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FOREWORD

These International Conferences on Coastal Engineering have grown over the
years since 1950 in attendance, in the number of papers presented, and in
scope of engineering and scientific content There has been an even greater
mcrease in the work of arranging for a conference—a task which, if well done,
gives the erroneous impression of requiring little effort The physical arrange-
ments and the social events of this conference have been superbly done and
the Coastal Engineering Research Council and the other sponsoring organiza-
tions are most grateful to Chawrman S¢rensen, Professor Lundgren and the
Copenhagen Organizing Committee.

As these conferences have grown in international standing, the number of
interesting papers by qualified authors submitted for consideration has 1n-
creased so greatly as to preclude scheduling all of them in a full week of
parallel sessions. The onerous task of selection from among papers of high
quality was carried out by the Papers Committee and the Council as equitably
as they knew how to do—but, under the circumstances, there may have been
some 1nequities in the choices made—and to those authors so affected the
Council 1s sincerely apologetic.

A topic of considerable professional importance to engineers engaged In
coastal work 1s the scarcity of statistical data on wave action—and the
mcompleteness of much of the data available This situation becomes both
surprising and disturbing, 1n view of the fact that the effect of ocean waves 1s
a unique characteristic of coastal engineering and that the solution of almost
every coastal problem involves consideration of the incident wave climate.
There are many natural phenomena for which long-time records and extensive
geographical coverage are readily available—rainfall, stream flow, solar radia-
tion, wind velocity, cloud cover and many more, but—the chimatology of
ocean waves, a phenomenon of overriding importance to coastal engineers and
scientists, 1s fragmentary and much of 1t 1s of questionable validity Space
does not permit a full discussion of this serious deficiency in the basis for
sound planning and design. Providing these data will require national or
international programs of observation and analysis Where such programs are
madequate, or lacking entirely, coastal engineers should exert their influence
to bring them about under the auspices of a permanent public agency and to
put the data in form for engineering and scientific application

Morrough P O’Brien, Chairman
Coastal Engmeering Research Councii
American Society of Civil Engineers
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STUDIES IN COASTAL GEOMORPHOLOGY
CONTRIBUTING TO COASTAL ENGINEERING
André Guilcher, University of Western Brittany

Brest, France

INTRODUCTION

The first point to examine in this lecture is why the coastal geomorphologist
thinks he is able to bring a contribution in civil engineering applied to
coastal problems.

One answer to this question is that the main purpose of the geomorphologist
is to explain the coastal landforms - spits, estuaries, tidal marshes,
deltas, coral reefs, and so on - and that the understanding of processes

in evolution is necessary when the engineer wants to act on natural features
in order to modify them artificially. As a matter of fact, the engineer him-
self tries often to explain these features, but in such a case he becomes

a geomorphologist. Instead of one man acting in both fields, research and
engineering, we may conceive a collaboration between two men acting simultan-
eously.

On the other hand, the geomorphologist does not restrict his scope to the
study of the landforms in themselves, but he extends his investigations to

the sediments. It is widely accepted that sedimentology is included in geo-
morphology, provided the sediments are not studied without other purpose

than their own properties and characteristics, but if these properties are
considered to be an element in explanation of landforms. The geomorphological
features, spits, deltas, and so on, are often completely made of sediments,

or it may happen also that the sediments, when contributing for a small part
to the bulk of the features, give essential data on the origin and develop-
ment of the landforms. So, this is another aspect which must be considered.

Thirdly, the geographer is convinced that his action consists essentially
in pointing to relations between phenomena instead of investigating them
separately, because this line in thought is the best way to discover
explanations. And, as a matter of fact, the geomorphologist is a geographer
in a number of countries, as, for example, in Germany, France, Poland, the
USSR, also very often in England, the Netherlands and Denmark, and even in
the United States sometimes, although more unfrequently. In the coastal
field of research, the consideration of different facts examined together
leads to pay attention to certain consequences of some civil engineering
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works, whereas these consequences would not have been perceived otherwise.
The result is that the geographical treatment of coastal problems may be
fruitful in that it may avoid errors and thus save money.

Examples of these different points will be given in this lecture. They will
be taken often, although not exclusively, from the speaker's personal
experience.

SIGNIFICANCE OF OBLIQUE RUNNELS AND RIDGES

Runnels and ridges are frequently met with on the lower part of wide

sandy beaches. Generally they run parallel to the general direction of the
beach, but they may be sometimes oblique to the trend of the shoreline.

This is the case, for example, on the coast of the Landes of Gascony
(Guilcher, Godard and Visseaux, 1952), in South-West Lancashire, in Picardy
at the South of the mouth of the Somme River, and along the so-called Langue de
Barbarie (Guilcher and Nicolas, 1954), a long spit between the lowermost
course of the Senegal River and the Atlantic Ocean. As an average, these
features are some hundreds of metres long (from 100 metres to more than 1 km);
they occur in sets, the distal end of the ridges lying always in the same
direction: South in the Landes of Gascony and on Langue de Barbarie, North
in Picardy and in Lancashire. Observations made during several weeks have
shown that they correspond to long sequences of moderate surf, while they
tend to be levelled after periods of heavy surf lasting for several days.

Oblique runnels and ridges are associated with the predominance of an
oblique swell. This conclusion derives from investigations including the
consideration of swell, wind, coastal current and beach evolution. It
was especially supported by observations in the Landes and in Senegal.

In both cases the swell is generated in the storm belt of temperate
latitudes, and has little to do with the local winds, even on the Landes
coast in spite of its location in longitude. The waves travel from

WNW or NW, and, consequently, the coastal drift runs to the South. The
oblique ridges, which tend to face the dominant wave attack, and thus
illustrate Lewis' (1931, 1938) and Schou's (1945) principles in beach
evolution, may be interpreted as an adaptation en échelon of the beach to
the swell. In Picardy, the wave attack by the swell travelling in the
English Channel causes a coastal drift to the North East, resulting similarly
in oblique ridges and runnels.

The conclusion is that, when oblique ridges occur on a beach, they can be
used to predict the direction of wave attack and coastal drift, even if
direct observations on waves and currents are not available. This feature
may thus be used in terms of coastal engineering, not only on outer coasts
as those of Gascony and Senegal, but even on inner coasts facing lagoons,
where waves running on very short fetches are also able to create oblique
ridges of shorter wave length. Example may be found on the inner side

of Magilligan spit, Lough Foyle, Northern Ireland, and in Rustico Lagoon,
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North coast of Prince Edward Islsnd, Canada. In these cases, the waves are
obviously generated by the resultant of local winds.

SPITS OF AZOV TYPE IN LAGOONS

On the open sandy coasts of West Africa, from the Straits of Gibrsltar to
Capetown, the forces in action work in two opposite directions (Guilcher,
1954; Davies, 1972, p. 43, 141 and 144). In the northern section, as far
South as Southern Senegal, the dominant fsctor is the swell generated in the
storm belt of boreal temperate latitudes, as previously said, which results
in a coastal drift tc the South. In the southern section, the symmetrical
dominant factor is the heavy swell generated in the Southern Ocean, which
travels from the Southwest or the South-South~West. It causes a coastal
drift to the North from Capetown to Gabon, and from Liberia to the Republic
of Guinea; and, on the North coast of the Gulf of Guinea, in Ivory Coast,
Ghana, Dahomey, Nigeria, the drift varies according to the angle of incidence
of the southern swell, in the different parts of the coast. The morphological
effect of the transport of sand by the coastal drift has been the creation

of large spits, especially in the southern section where the best ones are
Cape Lopez in Gabon, and the peninsulas of Luanda, Palmeirinhas, Lobito,
Porto Alexandre and Tigers in Angola (Guilcher, Medeiros, Esteves and
Oliveira, 1974). All grow, of course, from South to North. The largest

spit in the North is Langue de Barbarie, already mentioned.

On the lee, sheltered side of the spits, however, wide lagoons occur, where
waves generated by local winds replace the swell of foreign origin acting
on the outer coast. It happens that the resultant direction of wind action
is the same ss the coastal drift on the outer coast, namely, from North

to South in the North, and from South to North in the South.

The result of wind wave action on the lagoon shores has been the formation

of sets of spits, more or less evenly spaced, the best ones being found

behind Langue de Barbarie in Senegal (Guilcher and Nicolas, 1954), and in
Palmeirinhas and Tigers lagoons in Angola (Guilcher and others, 1974).

These spits, although much smaller than the outer spits which shelter them,

are distinctly larger than the oblique ridges snd runnels previously discussed;
in addition, these spits occur exclusively in lagoons while the oblique runnels
and ridges sre mostly found on outer coasts; so that it is necessary not

to confuse these two classes of spits.

Such sets of spits evoluting under the influence of wind waves in areas where
the dominant wind blows more or less parallel to the coast have been described
on coasts of the USSR by Zenkovich (1967, p. 141 and 515) and others, especially
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on the northwestern coast of the Sea of Azov, as spits of Azov type. The
following explanation was put forward by Budanov (1956) to account for the
regular spacing of the spits which is a frequent feature in the type. The
regular spacing results from simplification by erosion of former intermediate
spits, as a consequence of transverse waves (i.e., running perpendicular to
the coast). The distance between the residual spits corresponds to the fetch
necessary to the waves formed in the main wind belt between spits to pre-
dominate over the transverse waves.

So far as the Azovian spits on West Africa are concerned, it seems that they
could be used for experiments in coastal engineering. Since the forces in
action are parallel on the outer and inner coasts, but weaker in the lagoon,
the Azovian gpits may be considered as small scale features resembling those
used in artificial tanks, and coastal works planned for the outer beach
could be initially tested on these spits. One advantage of such tests re-
latively to those usually made in tanks is that the scale for experiments
would be considerably larger than in tanks, since the Azovian spits reach one
to several kilometres long, as for example in the Bay of Tigers, Angola
(Baia dos Tigres in Portuguese; Great Fish Bay on British charts). It

would be, of course, necessary to be cautious in extrapolation of results

to the outer coast; but the same remark may be made for results obtained

in tanks.

PROBLEMS IN DELTA GROWTH AND EROSION

Deltas are features which depend on a continuous excess of supply of
sediments by the river upon the redistribution far away of these sediments
by sea action. If, for some reason, the supply decreases, the equilibrium
can be broken and erosion can replace sedimentation on the delta front or
on spits depending directly on the delta. The decrease in supply may be
natural or artificial. Natural decreases may be caused, for example, by
changes in the river course and, consequently, affect only the part of the
delta which has been abandoned. Artificial decreases may result from dams
built upstream across the river and trapping the bedload and the sediments
in suspension.

Artificial decreases in supply by dams have appeared more and more fre-—
quently in modern times, as a consequence of development in power production,
industrialization, and irrigation. Two examples will be quoted here: the
Nile delta in Egypt, and the Gatumbela delta in Angola.

The front of the Nile delta is presently suffering a severe erosion. The
shore retreat is especially large around the Damietta and Rosetta mouths,
but it occurs also in the centre, where another distributary ended at the
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time of the Pharaons. The retreat has begun after the building of the
first Aswan dam in 1902, and it increased afterwards. It has reached
several hundreds of metres in some places. It seems clear that the main,
if not unique, cause of the retreat is the building of the dam, which

has been much elevated and enlarged in recent times, and traps the sediments
coming previously from Ethiopia. These events have led the Egyptian
authorities to ask for scientific investigatioms, and an internatiomal
commission of geomorphologists was planned. Finally, the meeting of this
commission had to be postponed for several reasons. Anyhow, it appears
doubtful that the erosion could be stopped useless considerable protecting
works would be made, since the natural conditions have been completely
disturbed by the dam.

At Lobito, Angola (Guilcher and others, 1974), occurs one of the most
interesting spits of the coast of West Africa. The sediments included in
the spit derive from the delta of the Catumbela Rriver, which is partly
reworked by the southern swell (see above) and thus deflected to the

North. In present time, however, the Lobito spit suffers erosion as its
inner, southwestern end. This erosion is likely to be related to the building
of a dam on the lower course of the Catumbela River, although the relation
is not so certain than in the case of the Nile delta. Actually, the Lobito
harbour authorities are faced with two problems: erosion of the inner end
of the spit by lack of supply; and continuation of progradation of the
distal end by reworking of the material already included in the spit, which
tends to join the coast of the mainland and thus to close the harbour.

In cases such as the Nile delta and Lobito spit, the contribution of the
geomorphologist is to act as a geographer in showing relations between
phenomena, and, when dams are planned on a river which ends in a delta,
he has to give warning about the further evolution of the coast. He must
recall that a river is not isolated in Nature and that modifications on
one side can lead to other modifications on another side.

THE CASE OF LUANDA AND PALMEIRINHAS SPITS, ANGOLA

Luanda and Palmeirinhas spits are two major features in North Angola, 11 km
and 34 km long, not far apart, which are comsidered here because they
demonstrate how a spit cannot be studied in itself but must be replaced

in its environment, according to principles of graphical research (Guilcher
and others, 1974).

Palmeirinhas spit is presently vigorously fed with sand coming from the
South, as usually on this West African coast. Its growth continues to
go on at its distal end. A cut seems to have occurred temporarily in the
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southwestern part of the spit, but this cut has been subsequently filled up
and more active since a long time.

Luanda spit, on the contrary, which shelters the large commerical harbour
of the city of Luanda, is presently a tiny and wmstable feature, only

200 metres wide as an average; its main part has been recently an island
(actually its name is La Ilha) and is presently connected with the mainland
only by a bridge;, its southwestern part is even more umstable and its shape
is subject to frequent modifications. All these facts show that Luanda
spit is a relict feature, which has been built in different conditionms.

Geomorphological observations lead to the conclusion that the evolution of
Luanda spit has been a function of the growth of Palmeirinhas spit. An
examination of air photographs of the islands lying in Palmeirxhinhas lagoon
behind the spit, shows that ome of these islands, Ilha S3ao Jodo do Cazanga,
is probably the innermost, southwestern part of Luanda spit, since it is
made of successive beach ridges which could not be shaped in the present
situation. At that time, Ilha S3ao Joao do Cazanga was not yet sheltered by
Palmeirinhas spit; it was a living feature, under the influence of the
oceanic swell. Subsequently, Palmeirinhas spit grew more and more, thus
preventing any substantial sand supply to Luanda spit by coastal drift.
Only small spits of Azov type are now formed in Palmeirinhas lagoon.

The knowledge of this evolution is obviously useful for the engineer who
tries to prevent or to delay the decay of Luanda spit by the building of
groynes or by other procedures.

THE CASE OF PITSUNDA DELTA, ABKHASIA, USSR

The Bzibi River, which flows to the Black Sea at Pitsunda, Abkhasia (Zenkovich,
1967, p. 364), has a large solid load as the other rivers of the south side
of the Caucasus, as a result of the mountainous topography and the heavy
rainfall under the Pontic climate. Consequently, it has built at present
sea-level a delta, which is the successor of a Sarmatian (Miocene) delta
now uplifted and truncated by cliffs. It is well known that the Black Sea
coasts of the USSR, as well on the Caucasus side as in Crimea, have been
chosen as sites for the setting of numerous holiday resorts, owing to their
mild climate. Accordingly, the Soviet authorities have built a set of
several big and high hotels on the delta front, just on the seashore, to
allow the holiday-makers to enjoy the sandy beach immediately at their
outdoors.
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The trouble is that the Bzibi delta has been prograded on a submarine slope
cut by canyons or gullies and leading directly to depths exceeding 500 metres.
When the speaker visited Pitsunda in October, 1970, with other coastal geo-
morphologists, it was evident that the authorities had not taken into
account the submarine topography off the delta when the construction of

the group of hotels was decided: they considered only the charm of the
site. Afterwards, however, anxiety arose from warnings of Russian geo-
morphologists as V.P. Zenkovich. Studies were undertaken, which showed
that slumpings actually occur on the submarine slope in canyons and gullies
from time to time, at Pitsunda and in other places along the coasts of
Abkhasia and Georgia. In the speaker's opinion, the danger is extremely
serious, if the situation at Pitsunda is compared with what occurs from
time to time off Abidjan, Ivory Coast. In that area, a big submarine
canyon, the so-called Trou Sans Fond, occurs just in front of the the
coastline which consists of a sandy beach along which the material drifts
from West to Fast. The Trou Sans Fond engulfs periodically huge masses

of sand from the beach: perhaps 400 000 cubic metres per year, according
to Varlet (1958), (see also Martin, 1973). The most spectacular phenomenon
occurred in 1905. A sliding of the beach occurred and lasted for 35
minutes; the wharf 70 metres long, disappeared into the sea with its
warehouse; the coastline retreated for 60 to 80 metres, and the depth

just in front of the initial coastline increased from 5 to 25 metres.
Subsequently, the shore and foreshore were quickly reworked by the sea.

What has happend off Abidjan could well happen at Pitsunda. The difference
lies in the set of hotels built at Pitsunda. A slumping as quick as in Ivory
Coast would certainly result in an extremely heavy loss of lives, since

the people in the upper floors of the buildings could not escape owing to
the destruction of lifts and staircases by cracks and fissures preceding
the collapse. The Abkhasian authorities are now aware of this, and they
try to prevent a disaster by building groynes on the delta front to check
the lateral migration of sand. Such groynes, however, seem of little
efficiency relatively to the threat on the hotels, and it seems that the
best would have been not to build them just in front of the sea, but at
some hundreds of metres inside the delta. The preliminary consideration

of the geomorphology, the submarine processes in progress, and the com—
parison with Ivory Coast would have saved much trouble.

THE IMPACT OF TECTONICS

The geomorphologist does not consider only present-time features; he
tries to explain the present by the past, and his scope involves particu-
larly the tectonics, which can have acted in former times or are still in
progress. Of particular interest are the tectonics which have played a
role and are often still working in deltas, and in coastal plains such



THEME I — GEOMORPHOLOGY

as the Netherlands. The largest deltas in the world are usually old features,
which include a huge pile of sediments, the deposition of which extended

over tens of millions of years as a result of a long continued subsidence.
Three examples will be quoted here among others,

The thickness of deposits in the Niger Delta amounted to 8,000 m since
the Eocene, and their total volume is about 500,000 cubic kilometres
(Hospers, 1970).

In the Mississippi Delta, the thickness of sediments has reached 19,000

metres since the end of the Oligocene (Crouch, 1959), and the quaternary
terraces plunge beneath the recent sediments in the South, whereas they

have been uplifted in the North, the contact between the uplift and the

downthrow occurring along hinge line.

The Danube Delta is located at the contact between the southern end of the
subsided Russian shield and the hercyno—cimmerian massif of Dobrogea; it
is also a subsidence area, but possibilities of temporary upheavals
alternating with downwarping persist and have lead to a complex mobilism
during the Quaternary (Panin, 1972).

As to the coastal plain of the Netherlands, its downwarping is a part of
the larger subsidence of the North Sea basin, which reached some 7500 to
9000 metres since the Carboniferous. The area of maximum depression has
moved in the course of time: it seems to be located now in the northern-
most parts of the Netherlands, whereas just before it was situated in the
Velsen—Castricum region near Amsterdam, where the top of the Eemian
marine deposits of the last Interglacial (more or less 100,000 years BP)
lies at 27 m, or locally deeper, below the present datum at the Velsen
excavation; whilst it is found at several metres above the same datum

in presumably stable areas (Van Straaten, 1957).

Some of these subsidences have a real effect in modern times. In the
Mississippl Delta, for example, where the active part of the structure
shifts from place to place inside the general site which remains the same,
the abandoned successive subdeltas are partly dréwned although their age
does not exceed a few thousand years: basins between distributaries are
completely submerged, levees are hardly above water level while they
initially supassed it for several metres. Compaction accounts for a part
,°f this phenomenon, but subsidence is certainly associated (Russell, 1959;
Guilcher, 1963). The Dutch coastal engineers are well aware of this for
their country, where subsidence is largely taken into account in the huge
works known as the Delta Plan, which were undertaken after the great storm
surge-of Jan. 31 and Feb. lst, 1953, in Zeeland and in Holland. It is
necessary that consideration of tectonics is made in civil engineering
works in all other countries too.



14 COASTAL ENGINEERING

MEASUREMENTS OF RATE OF SEDIMENTATION ON TIDAL MARSHES

Sedimentation by mud is a common process in estuaries and sheltered

bays around the world. In temperate countries where mangrove is absent,
two kinds of areas are distinguished in this enviromment: the lower one
is the mud flat, or slikke, which is devoid of vegetation; the upper one
is the tidal marsh, or schorre, which is covered by phanerogams accepting
a submerison in salt water during spring tides. At an intermediate level
a third zone often exists, the high slikke, which bears a vegetation of
Salicorniae growing in Spring and Summer and disappearing in Winter.

It may be interesting to engineers to know the rate and peculiarities of
sedimentation in this enviromment, because harbours are quite often situated
in estuaries. Consequently, they must know the contribution which has been
brought in this field by geomorphologists of Western Europe. The first
results were published by Richards (1934) for Demmark; they were followed
by Steers (1948, 1964) for England, and by Verger (1955), Guilcher and
Berthois (1957) and others for various marshes of Western France. A

fuller bibliography may be found in Guilcher and Berthois (1957).

The investigations bear mainly on tidal marshes or schorres, and accessorily
on high slikkes. They consist mainly in scattering by hand a thin layer
of sand by patches on the schorre under the vegetation cover. The patches
have 1 metre in dlameter as an average and are located by a stake. The
sand is firstly protected by vegetation and subsequently buried under the
mud, so that it serves as a mark for further corings, which show the
thickness of sedimentation as a function time. The corings can be
repeated for many years. If sand patches are scattered in reasonable
number and in various sites across the marsh, the measurements carried

on regularly in all patches give an accurate idea of the rates of
sedimentation. Experiments on high slikkes are not so numerous than

on schorres; where they have been made, they show that the deposition of
mud is more rapid in these sites, which lie at a lower level and are more
frequently drowned, but also that deposition alternates with erosion, in
other words that the sedimentation is more irregular. On schorres or
tidal marshes, the rate of upward accretion depends on two main factors:
The altitude, from which derives the duration of submersion by sea water
at spring tides; and the distance from the main creeks acting as feeders
of muddy water.

In addition, other methods have been used by Guilcher and Berthois (1957).
They have measured the rate of horizontal retreat on micro-cliffs which
often separate the tidal marshes from the mud flats; they used for this

as land marks the stakes in the sand patches. They also took repeatedly
photographs from the same points 1n the same directions, in order to
visualize the general evolution of the marsh (especially the micro-cliffs)
during several years.
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The results are diverse, because the natural conditions, and primarily
the mud supply, vary considerably from marsh to marsh and from estuary to
estuary. It is unnecessary to summarize here the figures which were ob-
tained from Denmark and Wales to Western France. What is of interest is
to know the existence of the method by sand scattering, and also its
limitation. As a matter of fact, it does not seem to be suitable for
tropical, or even subtropical, marshes, since in these areas many more
burrowing animals such as crabs and crocodiles dwell in the mud, and
would disturb the sand patches and prevent precise measurements.

ORIGIN OF ESTUARINE MUD; ITS PRACTICAL INTEREST

From numerous studies carried out in Europe and in America during the last
35 years and summarized by Guilcher (1967), it appears that the origin

of sediments in estuaries and sheltered bays is much more diverse than it
was thought just dfter the Second World War. Sometimes the sediments come
from the sea, as in the Dutch estuaries: this conclusion derives from
extremely accurate studies made in the Netherlands. It must be noticed,
however, that the material provided by the North Sea to the Dutch estuaries
was initially of continental origin, since it was carried by the icecaps
which covered that area during several periods of the Pleistocene. 1In
other cases, as in the small Breton estuaries and also in some places at
least in Kerry, Ireland, and in California, the mud is supplied from the
cliffs cutting the lower parts of the slopes of the estuaries themselves,
and providing periglacial material in Brittany and glacial material in
Kerry. But in several Breton estuaries, additional material comes from
dunes existing in front of the sea, the sand of which is pushed into the
estuary by wind or/and by tidal currents (examples found in Audierne,

in Le Conquet, in Aber Benoit, and in Laita River. See Cotton de Bennetot
and others, 1965, and Guilcher and Berthois, 1957). In still other
places, the sediments come from upstream by rivers, and such is the case
in most large estuaries, as the Loire estuary studied intensively by

L. Berthois (references in Guilcher, 1967). The main evidence in this
estuary is that the suspended-matter content is always higher at all
depths during the ebb than during the flood.

The origin of sediments is obviously of primary importance for engineers
when they try to prevent the sedimentation in harbour accesses. This is
why the civil engineering services of Nantes harbour asked for more than
ten years Prof. Berthois' collaboration, and gave him facilities to gather
a wealth of observations on currents, temperature, salinity, and suspended
matter content at many stations. Similar observations were made by the
same scientist with the help of local authorities in various countries such
as Guinea, French Guiana, Madagascar, etc., and this collaboration has
always proved fruitful.
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A particularly typical case was observed in the Republic of Guinea
(formerly French Guinea: Guilcher, 1956-1959) where the Kapatchez River
was quickly filled in its inner reaches between 1930 and 1954 by a tre-
mendously muddy sedimentation at a time when other estuaries in the same
region were approximately in a state of equilbrium. A study was under-
taken by the speaker in 1954, in order to determine the origin of this
sudden deposition, which rendered the rice cultivation in the lowlands
almost impossible because it modified the circulation of fresh and salt
water., It was found, after elimination of other hypotheses, that the mass
of mud which settled in the immer part of the estuary came from old

mud flats in front of the open sea immediately west of the mouth of the
estuary. These mud flats were retreating rapidly in 1954, perhaps as a
consequence of recent changes in tidal currents, so that mud was put in
suspension, went into the estuary with the incoming tide, and settled
there at slack tide. These results were obtained by using typically
geomorphological methods: examination of vertical air photographs, which
showed an old system of coastal sandy ridges, which had developed from
East to West, and was truncated by coastal retreat as to leave intact
only their inmner and outer ends. The critical point being thus located
on photographs, a visit of the shore allowed field observations which con-
firmed and precised the facts. To counteract the mud invasion it was
decided to commect the upper Kapatchez with another tidal river, the
Soussoude, and to cut the communication with the lower Kapatchez. The
case of Kapatchez River seems thus to be an excellent sample of coastal
geomorphology applied to estuarine management.

LAKE AHEME, DAHOMEY, AN EXAMPLE OF COASTAL
RESEARCH APPLIED TO FISHERIES MANAGEMENT

In 1957 the speaker was engaged in investigations in the coastal region
of Western Dahomey, where fishermen complained for a decrease in pro-
ductivity of fisheries in Lake Aheme, which lies at some distance behind
the coast. The purpose of the research was to determine whether the
decrease was due to a quick silting up in the lake, and, if so, to

give advices about the works to undertake.

A general survey of the coastal region was made, including the lake of
course (Guilcher 1959 a, b and c). As usually on the North coast of the
Gulf of Guinea, the zonation includes present sandy ridges in front of
the ocean, and, behind them, a set of older ridges more or less preserved
and surrounded by swamps. Some of the old ridges may belong to the last
interglacial high sea level; the other ones are likely to be holocene.
Lake Ahémé is an old estuary which has been cut from the ocean by the
silting-up of the swamps and the progradation of the coastline. The
mechanism of fluviatile supply by the Mono River, the main river in the
country, and the Couffo River, which ends in Lake Ahémé, were analyzed,
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and also the conditions in which these rivers flow to the sea (struggle
between river current and surf, with seasonal variation in the former).
Enquiries were also make in villages.

The conclusion was that the decrease in lake productivity was not due

to natural causes. It is true that Lake Ahémé tends to become shallower

by sedimentation, but the process of silting up in it must be very low.
Actually, the diminution of the stock of fish has come from an over-
fishing due to the increase of population. Consequently, it seemed ad-
visable to develop fisheries in the sea, where they already existed,

and cooperative organisms were actually organized with this purpose in 1959.

It must be pointed out that this investigation has saved much money in
preventing useless and expensive works to dredge silt from Lake Ahémé.
The research was not confined to pure physical geography: it has been a
global enquiry, involving all aspects of the problem in physical, human,
financial and political fields.

CONCLUSION

It thus seems that the contribution of the geomorphologist, or even better,
of the geographer to coastal research is often fruitful. Along with the
civil engineer, he is able to bring elements to solve coastal problems;
he can suggest sometimes relations between phenomena of different orders
which could have been forgotten without his intervention; he can save
money in many instances. In present time, the progress in knowledge of
coastal processes and evolution is so large that a recent geographical
book by Davies (1972) includes excellent maps on a world wide scale on
which diverse processes are indicated with their morphological conse-—
quences. This book, written by a geographer, should be widely used by
all those who are in charge of coastal engineering.
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HISTORY OF SOME ASPECTS

OF

MODERN COASTAL ENGINEERING

*
J. W. Johnson

INTRODUCTION

Upon first being invited to present a theme paper on the history of modern
coastal engineering, the task appeared relatively simple--especially since
the term "coastal engineer” in general usage dates back only to about 1950
when the first conference on coastal engineering was held in Long Beach,
California. I was immediately reminded, however, of the Preface to

the Proceedings of this first conference wherein Morrough P. O'Brien in
referring to the term "coastal engineering” stated that, "It is not

a new or separate branch of engineering, and there is no implication
intended that a new breed of engineer and a new society are in the

making., Coastal Engineering is primarily a branch of civil engineering
which leans heavily on the sciences of oceanography, meteorology, fluid
mechanics, electronics, structural mechanics, and others.” In the almost
twenty-five years since this conference this statement remains true, but
it might be emphasized that the continued growth in this field, as
evidenced by the success of the conferences on coastal engineering, has
been in a large measure due to the interdisciplinary background and
cooperation of the participants--be they engineers, geologists, applied
mathematicians, oceanographers, etc.

Recognizing that Bruun (1972) at the Vancouver conference gave a review
of the history of coastal defense as it developed since the year 1000,
the decision was made that this discussion would be confined to a pre-
sentation of the origin of some of the theories, methods and techniques
as now practiced in the United States by present-day coastal engineers.
This restriction to the United States was due to the fact that historical
information on the origin of certain practices in Furope and elsewhere
was not readily available to me. What is reported herein may in reality
be a rediscovery of techniques and methods used by the Dutch and Danes
several hundred years ago! Some of the procedures discussed below date
back to early in the last century, but with an appreciable increase in
theoretical development occurring in the early part of this century.

In many instances, however, a considerable increase in both theory

and application resulted from research and development during and
following World War II. For brevity, only a few of the important

more or less standard procedures utilized by the coastal engineer are
discussed below. These are: (a) forecasting and hindcasting of sea

and swell; (b) transformation of waves in shoaling water; (c) littoral
processes; (d) wave forces on structures; and (e) tidal estuaries. The
intent has been to trace the development of these areas from what appears

*
University of California, Berkeley, California
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to be their earliest practical use up through the postwar years and into
the early 1950's. I am sure that you can appreciate that to document in
detail the vast number of papers that have been presented on various
aspects of coastal engineering since 1950 would be a voluminous compilation
and therefore beyond the scope of this brief paper. For example, in the
proceedings of the fourteen conferences on coastal engineering held to
date, over 1,000 papers have been presented! If, however, a recent summary
paper is available which covers the developments in the above listed areas
of interest from about 1950 to the present, then reference to it is
presented.

FORECASTING AND HINDCASTING OF SEA AND SWELL

An empirical relationship for the highest wave that can be generated by
wind blowing over a given fetch was developed by Stevenson (1874) in
the middle of the last century., This formula has been used by engineers
over the years and still is presented in present-day engineering books
on the design of coastal structures exposed to wave action (Quinn, 1961;
Minikin, 1963). Stevenson's formula related wave height to fetch; that
is, the basic data were obtained where the wave height was controlled by
fetch rather than wind speed. The Stevenson formula in which the wave
height in feet is equal to 1.5 times the square root of the fetch in
nautical miles appears to be still valid for large storms in portioms

of the North Sea.

Early in World War II it became evident that amphibious landings would be
necessary on various coastlines in the world, and reliable procedures
would be required to permit the forecast of wave and surf conditions at
selected landing sites (Bates, 1949; Revelle, 1969). In the fall of

1942 the Scripps Institution of Oceanography at La Jolla, California,
undertook the task of developing a basis for forecasting sea, swell,

and surf. The task, sponsored by the Army Air Force and the Navy Hydro-
graphic Office, was conducted by H. U. Sverdrup and W. H. Munk with

M. P. O'Brien serving in an advisory capacity. The initial effort on

the project was the development of a forecasting manual (U.S. Navy, 1944a)
and the training of Air Force officers to apply the forecasting techniques
to amphibious operations. This forecasting manual was based on all avail~
able observations of wave characteristics, wind velocity, and fetch. A
series of graphs was presented showing significant wave height and period
as functions of wind velocity and fetch. O'Brien (1944) suggested that,
since the assumptions made in developing the graphs in the manual were
for a frictionless fluid under the action of gravity, model laws could

be developed to discover dynamically similar conditions of fetch, durationm,
wind velocity, wave height, and wave period which should simplify the
analysis and presentation of observations. O0'Brien's concept of using
nondimensional parameters apparently was accepted by Sverdrup and Munk
(1947) in the revision and publication of the forecasting manual wherein
all variables were presented in only two dimensionless graphs-~-a fetch
graph and a duration graph.
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In subsequent years additional and more accurate data than previously were
available on wind waves were obtained from both the laboratory and the field
by research workers throughout the world, and refinements to the forecasting
procedures resulted (Bretschneider, 1952; Neumann,1953). For the benefit

of the practicing engineer, the Coastal Engineering Research Center (U.S.
Army, 1966 and 1974) has summarized the various relationships between wind,
waves, and fetch into simple graphs for the speedy solution of wave fore-
casting (or hindcasting) problems.

The use of the forecasting procedure discussed briefly above has also been

of great value to the coastal engineer in compiling for design purposes
statistical information on wave climate at selected localities. Where
adequate synoptic weather maps are avallable for the adjacent ocean area,

the wind and fetch can be derived from the maps and the resulting wave

heights and periods for each day computed. Wave conditions in tabular form
or "wave roses' can be compiled for a sufficiently long period to be re-
presentative of the locality under study. Information on the most severe
wave conditions for the period for which weather maps are available also

can be derived. The first known compilation of statistical wave data as

an aid to the practicing englneer was that prepared for the U.S. Army,

Corps of Engineers, for five open sea localities along the California

coast by the Scripps Institution of Oceanography (1947). In this study

the daily weather maps for the Pacific Ocean for the 3-year period, 1936-
1938, inclusive, were used and considered to represent average conditions along
the California coast. Over subsequent years the hindcasting technique has
been used extensively to provide design wave data for many localities through-
out the world. The acquisition of such data now appears to be a standard
coastal engineering procedure, since it i1s faster and generally cheaper than
operating a wave recorder to obtain similar information of equal reliability.

It is important to mention that early investigators of the generation and
propagation of wind waves recognized that waves are not uniform; that is,

a spectrum of wave heights and periods exists. In the development of the
wave forecasting procedure (U.S. Navy, 1944a) it was believed that the wave
characteristics would apply to the larger waves present, but no attempt

was made to describe these waves more specifically. In the revision of
this early procedure Sverdrup and Munk (1947) introduced a statistical

term to define "the larger waves" as waves having "average height and
period of the one-third highest waves.” The waves described by these
averages are called "significant waves.” The currently used graphs
relating the wave, wind and fetch characteristics thus refer to the
significant waves. Conslderable research on wave spectrum has been

done, and is continuing, but to summarize the results of these studies

would be beyond the scope of this paper; however, one can appreciate the
effort being made in this important area of research, when it is noted that
sixteen chapters of the Proceedings of the 1972 Coastal Engineering Conference
held at Vancouver are devoted to this subject!
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TRANSFORMATION OF WAVES IN SHOALING WATER

The transformation of waves in shallow water involves the change of wave
height, length, and velocity with depth. For the case of waves of small
amplitude advancing directly toward a gently sloping beach O'Brien* in the
mid-thirties used the theory presented by Lamb (1932) and summarized the
wave transformation relationships up to a point shortly before the waves
break. This summary was later published by the Beach Erosion Board (U.S.
Army, 1942), To compare this theoretical relationship with experiments
a series of field observations were conducted at the Scripps Institution
of Oceanography (1944a) by photographing waves as they moved shoreward
along the 1000 ft-long Scripps pier. These observations involved (a)
change in wave height along the pier with special emphasis on breaker
characteristics, (b) breaking of waves on gently sloping beaches, (c)
comparison between forecast and observed heights of breakers, and (d)

the velocity of waves in shallow water. Some of these data were later
publiahed in manual form by the Hydrographic Office (U.S. Navy, 1944b)
for use in the wave and surf forecasting program described previously.

The above discussion is concerned with waves advancing directly toward
shore; however, when waves more shoreward from deep water and approach
the shoreline at an angle, the wave crests are bent because the inshore
portion of the wave travels at a lower velocity than the portion in deep
water; consequently, the crests tend to conform to the bottom contours.
One of the first engineers to recognize this phenomenen apparently was
Harrison (1848) who observed,

"that the waves in deep water proceed forward,
in the direction of the wind, till they arrive
in shallower water, when the velocity of the
part which reaches the shallow, being lessened,
the whole wave wheels around, and breaks nearly
at right angles on the beach."

Later this process was termed 'wave refraction" by Davis (1912) who utilized
the drawing shown in Figure 1 to illustrate the general refraction of swell
on an irregular coastline. Orthogonals to the wave crests were used to
qualitatively illustrate the concentration of energy at the headlands and
the spreading of energy in the embayments. Later Johnson (1919) adopted
the concepts of Davis (1912) with the slightly modified refraction diagram
shown in Figure 2. In the summer of 1929 M. P. 0'Brien was retained by the
Board on Sand Movement and Beach Erosion, U.S. Army, to investigate some

of the aspects of coastal processes. The presentation by Johnson (1919)

on refraction and the accompanying figure (shown here as Figure 2) suggested
to 0'Brien” that a quantitative estimate of the relative distribution of

*
Private communication, March 15, 1974.
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wave height along an irregular shoreline should be possible. Applying
Snell's Law, O'Brien developed a procedure for graphically plotting the
advance of a wave to a curving shoreline over a mildly irregular bottom.
The method employed was very nearly the same as for light and sound waves
in which each point on the wave front is considered as a radiating center.

One of O'Brien's earliest refraction diagrams is shown in Figure 3 and
was used in 1936 in appraising the problem of beach erosion at Santa
Barbara, California. Several early laboratory studies of wave refraction
were made under O'Brien's direction to confirm the refraction effects
derived from a graphically comstructed wave refraction diagram. These
laboratory studies involved waves moving at an angle to a straight beach,
around an island, around a breakwater tip, and over a submarine canyon
(McCrone, 1940, Wilhoyt, 1940; and Milner, 1941).

O'Brien's general procedure of plotting wave crests was published by the
Beach Erosion Board (U.S. Army 1942) and the Hydrographic Office (U.S.
Navy, 1944b). Isaacs (1947) devised a system whereby the orthogonals

to refracted wave fronts could be constructed directly without first
drawing the wave fronts. This method has the advantage of eliminating an
entire graphical step and its attendant inaccuracies. It also results

in a considerable saving in plotting time, especially in cases where
many refraction diagrams are required. In 1948 the wave front method

was revised and printed, along with the Isaacs method of plotting orthogonals,

by the U.S. Navy Hydrographic Office in a general report on the graphical
construction of wave refraction diagrams (Johnson, O'Brien, and Isaacs,
1948).

Another important development in wave theory which arose during World War II
was concerned with the development of mobile breakwaters to afford shelter
during amphibious landing operations (Townson, 1973c). The principal problem
was the diffraction of waves around the ends of the breakwaters. The major
mathematical contribution to the studies was that of Penny and Price (1944)
who recognized that the mathematical theory on the diffraction of water
waves in some respects 18 similar to the theory of the diffraction of light
and sound waves by screens and diffraction gratings. In addition to the
diffraction of waves around the end of a breakwater Penny and Price (1944)
also considered the diffraction of waves into the lee of islands and through
single and multiple breakwater gaps. It was concluded also that the theory
was true for waves on water of any depth. Later Putnam and Arthur (1948)
introduced a simplified solution to the Penny and Price theory and conducted
laboratory experiments on the diffraction of waves around the end of a
semi-infinite impermeable breakwater with various incident wave directions
Laboratory data were compared with the complete and simplified solutions,
with the best agreement between theory and experiment occurring in the lee
of the breakwater. In other experiments the Penny and Price theory for
breakwater gaps was confirmed (Blue and Johnson, 1949; Carr and Stelzriede,
1952).
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It is of interest to note that Iribarren (1953), in reviewing the Spanish
practice in harbor design, reports using the principles of refraction

and diffraction in 1932 and 1941, respectively. He referred to refraction
as the "wave-front pattern" and diffraction as "lateral wave expansion."
Most of Iribarren's published material appeared in the Spanish journal,
Revista de Obras Publicas, which perhaps had only limited distribution
outside the country--comsequently, his methods apparently were little known
to coastal engineers outside of Spain. The details of Iribarren’s procedure
in preparing refraction diagrams have been summarized in an English trans-
lation by Iribarren (1949).

In some localities, such as in the Gulf of Mexico, where waves may travel
many miles over a gently sloping, relatively ghallow bottom, friction and
percolation may be of considerable importance in the transformation of waves.
Early theoretical work in this field was done by Putnam (Putnam and Johmson,
1949; Putnam, 1949) with laboratory studies conducted later to test the
theories (Savage, 1953). Bretschneider and Reid (1954) extended the work
of Putnam (1949) and developed formulas and graphs for facilitating the
computation of wave height changes resulting from the combined effect of
friction, percolation, and refraction together with the direct shoaling
effect., A field investigation of wave energy loss in shallow water ocean
waves off the coasts of Louisiana and Texas has been made by Bretschneider
(1954) and compared with the theoretical treatments mentioned above.

Breakers and Surf

As waves move shoreward from deep water they may refract and diffract, but
eventually they break on a beach or possibly reflect from a cliff. Perhaps
of most interest to the engineer is the transformation of the waves in the
nearshore area and then the character of the breaker and the wave uprush

on the beach. Theoretical considerations (Biesel, 1952; Wiegel, 1954;
Skjelbreia, 1958; Masch and Wiegel, 1961) and the use of refraction dia-
grams permit estimates of the change in wave height and direction up to

the breaker zone, but the characteristics of breaking waves (height, depth
of breaking, effect of beach slope, velocity field, etc.) have by necessity
been established empirically from field and laboratory experiments. Most
of these data were obtained during and shortly following World War II; al-
though refinements to the relationships have been and are still being

made by research workers, as is evidenced from an inspection of the numerous
papers in the proceedings of the past conferences on coastal engineering.
Much of the wartime field data were made at the Scripps Institution of
Oceanography (1944a and 1944b) and at the Woods Hole Oceanographic Institute
(Edmondson and Clarke, 1944), Laboratory work was conducted in wave tanks
at the University of California, Berkeley, and at the Beach Erosion Board,
Washington, D.C. Much of these data remain in unpublished reports at the
various institutions and laboratories; however, the data applicable to
engineering problems such as breaker characteristics, wave runup, etc.,

have been published, but they also are incorporated in the publication,
Shore Protection Planning and Design and its recently published revision
Shore Protection Manual. Thus such data are readily available to the design
engineer.
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Littoral Processes

Since ancient times the problem of littoral drift has been an important
factor in determining the success or failure of many harbors throughout

the world. The basic principles of littoral processes were little understood,
or appreciated, in the early days with the result that many harbors became
useless in only a few years following construction. A few notable examples
of some early harbors have been described recently by Townson (1973a). Exper-
ience was the primary guide to the harbor engineer in the past, and numerous
papers on the state-of-the-art appeared in various engineering journals.

For example, Harrison (1848) discussed "The causes that are in constant
operation tending to alter the outline of the English coast to affect the
entrances of the rivers and harbors, and to form shoals and deeps in the

bed of the sea." By the turn of the last century a considerable background
of practical information had been assembled on sedimentation of harbors and
the results published in various technical journals. For a review of the
early studies on movement of coastal material in Great Britain the reader

is referred to the paper by Townson (1974). More or less paralleling the
activities of the coastal engineer was the work of the geologist who was
concerned with the scientific aspects of shoreline processes. One of the
early comprehensive discussions of these processes was that of Gilbert (1883)
who is perhaps best known for his classical research on the transportation
of debris by flowing water (Gilbert, 1914). Later Johnson (1919) formulated
the concepts and nomenclature that appears to be generally accepted today

by engineers and geologists working in this field of study.

To improve navigation channels at many harbors throughout the world break-
waters, jetties, and other shoreline structures have been constructed. The
immediate effect of such structures in many instances was to interrupt the
normal movement of sediment in the littoral zone. Dent (1916) in commenting

on beach erosion in the vicinity of New York City emphasized ''the damage

that must inevitably result to beaches as a whole if the erection of structures
that interfere with littoral drift is allowed to continue.'" That is, deposition
of sand in the navigation channel may eventually occur, but the effect on

the adjacent shoreline may be serious for a considerable distance both upcoast
and downcoast from the structure.

The serious erosion problems which occurred at numerous inlets along the east
coast of the Unitid States which had been stabilized by jetties led to a
Congressional Act™ in 1935 which designated the Corps of Engineers, U.S. Army,
to be responsible for evaluating the effects of the construction of a littoral
barrier on the adjacent shoreline. Perhaps the first estimate of the rate of
sediment movement along a coast was made by O'Brien™*in the summer of 1929

Public Law 409, 74th Congress, 1935

K%
Private communication, May 15, 1974.
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in his first assignment as an engineer in the coastal field for the Beach
Erosion Board in comnection with investigations on the South Shore of Long
Island, 1933. The growth of the sand spit at Fort Tilden threatened to
encroach on the Ambrose Channel, and a jetty was proposed to act as a sand
trap. The particular problem was to predict the stable shoreline to be
expected with this jetty and the number of years during which it would

be an effective trap. Fortunately, the shoreline at Fort Tilden, a military
reservation, had been surveyed at regular intervals during the preceding
century, and the available records showed the successive positions of the
high water line. From these data, an average net rate of tramsport of about
300,000 cubic yards per year was computed.

Another contribution to a better understanding of the problem of littoral
drift and the development of a procedure for estimating the rate of drift
was that of Munch-Petersen who discussed the problem as early as 1914.
The Munch-Petersen formula which has given results which were consistent
with direct observations in Denmark has been described in detail by
Svendsen in 1938.

The experience with various shoreline structures, some of which are mentioned
above, suggested to M. P. O'Brien that a systematic series of laboratory
experiments might well provide a better understanding of the basic processes
involved and thereby lead to a more rational approach to the design of coastal
structures. Borland (1930), working as a graduate student at the University
of California under the direction of O'Brien, conducted experiments on (a)

a model of the beach at Long Branch, N. J. to determine the extent of the
similarity between model and prototype where the transportation of sand by
longshore currents and wave motion was studied, (b) a flat ocean bottom of
sand with a cliff which was subject to erosive action of waves (groins were
placed similar to those in the prototype to evaluate their effect on the
beach); (¢) the erosive action of waves on a beach located at the base of

a bulkhead (the beach slope was varied to determine the effect on filling an
scouring); and (d) the refraction of waves entering a bay with an opening about
one-fifth of the width of the bay (the equilibrium shape of the shoreline

was established).

One of the early efforts in the designing of a program for a detailed field

study of shoreline processes was that of Krumbein(1944a). This study was conducted

in 1942 at Half Moon Bay, California, wherein a '"closed system' permitted

the discovery and specification of the principal fundamental relations

governing the behavior of matter in the system. Later in the same year

Krumbein (1944b) conducted what is believed to be the first comprehensive laboratory
study of shore currents and sand movement. Dimensionless relationship between
littoral current, rate of littoral drift and wave characteristics were pre-

sented. Additional laboratory experiments on littoral currents and littoral

drift later were made by Saville in 1950 and the results compared with Krumbein(1944b).
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For a summary of the developments in the mechanics of sand transport since
these earlier studies, the reader is referred to the work of Komar and Inman
(1970) and Komar (1971).

As discussed above littoral drift is generated by wavesbreaking at an angle
with the shoreline. 1In order to determine a more general relationship between
the velocity of the longshore current and such variables as the height and period
of the breakers, breaker angle, and beach slope, a series of experiments were
conducted at the University of California during World War IL. These studies
consisted of laboratory work at Berkeley (Putnam, 1944; O'Brien, 1945; and
Putnam and 0'Brien, 1945) and field work at Oceanside, California (Scripps
Institution of Oceanography,l945). The results of these various studies

were presented in postwar publications by Putmam, Munk, and Traylor (1949)

and Inman and Quinn (1952). Subsequent to this early work on littoral currents
considerable additional studies have been made in the surf zone on such problems
as the variation of the longshore current across the surf zone, rip currents,
surf beat, wave decay due to breaking, edge waves, etc. (Komar and Inman,

1970; Komar, 1971).

Another littoral process of considerable importance in some engineering pro-
blems is the seasonal changes of beaches. Both the geological (Cornish, 1898;
Johnson, 1919) and engineering (Dent, 1916) literature recognized that beach
profiles changed throughout the year depending on the intensity of wave attack.
One of the early attempts to determine the characteristics of a beach profile
as related to the wave conditions were the laboratory experiments of Meyer
(1936) and Waters (1939) wherein it was demonstrated that the characteristics
of an equilibrium profile of a beach was related to wave steepness. Additional
laboratory, as well as field, measurements confirmed the general findings of
the early laboratory studies, but refined the relationship between the
variables. (Bascom, 1951 and 1954; Shepard, 1950; Rector, 1954; Watts and
Dearduff, 1954; and Watts, 1954).

WAVE FORCES ON STRUCTURES

Some common types of engineering structures that must be designed to withstand
the forces resulting from wave action are breakwaters, jetties, bulkheads,
revetments, groins, piers, and offshore drilling platforms. Of these structures,
breakwaters appear to be the earliest conceived by man--many constructed several
hundred years B.C. and consisted either of rubble mounds or vertical masonary
walls. Some of the other structures mentioned above are of fairly recent

origin with their use being primarily confined to controlling coastal erosion.
Piers consisting of pile structures have long been in use, but the early pile
structures generally were in protected areas where wave action was relatively
light. More recently, with the advent of oil production in offshore areas

where wave action may be extremely severe, the design problems involved in
withstanding high wave forces have become complex. A brief review of the
development of the present-day design procedures for breakwaters and offshore
structures follows.
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Breakwaters

As recently discussed by Townson (1937b), the practical experience with
construction methods in the early days was transferred from one area to
another with varying degrees of success. The pioneer effort to provide

a more rational method of breakwater design was that of Thomas Stevenson
(1874) who as early as 1842 conducted an extensive series of dynamometer
measurements on the forces of waves (Stevenson, 1849). Other dynamometer
measurements of wave forces were made around the turn of the last century
in the Great Lakes and in Florida by Gaillard (1904). A later improvement
in the design of breakwaters was the theory developed by Sainflou (1928)
for calculating the pressures on vertical walls. This theory was based

on certain approximations of standing waves in front of the wall. Later
Molitor (1935) developed an empirical method of computing wave pressures by
breaking waves on a vertical breakwater using the prototype test data
gathered by Gaillard (1904). The Sainflou relationship was for non-breaking
wave conditions. Bagnold (1939) using models conducted experiments on wave
pressures resulting from breaking waves.

Although rubble mounds have been used as breakwaters since earliest times,

it appears that Iribarren (1938) was the first to propose a formula for the
rational design of such structures. The experimental coefficient in the
Iribarren formula was determined from observations of actual breakwaters
exposed to wave action for several years. Hudson (1953), using a modified
Iribarren formula that was dimensionally homogeneous, conducted laboratory
tests on small-scale rubble breakwaters to evaluate the variables contained
in the coefficient of the Iribarren formula. Later Hudson (1959) extended
this work to develop a new armor unit stability formula. The Hudson formula
resulted from years of model testing for a large variety of shapes of natural
and artificial armor units. Values of the experimental coefficients of these
various shapes are available in published form (Hudson, 1974; U.S. Army,

1966 and 1974).

Pile Structures

Offshore drilling for oil was first practiced at Summerland, California,

by "whipstocking" from shore in 1894 (Amer. Pet. Inst., 1961). Later there
were other California wells located in this area on relatively lightweight
piers extending into the ocean. The first well in heavy seas was drilled

a short distance off the Louisiana coast in 1938. The first well ever
drilled out of sight of land was in 1946, also off the Louisiana coast.

With the advent of extensive drilling from platforms located many miles
offshore in the Gulf of Mexico, the problems of the design of pile structures
to resist heavy wave action began to receive considerable attention in the
late 1940's. The methods used in designing the early offshore platforms is
not known to the writer, but what appears to be the first published paper
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on wave forces on a piling was that of Munk (1948). This method, however,
only considered the drag force resulting from the oscillatory flow of water
past the pile. In 1949 M. P. O'Brien reviewed the theory of wave forces

on piling and suggested that an additional term should be included in the
force equation to represent the acceleration force on the displaced volume

of the fluid. In this equation the total force is obtalned by adding linearly
the drag and acceleration terms. The theoretical studies were followed

by both laboratory (Morisom, et al., 1950; Morison, O'Brien, and Johnson,
1954) and field studies (Wiegel, et al., 1957) to determine the experimental
coefficients which appeared in the force equation. Considerable theoretical
studies have subsequently been accomplished by several investigators, and

many oil companies involved in offshore exploration and production have
instrumented their platforms in the Gulf of Mexico to obtain wave force
measurements under hurricane conditions (Reid, 1956; Skjelbreia, 1961).

Most of these studies were concerned with circular piles in which the pile
diameter is small compared with the wave length and the drag and acceleration
forces are both important. The diffraction theory by MacCamy and Fuchs (1954),
however, appears to be more suitable to the case where the pile diameter

is large compared to the wave length; that is, the acceleration force is
predominant.

TIDAL ESTUARIES

The engineering problems encountered in tidal lagoons and estuaries are
numerous and complex and involve such phenomena as tidal currents, mixing,
stratified flow, sedimentation at both the entrance and within the tidal basin,
etc. Many of the early problems in estuaries were concerned with the diffi-
culties of maintaining adequate depths at the entrances for navigational
purposes. Townson (1974) briefly reviews the experiences of some harbors

in Great Britain early in the last century. Stevenson (1874) on commenting

on "The evils of loss of tidal water," observed that almost all maritime
engineers, both then and earlier held:

"that if the water that enters from the sea be
reduced in quantity, the low-water sectional area

at the mouth of the river will be reduced; so that if
the amount of water displaced be sufficiently great,
the channel will shut up altogether, and navigation
be ruined."

Similarly Eads (1878) stated a number of general principles regarding tidal
inlets which subsequent experience has shown to be valid; for example, one
quotation is:
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"Every inlet into the sounds or tidal basins
which border the eastern sea coast of the United
States is an evidence of the stability of the ebb
and flow of the tides to maintain a depth of channel
from the ocean into these basing, and to resist the
influence of the wave action which would otherwise
soon shut off these basins from all connection with
the sea.

These, in reality, are continually striving to
barricade the river current and prevent it from entering
the gea."

Reynolds (1887) pioneered the use of moveable~bed tidal models with
apparently valid results. For an excellent summary of some of the
important early model work on rivers and estuaries, the reader is referred
to the work of Freeman (1929). O'Brien (1935 and 1972) in the design

and testing of a model of the Columbia River estuary from 1932 to 1936
drew heavily on the 1887 experience of Reynolds (1887) on the Mersey model,
as well as later work by others on models of the Mersey, Severn, and

Seine.

As evidenced by the above quotes from Stevenson (1874) and Eads (1878) the
importance of the tidal flow (tidal prism) was long recognized as the primary
agent in maintaining the entrance channel into lagoons and estuaries. For

a tidal basin separated from the sea by an opening through which water may
freely flow in and out, a known periodic variation of level in the sea

will result in a periodic rise and fall of level in the basin. A. H. Gibson

in 1920 developed a graphical method for the rather complex equations for this
hydraulic phenomenon; and Chapman (1923) shortly thereafter developed a
theoretical solution which agreed within two or three percent of the involved
special graphical method of Gibson. Apparently the theory by Chapman (1923)
was the basis for the later analysis on flow in tidal inlets by Brown (1928)
and Keulegan and Hall (1950). The paper by Brown (1928) was the first
analytical treatment of the hydraulic regimen of inlets on sandy coasts;

it deals with the flow in an inlet channel of known geometry. Later Escoffier
(1940) utilized Brown's equations as the basis for an analysis of the stability
of an inlet. A critical review of the analyses of Brown (1928) and Escoffier
(1940) has been made recently by O'Brien (1971).

In 1930-31 0'Brien (193la) made an exhaustive study of inlets and beaches

of the Pacific Coast of the United States; one result of this study was the
elucidation of the relationship between the inlet area below mean sea level

and the tidal prism (0'Brien 1931b). Later a study of the Sacramento-San Joaquin
River Delta (U.S. Congress, 1934) showed that the flow areas of the interior
channels depended upon the upstream tidal volume. The same study revealed

the fact that the minimum flow area of the inlet connecting the San Francisco
Bay with the ocean and the distance from the inlet throat to the crest of the
outer bar were approximately linear functions of the tidal prism. Later
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0'Brien (1967) reanalyzed all available data on areas of tidal inlets and
their corresponding tidal prisms, on the East, Gulf, and Pacific coasts of
the United States. More recently, the characteristics of Pacific Coast tidal
inlets have been investigated and some aspects of inlet behavior discussed
(Johnson, 1973).

An important aspect of flow in many estuaries is that of the interaction
between the fresh water flow from upland drainage and the salt water from the
ocean. One of the earlier theoretical treatments of density flow was that

of Taylor (1931) who showed that a form of Froude number governed the

scaling of models involving this flow phenomenon. Perhaps the first
engineering application in the United States to modeling a density flow

was that 6f 0'Brien and Cherno (1934) in connection with the investigations
of a proposed salt-water barrier in San Francisco Bay. In many present-day
estuarine model studies, the form of Froude number used by O'Brien and Cherno
is referred to as the densimetric Froude number (Barr, 1963; Ippen, 1966).

SUMMARY

A brief history is presented on several techniques and methods which are
now standard procedures of the engineer in arriving at the rational design
of coastal engineering projects. This review is an attempt to establish the
originator, as well as the later developers, of the various procedures.

In general, development was gradual up to about World War II when research
efforts accelerated rapidly and the increase in knowledge of the fundamental
mechanics of processes in the nearshore zone increased many-fold. Postwar
research in various coastal engineering areas has continued at a relatively
high rate as evidenced by the many high caliber publications in the varous
technical journals.
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COASTAL ENGINEERING ANOC OFFSHORE LOADING FACILITIES.

by Eco W. Bijker
Delft University of Technology,
Department of Civil Engineering.

According to the title the coastal engineering aspects of offshore loading faci-
lities will be discussed. The economical evaluation and the navigational, indus-
trial and sociological aspects of these facilities will therefore not be consi-
dered in this paper. This does not imply that the author is of the opinion that
those developments which would require more transport and therefore more loading
facilities, should be accepted without discussion. This is, however, in our human
society a decision of the total community. We, as human beings - members of this
community - must take part in this decision. We must also certainly not forget
our responsibility in this respect, when we are working in our engineering pro-
fession. Yet, in order to be able to make good decisions the various possibilities
have to be evaluated without too much emotion. In this paper the contribution
coastal engineering can give to the issue of offshore loading and unloading facil-
ities will be discussed.

It seems worthwhile to start with a closer definition of the terminology used in
the title. Although Coastal Engineering does not need any further explanation at
this conference, its various aspects in relation to offshore loading facilities
will be discussed briefly.

Coastal Engineering is just as well the skill of the engineer to apply technical
knowledge to constructions to be made along the coast or offshore, as the research
into new developments of this science which may result even in completely new
technigues. It will not always be easy to distinguish between basic research in
order to deepen the insights in the fundamentals and in research to streamline

the application of earlier developed basic knowledge. It is more or less the old
distinction between research and development. Especlally the Coastal Engineering
Conferences always contribute to the further deepening of the fundamental know-
ledge, while examples of applications also are given.

In principle, basic science means the knowledge of the physical phenomena and
backgrounds and the description thereof in models of some kind (mathematical,
electrical or hydraulic, to mention only three). Also these design procedures

and computational technigues can be as such, the result of, or be made possible
by other achievements of science. The availability of the modern, very fast elec-
tronic digital computers made an entirely new design procedure possible. In this
case, however, the base of the method is a part of the science achieved long ago.
This may hold even for rather unorthodox structures such as mooring towers or

0il rigs in deep water (100 m and more). The base of the computation of these
constructions is the force exerted by waves and current on the seperate units
(piles and bars). Up to this moment these forces are calculated with the proce-
dure developed by M.P. O'Brien and guoted as the formula of Morison. In this
procedure the normal drag forces resulting from the flowing water and the lnertia
forces resulting from the accelerations are distinguished. Although this proce-
dure gives an excellent possibility for computation, it is still based on the
traditional knowledge of potential flow for the computation of the inertia forces
and empirical information about turbulent flow around submerged beodies for the
computation of the drag force. Consequently all computations require empirical
coefficients which should not be applied outside the region covered by the expe-
riments, from which they are determined.
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Some research has started already in order to correlate, for instance, the shed-
ding of vortices with the coefficients to be applied in the computation of the
inertia forces. As soon as forces have to be determined on piles making an angle
with the current direction or the direction of propagation of the waves, basic
difficulties will arise., Also in this case, as a first and indeed reasonably
workable solution, the coefficients for such circumstances can be determined by
tests., However, if the constructions are becoming bigger and the design criteria
more severe, it will be compulsory to design more to the 1limit of the possibili-
ties. In that case the unavoidable scatter in results of the determination of
empirical coefficients may be too much. This scatter can be avoided only if the
fundamentals of the current pattern including the boundary layer around a sub-
merged body of any arbitrary form in an oscillating current are studied.

More or less the same problem shows up if the wave is considered, being the
first thing to be determined if a construction in the open sea has to be de-
signed. Starting from a first order sinusoidal solution based on an irrotational
flow, more sophisticated:wave theories have been developed. With the description
of the wave in a spectral form, an insight has been obtained into how the energy
is distributed over the wave, but still no distinct description of the real wave
is achieved. Yet, sometimes this description is required for the computation.

Especially the forces exerted by breaking waves - the so called impact forces -
which are of much higher magnitude (10 times or more) than the normal wave forces,
are of importance, even when their duration is very short. For big structures
such as breakwaters and bulky structures in the open sea these forces are studied
and measured in model and even in the prototype. One of the first examples - due
to the complicated form of the combined steel and reinforced concrete structure,
a rather difficult one - is the big discharge sluice in the Haringvliet in the
Netherlands.

Another example of a structure of which the design is influenced by these impact
forces is the Hanstholm breakwater in the host country of this 14th Coastal Engi-
neering Conference, while in the design of the Ekofisk storage tank measures have
been taken to decrease the impact forces. But also in this case, the physical
phenomenon of the impact forces is not completely understood. This understanding
is required in order to determine whether these forces also occur on units which
have a much smaller cross-section with respect to the waves, such as piles and
bars of, for instance, offshore mooring towers.

One of the unknown factors in this phenomenon is the role of entrapped air or
dissolved gas in the water. It will be clear that reproduction of these effects
on scale in models with normal atmospheric pressure will cause scaling diffi-
culties. At the occasion of the inauguration of the windwave flume of the Delft
Hydraulics Laboratory in 1968, Prof. Lundgren made the prediction that "within
10 years we would be again in Delft for the inauguration of a windwave flume
with a controlable pressure lower than the atmospheric pressure.

The beginning of the fullfilment of his prediction is there. In the laboratory
of Fluid Mechanics of the Department of Civil Engineering of the Delft Universi-
ty of Technology Kolkman executes tests on impact forces in a small wave flume
with less than atmospheric pressure. It is hoped that these tests, which are
executed in close cooperation with the Delft Hydraulics Laboratory, will give

us a better insight in the influence of the enclosed air on the impact forces.
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Moreover, at the Neth. Ship Model Basin in Wageningen a 200 m long, 16 m wide
and 8 m deep flume is in operation for research on cavitation by ships propel-
lors, In this flume the pressure can be lowered to 35 cm water column. With
the installation of a wave generator in this flume Lundgren's prediction be-
comes reality.

The same situation with regard to the state of the art exists in the field of
the computation of sediment transport under the influence of waves and currents,
Most of the work done in this field up to today is based on the development of
turbulent boundary layers based on the work of Von Karman and Prandtle, For a
good understanding of the transport of material under waves it will be neces-
sary to study the boundary layers and the concentration distribution in this
layer for turbulent conditions in oscillatory flow.

The examples given above about the necessity of further fundamental research in
order to be able to solve problems which are met today, are only a few of much
longer list and only meant as examples. In the discussion later on in this paper
some of these points will be highlighted again. However, while this basic and
fundamental research is very necessary, at this very moment big structures

have to be designed and constructed. Therefore, also the knowledge of Coastal -
and Ocean - Engineering based on the rich experience of our predecessors is
invaluable. The term Coastal Engineering will be seen, therefore, as the total
of all knowledge in this field, including the study of the fundamentals; so a
more practical and a more fundamental part.

The second part of the title, Offshore Loading, and of course Unloading, Fa-
cilities is also self explanatory. Yet it might be worthwhile to summarize
what could be understood under this heading. Under Offshore Loading Facilities
all facilities are understood which make it possible to load or unload ships at
some distance from the coast; in principle an extension of the main tasks of
the ports to the more or less open sea,

In order to understand better why there is a tendency to move facilities off-
shore a short sketch of the developments of ports from places inland to the
coastline and even further will be given. Historically, harbors have been built
at places where sufficient connections with the hinterland were available and
where protection was obtained from all evils from the sea. These evils were as
well waves and currents as human ennemies., Thus harbors were in most cases si-
tuated well inland, at the boundary of the high or at any rate reasonable dry
land where fresh water was available.

Since the draft of the vessels was then still small, no great difficulties with
accessibility were encountered. This could not always be said of the accessibii-
ity from a nautical point of view. But in this case the disadvantage was some-
times also the strength of the harbor, as for instance for the place where many
of the men of war in Nelson’s time were built and equipped, the small harbor
Bucklers Hard at the Beaulieu River.

With increasing draft of the ships, more difficulties were encountered. In case
a harbor was constructed at a river or tidal inlet, the depth of the approach
was in most cases restricted by a bar., First, men attempted to avoid these
shallow areas by finding other ways. Sometimes also by developing ingenious de-
vices for temporily decreasing the draft of the ships as, for instance, near
the island Pampus for Amsterdam with "ships camels”. With increasing technical
possibilities also new channels were excavated. The two major ports of the
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Netherlands, Rotterdam and Amsterdam, both have a long history in finding new
and deeper ways to the sea. Both have dredged in a certain time of their his-
story special deeper canals to the sea and both have abandoned these approaches
again. They have now both their, also artificially made definitive (?) fair-
ways to sea - for Amsterdam the North Sea Canal and for Rotterdam the Rot-
terdam Waterway. By these measures the two ports are connected by deep water
canals or rivers with the sea. But now, with the development of the V.L.C.C.'s
and U.L.C.C,'s and also of the third generation container ships these ports

have some disadvantages as result of the fairly long distance from sea. This
long sailing distance, leading in most cases through more or less densely popu-~
lated areas, causes certain hazards to navigation and therefore to the popula-
tion living in that area. Moreover ~ and this is especially of importance for
the container traffic - it costs time. This has led tao the tendency to shift

the harbors as much as possible toward the shoreline. This has been done already
in Rotterdam, with the construction of Europoort on the Maasvlakte, it is consi-
dered by London with the Foulness project, by Hamburg with the new deep sea har-
bor at the Elbe mouth, and by Amsterdam with the new oil and container harbor
south of the existing harbor mouth at IJmuiden. In all these cases the harbor
designs are protruding seaward through the existing coastline. One of the rea-
sons for these activities is certainly also the scarcity of land for harbor
facilities in the urban areas more land inward.

From these projects to a complete island harbor is only one step, might it be
with seven league wading boots. The idea is in other respects not so new. In 1957
five participants of the International Course in Hydraulic Engineering at Delft,
Campos, Muddappa, Shams, the late Shirdan and Vajda made a project for an is-
land harbor in front of IJmuiden.

When the Coastal Engineering group of the Oepartment of Civil Engineering of the
Delft University of Technology started in 19639 with a more thorough review of
those projects, first of all an inquiry was made among the most important po-
tential users of such islands. At that moment only little enthusiasm was found
for moving so far from the mainland as long as reasonably priced land for port
and industrial purposes could be obtained ashore. Certainly the problems arising
from transporting a great number of workers daily to and from the island are

big and numerous. The other solution, viz.: lodging the workers on the island
during, for instance, one week involves saciological problems.

A less radical solution is to restrict the offshore facility for only loading
or unloading bulk goods, such as oil and ore. In that case the transport of
the o0il and ore towards the mainland needs special consideration.

The third main group of industries to be located on offshore islands could
be those which include not completely avoidable risks. They may include un-
loading stations for dangerous goods such as, for instance, liquified gas.

As a last point, also airfields might be included under "offshore loading faci-
lities"”. This then more from the Coastal Engineering point of view than from
the transportation problems related to the loading and unloading of huge crowds
of passengers travelling with the modern and future air giants. An example of
such an offshore airfield is the project made by the I.P.H.C. for the second
national airport in Holland, south of Rotterdam. By this solution all approaches
by planes to the airfield are over sea.
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Through the consideration of the title already a first appraisal of the problems
has been made. In the following the coastal engineering aspects of the various
possibilities will be discussed somewhat more in detail.

The most well known and most widely used offshore loading and unloading facili-
ty is the Single Buoy Mooring. It is developed for those places where the ap-
proach to the mainland causes great difficulties with respect to the mainte-
nance of an approach channel of sufficient depth. In these cases the buoy is
laying normally not too far from the shore and the load is pumped to or from the
buoy via a pipeline. Due to the typical features of the coasts where these buoys
were placed initially, that are the coast of delta’s where oil was found, the
sea bed on which the pipeline would have to be placed was normally rather flat,
and sometimes even muddy. In this case no problems will arise with a partly un-
buried pipeline. In case a breaker region has to be crossed, it will be neverthe-
less wise to bury the pipeline. In the still relatively limited depth near the
shore, neither the laying of the pipeline, nor the burying will impose insur-
mountable problems, This, however, is mainly a compliment to be payed to the
practical coastal engineers.

In the case S.B.M.'s are used as loading points for offshore oilfields, the
depth in which they have to be placed and in which the pipelines will have to be
layed will be most likely much greater, It is, moreover, in those areas not un-
1likely that the sea bed will be rather undulating, for instance, covered with
big ripples or sand dunes. Burying the pipeline in those cases will be much more
complicated. If the pipeline will be placed in a dredged trench one cannot ex-
pect with certainty that this trench will be filled in naturally. Recent soun-
dings of the trench for the sewage outfall for Scheveningen going about 7000 m
from the shore into sea, have shown that this trench has not been filled in
during the past ten years, Sinking of the pipeline by liguifying or jetting

will not always be pussible due to the composition of the bottom and will,more-
over, in the case of jetting not solve the problem of the filling in of the
trench, If the pipeline can be kept unburied with regard to shipiing (anchors),
in relatively deep water, no serious problems have to be expected with respect
to the forces exerted by waves and currents on the pipeline. However, if the
bottom is erodible a scour area under the pipeline may develop. If the erosion
is even, the pipeline will sink into the scouring hole. This erosion will stop
when the lowest point of the scouring hole is about 13 times the pipe diameter
below the surrounding sea bed. This value which is the result of tests, with and
without waves, executed in various laboratories, is still valid when the pipe-
line follows the erosion in such a way that an opening is still maintained be-
tween the pipeline and bottom. Ultimately, one can expect that the scouring will
stop.

Difficulties will arise now if at some places the pipeline is covered already
due to locally intensive scouring and sand movement at the top of a sand dune.
Just as when the pipeline is locally supported by clay layers or rock no sinking
can occur here. Now, scour occurs between two of those points leaving the pipe-
line to behave as a girder supported and clamped at two points, or even as a
string. It depends on the flexibility of the pipe and on the distance between
the two possible points of support whether this will cause unacceptable stresses
in the pipe.
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Since the sipking of the pipeline due to scouring is limited with respect to the
surrounding sea bed, the maximum curvature can be determined if the-height of the
dunes and the distance over which the pipe has scoured itself in the dune, are
known. Procedures to calculate the behaviour of the pipe in such circumstances
are under development at this moment at the Coastal Engineering Group of the
Delft University of Technology.

Also the laying of pipelines from lay barges will cause problems at great depths.
Since the stingers from the lay barges have only limited lengths the very long

S curve by which the pipeline goes from the barge to the sea bed will cause great
tensions and danger on unacceptable deformation of the pipeline cross section.
This may be solved, at least partly, by applying pretension in the pipeline via
the anchor system of the lay barges. The whole system has to be calculated as a
rather complicated mass-spring system, for working in wave conditions in order

to improve .working time. For the crossing of very deep under sea canyons sus-
pended pipelines may be considered.

A very special point of concern of all offshore Single Point Moorings is the exe-
cution of the mooring operation and the handling of the tanker during unloading.
Up to this moment a limit is set for these operations by weather and wave condi-
tions, especially with regard to the behaviour of the floating pipeline. An im-
provement can be certainly achieved by making the buoys so large that the hawsers
and pipelines can be stored on reels. Since these buoys are manned, also a heli-
copter deck is provided. This much heavier spar buoy has also the advantage that
the movement of the buoy is less, and therefore, the forces in the bow hawsers
and the anchor chains will show fewer and lower peak values.

When these single buoy moorings are used as a loading station for an offshore
oilfield it might also be useful to create some storage there. In that case a
combination of a mooring point and storage tank can be developed. The buoy is
then still heavier and will be much more guiet, which again can decrease the peak
forces in anchor chains and mooring lines. OFf course precautions must be taken
that no spillage of oil can occur if a collision between buoy and tanker would
take place. This can be achieved by placing the tanks deep in the buoy, at any
rate below the keel of the fully loaded ships.

In order to decrease the difficulties with the mooring systems of the buoys,
fixed mooring towers could be cgnsidered. These can be executed either as jacket
constructions or as gravity structures. Also these mooring towers can be combined
with storage tanks. In this case the designing engineer will be confronted wih

a new set of problems, viz,: the placing and foundation problems. Especially
during the last phase of the sinking operation, large horizontal forces may

occur due to the sideways escape of the water between the sea bed and the bot-
tom of the structure.

The foundation problems result largely from the earlier mentioned impact forces.
Especially when the structure is placed on relatively fine sand there may occur
liquefaction due to the fact that water cannot escape sufficiently quickly with
short lasting forces executed by the structure on the subsoil. In order to deter-
mine this possibility the forces have to be calcéulated starting from the mass-
spring system of structure, surrounding water and that part of the soil mass

that is influenced by the movement of the structure. Up to now no reliable com-
putational procedures are developed for this problem. One of the first things
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to be done, therefore, is to decrease the magnitude of the impact forces as much
as possible. This can be done using the system of the Ekofisk tank, where the
wave forces - and especially the impact forces - are decreased by damping cham-
bers around the actual storage tank. Another possibility is to decrease the
cross section of the structure in the area most affected by the wave forces.
The storage part with large cross section is kept then deep under water and

the shaft which forms the connection between the actual storage tank and the
mooring and living platform is constructed as a slender column, or a number of
slender columns. With these forms of the tanks difficulties with stability may
be expected in the final phase of sinking when only the shaft with the small
cross section intersects the waterline.

Especially for the tanks which have a rather great cross section at the water-
line it may be difficult to execute the mooring system in such a way that the
ship can swing around it. Moreover, in all solutions discussed up to now the
tanker is iaying in almost unprotected water. Because also in the case of the
combined mooring and storage tower which has a great cross section at the water
level and which will orovide for that reason some = may it be still limited -
wave protection, it is possible and likely that due to current the tanker will
not lay in that lee area. Practice up to this moment tends to indicate that the
mooring can be executed until waves are not higher than 2.5 m and the loading
can go on until the waves has reached a height of 5 m. When these restrictions
result from the behavior of floating pipelines, the limits can be probably
higher if the mooring hawsers and pipelines are stored on reels on the platform.
If the restrictions are the result of the working conditions on the ship an in-
crease in the workability can be only achieved by decreasing the wave height or
changing the ship design. The first item could be realized if the storage capac-
ity should be so much that more than one storage tank is required. By placing
these tanks in the proper position a sheltersd area could be obtained. This
principle has been studied in Delft some years ago by Beck as part of his
master's thesis. From his study it became clear that the storage tanks should
be placed rather close together in order to obtdin sufficient wave danping.

From the transmittance of the wave energy follows that the wave damping due to
tanks with a spacing equal to the diameter of the tanks will be only 30%.

In the case of tanks with a circular form the damping will be even less due to
the typical diffraction phenomena occurring around a cylinder. This solution
tends already to an offshore harbor installation if the storage function of

the harbor is considered. Beck worked this out for the Dutch coast as a possi-
ble alternative for the extension of the oil storage in Rotterdam and the un=-
loading facilities for V.L.C.C.'s up to 500.000 DWT. He assumed tanks with a
diameter of 80 m placed in water pf 30 m depth. The net storage capacity of
each tank will be then gZU.DDD m~. Placing 35 tanks in a row, a total storage
capacity of 4,200,000 m and mooring facilities for three to four carriers

can be obtained. The S.B.M.'s providing these mooring facilities are situated
so that a reasonable protection is obtained for winds from the western quadrant.
The attractiveness of this solution depends for a great part on the cost re-
quired for the maintenance of an approach channel to the mainland. For the con-
ditions along the Dutch coast these maintenance cost prove to be much lower than
was expected originally. It is therefore questionable if a solution as described
here will be feasible, taking also into account the costs for pumping the oil
ashore. If the processing industries would also be placed offshore the solution
would become much more attractive. Solutions of that kind will be discussed
later on.
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Another example of an offshore loading station is a project for combined storage
and loading of bauxite ore, just off the mouth of the Corantijn River in Suriname.
This was designed by Fekkes (also as part of a master's thesis in Delft) as a
floating structure. Due to the limited available depths in the Corantijn, the
barges bringing the ore from the minmes to sea cannot,have a draft greater than

5 to 6 m. Fekkes decided on barges of 100 x 20 x 5 m~ with a D.W. Tonnage of

4000. They unload the ore, moored in an artificial harbor made in the large
floating loading and storage platform. This platform has a length of 460 m, a
width of 135 m and draft varying between 15 and 11 m, depending on the stage of
loading of the storage platforms. The artificial barge harbor has a depth varying
with the draft of the total installation between 6 and 10 m. The storage area is
67 x 400 m*~ and can contain 100,000 tons of ore, being the loading capacity of two
bulk carriers. The seagoing ore carrier is moored alongside the platform. The ore
is loaded either direct from the barges into the carrier or via the storage area.
The main reason for the choice of this solution are the very poor foundation con-
ditions in this area. An additional advantage is now, however, that if the floa-
ting structure is allowed to adjust itself to the actual wind and current situa-
tion, also the approach and mooring of the carriers will be facilitated. The plat-
form will be moored, therefore, at the bow to an anchoring construction driven
sufficiently deep into the soft soil. The protection in the artificial harbors is
such that the barges stay there under the worst possible conditions, whereas the
carriers have to leave the platform in order to ride out the most severe storms

in open sea. These conditions occur not more than some days per year.

When the offshore storage of crude 1s considered, the next more or less logical
step is to situate the processing industry offshore as well. The least expensive
construction material for such am island is undoubtly sand. By building such an
island, again guite some fundamental Coastal Engineering problems show up. They
can be split generally into three main catagories:
a. What are the influences of the island on the near surroudings, especially the
coast, if the island is located close to the coast?
b. How must the shores of the island be constructed and what should be the ele-
vation of the island?
c. How should the island be actually built?
Especially when the island is constructed close to the shore it may have an im~
portant and even destructive influence on the coastal regime. In the case an im-
portant part of the longshore sandtransport is caused by, or at any rate stimu-
lated by wave motion, the decrease in wave motion by an island of sufficient size
(say 3 x 6 km.} will cause a local decrease in sandtransport capacity along the
coast of the mainland. This will result in an accretion of the coast near the is-
land and subseguently erosion of sand from the adjacent beaches. This will be even
more evident if there is a net drift in one direction. If the safety of the shore
depends on the beaches (for instance with sand dune coasts} this will cause
serious problems. This influence should be studied, therefore, beforehand.
When this harbor area is constructed so close to the shore that it can be con-
nected to it by dams this point is even more critical. Due to the unavoidable
increase of possible sea currents as result to the existence of the island also
some scouring of the surrounding seabed may be expected.

For the construction of the shores of the island the main choice will be between
a rigid construction and a soft one. It should be stated at once that both types
of protection should and can have the same safety and that they have to be both
designed starting from the same wave condtions. That is to say, that just in the
case with a rigid protection by sea wall, (comparable with a breakwater) for the
design of a soft protection by a sandy of gravel beach the wave condtions must be
known in detail in order to be able to make an optimalization.
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It will not be necessary to go into detail intoc the construction of the seawall,
since this can be done along the lines of the more or less accepted and well
known procedures. It will be interesting, howsver, to see if it is indeed possible
to design an island only protected by sand beaches. As an example an island of a
length of some B00C m laying with the long side perpendicular on the prevailing
wind and wave direction is considered. Due to the current and wave system a long-
shore sand drift may be generated along the exposed sides of the island. It will
be the task of the coastal engineering science to determine the longshore sand
drift, assuming the profile of the artificial beach. The material lost will have
to be supplied at any rate. This suppletion must be executed so that not only the
shore itself, but also the windward corners a and b of the island are kept stable.
It is possible to construct at these corners some sort of bulkheads which give
fixed limitations to the beaches. Here could be supplied just that guantity of
sand that is required toc keep the beaches in an eguilibrium condition. It is not
unlikely that in that case the form of the most exposed beach between the points
a and b will develop intoc a hollow line, as indicated on the sketch. It is obvi-
ous that the knowledge of the longshore sand drift is of the greatest importance
for the determination of the form of this beach. The sand can be brought to the
both points by supply lines from a borrow pit somewhere in the harbor basin.

The sand will be brought to this borrow pit by trailing suction dredgers. This
operation can be executed more or less continuously throughout the year. It is,
however, alsc possible to supply once per year or even once per several years a
quantity sufficient for that period. In that case, sorts of storage areas of sand
will be made at the points a and b, This sand could be brought to those places

by seaworthy bottom dredgers, which pump their load to a loading buoy by floating
pipeline. From this buoy, a sunken pipeline will bring the sand ashore. At this
moment the design of such a seaworthy dredger which can cperate in waves of 3 m
and which can ride out under own power all wave conditions, is ready for the con-
struction stage.

However, this longshore sand drift is not the only source of sand less of such a
beach. Because of economical reasons the slopes of the artificial beaches will be
made as steep as possible, at any rate much steeper than the natural beaches.
Especially in rather deep water this difference will be important. Since this
slope will be steeper than the equilibrium slope a seaward transport can be ex-
pected. It will be clear that only a good evaluation of the possibilities of
sandy beaches as a protection can be made if this offshore transport is known.
This must be and is one of the topics of the research in coastal engineering.

The fundamental approach will be the detailed study of the water movement in the
area along the coast that is influenced by the waves. Also at this conference
various investigators publish the results of their works in this field. When this
water motion is known, the sand movement as a result of this motilon has to be
evaluated. This motion has to be regarded as the result of the turbulence in the
boundary layer under the waves and the general circulatlon pattern studied in the
research projects mentiocned just before. Although already promising results have
been obtained, it is not yet possible to give definlte results.

Since, however, it is necessary to give information on this subject now already,
also another line of approach is used, viz.: the so called external approach. In
this approach some basic relationships between wave attack, grainsize of beach
material, beach slope and onshore- offshore movement are established. These re-
lationships can be calibrated with data from prototype and model. In one of the
publications of this conference a workable schematization of this onshore- off-
shore sand transport is given.
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The supply of the sand to compensate for the offshore motion must, in principle,
be supplied evenly over the whole length of the beach. This, again, however, can
be done once per year or once per several years. From a detailed study it might
prove also possible to chose such a curvature of the beach that the longshore
drift generated by the waves is such that sufficient sand is available for

the offshore motion.

An intermediate solution between the complete soft protection of a sandy beach
and a rigid protection in the form of a seawall is the protection with coarser
material, for instance gravel. Also this solution is applied at various places
and studied by various investigators. Of these studies reports are given just
as well at this conference.

A special point of concern for these island loading stations is the level of

the terrain. This level could be much below the surrounding sea level in the
case of offshore airfields or industrial areas, while it will be difficult to
apply this solution in the case of a harbor. A great difference in level between
the industrial area and actual quay level will be rather troublesome and uneco-
nomical. With respect to the rather lerge area of the island, it will be impor-
tant to determine the water level upon which the design has to be based as accu-
rately as possible. A thorough knowledge of the motion of big bodies of water

in seas or over ocean shelves is compulsory therefore.

In this paper the contribution of coastal engineering to this topic of offshore
loading and unloading points is given. It is stimulating to notice that all
points mentioned in this paper also are discussed at this 14th conference by con-
tributors giving the results of current research.
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CHAPTER 1

EXTREME LEVELS ARISING FROM METEOROLOGICAL SURGES
by
P Ackers and TD Ruxton

ABSTRACT

The design of coastal works depends on estimating the probabuities of extreme
water levels, as well as of waves Previous studies of surge-affected levels have extrapolated
observed annual maxima or the n highest levels in n years to predict rarer events In addition
to using these well-established methods, m this study of tide levels on the Essex coast of
Britain a long term record of extreme levels was synthesised by adding surge residuals at the
time of predicted HW to predicted HW levels, treating them as statistically imdependent
events Many more large surge residuals have been measured than extreme water levels as
many surges are associated with small tides Events with return periods up to 1000 years
may be estimated without ex trapolating beyond the range of observed surge residuals and
predicted tides This method is assessed in relation to previous methods and information
relevant to the design of coastal works n the south western part of the North Sea was
obtamned In addition to forecasting the probabilities of high nde levels, the study included
wave forecasts and the encounter probabilities of combinations of sea level and wave height

for various aspects of coastal developments

Extreme levels arising from meteorological surges, by Peter Ackers,
hydraulics consultant, and David Ruxton, chief engineer, Binnie and
Partners, Artillery Row, London.
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EXTREME LEVELS ARISING FROM METEOROLOGICAL SURGES

by
P. Ackerg and T,D. Ruxton

INTRODUCTION

In connection with developments proposed on the Essex coastline
north of the Thames estuary (see Fig. la for location), the effects of
tide, surges, wind and waves had to be assessed, to determine the
probabilities of extremely high water levels, of large waves and of their
simultaneous occurrence. The importance of this aspect of design 15 amply
1llustrated by the catastrophic effects of the 1953 North Sea surge tide
which breached the coastal defences of England and Holland. On that
occasion a surge of 6,8 ft was added to a predicted ligh tide level of 8.3 ft
above O.D.N, High spring tides here have a range of about 19 ft, rising
to 10.5 ft above O, D,N. (ordnance datum based on mean sea level at
Newlyn).

Previous studies of extreme levels around Britain's coasts have used
past observations of annual maximum levels at long established tide gauges,
or the number of highest levels observed 1n a similar number of years,
extrapolating these observations to predict rarer events (Lennon, 1963;
Suthons 1963). Similar methods have also been used elsewhere (Dronkers,
1960; Wemelsfelder, 1939). To design coastal works, for slope protection,
overtopping or drainage, requires a full assessment of the probabilities of
combinations of sea levels and wave heights. In order to combine wave
forecasts with associated water levels, the observations of extreme levels
had to be classified against wind data so that cross-probabilities could be
assessed. As winds and surges are both dependent on similar meteorological
influences, 1t was appropriate to separate surge residuals from observed
tidal elevations by subtracting predicted astronomical tides. This
separation led to the concept of also synthesising a longer record of
extreme water levels by adding the distribution of surge residuals at HW
to predicted tide levels at HW, as if they were 1independent events.

South-east England 1s undergoing a change of sea level relative to the
land. This secular trend has also to be taken into account. The level of
coastal works relative to the sea 1s dropping at the rate of about 0.34 m
per century, and this has a significant effect on the design of tide-excluding
works. No new work was undertaken on this aspect, previous studies
(Rossiter 1972) having established the current secular variation, Results
may thus be expressed in terms of the year 2000, by adding 0.34 mm per
year to levels related to the present, or to earlier years.
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DATA AVAILABLE

Tide levels around south-east England have been observed for many
years. There are reports of extraordinary tides in the 13th century, 1663,
and on three occasions 1n both the 18th and 19th centuries. - Since the
storm surge of 1928 a reliable gauge has been operated at Southend, and
1n 1956 the Storm Tide Warning Service (STWS) was set up as a result of
the 31st January/lst February 1953 calamaty.

Positive surges have been classified into three groups external,
generated north of Scotland and propagated southwards through the North Sea;
internal, generated within the area by northerly winds; easterly, arising
from the set-up by strong local easterly winds i1n the southern north sea.

The distribution of the storm surge additions to predicted water levels 1s
thus assoclated with the distribution of winds.

Previous studies have shown that the record from the gauge at
Southend Pier 1s the best available in the area. A near-continuous record
exists since 1929, the gauge support 1s firm, and the site 1s close enough
to deep water to avoid local shallow-water effects, These data had also
been used 1n determining the secular variation.

The Institute of Oceanographic Sciences (IOS) had listed all levels
above 11. 0 ft ODN for the period 1929 to 1968, Values for the last five
years were added to complete the list. None of these high levels occurred
in the summer months and more occurred in October than i1n any other
month. The analysis therefore used a July to June ''storm-surge year'
rather than the calendar year. 10 year runnmng means show some grouping
of levels above 11.0 ft O, D, N. 1into adjacent years, the average varying
from 13 to 31 in a 10 year period. This bunching 1s apparent in the historic
data as well, although the reason 1s unknown.,

Predictions of astronomical tides are available 1n Admiralty Tide
Tables (ATT) for yearly periods,based on tidal theory. The tidal
coefficients have been adjusted from time to time on the basis of new
observations., Until 1950 the Equation Method was used for Southend, from
1951 to 1968 the Harmonic Shallow Water Correction method, and from
1969 the Extended Harmonic method. In this study the distribution of
astronomical tide levels have been taken from ATT for 1969-73, to avoid
times when the methods, coefficients or datum have been adjusted. It was
not practicable to average over the 19-year cycle of the nodal tide, but this
19 year variation 1s of very small amplitude.

108 also provided lists of all days in the period 1929-1969 when
surge residuals (observed water level minus predicted water level at HW)
exceeding 2 ft and 3 ft occurred at Southend., Data was available on the
distribution of surge residual either side of HW (actually at clock hour
intervals, which could differ by + % hr from hourly intervals relative to HW).
Graphical records were obtained from the STWS for all surges over 2 ft
from 1956, for the months between September and April when the service
operates.
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ANALYSES AND RESULTS

Annual maxima of tidal levels

The prediction of extreme values 1s affected by the extent to which
the spread of the frequency distribution (defined by the standard deviation)
varies as the duration of record 1s increased, If the standard deviation
decreases there may be a theoretical upper limit to the level that may be
obtained; 1f the standard deviation increases there 1s no such limit. The
ratio of the standard deviations of the one-year maxima (41), and of the
two-year maxima (3 g) indicates the curvature of the function. Gumbel
(1934) assumed that the transformed frequency curve defined by Y =
In (-1nP) was a straight line and that 31 = 3 5. Barricell1 (1943)
allowed & 1/9d 9 to vary between 1 and 1.21, the value associated with a
normal distribution of annual maxima, Jenkinson (1955) fitted a curved
function to the data, given by

=1 -
Y = In (1

H-Ho
—) ee...equl
where H 1s an observed height, k, a and Hy are empirical constants with
k defined by
log 81 - log 83
k
log 2

L....€qQU 2

If k 1s positive, the curve is convex upwards approaching a theoretical
limit. If k 1s negative, the reverse curvature indicates no such limait,
When k = 0, the Gumbel result emerges.

Lennon (1963) showed that for west coast tidal data the Gumbel method
was less suitable than the alternatives., Suthons (1963) preferred
Jenkinson's non-linear theory for east and south-coast ports. As there 1s
now a 30 percent longer record for Southend than when Suthons made his
analysis, it was desirable to repeat the study, using all high tide levels
greater than 11 ft ODN adjusted for secular variation to the base year
2000, and using a storm-surge year in defining annual maxima. The
results are plotted in fig. 2, together with the Jenkinson curve for
31/ 39 =0.894/0,992 = 0.900.

The broken line includes the necessary adjustment 1f the secular
variation continues beyond year 2000 at 1ts present rate of 0.011 ft/yr.
The results are also expressed as encounter probabilities in table 1, This
probability 1s given by (1-P,) where

SN/T

Pp = ceee.s.equd

T is the calculated return period of a particular high tide-level and N
is the encounter period.
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Table 1. Encounter probabilities of high water levels,

Level Referred to 1973 |13.7 14.2 14.7 15.2 15.7 16.2 16.7 17.2
(ft) Referred to 2000 14,0 14.5 15.0 15.5 16.0 16.5 17.0 17,5
Encounter 10 0.46 0.23 0.18 0.12 0.08 0,05 0.03 0,02
period 25 0.57 0,42 0.27 0.18 0.12 0.08 0.06
(N) years 50 0.62 0.46 0.34 0.23 0,15 0.11

Combination of predicted tides and surge frequency distribution

The high water levels in the ATT for the 5 year period 1969-1973 were
enumerated into 0.5 ft intervals, and probabilities of occurrence were
assigned to each range. This distribution of astronomical tides is shown
in fig 3. The predictions by the EH method for this period were compared
with the HSWC method predictions for 1964-1968, and there were noticeable
differences especially for tides in the range 10.5 to 11,4 ft. The more
recent method of prediction 1s presumably the more accurate, and has the
added advantage of providing hourly height predictions as well as high and
low waters, The two methods have been described by Doodson (1957) and
Rossiter and Lennon (1968).

The distribution of surge heights was based on the IOS listing of
residuals exceeding 2 ft for 41 years of record. This was extended to lower
values graphically, assuming that half the 705 tides each year have a
positive discrepancy from predicted levels because of meteorological
influences. Corrections were made for gaps in the record, giving the
following frequency distribution

Table 2 Frequency distribution of surge residuals.

Range of HW -1.0 1.1 2,1 3.1 4.1 5.1 6.1
surge residual to to to to to to to
(ft) +1.0 2,0 3.0 4.0 5,0 6.0 7.0

Average number
of occasions per year | 637 30 3.71 0.53 0,122 0.025 0,049

The combined frequency of statistically independent events 1s obtained by
the product of their separate frequency distributions. This assumption may
be questioned because both surges and high tides show seasonal effects so
that they could have a different chance of occurring simultaneously than if
they were randomly distributed in time. Also there 1s likely to be some
interaction between surges and tides, the linear super-position of meteoro-
logical surges on astronmical tides ignoring non-linear features of tidal
propagation.
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The interdependence due to seasonal variations was examined by a
more detailed analysis based on six two-monthly periods per year. In
most Instances an equal or slightly greater probability 1s predicted from
the seasonal analysis. The small difference 1s attributed to the different
seasonal distributions of the two events, the times of equinoctial tides
being a period of average surge activity only. As the annual data are
easier to use and provide greater detail, the use of annual data was
considered justified.

The possible interaction of large surges with large tides 1s influenced
by the limited energy that can be introduced into the sea by combinations
of astronomical and meteorological forces. This 1s believed to be partly
the reason that the peak of the surge residual tends to avoid the time of HW,
It may also transpire that whereas a 6-7 ft surge residual at HW occurs
twice 1n 40 years when associated with HW levels of 9,5 ft ODN or less,
such a surge may not be physically possible with HW levels greater than
say 10 ft ODN when the sea will have less capacity for absorbing more
tidal energy. Although no quantitative assessment of these facets was
possible with the data available, the assumption of independence and
linear addition are likely to be conservative on the open coastline. This
would not be so in estuaries which cause tidal amplification,

The combined frequencies of predicted tides and surges are shown in
table 3.

Table 3. Number of occasions per year for combinations of predicted tide
and surge addition at HW,

PREDICTED

TIDE ft 7.2 7.7 8.2 8.7 9.15 9,65 10.15 10.6 11.1
SURGE OCCASIONS PER YEAR

ADDITION

0 ft 163.7 172.0 87.2 94,2 171.3 42,0 21.0 7.0 1,27
1.35 ft 3.00 3.39 4,11 4.44 3.36 1.98 0.99 0.33 0.06
2.35 ft 0.371 0.419 0.507 0.548 0.415 0,244 0.122 0,041 0,007
3.4 ft 0.053 0.060 0.073 0.078 0.059 0.039 0.018 0.006 0,001
4.4 ft 0.012 0.013 0.017 0.019 0.014 0,008 0.004 0,001l <0, 001
5.4 ft 0.003 0.003 0.003 0.004 0.003 0.002 0.001 =<0,001 <0001
6.4 ft 0.005 0.006 0.007 0.007 0.005 0,003 0.002 0.00l <0, 001

Heights of predicted tides are in ft above ODN as at 1971, and the medians
of the class intervals are given. Surge additions are in ft, and also are given
as the medians of the class intervals. From Table 3, the number of times
a given high water level was reached or exceeded was extracted, and adjusted
to year 2000, These data are presented in fig 4 1n terms of return periods
for given levels, and in effect form a synthesised record of extreme water
levels extending to events with a return period of 1000 years. Also shown
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on fig 4 are the actual observations of high levels over the 44 years of
record at Southend.

It will be appreciated that this method implicitly assumes that the
two distributions are in fact truncated, there being no predicted tides
above elevation 11,4 ft ODN (1971) to extend table 3 to the right to the
next interval and no surge residuals exceeding 7.0 ft to extend the table
downwards to another interval, The first of these 1mplicit assumptions
18 readily accepted: there is an upper limit to the predicted tides which
1s very closely approached in any 5 year period. The second assumption
might be questioned. The distribution of surge residuals could be
extrapolated beyond the range of observations, for example on the basis
of extreme value theory, and incorporated as an additional row in Table 3.
The effect on the overall distribution would be small however.

Comparison of methods

Both the observed and synthesised data in fig 4 show a change in
slope at about elevation 13, 3 ft ODN (2000), Levels above this value are
only reached by surges greater than 3 ft, and any attempt to predict the
probabilities of rarer events from lower values could have been misleading.
The agreement between observations and synthesised data for return
periods up to 44 years suggests that the assumptions made may be
reasonable, but clearly scope exists for detailed statistical research.

The results in terms of encounter probability are given 1n table 4.

Table 4. Probabilities that certain levels will be exceeded 1n a given
period of years.

—

Level (ft ODN ) 14.0 14.5 15,0 15.5 16.0 16.5
(year 2000)

Return period, T,yrs 12,2 19.5 32 55.5 103 203

Encounter 10 0. 56 0. 40 0.27 0.16 0,09 0.05

period, 25 0,87 0,72 0, 54 0. 36 0.22 0.11

yrs 50 1.00 0,99 0.98 0.59 0. 38 0,22

We may also compare the predicted retfurn periods by extrapolation from
the annual maxima frequency analysis with those deduced from the
combination of predicted HW levels and the frequency distribution of
observed surges.
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Table 5. Comparison of return periods of extreme water levels.

Level, (ft ODN, year 2000)| 12.0 13,0 14.0 15.0 16.0 17,0
Annual maxima method 0.66 3.9 12.2 32 100 424 yrd
Combina tion method 0.86 5.0 19.2 52 150 305 yr%
Actual observation 0,86 4.0 11,0 44yrs

Other results

It was clear when tabulating extreme water levels that surges tend
to affect groups of successive tides, so that they are not randomly
distributed i1n time. In 40 years, only 571 of 1388 surge residuals greater
than 2 ft, and 226 of 426 surge residuals greater than 3 ft, were on
1solated days. All other surge-affected tides occurred 1n association with
sumilar surges on one or more adjacent days. It follows that when large
surges and tides coincide very high levels are likely to be reached by a
number of successive tides, and the encounter probabilities deduced must
be viewed with this 1mportant fact in mind. In 1965/6 there was a
succession of 15 days when the surge residual > 3 ft (and 16 > 2 ft)., In
the notable 1953 surge sequence, there were 3 days > 3 ft and 7 » 2 ft,

The design of coastal works is dependent on the durations for which
levels may exceed selected values. An analysis was based on the cumulative
durations for the decade 1951-1960 1n excess of levels equivalent after
secular adjustment to 9, 10, 11 and 12 ft ODN (1973)., When divided by the
number of events, average durations are obtained, These are compared with
the 1953 surge in table 6.

Table 6. Durations of level exceedances.

> 9ft >10ft =111t =>121t
Average (hrs) 1,35 1.02 1.00 1.16
1953 event (hrs) 5.6 5.1 4.5 3.8

This 1llustrates the prolongation of high water levels by meteorological
surges. This 1s also shown in fig. 5 which compares some recorded tide
curves of extreme events with the sinusoidal shape to which the predicted
curves of a mean spring tide closely approximate,.

WAVE GENERATION

A detailed account of the study of waves 1s beyond the scope of this
paper. Forecasts were based on an analysis of Shoeburyness anemograph
records for the same period, 1929-68, as was covered by the IOS data on
surge residuals. The wind data were classified into three populations,
depending on whether there was a surge residual of > 3 ft, < 3 ft but >2 ft,
or under 2 ft at HW on the day 1n question, because of the correlation between
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the incidence of surges and particular weather systems in the southern
North Sea. All maximum hourly wind speeds 1n the Meteorological Office's
({MO) daily listings 1n excess of 27 knots (force 7) were considered,
together with hourly maxima on every day for which a surge residual over
2 ft had been recorded., The resultant wind roses, are given in fig. 6,
and the distributions within the three populations are shown in table 7.

Table 7. Number of occasions 1n 40 years when winds coincided with surges,

Wind speed 10 9 8 7 6 5 4 3 2
(Beaufort scale)

No surge 4 47 251 594 F—12,370 ——
Surges 2 ft - 2.9 ft 1 6 33 95 203 297 259 53 5
Surges = 3 ft 2 7 19 60 103 112 80 10 3

The Essex coast 1s exposed to north east and easterly winds but the wind
records show that these are not directions from which gales often blow, The
most relevant sector is from 40 deg. to 120 deg, from true north, with an
average of 5 gales a year, Standard methods were used to estimate the waves
that would arise for given wind condition in the range 7 to 10 on the Beaufort
scale. (Bretschneider, 1970, Ippen, 1966). Allowance was made for
shallowing water as the coast 1s approached, and for the fetch. The longest
fetch 1s 650 km on 40 deg. bearing but the last 70 km are in shallow water
(see fig. 1). The highest waves are generated over a 280 km fetch on bearing
60 deg, which follows the general alignment of submerged channels i1n
approaching the coast, thus being less affected by shallow water and
refraction, The computational scheme used for wave forecasting is shown
in fig, 7.

The likelihood of winds, and hence of waves, occurring with high water
levels can be assessed by combimng the chance of the two eventualities,
wind frequency having been separated (admittedly crudely) into three surge-
associated populations. Waves exceeding a significant height of 7.5 ft are
likely to occur on a day when the tide level exceeds 11,8 ft ODN (2000) about
once in 50 years, and waves over 10.5 ft height about once every 500 years.
The chances of high wave activity on a day when abnormally high water
levels occur are very remote. With a tide level of 14, 8 ft ODN (2000) 1t
may be only once in 5000 years, so that the chance of waves with sigmficant
height of 7.5 ft or larger occurring with the level reached by the 1953
storm surge is too remote for such a prediction to be justified by the data.

This infrequency arises because here the predominant winds are off-
shore ones, and strong winds from the north-east and east are few in number,.
Table 8 shows the combined tide, surge and wave probabilities. Combinations
with a probability of 1 1n 1000 in any year are:
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a) 13 2 ft (4.0 m) ODN (2000) with waves > 7,5 ft (2.3 m)
b) 12.8 ft (3.9 m) ODN (2000) with waves > 9,1 ft (2.8 m)
c) 12.6 ft (3,85m) ODN (2000) with waves »10.5 ft (3.2 m)

The combined distribution of water levels with waves exceeding 7.5 ft
(2.3 m) has also been added to fig. 4

CONCLUDING REMARKS

In connection with the design of coastal works, the probabilities of
combinations of waves and tides have to be assessed so that slope protection,
crest elevations, drainage works etc. can be designed for events of
appropriate probabilities. The proposed developments on the Essex
coastline required a comprehensive study of both waves and tides. Surge
affected tides were considered by several methods, including a new approach
that treats surge residuals and predicted astronomical events as statistically
independent. Comparison with other results suggests that the method is
useful, but further research into the validity or limitations of the assump-
tions 1s necessary.
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TABLE 8

Combined tide, surge and wave probabilities
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GERMANY

FOR ENLARGEMENT
SEE SELOW

Fetch lines

A Anemometer sites
T Tide recorders
W wave recorders

Fig 1 (b) STUDY AREA showing refraction grid and
fetch hines used in wave generation analysis
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CHAPTER 2

CALIBRATION OF A HURRICANE STORM SURGE PROGRAM

by

Ronald M. Noblel and James A. Hendrlckson2

Abstract

The "Bathystrophic Storm Tide Theory" 1s used to predict
open-coast storm surge due to major hurricanes. The model
described here 1s used to calculate storm-surge effects such
as flood elevations needed for designing nuclear power plant
safety related structures. In order to establish the model's
viability the numerical techniques have been verified and
the model calibrated using available field data.

Numeraical verification was performed for special cases
where the governing equations of the model could be analyti-
cally solved. Inherent in the governing storm-tide equations
are certain undetermined coefficients that descraibe the
effects of wind drag and bottom friction. These coefficients
were determined by correlating computer predicted results to
hurricane storm surge hydrographs of record.

As a result of this study, we find excellent agreement
between computer predicted and analytical results.

Introduction

Storm surges caused by maximum intensity hurricanes or
"Probable Maximum Hurricanes" (PMH) constitute a major hazard
for nuclear power plants located at coastal sites. Failure
to design adequately for the effects of such a maximum hurri-
cane on the water level may result in catastrophic consequence
for the power plant. The Atomic Energy Commission has selected
the PMH storm as the parameter to be considered in designing
structures to ensure adequate safety.

The surge (rise in the water level) and the attendant
wave activity as functions of time and caused by a PMH storm
are used to determine the changing water level at the site of
a proposed plant. This information 1s then considered when

1
Manager, Maraine Services, Dames & Moore, Los Angeles, Cal.
Manager, Advanced Technology, Dames & Moore, Los Angeles, Cal.
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designing sea walls, protective barriers, bulkheads, cooling
water suction and discharge pipes, and other coastal struc-
tures associated with the plant.

Until recently, hurricane storm-surge calculations were
based on a simplified, one-dimensional, pseudo-static model,
considering only the effects of the onshore wind drag and
the variations in mean water depth. More recent studies
(1,2) are based on the so-called "Bathystrophic Storm Taide
Theory" and include the Coriolis effects of the time-dependent,
alongshore, fluid motion on the water level. These investai-
gations, however, have produced cumbersome computer programs
because the dynamic hurricane-wind-field data must be input
from graphically constructed isovel and wind vector figures.

The computer program described here solves the basac
mathematical equations for the surge problem by using highly
accurate numerical techniques. In addition, the inputs
necessary to the program are simplified, so that only the
basic design hurricane parameters are needed. The hurricane
wind field and the barometric pressure variation at any point
in the storm, which in previous programs had to be supplied,
can now be calculated using the computer program based on the
PMH hurricane model (3). This program is being used in most
safety analysis reports for nuclear generating plants submit-
ted to the U. S. Atomic Energy Commission.

This paper presents verification of the numerical model
used to solve storm tide equations. Also presented are
results of a calibration study, correlating computer pre-
dicted results to hurricane storm surge of record.

Storm Surge Model

The model 1s based on the general equations of horizontal
fluid flow simplified to eliminate certain second-order terms
and to be quasi-one-dimensional 1n nature. The model is
designed to analyze open-coast storm surge resulting from
passage of an 1deal PMH.

The basic equations on which the model 1s based may be
written as follows:

ag _ Koy, - KE |£ 0

dt (i) 2

KUU_ + Qf
dn . x 2)
& = gaIm (

The x-axis is taken generally perpendicular to the coastal
bathymetry contours (shown in Figure 1), with the origin
located in deep water (600 to 900 ft.). The other parameters
in the above equations are:
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H
1

= flow-flux in the direction of the y-axis
(perpendicular to the x-axis and along
constant depth bathymetry contours)

wind velocity

wind velocity component along the x-axis
and y-axis, respectively

wind stress coefficient

bottom fraiction coefficient

surge elevation above stillwater level
stillwater depth at a given instant of time
(includes the effects of tides, barometric
pressure effects, and any initial surge
effects due to meteorological anomalies)
Coriolis parameter = 0.5235 sind, rad/hr
degrees north latitude

acceleration of gravity taken as

32.2 ft/sec2

Q w0
nnu

Equations 1 and 2 result from the basic horizontal flow

equations with the following assumptions:

1. Wind gradients and water depth variations in a
direction normal to the x-axis are assumed to be
small; thus, the problem becomes essentially
one-dimensional.

2. No flow occurs in the x-~direction, and the surge
elevation occurs instantaneously in time; thus,
a hypothetical vertical barrier to fluid motion
normal to the coast 1s presumed.
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The relationship governing wind stress, T,, is usually in
the following form:

.

-

’£Q_=-9-Q 2-U = g

52 = g Cp U% 1gT x [u| G (3)
where

Cp = drag coefficient

P, = density of fluad

pqe = density of air

U = wind velocity (at the l0-meter level)

Several studies (4,5,6) 1indicate that the drag coefficient,
Cp, has the form:

- _ 2
Cp =3+ B (1-U /U) (4)
where
A = constant
B = constant
Uo = craitical wind velocity, below which CD = A

In comparing the four equations above, the wind stress
coefficient obtains the form:

k= p,/0, [aB (1-u/v)? (5)

Wilson (4) correlates the work of numerous investigators
in an attempt to determine the value of the coefficients A and
B. From the above investigation, the following values for A
and B are indicated:

3
3 (6)

A=1.0 to 1.1 x 10~
B=1.2 to 1.8 x 10"

The critical waind velocity, Uy, 1s between 13 and 16
miles per hour. The density ratio, p,/py,, for standard
conditions (20°C and 29.92 in. Mercury) and for sea water
1s taken to be:

= 1.17 x 1073

(pg/Py) grp (7)

The density ratio i1s affected by changes in the baro-
metric pressure, the dewpoint temperature, and the air
temperature. In the case of a PMH hurricane acting on
coastal waters, the greatest variation in this ratio is
caused by local barometric pressure changes. Assuming a
linear relationship between air density and barometric
pressure, the density ratio becomes:

(pg/p,) = 1.17 x 1073 x 29?92 (8)

where
P = local barometric pressure in inches Mercury
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The local pressure, P, in the presence of a hurricane
(3) may be taken as:

P=p - (B, -P) |L-exp (-R/p) (9)

asymptotic pressure of hurricane

P, = central pressure of hurricane
R = radius of maximum winds
p = radial distance from hurricane center

Thus, the pressure 1s determined from Equation 9, and the
wind-stress coefficient takes the form of:

_ 2 P
k = |CSK1 + CSK2 (1 UO/U) x 1.17 x 5993 (10)
The coefficients CSK1l and CSK2 obtain values of 1073
times those shown for A and B values, and the craitical
velocity, Ugr is taken as 15 miles per hour.

The bottom-friction factor, K, is largely dependent on
the bottom condition. There 1s evidende (2) that K depends
on the prevailing slope of the sea bottom and on the length
of the traverse line (distance of the deep water origin from
shore). Most evidence indicates that K has a value in the
range of 0.002 to 0.005 for the form of the bottom-friction
effect assumed i1n Equation 1.

The numerical scheme used to solve Equations 1 and 2
will not be described here. Details of the numerical program
are described in another study (7). Also described in that
study 1s the hurricane model used to define the input wind
field.

Verification of Model

The numerical scheme was verified by comparing computer
predicted results to simplified, known analytical solutions.
The first hypothetical case tested was for a rectangular
basin of constant depth. The basin had vertical sides over
which a wind, constant in time but variable in space, acts.
The wind distribution was assumed to be Gaussian, with a
maximum value occurring at the end of the basin. The
geometry for this test case 1s shown in Figure 2 below.
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The value of the surge is assumed to be zero at the
origin of coordinates (x = 0). It i1s further assumed that
the wind acts along the x-axis. Thus, 1f the effects of
bottom friction are ignored, Equation 2 may be used to
determine the steady-state solution for the surge amplitude.
The detailed analytical solution is shown 1in an earlier
study (7).

Figure 3 shows the analytical solution for the surge
amplitude as well as the results obtained from the computer
program. Figure 3 indicates that the output of the program
shows negligible deviation from the theoretical results.
Additional analytical cases were studied, and they indicate
comparable agreement with computer predicted results (7).

The computer program was correlated to historical hurri-
cane data of record primarily to determine the two constants
(CSK1 and CSK2) appearing in the wind-stress coefficient taken
from Equation 10. Recorded hydrographs at known shoreline
locations and recorded meteorological and oceanographical data
were obtained for several severe historical hurricanes. Much
of this data was obtained from the National Oceanic and
Atmospheric Administratioh (NOAA). The following data of
record were used:

1. Hurricane Carla (1961)--Galveston and Sabine Pass,
Texas, hydrographs

2. Hurricane of 1949--Brazos Port, Texas, traverse

3. Hurricane Carol (1954)--Newport, Rhode Island,
traverse

4. Hurricane Audrey (1957)--Eugene Island, Louisiana,
traverse

5. Hurricane Camille (1969)--Peak surge at Biloxi,
Mississipp1

The hurricane data were digitized and used as input to
the computer model 1in order to generate a surge hydrograph.
The computer-generated hydrographs were then compared with
the hydrographs of record to obtain appropriate wind-stress
coefficients.

Three comparison methods were used to judge the accuracy
of calculated hydrographs relative to recorded hydrographs.
In the first method, a point-by-point comparison was made by
looking at the percentage difference between the two hydro-
graphs at each time-step. The time-steps were defined by the
times given for the hurricane-wind-field data.

The second method takes an overview of the hydrograph
while emphasizing the maximum surge. With this method, the
sum of the squares of the differences between the two hydro-
graphs were computed for the duration of the hydrograph. Also,
a percentage difference at the point of maximum surge was
calculated.
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The final comparison method showed the average percentage
difference, for each one~third portion, between the two hydro-
graphs. The "fit" of the cratical middle~third of the hydro-
graph was then analyzed. This section 1s considered critical
because it exhibits a rapid rise in water elevation and shows
the maximum water levels.

The above described methods of comparison resulted in a
four "best fit" correlation criteria. These criteria, 1in
order of importance, were taken to be:

1. The maximum calculated surge must be greater or
equal to that observed.

2. The middle third of the calculated hydrograph must,
on the average, be greater than the corresponding
portion of the observed hydrograph.

3. The deviation between the calculated hydrograph
and the observed hydrograph (exemplified by the
sum of squares of differences) should be a minimum,

4. The beginning and end thirds of the calculated
hydrograph relative to the observed hydrograph
should exhibit a minimum skewness, with a minimum
error being desirable.

The limits between which the calibrating input parameters
(for wind and bottom friction) were allowed to vary have been
discussed previously. Using these laimits in conjunction with
the criteria for "best fit," the input parameters were handled
in the following manner:

1. A value of CSKl was held constant while values of
CSK2 were varied between the limits previously
discussed. This procedure was followed for the
full range of CSX1l values,

2. The bottom fraction factor for each pair of CSK1l
and CSK2 was varied until the "best fit" condition
was reached.

Hurricane Carla hydrographs (Galveston and Sabine Pass
stations) exhibited strong correlation with computer predicted
results. The Eugene Island hydrograph exhibited fair corre-
lation; while the Freeport and Narragansett Bay cases exhibited
poor correlation. Based on an overall assessment of the study
results, the following wind-stress coefficient values were
selected:

6

CSK1 = 1.0 x 10

-6 (11)
CSK2 = 1.4 x 10

A strong correlation between bottom friction coefficients
and predicted hydrographs was not observed in this study.
However, bottom friction coefficients appear to lie within
the range of 0.002 to 0.005.
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For example, a bottom-friction coefficient of about
0.003 was indicated for the Sabine Pass traverse, which is
relatively long. The Galveston traverse, which is shorter,
has a bottom-friction coefficient of about 0.002.

The detailed correlation analysis is contained in refer-
ence 7. An example of a correlation computer run for the
case of Hurricane Carla (Galveston traverse) is shown in
Figure 4.

A hydrograph of record was not available for Hurricane
Camille. However, peak surge elevations could be estimated
from debris lines 1indicating high water marks near Biloxi,
Mississippi. This surge elevation, along with Hurricane
Camille data, was used to cross~verify correlation results.

The wind-stress coefficient values used were obtained
from the correlation study. A bottom~friction coefficient
of 0.002 was chosen due to the comparable length of the
Biloxi and Galveston traverses. The numerical model indi-
cated a peak surge that closely matched the observed high-
water debris marks.

Conclusions

It 1s extremely important when designirg coastal struc-
tures, especially nuclear power plants, to properly assess
the magnitude of hurricane storm surges. Simplified one-
dimensional models are the currently accepted means of
calculating hurricane storm surge. The model discussed here
was verified and correlated with historical hurricane data.
Although reasonable correlation was obtained, 1t 1s apparent
that reliable hurricane data is severely limited.

As additional hurricane data 1s received, a more refined
storm~surge model can be considered. Such a model should
include the effects of convective transport, coastal flooding,
and two-dimensional aspects.
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CHAPTER 3

STORM SURGE EFFECTS AT LEIXOES

by C. Campos Morais, research officer

and F., Abecasis, head Hydraulics Dep.

L.aboratério Nacional de Engenharia Civil, L.isboa, Portugal

ABSTRACT

In this paper, the effects of a storm surge that happened on
the 16th-~17th January 1973 in the harbour of L.eixdes are analysed
and described. These effects were of two types:

- As the storm surge coincided with a spring tide and rough
seas, severe damages occurred in the outer breakwater, mainly n
its head.

- Associated to the storm surge range phenomena happened In
the n2 2 dock; these movements, acting on a ship berthed ina nodal
zone, caused several breakings in the ropes and damages in harbour
structures.

The characteristics of the storm surge and of the waves are
analysed. Their effects on the breakwater are described.

By comparing the periods of long waves observed n the tide
records with the resonance periods of the inner docks it was possible
to conclude that the intensity of the range phenomena observed was
due to a half wave lenght resonance.

Having in mind the affinities with the phenomena referred to
above, the effects of range action in an oil terminal and new dama
ges in the outer breakwater, that occurred in January and February
1974 respectively, are also briefly examined.

1. GENERAL

The L.eixdes harbour lies in open coast in the northern part of
Portugal facing the North Atlantic (fig.1). As this isa reach of
the coast with the general alighement north-south, it is exposed to
the severe wave conditions of this zone of the Atlantic Ocean, storms
with waves of significant height up to 7 to 8 m and individual waves
up to 12 to 13 m being relatively frequent (about once a year). The
tidal range is about 3.80 m.

At present, the harbour is formed (fig. 2) by an outer basin
approximately square shaped, with a side of about 1,000 m, protect
ed by breakwaters, and two inner docks{ne 1 and no 2),the first being
rectangular and the second having an irregular shape. In order to
improve the shelter conditions in the approach zone of the entrance
of the harbour and in the harbour itself there i1s an outer break -
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water, 900 m long.

The harbour construction startedin 1884-1892 ; it was formed
at that time only by the outer basin. In 1937-1941 the n¢ 1 inner dock
and the outer breakwater, as a submerged breakwater, witha top ele
vation of +1 m above datum were built (datum s arbitrary, a few cen
timeters below the minimum low water level, astronomical spring ti~
des). The cover layer of the breakwater was formed by concrete
cubic blocks of 90 metric tons, The construction of the n2 2 inner dock
started by the end of the fifties and 1s still in expansion. In 1971 the
outer breakwater was raised until +15m, inorder to create behind
1t a crude ol terminal for 100,000 tdw tankers. This raising was
carried out by means of a sloping mound structure, the cover layer of
which, with an upper berm at elevation +11.50 m 1s formed by 40 metric
tons tetrapods (fig. 3); between +11.50 m and+15 m there i1s acon
crete superstructure with a curved face looking seawards.

In this paper the effects of a storm surge that happened on the
16th-17th January 1973 are analysed and described. These effects
were of two types:

~ As the storm surge coincided with a spring tide and rough
seas, severe damages occurred in the outer breakwater, mainly inits
head,

- Associated to the storm surge range phenomena happened in
the n2 2 dock; these water movements, acting on a ship berthed in
a nodal zone, caused several breakings in the ropes and collision of
the ship against harbour structures, which were damaged.

Having 1In mind the affinities with these phenomena,the effects
of range action In the ol terminal and new damages in the break-
water, that occurred in January and February 1974 respectively, are
also briefly examined.

2. STORM ON THE 16th-17th JANUARY 1973

2.1 - Storm characteristics

Figs. 4 and 5 show synoptic charts of the meteorological si-
tuation corresponding to the 16th January 1973 at 00:00 andto the
17th January 1973, Barometric fall of 20 mm Hg started at 00:00
of Jan. 16, the minimum of 740 mm Hg lasted for 12 hours (from
20:00 of Jan. 16 to 08:00 of Jan. 17). Normal atmospheric pressu
re (760 mm) was reached at 22:00 of Jan. 17 and 770 mm pressure
was recorded at 12:00 of Jan, 18 (see fig. 6 }. As can be seen,
the centre of the low pressure associated with strong winds passed
Just over L.eixoes, causing a "storm surge".

The following table 1s formed with predicted and occurred sea
levels as recorded by a normal tide gauge (fig. 8) placed within the
outer harbour (fig. 2).

Residuals reached a maximum of +53 cm (at 20:00 of 16/1).
Regarding storm wind wave data i1t 1s stressed that:

- Unfortunately there are no local data recorded at L.eixoes.

- Although the storm which hit l_eixdes more intensely at down
of the 17th has not been a F.A.S., as i1t had mainly local characte
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ACTUAL AND FORECAST TIDAL LEVELS

HW LW HW LW HW LW HW LW HW LW HW LW HW LW HW LW

ACTUAL VALUES

280 1235 300 108 282 090 295 096 I 48 1 46 3 78 11310 312 044 318 018
1 30 17 20 23 4D 6 20 12 30 18 SO ) 20 7 20 14 00 20 00 2 10 8 40 14 30 20 S0 3 J0 9 10

14th Jesn 15th Jsn 16th Jan 17¢h Jen 18th Jan

FORECAST VALUES

274 125 285 119 28% 113 310 09 308 09 336 070 326 073 357 048
b1 56 17 23 0 34 613 1307 18 42 1 36 7 28 1406 19 46 2 28 8 26 14 57 20 37 3 15 9 14

DIFERENCE BETWEEN ACTUAL AND FORECAST VALUES

+6 410 +15 -8 -7 -23 ~15 o +14  +53 442 +40 ~14 ~29 -39 =30

—
Minim  pressure

ristics, with strong winds which resuted from the low pressure cen
tre passing aimost over I_eixaes, 1t is noted that on the 16tha 14m
wave height was recorded at K meteorological ship.

~ The storm was of exceptional duration (24 hours),

- In fig. 7 wave data referring to Baleeira (Aigarve), Sines
and Peniche (Portuguese west coast) can be seen. Data were record
ed with Datawell waverider buoys. Note that to an increase from
south to north In the wave heights there does not correspond an in
crease in periods, which 1s evidence of the local character to the
north.

2,2 - Occurrence of iong period waves

If the tide record I1s searched (fig. 8) for jong period waves and
the part of the record that corresponds to the occurrence of the
storm surge (fig. 9) is more carefully inspected, it is possible to
observe that waves with periods of about 4, 8, 16, 20 and 40 minu
tes were present, with rather significant amplitude. The more per
sistent wave is the 4 minutes one, more precisely 220 s.

2.3 - Damages_In the outer breakwater

During the storm the outer breakwater was severely overtopped.
As a consequence of this overtopping the structures of the oil ter
minal itself, mainly the steel ones, and the oll ieading pipes were

bent (fig. 10).
The looking landwards steel doors of a transformer stationio-

cated inside the concrete superstructure of the breakwater were
carried away, apparentiy by suction action (fig. 11).Some tetrapods
of the cover layer of the breakwater were broken. But the most
severe damages occurred in the head of the breakwater that was
practically destroyed: many tetrapods were broken or carried away;
the end concrete block of the superstructure supporting the Ilight-
house and the neighbouring one fell down by undermining action of the
waves, that carried away the small rock biocks of the underiayer
over which they were placed, and the folilowing concrete biock was
slightly dispilaced laterally (fig.s 12, 13, 14, 15). To this effect
strongly contributed the presence of the cilindricali concrete monolith
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that supported the lighthouse of the submerged breakwater before
the raising operation, though the upper part of this cilindrical block
was mechanically destroyed during the raising works, as this block
originated a concentration of strong currents from the breaking wa
ves on the damaged zonhe.

Model test were run after the accident In order to obtain a
better knowledge of the destruction process and the best solution
for the repairing works, to be carried out during the summer 1973,

2.4 - Disturbances caused by long period waves

2.4.1 - Damages on_the bridge between n2 1 and n2 2 docks

A 160 m long freighter with general cargo berthed between
bollards n2 26 and 36 of the north quay (n2 2 dock) broke the ropes
at 23:00 on Jan. 16, 1973, Thrown adrift she then hit at 23: 30 the
abutment of the lL_eixoes cantilever bridge and broke bollards n® 26
and 33. The bridge was damaged. At 10:30 of Jan, 17/1/1973  bad
weather conditions persisted and the same ship, though secured by
two tugs, was lurching so heavily that springs and a bollard (n238).
were broken (fig. 16).

2.4.2 - Interpretation of the resonant mechanism

If the two docks are considered as a sole rectangular dock
1220 m long it Is seen that a half wave length resonance may occur
with a nodal zone on the ship's position, with a fundamental resonant
period of 212 to 225 s, embracing that of about 220 s whose presen
ce was nhoted at the tide record.

Thus the disturbances caused by the ship which damaged the
bridge and the bollards at about 23:00 of the 16th and 10: 30 of the
following day are explained. The nodal zone positioned in the berthing
zone of the ship has horizontal movements which In turn are aggravat
ed by the constriction between the two docks. Horizontal movements
and corresponding velocities can be easily calculated, for selectedva
lues of d, T and H (d=12m., T =225 s, and for instance, H=0.5m)

Excursion (horizontal movement):

Maximum velocity:

—%ﬂ‘ = 0.45 m/s

3. SIMILAR PHENOMENA IN 1974

3.1 - New damages in the outer breakwater (February 1974)

A storm occured in February 1974, after the head of the outer
breakwater had been reconstructed. During this storm no major da-

mages happened, However several tetrapods of the zone near the head
were broken or carried away (fig. 17, 18).
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3.2 - Disturbances caused in berth n2 1 of the oil terminal by long
period waves

3.2.1 - General

Frequent problems have occurred after ships are berthed In
n2 1 berth of the ol terminal, caused by long period waves (fig.19
shows berth n2 1 inside view).

A possible hypothesis for predicting the resonance period con-
sists in considering the water mass limited by the outerbreakwater,
the north breakwater of the outer basin and the end of its south
breakwater as a triangular wedge (fig. 20). For d=16.5 m and
I =650 m

T = 1.308 x 21 = 133s
1 Vad,

is the fundamental resonant period of the wedge water mass*,which
Is compatible with the existence of a nodal zone In the region of berth
n% 1. However, pure reflection non-resonant situations caused by the
corner between the two breakwaters may occur for a wider range
of periods. In the generated stationary system for some periods a
node line can appear near berth n2 1.

3.2.2 - Disturbances caused in_January 1974 in_a tanker moored at
berth n9 1

A brief report wil be made of a typical accident which happen
ed with a 137,000 dwt tanker ("Ortins de Bettencourt!)on the 21st
and 22nd January, 1974,

An analysis of the rapid rotation tide records of those days
shows that there were waves with periods of 2 to 4 mmutes with
amplitudes up to 50 cm, probably amplified (fig. 21).

It 1s expected that the situation will be worse for periods near
2 min (for instance the 133 s period above mentioned) as it was
admitted that this could be a resonant situation. As the triangular
wedge Is quite wide it is expected that the response curve wil be
smooth, corresponds to a poorly selective situation.

The accident which happened with the "Ortins de Bettencourt!
was as follows:

"At about 23:30 hours of the 21st this ship, which was unload
ing, started moving, going as far as 10 to 15 m ahead and astern
3 to 4 m from the berth. Two tugs assisted the ship, which reduc
ed those distances to respectively about 8 and 2 m. At 3:30 our
tugs were assisting the ship and the two kinds of movement were
reduced to 5 m and 1 m respectively. Meanwhile five ropes has been
broken'.

¥ - Wilson, B. Hendrickson, J.A. andKimer, R.E."Feasibil ity study
for a surge-action model of Monterey Harbour ,Californiat, Cont,
Report n2 2-136 U.S.Army Corps of Engineers, Waterways
Experiment Station, Vicksburg, U.S.A,
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4., PREVIOUS STUDIES ON RANGE PHENOMENA AT LEI-
XOES

Previous studies on range phenomena at L.elxoes have been pre
sented by C.K.Abecasis {XVIl th International Navigation Congress,
Lisbon, 1949, Section ll. Subjet 4) and F. Abecasis et al., (XIX th
International Navigation Congress, l_ondon,1957. Section ll. Subjet 1)
In these papers two strips of long periods of waves are referred
to as existing frequently at L_eixoes and in other zones of the FPonr-
tuguese coast: the first one between 2 and 5 minutes (120 to 300sec)
with predominance of 3 to 4 minutes; the second one between 15 and
20 minutes, mainly in the zone of the upper limmit (20 minutes) .
The occurrence of long period waves of both strips I1s often asso-
ciated with atmospheric depressions and rough seas. This isin accor
dance with the long period waves recently observed and described In
this paper.
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Fig. 1 -~ l_ocation of L_eixdes
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PLANT VIEW
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CHAPTER 4

ON THE PORTUGUESE WAVE REGIMEN

Ji110 Patriarca Barceld
Research Officer. Department of Hydraulics

Laboratorio Nacional de Engenharia Civil. Lisboa. Portugal

SYNOPSIS

Some general characteristics of the wave regimen along the
Portuguese coast and the zones mnext to it are presented.The paper
is of a chiefly informative nature and results from the analysis
of values obtained during an initial stage of swell observation,
applied to studies carried out at the Laboratdrio Nacional de En
genharia Civil(LNEC),Lisbon. Presently, a network of observation
posts ie being installed on the Portuguese coast.These posts will
be duly equipped and will make it possible to gather systematic
observation as regards swell as well as to make a much more accu
rate analysis of the wave regimen and of the wave trains.

1 - BASIC CONSIDERATIONS ABOUT WAVE OBSERVATION IN PORTUGAL

Proper knowledge of the waves along a coast will only be achieved
through a network of posts for carrying out systematic observation, con-
stantly updated information making 1t possible to study any changes in
regimen. In an indirect way, the expense of 1installing these posts will no
doubt prove compensating because of the economy they will originate 1n
the works and 1n their use (not to mention problems comnected with sea
traffic and fishing safety, whose importance and seriousness cannot be
estimated 1n numbers). Under the circumstances an undertaking of this
type 18 an official charge to be borne by state organizations, and data re-
garding the wave regimen should be made public and immediatly available
to the individuals 1n charge of the studies and projects (such as meteo-
rology 1nformation),

Presently, the best model study techniques make use of the simu-
lation of 1rregular waves and therefore a more accurate knowledge of the
real wave train structures 18 necessary.Besides, this knowledge has many
advantages for practical applications 1n general. Thus the present tenden-
cy 1s towards using highly accurate, automatic and autonomous recording
instruments and to treat the recorded values so as to give special impor-
tance to spectral analysis and to the definition of the statistic parameters
characteristic of the wave trains. There 18 also a tendency to use obser-
vation means that will give immediate information (accelerometer buoys),
which 1s of great practical importance,

The absence of the abovementioned network of posts along the Por-
tuguese coast made 1t necessary to make the best possible use, with the
degree of approximation considered sufficient, of the data available on
waves, and to analyse this data according to the practical needs met with,
extrapolating whenever necessary.
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Fig.2 - Map of the Portuguese coast.
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(and refuge for pleasure boats) is to be built. In 1973 three accelerome
ter buoys were installed in Sines by the official orgamzation 1n charge
of the construction of this port (Department of Sines Area).

In 1957 there had been an attempt to install in Portimfo an Amer
ican WH1 pressure cell with land transmission by cable but after some
damages the connecting cable was cut off by a wrecked ship and the
method abandoned A similar cell was available at Leix8es i 1962, at-
tempts to install it having failed ; further attempts of installation during
that year also proved unsuccessful.

Besides the posts referred to, there are also visual observations
carried out at the lighthouses along the coast and some additional
SIMATHA posts 1n the north coast. Other types of information that may
be referred to are the American charts on the sea and swell conditions
studies of the North Atlantic (based on the observation carried out at
meteorologic ships) and the previsions of the National Meteorologic De-
partment transmitted by television.

Figure 2 shows a map of the lbernan peninsula with the sites re-
ferred to. Besides, 1t also gives a general 1dea of the importance of the
different harbours and coastal zones as far as sea traffic, fishing and
pleasure sailing are concerned (based on 1971 official statistics). The
groyne systems constructed or under construction, as for instance at
Figueira da Foz, are also indicated. Note also that ships with up to
1 milhion dwt are envisaged in Sines, In Cascais (near Lisbon) a harbour
with moorings for 800 pleasure boats, in the first stage, has been des-
1igned and 1n Vilamoura (south coast) another harbour with moorings for
500 pleasure boats, in the first stage, will be inaugurated.

2 - PRACTICAL CONSIDERATIONS ABOUT WAVE OBSERVATION
EQUIPMENT

Some practical aspects have to be borne in mind with regard to the
main types of automatic equipment ( pressure wave recorders, acceler-
ometer buoys and radar).

In addition to supplying immediate 1information, accelerometer buoys
also present the advantage that routine operations are easier and do not
require such elaborate means as pressure wave recorders. This 1s due
to the fact that their weight 1s about 90 kg and their autonomy of 9
months. 1t cannot however be forgotten that these buoys must have a pe
riodical inspection (which could be every fortnight) because of the danger
of maritime deposits in the links of the chain and cable that connect a
massive 1n the bottom, and which may cause, among other accidents, rup-
ture and disappearance of the buoy (these considerations are based on
recent facts at Baleeira —gee figures 3, 4, 5, 6 and 7),adequate painting
of the buoys 1s therefore indispensable.

The mnisk of disappearance of the buoys owing to other causes
must also be taken into account (there have also been instances). A sim-
ple inspection routine has therefore to be followed, which will not be too
difficult as the buoys transmit a radio signal which can be referenced.
The accelorometer buoy of Baleeira was only operative from November
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1972 to December 1973. The accelerometer buoy of Sines was operative
from September 1971 to September 1973. The accelerometer buoy of Pe
niche was operative from September 1971 to February 1973. All the
buoys of the Harbour Department have disappeared and that of Sines was
not found. It must be said that the Harbour Department does not possess
the necessary means to keep this equpment in good conditions of assis-
tance. The three buoys of Department of Sines Area, which have their
own maintenance team, have been operating very efficiently.

Regarding pressure wave recorders placed on the bottom, although
they may be dragged away in fishing areas (or even durning the working
of the assisting ship), the risk of disappearance 1s smaller. However, 1f
they are damaged, a month of nformation may be lost (this 1s generally
the tume of their autonomy ) without the possibility of intervening. Pressure
wave recorders need more powerful means as well as larger and more
hgly qualified teams for the routine operations, not only because of their
location at the bottom but also because of their weight which 1s about
600 kg. Besides, divers will be needed to carry out the monthly routine
operations, whereas accelerometer buoys will only need this type of assis
tance during the imnal location operation. Also, assistance operations in
pressure wave recorders are difficult in sea zones where the sea 1s
often rough, as for instance in the northwestern coast.

The operation of pressure wave recorders may also be affected
by the obstruction of 1ts membrane through sea deposits or sanding up,
or there may even be excavations during storms that bury the equipment,
with subsquent sanding up (as occurred in Leixdes)

Accelerometer buoys, besides supplying i1mmediate information,
can also be connected to special reading units with immediate automatic
treatment of the recorded information, thus simplfying reading operations,
which are always necessary in the case of pressure wave recorders.

Taking 1nto account the criterion adopted chiefly by the Dutch and
Americans and now also by Portugal (in connexion with Sines and the
posts of the Harbour Department) and bearing in mind what has just been
said about pressure wave recorders and accelerometer buoys, 1t can be
concluded that 1t 1s the buoys that offer the best conditions, from the prac
tical point of view and with regard to treatment of information.Neverthe-
less considering the characteristics described, 1t 1s indispensable to the
suitable exploitation of a network of posts to dispose of well equipped
and qualified teams.

On the other hand a network of posts will only be complete 1f
wave direction observation means are added to the accelerometer buoys,
or else pressure wave recorders Radar will be the best method. It is
pownted out however that powerful radar should be used, offering better
possibilities of echo captation, 1n order not to limit its use. Also in this
case the need anses for qualified personnel to operate the radar

The radar used in Huelva, with a peak power output of 5 kilowatts,
a frequency band of about 9 375 MHz, and a range of 3 to 30 mules,
showed deficiencies 1n the information concerning wave directions, as op-
posed to the radar of Leixdes, with 20 kilowatts, 9 375 MHz and 0.75 to
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18 mules, which supplied images with greater contrast of the waves and
is therefore considered to be more suitable.

The Tucker Draper method has been used by the Hydrographic
Institute to analyse the recordings of the wave recorders in the cases of
Huelva and Lagoa de Albufeira.

The cost of the accelerometer buoys 1s about 15 000 US dollars
(DATAWELL, Dutch make, including land station equipment). The cost of
the pressure wave recorder 1s about 12 000 US dollars (CHATOU, French
origin ). The cost of the radar used in Huelva was 3 200 US dollars
(AR 305 B - ANRITSU ELECTRONIC WORKS, L'TD).

Figures 8 to 29 illustrate some aspects regarding pressure wave
recorders and the use of radar in the observation of wave directions, and
show some air photographs and hydrographic surveys of the places re-
ferred to.

3 - GENERAL CHARACTERISTICS OF THE WAVE REGIMEN IN THE
ZONES OF PORTIMAO (Algarve coast) AND HUELVA ( southeast coast
of Spain)

3.1 - Portim3o

The only information available are wave direction and period ob-
servations (mean values of the period of the individual waves of the trains
with 21 waves), using SIMATHA and references to wave heights based on
visual observation from the lighthouses, which are considered with great
reservation (1n this case it 1s considered that the said observations are
not sufficiently accurate owing to the high values estimated for the wave
height , however other studies make reference to the results of observa-
tions carried out at lighthouses on the western coast, which agree closely
with those obtained by the wave recorders),

The observations carried out 1n 1964/1966 by the Maritime Ser-
vices, for a zone with depths between 10 and 15 m are presented. The
general characteristics of the regimen can be analysed in figure 30. The
periods of calm amounted to about 70%, 37% of the waves coming from
the SE quadrant and 639 from SW quadrant, there being two different reg
imens, one for each quadrant. In the SE quadrant the periods are limted
to maximums of about 11 to 12s whereas in the SW quadrant there are
periods greater than 16 s rising to maxima of about 20 s. The period dis
tribution 1s asymmetric with a maximum of between 6 and 7 s. The cal-
culations carried out for the maximum fetch, which can be defined for
the SE quadrant owing to the limitation imposed by the neighbouring
coast, have made it possible to determine the maximum period, which
amounts roughly to 11 s and the maximum heights, about 4 m.

3.2 - Huelva

The observations made with a pressure wave recorder and radar
between October 1970 and September 1971 will be considered. The wave
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Figs.30 and 31 - Portimdo's wave regimen (10 to 15m depth) and

Huelva's wave regimen (10m depth).



124 COASTAL ENGINEERING

recorder was located at a depth of 10 m. The values of the sigmficant
heights of the wave trains on the surface (H_), the values of the crest
period (T, ) and up zero crossing period (T, ) as well as the spectral
width (e) were considered.

The general characteristics of the regiumen can be analysed 1n fig-
ures 31 and 32. A range of periods T comprised between 4 and 18 s have
been observed with a maximum at step 6-8 s. The values of height dis-
tribution presented include the states of calm. 70% of the states of the
sea show heights between 0 and 0.5 m corresponding to maximum occur-
rence. Maximum heights which occur very seldom lie between 2.5 and
3.0 m (significant height values). The binary Tc, Hg has a very different
distribution from those presented for the Portuguese west coast, It has a
maximum at 6-8 s and 0-0,5 m, maximum values of wave heights asso-
ciated with the most frequent periods and the heights associated with the
larger periods are rather ummportant (these waves come from the North
Atlantic with a great decrease in the energy of the wave trains owling to
the refraction and diffraction). The relation T, /T, shows values between
1.00 and 2.00, there being about 64 % between 1.00 and 1.20. It 1s for
the lowest values of the period that the values nearest to 1.00 are ob-
tained (which 1s due to the filter effect). Hence the fact that these periods
are siumilar to those of Portimdo zone (which will better correspond to
the values of Ty ).

As regards the distribution of the wave directions it must be said
that this radar showed some deficiencies 1n so far as it was difficult to
detect waves less than 60 cm high. This brought gaps of the order of 909
and the observations of wave directions were subsequently completed by
a method similar to SIMATHA. The values of the binary direction-sig-
nificant height have a maximum corresponding to the greatest density of
occurence for the pair of values 210°/220°, 0/0.50 m, and another for
values 180°/190°, 0/0.50 m (see figure 32).
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Daily routine observations (two a day) were considered in the
groupings made, storm recordings (extra routine) having been left out.
The gaps observed in the wave recorder were less than 1%,
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4 - GENERAL CHARACTERISTICS OF THE WAVE REGIMEN IN THE
L.AGOA DE ALBUFEIRA ZONE (center-south zone of the west coast)

The paper gives the values for the year of 1967, included in the
experimental period of 1965-1968, with values obtained by a pressure wave
recorder and worked out by the Lisbon Hydrographic Institute for the
model study of the Tagus estuary (Lisbon harbour). There 1s no thrust-
worthy information of wave direction observation, although a SIMATHA
had been placed in this zone. The wave recorder had been placed at a
depth of 20 m.

The general characteristics of the regimen can be analysed in
figure 33. A range of periods T; (crest periods)lying within 6 and 16 s,
with a maximum of occurrence Instep 8 to 10s,has been observed. Height
distribution 1S asymmetric, a percentage of 26% of waves below 0.5 m
having been observed, with a maximum situated between 0.5 and 1.0m
and heights up to 6.0 m. These are significant height values in the zone
where the observation was carried out. Extrapolation towards deep water,
based on wave diagrams, gives heights of about 9.0m for the NNW storms.
T¢, Hg presents the distribution shown in figure 33, greater heights being
connected with greater periods. As can be seen in this figure, the con-
centration of points regarding the Iow values of the period happens near
the straight line T, =T, (as in the case of Huelva) and then spreads,
the widest differences being found for the highest values of the period .

The parameters described for Huelva were considered and the
same criterion was adopted in the statistic groupings. The gaps observed
1n the exploitation of this pressure wave recorder (in 1967) amounted to
34 7. It therefore became necessary to take into account the month of
November 1965 1nstead of November 1967 which was missing (this was
possible because of the characteristics of regularity of the wave regimen
during these years).

5 - GENERAL CHARACTERISTICS OF THE WAVE REGIMEN OF FIGUEIRA
DA FOZ ZONE (north zone of the west coast)

The first elements of the wave regimen study, that were revealed
between 1964 and 1966, were based on the observations made by the Fi-
gueira da Foz Harbour Authority using tachymeter and a signal buoy,
placed at the depth of 12 m, from 1954 to 1960. With this system were
made observations of heights, periods and directions (see figures 34 to 40).

The general characteristics of the wave regimen can be analysed
in figure 34. In the method adopted observed heights were Limited to
20 cm. One set of periods ranged from 6 to 20 s, (obtained by chronome-
try of 21 consecutive waves and calculation of the mean values of the
individual periods)which are closer to the values of T, because the waves
of smaller individual period are overlapped by the dominant waves and
are not observed (which diminishes the relation between the maximum
individual height and the sigmficant height). Height distribution (signifi-
cant heights, calculated according to the mean of one third of the waves
with greater train height) 1s asymetric, there being a percentage of 209
of waves below 1.0 m, with 6% of calm sea (heights below the measuring
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