

Several problems come to light at this moment. Positioning and towing of the caisson will
not take place during storm conditions, but during normal sea levels and moderate wave
heights. Since this report calculates dimensions of seawalls according to S.L. (the mean sea
level plus wave set-up, rise due to storm conditions, etc.) and the significant wave height,
some relations have been drawn to come up with the M.S.L. and a moderate wave height. Of
course, these relations are very theoretical and they have to be considered as global indications
only. Using these relations to derive the moderate wave conditions, a safe environment is
created to transport and finish the construction of the caissons in.

M.S.L. SL.-1/3 H,
Moderate wave height 1/3 H,

The maximum mound-height is restricted by two conditions.

1. Sufficient keel clearance during positioning: > 1/3 H,.

2. Extra height above M.S.L., to prevent the partly finished caisson from flooding during
towing or during construction of the remaining part: > 1/3 H,.

The minimum draught d, of the caisson amounts to:
pe* (1/3Hs +d, +1/3H,) * B=py *d, * B

The first 1/3 H, prevents the caisson from flooding during transport and the second 1/3 H,
prevents flooding during the construction stage, when the caisson is lowered over a distance
1/3 H, (the keel clearance) on top of the mound. The symbol p. refers to the average density
of the caisson, which is obviously much lower than the normal concrete density, because of
the hollow space produced by the inner cells.

The minimum height of the rubble mound under M.S.L. follows: d, + 1/3 H,. If the caisson
is placed in its final position it will have a height of 1/3 H, higher than M.S.L. From this
position the construction of the caissons can be finished up to the designed height, without
fear of waves overtopping or flooding the inner cells. The second condition accounts for the
rise in tides as well, therefor it should be made sure, that the maximum wave height during
high water, while constructing the remaining parts, should be somewhat lower than 1 /3 H.
Because the caissons are placed during M.S.L. the total height of the caisson becomes:

hegisson = 1/3H3 +d, +he+ 1/3H3

The slopes of the mound are normally 1 : 2 on the inside. The outside slopes are adapted to
the slope of the protective armour units. The width of the seaward berm should be at least
5 m in rough waters, but should not exceed 1/20 * L. L is the length of the steepest design
wave which can occur at the breakwater. This seaward berm is required to force all waves to
break before they reach the caisson’s front wall.
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D.1.5 Weight of rubble mound elements

Vertically composite caisson-type seawall

The centre of the mound has to be protected against the scouring by wave action. Foot
protection blocks are placed in front of the upright section. The rest of the berm and slope are
covered by heavy stones. A formula for the weight of armour stones on the berms of rubble
mounds, has been proposed by Tanimoto et al. [1982], as the result of systematic model
tests with irregular waves. The minimum weight W of armour stones can be calculated by
a formula of the Hudson-type:

v H?

W= Naas

(D.3)

N, indicates the stability number, the value of which depends on the wave conditions and
mound dimensions. For waves of normal incidence, Tanimoto et al. [1982] gave the following
function for armour stones:

1—-rk A (1-&)?2 b
Ns = max{18, 137{:‘1‘/?E + 189Xp{—15w‘“‘ 'I_l—,s]} (D4)
in which
& = [2kh’ / sinh 2kh/] sin® (27 B, /L) (D.5)

B,,, indicates the berm width.

However, if Tanimoto’s method is checked with Van der Meer’s method, the calculated weights
are much smaller. Because of this fact and the tendency to construct conservatively, the
method is abandoned and Van der Meer is used instead.

Horizontally composite caisson-type seawall

The weight of the quarry stones can be computed using the above mentioned method. The
weight of the protective elements, in front of horizontally composite caisson-type seawalls,
results from a similar approach. From the calculations, done for the rubble mound seawalls,
it appeared that dolosse are the most economical types of concrete armour elements. Prefer-
ably, these units will be used as protective elements in horizontally composite seawalls.

From literature, no explicit relations to calculate the weight of the dolosse in front of caissons
could be found. However, Brebner and Donnelly [SPM 1984] studied stability criteria for
random-placed rubble of uniform shape and size, used as foundation and toe protection at
vertical-faced, composite structures. In their experiments, the shape and size of the rubble
units were uniform, that is, subrounded to subangular beach gravel of 2650 kg/m3. The
examined slopes all had an angle of 1 : 2. A uniform equation was derived, similar to
equation (D.3), to calculate the mean weight of the individual armour units.

_ yH®

The choice of a value for the parameter H, indicated as the design wave height, depends on
the use of the structure. Brebner and Donnelly advise to use the local average height of the
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highest 1 percent of all waves, H; for critical structures at open exposed sites where failure
would be disastrous, and in absence of reliable wave records. For less critical structures,
where some risk of exceeding design assumptions is allowable, wave heights between Hyo and
H, are acceptable.

A relation between the relative height of the toe and the stability number N, was derived
from the experiments, see figure D.1. The one problem is that the calculated N, only applies
for rubble toe protection on a 1 : 2 slope. Because equation (D.6) is of the Hudson-type, it
seems justified to make a relation between the N, for rubble and the N; for dolosse based on
their K p-values. Mind that this is only a very theoretical relation! Calculated weights for
dolosse should certainly be tested in scale models or otherwise. If the same slope (1 : 2) is
maintained for dolosse, the following relation for the stability number for dolosse is derived.

Kp_
= Do Dolowse NsS-Rubbte (D.7)

N3
y Kp_ Rubble

- Dolosse
Because the layer of dolosse is raised till S.L., the ratio d; / d; = 0, and a N3 for rubble
stones results of 8. Using equation (D.7) a N2_, ... results of (15.8 / 2) * 8 = 63.2. If the

crest of the layer of dolosse was chosen lower than S.L. again danger of excessive breaking
waves exists. Moreover, a crest level higher than S.L. seems uneconomical.

Brebner and Donnelly advise a sea-ward berm width of B = 0.4 * d,, this seems a bit high.
This ratio results in deepwater in an extremely large amount of dolosse, for that reason again
a mound-berm width of 5.0 m or limited by 1/20*L is chosen. The protection of dolosse is
at least constructed in a double layer, just like the Brebner and Donnelly experiments.

Compared with the *normal’ Hudson relation for computing the weight of armour elements,
the modified Brebner and Donnelly relation gives higher weights. This is caused by the fact,
that a higher wave height is used than the significant wave height (H, = H,3). It would
be expected that the relation would result in lower waves, because more damage should be
allowed for this type of secondary structures. Concluding, the following can be said..

In theory the modified Brebner and Donnelly relation may seem a good method to
caleulate the weight of concrete protection units. Still this method is abandoned
because its has too many limitations and uncertainties. Like, it is not ezactly
clear what wave height to chose for equation (D.6), and the slope of the dolosse
is not accounted for. Furthermore, the relation was explicitly derived for rubble.
Finally the modified Brebner and Donnelly relation gives higher weights than the
Hudson-equation, which does not seem logically.

Consequently, the well known Hudson equation is used again, as stated in equation (D.8).

v-H?

W= KaA3cota

(D.8)
The thickness of the dolosse-layer can be computed using equation (D.9).

tarmour = NKA (W/P)1/3 (DQ)
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And the number of units per m? is given by:

Ny, =nKa(l —ny)(p/W)*3 (D.10)
Where:

tarmour = thickness of armour layer n, = volumetric porosity
n = number of layers p = density of armour material
KA = layer thickness coeflicient

Just like rubble mound seawalls, the layer of dolosse is ended at a waterdepth of 2 times H,,
and the secondary armour layer is continued at that location.
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Figure D.1: Stability number for rubble foundation and toe protection [SPM 1984]
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D.1.6 Forces on caisson as a result of island’s fill

One difference between caisson-type breakwaters and caisson-type seawalls is that the latter
has to withstand the forces induced by the island’s fill material. When the caisson does not
move, neutral ground pressures act on it. The neutral groundpressure can be determined
by using the coefficient Ky, which should have a value between 0.5 and 1.0. A correlation
exists, viz. Ko = 1 - sing. The symbol ¢ indicates the angle of internal friction of the
backfill material. If the caisson moves outward active groundpressures take over. Using the
coefficient K, = i_::;’ 9 these can be computed. The neutral and active ground pressures are
computed as follows, provided that no surface load exists.

1 1
Fv(ertical) = §7dryh§ry + (’Ydry - hwet){hdrthet + §hwet2}

Foneutrat = Kox F, (D.11)
Fractive = KoxFy (D.12)

The safety against overturning and sliding towards the seaside under normal conditions (Low
Water) is the determinative situation.

D.1.7 Forces on caissons as a result of non breaking wave pressures

The distribution of wave pressures according to Goda (1974) is shown in figure D.2 and the
parameters in this figure can be calculated according to the following formulae.

p1 = 0.5X (14 cosB) (a1 + A2 cos® B)pwIHmaz (D.13)
o D1
P2 = osh (kh) (D-14)
p3 = azp (D.15)
j 27} = p1(1 - hc/’f]*) : 77* > hc (Dlﬁ)
=0 Lt < he (D.17)
h, = min{n", hc} (D.18)
Py = 0.5(1+cosBarospwgHmaz (D.19)
in which
o, = 0.6+ 0.5[2kh/ sinh 2kh)? (D.20)
- . hb —-d Hmaz 2 2d
oy = min| 30 ( 7 ) ’Hmaz} (D.21)
4 1
= 1—-—{1—- ————o .22
as Al (D-22)
n* = 0.75M(1+ cosB)Hpus (D.23)

H,... = 18H, which is an upper-limit-approximation (D.24)
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Figure D.2: Wave pressures on a caisson according to Goda

where h;, denotes the waterdepth at the location at a distance 5H; 3 seaward of the caisson-
type seawall.

Takahashi et al. (1990) [31] introduced two parameters A; and Ay to account for the ef-
fect of protective elements in front of a caisson, e.g. horizontally composite seawall. When
no protective elements are placed, in other words when a vertically composite caisson-type
breakwater exists, the original Goda equations are in force and both A; and As have a value
of 1.0.

When a horizontally composite caisson-type breakwater is constructed, the concrete units
placed in front of the caisson are effective in dissipating incident wave energy and also reducing
the wave force, especially the impulsive force on the caisson. The distribution of wave pressure
is the same as that of the vertical caisson. The following formulae of the modification factors
are formulated empirically:

1.0 Hpoo /B < 0.3

M =< 1.2-2(Hmaz/h)/3 0.3 < Hpez/h <06
0.8 Hipnos/h > 0.6

)\2 = O

Knowing the pressure distribution, the resulting forces on the caisson can be calculated.
Below, the formulae are given for the total horizontal force P and the uplifting force U. For
both, the momentum is given as well.

1 1 )
P = 5 +ps)h + 5(p1 +pa)h; (D.25)
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1 , 1 1
M, = 6(2p1 +ps)h? + 5P + pa)b' R + g(pl + 2p4)HEY (D.26)
1
U = —2~puB (D.27)
2
M, = §U B (D.28)
W = Underwater weight of upright section per unit extension (D.29)

D.1.8 Final design

The caissons must be designed in such a way that overturning and sliding is prevented. For
both mechanisms a safety factor of 1.2 is in force. The friction factor u between the concrete
and the rubble stones is empirically taken as 0.6.

Sliding = uW ; 4 <12 (D.30)
Overturning = W= M <12 (D.31)
MP

A third condition to be answered is the maximum bearing pressure at the heel of the up-
right section and the interface between the rubble mound and the foundation. The allowable
bearing pressure was taken in the past as a relatively small value like 400 and 500 kN/m?,
but now is taken as 700 kN/m? [31].

The optimum design is that design which is cheapest and still answers to the above mentioned
conditions.
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D.2 Example of deepwater vertically composite caisson
type seawall [h=26m]

It is assumed that the depth at the toe of the mound amounts to 26 metres. Furthermore,
the significant wave height H is 8.0 m. Locally generated waves exist and the wave steepness
has a value of 0.05 (seas).

Design description
At a depth of 26 metres a vertically composite caisson-type seawall is to be designed to protect
a man-made island. No overtopping may occur and the cheapest possible cross-section will
be chosen.
Additional information: perpendicular approaching waves (3 = 0).
a uniform foreshore with a slope © of 1 : 250.
Both g and b are zero.

General calculations
Because the significant wave height and the wave period are related to each other by means
of the wave steepness, the mean wave period T, can be derived. According to s, = % =

5{—9’—*’%3—2*1, follows T}, = 10.12 s.
The"following parameters can be computed in this stage as well:
Hy;;=H;, =80m
Hpow = 1.8*%80 =144 m.
hy = 26.0 + 5/250 * 8.0 = 26.16 m.
7* = 0.75(1 + cos0)* 14.4 = 21.6 m.
Wayve length at 26 m: using dispersion-relation, for short waves

gT? 2rh
=9 <
o tanh 17

Using trial and error L = 134.23 m is found.
k = 27 /L = 0.0468;

Shape of the mound
To avoid excessive wave forces impacting on the caisson the height of the mound is set on:

hmound = 0.35x h =9.1m

The slopes of the mound are constructed having an angle of 1 : 2. The width of the seaward
berm should be at least 5 m in rough waters but should not exceed 1/20 * L = 6.7 m. Conse-
quently the total width at the top of the berm amounts to the width of the caisson plus 5.0 m.

Dimensions of caisson

To provide the caissons and the rubble mound with some extra protection against the scour-
ing by wave action as well as extra stability, it is normal practise to somewhat dig in the
caisson into the rubble mound. In this design a difference of 1.5 m between the top of the
rubble mound and the lowest part of the caisson is maintained (see also the drawing of the
cross-section).

The length of the submerged part of the caisson h’ is now known, viz. (26.0-9.1) 4+ 1.5 = 18.40
m below S.L. The part of the caisson above S.L. is determined by the overtopping-criterion.
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To prevent overtopping a crest height h. of 1.25 * Hy = 10.00 m above S.L. is desired. The
total height results:

heaisson = 28.40m

Now that the total height of the caisson is known the horizontal pressure P and its momentum
M, can be computed independent of the caisson’s width B. Below, the parameters a and the
pressures p are listed.

parameters a | pressures p [kN/m?]
o = 0.692 1 — 115.350
az = 0.086 po = 62.695
az = 0.677 p3 = 78.086
P4 = 61.947
Py = 69.485

These values result in P = 2666kN/m and M, = 37722 kNm/m.

Using trial and error a suitable width B has to be found, at which the criteria for sliding,
overturning as well as maximum pressure are fulfilled. The percentage of sandfill in the inner
cells is varied as well. The optimum width is the minimum width of the caisson at which
the safety and stability factors are just satisfied. When a width of 16.90 m is chosen these
conditions are just met, provided that the inner cells of the caisson are totally filled with
sand (fs = 100 %). The following characteristics are valid:

W, = 2614 kN/m W, = 6747 kN/m
Wiegisson = 9361 KN/m U = 1/2pB = 587 kN/m
Waubmerged = 6158 kN/m M, = 2/3UB = 6615 kNm/m

The safety factors are met, like:

S.F.sliding: 0.66?%;?587 =1.25 >1.2  Agreed!
S.F.turning; 6158+0.5+76.90-8010 —1.21 >12  Agreed!
foundation pressure: 58 — 364kN/m? <700  Agreed!

Without showing further calculations, it is mentioned that the caisson withstands the island’s
fillpressure during Low Water (chosen as S.L. - 2/3 H,).

Weight of rubble mound elements

The centre of the mound has to be protected against the scouring by wave action. The rest
of the berm and slope are covered by heavy stones. The weight of these stones is calculated
using Van der Meer’s formulae. The berm width B, is set on 16.90 + 5.0 = 21.90 m.

he/h = 0.253(Hs/ADy50)%7

The symbol h; indicates the distance from the water level to the top of the toe, in this case
the top of the rubble mound. The relation is safe for h; / h > 0.5. Because the height of the
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rubble mound is limited to 0.35%h this condition is fulfilled. Using van der Meer’s equation
a D50 of 1.32 m for the protective stones of the mound is found. This values corresponds to
a weight range of 6000 - 9000 kg. Consequently a secondary layer is necessary between the
protective stones and the quarry run. This layer is, however, not applied in the calculations
for similar reasons as mentioned for the rubble mound sea defences.

Core calculations
Also for a mound the rules for geometrically closed filters need to be fulfilled. We assume a

grading of 2 for both the protective layer of Dpso = 1.32 m and the centre layer of D5 =
0.32 m.

Stability: i;ﬁ = 10'—.3325/-% <5 Agreed!

Permeability: % = égi;\/f; >5 Agreed!

Thus no extra filter layer is necessary to maintain the stability and the permeability of the
mound.

The shore-ward side of the mound is only exposed to wave action during construction. When
construction is finished, this part of the mound will be covered with landfill. Consequently,
no extra berm length is applied at the shore-ward side of the caisson-type seawall. Stones
having a weight of about 500 - 1000 kg (Dnso = 0.65) will protect the shore-ward side from
eroding during construction. Both the sea-ward and the shore-ward protection layers are
constructed in a double layer.

In front of the upright section, concrete foot-protection blocks are placed weighing about
8 tons (the same weight as the rubble armour). The five meter in front of the caisson is
constructed using two concrete blocks having a height of 1.5 meter and a density of about
2400 kg / m® (plain concrete). The desired weight of 8 tons can easily be achieved.

Costs for caisson-type seawall

Volume of caisson: 16.9 * 28.40 = 480 m® / m
Volume centre of mound = (0.35%h -1.5) * { 21.9 + 2*(0.35%h - 1.5)} = 282 m® / m
Volume sea-ward protection layer = (2 * 1.41) * (0.35%h - 1.5)v/5 = 48 m? /m
Volume shore-ward protection layer = (2 * 0.65) * (0.35%h - 1.5)v5 = 22m® /m
Quarry stones:
0.0 - 500 kg US $36 / m®
500 - 1000 kg Us$42 / md
6000 - 9000 kg Us$76 / m®
Fixed costs per linear metre: US$ 8400/ m | 123 %
Shuttering for concrete: 2 * 480 = US $ 960 /m | 1.4%
Concrete costs: (2614/25) * 400 = US$ 41824 /m | 611 %
Sand fill costs: (6747/18) * 3 = US$ 1,125/m | 16%
Quarry stone mound (0.0 - 500 kg) = US$ 10,152 /m | 149 %
Quarry stone mound (500 - 1000 kg) = US$ 924 /m | 13%
Quarry stone mound (6000 - 9000 kg) = US$ 3,648 /m | 53 %
Concrete protection blocks US $ 1,500 /m | 21%
TOTAL COSTS US$ 68,533/ m
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D.3 Example of deepwater horizontally composite cais-
son type seawall [h=26m]

It is assumed that the depth at the toe of the mound amounts to 26 metres. Furthermore,
the significant wave height H, is 8.0 m. Locally generated waves exist and the (local) wave
steepness has a value of 0.05 (seas).

Design description
At a depth of 26 metres a horizontally composite caisson-type seawall is to be designed to
protect a man-made island. No overtopping may occur and the cheapest possible cross-section
will be chosen.
Additional information: perpendicular approaching waves (8 = 0).
a uniform foreshore with a slope © of 1 : 250.
Both a and b are zero.

General calculations
Because the significant wave height and the wave period are related to each other by means

of the wave steepness, the mean wave period T, can be derived. According to s, = I}z =

Heslm, follows Ty = 10.12 5.

The?ollowing parameters can be computed in this stage as well:
H1/3 = Hs =80m
Hpor = 1.8% 80 =144 m.
hy = 26.0 + 5/250 * 8.0 = 26.16 m.
n* = 0.75(1 + cos0)* 14.4 = 21.6 m.
Wave length at 26 m: using dispersion-relation, for short waves

Tt e
L= o= tanh 17

Using trial and error L = 134.23 m is found.
k = 27 /L = 0.0468;

Shape of the mound

Because the concrete part of the caisson itself accounts for the major part of the costs (see
vertically composite seawall), the height of the caisson should be kept as small as possible to
reduce total costs. One factor, however, that is fixed, is the crest height.

he = 1.25x Hs = 10.0m

Now the minimum height of the caisson is determined by the crest height and its draught.
The minimum draught d, can be computed using the following equation:

pe*x(1/3H, +d, +1/3H)*x B=p,+d, * B

A keel-clearance of 1/3H, is applied to improve manoeuvrability and tolerance during placing.
The density of an empty caisson p, is set on 500 kg/m® (which implies that about 80% of
the caisson’s volume consists of hollow space) and the water density is still 1030 kg/m3. A
draught d, of 5.03 m satisfies the previous equation. Stability of the empty caisson against
overturning during floating transport is not accounted for, but will probably be all right,
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because the length that raises above water about equals the length that is submerged. The
floating-stability and the assumed p,. can be achieved by partly ballasting the caisson during
transport and is improved by ballasting the inner cells. Nonetheless, this increases the
draught again.

heaisson = 1/3Hs +5.03 +10.0+ 1/3H, = 20.36m

Consequently, the top of the rubble-mound is positioned at a level of 10.36 m below S.L. The
caisson is 1.5 m dug in the rubble mound. Again the slopes of the mound are constructed
having an angle of 1 : 2. The width of the seaward berm should be at least 5 m in rough
waters but should not exceed 1/20 * L = 6.7 m. Consequently, the total width at the top of
the berm amounts to the width of the caisson plus 5.0 m.

Dimensions of the caisson
To compute the pressures on the caisson according to Goda, first of all the reduction factors
A1 and A2 have to be known. Hy,ar / h = 0.55, thus

A1 =083 and Ay =0

Now that the total height of the caisson is known the horizontal pressure P and its momentum
M, can be computed independent of the caisson’s width B. Below, the parameters o and the
pressures p are listed.

parameters a | pressures p [kN/m?]
o, = 0.692 p1 = 85.273
as = 0.580 po = 46.348
as = 0.818 ps = 69.743
pg = 37.753
Py = 83.950

These values result in P = 1419 kN/m and M, = 13370 kNm/m.

Using trial and error a suitable width B has to be found, at which the criteria for sliding,
overturning as well as maximum pressure are fulfilled. The percentage of sandfill in the inner
cells is varied as well. The optimum width is the minimum width of the caisson at which
the safety and stability factors are just satisfied. When a width of 11.60 m is chosen these
conditions are just met, provided that the inner cells of the caisson are totally filled with
sand (fs = 100 %). The following characteristics are valid:

W, = 1498 kN/m W, = 3171 kN/m
Weaisson = 4660 kN/m U = 1/2pB = 487 kN/m
Wousmerged = 3429 kN/m M, = 2/3UB = 3765 kNm/m

The safety factors are met, like:

S.F.sliding: 0.63429-487 _ 1 94 >12  Agreed!

1419
S.F.turning: 3429*0'%’511'60_3765 =121 >12  Agreed!

370
foundation pressure: 2% = 296k N /m? <700  Agreed!
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Without showing further calculations, it is mentioned that the caisson withstands the island’s
fillpressure during Low Water (chosen as S.L. - 2/3 H,).

Dimensions of dolosse-layer
Using the Hudson-formula, with a slope 1 : 1.5 the individual weight of the dolosse can be
calculated.

vwHE  2621%8.0°
KaA3cota  15.8%1.543% 1.5

WDolos = =15, 503kg

Consequently, a standard dolosse weight of 16.02 tons is chosen. Furthermore, the thickness
of the double layer of dolosse and the number of units per m? is required.

tarmour = KA (W/p)'/? = 2% 0.94 % (16020/2621)'/3 = 3.44m

Ny =nKa(1—n,)(p/W)?% =2%0.94 % (1 — 0.56) * (16020/2621)%/% = 2.77/m?

Weight of rubble mound elements

The protective quarry stones positioned on the slopes of the mound are allowed to have a
reduced weight, because the wave energy is already diminished by the layer of dolosse. The
weight of the secondary layer is computed using rules of thumb.

Wseconda'ry = 1/10% W + dolos = 1,602kg.

A grading of 1000 - 3000 kg is chosen for the secondary armour, having a D,z = 0.88,
thus the thickness of this layer amounts to 1.76 m. The shore-ward slope of the mount only
requires protection during construction, again quarry stones having a grading 500 - 1000 kg
are placed. A foot-protection block 1.5 * 3.0 m? is placed in front of the caisson.

Costs for caisson-type seawall

Volume of caisson: 11.6 * 20.36 = 236 m® / m
Volume centre of mound: (26.0-10.36)* {11.6+10.36*1.5 + 1.75%(26.0-10.36)} = 853 m® / m
Volume sea-ward protection layer: (2 * 0.88)*(26.0 - 10.36)*v/3.25 + 3.44%6.48 = 72m® / m
Volume shore-ward protection layer: (2 * 0.65) * (26.0 - 10.36)v/5 = 45 m® / m
Toe volume: 4*%4%0.88% 4 (4*8*0.882%) = 37 m®/m
Effective length of dolos layer: 16.0%1.5 + 5 = 29m/m
number of dolosse: 20 * 2.77 = 80/ m
Quarry stones:

0.0 - 500 kg US $ 36 / m®

500 - 1000 kg US $ 42 / m?

1000 - 3000 kg (also for toe) Us $ 50 / m®
Dolosse: US § 70 / ton

D.4 Conclusions caisson-type seawalls

Two different caisson-type seawalls were treated in this appendix. One of which was the hori-
zontally composite caisson-type seawall. The design and calculation methods for this seawall
type are not always evenly clear. Within the framework of this report, not enough time
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Fixed costs per linear metre: US$ 8400 /m | 40%
Shuttering for concrete: 2 * 236 = US$ 472 /m | 03 %
Concrete costs: (1498/25) * 400 = US$ 23968 /m | 134 %
Sand fill costs: (3171/18) * 3 = US § 520 /fm | 03 %
Quarry stone mound (0.5 - 500 kg) = US$ 34704 /m | 192 %

Quarry stone mound (500 - 1000 kg) = US$ 1,800 /m | 19%
Quarry stone mound (1000 - 3000 kg) = US $ 3600/ m| 20%

Toe = US$ 180 /m | 1.0%
Dolosse = US$ 102,528 /m | 571 %
Concrete protection blocks Us$ 1,500 /m | 08%
TOTAL COSTS US$ 179,441 / m

is available to go into the details of the horizontally composite caisson-type seawall-design.
Hence, the design of this seawall-type, as stated in this report, should be considered as an
introduction. Due to similar reasons no costs-curves for horizontally composite caisson-type
seawalls are drawn in the graphs of section 3.5.

However, some conclusions can be drawn. It can be said with some confidence, that horizon-
tally composite caisson-type seawalls are more expensive than vertically composite seawalls.
Therefor, the construction costs of vertical composite seawalls can be seen as a lower-limit
for the construction costs of horizontally composite caisson-type seawalls.
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Construction costs for Rubble mound seawail armoured with tetrapods Hs =8.0 m; s =0.05
ﬁ F 1:15 1:2 1:3
H, Run-up | Wonary | Dsosecond | Dsocors | Dsatoe | Gtotal § Run-up | Wisary | Dsosecond | Dsocore | Dsoros | Ctotal | Run-up | Wiimary | Dsoseconat | Drocore | Dsoroe | Ctotal
Depth/Cost: [m] {m] i {m] [m] [m] {%] Im} i {m] m} | [m] {%] {m] {1 [m) [m] [m} [%]
2 1,0 1.89 0.53 0.00 032 | 032 9464 1.98 0.53 0.00 0321 03211128 1.43 053 0.00 032 | 032 120,82
Costs [%)] 61.6 0.0 11.8 8.1 64.2 0.0 13.2 6.9 68.0 F 0.0 11.2 6.4
6 3,0 5.68 2.14 0.51 032 | 051, 9494 595 214 0.51 032 | 051115957 4.29 1.07 0.51 032 | 051 11147
Costs [%)] 56.1 107 18.3 6.6 56.7 10.7 204 54 54.8 129 22.2 5.6
10 5,0 946 | 10.68 0.82 032 | 065 9484 9,91 10.68 0.82 0321 065( 1166 7.16 534 0.65 032 | 065 109,23
Costs [%] 58.7 "7 18.3 2.5 58.9 116 20.3 2.1 58.5 10.7 23.8 2.2
16 8,0 1145 | 19.60 1.03 032 | 1.03] 110,85
Costs [%] 555 | 137 | 237 | 28
| 20 8,0 1145 | 19.60 1.03 0.32 1.03 | 114,49
Costs [%] 507 | 141 | 277 | 38
26 8,0 1145 | 19.60 1.03 032 | 088] 118,29
Costs [%] 43.1 16.1 35.5 21
30 8,0 1145 | 19.60 1.03 0.32 0.82 | 120,96
Costs [%)] 38.8 16.9 40.2 1.2
1:4 1.5 1:6
Hs Run-up | Wrinary | Dsosecond | Dsogom | Daoroe | Ctotal | Bun-up | Woeimay | Dsosecondt | Dsocars | Dsore | Ctotal | RUn-up | Wosimary | Dsosecont | Dsocere | Daoree | Ctotal
Depth/Cost [m] [m] (t] [m] [m] [m] [%] [m} t] [m] {m} [m] [%] [m] ] [m] [m] [m} [%]
2 1,0 1.07 0.53 0.00 032 032 1296 0.86 0.53 0.00 032 | 032 135,90 0.72 0.53 0.00 032 | 032 151,04
Costs [%)] 711 0.0 9.5 5.9 736 0.0 8.4 55 75.7 0.0 7.7 5.1
6 3,0 3.22 1.07 0.51 032 | 0511 12129 2.58 1.07 0.51 032 | 051 13267 2.15 0.53 0.00 032 | 051 11642
Costs [%)] 57.5 13.3 19.9 5.2 59.6 13.6 18.3 4.7 60.0 0.0 32.0 5.4
10 5,0 5.37 5.34 0.65 032 | 065 119,62 429 5.34 0.65 0.32 | 065/ 131,55 3.58 214 0.51 032 | 0.65) 118,36
Gosts [%] 61.3 10.9 214 2.0 63.4 11.1 19.7 1.8 58.3 107 26.6 2.0
16 8,0 853 | 16.02 0.88 032 | 1.03] 113,79 6.87 | 1068 0.82 032 | 1.03] 11396 572 | 1068 0.82 032 | 1.03] 124,85
Costs [%] 57.9 117 23.9 2.7 574 112 25.8 2.7 58.9 114 246 2.5
20 8,0 859 | 16.02 0.88 032 | 103 119,58 687 | 10.68 0.82 032 | 1.03| 121,90 572 | 1068 0.82 032 | 1.03| 134,51
Costs [%)] 52.5 121 28.7 3.6 51.5 114 31.2 3.5 52.8 11.6 30.3 3.2
26 8,0 859 | 16.02 0.88 032 | 0.88] 125,51 6.87 | 1068 0.82 032 | 0.88| 13047 572 | 10.68 0.82 032 | 0.88 145,00
Costs [%] 44.0 13.8 37.6 2.0 423 12.7 41.1 19 431 129 40.6 17
30 8,0 8.59 M 16.02 0.88 032 | 082 129,77 6,87 | 1068 0.82 032 | 08213627 572 1 10.68 0.82 0.32 ﬁ 082 | 152,57
Costs [%)] | 391 144 T 4307 11 3731 132 | 470 08 376 | 133 | 466 | 10
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APPENDIX E. DETAILS OF CALCULATED SEA DEFENCES

168

e | 6.7 | ¥el | 2ee L leey | 2el SYE Ly |18y | 9t §ve [o6] s1803
7226 |81} | 250 | e80 |890L | vv'9 | 9ctg |81L |20 | ¢80 890k | €L/ | 216/ |8LL |80 | 280 1002 | 996 0’0l 08
ve |62 | €2k | 0Ly Le | 9er | Lek Loy 62 | 8Cr | 9L | 86E [%] 81800
7698 |81t | ec0 | 280 | 890L | ¥¥9 | £9%Z |8LL |20 | 280 [890L | €44 | G2e/ (8L | 2€0 | ¢80 002 | 996 0'01L 92
€6 [ Ive | 6Ll | B9F 86 |16 | 9L | SSv £9 1/ | O | i 19%] s1800
6018 | tvL | 2e0 | 280 |990L | ¥v9 | €0%/ WL |20 | 280 (890l | €44 | 989 [WyL 260 | 280 1002 | 996 0'0L 02
£e | 2S¢ | ¥ | ver 9¢ 898 | VI |04 ge |0 | 9zl 208 %] s1800
€166 | €0k | 2€0 | S90 | ¥eS | S1'S | 28%8 |€0L [ ec0 | §90 | ¥EG | 8L'9 | 898 1E0% |2€0 | 280 1890l | €L/ 0's ol
97 B | Iy | vov 9z €18 | 12 7S 6¢ |62 | gL gsy [o] s180D
€606 | G90 | 260 | 150 | Z0F | 2z€ | 9916 |90 |20 | 1§60 | ¥L2 | 98¢ | 808 990 | 2E0 IS0 | y12 | €8¥ 0' oL
€9 | §9¢ 00 Y5 69 | ¥/ | 00 626 9. |9ge 0'0 £0G [9) 81500
99'g6 | IS0 | ¢c0 | 000 | €50 | €6L | 2206 |10 | 280 | 000 | €50 | 2€¢ | »£28 [1G0 | CE0 | 000 | €50 | 0672 0'c 9
£9 | 86 00 [§73 23 | 90 00 669 72T 00 2.9 [oe] s1800
99°121 1280 | 280 | 000 | €50 | v90 |e£szil (280 | 20 | 000 | €50 | L0 | pOp0L 1 2€0 [ EE0 | 000 | €50 | /69 0'l 2
%] W | ful ] ) (] o] w | [w) (w] il [u] (%] ful | lw [u] i [w] wj  ksopudeqg
{01y | L0Scy | 0008 | Moososry | Amudyy 1 dn-uny | [Ri0)y | A0S | 2008q | ProSOsg fewdps | dn-uny | feiojn | eoLosq | Me008(y | PuRsosy Aranidyy | dn-uny H
9} G vl
vy |86y | 6el | BYE [o] s1800
200/ |8LL | 280 | 880 | 209, | 88¢l 001 0
be | bey | 92 | 86 [%) S1800
60’89 81’1 | 260 | 880 | 2091 | 88 00l 92
59 | gp¥e | 9Ll | 0 (%) s1800
1299 |yl [ 260 | 980 | 209l | egal 0'0L 02
6% | 0€e Vel | Lty €7 | S¥E | Vi | 8Sy 05 992 | gel | Ly [%] 81800
[9%6Z |e0t | 260 | 280 | 890k | 0c0L | #81L |€0L | 260 | 280 |o02L | /eyl | 6E°49 |€0TL | 260 | 880 | 209 | C9€l 0'g 9l
28 | e5e | vk Vi 0c | 062 | 024 | 905 16 |59 | zel 605 %] 81800
295G, 1590 | 280 150 | vtz | vv9 | e208 |590 |20 | $90 |+es | 2eg | 0e’k9 | 690 | 260 | S90 | vE'S | 268 0's 0l
£g | ¥oy 00 6Ly G/ /92 | €vL | L9 26 |0ve | €vL | vO¥  {o0] 81500
98'c, | 160 | 280 | 000 | €50 | 98%€ | @58 | 160 |ee0 | 1§0 | 0L | §€G | 9749 160 | 260 150 | 201 | LS 0's 9
08 | vEl 00 69 [8 | €6l 00 009 g0l | 9¢l 00 [ 9] s1800
€06 1280 | 2€0 | 000 |e50 | 62t | 98%g leco |eco | 000 | eso | 8L | /s6 12€0 | @E0 | 000 €S0 | O} 0'L Z
%] w | fu] fu] ) [w] o] fw] | [u] [w] 4 ] [%l] fw] | (w [w] i fug) fwj  [isopndeq
[RI0)D) | PoLosey | e0008(y | uooesosy | Amukdys | dn-uny | elojg | M0 | 20005 | PeovesTEq Aeudpy | dn-uny | [eloj) | %OL0%q | ®e00%q | PuoRs0sny feanrdpy | dn-uny °H
Y 2l gLl

§0°0=S‘W OO =SH

9SSO[OP L{JiM PSINOLUIE ||EMEAS PUNOW B|qQNY 10} SJS0O LIOINLSUOD




169

92 | gee 15t | 0% [%] 81800

9z'Zil (8L | ze0 | s0L | 0961 | 9L ool |og
6t | 218 | Sy | 008 [o] s100

g'phi f8LL 1280 | S04 | 09%6L | 9bL 0'0L {92
oy | eye | 9¢l | 8¢S [%] 1800

62'80L | WL | 2€0 | 0L | 096l | 9LL oot oz
52 | 9%ve | viL | 685 1 | 9% | ¢ | ¥iS 17 |68 | LI | 615 [l s1800

ce'pzl €01 | 260 | 280 | 890L | 2/'S |96%LL €0k | 280 | 280 | 990L | /89 [6/€LL €0 | 2€0 | 880 | 209L | 658 09 ol
0Z | 992 | L0 | €85 L [ /6L | LIl | vE9 02 | vk | 60L | E1LD [%] s180D

96011 | 690 | 260 | 150 | vi'2 | 8G€ | 65UEL |690 | 280 | §90 | €S | 62y | 29%LL [G90 | 280 | S90 | ¥E'G | [£S o's ot
s | 028 | 00 009 Iy | €8L | 96l | 969 25 | 68L | €81 | G/S o] ;1500

2b'911 | 160 | 2c0 | 000 | €50 | stz |s92ei |50 leeo | 160 |00 | 952 [62'tzL 160 |20 | 150 | /0 | @€ 0t |9
16 | 12 00 L'6L s | 8 00 9L 66 | 66 00 L (%] s1s0D

v0'IGL |2e0 | 260 | 000 | €50 | 2.0 |os6er{eco [eco | 000 [ es0 | 980 o09%6zL |Z80 | 2€0 | 000 | €50 | /0L o't |z
Oa] | [w] | w] {w] ol [w] (o] | [w] | [u] [u] [ w] o] | (w] | fw) [ ol [w] [w]  sopndsg

[e0)) | wios | seovsy | pieesosy | Aeudy | dn.uny | pejory | 2olosq | 2000sq | pemsos | Amudyy | dnuny | ejoiny | 208 | Mot | peeRsos | Lewdyy | dneung | oy
9:4 G| [

[o] s1800

004 |oe
[o] s100

001 |92
[%] s1s00

o'or  loz
8¢ | /€2 | L€l | G¢S %] s180D

Go'0Ll [0k | 260 | oL | 096k | S¥LL 0'g a1
22 | 882 | LOL |58 1z |£02 | 9L | 68§ 5z €8l | LIl | L8 o] 1500

€201 1690 | ¢80 | S90 | 6§ | 9iL | 99ik 590 |2e0 | 280 8901 | 166 | #8'¥6 1S90 | 260 | 280 |890L | 976 0s {0k
96 | 2% | 62L | 8§ ve |voz | 0L | L9§ 99 | €8l | Lok 196 %) s1800

IVEEE 1160 |20 | 160 | Z0F | 62v |/66'SLL| 160 |ee0 | 160 | yie | 66 | vE've | 150 | 280 | 150 | 12 | 89%G ot g
v9 [ 2L | 00 089 69 |ggh | 00 2v9 18[9 | 00 919 (%] s150D

28021 | 260 | 280 | 000 | €50 | evh |eztiileco g0 | 000 [eso | 861 | #9%6 |2€0 | 260 | 000 | €60 | 69’1 ot |e
o] | fwl | [w] [u] o fu] oo | [w] | [u] [w] [ [w) ol | [w] | [u] fu ] [w] w]  ksoondeg

[0y | s | weooeqy | mieesosy | Geundy | dn-uny | fejogn | ®A0sq | e00sq | PeRsosy | Kb | dn-uny | [ejojg | 08 | 2e0mRq | eesoig | Ay | dnuny |y
£:1 AR} Sl

S0°0=$ W Q0L =SH

spodeJie] UM painoulie [BMESS pUnow ajqqny J0j ]SO0 UOIIonIIsuo)




721
3]
m [%] s1800
oo |log
m [%] s1800
& 00l |92
m %] 81800
0ol oz
w 52 | €¥2 | €4 0'6g o] s1s00
a Gs'p2t |80k | 2e0 | 280 | 06EL | LG 0e  |ot
= 12 |ese | vvl | gy 9z | 682 | 6G | 08¥ €¢ | L@ | S9L | G€S [%] 1800
M vb78 1690 | 2€0 | S0 | 082 | 8S€ | Z2%6 |90 | 2e0 | S90 |ecv | 62y | Gro0r 1590 | 260 | 280 | OvL | IEG 0's |ot
ol 28 |08y | 00 L6E 88 | 9%y | 00 v1E G, |g82 | ZeL | 288 [o] s1800
w 119/ 160 | 2c0 | 000 | 2.0 | stz | g6z |10 |20 | 000 | 2.0 | 852 | ec'es [150 |20 | IS0 | bl | € oe |9
3 [yl oz | 00 1'6E 96l |2/ | 00 913 voL | 188 | 00 gve [%] s1500
< 0675 | 280 | 280 | 000 | Q00 | 2.0 | p¥6r | 2€0 [ ee0 | 000 1800 | 980 | [0y |260 | 260 | 000 | 800 | /0L [
© [%] (W] | fu] [u] i [w] o] | fw] | [w) fw] o] [ Pe | fw] | [w] [w} 3 [w] fw]  [wsopndeg
m 21010 oo._.omO EooﬁD u:coomonD Arewyd M Q:.czm [e1010 S»omD SooBD ucooomSD amsta>> dn-u ny | eon SFSD eoonO E§m80 Kmurd M Q:.::E 5
0 9| ! [
=
g %] s1509
& 0ol fog
A %) 51500
. o0l 92
m %] 81800
= 00t oz
a 2] s1800
m 08 ot
o 8¢ | 802 | L€l | 098 (%] 81800
m..n 6/211 1690 | 2e0 | 280 | Ev0L | 9L/ 0's ot
99 | 682 | L¥k | ¥S¥ 99 |28l | 8 Viv 65 | eel | 29 | viS [oe] s150D
€176 1150 | 260 | 150 | 062 | 62% | 8€'66 | 160 | 280 | S90 | €t | 805 [iweyii|lS0 | 2€0 | 280 | O¥L | 08§ N E
0L | ¥or | 00 0ce eyl |92 | 00 688 2GSt |eve | 00 FES [l s1800
926k |20 | 260 | 000 | 900 | ev'L | 9265 l2eo |2e0 | 000 | oc0 | 691 | 9506 |2€0 | 280 | 000 | 9€0 | €61 oL |z
9] | Tw] | [w] (w] B [w] el | (w] | [ug [w] i fus) ] | Wl | [ [u] i fw] [wj  [sisopyudeq
[BIO)) | ®U0S(y | Po00sq | PUoeSEs Arewud M dn-uny | [e101 | 20105 | #0905 | PLO%SO5 waE>> dn-uny | feioip | 20L0s | @008 | Auecesogy hoeund M dn-uny L
gL 2.1 G|l
60°0=5 ‘W QoL=SH sauo}s Alenb yym painouwlie |[emeas punouw ajqqny 1o} 8]S02 LoIONIISUO)
=)
I~
L




171

2£'89 0/8'81y ¥l 0’} 968 1092 G1'e9 0E9C ¢te GTh 0'84 004 00
Sy'eL LEV'SeY 'l 0zt 8€'6 86'2¢ ¥L'S9 008¢ 60¢ pal 0'gl 00} 092
9e'i8 675'68¢ L6} 0t 28’6 A 1£0L 00¢e 0'/¢ Al 0’8l 00l 0’02
82°90} 010028 €6’} 0c'k 18€1 ]! 8689 o9 &l 00l i} 08 091
16271 ¢LLSle 181 ek 9562 194 59 (01357 A 48 £'9 0'6 0's 0’0l
6125 STAA14% 194 0t [7857 ¢L'6 16'Ly 0s¢h ¢6 8'c ' 0'e 0’9
2L'/E8 LESLL (A yE'l 8869 09'6 Sy'02 0€'L |y £'] g' 0'} 0'2
o] TNl o} [o] ol ] (w [rs+wl|  [w (] {w]
[e101D aInssalg  OMAMSyg  ONNflyg ) pnotiy s (ppealg “o=EYy  FSAy | *H tideq
GO0=S WQoL=SH Jlemeas adfi-uossies ajisodwod Aj[eoIlaA 10} S1S02 LUOIONIISLOY
12'S6 6E6°C0¥ et 9l ¥6°0} 6592 ¥8°09 G0 000L 022 Ol 00l a4} 0'8 0'og
9676 828°6.€ 0T’} et 81el aLve 90'¢9 L'6  000F 061Z V82 0014 144" 0's 0'92
6.'66 HLOYYE 05} (A Syel 8161 §9'99 0L 000F 0L€2 G¥e 00l 144" 0'8 002
8290} 01002€ €6’} 0Tt 18°€1 ¥E'sh 8689 96 000L O¥92 612 ool 124 0'8 09l
L6'LY} oLLSHE 18} 12t 99'6¢e L9} 2s'18 G'€ 000L OL8L 2Yl £'9 0’6 0's 00k
61262 7A 4148 194 o't [N eL'6 6Ly 12 066 052 T6 8'c ¥'s 0'c 0'9
2)'/€8 1862/ 02} E'L 98'69 09'6 Sy'0C /0 08 _0€L ¥ £ gl 0} 02
ol [l (%] (ol (%] wh [ Wb Wl [rs+w]] W) (w] (]
1010 | anssald  ONATjg  OMiilyg | Py e ooy [PUONy jypues yipealg MRy FAy i °H tydeg

G0'0=siwQg=sH jlemeas adA}-uossies aysodwos AjjedilaA 10) $1$09 UOLONIISUCD




APPENDIX E. DETAILS OF CALCULATED SEA DEFENCES

172

[ 608 g'st €6y €3¢ 8'6¢ Syl P [o] s1800

gL'50L {1l | 2€0 8t} ¥0'2€ | S¥'6 001 LWL | 260 81l 1Ly | g€l 0z} [
S¢ 9'9¢ 8¥l 8'es 972 8'6e LEl 6¥S [9%] s1500

g9e'roL | W) | 20 811 ¥0'2E | S¥'6 00l WL | 2€0 811 LLey | E8LE o'ch 92
6€ %2 g€l 1'§5 0y 6€C §cl 295 L'y ' €2 61 0%S %] s1809

28011 11vL | 2e0 €0} 096} | /8L 1SZ0 | LWL | 2e0 €0} 0L9¢ | S¥6 92501 L iv') | 2€0 8hl y0cE | 1811 00k 00
¥'C [ ¥l 2’85 92 1’52 680} 9'.S 97 L'¥2 L1 699 [96] s1800

G721 | €01 | 2€0 ¢80 8901 | 0£9 §6L1 [ €04 | 2€0 ¢80 00¢l | 95/ 88711 | €0} | 2€0 880 c09F | Gv6 0'8 9l
1e 681 cll 6'€9 €¢ 44 01} [ 61 1’22 60} £09 [%] s1s00

90BFL 1690 | 280 G9°0 ¥£'S V6€ 88661 1S90 | 2€0 590 ¥E'6 Ly Sg'c2t 1990 | 20 G9°0 'S 06'G 0's 01
[ 9ce 00 65 9y 681 9¢l 8'8S 0§ 902 €€l 999 [o] s1800

gL6LL {150 | 280 000 €60 9g'¢ G896l 1160 | 2€0 150 L0} £8'¢ 96'Gz1 {160 | 280 150 201 5 o't 9
¥'9 Sz 00 €L €6 ¥8 00 Lel LS L6 00 1 0L {%] s1500

1£261 1280 | 280 000 £5°0 6.0 9e'ppl 1260 | 2€0 000 £5°0 ¥6°0 pS¥EL L 280 | 2E0 000 £6°0 81l 0} 1
el | [w] ; [w] [w] il [w] el | fw] | [w] w] i ] Lol | fw) | [w) (w] il [w] [w]  [soomdag

B0l wo.SmO Soo%ﬁ_ u:oowmcmo buE_a>> Q:.cjm [B1010 oe,omD Eooomo Eouomomo amE_a>> Q:.::m [e1019) wo.GmD 8880 vcouwmomﬁ_ bﬂ:_a?) a:.::m M
9:1 Gl ¥l

(%] si1s0D

o'zt 08
[%] s1800

o'zt 9z
€y 19% | OFL | 9eS (%] S0

00L | WL |20 81} 8628 | vLGI 00} 02
972 9v¢ 9€l ¥¥s 9¢ 6'¢c 1S [ (33 861 Lyl L¥S [%] s1s09

P6GLL | €01 | 280 €0} 096} | 6S2l |9y'6ll (€01 | ZE0 81’1 ¥0'eE | vil 00} €071 | C€0 8Ll 8e'/€ | 99'91 0's g4
1'¢ 8¢ 901 ¥'LSG S¢ e Sh €48 e 113 Ll VLS [9%) s1500

2Ll 1S90 | 2€0 S9°0 €S 181 Pg’c2l 1690 | 260 280 89'0L | 06°01 001 690 |¢2€0 280 8901 | ¥ 0l 0's o]}
7S A3 67 8'€s 1's Sie 901 §'6S €9 6l L0} 0'SS o] s1800

9GSl 150 | 2€0 150 01 Ly |/€2) [160 | 20 150 712 ¥5'9 00L 190 | 280 150 L'g 9 0'c 9
19 Sl 00 029 59 LEl 00 1'€8 Ll [543 00 509 (%] s1800

9r'92L 1280 | 280 000 £5°0 LG’} 29’241 1280 | 260 000 £5°0 812 00L {280 [ 280 000 €50 80°C 0'f C
loo) | Twl | [u] fw] 0l [w] (o] | fu] | [w] fw] i (] e | [w] | fu] (] 1] (w] [w]  misopmdeq

[B0}) | S0L08() | #0008y | PUooes0sy Areusd M| dn-ung | R0y | 20108 | 20008 | PeeRS0sy Amwud M1 dn-uny | eioig | eelosgy | 0008 | Pevesosg Asewid M| dn-uny H
£ 1 ¢l Gl:l

§0'0=S'w gL =SH

$8GN5 PalIPOL Y}iM PAINOLLIE [[EMESS PUNOW 3|qqnY 40} S]S00 LIONONIISUOY




173

0t | 9¢r | £e¢l | 807 £¢ | €8y | 0¢L | 86E S¢ ¢l | E¥L | E6E (%] 180D

£b77 |l | 260 | 990 | 209L | €4/ | £8%9 [l | 2€0 | 880 ({2001 | /26 | 0869 |y} | 2€0 | €0L | 09'6L | BGLL 0zt 0g
ve |98 | 02F | G 8e 1988 | Lk vy 0y |69 | BEL | €eY [%] s1800

Zi'eZ |l | 2e0 | 880 |209b | €44 | 1i'B9 [Mwb |20 | 880 209 | /26 | 69'K9 | L¥L | 260 | £0'L |1 096L | BGLL 021 92
€6 | Ive | 6Ll | 89 86 |15 | oLl | gsy €9 |26 | 0L | Ly [%] 81800

6018 | WL | 260 | 280 |e90L | ¥v9 | £0% |\t |eeo | 280 |s9oL [ €4/ | 9¥B9 [iyL | 260 | 280 | 00CL | 996 0’0l 02
€c | ¢S | vil | ve¥ 9¢ [ €98 | LI | 0Ly ge | L02 | 93 205 [%} s1800

EIE6 |€0L | 280 | S90 | ¥€S | SL'S | 288 |£0L [ 280 | €90 | ¥£S | 810 | 8978 |0k | 2€0 | 280 |890L | 814 0'g o}
9z | £ A 9z |¢le | 12 | ¥IS 6¢ |62 | 91l | 96 %] s1800

£6°06 | 590 | 2€0 160 | 201 | 22€ | 9996 {590 | 280 | 150 | vb'2 | 98¢ | 80'E8 | S90 | 280 150 | ¥12 | £8¥ 0's 0L
£9 | §08 00 9YS 69 | ¥ | 00 629 9L |9ee 00 10§ [%] s1800

096 | 150 | 260 | 000 | €50 | €6k | 2206 |150 [ 2e0 | 000 |€50 [ 2ee | #£20 [1G0 | 2€0 | 000 | €50 | 062 0's 9
£9 | 86 00 1'2L 89 |90l 00 669 2T 00 719 [o4] s100

9902t leg0 | 2€0 | 000 | €50 | v90 |eseii[2e0 |20 | 000 | 850 | /L0 | #0%0L [ 2€0 | 2E0 | 000 | €50 | /60 0'L 2
%) w] | fw] fu] i [w] [0} w] | w [w] il fur] %) fw | [w [w] 1) fw] fw]  [soondeg

(R0} | A0S | BO008( | PuosSOS(y feundps | dn-uny | (ejoyy | 0108 | 200050 | PSS aws_a>> dn-uny | [BI0)) | POL08(g | @000y | PUORSOS fmunday | dn-uny Sy
9. Gl yil

[%] 81800

0'zL 0g
[o6] s1800

024 92
69 | 8¥E | gL | oW [%] 1800

1299 [ WL |20 | 880 | 209, | 882 0'0L 02
6€ | 068 K €y | G¥E | Vil | BGY 06 |86 | 82 |l (%] 180D

19/ |€0F | 2€0 | 280 |890L | 0S0L | ¥8°LZ |80L [ 2e0 | 230 | 002L | gyl | 6649 |€0L | 260 | 880 | 2091 | 29€} 0'8 9l
Z€ | €68 | Vil (9 0¢ | 062 | 02 | 908 1e g9 | zal 608 o] s180D

265/ | 690 | ec0 | 160 | w2 | ¥w9 | ez0g (690 |20 | 590 | ¥EG | 268 | OE'P9 1990 | €0 | G690 | ¥E'S | 298 0' oL
€8 | ¥0r | 00 &l gL | L9 | €¥l | L9y 26 |0%e | €¥L | vov [%] 81800

06'G/ | 160 | 260 | 000 | £50 | 98¢ | es'es |150 |20 | 160 |0} | 686 19//9 160 | 280 150 | 01 | LS 0'e 9
08 | ¥El 00 629 L8 | g6l 00 009 RIEE 00 ¥4 [2] s180D

€96 | 260 | 260 | 000 | €50 | 621 ] 98%98 |2€0 |eco | 000 |eso | 8y | /6 12€0 | 2e0 | 000 | €60 | 0/} 0'L 2
%] W] 1w [w] [ [w] (%] {wj | [w fw] )] ] (%l [w] | lw] [w] il [w] Jw]  swsopnydeq

[BI0)) | PL0S() | #0008 | PuoEs0sy keupdps | dnouny | jeloiy | ®L05Q | 20005 | ProceSOE teudpy | dn-uny | 1oy | %0L0SQ | 2000SQ | Pes0sy keudys 1 dn-uny f
£ 21 Gy

G0'0=5 ‘w @l =SH 3sS0|0p YlIM PRINOULIE |[BMES pUNOW 3|qany 10§ SISO UOIINRISUC)




APPENDIX E. DETAILS OF CALCULATED SEA DEFENCES

174

[oe] 1500

02k |oe
[%] 81800

021 |92
Ov | eye | 9€L | 86S %] 180D

62801 [ Lyl | 260 | €0L [ 096L | 91 0oL oz
G2 1 9%¢ | vk 6'86 12 18% | Tl vig 12 | 6€ | Ll 6.6 [%] s180D

g%zl |60 | 260 | 280 | 890k | 2L'S |9stii €0l [2e0 | ¢80 990k | /89 |6/6ii €0 | S0 | 880 | 209 | 658 08 |at
02 | 992 | L0t £'8g 8L | L6l VL 7'€9 02 |vie | 60} €19 {o] s1s0D

98’81k | 690 | 20 160 | pl2 | 88t 16leL 1690 |ee0 | S90 | S | 62y | 29%if | G90 | ec0 | 690 Y86 | 186 0's ot
6 | 02 00 009 Ly €8l | 9t 965 7S | 66l £El G % s1800

2F91L | 160 | 2€0 | 000 | €60 | sie |Z92El | 150 |20 160 | 204 | 892 |6Z1et |10 | eE0 150 00 | 22¢e 0t |8
1S | LL 00 L'SL g | ¢8 00 96/ 66 | 66 00 VL (%] 1800

P0'IGL | 260 | @80 | 000 | €50 | eL0 | 6'6cr [eco |20 | 000 | £60 | 980 | 0962t {eE0 | €0 | 000 €60 | L0} 0L |2
o] fu] [w] [w] 3] fu] (%] [w] | [u] [w] ) (W] [l W) | [u] fu] il [w] fw]  fsogmdeg

[RIO}D) | P0LOS() | 20008( | PUooRSOsy | Leundps | dn-uny | fRIOND | P05 | 20 | PLORSOSg feudyy | dn-uny | [el0)) | S0M0SQ | 200S( | PuoRs0sq feuidys | dn-uny S
9l H vl

%] 81800

031 joe
[%] 51800

02t log
%] 81800

00+ |02
82 | . | L€l | GSS [%] s1800

G8'0LL €0k | 280 | £0b | 096k | S¥LL 0% |ot
7e | 8t2 L0l G'gg 1z [ £02 91l 685 5¢ g8t L1l 488 [o6] s1800

£260L 1590 | 260 | S90 | vES | OVZ | 69t [ S90 |ec0 | 280 | 890L | 166 | #B¥6 | 690 | 2€0 290 1 890L | 96 0's ot
9g |22 | 62k 8§ vs | ¥0z | L0 19§ 99 | €8l L0} 1'9G [o6] s1800

L¥'LLL | 150 | 280 150 0V | 62y [[S6'GLL| G0 | 2ED 150 | vie | s65 | ¥6'¥6 {150 | 2€0 150 yl'e | 99§ [ E
v | 2Lk 00 0'99 69 | 2€l 00 29 KIRE 00 9’19 o] 51800

28021 | 260 | 260 | 000 | €60 | evh ezttt leco leeo | 000 | €50 | el | p9%6 leeo | 2€0 | 000 €60 | 68} 0L |2
%) (] [w] {w) i fw] [o6] [w] | [w] [w] 1] [w] foel W | (w fus] i) [w] [w) 1s00/yideq

[BI0}) | %0L0S(y | @0008() | PUOORSOE( bs:_a>> dn-uny | [Rio)y | %108 | 208 | PLORSTE() \%EE>> dn-uny | [RI0)0 | %0108 | B0008() | PUOSSOG() rnE_.a>> dn-uny sy
- 2l T

§0'0 =S W 02} =SH

spodel}a) yjim paInouLie [[eMeas punolw ajqgny Joj s]S0d UoloNnAsuod




175

[%] s1800
oL loc
[%] s180D
021 |92
[%] s1800
00l oz
Sz | E€ve | €4l | 068 %] 81800
65'val €0k | 280 | 290 | OBEL | 2LS 08 ot
12 | €% | vyl | 9EF 92 | 692 | 6SL | 08y £z |12 | S91 | G€S [l s1800
v578 1690 | 220 | 150 | 062 | 95€ | Z2€6 |S90 |20 | S90 | €c¥ | 62% | Gp'90L [S90 | 2EO | 280 | OyL | €6 0 |ok
28 |08y | 00 168 g | @8y | 00 viE g/ |€82 | 26l | 2se [%] s1800
110z 1150 | 260 | 000 | 220 | Sz | 5602|160 |2e0 | 000 | 2,0 | 852 | 88 [160 | 2€0 | 150 | vl | 22e ot |9
Iyl |06 | 00 L'6E 96t | L | 00 Vi voL |28 | 00 gy o] s1800
0625 | 260 | 260 | 0000 | 800 | 2.C | #¥6k |2c0 |20 | 000 | 800 | 980 | 0/ 120 | 280 | 000 | 800 | [0} 0L |e
o] | fw] | [w] [w] ] [w] foe] | [w] | [u] (W] o w] o] | Qw] | [w] (w] o ] fw]  fsoodsg
01y | ©i0q | eeomsqy | mewsosy | Kmdy T dnuny | ejogy | w0sq | 20008 | Poesosg | mdy | dn-uny | fejogn | ®1mq | #0005 | Poesosg | el | dnuny | oy
9| H [
[o] s100
02zl jog
[9] 1800
Y
[2] sis0D
oot loz
o] s1500
0'e |oL
8¢ | 802 | Lt 0°95 %] S1500
G/ZhL [ 690 | 250 | 280 | Eev0L | 9L 0's {0k
99 | 6€2 | L¥L | ¥vSy 99 |28k | 96k | Vv g |€ck | 291 | VIS [%] s1500
€176 1160 | 260 | 190 | 06¢ | 62v | 866 | 160 |20 | 90 [ €cy | 806 |WEYLL|LG0 | 2€0 | 290 | O¥. | 08C 0t o
0L [vOy | 00 0 €yl | 9vg | 00 58e 26l |eve | 00 G9e [%] 51500
9z | 280 | 260 | 000 | 800 | €v | 92€S |20 | 260 | 000 | 980 | B9 f 96'06 |20 1280 | 000 | 960 | €61 oL |2
o] | ful | [w] [w] i [ foo) | [w] | [u) [w) [ fw) o] | fw] | [w] [w] [ ] W  [sooudsg
o1y | 105y | seoteqy | messosg | Ky T dn uny [ Jeioiy | s | #eesq | peestsqy [ Amdyy T dn-uny | eiogn | ®Isq | B%q | Poesos | Aemdyy | dnuny | oy
£ 2.1 gLl

§0'0=S W 0'ZL = SH

$5U0s AiEnb YIM PRINOWIE [EMESS PUNOW J|qgGnY J0j $]509 LOJINASUOD




APPENDIX E. DETAILS OF CALCULATED SEA DEFENCES

176

65'09 8LE V6 95} 0z} VA el 7029 | S0t 000L 0S€€ 09  0Sh 912 0zt 0'0g
159 198°0Ly i Al sl 066} 950/ I's 000, 06SE ¥e€e  0Gi 912 0'2k 0'92
9e'18 87568 18k 0k 296 VoLl €04 0L 000 002 0 @ §Ck 084 00k 0'02
82'901 01L0°02¢E €61 0t /8¢l ¥E€'G1 86'89 9's 000 OF9C 612 001 2l 0'g 0'94
1827h | 2LLSke 181 12k 9567 91 519 gt 000k OL8L TVl g9 0'6 0's 004
sl'esz | oLysyl 'k 0zt ANt L6 16°Ly 1'2 066 052 <6 g'c v's 0'c 09
zl'ie8 Les 2L 01 veL 99°69 09°6 Sy 02 L0 086 08 LY g} g'L o't 07
(o] Ll [} o] {o} wj (] ) [w Crsewl  wl (] fw]
{21010 anssal ~ ONOMSyg  ONNEMLg ] punotiny sy IOy unyes yipeelq YNy Ry iy H yidaq

60'0=S ‘Wzl =SH [emeas adAj-uossies aisodwiod A|jeaiyap Joj SJSE0 LOONIISUY




177

S0 | %69 S0l 984 90 &89 704 88} L0 889 L0} 88l [%] s180D
2620€ {150 | 260 150 vie | v0L | erBlz 1150 | 260 150 vie | sre (69822 {150 | 260 150 yle | 858 0y 0¢
90 299 Ol £'ee L0 1299 801 yae 80 19%9 Vi €20 [o] 51500
£0%662 | 150 | 260 150 v | vOL | #6642 | 1S0 | 20 180 vi2 | S8 {29%22 | IS0 | 260 150 yie | 898 0y 9
80 | ¥9S gLl 008 60 |68 A1 L6 Ll | ¥'9S Sl G'6¢ [%] s1809
vErec | 150 | 280 150 yig | ¥0L | G0'P92 | 160 | 20 1§50 yig | sre |12Z1z 150 | 20 150 yle | 898 o'y 0¢
oL |29y 9l (A L'y} 86k €1l y'9€ €1 | €6y Gl L9E {%] s1s0D
§62/2 1150 | 260 160 yig |y 1/27952 1150 | 2€0 160 yie | sre |2tz | 150 | 280 150 yie | 898 0y 9}
7L | B€E L0 0es §lL 109 €01 108 81 |86 €01 gey %] 81800
1262 | 160 | 280 160 vi'g | ¥0L | 60'KZ | 150 | 260 150 yie | S8 180702150 | 20 150 yl'e | 898 o'y 0}
ye | Ely 00 ¥'€s 6¢ |28 8¢l S€s St '8¢ Ll Les %] 5150
2zele 1160 | 280 000 £60 | 826 | 99pZ | 150 | 260 150 00 | ¥e9 | e1702 | 150 | 280 150 L071 | ¥¥9 0¢ 9
¥v |62l 00 A 9¢ | 8¥i 00 9¢L ¢y | 8vl 00 ¥'0L [og] s1500
92’5z | 260 | 280 000 £60 | 9.1 | 69'¢rz |2€0 | 20 000 £5'0 1 | p6502 | 280 | 2€0 000 €60 | Sle o't 4
ol | fw] | fw] | [w) ) fwj [ o] | fw] | [w] | [w) W fw] f ol | fw] | fw] | [u] ] [w] ] Iisopmpdeg
[BI010) | 1050 | #0005y | PUoeSOsy Keund M dnung | o | PoW0sq | 200sq | Poesosg Kieund M | dn-unyg | oy | eelesq | 20005 | Pueoesosy Kgund M | dn-uny H
91 G} vl
80 168G (A4S §'ee [ A §91 §'ee 91 10%2s 98l 8'€e %] sis0
96481 | 150 | 260 S9°0 veS | ¥1'8 | 616zl [ 150 | 260 S90 yES | 9L 00L 1150 1260 590 7S | 869 4 0g
A RAL] 9Vl gl i 608 991 §le 81 | diy S8l 8.2 [o] sis0D
20781 1150 | 280 S9°0 veS | vi'8 | S8'gel 1160 | %0 §9°0 ¥es | 8¢/ 001 {190 |20 590 yes | 869 0y 9¢
) | gsh Syl g'se g (X4 L9l £6E €¢ | ¥8E Ll §ge o] s1s0
85681 | 150 | 2€0 590 ¥E'S | vi'8 | le'gel | 150 | 20 590 ¥eG | 9L 00l |90 | cE0 S9°0 €S | 8€9 o'y 0¢
g1 | €8¢ 8¢l ¥y (44 1'GE 1 [ X94 8¢ | 91f €91 [AX44 (%] 81800
GS'v8L | 160 | 260 G890 ve'S | vi'8 | 98'zel 1150 | 20 S9'0 €S | 9L 00L 1150 |2€0 S90 ¥eS | 889 0y 9l
0¢ |12 Yl 668 8¢ | 6¢ 91 ¢SS 9¢ | 00¢ 61 [ (%] s1800
LLe8t 1150 | 2€0 590 vES | ¥1'8 | €242 1150 | 20 §90 y€S | 9L 001 1150 ;¢€0 990 veS | 8¢9 o' 0l
gy | 99 9¢t 128 LS L6l L0} €95 gL | a8 L0} 9'sS o] s1800
Wb'261 | 160 | 260 150 01 L9 |ig9el 150 | 20 150 yle | S¥S 001 160 |20 150 yl¢ | 6LY 0'e 9
€g | 6¢i 00 €419 gL |ocl 00 9¢9 98 10} 00 €69 [2] s1809
r'291 | 260 | 20 000 €60 | y0'2 | eeogt | 2e0 | 260 000 £60 | 281 001 1280 | 260 000 €60 | 091 o't 14
fool | fwl | (wj | [w] W w | ol [ fw | [w] | fw) bl w Qo | [w] | fw) } [u] ] w] ] pwsoomdeg
[B101D 20, .SmO Eooomn_ ESwmomO Keupd M Q:.C:I B0 80 ._.omD EooomO EuuomcmD Aiewnd M a:.czm [e101 20 .GmQ Eoocmo _"Eouomomﬁ_ Kiewd M a:.czm sy
£:1 gt Gl

l0o=s woy=sy

$3QN2 PaIPOW LM PRINOLLIE [EMEIS PUNOW 3jgany J0j 1502 UORONIISUCD




DETAILS OF CALCULATED SEA DEFENCES

APPENDIX E.

178

90 |9/8 | 01 S0l 90 |6 | e0L |92 80 8. | Zi | 92 2] 1800
20252 1160 |20 | 000 | €60 | 9.6 z'%cpz 160 [2e0 | 160 | [0 | 169 [80'86L | 1S0 | 280 | 160 | /07 | 20/ 0y Joe

80 [ 6¥8 | 01 oct 80 |81 | 9L | €Sk 0L 2L | BLL | ESH [%i s1s00
B6°/62 |10 | 280 | 000 | €60 | 946 |sp'eez | 160 [ze0 | lgo |0 | 169 | 16061 1150 | 260 | 190 | /0L | 20 o'y loz

VL | 68L | 01 L8l L[ ¥¥9 | L2l | eie €1 |89 | 82 |12 [%] s1s00
gr'ziz | 160 | 20 | 000 | €50 | 9,6 lessiz (150 |20 | 1§00 | /0L | 189 | 69941 | 190 |80 | 160 | L0 | 204 0y |og

vi [ L2, | 90 Sye VI |96 | ZEL | 692 L1 1048 | veL |89 [%] $1800
027261 (160 | 2e0 | 000 |50 | 9/G lestoz | 150 [2e0 | kg0 | /0L | 189 | 1§%G9I 1160 280 | g0 | L0 | 20Z oy ot

€2 185 | 20 $'ge 0Z |eey | ZeL | 1OV Gz | o0gy | eel | L6 %] 81500
$/%651 | 160 | 2€0 | 000 | €90 | 95 |e69/k [1G0 | 2€0 | 1650 | 0% | 169 |/6'Grl | 160 | 2€0 | 160 | L0 | 20L 0y ot

€y | vvy | 00 967 Sy |eor | 00 viy ¥S |8y | 00 L9y (%] 81800
£8°791 160 | 280 | 000 | €50 | ey 19509 | 1G0 |20 | 000 | €50 | 8LS | #9%EL 160 | €0 | 000 | €90 | L2 e |9

Sy | 2ZsL | 00 612 Ly [89L | 00 L69 9 |29 | 00 ¥19 (%] s180D
75061 |20 220 | 000 €50 | pvL [ecesr ego | 2e0 | 000 | €60 | €41 686l 260 | 2€0 | 000 | €60 | 9L} o't |2
] | [w] | [u] fu] A (W] (%] | [wl | fu] fut il (w] [ | [w] | fu] (] 4] (w] [w]  msogyyideq
[EI0ID | "elosqy | eousy | eesosy [ Leusdyy | dn-uny | [ejorn | oi0sq | 2000 | Poesesgy | Emudyy | dn-uny | [ejojg | L8 | 2008 | Pesosg ey | dn-ung |y

9: HI! vl

0y |9eL | oel | Lel gL €9 | 6€L | LG) 02 | bv9 | 8SL |29 (%] s1890
voBpL | 1G0 | 220 | L0 | Z0% | 999 | 660 | 160 [ 260 | 160 ybe | ves | ZZ6/ 160 (260 | IS0 | vie | 2¢¢ oy |og

€L | 669 | L2F | ¥k 1 | 0€9 | ¥y | 68 vZ 1985 | 291 | vl %] s1800
gl'ehl | 160 | 260 | 150 | /0L | 999 198'00L | LS0 |20 | 150 | vl'e | v6G | 6694 (1G0 | 2€0 | IS0 | vbe | ¢S oy |oz

L1 leeg | 9tk |2 ve | 9¥s | evl | 962 e | 608 | v9L |29 %} s1800
1g2er 1150 |20 | 160 | 200 [ 999 | 6L'se [ 160 20 | 160 | vie | y6G | €62 |50 |2€0 | 190 | ¥ie | ees 0y o2

22 1995 | oyl | B9 08 |2 | 9%l | 02 0y | gey | BSL |9 (%} s180D
Zbp2l 1160 | 260 | 10 | Z0h | 999 | 9906 {160 |20 | 160 | yi'@ | y6'G | 6969 1160 | €0 | 160 | ¥ie | eCs oy |ob

€C | vy | ¥vEL | 96 €y | 0€e vel | Lsy 96 |v6e | 82 | €9 [%] s1800
G8'60L | 160 | 220 | 160 | /0t | 999 | e8eg |10 {20 | 160 | viz | y6G | 90%9 (160 | €0 | 190 | ¥le | e 0y ov

VL [ Ley | 00 2 9% €8 | €ve | Syl | G S0L | 808 | S¥L | aLy %] s1800
LU0 |150 |20 | 000 | eso | oo0c | 6598 [ 10 |Z€0 | 160 | /0h | 9¥y | €289 |1G0 | 260 | 150 | L0 | 26€ 0e 19

0L | LSE | 00 €49 ¥6 | 9L | 00 G6g TETT £'99 %} s1800
£8'2ZL | 280 | 2€0 | 000 | €60 | /9L | £9%6 260 |20 | 000 | €60 | BVl | 299/ 260 1260 | 000 | €60 | le} [
o] | fw] | [u] (] Ml ) (%] | (W] | fw] (] o fw] o] | (w] | [w] [w] il (w} [w] fsogudeq
[BJO}0) | 108y | 20008 | PueSOS) fewudys | dn-uny | (101 | 20108 | 200050 | PRt feudys | dn-uny | ejojn | 20M0S(y | 40008 | PueSOS) Aeudys | dn-uny N

- 2:i Siii

L0 =S WY =SH

2SS0[OP U}IM PBINOULIE [{BMEAS PUNOW 3|qqny 10} S]S09 LOIONIISU0D




179

50 1569 | 90F | 8t 90 | €69 | GOL |68l 20 999 | 8oL |68l o] 51509
£7862 | 150 | 260 | 150 | ¥z | ove | 69692 | 150 | 260 | 160 | vl | 89L |vS0zz 150 | 260 | 150 | vieT | 084 0v loe

90 1068 | Ll |5 10| 6V | 60, |92 80 | e%9 | €1 | 92 o 1500
Gheez | 160 | 260 | 150 | vve | 09 | 19€92 | 150 | ¢e0 | 10 | vi'g | 897 1/6%GI2 1160 [ 2€0 | 150 | ¥ie | 084 0y |ee

80 | 095 | LI | v0E 50 | 798 | viL | FOE LE eSS | ZLk | oo 6] 51500
G572 | 160 | 280 | 160 | vie | 0v9 | 825z | 160 | 2e0 | 160 | vhg | 897 | 08702 |1S0 | e€0 | 150 |yl | 08¢ "

FL | 19y | 8L | 8LE 'L o6y | rib_ | OZ€ ¥ loey | O | 99 %] 51500
11252 | 160 | 260 | 150 | vi2 | ov9 | 9rrke | 150 | 2c0 | 160 | vie | 89 |2vi0z (150 |ec0 | 150 | vi'g | 08 07 ot

g1 | sec | gob | bes oF | Zve | vOL | €lg 6L | G¥e | vOL | L0S Tog 51500
Z56r2 | 160 | 280 | 160 | iz | 0v9 | 990€z | 160 | 2e0 | (G0 | vhg | 89/ |0/06L | 160 | gc0 | 160 | ybE | 0L 0v_ ot

9 _|o0r | 00 | 9%% e |69 | sal | LYS It | 892 | Lek | 6¢€8 Bl 51500
6102 | 150 | 260 | 000 | €50 | 08¢ | ZEGE2 | 150 | 260 | 160 | /0L | 9/G |86l 150 |ee0 | 150 | /01 | 986 0t 1o

g |92k | 00 | LSt e |evt | 00 | 9%l Vv evk | 00 vl o) 1800
£/0ve | 760 | 220 | 000 | £50 | 09 | 180E2 | e£0 | ¢80 | 000 | €60 | @6t |peosr | 2€0 | 260 | 000 | €90 | S6') 01|z
o] ] | [w] [u] ] fw] (%] [w) | [u] {w] M [w) o} fw] 1w fus) B [w] fw]  sogudeq
o1 | PitRq | R0ty | meossosy | Kmadyy ™ dn-uny | peioin | 0105 | #0005 | Pt | Ksudy T dn-uny | pejojg | P08 | #0005 | Weosos | ety | dn-ung | oy

H G| yil

50 | 065 | Gyt | Z€¢ 7y 2% | g9 | It g1 | res | 981 0% [og] s1500
Sc'igl 1160 280 | 990 | ves | ovZ | Z6%al | 150 |ee0 | 90 | veG | 099 | 0696 | 150 |ec0 | 590 |¥EG | 08'G 0% foe

0F | +vS | Lt | 872 gL | J0S | 99 |84z 61 | Vv | 681 | 192 [l 51500
Z7081 160 280 | S0 | veS | obZ | ocwal | 160 | ec0 | 90 | veG | 099 | 0/°96 |150 |2e0 | 90 |ves | 09'G 0% loz

€1 | 06y | 97k | 0% 6L | Zir | 291 | 8%e Ve |28 | 8. | 0% o] 51500
50/l | 150 280 | $90 | v&9 | OvL |eefEel | 150 | 260 | 690 | ¥£S | 099 | /€96 150 | 260 | G690 | vE'S | 08 07y oz

9t | L€ | Ovl | vey T2 | 9v | 2%k | ser 62 | eIt | €91 | 6er ] 51500
S50/l 1160 | 280 | 990 | ve'S | ov. | £9%zl | 160 | ee0 | 90 | ¥ES | 099 | 9i°96 |160 |2€0 | 90 | ¥ES | 086 ov_ 9t

12 | iv2 | viL_ | 01§ 0€ | ve | Ltk | v9s g€ | €6k | 02k | ¢95 Tl 51500
955/ 1160 1280 | 950 | veS | v | 692l | 160 |ec0 | 990 | ¥E'S | 099 | 2696 |150 | €0 | 90 | &G | 0BG 07 lot

gy | €92 | Zak | €€ 09 | 28L | 80, | vi§ §Z | oSk | Zo0L | L95 [AEES)
7601 1160 | 260 | 160 | 200 | s56 | €02r | 160 | 260 | 150 | vie | S6¥ | 89'G6 | 160 |ec0 | 150 | wle | S oe |9

95 | ver | 00 |89 97 |G | 00 | LE9 6 |66 | 00 |G09 ] 51500
Sopel | 280 | 260 | 000 | 850 | 5oL | LE%kE | 260 | 260 | 000 | €50 | 6o 1 /0%6 |2€0 | 2e0 | 000 | €50 | S¥i i
%] w] | [w] [w] il [w] (%] [w] | [w] {u] i) (] %) Wl | fu] s i) ] [w]  Jwsopndeg
Jei0in | g | wwousq | eeesosy | wmusdy T dnauny | ferorp | olosq | 0005 | PosoRq | Ky | dn-uny | feiory | 018 | @0 | Rewsosg |y | dn-unh |

) Z:1 gyl

100=S WP =SH

spodBi}a] UM PRINOLLIE [[BMESS PUNOLW 2|qgNY J0] SIS0 UOHONIISLO)




1]
ﬁmuv 90 §'69 Lyl (54} 90 | /209 18t 981 60 |¥9s 8L 822 [o] s1800
Z 80'6/Z | L60 | 2€0 590 £EY 726G | £EP92 150 | 20 280 OFL | y¥9 | 96'6e2 | 1S0 | ZED 280 0L | €L 07 0g
Wu. L0 289 961 [} 60 666 g8l g2 0L £1s 28l 8'9¢ (%) 81800
< £2°292 160 | 20 S9°0 {544 26'G | 2ezgz 150 | 2€0 28'0 0y. | ¥v9 | GSEEZ |10 | 2E0 280 g0l | 1L 0y 92
A 60 99¢g 891 6'€e €1 99% 6t 102 £l [ X44 28t §¥E 1] s1509
M LLObZ | 1G0 | 2€0 690 ey 266 | 2eope | 160 | 2E0 280 0oL | ¥¥9 | 4’622 | 150 | 2E0 280 £yoL | ELL o'y 02
0w 2l 68y (1" S08 S 6'8¢ 76l 923 9t 9vE 9LL X4 (0] s1800
a 89'62z | 160 | 2€0 590 3304 26'G | Lp/E2 [ 1S0 | 2€0 280 OFL | ¥v9 | #§92Z | 150 | 280 280 croL | €12 0y 9l
<3 g £ee €91 414 ¢e | LYe [44} 916 g | Lie Lyl 0'95 [96] s1s0D
M 2'202 | 150 | 2€0 590 £EY 7266 | #6222 | 190 | e€0 ¢80 orL | yv9 | 8222z | 150 | 280 280 €y oL | ebL o'y 3
- 8¢ 1'9¢ g'gl £6F Sy 1 04¢ ¢Sl gLy 0y 1 01e 9L 2ls [%] s180D
w 1E°16L | 160 | 2£0 160 062 | vwv | 26%4L | 150 | 2€0 160 06¢ | €8% | 10281 | 150 | 280 890 13%4 Ge'g 0'c 9
=3 20L | L9% 00 8'9¢ 98 | €68 00 S8y ¥'6 662 00 96y %] 81800
< 88648 | ¢€0 | 280 000 800 | 8yl |8.00L 280 | 2E0 000 9£'0 191 £0'26 1 2E0 | €0 000 9£'0 7 0L 4
o (] | [wl | fu] fur o fw] (] | [w] | [w] fu] W [w) %l | fw] | fwl [} o (] [w] — misogyudeq
W [ej0}y | %0L0sqy | 20008y | Puooesogey | Amudys | dnuny ][R0l | 105 | 20008 | PUORS0sG fmudyy | dn-uny | ejopn | P0L08( | 200050 | Psesosg Keupdyy | dneuny H
w 9:1 Gl ¥l
=
M o1 018 g/l v'ie ol 6Ly g6l ¥i2 [9] 81800
e} 16402 | 160 | 2£0 280 06k | 882 | 8L6rL | 160 | 2€0 280 06cL | 882 0% 0g
= 43 69y 9/l 11e Zl VeV 26l 9le 9] 81800
: 62'902 | LGS0 | 2€0 280 os€l | 88'L |[e0'tst (160 | 2€0 28'0 06¢l | 88/ 0¥ 92
= gy 0/e | 0L |00y S love | 281 | 96 (%] s180D
m LL'B0Z | 160 | 260 280 06€L | 88, | pF¥SL 160 | 2E0 280 06ch | 884 0y 02
a L} 1'0g 661 0Ly g1 282 L8 414 [%] s1s0D
M /9°11Z | 160 | 220 280 06€L | 882 |22usL | 150 | 20 28'0 06cl | 88/ 0y 9l
W 44 981 gl 665 ¢e | L1l 932! 68 [%] s1s00
] 26°912 | 160 | 2€0 ¢80 06€L | 882 |8L29L | 160 | 20 280 06€lL | 88/ 0 04
< 9t 9yl 994 §'6G Ly | 9€l €9l 629 ¥6 |69l 29l A 9] 81500
£2e'66L | LSO | 20 280 or'L 166 | /8'¢G5E | 160 | 280 280 ov'L L6'G  |ipL2EL| LSO | 220 280 or'L [ 0't 9
901 | 00t 00 9y €elL | 042 00 18¢ Vel L Sve 00 9'9g (9] 81800
pLE'L | 2€0 | 20 000 960 16°L £1'69 | 280 | 20 000 90 | /6L 1£°26 | 2€0 | ZE0 000 9€°0 26°} 0't 4
o] | fw] | [u] (] ] {u) foo] | [w] | fu] (] o fur) Pl | [w] | W] ] o ] [w]  [sogudeg
[BI0}) | P0L0S(y | BO005( | PUReS0S(y Krewpd M | dn-uny | eio)y | 008 | 20908 PuoeS05 E§S>> dn-uny | fRi00 | POU08( | 0008 | PuRS0S Aruwud A | dn-uny H
£l gl gLl
10°0=s‘wQpy=SsH sati0}s ALlenb Y}im paInowWe |[BMESS PUNoW ajqqny 10} $1S09 UONINASUOD
=
a0
-t




181

90 9'6S 80} 6¢ L0 109 S0l 972 80 ¢es €€l 64€ [%] s1s00
629/2 1690 | 260 590 YEG | 9501 | 8r'9sz | S90 | 2€0 S90 ¥€'G | /92l | 65622 | 990 | 2€0 280 8901 | /872! 09 0¢
L0 |88 0t €7ee 80 |95 90} LlE 60 | 9y el 29 (%} 81800
26%92 | S90_| 2€0 §9°0 ¥eG | 9501 | S¥'15z 1590 | 260 590 veS | /92l | 99722 1S90 | 280 a80 8901 | /87l 0'9 9¢
80 |29y 60k L0V 80 |Liv S01 §'6¢ 60 | L6E gel oy [og] 51809
88252 1590 | 260 890 ¥e'S | 9501 |68°6kZ 1S90 | 280 590 ve's | L9¢ [62'522 1S90 | 2€0 ¢80 8901 | /87l 09 02
g} |6%8¢ 443 €Ly 64 | 60F 66 95y 1 | €68 9Ll [ o} s1s0D
8/°9rz | 280 | 280 S9°0 ¥eS | 9501 | 2e'seg | 280 | €0 S90 ¥eg | /9l |68022 | 280 |20 280 18901 | /87l 09 9l
v 102 901 €85 v 15962 €01 098 €1 | §6e €01 ggs [%] s1s09
16852 | 690 | 2€0 S90 yes | 088 §8rz 1590 | 20 G890 y€'G | 9601 | €902 1690 | g€0 590 yes | €401 0's ot
¥e | €y 00 v'€s 6¢c | ¢c8 8¢l GEs SE '8¢ L3} Les [o) 81800
2zeie 1150 | 260 000 €50 | 826 | 89rz 1150 | 20 150 200 | ve9 |erZ0z 150 | 260 150 0} | v¥9 0’ 9
¥y 6% 00 by 9¢ 8yl 00 9eL <y |8yl 00 ¥oL (o] 1800
9Z'v5c | 2€0 | 280 000 £50 9/'L | 69¢re |ee0 | €0 000 £50 Ll'g | #6902 | 280 | 2E0 000 £50 Gl 0’} g
o] | [u] | [w [w] b fwj § ofel | [w] | [w] fw) b (w | ol | [w] | [w) fu] i (w] Wl soomideg
21013 80, »omD Eooomo _ucccamcma Keund M Q:.zjm ) 80 SmD 80080 Eoucmomo fuswpd M a:.czm 21019 80 EmD QouomD vcouamomo Kiewid M a:.c:I sy
9:1 Gl 7.k
0f 1208 Lyl Lig S | €9 8'Gl 97¢g 8 '8¢ 961 0ve [o] ;1800
22641 1590 | 2€0 280 1890} | 12l 05021 1S90 |2€0 280 100¢l | 680l 00} 1690 | 2€0 880 2091 | 156 09 0¢
bl 14 6€l 0°9¢ Ly 18y €6} 698 02 | L¥E L8} €88 [%) s1500
v€ell 1590 | 20 80 890} | 122} [ €8'6LL 1690 | 20 280 _1o00¢c | 680l 001 14990 |¢ce0 880 209l | LS6 09 9
L1 €8¢ 1el 0¥y g1 | ¢ 6¢€l N4 61 19/ S9l £y (%] s1s00
2r04i 1690 | 280 280 18901 |12zl {98'9ll 1690 |20 280 j00¢k | 630l 00l 1990 | e€0 880 2091 | 96 0'9 0¢
Le | BlE g g6y 8¢ |62 611 ¥08 Sy | 0¢ 9t ¥iS (%} s1is03
96791 {280 | 2€0 ¢80 89°0L | legl |89/l 1280 |20 280 |00 | 6801 00L 280 |¢€0 880 2091 | /56 0'9 9l
81 128 vo} €69 8¢ | 68 9l €89 8¢ | €9l gl ¥'8g (%] s1500
€265 1S90 | €0 S9°0 ¥€'G | 8101 | 00%92L 1S90 | 2€0 280 18901 | 806 00l 1S90 |¢€0 280 890} | 867 0's 0l
9y |99 9¢l L'2s LS L's} 01 €99 gL |28t L0} 989 (o] s1800
LWb'SH] 150 | 2E0 150 L0} L9 | le'gel 1150 | 20 150 yle | G¥S 001 {150 |20 150 vLg | 6LY 0'e 9
€5 | 6¢€} 00 €49 ¢l 103l 00 9¢9 98 1ol 00 £65 {%] s1800
p29l 120 | 280 000 €60 | y0¢ | eeioeL | ee0 | 2e0 000 £60 | e84 001 1280 | 2E0 000 £90 | 091 0'L [
] | fwl | (w] | [w) o] (w | foe] [ [l | [w] | [w] i fwl | Qo] | fwf | fw] | [w] o | (] lw] _ pisoopdeg
[B0}) | 0105qy | 20008 | Puoes0sy Asusd M| dn-uny { eioip | 20R0sq | 2e0sg | Peoestey Kigwyd | dnung | eiorn | 2owsg | 2eomsg | revesosg Kiewid M | dn-ung H
g1 [44 G-l

10'0=Swg9=sH

$9qN2 PayIpow YIM painoule ||EMEAS punou 2jqgny Joj sjsod UoloNIISUoYD




APPENDIX E. DETAILS OF CALCULATED SEA DEFENCES

182

80 G0L 7’6 28l 60 LOL 6 L8i 0l 929 g 9'€e [o] s1800
50'%22 | 590 | 2€0 160 14X ¥98 {86%02 | G690 | 2€0 160 4 X4 €01 | 98081 | S90 | 2E0 §90 G €501 0'9 0g

60 €909 86 ¥’ 0 £L'99 96 X449 Vi 1'8G 0el G2 [%) $1800
912tz | 890 | 20 160 712 ¥98 |#9'G6L | 590 | 2E0 160 ¥1'¢ 1801 | 96'p/1 | S90 | ZEO 590 ¥£'G €601 0'9 92

80 Y88 €01 8'6¢ 80 ¥'68 00l 0'6¢ 60 ¢08 0¢l £'6E (%] s1800
65261 | G900 | 20 160 712 Y98  |G6'64L 1590 | 2E0 160 j4%4 JE0} | 82¥9L | S90 | 280 S90 '8 £6°01 0'9 0¢

9¢ §0S 1’01 668 Le 0'¢s L8 9Ye 8¢ Ley €1 (434 [oe] s100
$5°441 | 280 | 2€0 160 j4 %4 ¥9'8 22791 | 280 | 280 150 ¥l'e €01 | 6#°951 1280 | 2€0 830 e £6°0} 0'9 9l

gl eV 9¢t (M54 Li £0y 601 iA'l4 0¢ Loy 601 oSy o] s1s00
04261 1§90 | 20 150 0L 02, 1£8°%91 | S90 | 2€0 150 14X ¥9'8 80°9eL | S90 | ZED 160 7i'e 8.8 0's 0l

£ a4 00 g6y h4 €9y 00 Viv & 8’6y 00 L9y %] s180D
£8°/9L 1160 | 2€0 000 £6°0 XY |96%09L | 160 | €O 000 £60 81'G p9'EEL | 150 | 250 000 £5°0 LES o't 9

Sy 4] 00 6'1L Ly 891 00 L'69 9¢ L9} 00 ¥4i8 o] 81800
p5'06L | 2€0 | 2E0 000 £5°0 jad’ ge'zel | 260 | 260 000 £6°0 £L) 6851 | 260 | 2E0 000 £6°0 9.} 0L [

(%] (wl | fu] ] o) [w] lop] | [w] | [u] [u] W [u] % | fw] | [u (] ] [w] fw]  ksoprudeg
£1010 | *L8q SOOSD PUOSBS05 hrewnd M a:,::m {BI010 | L5 Sooomo PLOSOS0G Aeund M dn-uny | e300 01050 2880 PUORS05 Areund M dn-u ny SH
9.1 Gl vl

€l 119 get 9'€e 61 6.5 (%43 [ 44 89y 68l 08¢ (%] s1800
£8'5eL | 690 | 2E0 S9°0 ¥E'G 666 89°16 | G690 | 2€0 S9°0 £'G 168 02'8, | 590 | 2€0 ¢80 8901 | €8/ 0'9 [

gl 99§ 9¢l S'le ¢e €€ L'yl 6/1¢ 9¢ (X494 g8l (443 %] 81800
ge'lel 1 G690 | 260 S9°0 &G 66'6 288 | 690 | 20 $90 G 168 £9'9, | §90 | €0 280 89701 | €8/ 0'9 9¢

cl L8y 43 ¥'ae 2l GGy g€l 6'6e 0¢ e (41} 9'0¥ (%) 81800
25621 1S90 | 280 890 ¥E'S 66'6 62'€8 | 690 | 280 §90 e 16'8 pr'E. 1690 | 280 ¢80 8904 | €8/ 09 0¢

€ Uiy Sl %34 96 gle 0¢ci (434 9 444 i LSy [o] s1800
0£'glL 1280 | 2€0 S90 eS8 66'6 69°08 | 280 | ¢€0 S9'0 G 168 £9'z/ 1280 | 280 ¢80 89°0L | €8/ 0'g 9l

Le 98¢ 0Ll %14 £€e £92 (443 818 %4 7'€e ¥l (44 [o] s1s00
01'204 | S90 | 260 160 y1¢ ££°8 0LE8 | G90 | 280 G590 ¥£'6 £FL Br'%9 | S90 | 280 §90 e £6'9 0's 0l

VL LEY 00 414 £8 €2 e Sy 0L | 80¢ Syl Ly [%] 81800
LL'LOL | 1S0 | 280 000 £6°0 00°G 6598 | 160 | 220 160 L0} vy £2'89 | 160 | 2€0 160 10°1 26'C 0'c 9

0z LGl 00 €9 ¥6 9¢tl 00 568 e 19t 00 €98 %] 81800
£8'zzL 1260 | 2€0 000 £6°0 /91 £9°16 | 2€0 | 2£0 000 £6°0 6L 29'9/ 120 | ¢E0 000 £6°0 1€} 0L [4

[ | [w} | fu] fu) o (w] (o] | fw] | [u] fwl 2] ] ol | fw] | [w] [w] U} ] [w]  Bsegyuideg
1B101 wﬁomD m._QuQmQ ES@momD freniud M a:.csm fe1010 8._.omD EooomG vcouomSD Aewid M dn-u ny | 21010 wﬁomﬁ_ 20005y ucoo@momQ fieusd M dn-un Y H
o3 293 G-l

100=S ‘W 0'9=SH

2SS0|0P L)IM PRiNOULIR [[BMEIS PUNOW JjqGNY 10} S]S0D UONONIISUCD




183

L0 268 601 £'8¢ L0 968 L0} 1'8¢ 80 Lis ¥el yee [%] s1s00
10°992 | 690 | 20 890 ¥e's 096 | /£'6p2 | G90 | 2€0 890 Y6 | 251 | BZ6LZ 1590 | 2E0 280 89°0L | OL}L 09 0g

20 A4 i 6°¢E 80 he] 801 £3E 60 6'9% el 8'9¢ %] s180D
1£'862 1 690 | 2E0 S9°0 ¥ES 096 | ¥6'662 | 590 | 280 S9°0 yes 25t 1 Zp4i2 1990 | 2€0 280 89°0L | 0L 0'9 3¢

80 5314 ol Shy 90 9y L0} S0y 60 8'8e R4 Loy o] s1800
18°9p2 | S90 | 2€0 S9'0 ¥E'6 096 | ££'162 | 990 | 2€0 G690 YE'S | 251l | 6FpLE | S90 | 220 280 89°0L | 0411 0'9 0¢

61 g.e €0} '8y 0¢ 9'6E 001 L9y (x4 ¢ct L 1S %] s1800
8/°GeZ | 280 | 20 S9'0 ¥E'S 09'6 2'tzz | 280 | 20 990 ¥E£'G 25kl | 66'602 {280 | 2€0 280 890} | 0L} 0'9 9i

€l 8YE 66 ¥'es 43 2'8¢ 70l 948 ¥l 282 oL 69§ [o] s1s0D
£0°90Z | 690 | 280 160 1454 008 |29%eZ 1690 | 20 590 ¥E'6 09'6 0r'b61 | 690 | 220 690 £'S 6.6 0' 0l

9¢ 0oy 00 s 1'e 6'9¢ 8¢l LYS Lg 8'9¢ L3k 6'ES [%] s1s00
8r'10z | 150 | 220 000 £6°0 08 | Z£'66Z | 150 | 280 160 01 9L | 98%GeL | 150 | 260 150 01 S8'6 o't g

9¢ 9l 00 L'SL LE oyl 00 9¢L ¥y 44 00 yiL (%] s1s00
£.'0p2 | 280 | 2E0 00'0 £60 09'L 18062 | 280 | 280 000 £6°0 26'| ¥G'G6L | 2€0 | 280 000 £6°0 G6'1 0't [
fool | (w] b fw) [u] i ] o] | (w] | [w) [w] 1] luj lo] | fwl | [u] (w] o fuw] (w]  ssoondag
fel01y | P08y | owomsqy | meossosy | Kmudy Tn.uny | ejogn | 108 | P000sq | poesosgy | Ay | dn-uny | jejogp | *URQ | #0008 | Poesosy | Ll | dnung | oy

9:1 G-l pii

[ 208 £yl [ 53 o9y 66l L€ gl '8¢ 96! SYe [%] 81800
86991 | 690 | 2€0 ¢80 80°0) | OL'LL | 2861 1690 | cE0 280 002l | 066 9e'96 {690 | 2€0 880 209l | 0.9 09 |og

[ Soy 54 L9e Ll ey ¥sl gLg 12 ¥ve 88l 6'8E %] s1800
98'v91 | 890 | 2€0 280 80°0L | OL'LL | 9641 1690 | 2€0 ¢80 002} | 066 12°96 | S90 | 20 880 091 | 0.8 0'9 9

(4 vig el 6%y €l 9'ee (343 09y 0¢ 122 93l VLiy [%] s1s0D
Br'c9L | G690 | ¢€0 280 8904 | OL'LL |9/2'€LL|G90 | €0 280 00¢l | 066 66's6 | €90 | 2€0 880 2091 | 0.8 09 oz

¢ 80¢E 8l 605 0y 0/e 0¢l 7is Ly £e g€l y'as %] 81800
/G651 | 280 | 2E0 280 29°0) | OLLL | Z2kk 1280 |20 280 00¢l | 066 4656 1280 | 280 880 2091 | 0.8 0’9 9l

61 69¢ 7oL 9'9¢ €e 8l L1 665 6¢ 96l gl 969 %I 81800
E0°ZbL | G90 | 2E°0 S90 ¥E'S 626 | ri'tzl 1890 | 2€0 280 890 | 628 99'G6 | 90 | 260 280 890l | S¢L 0's ot

Y £6¢ L3l €8 09 28l 80} ¥L8 SL GG L0} £95 [o] s1800
126yl 1150 | 280 150 L0} 666 | OE'02l | 150 | 20 160 e S6Y 89'66 | 150 | 220 150 yie ey 0'e ]

9g el 00 £89 9L 9l 00 LE9 16 66 00 g'09 o] 81800
92'%GL | 2€0 | 2E0 000 £6'0 G8'} 1€ | 280 | 280 000 £5°0 G9'L /066 | 280 | 2E0 000 £6°0 gyl 0'L 4
) fw] il (w] o] | [w] | [w] (w] o fug el | ful | [u] W] o fu] (w]  [ssoondeg
[BI0}) | PL0sq | 2005 | PUES05) Kewudys | dnuny | (el | 405 | 20005 | PosE( agig dn-uny | [eioly | POU08() | 0008 | PueSOsg EE&S dn-uny oy

£l [ Sl

100=S W o9=SH

spodeJ}e] 411 PAINOLLLIE |[BMEIS PUNOW 3[qqNY 10} ]SO LORINISUO)




wn
<3
nNV (%] s1s00
0'9 08
= PESS
53] 0's 92
A Tl s90
m 09 02
n [%] s00
a 0'g 9L
& €L 128L | gLl | 8¥9 [o] s1s00
M §2'6/2 1690 | 280 | 280 |O0BEL | OvL 0's ol
- gc | 192 | 66 [eer 2y |02 | gst | 8ly Oy | 0tg | ¥S |28 {o%] s1s00
w 1E'16L 1160 | 280 | 160 1062 | vy | /6%2/h 160 |ze0 | 160 | 062 | £9% | 10@8t 190 |2€0 | 590 | €€y | €6 0 9
3 20, | 9% | 00 208 9g €62 | 00 S8y ¥6 | 662 | 00 26y 9] s1Is0D
< 668 |20 | 220 | 000 | 900 | 8L |eso0i{eco (20 | 000 {o9c0 | L9t | €076 (20 | z€0 | 000 | 90 | €L o't 4
o [l fuf | [u [w] | fu] el | [w] | {w [w] [ fw] ool | (W] | [w] [w] il [w] W] fwsooudeq
w [BOJD) | %0L05() | 80008() | Puoossosey | Amudys | dnouny | ejojy | o108 | 00y | Puesestsey | Amud M | dn-ung | [el0)) | P0L0Sq | 20008 | Pueoesesyy | Reudyy | dnuny sy
0 9:1 G| pi
]
Ly ]
i [%] 500
e 0 0F
A o] s150D
. 09 9
= PSS
o] 0’9 0z
nNu o] 81800
0% 9l
2}
& [%] s1800
mm 0's ot
9¢ | 9%k | 991 | &S Ly 96k | gol |83 PG lgel | 29l | Vs [%] s1500
€2C'66L [ LG0 | 260 | 280 | OFL | 1B'G | /8'€SL | 150 {260 | 280 | ov. | 166 |ipizeb|ls0 |20 | 280 | OvL | 16§ 0t 9
g0L | 00 | 00 9 €eL | 072 | 00 L8 16t [ §ve | 00 gge [9] sis00
pIE'IB 1260 1260 | 000 [ 9c0 | /6L | er'ge [ee0 12e0 | 000 980 | /6L | te25 |2eo [eeo | 000 | 980 | /61 0'L 2
o] [ | [ [w] i) {w] ool | [w] | [w] [w] 1] fu o] | [w] | [w (w] ) ] [w  [sisopndeq
[BI0}) | %0108y | S0005( | PUOSO5( Kewpd 1 dn-uny | jeioin | 20108y | @008 | Puscesos Arewid, M| dn-uny | rejop | Selos(g | 20008( | Pucossogr Amupd M dn-uny H
£l 2:1 Gl
0o=s‘wpg= m:ﬁ sauols Alenb yyim painowle ||emeas punow ajqqny o) )00 LIONJONISUOY

184




185

18'751 G20°t5E 62} 0z’ 0z Lk 1162 919 |goL ooor orez g8 §L g0l 0'9 008
$2'091 L0908 o'l 0zl 8iel ersd 15°€9 I's 000k 02vZ 662  SL 8'01 0'9 0'92
¥3'694 105562 08'L 0Tt 68°€l ye8l G199 0. 000L 022 0% Si goL 0'9 0'02
20'6L1 160°2L2 vLe 0zl IR 90'sL 50'99 95 000L 0292 veL Gl 801 0'9 091
S ANKA £99°€12 192 A 5902 6v01 ogL9 g'e 000} OL¥2 e¥L €9 6 0's 0’01
26'66E vt 8e'e 12 09'6¢ 298 6875 12 000L OV9L 26 8'c ¥'s 0'e 0'9
61'986 geY'GL 291 02’1 9199 06'8 0542 L0 066 08 1V £} g'l 0'} 0'2
(%] [ (%] (%] (%] W [l W [W) [rsrwl] (W w] w]
|10}y | ainssalg ~ SNdMSyg  ONNNLyg s pnosiny seauodny [PNOMy pupues LPpBBIG YRRy FERY | *H tpdeq
100=swpg=sH jlemeas adAj-uossieo ajisoduiod AjjeoIusp 104 SjS09 UOKINIISLOD
2r'est 091'60€ 17} il Jeaq! 1842 969 |01 000L OV8L 092 0' 2L o'y 0'oe
gz'est 900'982 [FAa S8t 029} elogerd aLis 1'6 000L 06 V€2 0's 2L o'y 0'se
98'G61 961162 A 0zl 1664 6112 S9'LS 02 000L 0L S8l 0's 2L o'y 0’02
22'01e 161°422 8yl (XAl 5022 YLl 90'65 9's 000k OLZL 691 0's 2L 0% 0'94
Zy'see S/116lk gl'e 1z eSe 1Lt 8219 g'e 0001 OLBL Ol 0' L o'y 00l
26'66€ ierad 8e'2 121 0968 298 68°%5 1z 000k OLOL 26 8¢ ' 0 0'9
51886 SErSL 2L 071 3499 068 0542 L0 066 0£8 1Y g} 'L 0'L 02
(%] [ (%] (%] (%] W el Wl [l [rsrwl| (w w] ]
[B1010 ainssaly ~ ONOMS g ONNHLyg o] PRty Wm0y |PIOM) upues ipealq MY FEAY | °H Wpdeg

loo=s‘wQp=sH jlemeas adAj-uossies ajsodiuod Aj[eoIUBA 0] S]SOD UOIIONIISLOD




186 APPENDIX E. DETAILS OF CALCULATED SEA DEFENCES




Appendix F

Changes in longshore transport
for artificial islands

F.1 Tables and graphs for variations in distance offshore,
island’s diameter and angle of incidence
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188 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly longshore sediment transports
Diameter island: 1 km; ¢, = 10 degrees

Distance offshore: 1 km I so= | -186 |}
Directional spread : 5.7 degrees

Hy Tn {Y-distance H, hy @, L S,.cenc

m s m m m @ | [ [MmYyear] Relative  Absolute
2.00 506] 2000 1315 325 -7,67 | 2608 -1,86 100 71,86
200 506 4000 1315 325 -7,67|2608 -186 100 -1,86
200 506] 6000 1315 325 7,67 |2608 -186 100 -1,86
200 506/ 8000 1315 325 -7,67|2608 -186 100 1,86
2,00 5,06 9360 094 235 -4.2612269 -0,47 25,06 -0,47
2,00 5,06 9485 068 180 -2,78] 20,14 -0,14 7,65 -0,14
200 506] 9610 041 120 -154 (1665 -002 1,27 -0,02
2,00 5,06 9735 023 065 -2,701{ 1232 -0,01 0,52 -0,01
2,00 5,06 9860 026 065 -7,09]1232 -0,03 1,68 -0,03
2,00 5,06 9985 044 125 -B,16} 17,03 -0,14 7,59 -0,14
2,00 5,06 10110 063 165 -8821 1935 -0,37 19,69 -0,37
2,00 5,06 10235 086 210 904 ] 21863 -0,77 41,23 -0,77
2,00 5,08 10360 108 265 -8831}2395 -1,31 70,51 -1,31
200 506 11000 132 325 -767|2608 -186 100 -1,86
2,00 5,06 13000 132 325 -7671(2608 -1,86 100 -1,86
200 506] 15000 132 325 -7,67|2608 -1.86 100 -1,86
200 506] 17000 1,32 325 -7.67|2608 -1,86 100 -1,86

Changes in net yearly longshore sediment transports

Diameter island: 1 km; @, = 10 degrees

Distance oftshore: 1 km [ so= | -090 |
Directional spread : 31.5 degrees

Hy Tg |Y-distance Hy h, 0N L S, cenc

m sl [m] m Mm@ | m [MmWyear] Relative Absolute
2,00 506] 2000 1257 31 41 | 2555  -0,90 100,00 -0,90
2,00 5,06 4000 1,267 3,1 -41 | 2555 -0,90 100,00 -0,90
2,00 5,06 6000 1,257 3,1 4,1 [ 2555 -0,90 100,00 -0,90
2,00 5,06 8000 1,238 305 -2871]2538 -0,61 67,57 -0,61
2,00 5,06 9360 1,06 255 857 ]2354 1,20 -133,34 1,20
2,00 5,06 9485 1,02 250 8852332 1,14 -127,36 1,14
2,00 5,06 9610 098 240 746 |2290 0,87 -97.34 0,87
2,00 5,06 9735 085 235 377 | 2268 0,42 -46,65 042
2,00 5,06 9860 094 230 -1,7012248 -0,18 20,24 -0,18
2,00 506 9985 095 235 -752 (2268 -0,82 91,28 -0,82
2,00 5,06f 10110 097 240 -1252] 22,90 -1,41 157,08 -1,41
2,00 506} 10235 099 245 -1498} 23,11 1,77 197,64 -1,77
2,00 506f 10360 1,02 250 -15,76] 23,32 -1,99 222,02 -1,89
2,00 506] 11000 119 295 -938] 2503 -1,79 199,31 -1,79
2,00 5,06 13000 126 3,10 -4,10 ] 25,55 -0,90 100,00 -0,90
2,00 5,061 15000 126 3,10 4,10 2555 -0,90 100,00 -0,90
2,00 506] 17000 1,26 3,10 -4,10 12555 -0,90 100,00 -0,90
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190 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly longshore sediment transports

Diameter island: 1 km; ¢, = 10 degrees

Distance offshore: 2 km | so="1 -8 |
Directional spread : 5.7 degrees

Hy, T, |Y-distance H, hy, @ L S,cerc

m s m m  m [ | ] Mmyear] Relative Absolute
700 506] 2000 1317 325 -7.67|2608 -1.86 700,30 .86
2,00 5,06 4000 1317 325 -7,67 26,08 -1,86 100,30 -1,86
2,00 5,06 6000 1317 325 -7,67 (26,08 -1,86 100,30 -1,86
2,00 5,06 8000 1317 325 -7,67}26,08 -1,86 100,30 -1,86
200 506] 9240 0945 235 -376|2269 041 22,23 041
2,00 5,06 9365 0,778 1,9 -2,95| 20,67 -0,20 10,78 -0,20
2,00 5,06 9490 0632 16 -3,04 (1907 -0,13 6,76 -0,13
2,00 5,06 9615 0546 135 -5,15| 17,69 -0,15 7.90 -0,15
2,00 5,06 9740 0,581 14 -797 117,99 -0,26 13,98 -0,26
2,00 5,06 9865 0,718 18 -9,23]20,14 -0,51 27 .56 -0,51
2,00 5,06 9990 0864 2,1 -851]2163 -0,82 44 11 -0,82
2,00 5,06 10115 1,017 25 -94412332 -1,22 65,42 -1,22
2,00 5,06 10240 1,128 275 -9,1 | 24,32 -1,51 81,01 -1,51
2,00 5,08 11000 1317 325 -7,67 | 26,08 -1,86 100,30 -1,86
2,00 5,06 13000 1317 325 -7,67| 26,08 -1,86 100,30 -1,86
2,00 5,06 15000 1,317 325 -7,67 | 26,08 -1,86 100,30 -1,86
2,00 5,06 17000 1317 325 -7,671]26,08 -1,86 100,30 -1,86
2,00 5,08 19000 1317 325 -7,67 | 26,08 -1,86 100,30 -1,86

Changes in net yearly longshore sediment transports

Diameter island: 1 km; ¢, = 10 degrees

Distance offshore: 2 km [ so= 1 -090 |
Directional spread : 31.5 degrees

Hy, T, |Y-distance Hy hy 0N L S, cerc

m sl [m] m  m © | [ Mmyear] Relative Absolute
200 506| 2000 1,257 31 41 2555 -0,90 100,00 -0,90
200 506 4000 1257 31 412555 -090 100,00 -0,90
200 506] 6000 1255 3,1 -389|2555 -085 94 61 -0,85
200 506/ 8000 1216 3 04 | 252 008 9,04 0,08
200 506 9240 1144 28 075|245 013 -14,58 0,13
200 506 9365 114 28 005|245 001 0,97 0,01
200 506] 9490 1127 275 086 |2432 -0,14 16,10 -0,14
200 506] 9615 1114 27 -194|2415 032 35,22 -0,32
200 506] 9740 1112 27 3162415 -051 57,09 -0,51
200 506 9865 1112 27 -446|2415 072 80,42 0,72
200 506] 9990 1,112 27 574|2415 093 103,22 -0,93
200 506 10115 1,114 27 6912415 -1,12 124,33 1,12
200 506| 10240 1126 27 7932432 131 146,35 -1,31
200 506] 11000 1193 275 9432503 -1,79 200,00 -1,79
200 506] 13000 1254 295 -4.85|2555 -105 117,57 -1,05
200 506] 15000 1257 31 412555 -090 100,00 -0,90
200 506] 17000 1257 31 -41 |2555  -090 100,00 0,90
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192 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly longshore sediment transports
Diameter island: 1 km; o= 10 degrees

Distance offshore: 5 km [ so= | -186 |
Directional spread : 5.7 degrees

Hy, T, |Y-distance Hy hy @, L S, cerc

m [s1] [m m m @ | (m Mmyear) Relative Absolute
2,00 5,06 2000 1,317 325 -7,67 26,08 -1,86 100,30 -1,86
2,00 506f 4000 1,317 3,25 -7,67 26,08 -1,86 100,30 -1,86
2,00 5,06] 6000 1317 325 -7,67|26,08 -1,86 100,30 -1,86
2,00 5,06 8000 1317 325 -649 2572 -1,56 83,99 -1,56
2,00 506] 9000 1,008 250 -598 (2332 -0,77 41,16 -0,77
2,00 5,06 9125 0993 245 -6,76 | 23,11 -0,83 4465 -0,83
2,00 5,06 9250 0,998 250 -76 {2311 -0,94 50,58 -0,94
2,00 5,06 9375 1,021 255 83212332 -1,08 58,35 -1,08
2,00 5,06 9500 105 265 -881 12351 -1,22 65,76 -1,22
2,00 506 9625 1,001 280 -9,07|2395 -1,38 74,39 -1,38
2,00 5,06 9750 1,14 290 -9,15| 245 -1,56 83,80 -1,56
2,00 5,06 9875 1,18 3,00 -907 2485 -1,68 90,30 -1,68
2,00 506] 10000 1216 325 -89 | 252 1,77 95,48 1,77
2,00 506] 11000 1,317 325 -7,75| 26,08 -1,88 101,33 -1,88
2,00 506| 13000 1,317 325 -7,75 2608 -1,88 101,33 -1,88
2,00 506] 15000 1,317 325 -7,75| 26,08 -1,88 101,33 -1,88
2,00 5,06f 17000 1,317 325 -7,75 126,08 -1,88 101,33 -1,88
2,00 506} 19000 1,317 325 -7,75]26,08 -1,88 101,33 -1,88

Changes in net yearly longshore sediment transports

Diameter isiand: 1 km; @,= 10 degrees

Distance offshore: 5 km I so= | -090 |
Directional spread : 31.5 degrees

H, T. |Y-distance H, h o L S.cene

m s m m m [ | [m [Mmyear] Relative Absolute
2.00 506] 2000 1255 31 -349|25556 0,76 84,93 20,76
200 506] 4000 1253 3,1 -285 2555 0,62 69,19 -0,62
2,00 5,06 6000 1237 3,05 -2,08] 2538 044 48,93 0,44
2,00 5,06 8000 1,218 3 2,25 | 252 -046 50,94 -0,46
200 506 9000 1215 300 -327| 252  -066 73,59 -0,66
200 506 9125 1214 300 -344| 252  -069 77,27 -0,69
200 506] 9250 1214 300 -362|252 073 81,29 0,73
200 506] 9375 1214 300 381|252 077 85,53 0,77
2,00 5,06 9500 1,214 3,00 -4 252 -0,81 89,77 -0,81
200 506] 9625 1213 300 -42 | 252  -084 94,07 -0,84
2,00 5,06 9750 1213 3,00 -439] 252 -0,88 98,29 -0,88
200 506] 9875 1213 300 458|252  -092 102,51 -0,92
2,00 5,06] 10000 1213 3,00 4,77 252 -0,96 106,73 -0,96
200 506] 11000 1218 3 58252  -1,19 132,33 1,19
200 506] 13000 1237 305 -597 2538 -125 139,54 125
200 506] 15000 1254 31 -508|2555 1,10 123,09 -1,10
200 506| 17000 1256 31 -451|2555 -0,98 109,75 -0,98
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194 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly longshore sediment transports

Diameter island: 2 km; ¢, = 10 degrees

Distance offshore: 1 km [ s6= | -186 |
Directional spread : 5.7 degrees

Hy T, jdistance H, h, i L S, .cenc

m s m m om @ | m [Mmyear Relative  Absolute
2,00 5,08] 2000 132 325 -7,67 | 26,08 -1,86 100,30 -1,86
2,00 506f 4000 132 325 -7,67 |26,08 -1,86 100,30 -1,86
2,00 506] 6000 132 325 -7,67 |26,08 -1,86 100,30 -1,86
2,00 506|] 8000 131 325 -7,61 | 26,08 -1,84 98,93 -1,84
2,00 506] 8860 0,79 195 -3,13 120,94 -0,22 11,82 -0,22
2,00 506} 9110 037 120 -094 | 16,65 -0,01 0,63 -0,01
2,00 506] 9360 0,10 065 094 | 12,37 0,00 -0,03 0,00
2,00 506} 9610 0,02 028 046 | 696 0,00 0,00 0,00
2,00 506f 9860 005 065 -7,16 | 12,38 0,00 0,05 0,00
2,00 506} 10110 0,19 065 -653 | 12,38 -0,02 0,87 -0,02
2,00 506| 10360 045 125 -852 | 17,02 0,16 8,62 0,16
2,00 506¢ 10610 084 205 9722|2142 -0,74 39,60 0,74
2,00 5,06] 10860 1,18 290 -8,73 | 24,85 -1,61 86,72 -1,61
2,00 506] 11000 127 3,15 -8,18 | 25,72 -1,83 98,40 -1,83
2,00 506] 13000 132 325 -7,67 |26,08 -1,86 100,30 -1,86
2,00 506] 15000 132 325 -7,67 | 26,08 -1,86 100,30 -1,86
2,00 506) 17000 1,32 325 -7,67 | 26,08 -1,86 100,30 -1,86
2,00 5,06| 19000 132 3,25 -7,67 | 26,08 -1,86 100,30 -1,86

Changes in net yearly iongshore sediment transports

Diameter island: 2 km; @, = 10 degrees

Distance offshore: 1 km I so= | -000 |
Directional spread : 31.5 degrees

Hy T, |distance H, h, i L S, cenc

m sl m m m [ | m [Mmyear] Relative  Absolute
2,00 506] 2000 126 34 41 | 2555  -0,90 100,00 20,90
200 508) 4000 126 39 41 |2555 0,90 100,00 -0,90
200 506] 6000 125 31 -372|2555 -0,81 90,35 -0,81
200 506] 800 1,18 29 288 |2485 054 -60,21 0,54
200 506] 8860 101 250 1159|2332 146 -162,94 146
200 506] 9110 091 225 1479|2226 142 -158,03 142
2,00 506 9360 081 195 1630 (2094 1,14 -126,97 1,14
2,00 506| 9610 073 18 1306|2040 075 -83,58 075
200 506} 9860 071 1,80 -054 |20,14 0,03 3,29 -0,03
200 506} 10110 075 185 -1470|2040 -0,87 96,53 0,87
200 506 10360 0,83 200 -2034)2121 148 164,62 148
2,00 506] 10610 094 230 -2038|2248 2,00 202,84 -2,00
200 506| 10860 102 250 -1796)|2332 224 249,14 2,24
2,00 506 11000 1,07 260 -1644]2375 -228 254,46 2,28
200 506] 13000 124 305 -807 |2538 -127 142,07 1,27
2,00 506| 15000 126 3,10 -4,14 {2555  -0,90 100,81 -0,90
200 506| 17000 126 310 4,10 |2555 090 100,00 -0,90
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196 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly iongshore sediment transports

Diameter island: 2 km; @, = 10 degrees

Distance offshore: 2 km I so= [ -18 |
Directional spread : 5.7 degrees

HO Tm distance Hb hb (Pb L SX-CEHC

m sl om m om @ | m Mmyear] Relative Absolute
200 5,06] 2000 132 325 -7.67 | 26,08  -1.86 100,30 1,86
2,00 506| 4000 132 325 -767 | 2608 -1,86 100,30 1,86
2,00 506| 6000 132 325 -7,67 | 2608 -1,86 100,30 1,86
2,00 506] 8000 129 32 -707 | 259 -1,64 88,39 -1,64
2,00 506] 8710 086 21 -3,02 |2163 026 14,04 0,26
2,00 5061 890 054 135 -124 | 17,69 0,04 1,90 -0,04
2,00 506 9210 026 065 0,23 | 12,37 0,00 -0,06 0,00
2,00 506] 9460 0,15 065 -245 11237 0,00 a,18 0,00
2,00 506| 9710 023 065 -7,38 |1237 002 134 0,02
2,00 506] 9960 042 125 -8,82 | 17,02 0,14 7,77 0,14
2,00 5,06] 10210 068 1,75 -953 | 19,88 -0,47 25,16 -0,47
2,00 5,06] 10460 096 24 -961 ] 229 -1,09 58,72 -1,09
2,00 5061 10710 118 29 -901 | 24,85 -1,65 88,96 -1,65
2,00 506} 11000 1,28 315 -8,12 | 25,72 -1,84 98,78 -1,84
2,00 5,06] 13000 132 325 -7,67 |26,08 -1,86 100,30 -1,86
2,00 506| 15000 132 325 -7,67 | 2608 -1,86 100,30 1,86
2,00 506} 17000 132 325 -7,67 |26,08 -1,86 100,30 -1,86

Changes in net yearly longshore sediment transports

Diameter island: 2 km; @,= 10 degrees

Distance offshore: 2 km I so= | -090 |}
Directional spread : 31.5 degrees

Hy Tn {distance H, bh, Py L S, cerc

m sl m m om @ | m [MmYyeard Relative Absolute
2,00 506 2000 126 31 -41 |2555 0,90 100,00 -0,90
200 506] 4000 126 3,1 -401|2555 0,88 97,66 -0,88
200 506/ 6000 114 305 -17 |253% -0,30 33,81 -0,30
2,00 506] 8000 114 28 543 | 245 094 104,55 0,94
2,00 506 8710 107 26 668 |2375 097 -108,31 0,97
200 506 8960 1,04 255 603 |2353 083 -92,53 0,83
200 506] 9210 102 25 422 [2332 055 -61,48 0,55
2,00 506 9460 100 245 116 l2311 015 -16,25 0,15
2,00 506 9710 100 245 271 {2311 034 37,76 -0,34
2,00 506 9960 101 25 -673{2332 -0,86 96,17 -0,86
2,00 506| 10210 102 25 -10,13]2332  -1,31 145,63 -1,31
2,00 506] 10460 1,04 255 -1247]2353  -1,68 186,74 -1,68
200 506] 10710 107 26 -1361|2375 -1,92 213,99 -1,92
2,00 506f 11000 1,09 265 -1358|23,95 2,03 226,83 -2,03
2,00 506) 13000 124 305 -687 | 2538 -143 159,68 -1,43
2,00 506 15000 126 31 -444 12555 0,97 107,88 -0,97
2,00 506 17000 126 31 -41 {2555 -0,90 100,00 -0,90
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198 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly longshore sediment transports
Diameter island: 2 km; @, = 10 degrees

Distance offshore: 5 km | so= | -8 |
Directional spread : 5.7 degrees

H, T, |dstance H, by i L S,.cerc

m Bl oM m m [ | (Mmyear] Relative  Absolute
2,00 5,06) 2000 132 325 -767 | 26,08 -1,86 100,30 -1,86
2,00 5,06] 4000 1,32 325 -7,67 | 26,08 -1,86 100,30 -1,86
2,00 5,06] 6000 132 325 -7,67 | 26,08 -1,86 100,30 -1,86
2,00 5,06| 8000 107 26 -414 1 2375 0,61 32,64 -0,61
2,00 506| 8200 097 240 -336 | 229 -0,40 21,26 -0,40
2,00 506f 8450 082 195 -256 |20,93 0,19 10,40 -0,19
2,00 506] 8700 0,7 180 -2,71 |20,14 0,14 7,79 0,14
2,00 506/ 8950 061 150 -49 |[1853 0,18 9,74 -0,18
2,00 506 9200 064 165 -81 [1934 0,35 18,76 -0,35
2,00 506] 9450 076 1,90 -9,66 |20,67 -0,62 33,19 -0,62
2,00 5,06| 9700 09 220 -10,01}22,05 0,94 50,80 -0,94
2,00 506] 9950 104 255 -9,85 | 2353 -1,32 71,22 -1,32
2,00 506| 10200 1,13 2,75 -944 | 24,32 -1,57 84,23 -1,57
2,00 506| 11000 13 320 -8,08 | 259 -1,88 101,33 -1,88
2,00 506] 13000 132 325 -767 | 259 -1,85 99,61 -1,85
2,00 506} 15000 132 325 -767 | 259 -1,85 99,61 -1,85
2,00 506] 17000 1,32 325 -767 | 259 -1,85 99,61 -1,85
2,00 5,06} 12000 132 325 -7,67 | 259 -1,85 99,61 -1,85

Changes in net yearly longshore sediment transports
Diameter island: 2 km; ¢, = 10 degrees

Distance offshore: 5 km [ so= J -090

Directional spread : 31.5 degrees

Ho T, ldistance H, h, I L S,.cenc

m sl m o m m ® | [ Mmyear] Relative Absolute
2,00 5,06f 2000 125 31 -251 ] 2555 -0,55 60,86 -0,55
2,00 5,06] 4000 1,24 305 -126 | 2538 -0,27 29,61 -0,27
2,00 5,06} 6000 1,22 3 -0,06 25,2 0,01 1,35 -0,01
2,00 5,06] 8000 1,18 29 -0,66 | 24,85 0,12 13,80 0,12
2,00 506] 8200 1,18 290 -0,96 | 24,85 0,18 20,00 -0,18
2,00 506] 8450 1,16 2,85 -1,41 |24,68 -0,26 28,52 -0,26
2,00 506| 8700 1,13 270 -1,9 | 24,15 -0,32 3549 -0,32
2,00 506] 8950 1,16 2,85 -2,55 | 24,68 -0,46 51,27 -0,46
2,00 506 9200 1,16 280 -3.2 245 -0,57 63,71 -0,57
2,00 506] 9450 1,15 280 -39 | 245 -0,68 76,10 -0,68
2,00 506] 9700 1,15 280 -46 245 -0,81 89,81 -0,81
2,00 506] 9950 1,16 2,85 -529 | 24,68 0,95 105,90 -0,95
2,00 506] 10200 1,16 2,85 -593 | 24,68 -1,08 118,54 -1,06
2,00 506] 11000 1,18 2,90 -7,46 | 24,85 -1,38 154,20 -1,38
2,00 506] 13000 122 300 -785 | 252 -1,57 175,40 -1,57
2,00 506} 15000 124 305 -63 |2538 -1,32 147,37 -1,32
2,00 506} 17000 125 3,1 -5/16 2555 -1,12 125,00 -1,12
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200 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly longshore sediment transports

Diameter island: 4 km; ¢, = 10 degrees

Distance offshore: 1 km [ so= | -186 |
Directional spread : 5.7 degrees

He T, ldistance H, h, i L S,.cere

m sl om m om [ | m [Mmyear] Relative Absolute
2,00 506[ 1000 132 325 -7.67 | 26,08  -1,86 100,30 -1,86
2,00 506] 3000 132 325 -767 |2608  -1,86 100,30 -1,86
2,00 506] 5000 132 325 -7,67 | 2608  -1,86 100,30 -1,86
2,00 506 7000 1728 315 693 |2572  -1,57 84,21 1,57
2,00 506 7870 007 180 -191 [2014 0,00 0,06 0,00
2,00 506 8370 0,19 065 025 | 12,34 0,00 -0,03 0,00
2,00 506] 8870 002 038 -088 | 830 0,00 0,00 0,00
2,00 506f 9370 000 000 0,00 { 0,01 0,00 0,00 0,00
2,00 5067 9870 003 038 -599 | 830 0,00 0,01 0,00
2,00 5,06] 10370 0,03 055 -7,65|11,08 0,00 0,02 0,00
2,00 5,06| 10870 026 065 -7,85 | 1234 -0,03 1,82 -0,03
2,00 506} 11370 0,81 195 -8,60 | 20,95 -0,70 37,42 -0,70
2,00 5061 11870 125 3,10 -852 | 2555 -1,83 98,53 -1,83
2,00 506] 12000 128 3,15 -8,12 | 25,72 -1,84 98,78 -1,84
2,00 5061 14000 132 325 -7.67 {26,08 -1,86 100,30 -1,86
2,00 506| 16000 132 325 -767 | 26,08 -1,86 100,30 -1,86
2,00 506| 18000 1,32 325 -767| 2608 -1,86 100,30 -1,86

Changes in net yearly longshore sediment transports

Diameter island: 4 km; ¢, = 10 degrees

Distance offshore: 1 km I se= T -000 |
Directional spread : 31.5 degrees

H, T, |distance H, h, L S, cenc
m sl m m m [© | [m [Mmyear] Relative  Absolute
2,00 506] 1000 1,26 3,1 -41 |2555  -0,90 100,00 -0,90
2,00 506] 3000 125 31 -343]2555 075 83,35 -0,75
2,00 506 5000 124 305 -0,89 2538 0,19 20,88 -0,19
2,00 506 7000 113 275 634 | 2432 1,05 117,55 1,05
2,00 506] 7870 100 245 11,98 2312 147 -163,39 147
2,00 506] 8370 087 2,10 1584|2163 1,32 -147 61 1,32
2,00 506] 8870 071 180 1898|20,14 098 -109,07 0,98
2,00 506] 9370 051 130 1999 | 17,39 046 -51,07 0,46
2,00 506] 9870 040 120 076 | 1665 0,01 -1,20 0,01
200 506 10370 055 135 -2290] 1769  -0,60 66,38 -0,60
2,00 506| 10870 077 190 -2333|2067 -1,38 153,59 -1,38
2,00 506] 11370 093 230 -2088) 2248 2,04 226,83 2,04
2,00 506] 11870 1,05 255 -17,38]2353 2,29 25540 2,29
2,00 506] 12000 107 260 -1636]|2375 2,29 255,26 -2,29
2,00 506] 14000 123 305 -7,39 2538  -153 170,95 -1,53
2,00 506| 16000 1,26 3,10 478 {2555  -1,04 116,07 -1,04
2,00 506( 18000 126 3,1 4,13] 2555 -0,90 100,57 -0,90
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202 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly longshore sediment transports
Diameter island: 4 km; @, = 10 degrees

Distance offshore; 2 km | so= | -186

Directional spread : 5.7 degrees

H, T |distance H, b, Ib L S,.cerc

m o] oM M [ m [Mm/year] Relative  Absolute
2.00 506| 1000 132 325 -7,67] 2608 -1,86 100,30 1,86
200 506 3000 132 325 767 2608 -19 100,30 -1,86
200 506 5000 132 325 -7,67| 2608 -1,86 100,30 -1,86
200 506 7000 123 305 -597| 2538 -1.24 66,58 1,24
200 506| 7620 087 21 -2,69 [21,63 024 12,72 -0,24
2,00 506| 8120 042 12 -0,02 17,39 0,00 0,02 0,00
2,00 5,06] 8620 0,11 0865 1,75 | 12,34 0,00 -0,07 0,00
2,00 506} 9120 0 0 0 0,01 0,00 0,00 0,00
2,00 5,06f 9620 0 0 0 0,01 0,00 0,00 0,00
2,00 506] 10120 0,11 085 -743 12,34 0,01 0,30 -0,01
2,00 506] 10620 038 12 -893 16,65 0,12 6,28 -0,12
2,00 506} 11120 081 1,95 -9,86 | 20,95 -0,72 38,97 -0,72
2,00 506] 11620 1,19 2,95 -9,08 | 25,02 -1,73 93,03 -1,73
2,00 506f 12000 129 32 8,12 |1 259 -1,88 101,34 -1,88
2,00 506| 14000 132 325 -7,67 26,08 -1,86 100,30 -1,86
200 506] 16000 1,32 325 -7,67 26,08 -1,86 100,30 -1,86
2,00 506} 18000 132 325 -7,67 26,08 -1,86 100,30 -1,86

Changes in net yearly longshore sediment transports
Diameter island: 4 km; @, = 10 degrees

Distance offshore: 2 km I so= | -090

Directional spread : 31.5 degrees

H, T, |distance H, h, i L S,.cerc

m sl om om o © | [ Mmyear) Relative  Absolute
2,00 5,06 1000 126 3,1 3,72 25555 -0,81 90,50 -0,81
2,00 5,06|] 3000 125 3,1 -2,3l 25,55 05 55,69 -0,50
2,00 5,06 5000 1,22 3 093] 252 0,19 -21,00 0,18
2,00 5,06] 7000 1,09 2,65 7.89] 23,95 1,21 -135,13 1,21
2,00 506} 7620 1,04 255 11 23,52 1,48 -164,55 148
2,00 506] 8120 096 235 1336 22,79 1,46 -162,99 1,46
2,00 506] 8620 0,88 215 12,02 | 21,84 1,07 -119,39 1,07
200 506] 9120 081 195 844 20,94 0,62 -69,63 0,62
2,00 5,06| 9620 08 195 -1,06 | 20,94 -0,08 8,50 -0,08
2,00 506] 10120 081 195 -1148 20,94 -0,83 92,85 -0,83
2,00 506| 10620 087 21 -1753 21,63 -1,46 162,95 -1,46
2,00 506} 11120 0,96 235 -19,15 | 22,69 -2,00 223,21 -2,00
2,00 506} 11620 103 25 -18,11 | 23,32 2,26 251,43 -2,26
2,00 506} 12000 1,07 26 -164 | 23,75 -2,30 256,29 -2,30
2,00 506] 14000 122 3 8,79 | 252 -1,75 195,46 -1,75
2,00 506| 16000 1,25 31 -556 25,55 -1,20 134,15 -1,20
200 506| 18000 126 31 -446 |2555 -0,97 108,54 -0,97
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APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly longshore sediment transports

Diameter island: 4 km; ¢, = 10 degrees

Distance offshore:5 km
Directional spread : 5.7 degrees

Hy T. |distance H, h I L S, cenc
M G| ™ W m @ | [ Mm7year]
2,00 5,06 1000 132 3,25 -7,67 | 26,08 -1,86
2,00 506f 3000 1,32 325 -767 | 26,08 -1,86
2,00 5,06] 5000 1,32 325 -751 12608 -1,83
2,00 506 7000 101 25 -3451]2332 -0,45
2,00 5,06f 7100 0,97 240 -308 | 229 -0,36
2,00 5,06] 7600 07 180 -119 | 20,14 -0,06
2,00 508{ 8100 043 125 033 | 17,02 0,01
2,00 5,06] 8600 0,23 065 -027 {1234 0,00
2,00 506§ 9100 023 065 -7,37 }1234 -0,03
2,00 5,06 9600 042 120 -956 ] 16,65 -0,16
2,00 5,08] 10100 0,68 1,75 -10,27] 19,88 -0,50
2,00 5,06] 10600 0,95 2,35 -10,151 22,69 -1,10
2,00 5,06f 11100 114 2,80 945 ] 245 -1,62
2,00 5,06] 12000 13 32 -809 1| 259 -1,89
2,00 5,06] 14000 1,32 325 -7,67 | 26,08 -1,86
2,00 5,06] 16000 1,32 325 -7,67 | 26,08 -1,86
2,00 506f 18000 1,32 325 -7,67 | 26,08 -1,86

Changes in net yearly longshore sediment transports

Diameter island: 4 km; ¢, = 10 degrees
Distance offshore:5 km

Directional spread : 31.5 degrees

Hy Ty Jdistance H, h, b L S, cenc
m ) m m [ | m [Mmyear]
2,00 5,06] 1006 124 305 -1,21]25:38 -0,26
2,00 506} 3000 122 3 103 | 252 0,21
2,00 506] 5000 1,8 29 304 |24,85 0,57
2,00 506§ 7000 1,41 27 35 }24,15 0,57
2,00 506§ 7100 1,11 2,70 341 {2415 0,55
2,00 5,06] 7600 1,09 265 268 |239 041
2,00 506] 8100 1,08 285 147 |23,9% 0,22
2,00 5,06f 8600 1,07 260 -025|2375 -0,04
2,00 5,06 9100 1,06 260 -239 |23,75 -0,35
2,00 5,06] 9600 1,07 260 -4,73|2375 -0,69
2,00 5,06] 10100 1,06 260 -6,96 | 23,75 -1,01
2,00 5,06] 10600 1,07 2865 -8,88 |23,95 -1,30
2,00 506] 11100 1,08 2865 -10291 23,95 -1,53
2,00 506} 12000 1,11 2,7 -1144| 2415 -1,81
2,00 5,061 14000 1,19 2985 -10,22| 25,02 -1,94
2,00 506f 16000 123 305 -7,84 | 2538 -1,62
2,00 5,06] 18000 125 3,1 -6,07 |2555 -1,31

S0= -1.86 |
Relative  Absolute
100,30 -1,86
100,30 -1,86
98,26 -1,83
23,95 -0,45
19,22 -0,36
345 -0,06
-0,31 0,01
0,05 0,00
1,38 -0,03
8,10 -0,15
26,95 -0,50
59,30 -1,10
87,05 -1,62
101,45 -1,89
100,30 -1,86
100,30 -1,86
100,30 -1,86
S0 = -090 |
Relative  Absolute
2848 -0,26
23,26 0,21
-63,43 0,57
-62,98 0,57
-61,26 055
-46,25 041
25,07 0,22
41 -0,04
3891 -0,35
76,89 -0,69
112,33 -1,01
144,45 -1,30
170,86 -1,63
202,01 -1,81
216,34 -1,94
181,11 -1,62
146,04 -1,31
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206 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly iongshore sediment transports
Diameter island: 1 km; ¢, = 45 degrees

Distance offshore: 1 km I so= ]| 463

Directional spread : 5.7 degrees

H, T. |distance H, h, @, L S, cerc

m o] om om m @ | Mmyear] Relative Absolute
2,00 506} 2000 1,16 2,85 -31,83| 24,68 4,63 100,00 4,63
2,00 506] 4000 1,16 285 -31,83| 24,68 -4,63 100,00 4,63
2,00 506| 6000 1,16 2,85 -31,83| 24,68 -4,63 100,00 -4,63
2,00 506| 8000 1,09 265 -30,09]|2395 -3,85 83,09 -3,85
2,00 506| 8980 024 065 -16,02]| 12,34 -0,06 1,30 -0,06
200 506} 9105 030 001 -1993]| 15,17 0,14 2,96 -0,14
2,00 506f 9230 043 125 -2196| 17,02 -0,34 7,31 0,34
2,00 506} 9355 0,56 140 -2492| 17,99 -0,67 14,56 -0,67
2,00 506] 9480 073 185 -27,25] 20,41 -1,36 29,40 -1,36
2,00 506] 9605 088 2,15 -29,37] 21,84 224 48,33 2,24
2,00 506| 9730 1,02 250 -30,94] 23,32 -3,33 71,88 -3,33
2,00 506| 9855 1,09 265 -31,68] 2395 -3,98 85,92 -3,98
2,00 506| 9980 1,13 2,75 31,85 | 24,32 4,34 93,75 4,34
2,00 506} 10000 1,15 2,80 -31,92| 24,50 -4,49 97,04 -4,49
2,00 506} 12000 1,16 2,85 -31,83| 24,68 4,63 100,00 -4.63
2,00 5,08] 14000 1,16 2,85 -31,83]|24,68 -4,63 100,00 4,63
2,00 506| 16000 1,16 2,85 -31,83| 24,68 -4,63 100,00 -4,63
2,00 506| 18000 1,16 2,85 -31,83| 24,68 -4,63 100,00 -4,63

Changes in net yearly longshore sediment transports
Diameter island: 1 km; @, = 45 degrees

Distance offshore: 1 km ] So= | -345

Directional spread : 31.5 degrees

Hy T, |distance H, N, (08 L S,cenc

m s oM m [ | (m [Mmyear] Reiative Absolute
2,00 506] 2000 124 3,05 -17,49( 2539 -3,46 100,04 -3,48
2,00 506] 4000 124 3,05 -1749/( 2539 -3,46 100,04 -3,46
2,00 506f 6000 124 3,05 -1749| 2539 -3,46 100,04 -3,46
2,00 506} 8000 1,18 29 -1485| 24,85 -2,69 7777 -2,69
2,00 506 8980 099 245 -393}2311 -0,48 13,99 -0,48
200 506| 9105 095 2,35 -2,53 | 22,69 -0,28 8,07 -0,28
2,00 506] 9230 0,89 220 -2,17 | 22,05 -0,21 6,00 -0,21
200 506| 9355 0,85 205 -396 21,42 -0,33 9,63 -0,33
2,00 506] 9480 084 200 -862|2121 -0,68 19,80 -0,68
2,00 506] 9605 084 2,00 -1537] 21,21 -1,19 34,55 -1,18
200 506] 9730 088 215 -212812184 -1,78 51,55 -1,78
200 506] 9855 093 230 -24,71]21,84 -2,25 65,20 2,25
2,00 506] 9980 098 240 -2596] 22,90 4,34 125,51 -4,34
2,00 506f 10000 1,00 245 -26,15] 23,11 -2,82 81,57 -2,82
2,00 506| 12000 124 3,05 -1749] 2538 -3,46 100,00 -3,46
2,00 506| 14000 124 3,05 -1749] 2538 -3,46 100,00 -3,46
2,00 506| 16000 124 3,05 -17,49] 25,38 -3,46 100,00 -3,46
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208 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly longshore sediment transports

Diameter island: 1 km; @, = 45 degrees

Distance offshore: 2 km | So= ] 46 |
Directional spread : 5.7 degrees

H, T |distance H, ®, L S, cerc

m oS om m om [ | m [MmYear] Relative Absolute
2,00 508 2000 1,16 285 -31,83 24,68 -4.63 100,00 4,63
2,00 506] 4000 1,96 285 -31,83 | 24,68 -4,63 100,00 4,63
200 506} 6000 1,15 28 -317 24.5 4,49 97,01 -4.49
2,00 506] 8000 055 135 21431 17,69 -0,56 12,12 -0,56
2,00 506| 8740 099 245 -30,79 23,11 -3,09 66,78 -3,09
2,00 506} 8865 1,04 255 -31,36 } 23,53 -3,54 76,57 -3,54
2,00 506] 8930 1,09 265 -31,7 1 23,95 -3,94 85,01 -3,94
2,00 506 9115 1,11 27 -31,84 | 24,15 -4.16 89,77 -4,16
2,00 506} 9240 1,13 275 -31,88 | 23,32 4,15 89,74 4,15
2,00 506f 9365 1,15 28 -31,881 245 -4,49 96,97 4,49
2,00 506| 9490 1,15 228 -31,82| 24,5 -4.50 97,21 -4,50
2,00 506}) 9615 1,16 2,85 -31,83 | 24,68 -4.63 100,00 -4.63
2,00 506] 9740 1,16 2,85 -31,83 | 24,68 -4,64 100,17 -4.64
2,00 506| 10000 1,16 2,85 -31,83 | 24,68 -4,63 100,00 4,63
2,00 506} 12000 1,16 2,85 -31,83 1 24,68 -4,63 100,00 -4,63
2,00 506] 14000 1,16 2,85 -31,83 | 24,68 -4.,63 100,00 4,63
2,00 506] 16000 1,16 2,85 -31,83 1 24,68 -4,63 100,00 -4.63
2,00 506} 18000 1,16 2,85 -31,83 1 24,68 -4,63 100,00 -4,63

Changes in net yearly longshore sediment transports

Diameter island: 1 km; @, = 45 degrees

Distance offshore: 2 km | So= | -346 |
Directional spread : 31.5 degrees

H, T, |distance H, b 0N L S,.cerc

m el Mmoo mom @ | m Mmear Relative Absolute
2,00 506] 2000 1,24 3,05 -17,49 | 25,38 -3,46 100,00 -3,46
2,00 506} 4000 124 3,05 -17,49 ] 25,38 -3,46 100,00 -3,46
2,00 5,06} 6000 1,22 3,00 -16,98 | 25,2 -3,26 94,41 -3,26
2,00 506 8000 1,13 275 -10,43 | 24,32 -1,71 49,56 -1,71
200 506] 8740 1,09 265 -12,85 23,95 -1,92 55,50 -1,92
2,00 506f 8865 1,09 265 -13,8 | 23,95 2,05 59,19 -2,05
2,00 506] 8990 1,09 2,65 -14,87 | 23,95 2,19 63,26 2,19
200 506f 9115 109 265 -16,03 23,95 2,34 67,56 -2,34
2,00 506} 9240 1,09 2,65 -17,251 23,95 -2,50 72,23 2,50
2,00 506} 9365 1,09 265 -1845 23,95 -2,65 76,70 -2,65
2,00 506{ 9490 1,09 2,65 -19,61 ] 23,95 2,80 80,93 -2,80
200 506| 9615 109 265 -20,63 23,95 -2,93 84,71 -2,93
2,00 508f 9740 1,1 265 -21,39] 23,95 -3,04 §7.89 -3,04
2,00 506f 10000 1,11 27 -22.16 | 24,15 -3,26 94,35 -3,26
2,00 5,06] 12000 1,23 3,05 -17,6 | 25,38 -3,47 100,39 -3.47
2,00 506} 14000 1,24 3,05 -17,49 | 25,38 -3,46 100,00 -3,46
200 506] 16000 124 305 -1749 25,38 -3,46 100,00 -3,46
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210 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly longshore sediment transports
Diameter island: 1 km; @,= 45 degrees

Distance offshore: 5 km | So= | 463

Directional spread : 5.7 degrees

Hy Ty |distance H, h ¢, L S, cenc

m 6] m m m [ | MmYyear] Relative Absolute
2,00 5,06] 1000 1,15 28 -31,73] 245 4,50 97,23 -4.50
2,00 5,06} 3000 113 275 -306 | 24,32 421 90,95 -4.21
2,00 506] 5000 097 24 -2816| 229 -2.,80 60,47 -2,80
2,00 5,06} 7000 1,13 2,75 -3191]24,32 -4,33 93,47 -4.33
2,00 506] 7200 114 28 -31931 245 4,48 96,75 4,48
2,00 506] 7325 1,14 28 -319 | 245 -4 .51 97,12 -4,50
2,00 506} 8075 115 28 -3183} 24,5 -4,60 99,27 -4,60
2,00 506] 8200 1,16 2,85 -3183| 24,68 -4,63 100,00 4,63
2,00 506 9000 1,16 285 -31,83) 24,68 -4.63 100,00 4,63
2,00 506] 11000 1,16 2,85 -31,83] 24,68 -4.63 100,00 -4,63
2,00 5,06] 13000 1,16 2,85 -31,831 24,68 -4,63 100,00 -4,63
2,00 506] 15000 1,16 2,85 -31,83| 24,68 4,63 100,00 4,63
2,00 5,06] 17000 1,16 2,85 -31,83| 24,68 4,63 100,00 4,63
2,00 5,06] 4600 1 245 -2786] 23,11 -2,96 64,02 -2,96
2,00 506] 4800 098 24 -2785] 22,9 -2,81 60,78 -2,81
2,00 506§ 5200 096 235 -2861] 2269 -2,75 59,30 2,75
2,00 506] 5400 098 24 -2929}| 229 -2,89 62,53 -2,89

Changes in net yearly longshore sediment transports

Diameter island: 1 km; @, = 45 degrees

Distance oftshore: 5 km I so= [ 346 |
Directional spread : 31.5 degrees

Hy T, |distance H, h, 0% L S, cerc

m sl m Im mp [ | jm [MmP/year] Relative Absolute
2.00 506| 1000 123 305 -17,09]2538  -3,37 97 52 3,37
2,00 506] 3000 122 300 -1562) 252  -3,02 87,22 -3,02
200 508} 5000 120 295 -1516|2503 284 81,99 2,84
2,00 5,061 7000 1,18 29 -16,08} 24,85 -2,88 83,27 -2,88
2,00 506] 7200 1,18 29 -1629|2485 2,94 84,93 2,94
2,00 506} 7325 1,18 29 -1644|2485 3,11 89,22 -3,09
200 506] 8200 1,18 290 -1759|2485 328 94,72 -3,28
2,00 5,061 9000 1,18 290 -18,63] 24,85 -3,53 102,19 -3,53
2,00 506] 11000 121 300 -19,13] 252  -3,58 103,63 3,58
2,00 506§ 13000 123 3,05 -179 | 25,38 -3,52 101,70 -3,52
200 506 15000 124 305 -1749|2538  -3.46 100,00 -3.46
2,00 506] 17000 124 305 -1749|2538  -346 100,00 -3,46
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212 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly longshore sediment transports

Diameter island: 2 km; ¢, = 45 degrees l S0= l -4,63

Distance offshore: 1 km
Directional spread : 5.7 degrees

HO Tm diStanCe Hb hb Oy L SX~CERC

m ol m @ | m Mmyear Relative Absolute
2,00 506} 2000 1,16 2,85 -31,83} 24,68 4,63 100,00 -4,63
200 506] 4000 1,16 2,85 -3183| 24,68 4,63 100,00 4,63
200 506 6000 1,15 2,8 -3159| 245 447 96,65 -4 47
2,00 506| 8000 022 065 -11,08]1235 -0,03 0,72 -0,03
200 506} 8480 004 060 -9,67 |11,78 0,00 0,02 0,00
2,00 506f 8730 0,00 000 0,00 | 0,01 0,00 0,00 0,00
200 506 8980 0,06 065 -1579] 12,35 0,00 0,08 0,00
2,00 506| 9230 021 065 -17,06| 1235 0,05 0,99 -0,05
200 506| 9480 044 125 -2183|17,03 0,35 7,52 -0,35
2,00 506} 9730 0,74 185 -27,19}20,40 -1,40 30,15 -1,40
200 506} 9980 1,02 250 -3081]}2332 -3,30 71,28 -3,30
2,00 506| 10230 1,13 2,75 -31,82]24,32 -4,33 93,49 -433
2,00 506| 10480 1,16 2,85 -31,83|24,68 -4.63 100,00 -4,63
2,00 506} 11000 1,16 285 -31,83|24,68 -4,63 100,00 -4,63
2,00 506} 13000 1,16 2,85 -31,83| 24,68 -4,63 100,00 -4,63
2,00 506} 15000 1,16 2,85 -31,83| 24,68 4,63 100,00 -4,63
2,00 506| 17000 1,16 2,85 -31,83| 24,68 -4,63 100,00 -4,63
2,00 506| 19000 1,16 2,85 -31,83] 24,68 -4,63 100,00 -4,63
200 506] 7000 1,00 245 -2737|2311 -2,96 63,90 -2,96

Changes in net yearly longshore sediment transports

Diameter island: 2 km; @, = 45 degrees l S0 = | -3,46

Distance offshore: 1 km
Directional spread : 31.5 degrees

H, T, |distance H, hy @ | L Sicemc

m s Mmoo m om @] [Mm/year] Relative Absolute
2,00 506f 2000 124 305 -17,49 | 25,38 -3,46 100,00 -3,46
2,00 506 4000 124 3,05 -17.49 | 25,38 -3,46 100,00 -3,46
200 506] 6000 1,22 300 -166 | 252 -3,19 92,24 -3,19
2,00 506| 8000 1,04 255 5,72 | 23,53 -0,79 22,88 -0,79
2,00 506| 8480 090 220 -0,52 22,05 -0,05 146 -0,05
200 506| 8730 0,79 195 257 |20,95 0,18 5,32 0,18
2,00 506] 8980 066 170 572 19,60 0,26 -7,63 0,26
200 506] 9230 053 130 558 |17,39 0,15 4,21 0,15
2,00 506] 9480 051 130 -7,73 | 17,39 0,18 5,35 -0,18
2,00 506] 9730 0,64 165 -2346| 19,30 -0,90 25,94 -0,90
2,00 506| 9980 0,80 195 -2755|20,94 -1,73 49,90 -1,73
2,00 506| 10230 0,94 230 -27,64| 2248 -2,53 73,26 -2,53
2,00 506| 10480 1,04 255 -26,14|23,53 3,14 90,71 -3,14
200 506| 11000 1,16 2,85 -21,67| 24,78 -3,57 103,30 -3,57
200 506| 13000 1,24 3,05 -1749]2538 -3,46 100,00 -3,46
2,00 506] 15000 124 3,05 -17,49 | 25,38 -3,46 100,00 -3,46
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214 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly fongshore sediment transports

Diameter istand: 2 km; @, = 45 degrees l S0 = I -4.63

Distance offshore: 2 km
Directional spread : 5.7 degrees

Hy T, ldistance H, h, 0 L S,.cere

m s m m m @ | m [Mmyeard Relative Absolute
2,00 506 1000 1,16 2,85 -31,83] 24,68 4,63 100,00 4,63
2,00 506} 3000 1,16 2,85 -31,83] 24,68 4,63 100,00 -4,63
2,00 506§ 5000 113 2,75 -31,06] 2432 -4,28 92,39 -4,28
2,00 506f 7000 042 12 -1589} 16,65 0,24 5,21 -0,24
2,00 506] 7800 021 065 -17281 12,35 -0,05 1,08 -0,05
2,00 506] 8050 034 1,1 -21,73] 1591 0,19 4,18 -0,19
2,00 506 8300 050 13 -245 117,39 -0,52 11,18 -0,52
2,00 506f 8550 0,70 18 -2741(20,14 -1,25 26,99 -1,25
2,00 506] 8800 088 2,15 -2966| 21,84 -2,25 48,51 -2,25
2,00 506] 9050 102 25 -3122]2332 -3,37 72,82 -3,37
2,00 506f 9300 109 265 -3179]| 23,95 -4,00 86,40 -4,00
2,00 506] 9550 1,13 2,75 -31,86] 24,32 4,34 93,72 -4.34
2,00 506! 9800 1,16 285 -3186| 24,68 4,62 99,88 -4.62
2,00 506| 10000 1,16 285 -31831{ 24,68 -4,63 100,00 -4,63
2,00 506f 12000 1,16 2,85 -31,831 24,68 -4.63 100,00 -4.63
2,00 506} 14000 1,16 2,85 -3183|24,68  -463 100,00 -4.63
2,00 506} 16000 1,16 285 -31,83] 24,68 -4,63 100,00 -4.63
2,00 506f 18000 1,16 2,85 -31,831 24,68 -4.63 100,00 -4 83
2,00 506] 6000 100 245 -27,03} 23,11 -2.92 62,98 -2,92

Changes in net yearly longshore sediment transports
Diameter island: 2 km; @, = 45 degrees l S0 = l -346

Distance offshore: 2 km
Directional spread : 31.5 degrees

Hy, T, {distance H, h 0 L S,.cere

m sl o m om @ | m (Mmiyear] Relative Absolute
200 506] 1000 124 305 -1749|2538  -346 100,00 3,46
2,00 506] 3000 124 305 -1749|2538 346 100,00 -3,46
200 506] 5000 122 300 -1556)2520  -3,00 86,64 -3,00
2,00 506] 7000 109 265 -822 |2395 -126 36,49 1,26
200 506 7800 100 245 410 2311  -051 14,85 -0,51
200 5060 8050 098 240 427 |2290 0,50 14,57 -0,50
200 506] 8300 095 235 -597 | 2269 -0,67 19,25 -0,67
200 506] 850 093 230 -863 {2248  -0,91 26,22 0,91
200 506] 8800 093 230 -1233|2248 12 36,40 1,26
200 506] 9050 093 230 -167 | 2248  -167 4823 -1,67
200 506] 9300 095 235 -2061]|2269 2,11 60,93 2,11
200 506) 9550 098 24 -2333|2200 249 71,93 249
200 506f 9800 1,02 25 -2483|2232 275 79,45 2,75
2,00 506] 10000 1,04 255 -2522|2353  -3,07 88,92 307
200 506f 12000 122 300 -1843]2520  -3.49 101,05 -349
200 506] 14000 124 305 -1749]|2538  -346 100,00 -346
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216 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly longshore sediment transports

Diameter island: 2 km; @y = 45 degrees I S0= | -4.63

Distance offshore: 5 km
Directional spread : 5.7 degrees

Hy T, [distance H, h, 0, L S, cerc

m o] m m om [ | (m MmYeard Relative Absolute
2,00 506] 1000 1,13 2,75 -31,05| 24,32 -4,29 92,70 -4,29
2,00 506} 3000 1,00 245 -269 | 23,11 -2,91 62,89 -2,91
2,00 506f 5000 073 18 -26,56 20,14 -1,33 28,66 -1,33
2,00 506f 6210 1,02 250 -31,35]2332 -3,37 72,71 -3,37
2,00 5,06| 6460 1,06 2,60 -3168] 23,75 -3,74 80,89 -3,74
2,00 506| 6710 1,09 265 -3185]23,95 -3,97 85,70 -3,97
2,00 506| 6960 1,11 270 -31,92| 24,15 -4,16 89,89 -4,16
2,00 506] 7210 1,13 2,75 -31,94| 24,32 -4,32 93,35 -4,32
200 506} 7460 1,14 2,80 -31,94| 245 -4,48 96,73 -4.48
2,00 506] 7710 1,15 2,80 -31,87| 245 4,55 97,12 -4,50
2,00 506| 8210 1,16 2,85 -31,83| 24,68 -4.63 100,00 -4,63
2,00 506| 9000 1,16 2,85 -31,83| 24,68 -4,63 100,00 -4,63
2,00 506] 11000 1,16 2,85 -31,83] 24,68 -4.63 100,00 -4,63
2,00 506] 4600 0,70 1,8 -243 20,14 -1,17 25,20 -1,17
200 506} 4800 071 1,8 -2538]20,14 -1,22 26,32 -1,22
2,00 506} 5200 077 19 27,7 |20,67 -1,57 33,95 -1,57
2,00 506f 5400 0,81 1,95 -2865| 20,94 -1,80 38,82 -1,80
2,00 506| 3600 087 2,1 -2445]21,63 -1,91 41,24 -1,81
2,00 506f 3800 081 195 -23,71 20,94 -1,58 34,13 -1,58
2,00 506{ 4000 078 19 -2326| 20,67 -1,41 30,40 -1,41

Changes in net yearly longshore sediment transports
Diameter island: 2 km; @, = 45 degrees I S0= | -3,46

Distance offshore: 5 km
Directional spread : 31.5 degrees

He, Tn jdistance H, h, ® L S,.cerc

m s o m m @ | m Mmyear Relative  Absolute
200 506] 1000 122 300 -1544] 252 2,98 86,18 2,98
2,00 506} 3000 1,19 2985 -1328]| 25,03 2,49 71,90 -2,49
200 506| 5000 116 2,85 -1283|24,68 2,24 64,80 2,24
200 506| 6210 14 280 -1384| 245 231 66,88 2,31
2,00 506] 6460 1,13 2,75 -14,15] 24,32 2,29 66,34 -2,29
200 506| 6710 1,13 275 -1458|2432 235 67,94 2,35
2,00 506| 6960 1,13 275 -1507|2432 242 69,89 242
200 506| 7210 113 275 -1562|2432 249 72,06 249
200 506| 7460 113 275 -1622|2432 257 7440 257
200 506] 7710 112 270 -1679|24,15 2,59 74,83 2,59
200 506| 8210 112 270 -1744|2415 268 7737 -2,68
2,00 506] 9000 112 270 -1809|24,15 276 79,87 2,76
2,00 506| 11000 113 275 -2000[2432 3,0 89,63 3,10
2,00 506} 13000 1,18 2,80 -2056 | 24,85 -3,56 103,06 -3,56
2,00 506| 15000 122 300 -1846[ 252 3,50 101,36 -3,50
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218 APPENDIX F. CHANGES IN LONGSHORE TRANSPORT

Changes in net yearly longshore sediment transports

Diameter island: 4 km; @, = 45 degrees I S0 = I -4.63 I
Distance offshore: 1 km

Directional spread : 5.7 degrees

Hy T, {Y-distance H, h, ?, L S,.cerc

m o] om m m @ | m MmYyear] Relative Absolute
2,00 506§ 1000 1159 285 -31,83]2468 -4,63 100,00 -4,63
2,00 5061 3000 1,145 28 -3143| 245 -4,45 96,21 -4.45
2,00 506] 5000 0,83 2 23,531 21,21 -1,67 36,00 -1,67
2,00 5,061 7000 0 0 0 0 0,00 0,00 0,00
2,00 5,06] 7470 006 065 -1430] 1232 0,00 0,06 0,00
2,00 5,06 7970 008 065 -1412] 1232 -0,01 0,13 -0,01
2,00 506] 8470 0,00 000 000} 001 0,00 0,00 0,00
2,00 5,06 8970 0,00 0,00 000 | 0,01 0,00 0,00 0,00
2,00 5,06] 9470 0,15 065 -1585] 12,32 -0,02 0,48 -0,02
2,00 5,061 9970 056 140 -2493} 17,99 -0,66 14,26 -0,66
2,00 506] 10470 1,04 255 -31,32] 2353 -3,53 76,22 -3,53
2,00 5,06] 10970 1,15 2,80 -31,83] 24,50 -4,50 97,23 -4.50
2,00 5,061 11470 1,16 2,85 -31,83] 24,68 -4,63 100,00 -4,63
2,00 5,06f 12000 1,16 285 -31,83] 24,68 -4.63 100,00 -4,63
2,00 5,061 14000 i16 285 -31,83} 24,68 -4.63 100,00 -4,63
2,00 5,06] 16000 1,6 2,85 -31,83] 24,68 -4,63 100,00 -4,63
2,00 5,06] 18000 1,16 2,85 -31,83] 24,68 -4,63 100,00 -4,63

Changes in net yearly longshore sediment transports

Diameter island: 4 km; @, = 45 degrees | so= | -346 |
Distance offshore: 1 km

Directional spread : 31.5 degrees

Hy T, |Y-distance H, h, 0N L S, cerc

m s (m m [ | [m] Mmlyear] Relative Absolute
2,00 5,06 1000 124 305 -1749]| 2538 -3,46 100,00 -3,46
2,00 5,06 3000 122 300 -16,00} 252 -3,08 89,12 -3,08
2,00 5,06 5000 1,16 2,85 -11,35] 24,68 -2,00 57,75 -2,00
2,00 5,06 7000 094 230 -129|2248 -0,14 3,99 -0,14
2,00 506 7470 083 200 198 |21.21 0,16 -4,49 0,16
2,00 5,06 7970 068 175 562 | 1987 0,28 -8,14 0,28
2,00 5,06 8470 049 130 889 | 17,39 0,20 8,77 0,20
2,00 506 8970 028 070 1066|1295 0,06 -1,60 0,06
2,00 506] 9470 020 065 -929 ]1234 -0,02 0,72 -0,02
2,00 506] 9970 050 130 -2508117,39 -0,52 15,10 -0,52
2,00 5,06] 10470 080 195 -28,12]2094 -1,75 50,58 -1,75
2,00 5,06 10970 1,00 245 -27,24| 23,11 -2,91 84,25 -2,91
2,00 5,06 11470 109 265 -245112395 -3,35 96,98 -3,35
2,00 506f 12000 1,16 285 -2160] 24,68 -3,57 103,15 -3,57
2,00 5,061 14000 123 305 -17,65]2538 -3,48 100,63 -3,48
2,00 506f 16000 124 305 -1749] 2538 -3,46 100,00 -3,46
2,00 5,06| 18000 124 305 -1749] 2538 -346 100,00 -346
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Changes in net yearly longshore sediment transports
Diameter island: 4 km; @, = 45 degrees I S0 = I -4.63 I
Distance offshore: 2 km

Directional spread : 5.7 degrees

Ho T, |Y-distance H, h, o, L S, cerc

m s o m m o E | Mmyear] Relative Absolute
2,00 5,06 1000 1,147 280 -3164] 245 -4,49 96,90 -4,49
2,00 5,06] 3000 1,085 2,65 -29,11] 2395 -3,73 80,67 -3,73
2,00 506} 5000 0445 125 -16,03] 17,01 -0,28 6,02 -0,28
2,00 5,068| 6400 0,028 042 -827 | 9,04 0,00 0,01 0,00
2,00 5,06] 6900 0 ] 0 0 0,00 0,00 0,00
2,00 506} 7400 0,023 0,14 -1422] 4,91 0,00 0,00 0,00
2,00 5,06f] 7900 0,114 065 -1645} 1232 -0,01 0,29 -0,01
2,00 506| 8400 0325 1,00 -2165]1517 -0,17 3,70 -0,17
2,00 506] 8900 0666 170 -27,11} 19,6 -1,10 23,74 -1,10
2,00 506] 9400 0,901 245 -3095} 23,11 -3,12 67,39 -3,12
2,00 5,06} 9900 1,113 2,7 -31,87} 24,15 -4,18 90,30 -4,18
200 506| 10400 1,158 285 -31.87|2468 -4.62 99,90 -4.62
200 506] 11000 1,159 285 -31,83| 24,68 -4,63 100,00 -4.63
200 506} 13000 1,159 285 -31,83| 24,68 -4,63 100,00 -4,63
2,00 506| 15000 1,159 2,85 -31,83} 24,68 -4,63 100,00 -4,63
2,00 506| 17000 1,159 2,85 -31,83} 24,68 -4,63 100,00 -4,63
2,00 506] 19000 1,159 285 -31,83| 24,68 -4,63 100,00 -4,63

Changes in net yearly longshore sediment transports
Diameter island: 4 km; @, = 45 degrees l S0 = I -3.46 l
Distance offshore: 2 km

Directional spread : 31.5 degrees

H, Tn |Y-distance H, hy (0N L S, cerc

m ] Im m  m [ | m [MmYyear] Relative Absolute
2,00 5,06 1000 1,22 300 -16601 252 -3,20 92,55 -3,20
2,00 5,06 3000 1,20 295 -13,81] 25,04 -2,59 74,82 -2,59
2,00 5,06 5000 1,11 2,70 -850 | 24,15 -1,35 38,99 -1,35
2,00 5,06 6400 098 240 -255 ] 229 -0,30 8,74 -0,30
2,00 5,06] 6900 090 220 003 |2205 0,00 -0,08 0,00
2,00 5,06] 7400 080 195 2,73 120,94 0,20 -5,75 0,20
2,00 5,06 7900 0,705 180 457 ]20,14 0,25 A 0,25
2,00 506] 8400 0645 165 -261 | 1933 -0,11 3,30 -0, 11
2,00 5,06] 8900 069 1,75 -17,03] 19,87 -0,83 23,87 -0,83
2,00 5068] 9400 0,78 1,90 -25,241 20,67 -1,49 43,15 -1,49
2,00 506] 9900 088 215 -27,76} 21,84 217 62,82 2,17
2,00 5,06} 10400 0,99 245 -2748]} 23,11 -2,90 83,73 -2,90
2,00 5,06] 11000 107 260 -2547]2375 -3,29 95,14 -3,29
2,00 506f 13000 122 300 -19,08] 252 -3,59 103,74 -3,59
2,00 5,06] 15000 123 3,05 -17,56] 25,38 -3,46 100,19 -3,46
2,00 506| 17000 124 3,05 -17,59] 2538 =347 100,50 -3.47
2,00 506} 19000 124 3,05 -1759} 2538 -3,47 100,50 -347
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Changes in net yearly longshore sediment transports
Diameter island: 4 km; @, = 45 degrees I S0 = l 4,63 —I

Distance offshore: 5 km
Directional spread : 5.7 degrees

He Tn|y-distance H, h, @ L Secc
Ml fs] {m] m m @ | m MmYyearl Relative Absolute
2.00 506| 2000 068 1,75 -2047]1988  -0,96 20,63 -0,96
200 506 4000 0317 09 201 )1443 015 3,15 -0,15
2,00 506 4740 0486 125 -243 | 1702  -047 10,15 047
2,00 506 5240 0643 165 -2684]1934  -1,00 21,68 -1,00
2,00 506] 5740 0,784 190 -28,77| 2067 -1,67 36,08 -1,67
200 506] 6240 0932 230 -3051]|2248 266 57,49 -2,66
200 506| 6740 1,039 255 -315)2353 -353 76,18 -3,53
2,00 5,06 7240 1,091 265 -31,87]23,95 -3,98 86,05 -3,98
2,00 5,06 7740 1,128 2,75 -31,94| 24,32 -4,33 93,52 -4,33
2,00 5,06 8240 1,146 280 -31881 24,5 -4,50 97,14 -4,50
200 506 8740 1,153 280 -31,81| 245  -455 98,21 455
2,00 5,06 9000 1,158 2,853 -31,841] 24,68 -4.63 100,02 -4,63
2,00 5,06} 17000 1,159 2,853 -31,83| 24,68 -4,63 100,00 -4,63
2,00 506] 19000 1,159 2,853 -31,83| 24,68 -4,63 100,00 -4.63
2,00 5,06 1000 092 225 25,08} 2227 -2,26 48,71 -2,26
2,00 5,06 1500 0,806 195 -22,83] 2094 -1,52 32,75 -1,62
2,00 5,06 2500 0527 130 -17,61}] 17,39 -0,43 9,38 -0,43
2,00 5,06 3000 0409 120 -15521} 16,65 -0,22 4,83 -0,22
2,00 5,06 3500 0,302 080 -16,38} 13,69 -0,11 2,27 -0,11

Changes in net yearly longshore sediment transports
Diameter island: 4 km; @, = 45 degrees l S0 = | 346 I
Distance offshore: 5 km

Directional spread : 31.5 degrees

Hy, T, |Y-distance H, h, 0 L S, cenc

m 1] m m m ® | m MmYyear Relative Absolute
2,00 5,06 2000 1,143 2,80 -1021] 245 -1,74 50,32 -1,74
2,00 5,06 4000 108 265 -837 |2395 -1,27 36,66 -1,27
2,00 5,06} 4740 1,085 260 -875 2375 -1,26 36,50 -1,26
2,00 5,06] 5240 1,058 260 -943 12375 -1,34 38,72 -1,34
2,00 5,06] 5740 1,042 255 -1042] 23,53 -1,42 40,96 -1,42
2,00 5,06] 6240 1,037 255 -11.82] 23,53 -1,58 4572 -1,58
2,00 506| 6740 1,023 250 -13,58] 23,32 -1,74 50,20 -1,74
2,00 506] 7240 1,022 250 -1567]) 23,32 -1,97 57,09 -1,97
2,00 5,06] 7740 1024 250 -1788] 23,32 -2,23 64,39 -2,23
2,00 5,06] 8240 1,037 255 -20,0412353 -2,54 73,41 -2,54
2,00 5,06f 8740 1,044 255 -217412353 -2,75 79,52 -2,75
2,00 5,06f 9000 1,048 255 -2243] 23,53 -2,84 82,14 -2,84
2,00 506] 11000 1,130 2,75 -23,06) 24,32 -3,49 100,86 -3,49
2,00 506! 13000 1,200 295 -20,00] 25,03 -3,61 104,40 -3,61
2,00 506] 15000 1,221 3,00 -18,10| 25,2 -3,46 99,98 -3,46
2,00 50681 17000 1,223 3,00 -1752} 25,2 -3,37 97,52 -3,37
2,00 5,06 19000 1,235 3,05 -1749] 2538 -3,46 100,00 -3,46
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¥.2. SENSITIVITY ANALYSIS, MINIMAL SPREAD 225

F.2 Sensitivity analysis of several parameters, minimal
spread
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Netto yearly longshore sediment transporis
Diameter island: 1 km; @, = 10 degrees

Inftial situation: HO = 2.0; m = 1:100 and h0 = 30.0m

Ho Tm |Y-distance H, hy & L SycerC

[m 5] mo m om @ | (m (Mn%ear Relative Absolute
2,00 5,06 3000 1,316 3,25 -7,67| 2608  -1,86 100,15 -1,86
2,00 5,06 4000 1315 325 7,67| 2608  -186 10015 -1,86
2,00 5,06 6000 1,315 325 -7,67| 2608  -186 100,15 -1,86
2,00 5,06 8000 1315 325 -7,67| 2608  -186 100,15 -1,86
2,00 5,06 9360 084 2,35 426 2269 047 2509 -0A7
2,00 5,06 9485 068 180 2,78 2044 0,14 7,66 -0,14
2,00 5,06 9610 041 1,20 -1,54] 1665 0,02 1,27 -0,02
2,00 5,06 9735 023 065 2,70 1232 001 0,52 -0,01
2,00 5,06 9860 026 0,65 -7,09 12,32 -0,03 1,69 -0,03
2,00 5,06 9985 044 125 -8,16 17,08 -0,14 7,60 -0,14
2,00 5,06 10110 063 1,65 -8,82 18,35 -0,37 19,72 -0,37
2,00 5,06 10235 086 2,10 -9,04] 21,63 -0,77 41,29 0,77
2,00 506 | 10360 1,08 265 -883] 2385  -1,31 7062 1,31
2,00 5,06 11000 1,32 325 -767| 26,08 -1,88 100,15 -1,86
2,00 5,06 13000 1,32 325 -7.67| 26,08 -1,86 100,15  -1,86
2,00 506 | 15000 132 325 -7.67| 2608  -1,86 10015  -1,86
2,00 506 | 17000 132 325 -7.67] 2608  -186 10015  -1,86
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Depth deepwater = 20.0 m

Ho T, Jldistance H, h @ L S,.cerc

[m) Is] m o m m @ | () (Mmear Relative Absolute
2,00 506 | 2000 1,317 325 -7,71|2608 -1,87 100,97 1,87
2,00 506 | 4000 1317 325 -7,71|2608 -187 10097 1,87
2,00 506 | 6000 1317 325 -7.71|2608 -1,87 10097 1,87
2,00 506 | 8000 1317 325 -7,71}2608 -187 10097 1,87
2,00 506 | 9360 094 235 42812269 -047 2521 047
2,00 506 | 9485 069 180 -279]2014 -0,14 776 0,14
2,00 506 | 9610 041 120 -154|1665 -0,02 1,28 0,02
2,00 506 | 9735 023 065 272[1232 0,01 054 -0t
2,00 506 | 9860 026 065 -7.15]1232 -0,03 173 -0,03
2,00 506 | 9985 044 125 -823|1703 -014 7,81 -0,14
2,00 506 | 10110 064 165 88911935 -037 2019 -0,37
2,00 506 | 10235 087 215 -9,11|218 -080 4299 080
2,00 506 | 10360 1,08 265 -8,88(2395 1,33 7153 -1,33
2,00 506 | 11000 132 325 77112608 -187 100,82 1,87
2,00 506 | 13000 1,32 325 -7.7112608 -187 10082 -187
2,00 506 | 15000 1,32 325 -7,71|2608 -187 100,82 1,87
2,00 506 | 17000 132 325 -7,71|2608 -187 100,82 1,87

Depth deepwater =40.0 m

Ho T, ldistance H, h L S,.cerc

m) Is] m o m m @ | m (Mmyead Relative Absolute
2,00 5,06 2000 1,317 3,25 -7,67]26,08 -1,86 100,46 -1,86
2,00 5,06 4000 1,317 3,25 -7,67]26,08 -1,86 100,46 -1,86
2,00 5,06 6000 1,317 325 -7,67|26,08 -1,86 100,46 -1,86
2,00 5,08 8000 1,317 325 -7,67]26,08 -1,86 100,46 -1,86
2,00 5,06 9360 0,94 235 -4,26(22,69 -0,46 2499 -0,46
200 506 | 9485 068 1,80 -278[2014 0,14 766 014
2,00 5,06 9610 0,41 120 -1,54]16,65 -0,02 1,27 -0,02
200 506 | 9735 023 085 26611232 001 052 001
200 506 | 9860 026 085 7,00{1232 0,03 169 0,03
200 506 | 9985 044 125 816]1703 014 760 014
2,00 5,06 10110 0,63 1,65 -8,82|19,35 -0,37 19,72 -0,37
2,00 5,06 10235 0,86 2,15 -8,06|21,84 -0,78 4217 -0,78
2,00 5,08 10360 1,08 2,65 -8,83]|2395 -1,31 70,62 -1,31
2,00 5,06 11000 1,32 325 -7,66]26,08 -1,86 100,33 -1,86
2,00 5,06 13000 1,32 325 -7,66]26,08 -1,86 100,33 -1,86
2,00 5,08 15000 1,32 325 -7,66]26,08 -1,86 100,33 -1,86
200 506 | 17000 132 325 -7,66/2608 -1,86 10033 -1,86
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Deepwater waveheight = 1.0 m

Ho Tn |distance H, h @ L Sy.cerc

m] Is] moom om B | m Mmear Relative Absolute
1,0 3,68 2000 0,692 1,6 -821]12,89 -0,38 100,00 0,38
1,0 3,58 4000 0,692 16 -821]12,.89 -0,38 100,00 0,38
10 358 | 6000 0692 16 -821[1289 -038 10000 0,38
10 358 | 8000 0692 16 -821|1280 -0,38 10000 0,38
1,0 3,58 9360 047 1,20 -4,13] 11,38 -0,08 20,43 -0,08
1,0 3,58 9485 0,32 0,75 -2,65] 9,22 -0,02 497 0,02
1,0 3,58 9610 0,20 0,60 -1,66( 8,19 0,00 1,09 0,00
1,0 3,58 9735 0,13 0,60 -464] 819 0,00 1,18 0,00
1,0 3,68 9860 0,17 0,60 -7,74] 8,18 -0,01 3,79 -0,01
1,0 3,58 9985 0,26 0,95 -9,75110,18 -0,05 12,66 -0,05
1,0 3,58 10110 0,37 1,00 -9,81| 10,42 -0, 27,45 0,11
1,0 3,58 10235 050 1,25 -8,82| 11,62 -0,21 55,07 -0,21
1,0 3,58 10360 057 1,30 -9,45] 11,86 -0,28 72,04 -0,28
1,0 3,58 11000 068 1,60 821} 12,89 -0,38 100,00 0,38
1,0 3,58 13000 0,69 1,60 -8,21] 12,89 -0,38 100,00 -0,38
10 358 | 15000 069 1,60 -821[12.89 0,38 10000 0,38
1,0 3,68 17000 0,69 1,60 -821]12,89 -0,38 100,00 0,38

Deepwater waveheight =3.0 m S0= -4,59
He T, |distance H, hy L S,.cere
m] fs) mm om @] m (Mmyear] Relative Absolute
3,0 6,20 2000 1,906 48 -7,4]3893 -4,59 100,00 4,59
3,00 6,20 4000 1,906 48 -7,4(3893 -4,59 100,00 -4,59
3,00 6,20 6000 1,906 48 -7,413893 -4.59 100,00 -4.59
3,00 6,20 8000 1,906 48 -7413893 459 100,00 -4,59%
3,00 6,20 9360 1,45 3,65 -4,54] 34,65 -1,48 31,60 -1.45
3,00 6,20 9485 103 2,60 -2,93}2882 041 838 0,41
3,00 6,20 3610 061 1,60 -1,61|23,72 -0,06 1,36 0,06
3,00 6,20 9735 0,31 0,95 -1,88]18,25 -0,01 0,32 0,01
3,00 6,20 9860 0,33 1,10 -6,16119,70  -0,06 1,27 0,06
3,00 6,20 9985 054 1,40 -752}2234 021 464 0,21
3,00 6,20 10110 0,82 2,05 -822126,75 -0,64 13,95 0,64
3,00 6,20 10235 1,15 295 -8,62| 31,55 -1,58 34,29 -1,68
3,00 6,20 10360 1,48 3,75 -8,49| 34,95 -2,86 62,22 -2,86
3,00 6,20 11000 1,91 4,80 -7,40]38,93 -4,59 100,00 4,53
3,00 6,20 13000 1,91 480 -740138,93  -4,59 100,00 -4,59
3,00 6,20 15000 1,91 4,80 -7,40]38,93 -4,59 100,00 -4,59
3,00 6,20 17000 1,91 4,80 -7,4013893 459 100,00 -4.59
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Foreshore siope m = 1: 250

s0=

Hy Tn fdistance Hy, hy @ | L S,.cErC

) s] moom m @ | m Mmea] Relative Absolute
20 506 | 2000 1,126 3,20 -7,24]2595 -1,.28 100,00 1,28
20 506 | 4000 1,126 3,20 -7,24{2595 -1,.28 10000  -1,28
20 506 | 6000 1,126 320 -724{2595 1,28 10000  -1,28
2,0 506 | 8000 1126 320 -724{2595 128 10000  -128
20 506 | 9360 089 2,52 -520{2345 -052 40867 052
20 506 | 9485 063 182 -335{2033 -0,15 15 015
2,0 506 | 9610 036 1,02 -1,82[1563 -002 155 002
20 506 | 9735 0,18 054 -1,14]1207 000 0,19 0,00
2,0 506 | 9860 0,15 050 -458/1302 -0,01 056  -001
20 506 | 9985 024 074 -664/1381 -003 215 008
2,0 506 | 10110 037 1,06 -7.52{1606 -0,09 582 009
2,0 506 | 10235 053 154 -7,98{10,87 -0,13 1028  -013
20 506 | 10360 073 2,10 -8,00/21,68 -050 3871 -050
20 506 | 11000 1,13 320 -7,24|2595 -1,28 10000 1,28
20 506 | 13000 1,13 320 -7,24|2595 -1,.28 10000 1,28
20 506 | 15000 1,13 320 -7,24/2595 -1,28 100,00  -1,28
2,0 506 | 17000 1,13 320 -7,24{2595 1,8 10000 128
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Wavesteepness s = 0,01 S0= -3,02
Ho Tn, |distance H, h @ L S,cerc
[m} s) m Mm@ m  Mmyear] Relative Absoiute
2.0 1132 | 2000 1937 400 -4,80] 6933  -3,02 100,00 -3,02
20 1132 | 4000 1937 400 480 6933  -3,02 100,00 3,02
20 11,32 | 6000 1,937 4,00 480 69,33 -3,02 10000  -3,02
2,0 11,32 | 8000 1,937 4,00 -480| 69,33 -3,02 10000 3,02
20 11,32 | 9360 150 315 -324] 61,76 -1,09 36,10 -1,09
20 11,32 | 9485 1,10 2,40 229] 54,06 -0,36 1202 0,36
20 1132 | 9610 063 1,35 -138] 408 0,05 1,80 -0,05
20 11,32 | 9735 030 065 -090| 2800  -0,01 0,18 -0,01
20 11,32 | 9860 024 060 -2,87| 26,72 -0,01 0,34 0,04
20 11,32 | 9985 0,38 1,05 -450| 3565 -0,06 1,90 -0,06
20 11,32 | 10110 064 140 501 4153 -0,21 6,89 -0,21
20 11,32 | 10235 099 2,45 536] 5125 064 2132 064
20 11,32 | 10360 1,38 295 -542| 59,82 1,49 493 149
2,0 11,32 | 11000 1937 4,00 -4,80] 69,33 -3,02 100,00  -3,02
20 11,32 | 13000 1,937 4,00 -4,80| 69,33 -3,02 10000  -3,02
2,0 11,32 | 15000 1,937 4,00 -4,80] 69,33 -3,02 100,00 -3,02
20 11,32 | 17000 1,937 4,00 4,80} 69,33 -3,02 10000 3,02
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F.3 Sensitivity analysis of several parameters, large spread
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Net yearly longshore sediment transports
Diameter island: 1 kim; @ = 10 degrees

Initial situation: H0 = 2.0; m = 1:100 and h0 =30.0m so= | -090 |
Directional spread : 31.5 degrees

Ho Tm Y-distance Hy, hy @ L S,.cerc

[m] sl m om M o mj  [Mmyear] Relative Absolute
2,00 5.06 | 2000 1257 81 41| 2555  -090 700,00 -090
2,00 506 | 4000 1257 31 41| 255 090 10000 -090
2,00 506 | 6000 1257 31 41| 2555 0,90 10000 -090
2,00 506 | 8000 1238 305 -287| 2538 061 6757  -061
2,00 506 | 9360 1,05 255 857 2354 120 43334 120
2,00 506 | 9485 102 250 885 | 2332 1,14 12736 1,14
2,00 506 | 9610 098 240 746 2200 087 9734 087
2,00 506 | 9735 095 235 377 | 2268 042 4665 042
2,00 506 | 9860 094 230 -1,70| 2248 0,18 2024 018
2,00 506 | 9985 095 235 -752| 2268 0,82 9128 082
200 506 | 10110 097 240 -1252[ 2290 141 157,08 -1,41
2,00 506 | 10235 099 245 -t498| 2311 477 19764  -1.77
2,00 506 | 10360 1,02 250 -1576| 2332 1,99 20202 -199
2,00 506 | 11000 1,19 295 -938| 2508 1,79 19931 -1,79
2,00 506 | 13000 126 310 -410| 2555 090 10000 -090
2,00 506 | 15000 126 310 -410| 2555  -090 10000 -0,90
2,00 506 | 17000 126 310 -410| 2555  -0,90 10000 -090
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Depth deepwater =200 m
Directional spread : 31.5 degrees

S0 =

Ho T. Jdistance H, h, ¢ L S, .cere
m] Is] m o m m @ | [m [Mm'year Relative Absoiute
2,00 5,06 2000 1,27 3,15 -414]2572 -0,93 103,75 0,93
2,00 5,06 4000 1,27 315 -414]25,72 -0,93 103,75 0,93
2,00 5,06 6000 1,27 3,15 -4,14]2572 -0,93 103,75 3,93
2,00 5,06 8000 124 305 -2,8412538 -0,60 67,08 -0,60
2,00 5,06 9360 1,06 2,60 861 [23,75 1,23 -137,20 1,23
2,00 5,06 9485 1,02 250 8,81 12332 1,15 -127,80 1,15
2,00 5,06 9610 0,99 245 746 | 23,11 0,91 -101,08 0,91
2,00 5,06 97356 0,96 240 3,76 | 2290 0,43 -48,27 0,43
2,00 5,06 9860 0,95 235 -1,75]22,69 -0,19 21,62 0,19
2,00 5,06 9985 0,95 2,35 -7,56]22,69 -0,83 92,96 0,83
2,00 5,06 10110 0,97 2,40 -12,28] 22,90 -1,40 155,86 -1,40
2,00 5,06 10235 1,00 2,45 -15,02} 23,11 -1,80 200,12 -1,80
2,00 5,06 10360 1,04 2,55 -1586]23,54 -2,07 231,15 -2,07
2,00 5,06 11000 1,20 295 -9,45]25,02 -1,81 201,33 -1,81
2,00 5,06 13000 1,27 3,15 -4,14| 25,72 -0,93 103,75 -0,93
2,00 5,06 15000 1,27 3,15 -4,14|2572 -0,93 103,75 0,93
2,00 5,06 17000 1,27 315 -4,1412572 -0,93 103,75 0,93
Depth deepwater = 40.0 m
Directional spread : 31.5 degrees S0= -1,86
Hy T, ldistance H, h, ¢ L S,.cenc
m] [s] m o (m m @ | (m [Mmyear] Relative Absolute
2,00 506 | 2000 1256 310 -41 |25556 -0,90 9984 0,90
2,00 506 | 4000 1,256 310 -41 [2555 -0,90 99,84 0,90
2,00 506 | 6000 1,256 310 -41 [2555 -090 99,84 0,90
2,00 506 | 8000 1238 305 -287(2538 -0,61 67,57 061
2,00 506 | 9360 1,05 255 857 [2553 1,29 14324 1,29
2,00 506 | 9485 102 250 885 2332 1,14 42711 1,14
2,00 506 | 9610 098 240 746 (2290 087 97,34 087
2,00 5,06 9735 095 235 3,78 22,69 0,42 -46,79 0,42
2,00 5,06 9860 0,94 230 -1,69]22,48 -0,18 20,12 40,18
2,00 5,06 9985 0,95 235 -7,52]22,69 -0,82 91,32 0,82
2,00 5,06 10110 0,97 2,40 -12,25] 22,90 -1,38 153,90 -1,38
2,00 5,06 10235 0,99 245 -14,98] 23,11 -1,77 197,64 1,77
2,00 5,06 10360 1,02 250 -1576]2332  -1,99 22202 -1,98
2,00 5,06 11000 1,18 2,90 -9,36 | 24,85 1,74 193,85 -1,74
2,00 5,06 13000 1,26 3,10 -4,10] 25,55 -0,90 99,84 0,90
2,00 5,06 15000 1,26 3,10 -4,10[2555 -0,90 93,84 0,90
2,00 5,06 17000 1,26 3,10 -4,10] 25,55 -0,90 93,84 0,80
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Deepwater waveheight = 1.0m

Heo T, Idistance H, h, ¢ L S, cenc

(m] [s] m  m m g [m M mlyear) Relative Absolute
1,0 3,58 2000 0675 1,6 -459|12;89 0,21 100,00 -0,21
1,0 3,58 4000 0,675 1,6 -459112,89 0,21 100,00 -0,21
1,0 3,58 6000 0675 16 -459]1289 0,21 100,00 0,21
1,0 3,58 8000 0,657 155 -1,74112,72 0,07 35,57 0,07
1,0 3,68 9360 055 1,30 6,11 11,86 0,17 -80,75 0,17
1,0 3,58 9485 055 1,30 5,29 | 11,86 0,14 -69,03 0,14
1,0 3,58 9610 053 1,30 3,44 | 11,86 0,09 -43,24 0,09
1,0 3,58 9735 053 1,30 0,35 | 11,86 0,01 4,29 0,01
1,0 3,58 9860 052 1,30 -3,61]11,86 0,09 43,68 -0,09
1,0 3,58 9985 053 1,30 -7,68] 11,86 0,19 92,41 0,19
1,0 3,68 10110 0,53 1,30 -11,13} 11,86 0,28 135,20 0,28
1,0 3,58 10235 0,54 1,30 -13,51} 11,86 0,35 167,69 0,35
1,0 3,68 10360 0,55 1,30 -14,65] 11,86 0,39 188,07 0,39
1,0 3,58 11000 0,62 1,40 -11,06] 12,24 0,38 186,05 0,38
1,0 3,58 13000 0,68 1,60 -4,64]12,89 0,21 101,08 0,21
1,0 3,58 15000 0,68 1,60 -453112,:89 0,21 100,00 0,21
1,0 3,58 17000 0,68 1,60 -459112,89 0,21 100,00 0,21

Deepwater waveheight = 3.0 m

Ho Tn |[distance H, h, ¢ L S,.cerc

[m] Is] M m m B | [m Mmyear] Relative Absolute
3,0 6,20 2000 1,88 480 -392]3883 -2,37 100,00 237
3,00 6,20 4000 1,88 4,80 -392]238,93 2,37 100,00 2,37
3,00 6,20 6000 1,88 4,80 -3,923893 2,37 100,00 2,37
3,00 6,20 8000 186 4,75 -3,67|38,77 2,18 91,79 2,18
3,00 6,20 9360 1,56 3,95 8,80 | 35,86 3,36 -141,34 3,36
3,00 6,20 9485 1,48 3,75 10,75] 35,02 3,65 -153,58 3,65
3,00 6,20 9610 1,38 3,50 11,29}24,04 3,27 -137,76 3,27
3,00 6,20 9735 1,32 3,30 8,21 {3321 1,60 -63,23 1,50
3,00 6,20 9860 1,29 325 1,00 {3298 0,25 -10,38 0,25
3,00 6,20 9985 1,30 3,25 -7,62}13298 -1,86 78,48 -1,86
3,00 6,20 10110 1,34 3,35 -1395] 33,43 -3,52 148,21 -3,52
3,00 6,20 10235 1,39 3,50 -16,89] 34,04 -4,59 193,47 -4 .59
3,00 6,20 10360 1,47 3,70 -16,98] 34,85 -5,20 219,20 -5,20
3,00 6,20 11000 1,78 455 -7,85] 38,13  -3,81 160,41 -3,81
3,00 6,20 13000 1,88 4,80 -392 38,93 2,37 100,00 2,37
3,00 6,20 15000 1,88 4,80 -3.92]38,93 2,37 100,00 2,37
3,00 6,20 17000 1,88 4,80 -3,82]38,93 2,37 100,00 237




F.3. SENSITIVITY ANALYSIS, LARGE SPREAD

235

Foreshore slope m=1:250

Hy T, |distance Hy, hy @ | L Sccerc

ml i) mom m [ | m Mmyear Relative Absolute
20 506 | 2000 1,113 3,10 -3,73| 260  -0,65 0000 0,65
20 506 | 4000 1113 310 373|260 -065 10000 -0,65
20 506 | 6000 1,113 310 373|260 -065 10000  -0,65
20 506 | 8000 1,055 3,00 292|260 046 7041 046
20 506 | 9360 090 256 652 [2361 068 10385 068
20 506 | 9485 082 232 991 |2264 081 12397 08
20 506 | 9810 072 204 1332|2138 078 12045 0,78
20 506 | 9735 066 184 1353|2043 062 9583 062
20 506 | 9860 061 174 651 [1992 026 4001 026
2,0 506 | 9985 061 1,74 -687|1982 -027 a9 027
20 506 | 10110 065 1,82 -16,11[2033 071 10905 -071
20 506 | 10235 071 200 -1871{21,20 -1,00 15428  -1,00
20 506 | 10360 077 2,16 -17,16/21,95 -1,13 17444 1,13
20 506 | 11000 1,06 285 633|260 -1,00 15311 -1,00
20 506 | 13000 111 310 -373|260 -065 100,00  -065
20 506 | 15000 1,11 310 373|260  -065 10000  -0,65
20 506 | 17000 1,11 310 373|260 -065 10000 -0,65
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Wavesteepness s = 0,01 0= -148

Ho T, ldistance H, h, @ L S,.cerc

mo s | m R | m Mmear Relative Absolute
2,0 11,32 2000 1,901 4,00 -2,441 6933 -1,48 100,00 -1,48
2.0 11,32 4000 1,901 400 -2,44| 6933 -1,48 100,00 -1,48
2,0 11,32 6000 1,901 400 -244| 63833 -1,48 100,00 -1,48
2,0 11,32 8000 1,901 4,00 -244| 69,33 -1,48 100,00 -1,48
2,0 11,32 9360 154 325 520} 62,74 1,87 -125,86 1,87
2,0 11,32 9485 141 300 7,10} 6030 2,04 -137,59 2,04
2,0 11,32 9610 1,23 260 866 | 5631 1,78 -119,58 1,78
2,0 11,32 9735 1,08 2,35 552 53,50 0,84 -56,27 0,84
2,0 11,32 9860 0,98 2,10 3,90 50,68 0,46 -30,68 0,46
2,0 11,32 9985 097 2,05 -425| 4883 -0,47 31,86 -0,47
2,0 11,32 10110 1,07 2,04 -10,23f 53,50 -1,50 101,02 -1,50
2,0 11,32 10235 1,22 2,60 -11,95f 56,31 -2,36 158,79 -2,36
2,0 11,32 10360 1,37 2,90 -11,40] 59,33 -3,00 201,87 -3,00
2,0 11,32 11000 1,842 390 -425| 6847 -2,39 161,11 -2,39
2,0 11,32 13000 1,901 400 -2,44( 6933 -1,48 100,00 -1,48
2,0 11,32 165000 1,901 400 -244| 69,33 -1,48 100,00 -1,48
2,0 11,32 17000 1,901 4,00 -244| 6933 -1,48 100,00 -1,48




List

of symbols

Roman symbols
Symbol Definition Dimension
B Width of caisson m
c Wave celerity m
ch Wave celerity at breaker line m/s
Cq wave group celerity m/s
d Distance between beginning of circular island and shoreline m
Diameter of grains (dso) m
d, Minimum draught of caisson m
D Diameter of circular island m
Dpso Nominal diameter (Mso/pr)t/? m
Dsg Sieve diameter, diameter of stone which
exceeds the 50% value of sieve curve m
Dy 15% value of sieve curve m
Dg; 85% value of sieve curve m
g Acceleration of gravity m/s*
h Waterdepth m
he Crest height m
heaisson  Caisson’s total height m
hy Waterdepth at breaker line m
H Wave height m
Hy Wave height at breaker line m
H, Significant wave height m
Hy, Deepwater wave height m
Hgy Deepwater significant wave height m
k Wave number (27 /L) 1/m
Kp Stability coefficient in Hudson’s formula -
Ka Layer thickness coeflicient -
L Wayve length m
Ly Wave length at breaker line m
Lo Deepwater wave length m
m Beach slope -

237
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Coordinate direction

Symbol Definition Dimension

M.S.L. Mean Sea Level m

n Ratio ¢, to ¢ -
Number of layers -

Ty Volumetric porosity -

N Number of waves in Van der Meer’s formula -

p Pressure N/m?

P Permeability in Van der Meer’s formula -

Q Discharge md/s

Qs Percentage of broken waves calculated by HISWA -

R, Wave run-up m

R 0% Wave run-up exceeded by 2% of waves m

s Wave steepness -

S Wave steepness for mean period -

Sp Wave steepness for peak period -

S0 Deepwater wave steepness -

S Sediment transport m3/s
Radiation stress kg/s?

Sq Damage level in Van der Meer’s formula -

S.L. Sea Level (= M.S.L. + set-up’s) m

Sxx XX-component of the radiation stress kg/s®

Syy YY-component of the radiation stress kg/s®

Sz xx-component of the radiation stress kg/s?

Syy yy-component of the radiation stress kg/s?

So Initial sediment transport m3/s

t Time S
Layer thickness m

T Wayve period s

T Mean wave period 8

T Peak wave period s

W Weight of armour stones in Hudson’s formula kg

X

Y

Coordinate direction
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Greek symbols

Symbol Definition Dimension
a Slope angle degrees
B8 Angle of wave attack with respect to structure degrees
vy Breaker depth ratio (Hp/hs) -

A Relative density (05 — pw/Pw) -

Ax Length of HISWA-mesh in X-direction m

Ay Length of HISWA-mesh in Y-direction m

o Angle degrees
7 Friction coefficient -

¢ Irribarran’s parameter -

Em Irribarran’s parameter based on T}, -

& Irribarran’s parameter based on Ty, -

7 Constant (=3,141592650) -

Ps Density of soil kg/m?
P Density of water kg/m?
¢ Angle degrees
o Angle of wave approach at breaker line degrees
¢ Angle of wave approach at deepwater degrees
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Index

a, 30, 32 Dredging of landfill, 50
Accropods, 25 Dredging process, 50
Airport, 6, 13 Dumping of landfill, 51, 54
Artificial islands, 1 Loading-curve, 51
Advantages, 3 Pumping, 53
Collection of, 91 Rainbowing, 53
Disadvantages, 3 Dumping of landfill, 51
Problems, 18
Purposes, 3 Earthquakes, 19
Similar properties, 17 Economical waterdepth, 18
Types, 7 Energy generation, 5, 13
Asia, 94 Environmental laws, 2
Australia, 94 Europe, 97
Experience gained, 17
b, 30, 32
Beaufort Sea, 95 Filter cloth, 23
Bottom-fixed island, 8, 11 Filter layer, 22
Brebner and Donnelly, 137 Floating island, 8, 11

Bulking factor, 55 Goda, 135

Gradations quarry stones, 31
Gravity island, 8, 11
Guidelines

Experiences, 18

Morphology, 79

Sea defences, 28

Caisson-type seawalls, 26
CERC-formula, 69
Collection of A.L, 91
Combined defence system, 21
Comparing types, 9

Complex city, 7, 14

Concrete cap, 23

; Hanstholm-caisson, 26
Construction reasons, 2

Hard defence system, 21
Core-loc, 25 HISWA. 66
Costs itivi
Sensitivity, 75
Morphology, 62 Horizontal composite breakwater, 26

Over'aH costs, 54 Hudson-formula, 115
Costs estimates for A.L types, 9

Industrial island, 7, 14
Delft University of Technology, 1

Dikes, 22 Jack-up island, 8, 11

Direct dumping, 53 Japan, 99

Dolosse, 24

Dredging activities, 49 Landfill, 50, 51
Cycle production, 51 Literature study, 17
Direct dumping, 53 Loading-curve, 51
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INDEX

Longshore transport, 60

Mariculture, 4, 13

Modified cubes, 25

Morphology, 59
Bathymetry, 64
Directional spread, 65
Example, 71
Expected relation, 62
Island model, 62
Processes, 60
Recommendations, 82
Sensitivity of HISWA, 75

North America, 92

Ocean mining & exploration, 4, 12
Overall island costs, 54
Overtopping, 30, 113, 115

Peak wave period, 112
Perforated front wall, 27
Piling island, 9, 12
Polder island, &, 10, 18
Port, 6, 13
Primary armour, 23
Accropods, 25
Dolosse, 24
Modified cubes, 25
Quarry stones, 24
Tetrapods, 25
primary armour
Core-loc, 25
Principal stresses, 60
Problem approach
General, 15
Problem description
General, 15
Morphology, 64
Problems, 18
Pumping, 53
Purposes, 3
Multi purpose islands, 6
Single purpose islands, 4

Quarry stones, 24

Rainbowing, 53

Reclamation island, 7, 10, 14
Recreation, 4, 13

Reference line, 23

Refraction, 63

Rehandle pit, 53

Research description
Morphology, 64

Research objective
General, 15
Sea defences, 28

Rubble mound sea defences, 22

Sea defences, 21
Caisson-type seawalls, 26, 133
Conclusions, 33
Design of, 111, 133
Examples, 119, 144, 148
Influence material-costs, 47
Recommendations, 33
Rubble mound sea defences, 22
Sea-quakes, 19
Seas, x, 28
Secondary armour, 23
Settlements, 20
Sloping top, 26
Soft defence systems, 21
South America, 92
Steepness of waves, 28
Surf similarity parameter, &, 112
Swell, x, 28

Symbols
Greek, 239
Roman, 237

Tanimoto et al., 137

Temporary or aiding, 13
Temporary or aiding structure, 4
Tetrapods, 25

Toe structure, 22

Trailing suction hopper dredge, 50
Types of artificial islands, 7

Van der Meer formulae, 114, 115
Vertical composite breakwater, 26

Waste handling, 4, 13
Waste island, 6, 14

Wave length, 112

Wave period, maximum, 29
Wave steepness, 28





