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Preface 
The First Gennan-Chinese Joint Seminar on Recent Developments in Coastal 
Engineering was planned on a communal basis between the University of 
Restock and the National Cheng Kung University of Tainan. lt was held from 
08.09 - 12.09.1997 with the aim of increasing collaboration between university 
institutes and specialist authorities in Gennany and Republic of China in the 
field of coastal engineering, as well as strengthening the basis for the economic 
and technical cooperation of both countries in the future. 

Although there have been close links between universities in Gennany and 
Republic of China for over 20 years in the field of coastal engineering, they 
have more or less been limited to personal contact between individual 
scientists. 

Due to the bilateral agreements on scientific and technical cooperation which 
have existed for some time between the Gennan Research Community (DFG) 
and the National Science Council (NSC) of the Republic of China, it was 
possible to bring together scientists and experts from practical and 
administrative fields in the picturesque environment of one of the beautiful 
castles in Mecklenburg-Vorpommem, where they were able to have intensive 
discussions about present matters of interest in coastal hydraulic engineering. 

The report presented here about the seminar on recent developments in 
coastal engineering, which was held within the framework of the symposium, 
reproduces the lectures which were given by the Gennan and Chinese 
delegates in the course of the seminar. 

The contributions, which are partly presented in an extended fonn, give an 
impression of the main points of content of the seminar, which was attended 
and debated in a lively fashion by the 50 or so experts invited. An excursion 
was organized by the University of Restock for the delegates from Republic of 
China after the seminar, so as to give the Taiwanese guests an insight into 
matters of topical importance in Gennany. 

Important outcomes of the seminar are not least the agreements on a 
deepening of the cooperation begun with the symposium, whereby the main 
points of content were based on seminars and discussions which could not be 
repeated here. 

There were intensive discussions about the possibilities of restructuring the 
framework of existing agreements on cooperation by individual participants. 
These have already led to concrete proposals just months after the seminar 
ended. 

The organizers would like to thank all patrons and sponsors of the symposium 
for their support, without which the event would not have been either financially 
or organizationally possible. Our thanks goes to the University of Restock and 



especially the DFG and the NSC, who paid for the largest part of the not 
inconsiderable costs incurred by travel, accommodation and catering 
expenses. 

We would like to thank all those who contributed to the event's success: the 
honourable guests for their words of greeting during the opening speeches, the 
University of Restock for its considerable interest in the event itself and its 
financial help in the printing of this report. We would also like to thank the 
participants in the seminar for their written and oral contributions, and the 
regional and Federal institutions involved in the excursion for their 
organizational assistance. Finally our thanks go to those engineering bureaus 
and building firms which showed an interest in the event and contributed to it 
financially. 

The report should document the successful event, while at the same time 
giving an insight into the form of cooperation to those interested colleagues 
who were unable to take part in the event, due to the limited number of 
participants. 

Chia Chuen Kao 

Soren Kohlhase 
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The Purpose of Coastal and Marine Research
in Germany
Rolt Peter Randl

Federal Ministry tor Education,
Sciene, Research and Technology

Isn't it astrange title? Everybody knows the reasons for coastal and marine
research. Naturally, we intend to care for the preservation of the coast line,
furthermore we need to save mankind from the detrimental impacts from
storms, tidal influence and the rising sealevel.

That sounds as if we fight fearlessly in front place with a touch of unselfishness
and heroism. Let me be a little bit cynical: this sounds great but is nevertheless
totally untrue.

To follow the reality: Germany has a long standing record of successful dike
wardens, is weil reknown for a proper handling of coastal management, for the
ability and thoroughness of the respective administations. That's the reason
why -when coming to the retirement- the typical german coastal guard starts a
new career: too busy to be able to compile his numerous experiences gained in
his professional life, he now has to care that these experiences are compiled
and collected for the sake of his successors: it is absolutely clear that the NIH­
principle does not play a role, not everybody must duplicate the mistakes
already made but should share in the propects of a lifetime's experience. For
the sake of clarity: NIH reads "Not invented here". And the successor in the job
gaines -after a while of several years and out of the shadows of a personal
memory- all knowledge gathered by his ancestor -over generations and
generations- with the bright know-how over about lOOmof shorelength.

Not being bred as coasterner, sentenced by heritage to be a coastal protector, I
observe some strange habits in the coastal-management-community. I feel it
interesting to know all details of aspecific bight, but that must not be explored
in a broad research and development program if there is no chance to gain
from this a better understanding of a longer coastline as such. From my
education, it is necessary to understand behaviour as a systems approach in
order to facilitate proper action. By the way: before I became civil servant in
research management, I have been a nuclear chemist.

So, when I took over the responsibility in this area, I -and naturally with the help
of two collegues in the field- I turned from the sterile research of minute
problems, e.g. to get acquainted with the christian names of each sand pebble
of 10cm of shore length, to a more systematic approach for the problems which
exist.



On the german coast areas of the Northern Sea and the Baltic, the
responsibility of guarding and keeping the coastal zones and the adjacent
oceans lies with the respective special administrative bodies of the federal and
state governments. They have to fulfill their duties according to the law. Their
duties vary considerably as e.g. navigation, administration of ports, coastal
management etc. and their work loads are subdivided regionally. Very often,
the management tools are the same, based on comparable technical and
scientific terms. In order to optimize the advantages and to minimize costs, the
administration cooperate together and support each other.

Alegal framework for this cooparation is Paragraph 91 b of the constituency,
defining a Federal-States relationship as regards the coastal protection. In
terms of research and development, this calls for research results close to
practical needs, the stimulation of harmonized work with university basic ideas
and the cooperation and information exchange internationally, especially within
Europe. For this purpose, an administrative body was founded, the 'Trust for
research in coastal management". Members are the german coastal states and
the federal ministries of agriculture, transportation and technology in their
respective duties. And to add from before, the people who helped me a lot in
approaching the ongoing research more from a systems approach point of view
were the operating director of the Trust and its research director.

The german coast line is usually composed of sandy beaches. Not taking into
account in the first instance influences of wind and waves, the main difterence
lies in the occurance of tides: the Northern Sea shores are influenced by tides,
the Baltic ones aren't. Furthermore, a distinction in the Baltic has to be made
regarding the area: in Schieswig-Hoistein, we rely mainly on dikes whereas in
Mecklenburg-Vorpommern the choice was made to have beach forests to
beware from floods. Another very typical distinction is the shallow water area
directly in front of the shores. Here, the Northern Sea presents the wadden see
contours, the Baltic doesn't. To describe the research in a morphological
sense, this overall presentations show the basic roads.

Let's come to the main features for additional influences: the behaviour of the
tidal attack on the shores, the winds as regards not only the effects of storm
events on the shores but also the frequency of events, wind direction, not to
forget aeolic sand transport. Additionally we try to understand the situations in
estuarine areas since in the mouth of our big rivers we usually have heavy
commercial marine transportation.

One task is somewhat extraordinary in nature: coming from a virtual university
cooperation concept, it is anticipated to combine this with the administration's
actual needs for aspecific question, so that researchers at university are
directly linked to administrations data and vice versa. Taking into acount the
most unbelievable differences in thinking structures, a positive result here
would be a break-through.



The foregoing describe the present basic efforts in a systematic approach to
coastal management. We are running these days about two dozen projects and
hope we will gain results applicable and helpful for the practical engineer in
duty. Upon request I can describe to you single R&D programs individually
outside this presentation.

I furthermore restricted myself in describing only coastal management R&D. I
purposly omitted the broad area of marine research from a pure scientific point
of view as there are polar research, deep sea, international tasks as "GOOS"
etc. which naturally has also its place in the research program. If you wished to
obtain more information about these topics, please let me know, I will care for
it.

Thank you for your attention.



Topic I

Coastal Protection
Marine Environment and Global Changes

Chairman: HocineOumeraci
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COASTAL PROTECTION AND lTS MANAGEMENT IN
GERMANY

Heie F. Erchinger
state coast protection agency, Norden

Abstract
The north coast of the Federal Republie of Germany is bounded by two
completely different types of sea, the North Sea adjoining the Atlantie Ocean
with pronounced tidal aetion and frequent storm tides, and the almost
completelyenelosedBaltic Seawith almost negligible tidal aetion.Accordingly,
the charaeter and protection of these two stretches of coastline are vastly
different.

Coastal Proteetionis concemedwith the followingtasks

• to proteet people, their living spaces, their bases of existence and the
assoeiatedinfrastrueturefrom the destruetiveeffects of coastal erosion and
floodingdue to stormtides;

• to maintainand in somecases to manageproteetivestrueturesandfacilities;

• to organisestormtidewaming servicesand disastercontrolservices.

Coastalproteetionis the reponsibilityof states borderingthe coastline.70 % of
the costs for providing suffieient coastal proteetionstruetures is derived trom
the federal govemment'scommunitytask funds. A prerequisitefor the design
and construetionsof coastal protectionstruetures is a study of morphological
and hydrologicalconditionsas weil as dynamieloading,espeeiallydue to wave
aetion.Basicdesign planningand legal regulationsare the responsibilityof the
water recources or hydraulie engineering administrations of the respeetive
coastal states. The publie authorities of these states are also generally
reponsible for carrying out construetion work. The federal states are also
responsiblefor the maintenanceand operationof coastal proteetionstruetures
and faeilities.The maintenanceof the maindykeson the mainlandcoast of two
federal states is carried out almost exelusively by the Dyke Assoeiations,
comprisedof ownersof the regions endangeredby stormtides. The stormtide
warning service is again the responsibilityof the respeetivestateswhereasthe
disastercontrolservice is under the jurisdietionof rural distriets.

Extensive stretches of the coastline lie within local national parks. The
undisturbed and completely natural development strived for in the national
parks is not always in keepingwith coastal proteetion interests. Compromise
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soJutions must therefore be agreed upon between these two spheres of
responsibility. More recently, these are drawn up in management plans for the
stretches of coastline concemed.

1 The eoasts of Germany, the geographie and hydrologie
situation

The north of the Federal Republic of Germany is locally bounded by two very
different seas: the North Sea as a marginal sea of the Atlantic Ocean with
distinct tidal action and frequent high storm surges and the almost secluded
Baltic Sea which only has a neglectible low tidal activity. In correspondence,
there are considerable differences between the character and the protection of
these two coasts (fig. 1).

fig. 1: Map of the German coasts at the North Sea and Baltic Sea with the
adjacent federal states.

The tidal flat is located in front of the German North Sea coast. This 5 to 20 km
wide amphibious landscape gets dry to 70% every day and has an especially
high ecological value. lts outer fringe is bordered by a chain of sandy islands in
the westem and northern section. The coast land which is next to the tidal flats
consists of low and absolute even marshland of maritime deposits of the
Holocene. The average tidal range in the run of the German North Sea coast is
2,0 to 3,6 m.

The micro tidal coast of the Baltic Sea consists of flat and steeply coasts with
numerous firths and bays and several rivers which flow into these. The
adjacent land consists of deposits from the lce Age with a hilly surface.

The German coasts are located in the zone of the predominant west winds due
to their geographic position on approximately 55° northem latitude. Storms
which come trom a southwest to northwest direction sometimes become violent
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at the North Sea coast and often cause very heavy tidal storm surges that can
lead to highest high water levels of 3,5 to 4,5 meters over MHWL and heavy
sea state due to the bayeffect. On February 1S.l17.1962 more than 300 people
died in the hurricane flood (fig. 2). On the gauge record it can be seen, that at
the port of Wilhelmshaven the storm surge water level was 3,7 m higher than
the astronomical tide. The frequency of storm surges with a congestion of 1,5 m
and more increased in the last 40 years, for example on the island Nordemey
from 1,S to 2,5 yearly about 56% (fig. 3).
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fig.2: Gauge record after the hurricane tide on the 1SIt1/171t1of February 1962
for Norderney, Wilhelmshaven and Wittdün [5].

It is far more rare that the German Baltie Sea is endangered by floodwater. This
only happens when storms appear from northem to eastem directions and it
possibly can be on a high level for a couple of days. The heaviest storm surge
in the Baltie Sea was recorded in 1872 with peaks which increased from 2,5 to
3,5 m over the MW-Ievel.

2 Coastal protection - protection of storm surges and coastal
recession

The protection of coasts is a publie task and contains
• the protection of the people, their living space, their basis of existence and

the appertaining infrastructure against destruction by tidal refraction and the
protection from overflowing storm surges.

• the planning, creating, maintaining and managing of protection constructions
and faeilities.

• the organization of a storm search warning service and high storm water
disaster defense

The different facts and pretensions require the following protection
constructions and provisions: The sandy islands on the outer tidal flat base are
protected from overflowing floods by shores and chains of dunes at the seaside
At the southem North Sea coast the longshore transport dominates .. The straits
between the single barrier islands are overcome by bars which are formed to a
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northward oscillated arch by the strong ebb current. The aecretion point of this
bar arch on the next island is very important for its sand supply (fig. 4). To the
east you have satisfactory sand supply and wide beaches and natural dunes.
Sand gathering by brushwood fences and dune stabilizing and strengthening
by planting beach grasses are possible. On the other hand you have beaches
with constant erosion westward of this point of approach.

4+~ m ICIr

I.'

.H

Ti. l/"M
'rJ

~ ,J 1Ir-ï .1\ r
~ 11 "'I[ ~\: ~W

V f-- Beispiel ftlr die Zua.bme:
mittL Hlungkeit

1!IóO(1?51-6?): 1,6
1985 (1976-94): 2,5
Zuaabme: S6%

2..

2.2

1.6

1.2

fig. 3: Numbers of yearly storm tides with a congestion > 1,5 m over the
respective MHWL at the gauge of Nordemey since 1905 (and its 19 year
lasting gliding means, below) [3].

Areas with constant shortage of sand as in the West and Northwest of the
islands have an additional protection by groins and protection works since the
middle of the 191h century (fig. 5, 6). Fig. 6 shows in its upper part the 130 years
old revetment with an S-profile on the Isle of Norderney. The toe protection was
constructed 60 years ago and the upper part was rebuilt after the 1962 storm
surge. Since 1951, beach nourishments were done for the protection of eroding
beaches and dunes. It is necessary to do this on the islands Nordemey and
Langeoog at the East Frisian and Sylt at the North Frisian coast. The 40 km
long west coast of Sylt requires the highest expenditure for its safety with about
2 Million m3 sand volume yearly.

Another solution we have fixed upon on the Isle of Langeoog: After a long time
of erosion of the barrier dune a backward dune strengthening will be carried
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out. It is a sort of retreat. It should be combined with a beach nourishment as
the fresh water supply is hardly endagered (fig. 7).

The flat and low Iying land along the mainland coast of the NorthSea and the
discharging tidal rivers are protected from storm surges by a continuous
barrage:With an experienceof almost 1000 years, the residentsat the coast
have developed the present flatly inclined dike sectionswhich are up to 9 m
high and havea basic breadthof 100m.Theyare formedfor the defenseof the
high storm water levels and substantial wave run ups normally as grassed
dikes from a sand fill with a 1 to 2 m thick clay surface and they have to
withstandthe heavyswellioad (fig 8).

Main dikes are also built at the backsides of the islands many times for the
protectionof low locatedparts of the islandswith settlementsand infrastructure
constructions.The dikesand dunesfor protection(dunesthat have the function
of a dike) form the surroundingring of protectionof an island.
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fig. 4: Longshore transport along the East Frisian islands with a reef arch in front of the single strait
[4].
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fig. 5: Changes ofthe strait's depth channel of Nordemey since 1859;in 1934, the island slope was fixed
with underwater groins to a distance of 350 m from the shore and up to 20 m depth. About 200
Million mawater per tide flows through this strait into both direclions, into the flats and back ti sea
[7].
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fig. 7:Cross section of the barrier dune on the Isle of Langeoog with severe
dune and beach erosion since 1950 and a backward dune strengthening
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fig. 8: Cross-sectionsof seadikes and river dikes [2]..

Dikeswith foreland don't need a special toe construction.A 200 to 600 mwide
dike foreland in front of the dike wil! be preserved in order to absorb the sea
state, to causea lowerwave run up and to improvethe dike protection.(fig. 9).
Several flat inclined low .summerdikes·have been built on broad foreland for
serving the further absorptionof the waves and for additionally protectingthe
dikes.Therefore the following protection barriers also belong to the coastal
protectionsystem:
• the dike foreland includingpossiblesummerdikes
• the high locatedtidal flat areas
• the bars and shoresas high andwideas possible

The lengthsof the maindikes at the NorthSea coast in the tour Federalstates
Niedersachsen,Schieswig-Hoistein,Hamburgand Bremen are in total about
1300km (tabie 1).

Barrages in the course ot the main dike line bloek numerous tidal rivers
respectivelytheir tributary riversagainststormsurgewater levels (fig.12).
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fig. 9: Dike with foreland and groin fields for aetive coastal proteetion [6].

The German Baltic Sea coast is strongly subdivided by firths, bays, glacial
lagoons and barrier lagoons. It's boundary coast has a totallength of 770 km
which is spread over the Federal states Schieswig-Hoistein and Mecklenburg­
Vorpommem in equally long parts. The shallow coasts proportionally take 270
km in which dunes, dikes or dikes and dunes in combination, if necessary
supplemented by a coastal proteetion wood, proteet the hinterland from storm
surges (tabIe 2). At 70% of the boundary coast of Mecklenburg- Vorpommem
the forces lead to a reduetion of the coast (fig. 10). PiIe groins, breakers (fig.
11) and sand nourishments are used against this.

Table 1: Lenth of the coastline and the maindikes at the German North
Sea Coast

State lenght of the main dikes (km)
mainland islands

615 133*
83

100
292 66
1.090 199 E 1.289

Niedersachsen
Bremen
Hamburg
Schieswig-Hoistein
total

*incl. proteeting dunes (dunes with the funetion of dikes) on the islands of
Niedersachsen
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Table 2: Length ofthe eoastline and the main dikes at the Gennan Baltie
SeaCoast

State outer eoast (km)

Schieswig-Hoistein
Mecklenburg­
Vorpommem
total

328

shallow eoast with
dikes andJor dunes?
68

340
668

206
274

")dikes and! or dunes, in several cases with protecting forest

3 Coastal protection management
Coastal protection is the matter of the caastal states which are the three states
Niedersachsen, Schieswig-Hoistein and Mecklenburg- Vorpommem as weil as
the two eity states Hamburg and Bremen (fig. 1).

The single Federal states have arranged and published the necessary caastal
protection measures in a general plan. The caastal states also arrange the
fundamental plans for single measures and the legal regulations by their water
engineering administration. Their authorities usually take care of the carrying
out of the building measurements.

" " JO ..
Siruarion 1985 Rückgang stabil Zcwachs Summe

Flachkûste (km) 161,1 20,2 25,0 206,3
Sreilküsre (km) 77,5 56,2 133,7
Summe (km) 238,6 76,4 25,0 340,0

Verteileng (%) 70 23 100

Fig. 10 Map of the Baltie Sea Coast of Mecklenburg-Vorpommem, which shows
the dynamie of this caast, espeeially the eroding beaches (;O,S"means:
average yearly erosion of 0.5 m)
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fig. 11:Changeof the shore line in 1982/88by sanddepositsin the areaof
breakersinWustrow/Fischland,BalticSeacoast [91.

The expensesfor creating all the protectionmeasurementsare carried by the
single state with 30%. 70% of these expenses are carried by the centraI
govemment.

There are different regulations conceming the maintenanceof the dikes: the
main dikes at the mainland coast in Niedersachsen and Bremenare mainly
carried by dike associations due to a tradition that has been lasting for
centuriesinwhich propertyownersof the areaswhichare endangeredby storm
surgesare joined together (fig. 12). That means,that all people living in areas
belowthe contour line with the height of the highest expectedstormtidewater
level belong to the associations. The property owners carry the expenses
togethereither accordingto the scale of their share of area or their protected
fixed assets. The federal states carry the expensesfor !he protection of the
islandsand the operationof the barrages (fig. 12)and also the maintenanceof
the dikes in Schleswig- Holstein, Hamburg and Mecklenburg-Vorpommem
withouta specialchargefor the localdike associations.

The stormf100dwarningservicehas beendevelopedby the coastalstates.The
waming servicetries to informthe local responsiblepeopleabout the expected
highesthighwater level6 to 3 hoursaheadof its onset (fig13).
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fig. 12: 27 Dike associations in Niedersachsen and barrages in the tidal rivers
[8].

4 Coastal research
The important research for the principle and precaution plans in coastal
engineering is mainly done at universities. An important resource for this is the
large wave f1umeof the universities of Hanover and Braunschweig. A

, •
• Punkt. der Wónd­

vorhersagen
wind forecost

... enne Octentemübertrogung
...-=- mit Datenfernübertragungf mit WindmeOstelle! mit MeOwertonsage

Stcctl. Amt für Insel- und Küstenschutz
state cccst protection cçency

fig. 13 The storm surge waming system gets actual dates of storm surge water
levels from gauges of the Netherland and East Frisian coast and wind
forecast as weil as actual dates from wind gauges of the North sea and
ist coasts.

prerequisite for the design and construct ion of coastal protection structures is
a study of morphological and hydrological conditions as weil as dynamic
loading, especially due to wave action. Besides this, the federal govemment
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and the coastal states carry out practice orientated research plans with their
authorities combined in the curatorium for research in coastal engineering. The
research is predominantly financed by the responsible federal minister, in
individual cases also by the European Union.

Over and above that, technical- scientific corporations also support the
research in Germany and they also take part in the preparation of
recommendations for example for the execution of coastal protection
constructions.

5 Coastal protection - protection of nature
Considerable areas of the coast are located within the local national parks or
within nature reserves. The absolutely natural ecological development that is
strove for in these areas is not always compatible with the tasks of coastal
protection. Planned building measures of coastal protection sometimes require
intensive examinations about the compatibility with the environment, the so
called environmental impact assessment studies. The interventions in the
ecosystem generally has to be balanced out or compensated by substitution
measurements.

Dike foreland, salt meadows and dunes that are especially valuable areas in
nature are kept under special protection status. Every single maintenance task
in these areas needs to be matched for coastal and natural protection. For this
reason, management plans for the single coastal areas are being developed
lately.
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The Scientific and Technical Development of
MarineTechnology in

the Central Weather Bureau

Beng-Chun Lee
Marine Meteorology Center, Central Weather Bureau

Ministry of Transportatlon and Communication, Taipei, Taiwan,
R.O.C.

Abstract
Forecasting, observation and data-base are the three major components

of the Marine Meteorology Center that was established in 1993. The observed
data and information contained in the data-base are utilized in the marine
forecasting, and the forecast accuracy is relied on the integration of
understanding natural phenomena and upgrading prediction techniques.
Therefore, in the future, the scientific and technical development in the marine
forecast will, in principle, aim at elevating the forecast ability, the accuracy of
observation, and techniques of data quality control.

The main directions in upgrading forecast techniques are model
development and verifications. The developments of large-scale and coast
models and the study of their physical properties are the main goals, such as
the regional tidal characteristics and its related tidal current, the regional wave
and storm surge characteristics, and their interaction. For model verifications,
it is necessary that observed data from deep sea to coastal water should be
included in order to improve model performance. In the future, the remote
sensing observations, encompassing the wide range image processing ability,
will be cultivated to incorporate the wind fields, waves and surface currents,
and also be fumished to initialize and verify ocean numerical modeis. For data
quality control, the emphasis will be on the imminent data quality control and
the research of the climatological data quality control.

1 Forward
Taiwan is surrounded on all sides by seas and oceans. With the

development in economics and the increase of the population, the short falls of
the increasing deficiency in land-rnass resources and space exploitation. Thus
this causes an increasing importance and urgency in developing and
exploiting the marine resources, and in navigating safely in seas or oceans.
Considering these very considerations, the Central weather Bureau (CWB) on
July 1, 1993, established the Marine Meteorology Center (MMC). That is a
department responsible for the marine phenomena as a first step in work of
oceanic development.

Marine phenomenon is defined as the natural phenomena of the interface
between the ocean and the atmosphere, such as the sea surface wind field,
the temperature field, tides and waves. Therefore, there are four work targets,
i.e., Observations, forecasts, data banks and operation refinemenls in the
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MMC. All these wor!<s are accomplished stepwise; and tides, storm surges,
and ocean waves are the primary wor!< for the present. Right upon the
establishment of this center, there came a personnel refinement and
simplification project. The man power and the budget are largely restricted,
which leads to a slow progressing pace in fulfilling the marine observation and
forecast operations.

This introduction will summarize the current operational status and results
accomplished in the MMC. And also it will state the problems, which are the
direction of researches in the future developments, encountered in pushing
the whole project through.

2 The current status of the marine and forecast operations
(1).The marine observation stations along sea shore

There are 13 tidal and five wave stations (Figure 1, 2) belonging to CWB,
installed along shore area around Taiwan. All these stations are oriented in
collecting the increasing or decreasing water levels along shore, and the ups­
and-clowns status of waves on the ocean surface. All these observed data,
through telephones or digitized cables, specifically gathered up and
transmitted to the CWB. Then they provided for the forecast materials of
fishing, crashing smuggling, information over inrush of the sea water and
safety of navigation on sea areas.

(2).The Marine Data Bank

CWB has the most abundant marine data than any other units in Taiwan,
it has the responsibility setting up archives of the observed marine data that
can be applied by other related units. And nowthe marine data inquiry and the
exhibition system have already been established on the World Wide Web
(WWW).

(3).The Marine Forecast

1).Tide and storm surge Forecasts

Currently, weekly tidal forecasts are issued. The forecast spots are of 24
areas (Figure 3) along sea shore around Taiwan. Information are for the mass
media use, and for references for the govemment agencies and general public
in order for the coast guard, sea shore engineering and recreational activities.
With the exploitation of the numerical storm surge model, the forecast
maximum water level and the occurrence time are issued within the effective
forecast interval based on the typhoon warning issuance upon the invasions
from typhoons around Taiwan area. These forecast data, as compared to the
height along the coast bank, can appropriately in time provide surges or inrush
water waming. They also play an important active role in disaster's prevention.
2).Wave Forecast

Currently, charts of OOZ wave analysis and the nexl-24-hour wave
forecasts (Figure 4) are issued daily, with ranges covering starting trom 105E
to 140E, 5N to 35N, which encompassing the Taiwan Strait, the Eastem China
Sea, the Yellow Sea, the Southern China Sea and a portion of the Northem
Pacific Ocean. They benefit rather much for the navigation safety over sea
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areas around Taiwan.

3 Problem encountered
In advocating the marine observation and forecast operations, due to

defieiency of man power and a limited budget, the observation stations in far­
out sea areas and along-the-coast regions can not be widely set. Under this
eircumstance, the data collections and forecast services can not be elevated
and the pre-set purposes can not be reached. While the quantity and the
quality of the observed data will influence the end result of the forecasts.
Besides the observed data, the forecasts also need forecast models as a
necessary auxiliary in order to completely achieve the forecast targets. Thus
the elevation in the forecast skills will rely on the developments in forecast
modeis, which in tum need the observed data as an aid in understanding the
characteristics of the physical phenomena, in verifying model performances
and improvements. Accordingly, the problems encountered can be elassified
asfollows:

(1).Defieiency in man power and limited in budget fees,

(2).Being unable to be widely installing the marine observation station,

(3).the marine data quality control,

(4).comprehension of the marine phenomena characteristics,

(5).Elevation in the marine phenomena forecasts.

4 Future developments
The CWB is an operational department and also a service unit for the

outer world. The elevation in service counts is not only on the fruitful observed
data but also on the forecast accuracy. Thus, the future aim wil! be focused on
widely installing the observation stations, the establishment of data control,
the characteristie analysis of the marine phenomena, and model development
and improvements.

(1).The observing net'M:>rkof the marine phenomena

Incorporated with the points of view of forecasts and observations, station
installments should be under taken from the environment assessments. Firstly,
the historie fragmented data should be collected and manipulated in order to
analyze the general characteristics of the marine phenomena. Considering
this property, the stations can be established. They include the distribution of
the wave stations from the deep sea area to the along the coast ones, the
proper installing arrangements of tidal stations and the establishment of the
station of storm surges.

(2).The marine data quality control

The data quality control can be divided into t'M:>aspects, one is the
instantaneous observation data, and the other is the data quality control of the
climatological data. The former is elosely related to the instrument cultivation,
filtering and the geological environments. The latter will depend on theories to
discriminate the rules of the data quality control.

(3).The characteristics of the sea-surface wind field
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Around the Taiwan island, there are three off-island meteorological
observation stations (Figure 2). It is due to the non-representative of their
meteorological data, such as the wind direction, the wind speed, in sea­
surface wind data. Thus the observing posts, platforms, and data buoy on the
sea surface are used to proceed the sea surface observations and to
investigate the vertical distributions of sea surface wind profile under different
stability. Afterwards, these characteristics are applied in analyzing the
statistics of winds between off-island stations and sea-surface.

(4).The characteristics of tides, meteorological surge, and wave around the
Taiwan sea areas

1).The characteristics of the tides along the shore

The sea shores around Taiwan island vary greatly with 3000-4000 meters
deep to the east coast, a few hundred meters deep in difference between the
northem and southem tips, \\Ihich the west coast has a depth within 100
meters (Figure 1). Thus as the pacific astronomical tides enter the Taiwan sea
areas, the characteristics of the tides will conform to a regional variability with
infJuences from the topography of the Taiwan island. These special traits
include the physical mechanisms as the tide types, the tide timings and the
tide ranges, \\Ihich, simultaneously, include the relevance between the along
the coast tide and the ambient currents.

2).The characteristics of the meteorological surge along the Taiwan coast

During the winter, the Taiwan area is under the infJuence by the
continental cold high pressure or southward moving front accompanied by the
cold outbreaks. This will cause a water level change in the northem tip. During
the summer, Taiwan area is also infJuenced by typhoons. The water level will
also be affected. These variations in the water level variations are generally
called wind-surge, \\Ihich have otherwise called the meteorological surge.
Thus, the different distributions and statistical properties along the coast water
level variations around the Taiwan island can be analyzed under different
invasion paths of typhoons first. The physical mechanisms of the water level
change are simulated with three dimensional model around the Taiwan island.
In the winter time, being due to the abrupt pressure fall caused by a frontal
passage leading a variation in the water level will affect tides, it is a worth\\lhile
research project.

3).The wave characteristics along the Taiwan coast.

Three main meteorological conditions, the northerly in winter,
southwesterty and typhoons in summer, are the capita I factors in infJuencing
the wave characteristics around the Taiwan sea areas. During the winter,
fronts moving southward accompanied by the northerly, the wave growth in
Taiwan sea areas and spectrum variations are mainly discussing the regional
wave characteristics. During the summer, the relevance between the swell
caused by southwesterly and the sea-Iand wind effect is the research topic of
the forecast. During the invasion or under the infJuence of typhoons, the
wave characteristics of the specific sea areas have always been stressed by
all \\Iho are interested in wave forecasts. The coming world trend is to establish
a model suitable for the Taiwan sea areas in order to simulate and investigate
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the wave climatology.

(5).Applying the remote-sensing technique to develop the

marine numerical modes.

It's rather expensive to insta" observation stations on the sea surface,
and indeed with a big adventure. Under such circumstances, the application of
the remote-sensing technique in investigation the physical mechanism of
marine phenomena is the best method, such as the freewide sea surface wind
field, the sea surface spectrum and water level, etc. With its large range image
manipulations, it can suffice the data inefficiency of the observed data on the
sea surface, also benefits in understanding physical phenomena. The
manipulated data can be supplied as the initial field for the numerical modeis,
also tor the verification uses.
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Figure 1. Location of tidal station and depth contours around Taiwan water.
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Figure 2. Location ofwave and off-island stations.

- 22 -



tifff+:~
Anpi ng .. -

EHE-

~-I_+----+-~I+2S0cmlegend .

L. ---'_L---'---' ·250 cm
o 6 12 11 (L)

Figure 3. Sample tidal forecast chart.
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Climate Impact Research
for the German Coast of the Baltic Sea

Wemer Zielke
UniversitätHannover, Institut für Strömungsmechanik

und ElektronischesRechnenim Bauwesen

Glimate Impact Research attempts to analyze the influenceof climate change on natural and
man made systems.With regardto coastal engineering it uses the results of climate research
and links them with the complex interacting processes of wind, waves, currents and
morphological response.This impliesthat numericalmodeIs have to be available not only for
the individual processes, they have also to be coupledto describe the total coupled system.

Inspite of the significant advancesin the validity of numericalmodelsa quantificationof errors
can seldom be made, even for the individualmodeis. Goupledmodels are even much more
prone to adverse error propagation.There still exists a conflict between the desire to know
responses to a climate change on one side and the insufficiency of coupled modeIs of
atmosphere, sea and morphologyon the other side.

The paper addresses this issue on the basis of an ongoing projekt for parts of the German
Goast of the BalticSea, it presentsthe concepts chosen, and gives first results.
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Integration of Coastal Protection in Germany
into a Coastal Zone Management

Hans Kunz

Abstract
The coastal areas boardering the German part of the North Sea are lowlands.
Coastal protection - particularly flood defence, land reclamation and erosion
control - has been carried out over centuries. The maintenance and enhance­
ment of the coastal protection system is essential for the security of the people
and the development of the coastal zone. The applied protection strategy has to
be performed in accordance with the actual demands of society. Instead of land
reclamation, which is no goal any longer in Germany, multifarious environmen­
tal targets have become increasingly important during the last decades. Their
combination with the traditional needs of the coastal community produces the
targets which specify locally the general principle of 'sustainibility', which has to
be met by the applied coastal protection strategy. This modification of society
necessitates a change from the traditionally sectoral approach of a 'fixed protec­
tion line' towards new strategies, which dynamically manage the coastline by
integrating a flexible coastal protection strategy into the concept of Coastal Zo­
ne Management.

1 Introduction
The present shape of the southern North Sea coast is the latest transitional sta­
ge of a changing and in no way completed geological process. The German part
of the North Sea coast and adjacent parts of The Netherlands (west) and Den­
mark (north) are drawn on Fig. 1. The displayed classification is based on tidal
range (Hayes, 1975). The East Frisian islands are sandy barrier islands (dune
islands) formed by the coincidence of tides, currents, surf and wind-born accre­
tion; the North Frisian islands are the remainder of former mainland. In the low
macrotidal area there are open tidal flats with high sand banks as weil as bays
of estuarine flats. Sheltered tidal flats extend behind the islands and salt mars­
hes spread behind them as a more or less extended transitional zone. The
mainland is low Iying marshland with intercalated peat layers and areas of peat
bogs. Especially along the estuaries the lowlands extend far into the mainland.

The recent history of the people living in the coastal areas of the Southern
North Sea is mainly a history of retreat: Reliable data give the information, that
the coast line had been located about 250 to 300 km further seawards nine
thousand years ago (Behre, 1987). Coastal protection and water management
is part of man's political, social, economical and technical history throughout the
last thousand years. The effort of coastal protection has always been based on
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Fig. 1 Location map of the German North Sea coast with parts of The
Netherlands and Denmark

managerial structures, which were altered dynamically by responding to the re­
spective problems, objectives and means. The responses included a variety of
aspects associated with the coastal protection setpoints, e.g. drainage, ship­
ping, farming. To be able to make structurized analyses of the management pro­
cesses, a simple 'model of thinking', as show on Fig. 2, may be used. The basic
thought of the model is, that coastal protection, as weil as integrated aspects,
are determined by .key factors": physical conditions, social surroundings, social
needs (asking 'why?') and social factors: options, setpoints (asking 'how?'). The
four basic key factors determine by their mutual coherence and relations how
developments perform (Kunz 1993a).
The protection against storm floods (flooding) and erosion (land losses) is es­
sential. Concerning coastal protection technique we can state: an appropriate
technique is available to adapt the established defence line along the German
North Sea coast to a relative sea level rise of 1.0 m or even more. The special
problems for the harbours and low Iying settlements as weil as those on the is­
lands could be dealt with; hence it would be possible to maintain the existing
coastline and coastal defence line ('main dike-system') along the German North
Sea coast without retreat (e. g. Kramer & Rohde 1992). Concerning nature con­
servation we have to be aware of, that the Wadden Sea and the forelands along
the estuaries have been widely shaped by mans activities throughout the last
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Fig. 2 Scheme of combined 'key factors' related to coastal
protection-management

centuries. However, the targets of nature conservation and National Parc inter­
fere with the mandatory protection strategy. This is especially the case in areas
with predominantly erosive trends and srnall distances between the coastal pro­
tection line and the sea, when retreat is demanded, instead of fixing the coastli­
ne.

The contradictionary aims can be adapted to each other by compromises only
within a limited range, hence decisions on priorities are needed. This leads to
thoughts about conversion of the actual sectoral orientated coastal proteetion
strategy towards management, which mutually integrates other demands of the
coastal society (e. g. Kunz 1993b).

2 Coastal Management Strategies
The development of coastal protection management in Germany towards a less
sectorally oriented strategy shall be demonstrated by the example of the Ley
Bay, East Frisia. Refering to Fig. 2, the description restricts on the major facts:
Physical conditions: The Ley Bay altained is largest extension of about 130 km2

after the disastrous storm floods of 1374 and 1377. Afterwards this bay was far
too large with respect to the hydrodynamical boundary conditions. Hence
silting-up took place, accelerated by land reclamation and diking works (Fig. 3).
The open bay-area after the closure dike of 1950 (Fig. 4, top/left) still had not
reached equilibrium conditions.
Social surroundings, social needs: The diking activities associated with flood
defence, land reclamation, drainage, shipping were based on the respective
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Fig. 3 Time history of the Ley Bay reclamation since the 16th century; left: loca­
tion of dikes; right: areas of polders (adapted from HOMEIER1969)

cultural, social, legal and politica I conditions. Different interests of the coastal
society hat to be balanced. Needs for measures arose after the 1950 closure
again, mainly because of sedimentation affecting drainage and navigation
(fisher- and pleasure boats) and of the fact, that the existing dikes did not meet
the new safety requirements developed after the 1962 storm flood in Germany.
The coastal society followed the traditional approach: social needs refer only to
the primary and economical factors, without taking ecological demands substan­
tially into account.
Options and Setpoints: Technique, experience, managerial structures and me­
ans had been present for a total closure of the Ley Bay. Hence, there were no
really restrictions deriving from the 'option and setpoint - key factor', as it has
been the case in the past. The new plan of 1961 for the Ley Bay-area (Fig. 4,
top/right) had been based on the traditional coastal protection - principles, pro­
specting the ultimate enclosure of the Ley Bay. This plan became increasingly
subject to a controversial discussion focusing on necessity, on economics and
on ecological aspects (Hartung, 1983). This discussion widened the narrow sec­
toral approach and introduced several requirements which had to be met by the
project simultaneously:
- Sea defence according to the valid Lower Saxonian safety standards.
- Conservation and development of the Ley Bay as an unique ecological entity
by minimisation of impacts.

- Sufficient inland drainage, mainly by gravity discharge.
- Good access for the local fishing vessels to the harbour of Greetsiel.
- Preservation of the harbeur and the typical village character of Greetsiel.
Numerous alternatives had been discussed (Fig. 4, bottom/left). The final plan
(Fig. 4, bottom/right) was a compromise: Construction of a peninsular-polder
with discharge sluice and navigation lock which incorporates the drainage and
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Fig. 4 Development of the Ley Bay coastal protection-plans
from 1961 to 1985

navigation links to the indicated pumping stations, sluices and harbour. With
respect to the high ecological quality of the project area, measures for ecologi­
cal compensation and translocation (i.e. opening of a summer dike, intake of
salt water, nature preservation area for birds, restrietions for access) have been
implemented. The work was started in October 1985 and is almost completed
now.
The legal basis for coastal protection projects in Germany are the 'Master
Plans' of the 'Länder' (states). They focuse on Ihe defence/protection-sector
with respect to 'f1oodings' (security) and 'erosion' (Iosses of land); however, the
newest plan (MBLU Mecklenburg-Vorpommern 1997) incorporates objectives of
management-strategies and ecological needs. Restrietions for the coastal
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Fig. 5 Design waterlevel, return-period, security and safety-risks
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protection-master plans arise trom the 'Zoning Plan tor the National Parc Wad
den Sea' and trom the 'Trilateral Wadden Sea Plan' (development trom sectoral
to an integrated approach).
A comparision ot Germany with neighbouring European countries with respect
to Coastal Management Strategies gives, in general, the following overview
(e_g.RWS 1990, MAFF 1995):
Germany : Master Plans - 'Protection'
Netherlands : Basal Coastline ('Basiskustlijn', BKL), Shoreline Management -

'Protection'
Denmark : Flexible Management: 'Protection' to 'Managed Retreat' (with

'set back line', Nature Preservation Act 1917,1937)
Great Britain : Shoreline-Management Plan and CZM-Plan: 'Protection' to

'Managed Retreat'
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Fig. 6 Coastal protection strategy in Germany, with related 'failure propability',
'damage potential' and 'risk'

3 Process of Integrated Coastal Zone Management
Integrated Coastal Zone Management (ICZM) is an unitary program, with the
goal to "manage" the .development" and the .conservation of natural resour­
ces". It has to integrate the concerns of all relevant sectors of society. Essential
requirements for the development of the, coastal zone are associated with coa­
stal protection:
- Safety: protection against floodings (storm flood-hazards).
- Stability of the coastline: protection against land losses byerosion (normal

and extreme events).
The priority of 'safety first', as weil as the measures against erosion, have to be
balanced with the guiding principle of the Wadden Sea policy, to achieve - as
far as possible - a natura I and sustainable ecosystem in which processes pro­
ceed in an undisturbed way. It is necessary to include the aspects of 'risk assess­
ment' and 'cost-benefit-ratio'. This leads to the process of ICZM with a related
program.
An ICZM-program has to deal with regional issues within a national framework.
Each program will be unique, but has similar stages in the generation:
1. Policy formulation as basis.
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Fig. 7: Concepts for the 'coastline defence strategy' and for 'safety against
storm floods'. Left: traditional 'sectoral coastal protection'. Right: flexible,

integrated protection-system

2. Strategy planning, leading to a locally and politically accepted 'Strategy
Plan'.

3. Program development as an approved 'Master Plan' with budjet and anthori-
zed staff.

4. Implementation of the Master Plan.
There are international agreements (e.g. Agenda 21 of the Rio Conference
1992, World Coast Conference 1993) on the principle of 'sustainibility', which
has to be implemented into ICZM-plans.

4 Safety and Risk Assessment
The extreme storm-flood water level is a basic design parameter for the
protection-system against flooding. Fig. 5 shows the relation between design
water level and return period in principle. The risk of flooding correlates with the
return period; the lower part of the figure provides information on the return pe­
riods, which are used in different countries. Since we don't know the highest
storm-flood level, we have to be aware of the fact, that there is no 100 % securi­
ty achievable; hence we have to deal with risks. Risk is the result of 'probability
of failure' times 'damage potentiai'. Fig. 6 displays for the German situation the
factors which determine the failure of a coastal protection work and the risk
within the protected lowlands.
The coastal protection system shall ensure, that no lives are on risk. According
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Fig. 8 Cross section for a coast with barrier islands (East Frisia, Germany) and
steps for the development towards an Integrated Coastal Zone Management

(ICZM) which includes Coastal Protection

to legal plans, a fixed main flood defence-line ('protection-barrier') covers the
entire German North Sea coast ('sectoral' coastal protection strategy). It con­
sists of dikes/embankments, walls (in developed areas such as settlements,
industrial regions, harbours), storm surge barriers (mainly in tributaries of the
estuaries), weir (artificial end of the estuary) and it contents road-gates (ac­
cess), tide gates (sluices), pumps (drainage, irrigation), navigation locks (ship­
ping). Since 1962 the length of this main ffood defence line has been cut down
substantially. Fig. 7 shows the situation for a protected low land area, in princi­
pal. The left part stands for the actual situation: The risk-probability (P) relates
only to one defence line, which position shall not be moved in the landward di­
rection (fixed line). The right part of Fig. 7 displays an 'integrated' coastal pro­
tection strategy, which provides flexible responses, as weil concerning the risk
probability of the 'active' parts (P1, P2, P3), as with respect of their position (1,
2, 3). This system allows to decrease the risks according to the damage-potenti­
al of distinguished areas. The 'integrated' strategy could include old 'second'
dikelines and it would preserve options for 'managed retreat' which still exist
nowadays (Kunz 1995 , Probst 1994). It is a robust solution which provides hig­
her security standards and which and can be favourable with respect to 'eest­
benefit' aspects.
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Fig. 9 Creating a 'resilient' coastline - adapted from WWF 1997

5 Integration of Coastal Protection into a Coastal Zone
Management

The convers ion of the existing sectoral coastal protection strategy into an in­
tegrated approach for the German North Sea coast can only be achieved step
by step (short to longterm). This is principally visualized on Fig. 8. The upper
part shows a cross-section for the East-Frisian situation: the sea is located to
the right, the lowland to the left; inbetween are located: barrier-island, tidal flat,
saltmarsh; 'active' protection stands for constructions which have to withstand
the attacking forces of the sea, 'passive' protection relates to means which de­
crease the attacking sea-forces; SD is summer dike, 10PP stands for a special
'ten point catalogue' which addresses conflict areas between coastal and envi­
ronmental protection in Lower Saxony. ICZM offers possibilities for dynamic
approaches to the impacts of the sea, including responses to rising sea level in
the long run. Dynamic approaches lead to flexible management strategies which
comprise 'extention' as weil as 'retreat' by artificially maintaining the coastline
(concept of 'resilience', which stands for the ability to deal flexibly with both
natural and social dynamics in the coastal area - WWF 1997). Fig. 9 pictures
the concept schematically.

6 Research-projects related to Coastal Protection Management
of the Coastal Research Station, Norderney (CRS).

The Coastal Research Station of Lower Saxony (CRS) deals with applied re­
search. Much of the work is carried out in the framework of the 'Kuratorium für
Forschung im Küsteningenieurwesen (KFKI)', an association of federal and
state institutions, which have practical engineering duties in the coastal areas.
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Coastal Protection Management: BMBF/KFKI- RESEARCHPROJECTSof CRS

(1) Dike Design due to wave impacts (BMBF/KFKI)
- Wave damping due to saltmarshes and summer dikes
- Dike geometry design
- Evaluation of wave. run-up under consideration of dike geometry
and overtopping volumes

- Overtopping security with respect to soil characteristics, recommendations

(2) WADE: Wadden Sea morphodynamical developrnent with respect to
accelerated sea-Ievel rise (BMBF/KFKI)

- Parametrization of morphodynamic processes
- Evaluation of morphodynamical equilibrium conditions
- Application and development of conceptual morphodynamical mode Is

(3) Sediment-distributionin wadden areas as indicator for
morphodynamical processes (BMBF/KFKI)
- Evaluation of sediment distributions in the Wadden Sea
- Evaluation of changes over time
- Conclusions with respect to effects on coastal erosion

(4) Morphological developments in foreshore areas (BMBF/KFKI)
- Evaluation of longterm changes (steepening of foreshore areas), based on
bathymetric data (German North Sea coast) and GIS-processing

- Evualation of sendtransport-rates (erosion, accretion)
- Conclusions for shoreline-management

(5) NOURTEC: Innovative Nourishment Technology (EU, BMBF/KFKI)
Partners: Denmark, Germany, The Netherlands

- Evaluation of governing morphodynamical processes
- Effectiveness of combined beach and shoreface nourishment
- Recommendations for application

(2), (3)

(1)

dike
~ foreland
~ saltmarsh

protection
!ine

tidal flat island foreshore I sea

eRS - KUNZ 10/97

Fig. 10 Research programs of Coastal Research Station (CRS), Norderney
dealing with engineering problems of Coastal Protection and Coastal Zone

Management

Most of the actual KFKI-projects of the CRS are linked to 'Coastal Protection'
and 'Coastal Zone Management'. Fig. 10 provides a list of these projects.
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Summary
The coast of the southern North Sea has been shaped by holocene sea level
rise in coincidence with storm surges. The mainland of the German part con­
sists of low Iying marsh and peat-areas; several bays have been cut into the
mainland by storm floods in the past. Afterwards silting-up took place as a
naturale process, supported by human land reclamation means. Parts of the
bays were repeatedly poldered and additionally protected by embankments.
This has been based on the agreement of the coastal community that land re­
clamation and coastal defence is essential. Since some decades the targets of
nature conservation have become increasingly relevant. They interfere with the
established coastal protection strategy: the lalter favours to defend the existing
coast- line, while nature conservation principally promotes retreat options. Ho­
wever, sidespecific compromises can be achieved, especially since land recla­
mat ion is no goal any longer. The actual discussion in Germany on compromi­
ses includes the demand to decide politically on priorities with respect to the
necessities of coastal protection and flood-defence on the one hand and the
demands of environmental protection on the other hand. This problem can only
be analysed and validated against the backdrop of the polical, social, economi­
cal and technical history. Thus, the effort of the coastal people in Germany pro­
tecting their lives and property by sea defence means has always been based
on managerial structures. The procedure of the coastal society to decide on
concepts and to implement techniques were altered dynamically over time and
can be addressed in principle, as Coastal Zone Management. The management
decisions on social needs - safety, economy, ecology - are determined by 'key
factors' asking 'why?' and asking 'how?'. Looking at the North Sea-area, we can
recognize, that the development of coastal protection performed differently, be­
cause of the sidespecific conditions in every country. However, refering to 'su­
stainibility' and 'resilience' all countries nowadays agree in principle, that coa­
stal protection has to relate to the internationally reconciled principles of Inte­
grated Coastal Zone Management. Comparing with the neighbouring countries,
we have to acknowledge, that coastal protection in Germany is still mainly ba­
sed on sectorally orientated decisions, which not really take into account the
aspects of risk - analysis, cost-benefit-ratio, probabilistic approaches and su­
stainibility. A good integration of these aspects into a Coastal Zone Manage­
ment framework within a long term scope is favourable to ensure that the exi­
sting high standard of coastal protection along the German North Sea coast can
be maintained and the problems to come can be dealed with in a safe and flexi­
bie way.
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Abstract
The developmentand utilizationof oceanspace lead to the environmental

impacts. Although the environmental impact has been assessed before
construction,the real impactsare monitoredduring the projectconstructionand
after implementationoperation respectively. In recent years, tv.Io biggest
reclamationareas have been carryingout in the westemcoast of Taiwan. To
prevent the utilization of coastal area from human-caused environmental
disasters, the related researchesare conductedbefore constructionand the
monitoringprogramis set up underconstructionand after operationto evaluate
the environmentalimpacts.

1 Introduction
Taiwan is an island of 36,000 Km2 and has 1140 Km coastline. lts east

coast faces the steep Pacific Ocean, however, its west coast connects with
Taiwan Strait. Most of economieactivities developed in the westem part of
Taiwan, the major coastal engineering including harbor structures, ocean
outfalls,powerplantsand industrialparksare, therefore,constructedalong the
westemcoastlineas shownin Fig. 1. Four intemationalharbors,threedomestic
commercial harbors and about tv.Io hundred fishery harbors have been
constructedaroundTaiwanisland. Wherein,mostof the harborsare locatedin
the westem coast. To take advantageof cooling water, all the thermal and
nuclear power plants are built nearby the coastal area. Furthermore,three
oceanoutfalls havebeen operatedto dischargethe industrialwastewater and
domesticsewageseparatelyin the vicinityof Kaohisungcoast,and the biggest
oceanoutfall of the islandhasjust beencompletedin the northemcoastalarea.
Monitoringprogramshave also beenset up tor the abovementionedoutfalls to
betterunderstandthe possibleecologicalandenvironmentalimpacts.

In addition, in order to obtain new industrial landsand to control pollution
problems efficiently, the govemment decided, since 1990, to develop the
offshore industrial areas in the depositedwestem coast. Since these areas
require a great deal of constructionmateriais,among them, sea sand will be
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drawn from offshore to fill the reclaimed land. It is certainly expected that the
reclamation influence on the ocean environment, inland discharge, pollution
dispersion and so forth could be limited to a certain extent. Therefore, the
related researches have to be completed before construct ion, and the
monitoring systems would also be set up around the developed areas.

2 The Establishment of Background Information
Data collectionwith analysis and field investigationson the developed

coastal area are the most decisive issues for the ocean engineering. Fig. 2
showsthe distributionof the Yun-LinOffshoreindustrialreclamationarea in the
westerncoastof Taiwan. This area, locatedon the south-westerncoast,was
planned in 1992 to be built up as the biggest offshore industrial park, about
15,000 hectares,in Taiwan,as shownin Fig. 3.

Betore Yun-Lin offshore industrial project was released by Taiwan
government,data collection and relative analysis had been completed tor
feasibility study and preliminaryplanning. In order to establish the complete
background information in the region of Yun-Lin reclamation area, Tainan
Hydraulics Laboratory installed 20 measuring sections betlNeen 60 km
alongshore,as shown in Fig. 3, from Cho-ShuiRiver in the north to Pei-Kang
River in the south. The systematical studies including oceanography,
meteorologyand hydrologywere carried out trom 1991 through 1992. The
measurements consisted ot the investigations of bathymetry, current
characteristics,waveclimate,waterquality, oceanecology,sedimenttransport
and the others related investigations. The total investigation items and
correlativeresearchtopics before construction,from 1991 to 1992, and under
construction,trom 1993to 1997,are listed in Table 1.

Table 1. Field investigations and related researches on Yun-Lin offshore
industrialproject

Research Items 1991 1992 1993 1994 1995 1996 1997

1 ~ave clirnate 6. 6. 6. 6. 6.
2 ~urrent measurements 6. 6. 6. 6. 6. L:,. L:,.

3 floating drogue 6. 6. 6. 6. 6. 6. 6.
4 IEstuarysurveys 6.
5 ~ed load materials !:::,. !:::,. 6. !:::,. L:,. L:,.

6 ~uspension beds c: !:::,. c: c: !:::,.

7 ~ear shore currents 6. 6. 6. 6. c: L:,.

8 ~oastal flying sands 6. 6. 6. L:,.

9 Suspension profiles c: !:::,. 6. c: L:,. L:,.

10 S.T.C. profiles !:::,. c: 6. c: L:,. 6.
11 ~oastal water quality !:::,. c: !:::,. L:,. 6.
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12 Ocean ecologv /::,. /::,. /::,. c: c:
13 Ground water and water quality f:::,. /::,. f:::,. c: f:::,.
14 Rezional water discharge survey c:
15 Tide observation station c:
16 larshore platform installation f::::. c:
17 Geololrical investigations /::,.

18 IEstuary water aualitv simulation /::,. 0 f:::,. c: f:::,.
19 Icoastal water aualitv simulation f:::,. 0 c: /::,. c:
20 Isimulationof coast and river changes c: f:::,. /::,. /::,. c: /::,.

21 Regional water discharze analvsis c: c:
22 ioatabase and GIS establishment c: /::,. /::,. /::,. f:::,.

3 Monitoring Program
Accordingto the regulations of EnvironmentProtectionAdministrationof

Taiwan,the completemonitoringprogramof coastalspaceutilizationprojecthas
to be proposed in the environmental impact assessment. Every monitoring
reportmustbe submittedto EPAper season,and the field trip of environmental
inspectionshouldbe heldoncehalf a yearduringtheprojectconstruction. The
monitoring items include air quality, noise, vibralion, traffic transport, inland
ecology, ground water quality, inland water quality, estuary water quality,
coastal water quality, ocean ecology, fishery economy, topography and
bathymetry, ocean climate and so forth. Herein, the detailed monitoring
contentsof this projectare describedas follows:

(a) Air quality: Total dust, T8P, PMlO, 8°2, N02, CO, °3, THC and NMHC
combiningwith wind velocity and direction for continuous twenty-four-hour
detection per season. Eight observatorystations are distributed around
the area.

(b) Noise: Leq, L,. and Lmax are detectedeveryhour, then Lm (05:00-07:00 a.m.)
L" (07:00a.m.-20:oo p.m.),t, (20:00-22:00pm),t, (00:00-05:00 a.m.and
22:00 -24:00 p.m.)can be calculaled. T.....elveobservatorystationsare set
aroundIhe projectarea.

(c) Vibration: Leq, L,., Lmax, Ld' Ln are detected hourly during a day and
continuoustwenty-fourhoursper season. T.....elveobservatorystationsare
set aroundthe projectarea.

(d) Traffic Transport:Total numbersof cars includingtrucks, automobilesand
motorcyclesare recorded by video camera during the continuous twenty­
four hours. Theobservatorystationsanddetectedfrequencyare coincided
with noiseand vibrationmeasurements.
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(e) Inland Ecology: Animal, plant and estuary ecology are investigated within
15km radius of constructed area.

(f) Ground Water Quality: 4 observation wells of shallow aquifer and 2 wells of
deep aquifer are set around the constructed area to detect temperature, PH,
EC, TOS, NTU, CI-, S04-2, F-, TOC, C.C03 and heavy metals per season.

(g) Inland Water Quality: 10 sampling stations are distributed in 5 inland
principal rivers and regional discharge channels around this area. 33
items of water quality and heavy metals are investigated per seasen.

(h) Estuary Water Quality: 20 sampling stations are distributed in the estuary
along the coastline. 24 items of water quality and heavy metals are
investigated per season and after each storm.

(i) Coastal Water Quality: 6 sampling sections are installed in the coastal area
as shown in Fig. 4. at -ërn, -10m, -15m, -20m and -30m water depth, the
samplings are taken from water surface and bottom respectively per season.

0) Ocean Ecology: 7 sampling sections are installed in the coastal area as
shown in Fig 5. Phyto-plankton, zoo-plankton and benthos are
investigated per season.

(k) Fishery Economy: Fishery products including in-shore-fisheries, deep-sea
fisheries and aqua-culture are investigated year by year.

(I) Topography and Bathymetry: The bathymetry surveys between 60km
alongshore from Cho-shui river in the north to Pei-Kang river in the south,
and the detecting water depth reaches to -35m.

(m) Ocean Climates: Tides, currents, waves and winds are investigated from the
platform which is constructed at -15m water depth. In addition, five current
measuring stations and one wave measuring station are installed in the
coastal area per season.

It is v«>rth pointing out that the concentration of suspension solid is
increasing during the drawing of sea sands from the offshore to fill the reclaimed
land. In order to monitor the concentration of suspension solid and the
corresponding effect on ocean ecology, the diffusive area is studied by
numerical simulation for field survey. One of the examples is shown in Fig. 6.

4 Conclusion and suggestions
The western coast of Taiwan is an over-utilized coastal region in which the

Yun-Lin offshore industrial area is the biggest filling land engineering. No
doubt, this engineering would lead to impacts not only in coastal environments
but also in ecology. The complete database of the background information
have to be established for environmental impact assessment and engineering
planning and design. Although the related researches and impact evaluation
have been made in this stage, the real and detailed influences on environments
and ecology are still not accurately and completely known. It is the reason why
the long term monitoring system will have to be set up around the developed
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area and further analysis of impact assessment obtained from the comparison
between initia I database and monitoring results needs to be continued during
the project construction and even after implementation operation.
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Fig 3 Distribution Chart ofYun-Lin Offshore Industrial Area
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Optimised Design of Land Reclamation Fields
for Sustainable Foreland Development

Nicole von Lieberman Andreas Matheja Horst Schwarze
Franzius-Institut for Hydraulics, Waterways and Coastal

Engineering University of Hannover, Germany

Abstract
At the GermanNorthSea Coast forelandsand salt marshes in front of the sea
dikes contribute significantly to the protection and safety of the artificial
coastline. In this way the forelands are an important element in the whole
coastal protectionsystem.The current state of scientificknowledgeabout the
managementof forelands is essentially based on experience acquired over
generations.Thereforethere is a need for researchto determinethe influence
of the various parameters eftecting accretion or erosion of forelands
considering ecological aspects. Within a research programme on the
optimisation of foreland management,which is sponsored by the German
Federal Ministry of Education, Science, Research,and Technology (BMBF),
field measurements,physical,and numericalsimulationshavebeen carriedout
to analysethe interactionof waves, currents,sedimentationprocesses,as weil
as design and maintenancetechniques of foreland reclamationfields at the
GermanNorthSeaCoast.

1 Introduction
Salt marshesand their forelyingmud flats are formedby the depositionof fine
silts and sands in shelteredlocationsand colonisedby specializedsalt tolerant
plants (see Fig. 1). The uppermud sediment layers of the tidal flats are very
active containing biological production. Very quickly vegetation starts with
single plants of the three main species as follows: For the settlement of
glasswortor marsh samphire (Salicomia herbacea L.) the terrain must be of a
certainheight; at about meantidal highwater level (MHW)minus40 cm or 50
cm. This plant is annual and its height does not exceed 20 cm. In october
plants die oft and seeds are released. The wooden parts of the stem often
remains in place as a bare bush. Glasswort does not only promote
sedimentation;according to Kamps (1962) its presencecan also stir up the
material alreadydeposited as a result of the remainingdead bushes causing
turbulence.The secondpioneeringplant is cordgrass(Spartina Townsendit), a
coarse crop-like reed (Phragmites communis L.), which can reach a height of
about 1m. It developsat about30 cmbelowMHWand its growingperiodstarts
laterthan that of glasswort.The third pioneeringspeciesis sea poa (Puccinellia
maritima Pari.). It is a grass which settles above mean tidal high water level
(SchulzandZimmermann,1994).
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Low-mld marsh zone
(species-poor,

Puccil1ellia-dominated
communitJes)

Fig. 1: Saltmarsh with Main Vegetation Zones at Tidal Levels

(after: MAFF, 1993)

These plants attenuate tidal currents and waves resulting in increased siltation.
As these young marshes slowly raise in height the tidal currents form a network
of drainage channels which act as transport routes for sediments and
dissipators for the tidal currents.

Sea level rise and the increased frequency and intensity of stormtides may
endanger the forelands and salt marshes resulting in losses of sediment or
reduction thereby decreasing wave attenuation and thus increasing erosion.

2 Fereland Stabilisatien by Artifical Sedimentatien Fields
In order te counteract loss of sediment and to increase natural sedimentation
artificial reclamation methods have been used for generations. At the German
North Sea Coast this is by systematic installation of large-scale sedimentation
fields using low brushwood fences in combination with a regular drainage
system (see Fig. 2). Wooden stake and brushwood structures help to create
areas with decreased wave heights and reduced currents resulting in enhanced
sedimentation. However, there exist limitations from local boundary conditions
where such techniques are less efficient with the need for increased and
ongoing maintenance.

Supporting natural and artificial accumulation of the mud-flats with support of
engineering techniques increase the potential for protection of the dikes and
thus ensure the stability of the coastline against waves and storm tides due to
shallow water effects on the tidal flats from shoaling or breaking of waves.
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a b

Fig. 2: Sedimentation Fields with Artificial Drainage System (a) and

Traditional Land Use after Several Decades of Continuing Maintenance (b)

The dimensions of the sedimentation fields, 100 m to 400 m in length and 100
m to 400 m in width, and of the drainage system are purely empirical so faro
The design is based on traditional experience determined by local conditions.
This also applies to the heights of the brushwood fences ("Lahnungen") above
the ground, which vary between 0 and 30 cm above mean tidal high water level
resulting in a total height of approximately 1.00 m. The materials that have
been used are timber poles with bundled willow in between (see Fig. 3). These
basically permeable structures become partly impermeable by a protective
earth embankment, and from the fine sediments that settle within the
brushwood.

0,1 m 0,25m 0,1 m

îî îî
wave propagation

timber les

water depth d

Fig. 3: Traditional 8rushwood Fence ("Lahnung") with Earth Embankment
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In some areas with heavy wave action and stronger tidal currents such fences
were also constructed from prefabricated concrete, geotextiles filled with sand
and rubblemound stones. Apart from the fact that they are impermeable,
materials of this kind are today considered not in accordance with the
environment, while timber and brushwood are natural materials and thus
acceptable. In addition, the permeability of the brushwood fences allows the
passage of water and sediment. To a certain extent, waves are damped out
under mean tidal conditions (Schulz and Zimmermann, 1994).

Sediment consolidation and accelerated growth of the surface within the
reclamation fields is achieved by digging small ditches about 2 m wide with a
depth of approximately 40 cm. Excavated mud is placed on the areas between
the ditches, thus leading to increased uploads and to further drainage of the
material and ofthe soil underneath. The ditches, which regularly fill during rising
tides, are resedimented. Repeated excavation increases the height of the fields
above tidal high water levels so that the successive colonisation by glasswort,
cordgrass and sea poa finally results in the salt marshes or forelands. So far,
very few is known about the relationship between hydraulic parameters,
boundary conditions and sedimentation. The same applies to the drainage
system and its effect on consolidation. The optimum of spacing and the
orientation of ditches, which should be a function of sediment, soil properties
and hydraulic boundary conditions, has not so far been analysed (Schulz and
Zimmermann, 1994).

3 Research Programme
In order to rationalize the discussion between engineers who feel responsible
for the protection of the coast and the safety of the hinterland and the
environmentalists who argue for a reduction in engineering work and
maintenance, a research programme has been introduced to identify absolutely
necessary protection work and minimize all man-made effects including
maintenance (Schwarze and Schulz, 1995).

The research programme shall analyse and quantify

• hydraulic factors affecting mud flats and salt marshes under tides and waves

• effects of artificial works and interference on the sedimentation and eros ion
of forelands

• effects of the geometry of reclamation works and drainage system on waves,
currents and sedimentation

• effects of reduced maintenance on foreland stability and coastal protection
(aspects of grazing are not considered)

Analysis and conclusions are based on a combination of numerical simulations,
hydraulic model tests, and field measurements. Field measurements were
carried out in two test fields at the North-Sea coast of Schieswig-Hoistein in
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Germany, which were insta lied by the local coast administrations. Tidal currents
and wave parameters were also measured by these administrations. Physical
model tests in a two-dimensional flume, in a wave channel and in a three­
dimensional wave basin as weil as a numerical simulation have been carried
out by the Franzius-Institute of the University of Hannover. The field
measurements and physical model tests were the basis for the numerical
simulations.

4 RESULTS
4.1 Field Measurements
Fig. 4 shows some wave characteristics, i.e. for the measured transmission
coefficient at a brushwood fence in relation to the water depth. The
transmission coefficient increases linear for water depths up to approximately
0.45 m above mean tidal high water level, which corresponds with h/d = 0.60 (h
= height of the "Lahnung"; d = water depth) and above this remains more or
less constant: The wave damping effect of a brushwood fence is of less
importance for water levels above MHW.

Water Levelsabove MHW+ 0,45m

1,40 ~---.---....,...."""'~I---...--_r----""'---""---~
1,20 +---+----=-01---(~>_+--___iI---+---+_--_l

Cc á'o~

1,00 +t~~~;;I~~:..Ik!~~lUf~~'.l.ILj:g~i.,..jj-liQii~~~;;;~i~~~:J==~=~0,80 rP 'U t~~~

"" I"':;C 1'\ ~ 0
0,60 V' -U_yo ...~ rn .. lAl .0 ~
040 • kt (Hs) 111--1-0~,~",~",~,ci..~ö:.ï.d3~I~2~~__.~~
, okt (Hmax) I 0 ~~ ~~!5' 0

0,20 .J..b....;;;,,;.:;.;~~.....dW----+--.....::..+~:.=.:+~~-l---_l

0,00 .J---+----+---+-----1!----+---+-----1
0,00 0,20 0,40 0,60 0,80 1,00 1,20 1,40

h/d (: Heightof the "Lahnung"/ WaterDepth in front of the "Lahnung'J

Fig. 4: Transmission Coefficient of a Brushwood Fence

for varying Water Depth from Field Measurements

4.2 Physical Model Tests in a Wave Flume and in a Wave Basin
To analyse the effects of brushwood fences on waves under varying water
levels one-dimensional model tests of different brushwood fences with varying
heights and shapes were performed in a wave flume (110 m length, 2.20 m
width and 2.00 m depth).
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Fig. 5: Results for Irregular Wave Transmission for a Typical Brushwood Fence

(Height = 0.70 m) with a Porosity of about 20%

without a Side Earth Embankment, Results compared with Field Data

Wave transmission coefficients of these fences were obtained with rectangular
regular and irregular waves. The relationship between the wave transmission
coefficient and the water depth in front of the brushwood fence - as determined
by field measurements (see Fig. 4) - was confirmed (see Fig. 5). As shown in
Fig. 5 the transmission coefficient is only slightly higher than calculated from
field data. This behaviour can be attributed to fine sediments and algae which
settle within the natural brushwood fences and reduce their permeability.

To analyse and verify three-dimensional wave induced currents, hydraulic
model tests with waves were carried out in a three-dimensional wave basin.
The maximum water depth was 0.60 m. Waves up to approximately 0.25 m
were generated. All tests were carried out with a brushwood fence with
prototype scale as for the investigations in the wave flume (see Fig. 6). During
the tests, video recordings of surface floats were made and current velocities
were calculated.

The results compared with the numerical simulations showed satisfactory
agreement tor diffraction and attenuation due to the "Lahnung". Thus the
numerically modelled brushwood fence is a good approximation to the
prototype (see Fig. 7).

Physical model tests and numerical simulation show that the sediment-Iaden
waters enter the reclamation fields also through the brushwood fences while
thus leave the fields through the tidal opening. This behaviour has been
observed also at permeable rubble mound breakwaters (see e.g. Pilarczyk and
Zeidier, 1996).
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Fig. 6: Wave Basin with Brushwood Fence
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Fig. 7: Wave induced Currents computed at the Tidal Opening

and across a Typical Brushwood Fence

4.3 Numerical Simulations
To analyse longterm effects ot waves and currents on sedimentation and
erosion, two-dimensional numerical simulations were carried out tor varying
boundary conditions, i.e. waves, tides, sediment concentrations. Boundary
conditions were obtained from the field measurements and from the physical
modeis. For the simulation the HydroDynamic module, a wave module (Eliptic
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Mild Slope), and the Mud Transport module of the software system MIKE 21 of
the Oanish Hydraulic Institute is applied. The parameter study on the influence
of currents, induced by tide and waves, on sediment transport and thus
sedimentation and erosion processes, showed effects of the system geometry,
dimensions of the drainage system, brushwood fences and permeability of the
system (see Fig. 8). The reliability of the obtained results has been confirmed
via comparison with field data.

Fig. 9 shows current velocities at 4 different points distributed over the field (see
Fig. 8) considering the layout of the brushwood fences as semipermeable or
impermeable fences.

Fig. 10 shows the effects on sedimentation at points P1 to P4 of a
sedimentation field for the different fences. In all test cases sedimentation starts
immediately at the beginning of the tidal period. The highest sedimentation
rates occur during the high tide period (Matheja et al., 1997).

The width of the tidal opening (results for tidal openings of 25 mand 90 mare
shown in Fig. 11) seems not to be significant for the sedimentation in the fields.
Only a small increase in the sedimentation rate is indicated for a tidal opening
of90 m.

For brushwood fences with earth embankments, sedimentation decreases at all
points. Earth embankments combined with a regular drainage system lead to
an increased sedimentaton at point P2, while this combination does not show
significant effects for a sedimentation in the field centre around point P4. The
conclusion is, that ditches dissipate the sediment-Iaden waters into sheltered
areas of the sedimentation fields (e.g. at point P2), but they do not have
significant influence on the sedimentation in the centre of the fields.
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MT-Module:
initia) concentration: 350 g/m'
mean settling velocity: 7.3.10-6 10 7.3.10-5 mis
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Fig. 8: Numerical Model Area and Boundary Conditions
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With respect to an optimised design of land reclamation fields for a sustainable
foreland development the main results of the study (sedimentation rates) are:

- sedimentation decreases for increased tidal openings in the area of the tidal
opening; but there is sedimentation if a drainage system with ditches is
introduced

- in all cases where ditches are dragged into the fields sedimentation increses
in comparison to the cases without ditches

- if there is no earth embankment less sedimentation takes place in front of
the reclamation field

- for single reclamation fields with ditches there is no evident influence of an
earth embankment

- for single reclamation fields with an embankment and without ditches the
sedimentation rates decrease

- there are no evident differencies between the sedimentation rates of one­
field-geometries and two-field-geometries with embankment

- in the area of the tidal opening sedimentation decreases if a second field is
placed in front a single one - especially for larger tidal openings (see Fig. 12).

5 Summary
Increase of the level of certain areas of the Wadden Sea through enforced
sedimentation in front of the main dikes by introducing sedimentation fields
surrounded with brushwood fences ("Lahnungen") is confirmed from physical
and numerical simulations with the verification from field measurements. Effects
of oblique waves and tidal currents and extreme water levels (storm tides) are
subject of ongoing research.
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High Water Protection in Coastal Towns of
Mecklenburg-Vorpommern

Dr.-Ing. Thomas Zarncke
Ministerium für Bau, Landesentwicklung und Umwelt Mecklenburg­

Vorpommem, Schwerin
and

Dipl.-Ing. Bärbel Koppe
Universität Rostock, Institut für Wasserbau

Abstract

Considering extreme events storm water levels at the Baltic Sea of
Mecklenburg-Vorpommern can rise up to 3 m above mean water being
connected with strong wave attack. Since there is almost no tidal influence in
the Baltic Sea, the duration of high water levels is directly connected with storm
duration. Storm water levels can last several days.

Due to the natural topography an area of 1050 km2 in the coastal regions of
Mecklenburg-Vorpommern is endangered by flooding, among this an area of 75
km2 in the coastal towns Wismar, Rostock, Stralsund and Greifswald.

Since in the past, high water protection works were carried out in the outer
coastal areas, which are exposed to high wave energy, the coastal towns are
showing a very poor protection level.

Material damages of 2.3 thousand million Deutsch Marks (1.3 thousand million
US $) are expected in the four coastal towns by an extreme high water level
according to an analysis. This shows the need of further protection works. For
this reason the Federal State of Mecklenburg-Vorpommern is executing
investigations for the high water protection measures in Wismar, Rostock,
Stralsund and Greifswald.

Possibilities of realisation of different concepts based on dikes as weil as on
high water barriers are currently being discussed. Besides economical aspects,
ecological conditions and town planning limitations must be considered. Various
intersections between high water protection and planning of cities and their
infrastructural development are existent.

Two different levels of administration are being affected, where aspects of high
water protection are in the responsibility of the Federal State of Mecklenburg­
Vorpommern and all other planning works have to be executed by the towns.
This results in a high degree of necessary communication between both which
can lead to complications according to experience.
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1 High water events in Mecklenburg-Vorpommern

Fig. 1: The Baltic Sea

Despite the fact that the Baltic Sea is only a small inlet of the Atlantic Ocean, to
which it is connected by three shallow straits, dangerous storm water levels can
still occur there. The long-stretching basin of over approximately 1,200
kilometres to the northeast provides favourable precondition for them (Fig. 1). In
the case of storms from northeasterly directions, high water on the coast of
Mecklenburg-Vorpommern can surpass even two metres. After long-Iasting
westerly winds, which lead to the induction of water from the North Sea, the
Baltic Sea can reach a capacity of up to 0.5 metre above the mean sea level. In
addition, suddenly changing winds, especially from a southwesterly to a
northeasterly direction, cause oscillation in the Baltic Sea basin, which can also
lead to increased water levels.

When such problems occur simultaneously, then storm water levels of more
than 3 metres above the mean sea level are possible. Table 1 shows the worst
high water events of the past 125 years. The stated water levels for the coast of
Mecklenburg-Vorpommern were established on the basis of the peak levels of
the high water event in 1872. An additional sum has been placed on the peak
levels of 1872 to account for the centennial changes in the sea level (15 to
25 centimetres every century). This is essentially a relative increase in the sea
level, resulting from the fact that the southerly Baltic coast is sinking, while the
Scandinavian coast has continued to rise since the Ice Age.
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Date Wismar Rostock Greifswald
-Warnemünde

mMSL mMSL mMSL

Design- 3.20 2.85 3.00
Water-Level

13.11.1872 2.80 2.43 2.64-------- -------- ----------- --------
31.12.1904 2.28 1.88 2.39-------- -------- ----------- --------
04.01.1954 2.10 1.70 1.82-------- _------- ----------- --------
30.12.1913 2.08 1.89 2.10
-------- -------- ----------- --------
04.11.1995 1.98 1.58 1.77-------- -------- ---------- --------
07.11.1921 1.96 1.50-------- -------- ---------- --------
02.03.1949 1.74 1.50 1.80
-------- -------- ---------- --------
12.01.1987 1.69 1.40 1.41-------- -------- ---------- --------
25.11.1890 1.67 1.48
-------- -------- ---------- --------
11.12.1949 1.64 1.29 0.84
-------- -------- ---------- --------
15.02.1979 1.57 1.27 0.98-------- -------- ---------- --------
09.01.1914 1.57 1.60
-------- -------- ---------- 1---------
14.12.1957 1.56 1.35 1.52
-------- -------- ---------- 1---------
12.01.1968 1.55 1.50 1.54--------- -------- ---------- 1---------
14.1.1960 1.55 1.18 1.13
-------- -------- ----------- --------
21.02.1993 1.52 1.29 1.45
--------- -------- ----------- --------
19.04.1903 1.52 1.25 1.29

Table 1: High water events at the coast of Meckienburg - Vorpommern with
water levels of more than 1.50 m above mean water level (MSL) since the year

1872 (* no information)

Table 2 shows the design water levels at the coast of Mecklenburg­
Vorpommern. It is noticeable that the design-water-Ievels for the bays (Bodden)
and lagoons are considerably below those for the prevailing coastline. The
causes are the low induction averages in these waters, which are however only
evident when the coastal protection installations on the prevailing coastline are
fully operational. This means that there must not be a breach of the coastalline.
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Plaee Coastline Design-Water-Level

mMSL

Wismar

Rerik

Warnemünde

Rostoek

Barn

Zingst

Zingst East

Arkona

Saf1nitz

Mukran

Stralsund

Wismarbueht

Baltie Sea

Baltie Sea

Warnow

Saaier Bodden

Baltie Sea

Barther Bodden

Baltie Sea

Baltie Sea

Baltie Sea

Strelasund

Greifswalder Bodden

Baltie Sea

Aehterwasser

Kleines Haft

3.20

3.00

2.85

3.00

1.65

2.70

2.05
-------------

2.30
-------------

2.40
-------------

2.40
-------------

2.70
-------------

2.90
-------------

3.00
-------------

1.85
-------------

1.75

Greifswald-Wieek
r-------------

Ahlbeek

Koserow
r-------------

Ueekermünde

Table 2: Design-water-Ievels at the coast of Mecklenburg-Vorpommern

Year ?1,00 m MSL ?1,00 m MSL

1872
r-------------

1904

1913

1949

1954

40 h 19 h

27 h 22 h

62 h 35 h

8h 7h

14 h 5 h

Table 3: Periad of dweil for two water level ranges of same high water events
on the depth gauge in Greifswald
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Since the Baltic Sea is entirely tideless, the duration of the high water events is
directly determined by both the duration of the storm occurrences which cause
them and their wind directions. As a result, high levels of water can prevail for
several days. Table 3 shows the period of dweil for two water level ranges of
some high water events on the depth gauge in Greifswald.

Fig. 2 shows the depth gauge and wind measurements recorded by the stations
in Greifswald during the occurrences of 1872. It can clearly be seen, how as a
result of southeasterly storms on 7111 November,therewas a drop in the mean
sea level of over 0,5 metre, before it had conversely risen again by 11111

November to 0,5 metres above the mean sea level, due to now decreasing
winds. The occurrenceof northeasterlystorms thereafter produced the steep
courseof peaks.
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NAP
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Legend ..,__ wind direction
wind force
water level

Fig. 2: Depthgaugeandwindmeasurementsrecordedby the station
Greifswaldbetweenthe 6111 andthe 20111 November1872

2 Damages due to high water events in Mecklenburg-
Vorpommern

Sincestormwatereventsare only dangerousif they can flood low-Iyingcoastal
areas, an analysisof the height proportionsof the coastal region is necessary
in order to assessthe dangersof high water levels to our coast.Accordingto
natural topography,about 105,000hectaresare potentiallyareas in danger of
being flooded, 7,500 hectares of which are coastal towns. Without coastal
protection provisions, it is estimated that severe flood tides would cause
damage in these areas of 3.2 thousandmillion DeutschMarks (1.8 thousand
million US $). Table 4 shows that the biggest potential damages are
apportionedto the four big coastaltowns (2.4 thousandmillionDeutschMarks;
1.4 thousandmillionUS$), becausethese containthe largest concentrationof
wealth in the flood areas. Fig. 3 shows these areas for Greifswald as an
example.
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//' / areas endangered
. by inundation--

Fig. 3: Flood areas of Greifswald

It is thus in complete contract to this fact that the coastal towns are scarcely
secured by protection provision. This means that in the case of a severe high
water event, the damages in the towns would reach the potential level
described above. On the whoie, this would not apply to the rest of the coastal
regions, as there are numerous coastal protection provisions elsewhere.
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Towns I Areas Endangered Endangered Expected
Districts endangeredby people workplaces material damages

inundation in MioDM
km2 (Mio US $)

Towns

Wismar 71,700 7,653 6,888 260 (147)
r--------- ---------- --------- --------- ------------

Rostock 455,100 64,036 29,353 1,472 (832)
f---------- ---------- --------- ----_---- ------------

Stralsund 19,400 9,843 4,320 200 (133)
r--------- ---------- --------- --------- ------------Greifswald 203,000 17,461 12,122 505 (285)

Districts

Nordwest- 341,900 2,893 646 46 (26)
Mecklenburg

f---------- ---------- --------- --------- ------------
Bad Doberan 654,700 8,782 2,402 113 (64)

f---------- ---------- --------- --------- ------------Nord- 2,842,000 19,159 5,376 244 (138)
vorpommern

f---------- ---------- --------- --------- ------------
Rügen 1,887,100 9,075 1,680 121 (68)

r--------- ---------- --------- --------- ------------
Ost- 3,431,600 18,890 5,724 258 (146)

vorpommern
r--------- ---------- --------- --------- ------------

Uecker- 578,600 5,101 1,914 56 (32)
Randow

Coastal Area
ofMN 104,851,000 162,893 70,425 3,275 (1850)
in total

Table 4: Estimated damages due to high water events in Mecklenburg­
Vorpommern without any protection measures

As aresuit, there is an increasing need to act in this area. This should not,
however, detract from the future necessity of securing the prevailing coast as
the first priority. After all, severe swell has an effect on the coast when storm
surges occur, just like the water level. Without continual work on coastal
protection, the Baltic Sea would soon penetrate the bay (Bodden) waters,
thereby leading to the formation of islands (Fig. 4).
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Fig. 4: Future situation without continual work on coastal protection: Penetration
of the Baltic Sea into the bay (Bodden) waters and the formation of islands
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Defending the settlements on the coast when penetrating water motion occurs
is scarcely possible. As weil as material assets, human lives are also directly at
risk. Due to this danger which has existed for a long time, coastal protection
work on the prevailing coast has historically increased. It has become a long­
term project owing to the permanent regressive tendencies of the majority of
our coast. In particular, continual reinforcement of the dunes is necessary,
since they are the predominant coastal protection devices in flat coastal areas.

In the towns, however, which have developed considerably during the last
decades, there has been a clear increase in material assets and with it an
increase in the need for protection. Since severe swell is scarcely a problem
here and the population can easily flee to safety, human lives are not normally
endangered. Nevertheless, the protection of the coastal towns against storm
water levels is not only an economie necessity, but it is also laid down in the
Regional Water Law, which actually binds the region to make provisions for
coastal protection from high water.

3 High water protection measures in coastal towns of
Mecklenburg-Vorpommern

As aresuit, appropriate measures for the towns of Wismar, Rostock and
Greifswald have been in preparation since 1994. The major problem in the
planning of high water protection measures for urban areas is the lack of space.
Built-up areas often extend right up to the waterfront. Building dikes is therefore
only a limited possibility. In many cases a alternative constructive solutions in
the form of walis and sheet piling will have to be considered. Furthermore,
coastal towns are characterised by the fact that they have a harbour. As a rule,
the road and rail approach lines therefore cross the line of the high water
protective device. This requires special locking mechanisms (sliding gates,
lifting gates, dam-beam seats, etc.) Consequently, there are always positions in
the line of defence, which are at considerable risk and therefore require special
handling when they close. The number of such interconnections should
therefore be kept fundamentally low, or at least overlaps foreseen.

In conceiving the protection installations, the provision of several independent
systems is foreseen, whereby each system protects an individual part of the
town. This leads to greater security of the entire protection and enables its
realisation in short phases of construction. Vet th is action is mostly not
compatible with urban sewage systems, because they represent subterranean
connections between the individual protection systems. This can only be
prevented by extensive precaution measures in the sewage instaflations.

It is particularly problematic that the regional authorities plan and carry out the
high water protection measures, whilst other urban planning is a matter for the
municipal authorities. As a rule, this leads to conflict with town-planning,
because in the phase of conceptional pre-examinations, there is no possibility
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to foresightedly secure the lines needed for high water protection in the inner
city area, as exactly those areas of land Iying close to the water are especiaJly
attractive and are foreseen for diverse usages. The preservation of the
importance of coastal protection, which is carried out in the interests of the
towns, therefore necessitates intensive contact and co-ordination between the
authorities concerned. Since the towns are now involved in a phase of intensive
development, with numerous projects which interact with high water protection
being planned or carried out the basic conditions for the planning of high water
protection are therefore constantly changing. This wiJl lead to serious problems
once the planning reaches a more concrete stage, (project implementation as
opposed to mere concepts). Due to the Iimited capacities of the regional
authorities responsible for coastal protection, the planning and realisation of
high water protection measures will stretch over a lengthy period of time. Since
the towns are hardly prepared to postpone their plans for so long, the coastal
protection plans have to be adapted to the constantly changing conditions. This
hinders the realisation of the proposals quite considerably.

3.1 Hanseatic Town of Greifswald - an example of high water
protection measures in Mecklenburg-Vorpommern

While the planning for the towns of Wismar and Rostock is still at the stage of
pre-examination, the work for Greifswald is already weJl-advanced. All further
comments are therefore limited to this town.

The results of an enquiry which was carried out at the beginning of the
examinations researching potential damages c1early show the need to act. It
there was a high water event with a water level ot 3.0 metres above the mean
sea level, then of the areas f1ooded, 57% would be under 1.0 metre of water,
21% would be under 1.0 - 1.5 metres and 22% under more than 1.5 metres of
water. The damage incurred would be about 505 million Deutsch Marks
(285 million US $).

In contrast to the other towns, Greifswald has been thinking about creating an
effective high water protection device tor quite some time. Efforts were already
being made in the 1950's to proteet Greifswald with the building of a high water
barrier in the Ryck. The project did not stop at the planning stage and in 1956,
work began on the adjoining dike on the west bank of the Ryck in front of
Wieck. Although the high water barrier itself was never built due to financial
reasons, the idea remained in the minds of hydraulic engineers.

Thus, when in 1992, work began on a general plan for coastal protection in
Mecklenburg-Vorpommern the high water barrier was included on the list of
emergency measures to be considered.

At the beginning of 1994, planning work for the high water protection of
Greifswald began. Even though the option of a high water barrier was a
favourable one due to the natural conditions, it was not the only solution
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considered. The possibility of building a system of dikes along the Ryck was
examined too. As sections of dikes had already been built along the Ryck this
solution presented itself too. These dikes, however, are not big enough to
enable their extension. As a result, a strengthening of those dikes already
there, as weil as the construction of new dikes so as to create a continuous line
on both banks of the Ryck, had to be examined.

The construction of a high water barrier entails a complete change in the
scenery at the spot were the locking mechanism is situated. In this case, it
spoils the especially beautiful view of Wieck from the bay (Bodden). In order to
minimise this imposition, work at the beginning of the examinations focused on
a stop gear lock, which completely sealed oft the Ryck without restricting the
sides and which sinks outside the blocking times and is then no longer visible.
Two sector locks, each 30 metres wide, came into question as the technical
solution. Vet it quickly became evident that such a device clearly exceeded the
existing possibilities, both in its construction and its operation and maintenance.
The options of a 30 metre miter gate with sliding side doors and a 30 metre
sector lock were revised to create an option which was favoured henceforth,
namely lateral dams and 18 metre miter gates. Safety and technical criteria in
particular were the decisive factors. Absolute priority must be given to them
above all else. This means, for example, that a double pair of miter gates is
foreseen and a special locking device has to be designed, because if there
were a high water event, ice could prevent the miter gates from closing. They
must therefore close once the ice starts to form. In the bay of Greifswald
(Greifswalder Bodden) this happens almost annually.

Henceforth, a balance must be found between these technical necessities as
weil as cultural needs and other public interests such as shipping. This mean
among other things, the most inconspicuous integration of the high water
barrier into the countryside, the guarantee of the biological perviousness of the
Ryck when it is closed due to the formation of ice, the enablement of the fields
bordering the Ryck to f100d up to a certain high water level and the ecologically
harmiess reinforcement of peripheral connecting dikes.

As weil as the fact that to build the high water barrier, no intervention in the
inner city area is needed, a further advantage of this option is that it guarantees
the high water safety of the entire low country around the Ryck. It thereby
creates more favourable conditions for the further development of the town of
Greifswald than is otherwise possible with the dike solutions.

With regard to the high water barrier, different problems materialise when
considering solving the problem with dikes. These mainly result from the need
for space, which is required when building a dike and from the impairment
caused to the town's image when a continuous line of construction with a
maximum height of about 3.5 metres above sea level, is erected near the river
banks.
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As a result of the lack of space, it was necessary to design individual sections
of the line as a quay. A completely satisfactory solution for the safety of the
borough of Wieck could not be found, since raising the quay installations to a
height of 3.5 metres here would destroy the fundamental characteristics of th is
part of the town. Securing the industrial estate around Eldena Harbour is also
not possible for the same reason.

Despite these disadvantages, this option does at least offer a high degree of
security, since the whole system consists of several independent components.
The dikes are also relatively immune to ice and they can also be easily
defended if there were a storm water level. Furthermore, they need little
maintenance and their additional reinforcement is not a major perspective
problem, unlike the high water barrier which makes certain precautions
necessary, even when being built.

From a budgetary point of view, the building of the dikes could be financed over
a period of many years, while a high water barrier represent a major
investment, which would account for a large proportion of all funds available for
coastal protection.

This short comparison already makes it ciear that the are pros and cons to both
options. Clearly favouring just one option is not possible, especially as
according to initial estimates, both would cost about the same. Giving one
option preferenee over the other depends entirely on the importance of the
individual assessment criteria. In considering this, the opinion of the town in
question should play a role, particularly as this is itself of great importanee in
light of the authorisation procedure to be formally carried out with public
involvement before one of the option is chosen. As aresuit, the documents
compiled so far has been passed on the Hanseatic Town of Greifswald for
examination and analysis. Only when this analysis has been presented will a
suggested preferenee be made known before being forwarded to the Minister
for Construction, Regional Development and Environment of the Federal State
of Mecklenburg-Vorpommern, when a decision will be made.

Such action is, however, not at all probable in the other towns, since after initial
examinations, high water barrier solutions are scarcely feasible. The possible
options will consequently be limited to various lines and technical solutions
when designing linear-based protective installations.
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The effect of the irregularity of waves
for the design of coastal structures

Karl-Friedrich Daemrich, Hannover, Franzius Institut

Abstract
Sea waves in nature are irregular in time and space, whereas the development
of theories and basic research usually requires the assumption of regular long
crested waves.

For design the knowledge from regular waves has to be implemented by using
simulation methods in time and frequency domain (e.g. linear superposition
method, single wave statistics). As such methods are again based on simplified
solutions, their general validity and reliability has to be proved by measure­
ments in nature, physical model tests or numerical/theoretical approaches.

In the paper various simulation methods are summarised and examples are
worked out, to demonstrate the degree of importance for various problems.

1 Introduction
Sea waves, especially wind waves, in nature are rather irregular, as weil the
surface elevation as it is to be seen or measured, as the related velocity or
pressure field below the surface, which is the intrinsic reason for the action on
shorelines and structures in the sea.

Analysis and design methods are based on information from measurements of
the surface elevation. The connection to the physical processes has to be es­
tablished from theoretica I investigations or measurements in hydraulic models
or nature.

The term irregular waves is used here in contrast to regular long-crested
waves, which also can be termed 'waves of permanent form'. Most of our per­
ception and knowledge on wave related processes is based on experiments
with regular waves and regular wave theories, and inevitable analysis, simula­
tion and design methods are related to regular wave knowiedge.

The straightforward design concept of representing the irregular sea state
simplified by a significant regular long-crested wave has a long tradition. How­
ever, the wave parameter selection only on the basis of surface statistics
(instead on the basis of the statistics of the relevant physical process) and ne­
glecting directional features, may result in misjudgement. Design methods and
simulation methods considering effects of the irregularity of waves are dis­
cussed in the following.
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2 Description and simulation of sea waves
A useful model to deal with sea waves and to schematise methods for analysis
and simulation or design is the superposition model. The sea state is seen as
superposition of regular long-crested wave components of various frequencies
(periods), amplitudes (heights) and directions. If only sinusoidal wave forms are
considered and non-linear interactions are neglected it is a linear superposition
model.

In the frequency domain the genera I case of the short-crested irregular sea is
represented by a directional spectrum with energy density distribution in fre­
quency and direction (Fig. 2.1).

Fig. 2.1: Superposition model and directional spectrum (SCHADE, 1991)

The measurement of the complete directional spectrum in nature or physical
models requires information on surface elevation and directional components
(e.g. floating buoys with measurements of slope or horizontal acceleration,
combinations of pressure cells with velocity meters, gauge arrays). By analysis
methods in frequency domain a certain (but not complete) information on the
frequency dependent directional energy distribution can be estimated. Analysis
of directional parameters in time domain is not impossible, but not usual up to
now.

If only the time dependent water-level fluctuation (time-series) at one point is
measured (e.g. floating buoy with measurement of only vertical acceleration,
pressure cells), directional properties cannot be distinguished. A frequency
domain analysis of the time-series results in a frequency spectrum, usually
given as spectral density. The analysis of the time-series in time domain
(usually with zero-crossing definition for the single waves in the irregular wave
train) results in a number of single wave events (wave heights and related peri­
ods).
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In terms of the superposition model this corresponds to a first step of simplifi­
cation where all components are assumed to have the same (average) direc­
tion. In space this is a long-crested irregular sea (Fig. 2.2).

Fig. 2.2: Long-crested irregular wave train: the first step of simplification
(EAK 1993)

The second step of simplification is the averaging of all frequencies (periods)
and amplitudes (wave heights) and representation of the sea state by one sin­
gle regular wave of permanent form.

From the steps of simplification of the superposition model it becomes evident
that effects of the irregularity of waves are due to directional irregularity. irregu­
larities in the seguence of wave heights and periods and the profile of the sin­
gle wave (shape irregularity).

The analysis of measurements can be performed in time and frequency do­
main. As simulation and design methods are strongly related 10 Ihe analysis,
various methods in time and frequency domain features and parameters are
used in basic and applied research.

Analysis methods determine the features of the sea state and related parame­
ters from measurements. Simulation methods use the features of the sea state
and/or related parameters determined by the analysis methods and end up with
design methods or diagrams, which give the relations between surface parame­
ters and physical quantities (e.g. forces, transport quantities, modification of
wave features).

The analysis in freguency domain is based on the Fourier transformation of
measured quantities. The wave height parameter Hmoresults from the total en­
ergy of the frequency spectrum. Typical wave period parameters are T p (peak
period) or TO•1 and TO•2 as ,average periods". Parameters to characterise the
shape of the spectrums are not so widely used, and mostly for design a theo­
retical energy density distribution (e.g. JONSWAP, TMA) is assumed. Common
directional parameters are the mean direction as a function of frequency em(f)
and parameters (s or '1') for the directional spreading function D(f,e). Again for
design directional spreading functions (e.g. SWOP, MITSUYASU-type) are
available.
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The analysis in time domain is based on the distribution of individual wave
heights and periods (up to now only to be applied on the time-series of the
surface elevation without directional attributes). The complete distributions can
be given in histograms. The RAYLEIGH distribution is the most often used
theoretical distribution for the wave heights, as long as no wave breaking has
occurred. Wave height parameters are e.g. Hmax,Hl/IQ,H1/3and Hm.The period
parameters are either related to the wave height parameters (TH1/3etc.) or di­
rectly calculated from the period distribution (T1/3etc.).

The simulation methods are closely related to the analysis methods. The follow­
ing methods are generally used:

• theoretica I simulation in frequency domain (spectrum and transfer function)

• theoretica I simulation in time domain (probability of individual waves)

• measurements in irregular waves (nature, hydraulic modeis, numerical
modeis).

The representation of the sea state by a (significant) regular wave is not seen
as simulation method, but more a design method. For design problems where
the maximum wave establishes the design condition, this procedure is obvious,
although the real wave may differ in profile and impact from a wave of perma­
nent form. Using a regular wave with wave parameters of the significant wave
(e.g. H1/3,THl/3)in investigations (hydraulic or numeric modeis, theoretical cal­
culations) may possibly contain an error, depending on the type of wave prob­
Iem. This is especially to be considered in case of astrong directional depend­
ence (diffraction, reflection) or not linear coherence between wave heights and
the physical process under investigation (e.g. wave overtopping, reduction of
wave energy due to breaking). Typically, when results are energy dependent
(e.g. transport quantities of sediment) Hnns(root mean square wave height) is a
beller parameter. Using significant parameters resulting from proper simulation
methods, however, is a correct procedure.

The simulation method in freguency domain is based directlyon the conception
of the linear superposition model. The design wave spectrum (either directional
spectrum or frequency spectrum) is divided into single wave components. Each
component is treated as independent wave train. The alteration of magnitude
and phase by a physical process is determined from linear wave theory or oth­
erwise existing knowledge on linear waves. The result spectrum is the amount
of the altered single components.

The method is generally termed transfer function method and can be applied to
the general directional sea and the long-crested irregular waves (first step of
simplification). Basic requirement is the sufficient linearity of the treated proc­
ess.

Further developments of this method include non-linear interactions between
the single wave components.
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The usual application of the simulation method in time domain is restricted to
the simulation of long-crested waves, although in principle a time domain rep­
resentation of the genera I case of the directional sea state is not excluded.
Each wave of a given design wave train is treated as independent regular wave
with parameters Hand T. Sometimes the use of other surface quantities (e.g.
half-wave parameters) improves the accuracy of individual results. The altera­
tion of the wave height or the physical process under investigation can be de­
termined from wave theories or otherwise existing knowiedge, and allows the
consideration of non-linear effects and strong interactions (wave breaking). The
simplification is the assumption, that each wave is treated independent and has
the shape of a steady wave. Practical calculation is mostly performed not on
single wave events, but on classes of wave heights with related periods and
probabilities.

Further developments of this method try to consider the influence of preceding
waves.

Hydraulic model tests are used as simulation method when no sufficient knowl­
edge is available as basis for the usual simulation methods, when the physical
processes are obvious too complicated, or simply for verification or develop­
ment of simulation methods. Investigations with long-crested irregular waves in
channels or basins are standard. Meanwhile also a number of facilities is
equipped with directional wave generators. The wave generation in hydraulic
models requires the use of simulation methods in frequency domain. Especially
when steep waves, waves with special features (e.g. defined wave grouping),
or measurements from nature are to be reproduced, non-linear wave genera­
tion theory or iterative methods have to be used. The generation of directional
sea state is more complicated and often only a limited area of unique wave
characteristics may be available.

3 Selecled examples and remarks
3.1 Shoaling and refraction
Shoaling is a physical processwithout influenceof directionality.As long as
waves are in a relativewater depth of h/lo < 0.1, the variation in the shoaling
coefficient is smalt, Each of the simulationmethodsin frequencyand time do­
main and also the representationby a significantwave height and period re­
sults in sufficient accuracy for practical purpose. In very shallow water and
close to wave breaking the simulationmethodin time domaincan be used to
considernon-linearshoaling.

Refraction is a physical processwith only moderatenon-lineareffects as long
as slopes are not to steep and no extremeconcentrationof energy is forced
due to strong bottorncurvature.The influenceof directionalityis not so strong
as in diffraction,but has a certain influence.

For a coast with straight and parallel depthcontoursGODA, 1985 has worked
out diagramsbased on the superpositionmethod, from which the directional
influenceon the refractioncoefficient K.. (Fig. 3.1) and the predominantdirec­
tion can be seen. The differencebelweenregularwave refractionand refrac-

- 87 -



tion of a directional spectrum with Sm"" = 75 (Swell with long decay distance and
relatively small wave steepness) is less than 3%, so that the results for Sm"" =
75 may be taken approximately as regular wave results to judge on the influ­
ence of directional spreading. As the predominant direction is even minor influ­
enced, regular wave results with significant parameters are areasonabie ap­
proximation.
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Fig. 3.1: Influence of wave directionality on refraction coefficients
- coast with straight, parallel bottom contours - (GODA, 1985)

In case of a very irregular morphology, investigations with one wave period and
direction only may not lead to characteristic results. Under this conditions in­
vestigations with various directions and periods should be performed. It should
be considered further to smooth the morphological data.

In case of a very oblique mean wave direction, additionally the directional
spreading of the local input spectrum has to be discussed. The energy in the
landward part may be reduced, compared to an open sea directional spectrum.
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3.2 Shallow water wave breaking
Wave breaking is a strongly non-linear interaction and therefore the simulation
method in the time domain is generally used. Regular wave information has to
be taken from hydraulic model tests. Details of the simulation methods and the
evaluation of the results have to be performed by hydraulic model tests or
measurements in nature.

A number of simulation methods exist (e.g. GODA, 1985, BATTJES/JANSEN,
1978, THORNTON/GUZA, 1983, STROTMANN et al., 1991, GÖTSCHEN­
BERG/DAEMRICH, 1987) with various assumptions on shallow water breaking
criteria for regular waves and on the change of the histogram of the incoming
waves. As an example a diagram from GODA, 1985 is given in Fig. 3.2. It is
easy to be seen, that the representation of the breaking process by one regular
wave criterion as e.g. H/h = 0.78 does not represent the process in the whole
area. The representation by a fixed relationship H1/Jlh requires already the
knowledge on results from measurements or simulation methods.
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Fig. 3.2: Wave height in the surf zone (GODA, 1985)
Bottom slope 1/30

In numerical parametrical models based on the simulation method in frequency
domain, energy dissipation is usually treated independent of frequency and
directional distribution of energy.
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3.3 Diffraction and reflection
Diffraction and reflection processes due to the interaction of the waves with
breakwaters can be treated usually as linear processes. They are strongly in­
fluenced by the directionality of the waves. The simulation method in frequency
domain including the directional distribution is the tooi for working out design
diagrams. As an example diffraction and reflection at a semi-infinite total reflect­
ing breakwater is discussed in the following.

Fig. 3.3 and 3.4 are results from calculation with regular waves (Iinear theory).
Typically for the diffraction area in case of perpendicular wave approach (Fig.
3.3) is a relative wave height (diffraction coefficient K') of about K' = 0.5 in the
area of the 'geometrie shadow line'. In the reflection area (example for oblique
wave approach) immediately at the breakwater frontside the weil known in­
crease of wave heights up to K' = 2.3 can be seen (Fig. 3.4).

Similar calculations with a directional spectrum of typical wind waves
(JONSWAP, Smax = 10 ) are plotted in Fig. 3.5 and 3.6. In the diffraction area
(Fig. 3.5) the relative wave heights in the area of the geometrical shadow line
are increased to about K' = 0.7 and generally the wave heights in the whole
sheltered area behind the breakwater are significantly higher. However, in the
reflection area with oblique wave approach (Fig. 3.6) the relative significant
wave heights are clearly reduced. This is due to the fact that part of the wave
energy (with direction beyend the direction of the breakwater axes) is not
longer reflected, but diffracted.

For oblique wave approach of directional sea there is again the principle prob­
lem concerning the directional features of the input spectrum. Near the coast­
line, or e.g. for breakwater gaps, 'off-shore' directional components may not be
present, so that the directional spectrum is not the standard case. It has to be
made clear, whether this is already considered in the input design parameters
and how it is to be implemented in the simulation method.
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3.4 Wave transmission
Wave transmission of irregular waves can be simulated with the transfer func­
tion method as long as no wave breaking occurs.

Fig. 3.7 gives an example of measured transfer functions for an immersed ver­
tical thin wall with various degrees of obstruction (EGGERT, 1983).
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Fig. 3.7: Wave transmission at immersed vertical wall (EGGERT, 1983)
Transfer functions measured and from regular wave theory

In EGGERT, 1983 it is also worked out clearly, that for transmission calcula­
tions the representation of the sea state by a regular wave should make use of
the mean period of the transmitted wave spectrum to get good results. He has
given a diagram for estimating this significant period for standard spectra, but
recommends the use of the transfer function method in general cases.

When transmission is controlled by the degree of wave breaking, even the
simulation method in time domain may fail, although GODA, 1985 has given
some examples where the representation of the irregular waves by a regular
wave results in not too large errors. Own comparing investigations in a wave
channel on submerged breakwaters (DAEMRICH/KAHLE/PARTENSCKY,
1985), however, highlight the problem of transferring results from regular wave
investigations to irregular waves (Fig. 3.8). Hydraulic model tests are strongly
recommended for this type of problems.

- 93 -



REGELMÄSSIGE WELLEN
d=O,5m h/d =1

~
UI.2

71.4,--------------------r---------,----------.---~'~(.'I--,
SZ .. 1.0

X 1.4
C!l l,a
61.9
• 2.0
e 2.2

1.0~--------._--------~--------_4----------~--~O~2~.•--~..
O.6~------_4--------_t.--------4-~----~+_------~

"I

D.6~----.---+_----_.--~---------4----------~--------i

D.4~--------+_--------~--~----_4----------~--------i

D.2~--------~--------~--------r_--------r_------~

O.OOL_--------~---------lLO--------~15~------~2~D---------72S
H [CM]

PIERSON -MOSKOWITZ SPEKTREN
d=o,Sm hld=l

,__
UI. 2

71.4,--------------V------r---------,----------r----,--,o,---,

"I
.. 0.94
X 1,26
[!lI,S1
6. 1,88
~ 2.20
e 2.46

1.0r---------,----------r--------~----------t_------__i

D.6r---------+_---------r---------4----------~------__i.'. .. .
D.6~--------+_--------~--~~~----+_---------r---------i

D.4~--~~--~---------r---------4----------~------__i

0.2~--------+_---------r---------4----------~------~

O.OL_--------~--------_L--------~----------L---------~
o 10 15 20 25

H 1/3 [CH)

Fig. 3.8: Transmission at submerged breakwaters (DAEMRICH et al., 1985)
Comparison of results trom hydraulic model tests in regular waves (top)

and irregular waves (bottom)

The design method tor submerged rubblemound breakwaters by VAN DER
MEER I ANGREMONT, 1991 is based on the compilation of data trom irregular
wave tests in hydraulic modeis.
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3.5 Wave run-up and overtopping
Wave run-up and overtopping of irregular waves has to be simulated in time
domain.

For run-up at sloped sea dikes TAUTENHAIN, 1981 has estimated the influ­
ence of previous waves on the actual wave run-up and developed diagrams to
calculate the overtopping quantities. Furthermore results for oblique wave ap­
proach have been worked out on the basis of hydraulic model tests
(TAUTENHAIN et al., 1982).

GODA, 1985 worked out diagrams for overtopping of irregular waves at vertical
structures and bloek mound seawalls, using the simulation method in time do­
main. The underlying results of regular wave tests are not given in the publica­
tion, however, some results of measurements indicate that large deviations can
be expected when regular wave results are taken directly to represent irregular
overtopping.

FRANCO/GERLONINAN DER MEER, 1994 have cornpiled design diagrams
tor vertical and composite breakwaters on the basis ot measurements in irregu­
lar waves in hydraulic modeis.

For overtopping under oblique wave approach at vertical structures no general
design diagrams or rules are available, although there is astrong intluence.
Hydraulic model tests have to be pertormed tor each special case.

Some investigations on overtopping at vertical walls with directional spectra
indicate that differences in results from long-crested and short-crested investi­
gations are not severe.

3.6 Stability of rubble mound structures
Design of rubble mound structures according to the HUDSON tormula is an
example for the conflict arising from the use of regular wave results for design
in irregular waves.

After publication of HUDSON's results from the laboratory investigations the
Beach Erosion Board recommended in the Technical Report No. 4 ( predeces­
sor of the SHORE PROTECTION MANUAL) to use Hl/3 as design wave to be
used with the stability coefficients measured in regular waves. This has been
customary prior to HUDSON's investigations and arguments are, that normally
a long period of destructive wave action is required before serious damage oe­
curs. In later versions there was a slight modification in arguments, but Hl13 was
still recommended until in the latest version of 1984, when Hl/l0 became the
design recommendation. At the same time the stability coefficient was reduced,
so that an increase of the stone weight by a factor of more than 3 was the re­
sult. The PIANC Working Group reports in 1992 that this change can be seen
as altering the forrnula from a failure function to a design function with allow­
ance for a margin of safety, but expects a review of the use of HlIl0 in the next
up-date of the Shore Protection Manual.

In principle, due to the damage process depending on interdependence of
waves and on possibly reshaping of the structure, only investigations in irregu-
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lar waves are a suitable simulation method for this problem. There are hints
from the literature (e.g. JOHNSON/MANSARD/PLOEG, 1978) that wave
groupiness may have some influence. This might indicate that a representative
wave height higher than Hl13 is more significant for the damage process.

The formulae on the stability of conventional rock armour derived by VAN DER
MEER (e.g. VAN DER MEER, 1988) are sole based on investigations with ir­
regular waves. In the formulae H2% is used as a representative wave parame­
ter, related to Hl/3 by a factor 1.4 for standard cases.

3.7Orbital veloeities
Investigations on orbital veloeities in a wave channel (DAEMRICH/EGGERTI
CORDES, 1982) are taken as an example to compare the various simulation
methods ànd to demonstrate the influence of the shape irregularity.

The wave surface and the orbital velocity components were measured simulta­
neously. From the surface information, orbital velocity components were calcu­
lated for individual wave events, using simulation methods in time and fre­
quency domain. Fig. 3.9 shows results from the simulation of horizontal velocity
components as scatter plots.
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The scatter of the data from the simulation method in frequency domain
(transfer function method) is relatively small. The scatter of the data from the
simulation method in time domain with zero-crossing definition is markedly
higher. This is to be attributed to the influence of the shape irregularity, as for
the calculations all waves are assumed to be symmetrie regular waves defined
by H, Tand the water depth only.

The results can be clearly improved, however, if more attention is paid to the
individual wave form by using other definitions in time domain. The scatter in
the results from calculations with 'halve wave parameters' (complementary
method) are of the same order as the scatter from the transfer function method.

Despite of the relatively small scatter of the transfer function method and the
complementary method the general trend of overprediction of crest veloeities
and underprediction of trough veloeities is obvious. From investigations of
WOLTERING, 1996 it is known that this trend is clearly due to the influence of
the EULERian backflow in the hydraulic model, which was not considered at
the time of this analysis.

Furthermore it has to be mentioned, that a linear superposition method of
course must have limitations when the non-linearities grow stronger. Especially
the crest veloeities in high waves near the surface are clearly overpredicted by
the transfer function method due to the non-realistic behaviour of the linear
transfer function above the mean water level. Non-linear superposition methods
(e.g. SAND/MANSARD 1986), superposition with varying (frequency depend­
ent) reference still water level (DONELAN/ANCTIUDOERING, 1992) or LA­
GRANGEian approach (WOLTERING, 1996) improve the results in details.

4 Summery and concluding remarks
Seawavesare irregular in contrastto regular long-crestedwavesof permanent
form, where most of our knowiedge,perceptionand wave theories are based
on. The effects of the irregularityare due to directionalspreadingof the wave
energy, irregularities in the sequenceof wave heights and periods and the
shape irregularity. Non-linearitiesare not an effect of the irregularity but are
morecomplex in irregularwaves.
Designmethodscan be basedon the results of simulationmethods in time or
frequency domain, hydraulicmodeltests or measurementsin nature. Selected
examples are compiled in chapter 3. The methods are standard methods in
general. In researchmoresophisticatedmethodsmight be applied for special
problemsand to accountfor non-linearand interactionprocesses.Fluctuations
in the mass transport in irregularwavese.g. and the related problemof bound
longwaves is aspecific problemwhichdoesnot exist in regularwaves and still
requiresa lot of research(GÖTSCHENBERG/DAEMRICH,1990).

The design by representingirregularwavesby meansof a 'significantwave' is
not impossible, but requiresexperienceto avoid large errors. Regular waves
with the height of H1f3 are in fact not very often significantly representingthe
irregularwaveaction.
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Hydrodynamic Impact on Cliff Coast Areas
of the Baltic Sea on the Basis of
Directional Wave Measurements

Peter Fröhle
Thomas Fittschen

University of Rostock,
Institute tor Hydraulic and Coastal Engineering

Abstract
Wide areas of the Baltic Sea coastline are characterised by cliffs and the
alternation of active c1iffs and adjacent accretion areas. Active cliffs are
important for the sediment budget and the stability of the beaches. Driving
forces for morphological changes and the movement of sediments are primarily
the incoming hydrodynamic forces, namely waves, currents and changing water
levels.

1 Introduction
The Institute for Hydraulic and Coastal Engineering of the University of Rostock
together with the Geological Palaeontological Institute of the University of Kiel
(GPI) and German governmental authorities (ALW Kiel, LANU Schleswig­
Holstein) are running a joint research programme on the "Influence of Cliff
Coast Erosion at the Baltic Sea on the Dynamics of Adjacent Shallow Water
Areas". The basic objective of thé research programme is to determine the
relations between the hydrodynamic impact, the decline of the cliff and the
development of the shore on the basis of field investigations and theoretical
approaches.

Within the joint project the Institute for Hydraulic and Coastal Engineering is
mainly working on the hydrodynamic impact into the project areas and on the
hydrodynamic changes from deeper water towards the surf zone. The
hydrodynamic impact into the project areas is beeing investigated on the basis
of measurements, theoretical approaches and numerical as weil as statistical
simulation methods in connection with sedimentological and geological
investigations and with detailed surveys of the project areas. The results of the
wave climate analyses are input data for the sedimentological and geological
investigations concerning the assessment of the behaviour of the cliffs and
adjacent areas.

In this paper, results will be presented on the estimation of long - term
hydrodynamic impact into the project areas on the basis of wave
measurements and statistica I approaches.
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2 Methodology I Objectives
Since May 1996, directional wave measurements have been performed for the
determination of the hydrodynamic impact into the project areas. The directional
wave measurements are carried out in preselected project areas in about 10 m
water depth with two DataweIl Directional Waverider Buoys. The selected
positions of the buoys within the project areas are representative for the
complete project area respectively.

The main objective of the investigations of waves is the determination of the
wave climate - in this association the term wave climate is used to express the
wave conditions and its seasonal and local variability - in conneetion with actual
water levels and local wind conditions. This contains, for example mean wave
conditions, seasonal variability of waves and wave parameters within extreme
conditions as weil as probabilities of extreme conditions.

It is furthermore planned to analyse the transformation of the waves from
deeper water into the surf zone on the basis of numerical modelling as one
particular basis for the assessment of the cliff erosion and the sediment
transport.

3 Project Areas
For the investigations carried out within the research programme three project
areas were selected on the Baltic coast of Schleswig - Holstein. Main criterion
for the selection of the project areas were, besides the different alignment of
the cliffs to the main wave attack, results of geological and sedimentological

Flensburg

Heiligenhafen

Meekienburger
Bucht

Fig. 1: Project areas at the Baltic coast of Schleswig - Hoistein
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investigations, which were carried out over the last years and which can be
used for the investigation work within the research project. Considering these
factors c1iff coasts at Schönhagen, Brodten and Heiligenhafen (Fig. 1) were
selected for the investigations.

Each of the three project areas consists of an erosive cliff with accretion areas
in the adjacent sections of the coast. The mean decline rates of the erosive
cliffs are high (up to 2.5m I year) in comparisonwith other cliffs in the western
part of the Baltic Sea. The adjacent accretion areas and therefore the
physiographicunits are clearlydefinedand the input of sedimentthrough rivers
into the projectareascan be excluded.

For the first part of the project, it was decided to concentrate the project
activitieson the projectareasHeiligenhafenandSchönhagen. .

4 Data Acquisition
4.1 Directional Wave Measurements
The directional wave measurements are performed with two DataweIl

Directional Waverider
Buoys (pitch- and roll
buoys). The diameter of a
Directional Waverider
Buoy is about 0.9mand
theweightabout250 kgs.

The buoys are moored
with a f1exible mooring
system (Fig.2) that
includesa rubbercordwith
safety line, a
polypropylenerope and a
chain of about 500 kgs as
a sinker. The f1exibilityof
the mooring system
ensures,that the buoy can
optimally follow the waves
on thewater surface.

-- 5 kgs chain

- 15mrubbercord

-- 20 m polypropylene rope

500 kgs sinker

The measurements of
wave heights and wave
directions are based on
measurements of
accelerations in avertical
direction (heave) and in
two horizontal directions
which are perpendicularto
each other. With

Abb. 2: DataweIlDirectionalWaveriderwith f1exible
mooringsystem(accordingto DATAWELL1995)
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simultaneous compass measurements of the direction north the horizontal data
is converted into the directions N and W. By means of double integration of the
accelerations, heave, translation Wand translation Nare determined
respectively.

The sample frequency of the Directional Waverider Buoys is 1.28 Hz. 8 blocks
of 200 s a time (~ 256 samples) are measured and analysed for the calculation
of one directional wave spectrum that represents the measured sea state of
one measurement. The duration ot one measurement is approx. 27 minutes.

The time histories of the measured components translation north, translation
west and vertical heave are respectively developed in complex Fourier series.
The Co- and Quad- spectra are calculated trom the Fourier series. The energy
density function, the mean wave directions and the directional spread are
calculated from the Co- and Quad- spectra. The analysis of directional wave
information is described in detail by Longuet Higgins et al. 1963.

An example of a typical directional wave spectrum is given in Fig. 3.
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Fig. 3: Measured Directional Wave Spectra
Location Schönhagen
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4.2 Data Analyses
The wave data is recorded every hour. The significant wave parameters of the
wave spectrum are calculated from the energy density function and the wave
directions of a measurement, i.e. HmO'T02' T, and 0m and the significant wave
parameters H'/3' Hmax,Tm, TH1/3 from the measured time histories respectively.
The processing of pitch- and roll buoy data in time and frequency domain is, for
example, described in detail by SCHADE, 1991.

An example of the measured wave parameters is given in Fig. 4.

3.0..;.w::a:.::ve:.:h~e::=ig~ht:.:H.:!.mo!!l!..!:[m~]!.._ ï
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360 mean wave direction 9m [deg]

270

180

90
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Fig.4: Measured wave parameters, Dec. 1996, Location Schönhagen
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4.3 Wind- and Water level data
For the investigations of long - term sea state conditions in the project areas
long - term wind measurements were used. The 'Deutscher Wetterdienst'
(German Weather Service) provided long - term wind conditions measured at
locations in the direct vicinity of the project areas. For the Schönhagen project
area hourly wind measurements are available beginning in 1981 and tor the
Heiligenhafen project area, wind measurements beginning in 1957.

Water level data in 5-minute steps are also available at long - term water
gauges directly in the project areas. The data was collected by 'Wasser- und
Schiffahrtsamt' (WSA) Lübeck.

5 Estimation of Long-term Wave Climate
Especially for the assessment of morphological changes - long-shore sediment
transport -, which takes place very slowly and over longer periods, a single
record representing the waves of 1 hour only does not give the necessary
information. In this case the information about the long-term behaviour of the
waves is required. On the other hand it is very expensive and very time -
consuming to measure the wave parameters over long periods. This makes it
necessary to develop procedures to extend the time series of measured waves
to longer periods. Since long term wind information is normally accessible for
comparatively long periods, the extrapolation of the wave data can be
performed on the basis of wind information.

5.1 Wind- Wave Correlations
For the statistical assessment of wave data and specially for the calculation of
mean wave conditions and wave climate as weil as extreme events it is
necessary to use data from a complete and closed time series with constant
resolution in time domain. Wave measurements are often incomplete due to
various reasons such as ice coating of the ocean area or problems with radio
transmission. Therefore it is necessary to complete the data gaps in the field
wave data.

In principle there are many theoretica I approaches available for the estimation
of wave parameters from wind information. The appropriate approach normally
depends on the available input information, namely the resolution of wind or
related information in space and time, and also on the objective of the
investigations. For the hindeast of wave parameters with a two dimensional
numerical full spectra I wave prediction model, detailed information (in space
and time domain) about the atmospheric pressure field is necessary. The
request for computational power is also extremely high. In return, detailed
information on the speetral and the directional spreading of the wave energy
distribution is available from the model. If in contrast to these sophisticated
modeis, a very simple wave prediction model as tor example a wave prediction
model as described in the Shore Protection Manual (CERC 1984) is used, the
demand on the input data is very low. In return, the quality of output data is
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comparatively poor and only significant wave heights and mean wave directions
can be roughly estimated from the prediction model.

In addition to physically - based wave prediction models tor the calculation of
the relations between wave parameters and wind conditions, there are also
statistica I approaches. These statistica I approaches are based on
measurements. Measured wave parameters and simultaneously measured
local wind parameters are necessary for the calculation of the relations. The
advantage of statistical methods is that they are very fast in the calculation of
the results and that they give comparatively accurate results for any of the
correlated values. The limitation of statistica I approaches is that they allow only
the calculation (hindcast) of local wave parameters from local wind information.
Statistical approaches can not normally be used to generalise/extend the
results of the investigations in space.

In the context of the research project, a statistica I approach was chosen for the
calculations of the correlation between the wind and the waves. The procedure
tor the calculation is shown for the Schönhagen project area as an example.

The calculations are based on one year's measurements of wind and wave
parameters. The total sample consists of about 3600 data sets of wind and
wave measurements

5.1.1 Wave Heights
For the calculation of the
statistica I interrelations
between wind velocity and
wave heights, the data
was separated into
classes of wind directions.
For each class the wave
heights are plotted against
the wind velocity
respectively. An example
for the statistica I relation is
given in Fig. 5. The
dependency of the wave
heights on the wind
velocities can be readily
seen. The calculatedo.o-f-'--.L--t---.---+---..---+--.---!

0.0 5.0 10.0 15.0 20.0 correlation function and
Wind Veloclty [mls[ the corresponding 90%

confidence intervals are
also plotted in Fig. 5.

1.5 -- - - - -- - ---"-_ - - - --

0.5
, ,

- -_ - --~-- - - _-- - - - -~- -- - -- - - ---, ,, ,

Fig. 5: Measured wave heights vs. measured wind
velocities with correlation function and

corresponding 90% confidence intervals.
project area Schönhagen,

wind direction: 400~ 0Wind < 600
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Detailed investigations
showed that it is possible
to improve the results of



the regressions between the wind velocities and the corresponding wave
heights. Within the improvement of the results, the statistica I approach, the time
differences between the wind and the wave measurements, the time over which
the wind parameters are averaged and the class width of the wind directions
were optimised. It was found, that areliabie criterion for the assessment of the
goodness of the fitting is the mean absolute deviation between measured and
calculated wave heights.

Statistical approach:
A variety of statistica I approach functions (i.e. several types of power series and
polynomal series of different degrees) were tested within the optimisation
process. For the conditions at the Schönhagen project area a polynomal
function of second degree gives the best results, which means the overall
lowest differences between calculated and measured wave heights (Iowest
mean absolute deviation).

Influence of time differences:
Besides the absolute wind velocity and the direction of the wind, the duration of
certain wind conditions has, for given local environment (water depth,
morphological structures, etc.), the main influence on the development of the
waves. For the calculation of the regression between wind velocities and
corresponding wave heights, the influence of the duration and of the period
which is significant for the development of the waves was analysed in detail.

The investigations were
performed with the actual
wind parameters (i.e. the
wind parameters
measured at the same
time as the wave
parameters) and in hourly
steps with the wind
parameters measured
before the wave
measurements, as weil as
with wind parameters
averaged over two, three
and four hours. The
investigations showed that
correlations with wind
parameters averaged over

300 the last two hours before
the wave measurement
led to the best results.

50 100 150 200 250
Hmo [cm] measured

Fig. 6: Calculated and measured wave heights with
linear regression function

and 90% confidence intervals
(project area Schönhagen)
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directions:
For the optimisation of the



correlations, the class width was varied. An optimum class width was found at
30°.

As mentioned above, the mean deviation between measured and calculated
wave heights may be taken as areliabie criterion for the assessment of the
goodness of the correlations. The optimisation processes of the different main
influences on the results of the correlations were comparatively successful. The
absolute differences between measured and calculated wave heights are less
than 7 cm on average and less than 15 cm for the 90% confidence intervals of
the wave heights. The results are shown in Fig. 6.

5.1.2 Wave Directions
The calculation of the mean wave direction from measured wind data is
performed on the basis of the same sample, which was used for the calculation
of the wave heights. Comparative calculations showed that the results for the
computation of the wave directions are not as strongly influenced by the
different input wind parameters as the wave heights. In Fig. 7 the comparison of

measured wind and wave

30 60 90 120 150 180 210 240 270 300 330 360
Wind Dlrection

Fig. 7: Measured wind and wave directions
project area Schönhagen

(total sample, 3600 data sets)

directions are shown for
the complete set of input
data. It can be readily
seen, that there is no
direct dependency
between the measured
wind and wave directions.
The resulting wave
directions are completely
different to the wind
directions, especially for
wind blowing from
westerly directions (wind
blowing from land to sea).
They also diverge in two
different directions.

Looking further into the
details, it was found that
the relations between the
wind directions and the
resulting wave directions
are not as chaotic as they
seem to beo

For wind veloeities exceeding 7.5 mIs, astrong relation was derived from the
data (cf. Fig. 8). The waves come more or less from the same direction as the
wind.
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Fig. 8: Measured wind and wave directions
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Fig. 9: Measured wind and wave directions
project area Schönhagen
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For wind velocities
between 5.0 mIs and
7.5 mIs, non Iinear
relations were also
derived trom the
measured data (Fig. 9).
Compared with the data
exceeding 7.5 mIs wind
velocity , the bandwidth ot
the results is higher, but
tor the calculation of the
wave direction trom the
wind direction, the results
are reasonable.

For wind velocities below
5.0 mIs the relations are
not as clear as tor the
previous examples (ct.
Fig. 10). The spreading of
the results is
comparatively large,
especially tor wind coming
trom westerly directions.
But tor such c1imatic
conditions, the wave
heights and theretore the
wave energy approaching
the coast is very low and
the wave heights are only
in the range of 0.10 m to
0.25 m. Theretore the
correlations can be used
to obtain a completed
series ot wave conditions.
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Fig. 10: Measured wind and wave directions
project area Schönhagen

(wind velocity UWind< 5.0 mIs)
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Fig. 11 : Measured and correlated wave directions
with linear regression function
and 90% confidence intervals
project area Schönhagen
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For the calculation of the
wave direction from the
wind direction, non - linear
functions defined in
sections were found
depending on both the
wind direclion (8wnd) and
the wind velocity (Uwnd)'

The results of the wind
wave correlations are
shown in Fig. 11. The
deviation between
calculated and measured
wave direction is (on
average) in the range of
± 20° for the complete
range of data and ± 10°
on average for wave
conditions with significant
wave heights exceeding
20 cm respectively. The
mean wave direction is
represented very weil by
the developed wind =>
wave correlations.

5.1.3 Wave Periods
The calculation of the
wave periods from wind
measurements is based
on the relationship
between wave heights
and wave periods
(Fig. 12). The correlation
between wave heights
and wave periods is
almost linear for wave
heights exceeding
Hmo = 0.25 m. For wave
heights below
HmO= 0.25 m, no direct
correlation can be found.
The great bandwidth of
possible wave periods for
comparatively low wave
heights can be explained



by swell effects in the project area. The investigations on the effects of swell on
the wind wave correlation (especially wave periods and directions) have not yet
been finally completed.

However, tor the calculation of the wave periods from the correlated wave
heights the relations derived from these investigations can be used. The mean
deviation between calculated and measured wave periods are comparatively
smalI. They are (on average) in the range of 0.2 s.

1.0+----l---l---l---+---l---+--+-~

o.o+--~-l-~-l-.....--I-.....--+--.--l--.--+-.--I-........-I
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

H""

Fig. 12: Measured wave heights and measured wave periods
project area Schönhagen

The calculation tor one month is exemplarily presented in Fig. 13 to assess the
quality of the calculation of wave parameters trom measured wind parameters.
It can readily be seen, that the overall results are very reasonabie. Not only are
the mean values represented weil, but also the course of the parameters. The
results of the hindcast values based on local wind measurements are reliable
even when the wave heights and the wave directions change comparatively
fast. To summarize it can be concluded that by means of the investigations of
the wind wave correlation, a hindcast tooi for wave parameters (wave height,
direction and periad) tor the project areas has been developed and that this tooi
is operational for further investigations.
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Fig. 13: Measured and calculated wave data
(project area Schönhagen, November 1996)

+: measured wave data
solid line: calculated wave data

5.2 Extrapolation of Wave Data
Based on the investigations of the correlations between the local wind
parameters and the measured wave parameters, the wave data base can be
extended to longer periods. For the Schönhagen project area, wind data
measured at the same location is available from Aug. 1981 onwards and for the
Heiligenhafen project area from July 1957 onwards.

With these two components, local wind information and wind wave correlation
function, the wave parameters for the two project areas are principaily
available. An example for a wave hindcast is given in Fig. 14.

Especiaily for the calculation of the hydrodynamic impact into the project areas
it is necessary to know whether there are other climatic conditions (e.g. ice
conditions in the project area) that actively prevent I suppress the development
of waves. The development of waves was assessed on the basis of ice
coverage and ice thickness observations. Due to limited space these
investigations cannot be described in detail.
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Fig. 14 : Wave parameters January 1983 project area Schönhagen,
example trom hindcast data

6 Hydrodynamic Impact
As an example tor the use ot the extrapolated wave data within the scope ot
our joint research project, the wave energy flux tor the project area
Schönhagen was calculated tor a period of 15 years trom Oct. 1981 to Sep.
1996. In Fig. 15 the monthly cumulated total wave energy flux, which
characterises the hydrodynamic impact into the project areas, is plotted over
this period.
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Fig. 15 : Monthly cumulated wave energy flux,
Project area Schönhagen
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The local wave energy flux will be used to estimate the local sediment transport
capacity and also to assess the cliff coast decline and the development of the
adjacent stretches in the project areas.

The mean wave conditions, the seasonal variability of the waves and also the
assessment of the influence of extreme wave conditions will be investigated on
the basis of the extrapolated wave data.

7 Conclusions
Within the scope of a seminar paper, it is not possible to deal in depth with all
the various aspects of the assessment of the hydrodynamic impact into project
areas. Above all results concerning the influence of increased water levels
caused by strong winds or the local variability of the wave conditibns and the
importance of extreme events on the morphological development of the project
areas had to be left out of this paper.

Within the scope of a joint research programme, directional wave
measurements were carried out in two project areas over about 1 - 2 years. On
the basis of these short - term wave measurements and local wind
measurements wind :::) wave correlations for the significant wave parameters
Hmo, 0m and T02 were developed. Calculated and measured wave parameters
are (on average) nearty equal. The differences between measured wave
parameters and the calculated values are comparatively smalI. The mean
deviation I spreading of the results of the complete data basis is about 7 cm for
the wave heights, about 0.2 s for the wave periods and about 20° for the wave
directions. For wave heights below 0.2 m, the spreading of the results for the
wave directions decreased to about 10°. The spreading of the results for the
wave heights and the wave periods was not changing significantly.

On the basis of the wind :::) wave correlations the wave data base was
extended to longer periods for the project areas. The local wave energy flux
was calculated for one project area for the period of 15 years from Oct. 1981 to
Sep. 1996 as the basis for the investigations of sediment transport processes
and the sedimentological development of the area.
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ABSTRACT

For the operationaloceanographicalobservation,the developmentof the
pile stationequippedwithwavegaugearrayand the data buoyare introduced.
Some importantkey pointsin the designof the systemsare reported.

For the selection of a proper method for the routine directionalwave
analysis,a seriesnumericalsimulationhavebeencarriedout. By considering
the stability,accuratewavedirectionpredictionandtime saving,FiniteFourier
SeriesMethodis suggestedfor the operationalfieldwave analysis.

1.lntroduction
Adequate oceanographicaldata is essential to the weather forecasting,

the offshore structures design and the coastal zone management. An
oceanographicalobservationnetwork around Taiwan has been planned in
order to fulfill the needs of related data. The network consists of stations
locatedon the shore, in the shallowwaterasweil as in the deepsea. In order
to support the operationalobservation,pile station and data buoy systems
have been developed. For the sakeof the calibrationof the numericalwave
forecasting model, systems are designed to communicatewith land-based
stations by radio or satellites in real-time. In this report, the design of pile
stationand data buoysystemsare introduced.

For the oceanographicalobservations,wave is, among others, the most
predominateand complicatedone. Whileother elementsare obtainedsimply
fromthe directsensorreading,wave is presentedby the characteristicvalues,
which are obtainedtromthe analysisof the measuredwater leveltime series.
Directionalspectraare the fundamentalpresentationof oceanwaves.Several
methods for estimating directional wave spectrum are investigated. The
intercomparisonbetween each method including FFSM, MLM, BAM, and
MEMis presentedin this report.

2. Field Observation
The measurementof ocean waves had long been of particular interest,

as wave data and the understandingof wave phenomenaare essential to
ocean engineering. For routine, reliable and continuous observation,
measurementof the wave can be, among others, recognizedas data buoy
and pile stationor platformequippedwith gaugearray.
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2-1. Wave Gauge Array

For the directional wave measurement, the pile station or platform
equipped with gauge array are among the earliest in situ systems, and have
the advantages of ruggedness. Several types of sensors, such as pressure,
electrical, float and accoustic gauge can be used for the measurement. In the
present study, acoustic wave gauge had been chosen for its relative ease of
recovery and servicing. The acoustic gauge features no physical link to water
surface. It beams a signal downward. The time required for the trip of signal
serves to locate the water surface. By considering the design of the wave
gauge array, the geometreical spacing effects the performance largly. For
optimum performance, there should be as many nonredundant spatial pairs
between each wave gauge as possible. By which, it is suggested that, there
should not be any pairs of gauges toward the same direction, while the
distances of each pair should not be identical. Fig.(1) shows the structure of
the pile station. Two kinds of gauge array with 5 or 4 gauges are iIIustrated in
Fig.(2) & Fig.(3), respectively.

The measurements are carried out hourly. The data are transmitted by
radio to nearby shore station after each measurement, and then transfered to
the laboratory at National Cheng Kung Univ. by telephone network, where the
data are quality checked and stored. To safeguard against the loss of data
due to transmission difficulties, data are stored in a hard disk on the pile, too.
In the laboratory, data are quality checked to ensure the veracity before it is
sent to the databank. The data quality control consists of automatical and
manual procedures. As mentioned by NDBC, the automatical data quality
control excutes in conformity with three guide-lines including limitation of the
sensors, corelation of physical properties and continuity of the data. The data
flow is shown in Fig.(4).

2-2. Data Buoy

In the deep sea or where the pile station is not available, data buoy is the
most frequent applied tooi, by considering real-time data transmission. A data
buoy operation system is composed of several sub-systems as shown in the
block-diagram in Fig.(5). For the wave measurement, the data buoy should
have good wave following capability, thus disc type buoy was chosen. For
moderate payload and convenience of land transportation, the present data
buoy has a diameter of 2.5m. A drogue element suspended below the buoy is
designed to avoid turnover. The outlay of data buoy is iIIustrated in Fig.(6).
The vertical motion of the buoy is measured by an accelerometer located at
the center of the gravity of the buoy. Wave height is obtained by the double
integration of the acceleration with the time. The wave directionality is
measured by two inclinometers built in the buoy due to the fact that the buoy
inclines toward the direction coincides with the wave propagating direction.
The inclination of the buoy , i.e. the pitch and roll, should be measured
together with a 3 axis fluxgate compass to give the buoy real orientation. To
avoid aliasing, signals are lowpass filtered with a Butterworth filter to eliminate
the noise. The data-flow is the same as the pile station system in Fig.(4).
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3. Data Analysis
Ocean waves are commonly represented by the statistica 1 values or the

spectra density. By considering the directionality of the waves, directional
spectra analysis should be applied.

3-1. Fundamental Equations for Directional Spectrum Analysis

Directional spectrum can be derived by cross power spectrum which is
the Fourier transformation of the covariance function of any two measured
wave properties. The general relationship between the cross power spectrum
and the directional wave spectrum introduced by Isobe et al.(1984) is adopted
in the present study:

<l>mn(f)= !'Hm(f ,a)· Hn(f,a). {Cos[k· (xmnCosa+ YmnSina)]

- iSin[k( xmnCosa+YmnSina)]} S(f ,a)de
(1)

where f is the wave frequency; k is the wave number which could be obtained
by the dispersion relationship from the frequency f; <l>mn(f)is the cross power
spectrum of the m-th and the n-th wave property. S(f,a) is the directional
wave spectrum; Xmnand Ymnare the location vectors : H;(f,a) is the transfer
function which can be exprssed as:

H(f,a) = h(f)cosaa. Sin~a (2)

where h(f) and the parameters a and f3 are specified for each measured
quantities and can be derived by linear impulse-response method.

The directional spectrum is often expressed as the product of the
frequency spectrum S(fJ and the directional spreading function O(alf).

S(f,a)=S(f).o(alf) (3)

The directional spectrum takes non-negative values and satisfies the
following relationship:

2.

JS(f,a)da= S(f)
o

(4)

Substitution of the above equation into Eq.(3) yields
2.

Jo(alf) = 1
o

(5)

For the wave gauge array, each gauge pair forms a cross spectrum. N
gauges form N(N-1)/2 cross spectra. By using Eqn.(1), N(N-1)/2 equations
can be established, accordingly. The more the equations are, the more
accurate result is gained. However, due to the fact that the number of the
gauges is limited, the analysis result is always an approximation.

For the data buoy, the location vectors both in x and y direction in Eqn.(1)
equal to zero, as the buoy measures heave, pitch and roll at a single point.
Though the buoy moves with the wave orbital motion in the Lagrangian way,
the analysis treats the signal in Eularian way due to the fact that the length of
the orbital axis is neglegible in comparison with the wavelenght. Three cross
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spectra associated with th ree auto spectra from heave, pitch and roll signals
can be formed. The directional spectrum can be obtained by solving Eqn.(1)
associated with Eqn.(3).

3-2. Methods for Estimating Directional Spreading

In the Eqn.(3), the directional spreading D(elf) can be determined by

various methods. According to Benoit(1992), methods commomly used for
estimating directional spectrum are as following: Finite Fourier Series
Method(FFSM), Fit to Normal Distribution Method(NDM), Fit to Bimodal
Normal Distribution Method(2NDM), Long-Hasselmann Method(LHM),
Maximum Likelihood Method(MLM), Iterative Maximum Likelihood
Method(IMLM), Convolutive Maximum Likelihood Method(CMLM), Maximum
Entropy Method(MEM) and Bayesian Approach Method(BAM). It should be
noted that different methods give different results. While the applications of
the data are different, e.q. for wave research or for engineering design, and
due to the fact that each method has its constraint and limitation, the selection
of the methods depends largelyon the application of the data. Four
methods ,i.e. FFSM, MLM, MEM, BAM, have been worked out and discussed
in present study.

3-3. Comparison by Numerical Simulation

To identify the features of each method and as aresuit to help in
selecting a proper method for routine observation, a seires of numerical
simulations have been pertormed. The procedures of the simulation are as
following: first, set a target directional spectrum; second, construct cross
spectra from the target spectrum by using Eqn.(1); third, use these cross
spectra as input and analyze the directional spectra by the four methods
mentioned in previous section and finally, compare the directional spectra
analyzed by the four methods with the target value. JONSWAP spectrum
modal and Goda's directional spreading function were used to form the target
directional spectrum.

A series of numerical experiments with various combination of directional
spreading parameter S in Goda's formula and the spectra peakness
parameter y in JONSWAP spectra were carried out. Fig.(7) is a 3
dimensional plot in one case in which S=10 and y=3. From the results, it can
be seen that the FFSM and the MLM underpredict the maximum peak and
overpredict the spreading. The MEM a little overpredict the maximum peak ,
and the BAM is very accurate in the case. For the predominate wave
direction, however, all the methods pertorm weil.

3-4. Discussion
The directional spectrum estimator for routine operational observation

should have the features of time-saving, stabie and be abIe to represent the
essential characteristics of the field wave. To obtain an overview of the
features of each method, five criteria including the time-saveing consideration,
robustness, convergence, directional spreading estimation and predominate
wave direction estimation are introduced. The features of four methods
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related to the criteria are listed in table(1). On the time-saving consideration,
the FFSM is easy to implement and does not require lengthy computations
such as matrix inversions or eigenvector calculations common to other
methods. It is the most efficeint method. Both MEM and BAM need
complicated iteration calculation. The iterative schems comsume lenghthy
time. The robustness represents the ablity of methods for the processing data
with noise. From the viewpoint of robustness, performance of MEM and BAM
diminish with increasing noise. MLM may lead to bias estimation in some
cases. FFSM gives the most robust results. Convergence is the problem in
the iteration procedures. In some conditions, MEM and BAM give no results
due to the divergence of the scheme during iteration computation. FFSM and
MLM have no such problems as they do not need complicated iterations.

For the directional spreading estimation, MEM and BAM give the best
results. They can always give accurate result for all cases, providing they
don't diverge in the iteration procedure. MLM and FFSM usually underpredict
the peak energy especially when the spreading parameter S is large. To
solve the problem, more gauges are needed. However, all the four methods
give good information to the predominate wave direction.

In summarized, in order to ensure the results free from the risks of loss of
wave direction information in the routine operational observation, the
robustness and the convergence are the most important criteria for the
selection of the estimator. The computation time should also be considered
as the time is very limited in hourty routine observation. The predominate
wave direction is needed to present the sea status. By considering all the
criteria as a whoie, FFSM is suggested due to its stabie, time saving and
accurate wave direction estimating characteristics. However, one should keep
in mind that the directional spreading given by FFSM would not be accurate
enough, especially in the swell when the parameter S is large. To solve the
problem, more gauges are needed in the gauge array.

4. Conclusion
Two wave measuring systems,wave gauge array and data buoy, are

developed. Currently, three pile stations equipped with wave gauge array
havebeenset-upin Taichung,Taishiand Kaoshiungin 1991,1992and 1996,
respectively. Accordingto the six years' experiencesin the field observation,
the wave gaugearrayhasbeenprovento be a goodmethodtor the longterm
observation. The systemis very stabieand easyfor maintenance. Two data
buoys have been launched in Hwalienand Hsinchu, respectively, in June
1997. A comparisonstudy shows that the directionalspectra measuredby
data buoyare in conformitywith thatobtainedbywave gaugearrayquiteweil.

For the directionalwave analysis,four methods, i.e. FFSM,MLM,MEM
and BAM, were examinated. It has been found that each method has its
constrait and limitations. For the long term observation, stablity and the
correct estimationof wave directionare essential. And time saving should
also been considered. From these viewpoints, FFSM is suggested tor the
routineobservationin the presentstudy.
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Criteria Methods FFSM MLM MEM BAM
Time saving Good Moderate Poor Poor
Robustness Good Moderate Moderate Moderate

Numerical Convergence Good Good Poor Moderate

Directional Spreading Estimation Poor Moderate Good Good
Predominate Direction Estimation Good Good Good Good

Table.(l) Features of Each Methods
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Accuracy Analysis of SURFER· Contouring of
Bar-type Coastal Topography

Shiahn-wem Shyue and Chung-pan Lee
Department of Marine Environment

National Sun Yat-sen University, Kaohsiung, Taiwan, R.O.C.

Abstract
Computer-aided contouring of coastal bathymetry has become more

popular than ever in the recent decade. However, selecting an appropriate
software to perform contour-mapping may be as important as the bathymetric
surveying in creating realistic contours. In this paper, resultant difference
caused by different interpolation methods in the commercial mapping software,
SUrfer-, has been presented, and the corresponding effect of the sampling
interval in a coast water prescribed by a three-dimension bathymetry equation
with sand bars has turther been studied.

About three hundred sixty resultant data sets have been created by the
three interpolation algorithms in Surfer- trom 120 sampling data sets directly
computed trom the given equation by varying the surveying interval between the
running lines perpendicular to the coastline and the sampling distance in each
running line. In each resultant data set, the water depths ot 25 random-selected
points were calculated by different interpolation algorithms and compared with
the depth given by the bathymetry equation. The resultant average and standard
deviation were then computed and plotted corresponding to the sampling
distances and surveying intervals tor comparison.

Results show that the Surfer--MinCurv is better than Surfer-- InvDist and
Surfer- -Kriging in contouring the topography given by a continuous tunction.
Alongshore and on-offshore sampling spacing between 50 to 100m might be a
reasonable number tor a typical coastal with sand bars, but should be applied
with caution. It is also tound that unexpected error may occur when the sampling
spaces is too smalI, e.g. about 30m in the study. Since interpolation algorithms
may be sensitive to the surveying pattem such as the sampling spacing as weil
as the running direction, a software should be used with caution and some pre­
study on the characteristics of the field topography such as the size ot the
alongshore bar should be done betore a surveying pattem is scheduled.

SURFER- is the trademark ot Golden Software, Inc.

1. Introduction
Water depth surveying and contour mapping of coastal water is one ot the

most important and basic works in almost all coastal engineering problems such
as planning and design as weil as coastal processes. Arealistic and accurate
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bathymetry map slrongly depends on the surveying procedure and great care on
the contour mapping. Finer surveying interval and sampling distance are
believed to yield more accurate resull. However, a rough surveying scheme may
result from the limitation of budget, man power, and wave state, etc. On the
other hand, man-made contour mapping is extremely time- consuming and has
almest been replaced by computer-aided mapping method. Consequently, it is
important to know how the accuracy of the resultanl map is or how it is affected
by different interpolation algorithms used by different softwares while the
surveying interval and the sampling dislance are varying.

There are two major approaches to draw contour lines in most commercial
packages. One of them is the gridding method [2, 3) in which some interpolation
algorithms, such as the inverse distance, kriging, minimum curvature, and
polynomial etc. have been applied to calculate the depths of the grid mesh
points. Then the contour lines between the grid points can be determined by
linear interpolation. Another approach is the Triangulation Irregular Network
(TIN) [2, 3) which uses all the observed depth data points 10 form a unique
triangular network from the theory of Voronoi Diagram and Delaunay triangle [2).
The contour lines are then determined by linea rally interpolating between the
data points. In this paper, the commercial software, Surfer·, has been applied.
Three gridding algorithms in Surfer·, such as inverse distance, kriging, and
minimum curvature, have been used [1].

Because of the difficulty of verifying the accuracy for a resultant
bathymetric map trom a set of measuring water depths, a theoretical topography
containing alongshore sand bars has been prescribed by a given three­
dimension equation. Data sets of different surveying intervals between the
running lines perpendicular to the coastline and the sampling distance in each
running line are then directly computed trom the given equation. The resultant
difference caused by the three interpolation algorithms has been studied by
using different data sets.

2. Data Sampling and Processing
A typical bar-type terrain has been given by the following equation,

z = - 0.1X2I3 - SIN(X/120) - SIN(Y/300+5/3)

where X: on-offshore distance from shoreline

Y: alongshore direction

Z: water depth

(2-1 )

A 2 x 2 km terrain was taken for simulation. The resultant contours and 3-D
perspective view of the given terrain can be referred to Figs. 2-1 and 2-2. The
bathymetry shows two alongshore sand bars in the study region with mild
undulation in the alongshore direction.
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Three typical values, 50, 100 and 2oom, were used tor surveyinginterval,
i.e. DY,betweenrunninglinesperpendicularto the shorelinewhilethe sampling
distance, i.e. DX, in each running line is increasingtrom 10 to 200mwith 10m
increment.Ontheotherhand,DY is increasingtrom10to 200masDXare taken
as 50, 100,and2oom,respectively,to simulatea surveyingpattemwith running
lines parallel to the coastline. There are 120 sampling data sets directly
computedtrom Eq.(2-1) and about three hundred sixty resultantdata sets or
contour maps were then obtained by three interpolation algorithms,namely,
Surfer--lnvDist,Surfer- - Kriging,andSurfer- -MinCurv.

In orderto studythe dependenceof the accuracyon thesurveyinginterval
and samplingdistance, and on the interpolationalgorithms,the depths of 25
randomly taken points in 25 equally distributed squareswere computedtrom
each resultant data set and the error was determined with respect to the
theoreticaI depth given by Eq.(2-1). The average and standard deviation of
these25 depthswerealso computedtromeachdataset.

Results of the computed standard deviation have been plotted with
respected to DX and DY tor the three interpolationalgorithmsand shown in
Fig.2-3to Fig.2-8.
3. Results and Discussion

The standard deviation of the resultant contours may change
correspondingto the changeof the samplingpattem varyingsurveyinginterval
DYand samplingdistanceDXasweil as to different interpolationalgorithms.
3.1. Dependenceof Standard Deviation on Sampling Distance DX

The dependenciesof standard deviations on the samplingdistance DX
and interpolation algorithms are shown in Fig.2-3 to Fig.2-5 for three
interpolationalgorithms,respectively.In eachfigure, resultsof threeDYvalues,
50, 100, and 200m,are shownwhile DX changesfrom 10 to 200mwith 10m
increment.

As shown in Fig.2-3 to 2-5, it is found that except in Surfe-r-lnvDist the
standard deviation increases as the sampling distance increases, almost
linearly, as its value is greater than about 1OOm.The standard deviation of
Surfer--lnvDiston the other hand has an increasingtrend,with fluctuation,as
DX increases.However,it is worth to note that in Surfer--lnvDistand Surfer-­
Krigingthe standarddeviationmayincreaseas DXdecreasesif the DXvalue is
less than somevalue, e.g. 30m, in this study for the cases of DY = 100 and
2oom.This maybe a quite surprisingand contraryresult to peoplewho believe
that finer samplingdistanceshouldresult in a bettercontourmapping.

Results also show that there is almost no distinguishabledifference in
standerddeviationtor Surfer--KrigingandSurfer-- MinCurvtor the casesof DY
of 50 and 1OOm.This is different from that of Surfer--lnvDist in which the
differencesin threevaryingsurveyingintervalDYareobvious.Besides,in each
algorithm, the standard deviation tor different DY seems to converge to the
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same value as DX reaches to 200m.

3.2 Dependenceof Standard Deviation on Surveying Interval DY
Standard deviations also depend on the survey interval DY and the results

are shown in Fig.2"{) to Fig.2-8 while applying different interpolation algorithms.
Similar to those for varying DX, results of three DX values, 50, 100, and 200m,
are shown in each figure while DY changes trom 10 to 200m.

As shown in Fig.2"{) and 2-7 for Surfere-lnvDist and Surfere- Kriging,
respectively, it is found that as DY is less than about SOmthe standard deviation
increases rapidly when the surveying interval DY decreases, especially for the
large sampling distance, DX = 200m. This is similar to the results of varying DX
for fixed DY and may imply that in using these interpolation algorithms
unexpected error may be resulted if the sampling spacing is too small as, at
least, in the cases of the study. Furthermore, as shown in Figs.2-7 and 2-8, for
Surfer-Kriging and Surfer-MinCurv, respectively, it is interesting to note that
standard deviations slightly increase as DY decreases for the case of DX =
200m, on contrast to that of DX = 50 or 100m.

On the other hand, it is also found that the standard deviation for DX =
200m is much larger than those for DX = 50 and 100m. This may be caused by
the presence of the alongshore bar which require appropriate sampling spacing
to be reconstructed. Since the surveying pattem of varying DY for fixed DX can
be considered as to simulate that with running lines parallel to the coastline, it is
therefore to imply that the spacing between running lines should be carefully
chosen to reflect the presence of the alongshore bar, and the interpolation
algorithm should be used in caution when alongshore bars are present.

4. Conclusion
By comparing the results trom different sampling pallems and processed

by different Surfere interpolation algorithms, it is found that the Surfere-MinCurv
is most insensitive to the change of sampling spacing than the others, Surfere-
InvDist and Surfere- Kriging. This may be because that the study terrain is given
by a continuous function which can be better interpolated by a continuous
function such as used by Surfere-MinCurv. Therefore, Surfere-MinCurv provides
best fit to the given topography with reasonable sampling spacing, such as DX
and DY between 50 to 100m in the study. However, this range may change
corresponding to the characteristics of the alongshore bars.

It is found that the standard deviation may increase and unexpected error
may occur if the sampling space either in DX or DY is too smalI, e.g. about 30m
in the study, when applying the Surfere software. On the contrary, if the sampling
spacing of DX or DY is greater than, e.g. about 100m, the standard deviation will
increase as the spacing increases.

From the results of the study, it is shown that interpolation algorithms may
be sensitive to the surveying pattem such as the sampling spacing as weil as
the running direction. It is therefore suggested that a newly received contouring
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software should be used with caution and some pre-study on the characteristics
of the field topography such as the size of the alongshore bar should be done
before a surveying pattem is scheduled.
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Recent developments in shallow water
wave prediction.

Heinz Günther
GKSS Research Centre Geesthacht GmbH,

0-21502 Geesthacht, Germany

Abstract

Within the last decades considerable progress was achieved in the prediction
of surface gravity waves. At many weather services numerical wave models
are in operational use for sea state prediction up to 10 days for the deep glo­
bal oceans and for shallow regional seas. Typical resolution are about 1.50 for
the global mode Is and 5 km to 50 km for the regional seas. The physical ba­
sics of the models will we be discussed and model applications wil! be pre­
sented.

The results of a hindcast study and the evaluation of the wave data set for the
reconstruction of the Warnemünde Harbour entrance will be presented in de­
tail.

1 Introduction

Ocean surface gravity wave store huge amounts of energy. This energy can
be transported over large distances before it is finally released by wave
breaking in the coastal zone. Waves influence Ihe human actlvities every­
where in the open ocean, in coastal areas, and in lakes. In particular shipping,
oft-shore and coastal constructions are exposed to the wave forces. Therefore
the two important applications of numerical wave modelling are:

_ The wave forecast in analogy to weather prediction which is important for all
operations on sea, e.g. for the routing of ships and the operations on oil rigs.

_ The wave hindcast uses historica I wind data 10 reconstruct the sea state.
This is done for special events (mostly disasters) and to get Ihe basic data
for climate- and extreme value statistics e.g. for Ihe layout of constructions.

In addition to the traditional applications described above in recent years nu­
merical wave models are applied as part of the coupled atmosphere ocean
modeis. For large scales like climate simulation over many year this is neces­
sary 10 describe the fluxes of momentum, heat, moisture, through the sea sur­
face correctly. For meso and small scale modelling (e.g. high resolution coast­
al area modeis) the interaction between waves and currents and waves and
the sea floor are the dominanl processes. These have to be taken into ac-
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count to simulate correctly the wave induced current, and the wave forces act­
ing on the sea flour resulting in erosion of sediment.

Two types of numerical models are used to simulate the wave evolution:

- The phase resolving or deterministic models are applied to compute the
wave evolution for rapidly varying conditions (within distances of the order of
a wave length or less). The models reconstruct the sea surface evolution in
space and time with high accuracy. The advantage of these mode Is is that
they account for diffraction effects and non-linear wave interaction effects
are included in these modeis. It is possible to include non- linear dissipation
effects, but generation by wind is usually neglected. The absence of a wind
forcing and the required very high space and time resolution much finer than
the resolved wave length and period, respectively, does not allowan appli­
cation to large areas. Examples of these models are described in Madsen
and Serensen, 1992 and Berkhoff, 1972)

- The phase averaged or speetral wave models assume that wave properties
do not rapidly change within a few wave length and periods. These models
describe the sea surface by the action density spectrum. The models in­
clude all linear and non-linear wave processes, but can not simulate diffrac­
tion. Because they allow a much coarser resolution in space and time, spec­
tral models can be used over large areas and compute the sea state over
very long periods.

In this paper speetral wave models will be addressed. The rapid progress in
the last 20 year made it possible to apply reliable models in from global to
coastal scales. In the following chapter the basles of these models is shortly
outlined and in the following a few typical examples will be presented.

2 Spectral Wave Models

A detailed description of the physics and numerical implementation of the
state of the art of speetral wave models is given in Komen et. al., 1994. Since
Gelci et. al., 1956 wave models are based on the balance equation of action
density N(t, x, k)

ON-+ V' .xN+V'k .K<N=Sat x
(1)

where x = (x1, x2) and k = (k1, k2) are the location and wave number vector,
respectively. The veloeities. which account for the wave propagation including
refraction by bottom and currents,
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(2)

are defined by the dispers ion relation

n=2nf=O"+k.v
0" = ~gk tanh(kd)

(3)
(4)

which connects the angular frequency n or the frequency f with the wave
number k, the current velocity v and the water depth d.

The source function S is the sum of all the different process changing the local
balance of the action density.

(5)

Sin denotes the input from the atmosphere, Sdis the energy 1055 due to dissi­
pation (wave breaking), Snl the nonlinear energy transfer due to conservative
interactions, and Sbot the energy 1055 due to bottom interactions.

The dispersion relation is used to transform action densities into energy densi­
ties which are functions of frequency and direction. From these spectra sea
state parameters i.e. significant wave height, mean periods and directions are
deduced by integration. Information about sea and different swell systems is
possible.

A number of computer programs exists to solve the basic equ. 1. They differ in
the numerical integration scheme and in the form of the source functions. At
GKSS Research Centre the HYPA (Günther et. al. 1979) is applied for deep
water wave modelling and the HYPAS (Günther et. al. 1984) for shallow water
areas. Both models are second generation mode Is and parameterise the
souree functions of growing wind waves with the JONSWAP (Hasselmann et.
al. 1973) or by the TMA (Bouws et. al., 1985) spectral form. This results in dif­
ferent numerical schemes for sea and swell, which is typical for second gener­
ation modeis. These models require much less computer resources than the
third generation WAM model (Komen et. al., 1994, Günther et. al. 1992) which
uses explicit forms for all the souree functions. Therefore a sea - swell separa­
tion is not necessary in this model. At GKSS the model was successfully ap­
plied in a hindcast study within the WASA project to estimate wave height
trends in the North East Atlantic over the past 40 years (Günther et. al., 1997).
Fig. 1 shows the trend of the highest 10% ot sig. wave heights computed trom
the WASA data set in the North East Atlantic. Whereas in the Northern North
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Sea an increase of up to 1 m was found the wave decrease by about the
same rate West of Ireland.

Fig. 1: Trend of the 90 percentile of sig. wave height in the North East Atlan­
tic estimated form the WASA hindcast over the period 1955 - 1994.
Contour lines are change per year in cm.

3 Examples

3.1 Wave forecast

The transport equation is numerically solved on a discrete grid. Fig 2 (from
Behrens and Schrader, 1994) shows the grid configuration as used by Bun­
desamt für Seeschiffahrt und Hydrographie (BSH) and German Weather Ser­
vice (DWD) since June 1992 for the operational wave forecasl. The system in­
cludes the deep water model HYPA for the North Atlantic (resolution 150 km)
as weil as the shallow water model HYPAS for the North European Shelf (re­
solution 30 km) and the Baltic Sea (resolution 15.875 km). These models are
driven by wind fields from atmospheric mode Is of the DWD and supply daily
forecasts for the North Atlantic 7 days in advance and forecasts for the North
European Shelf and Baltic Sea 3 days in advance. The computed wave data
are used for the tasks of the various services and for shiprouting consult as
weil.
This model system has been verified manifold (Behrens and Schrader, 1994).
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Figure 3 shows the comparison between computed and measured sig. wave
heights at Research Platform North Sea (see Fig 2). Both measured and com­
puted values agree weil. The mean deviation computed for 1 year was 15 cm
and the standard deviation was less than 46 cm. Meanwhile these values, in
particular the mean deviation, could be reduced by an improved resolution and
a better quality of wind fjelds.

3.2Wave hindeast

The wind fjelds necessary for driving a wave model with forecast computations
are nowadays available at the Weather Services in good quality as opposed to
applications with historical wind fields for the so-called hindcast, since digitized
wind fields in an appropriate spatial (100 km or less) and temporal (3 - 6 h) re­
solution have been produced and stored only during the last few years when
the regional weather models have been introduced.

The main target of the application of wave hindcast is to produce basis data
for statistical investigations, as there are either no field measurements at all in
the interesting sea areas or there are no measurements for a sufficient period
of time which would allow a statement of any statistical significance. A mini­
mum period for climatological statements would be at least 5 years, 20 - 40
years for extreme value analysis of the strongest storms. Therefore it is neces­
sary that the driving wind fields are consistent in time. But this is hardly given
in the routine fjelds of the weather services, if they are available at all, be­
cause the methods of computing wind have been improving steadily during the
last years.

Subsequently we will show the typical proceeding in sea wave hindcast at the
example of the project "Construction of a climatology and extreme value anal­
ysis for the Baltic Sea in the area of Warnemünde harbour' (Gayer et al.
1995). This project was performed by GKSS on behalf of Bundesanstalt für
Wasserbau (BAW) in order to gain basic wave data for the allocation of build­
ings during the reconstruction of the harbour entrance. The results of this hind­
cast have been used to drive their physical model of Wamemünde Harbour.

3.2.1 Climatological statistics

For the generation of climatological statistics the waves were continuously
hindcasted during the years 1988 - 1993 by the wave model HYPAS on the
Baltic Sea grid (see Fig 2). The wave spectra and the integrated parameter
(significant wave height, mean and peak wave period and wave direction)
were stored every 3 hours at all grid points in the German area. The model
was driven by wind fields from the analysis of the German Meteorological and
Geographical Office. These fields were available every 6 hours on a grid with
a resolution of 127 km and were interpolated bilinearly in space. In time the
fjelds were interpolated on the model time step of 15 min by means of a pro­
cedure which takes into account the advection of cyclones. These wind fjelds
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Fig 2: Grid of the BSH-DWD routine forecast system for wave computations.
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Fig 3: Time series of measured and computed sig. wave height at Research
Platform North Sea from 1 - 16 November, 1992. (from Behrens and
Schrader, 1994)

have also been used to force the wave model and one of its remarkable fea­
tures is its good consistency since it has been drawn high attention to the de­
mands of a good wave forecast.

For the verification of the system comparisons were made with buoy measure­
ments at Zingst and in front of Wamemünde. Table 1 shows the statistics of
the comparison between computed and measured sig. wave heights (Hs) at
Warnemünde during the months February and March 1993. The highest
measured wave height (ymax) in these 2 months is with 2.11 m 11 cm above
the computed value (xmax). While the mean values (xq and Yq) differ during

the both months by dq = 10 cm and -7 cm. The difference of -1 cm over the

whole period can be faintly notieed. The scatter of the measurements (Sy) and
computations (Sx) about their mean values is about 53 cm. The only excep­
tion are shown by the measurements in March with a scatter of 33 cm. The
standard deviation between measurement and model are smaller than the
scatter of the particular data sets during the who Ie period with Sd = 29 cm in

February, 35 cm in March and 33 cm over the full period. The scatter index
(Scat) of 46 %, scaling the standard deviation with the mean value of the
measurements and the correlation (Cor) of 0.80 can be accepted at this range
of wave heights. Even according to international standards (standard deviation
(Sd) smaller than 50 cm at significant wave heights below 5 mand nearly no
systematic deviation (dq» a good agreement between computation and meas­
urement has been achieved at the station Warnemünde. Some according
comparison statistics have been achieved for the station Zingst as weil.
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No. v-axis x-axis
1 sig. wave heioht Peak period
2 sig. wave heiebt TM2 period
3 sig. wave height wind speed
4 sia. wave heiaht wave direction
5 wind speed wind speed
6 sic. wave heiaht (\NM0l wind speed (\NMO)
7 sig. wave height duration
8 wind soeed duration

Tab. 3: Produced Diagrams

3.2.2 Extreme Value Analysis

The above mentioned data set is not suitable tor an extreme value analysis,
e.g. the estimation ot the largest expected wave height 100 years ahead, as
the data set contains only tew storms. In general data ot 20 - 30 extreme wave
events are needed tor this extrapolation to achieve some significant estima­
tions. As the computation ot waves and in particular the generation ot the ap­
propriate wind tields is very costly the computation was limited to selected
storms which were considered to be relevant tor the sea area considered.

In this project the wind measurements ot the Meteorological Station
Warnemünde trom 1954 - 1993 were used. 402 storm events (wind speed
more than 15 mIs tor more than 1 hour) were identitied. The greatest risk tor
the harbour entrance ot Warnemünde are storms trom northern directions, so
that only the 39 strongest storms out ot these directions were taken into ac­
count.

There were no digitized wind tields available, so the analysed pressure charts
ot Seewetteramt Hamburg were digitized and the wind tields were computed
with a boundary layer model. Fig 5 shows a digitized pressure tield and Fig 6
the computed wind field. On average 17 charts were treated for each storm.
This is according to a computation period of 4 days/storm and thus contains
the growth and decay phase tor the waves. The waves were computed trom
these wind fjelds by the HYPAS model in the same way as tor the 5 year hind­
cast. However, the output was made hourly to determine the maximum wave
height tor each storm.

In order to record the extreme sig. wave heights the 20 largest events were
used tor the arialysis. These are shown in Fig 7 at grid point Warnemünde
Harbour together with the peak period, the direction sector where the waves
are coming trom and the storm number. The tigure shows that sig. wave
heights up to 3.6 m were reached, during the storm 180 (December 1957)
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Model Buoy Buoy- Model

Month Number ~ Xq Sx Ymax Yq Sy dmax dq Sd eer Scat
1993 (m) (m) (m) (m) (m) (rn) (rn) (m) (m) %
2 99 2,00 0,69 0,53 2,11 0,79 0,52 0,79 0,10 0,29 0,84 42
3 176 1,90 0,73 0,54 1,71 0,66 0,33 0,79 -0,07 0,35 0,77 49

Total 275 2,00 0,72 0,54 2,11 0,71 0,40 0,79 -0,01 0,33 0,80 46

Tab. 1: Statistics of the comparison between computed and measured sig.
wave heights at Wamemünde during the February and March 1993.

The generated time series, consistent of 14521 values were used at selected
grid points to generate climatological statistics. Table 2 displays the distribu­
tion of the sig. wave height (Hsl and the peak period at the grid point Warne­
münde Harbour. The highest wave height was 3.8 m - 4.0 mand had a period
between 8.8 s and 9.2 s. The longest period was between 9.2 s and 9.6 s and
was in accordance with a wave height of 3.0 m - 3.2 m. Both these events oe­
curred exactly one time. In 3681 events periods between 2.8 s and 3.2 s arose
most frequently. These were in accordance with wave heights smaller than 0.8
m whereas the largest number was smaller than 0.4 m. Periods smaller than
2.8 s and wave heights below 0.1 m were not resolved by the model. This sit­
uation could be noticed 1195 times and was marked in the smallest ciass of
wave heights and periods.

The mutual distribution shows two groups of entries. The first group is marked
by an increase of wave heights in longer periods. This is a typical characteris­
tic tor waves which are intluenced by the wind. The second group shows that
at small wave heights long periods can arise as weil. This group matches with
swell events.

The appropriate diagrams were not only produced tor the whole period of 5
years but also separately tor the tour seasons. Along with the discussed cli­
matological diagram wave height - wave period the distributions shown in ta­
bie 3 were evaluated as weil.
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Fig. 5: lsobars of the digitized pressure field of 23. November 1973 at 12:00
which was interpolated to the wave model area.
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CONTOURS OF WINDSPEED AND WIND VECTORS
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Fig. 6: Isolines of wind speed and wind veetors of the wind field on 23 Novem­
ber 1973 at 12:00 computed from the pressure field in Fig. S. For a
better survey the wind vectors were shown only for every 3rd model
grid point.
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from direction NNO with a peak period of 10.1 s and during storm 3 (January
1968) with a peak period of 9.0 s from North.
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Fig. 7: Maximum significant storm wave heights (e) at the grid point Wame­
rnünde Harbour and the adherent peak period (0) and wave direction.
The 20 largest events in descending order are shown.

Out of these data the expected value of the 25, 50 and 100 years return value
for the sig. wave height was extrapolated from various extreme value distribu­
tions. Table 4 summarizes the results received for the grid point Wamemünde
Harbour. It contains the 25, 50 and 100 year return wave heights and esti-

25 year return 50 year return 100 year return

Narne Hs Hl Hr t:. Hs Hl Hr t:. Hs Hl Hr t:.

(rnl (rn) (rnl (rnl (rn) (rm (ml (rn) (ml (rn) (rnl (rn)

FRECHET 3,58 3,44 3,72 0,28 3,78 3,62 3,94 0,32 3,99 3,82 4,18 0,36

GUMBEL 3,56 3,43 3,69 0,26 3,73 3,60 3,87 0,27 3,90 3,76 4,05 0,29

LOG-NORMAL 3,49 3.31 3,68 0,36 3,60 3,41 3,80 0,38 3,70 3,51 3,91 0,41

NORMAL 3,48 3,30 3,66 0,35 3,58 3,40 3,76 0,36 3,66 3,48 3,85 0,37

VVEIBULL 3,39 3,15 3,65 0,49 3,45 3,20 3,71 0,51 3,49 3,24 3,77 0,52

Tab. 4: The extrapolated 25, 50 and 100 year return wave heights (Hs) for
various extreme value distributions. Hl is the lowest and Hr the
upper value of the error margin. The width of the interval is ~.
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mates of the error margin. The Weibull-distribution shows the greatest error
margin (0.52 m for the 100-year wave of 3.49 rn), The Gumbel-distribution
gives the smallest error limits with 0.29 m for a 100-year wave of 3.90 m. The
largest estimated value (3.99 m) for the 1OO-yearwave results from the Fre­
chet-distribution with an error interval with of 0.36 m.

4Summary

We have shown two examples for the application of numerical wave modeis.
First of all the wave forecast was introduced which is used for shiprouting con­
sult and for the planning of any marine activity. Furthermore the wave hindcast
and its evaluation for a wave statistic was discussed. Since there are hardly
any sufficient field measurements available, this method has turned into a
standard procedure for several applications, e.g. for oil platforms, coastal pro­
tection and constructions.

During the last few years the numerical wave modelling has become an impor­
tant 1001 of increasing importance as a part of coupled modelling in coastal
zones. Especially the modelling of eros ion and deposition of sediment is only
possible with detailed wave computations.
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Abstract
The typhoon waves coming with storm surges play a major role on

damages of coastal structures and harbor constructions in Taiwan area,
especially at eastem coasts of Taiwan. A new harbor will be constructedat
eastem coast of Taiwan. Four siteswere chosenfor further evaluation. This
studywas to developthe theoreticaI methodologyand numericaltechniquesof
forecastingthe significantwave heightsand periodscausedby typhoons. The
waves generated by typhoons were considered in moving fetches and the
numericalshallowwater wave calculationmodel for typhoonwave prediction
was alsoadoptedin this paper.
1 Introduction

Typhoons always threaten Taiwan during the summer and autumn
seasonseveryyear and someof themoften causedheavydamageson coastal
structures and harbor constructions,especially at eastem coast of Taiwan.
Typhoonwaves play a major role on wave climatesduring typhoon seasons.
Also, the impactof stormsurgesare the seriousdisasterto the coastalarea of
Taiwan. Many researcheshave shown that the serious impacts are due to
largewaves associatedwith swells generatedby typhoons. At the same time
therewas an extraordinarysea level rise lasted for hours to inducewaves to
reach a higher level of coast lines. This inundationcaused by storm surges
alwaysthreatenedthe safety of lives, propertiesand infrastructuresat coastal
regionof Taiwan.

A new harborwill be constructedat eastem coast of Taiwan. Four sites
were chosen for further evaluation,but only the influencesof typhoonwaves
werepresentedin this paperfor the sakeof limitationof pages. This studywas
to developthe theoreticaI methodologyand numericaltechniquesof forecasting
significant height and periods of waves caused by typhoons. The waves
generatedby typhoonswere consideredin movingfetches and the numerical
shallow water wave calculation model for typhoon wave prediction was
adopted in this paper. In case that the waves becomeswell, the criteria of
swellestimationequationsare alsoapplied.
2 Determination of pre-required parameters

To calculate typhoon waves, there are some parameters should be
determinedin advanceto be applied in our forecastingmodel. One of them is

- 155 -



to select typhoon veloeities and directions. It is shown that in the area of
Taiwan the maximum and minimum moving veloeities of typhoons are 40 Kmlhr
and 4 Km/hr, respectively, according to data recorded by the Central Weather
Bureau. The most likely value and the average value are 18-20 Km/hr and 20
Km/hr, respectively, so in the foJlowing calculation the moving velocity of
typhoons was assumed to be a constant of 20 Km/hr.

The past data shown that there are 362 typhoons have ever threatened
Taiwan in the period of 1897-1995. Their paths could be elassified into seven
types as shown in figure 1, in which types I, 11, 111and IV wiJl induce the typhoon
waves of more important influence on the eastem coast of Taiwan. Therefore,
we simulated the typhoon paths based on these four types as shown in figure 2
to be the design typhoons.

To simplify the calculation and to satisfy the practical application, the wave
directions were cJassified to 16 divisions (22.50 for each). However, if the
boundary conditions were considered, the possible wave directions wiJl be
limited to some ranges for each reserve site of harbors, for example, they may
come from the directions of NNE, NE, ENE, E, ESE, SE, SSE and S for site A in
different typhoons.

Another very important factor is wind velocity along the fetch line. Instead
of computing the wind velocity of each lattice point of space-time wind diagram,
a moving fetch method was applied to determine the wind velocity on the fetch
line in case the typhoon record was available (Tang 1981). Before calculating
the wind velocity we have to determine the pressure coeffieient, !lP, of the
foJlowing formula

P=~+I1Pexp[-Ro/Rl (1)
in which P is pressure at the point at a distance of R from the typhoon center.

Pc is center pressure of the typhoon.
!lP is pressure coeffieient
Ro is distance from typhoon center to the eirele where maximum

wind velocity occurs.

We have coJlected 64 records of typhoons happened in the area where we
are coneemed. To determine the biggest pressure difference at the center of
typhoons for a given retum period, we assumed that the pressure difference,
dP, has a log-Pearson Type 111 Distribution. On this basis the pressure
coefficient, !lP, for a retum period of 100 years could be determined in the
foJlowing steps:

1. The pressure differences, dP,were sorted as variablesYi (;=1,2,3, - ,N),
and to be represented as x. = log yi.

2. Calculate the mean, variance and skewness of varia bles xi ,

Mean x = ~ 1: logy, (2)

Variance s = [1:(x - X)2 / N -1]112 (3)
Skewness C, = N1:(x - X)3 /[(N -I)(N -2)S3] (4)
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3. Now the variables Xi of the probability p that in a given time period could be
expressed as

x=)ogy=x+s·K (5)
inwhich

K = (+«(2 -1)(~) +~«(l _ 6t)(~ )2 _(t2 _1)(~)l +t(~)' +~(~')' (6)

o <p'5.0.5
(7)

p>O.5

o < p~O.5
(8)

p>O.5

and Co = 2.51557,
dl = 2.51557,

Cl = 0.802853,
dz = 0.802853,

C2 = 0.010328
dJ = 0.010328

If the record is not long enough, the skewness should be modified as

~=~0+~/m ~
Substituting the 64 records of typhoon into above procedures, we obtained the
pressure coefficient AP=164.55mb for a return period of 100 years.

3 Typhoon wave forecasting methods
To evaluate the waves generated by typhoons, Wilson (1955, 1961, 1962)

proposed graphical and numerical methods for waves in developing stage,
however they are not suitable while the waves become swell and/or enter
shallow water areas. For wind waves in shallow water of constant depth, Ijima
and Tang (1966) presumed the following relationships, according to the
researches of Bretschneider (1958) and Thijsse (1952),

H D O.oIlF)112 I
~ =0.26tanh[0.578(~r]tanh U2
U U tanh[0.57&.ff>'

D j 00436(gF)lIl )
gT = 1.40tanh[0.520(~)ll']tanh . U2
2trU U tanh[0.520(r;;}'II]

(10)

(11)

in which Hand T are significant wave height and period of waves generated by
a wind velocity U over shallow water area of a constant depth, D; F is fetch
length and g is gravitational acceleration.

Both of the equations are approaching Wilson's equations while D-+ 00,

~ =O.26tanh[O.Ol(~ )"2] (12)
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gT gF 113
2mJ = 140tanh[O.0436(U2) ]

i.e. G / U = gT / 4mJ = 0.7tanh[O.0436(gF / U2)113]
where 0.1 <gF/U2< 106.

Waves in shallow water will then be evaluated with stepwise method of
numerical integration. First, the Wilson's formulas will be adopted to calculate
waves at initial points of the fetch. If the wave height, H., and group velocity, G.,
at point nare known, then the wave features at point n+1 which located at a
distance of llX leeward on the fetch line could be determined by formulas

dH.
H••, =H. +dYl:lX (15)

G••,=G.+~1:lX (16)
in which

(13)

(14)

dH. _ 3.846xlfJ-4(0.26+gH.lU-:X0.26-gH./U-;)
dJ( - ln(0.26+gH.tU;)-ln(0.26-gH.fU-;)
dG. _1.578xl0-4g(0.7+G.IU.)(0.7-G.IU.)
dJ( - U.[ln(0.7+G. 1U.)-ln(0.7-G. IU.W

(17)

(18)

both are for waves in deep water. If water depths becomes shallow, Eq. (10)
could be differentiated to have

dH. 3.846 x 10-4(0.26a +gH. I U;XO.26a - gH. I U;)
dJ( = a3[ln(0.26a+gH. IU;)-ln(0.26-gH. IU;)] (19)

inwhich
a = tanh [0.578(gD. I U:)314] (20)

However, it is difficult to estimate group velocity in shallow water areas,
because it is a function of local wave length Land depth D instead of being a
unique function of wave period T in a deep water area. It may be solved by
adopting the ratio between group velocity G and wind velocity U in shallow
water,

G 1 2KD gT
U = 2[1+ sinh 2KD 12mJ tanh(KD) (21)

in which K=2 7[ I Land L is the wave length at a water depth D. Let
S- 21CD Y - 21CD (22)- L. - L

where Lo is the wave length in deep water, then
S= 2trD = 4tr2D = gl) I( gT )2

4; gT2 U2 z-o
rr (gl) )"2
2trU = [jï/ S

(23)

(24)

Finally, we have
S=Ytanh Y

Substitution of Eqs.
relationship

(25)
(22), (23) and (24) into Eq. (21) gives the following
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(26)

The right side of this equation is a function of S only, and the left side of this
equation could be simplified to be G I .JiD corresponding to the ratio between
group velocity and phase velocity. In the case of deep water wave D/L~ 112,
sa we have S ~ 1[, Y=S and Z= 1I2.JS $ 0.2821. If the water depth is very
shallow, we obtain

tanh(Y) '"'Y S '" f2 and Z = 1- S / 2 '" 1 (27)
The variabie Z could now be called non-dimensional group velocity.

In the region of O<S< 1[, namely, the state of shallow water waves,
relationships between Zand S can be approximately represented by following
polynomials

Z=I-aIS-a2S2······a6S6 (28)
in vvhich al=0.4536 , a2 =0.0931 , a3=0.2745

a,=0.17033 , a$=-0.0476, a6=O.005067
or

S=bl(l- Z) +b2(1- Z)2+o·.. ·+b7(1-Z)7 (29). .
in vvhich b, = 2.464857' b, = -7.35305 ' b3 = 52.74583. . .

b4 = -162.2 ' b$ = 275.83 ' b6 = -247.2' b, = 101.19476

If G« and D; are known, the value of Zn could then be calculated by Eq. (26)
and Sn by Eq. (29). The values of Sn+1 at point n+1become

Sn+!= Sn + (dSn / dX)M (30)
Substitution of Eq. (11) into Eq. (23) yields

( gD)j gD [ 0.0436([;Y311-2S = U2 1.4tanh[0.52(U2 )311]tanh [ o 1 (31)
tanh 0.52(~2 )318

Hence
dSn -1.578 X 10-4gS.(1.4p + v)(1.4pv)
dJ( = U;vp4[ln(1.4p+v)-ln(1.4p-v)]2

,---

in vvhich ' p = tanh[0.52(gU{)nz")31a] and v = ..l..(gDn)
Sn U;

(32)

The values Z at point n+1 could then be calculated with Eq. (28). Finally,
the wave period and group velocity at point n+1 may be derived directly from
Eqs. (24) and (26). That is,

T,,+1=27r~

Gn+1= Zn+l~gDn

(33)

(34)

On condition that the wave height Hand group velocity G at point n can
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not grow any more under the circumstances of U. and D., i.e., the waves have
already been larger than what the wind U. can generate in shallow water areas
of depth D., then the criteria of swell calculation are obliged to be applied.
Tang (1981) interpreted Bretschneider's graphs for estimating swell to the
following equations,

;d = {cosh[O.66(% )006(1)025 tanh{3.0(1)03}]}-1 (35)
F f

Td = {cosh[174(27lF tO 0'(..4")"2 tanh{1.02(2~ tO04 (..4")"32}]}-1 (36)TF gr; F gTF F
in which Hd (m), Td(sec) : wave height and period after decay

HF (m), TF(sec) : wave height and period at the end of the fetch,
i.e., begin to decay

A (m) : length of wave attenuation, i.e., decay distance

The numerical results of design waves at water depths of 20m for the
chosen harbor sites in four design typhoons are presented in Table 1, in which
the routes of the design typhoons were assumed to be straight lines. It is seen
that most of the maximum significant heights coincide the directions with paths
of typhoons. Site A may happen the smallest wave height in a design typhoon
of model 3, but in other typhoon cases it always happens the highest significant
height. Site A is obviously not a good choice. In consideration of credits we
have in table 1, site 0 seems to be a better choice of smaller wave heights in
most of design cases. However, if we consider that the probability of typhoon
model 3 is much higher than others, referred to type 111in figure 1, then the
influence of the highest wave height at site 0 in a design typhoon of model 3
should take more evaluations.

4 Conclusions
In this study we have simulated four design typhoons to forecast the

significant wave heights and periods for four reserve sites of harbors at eastem
coast of Taiwan. The waves generated by typhoons were considered in
moving fetches and the numerical shallow water wave calculation model for
typhoon wave prediction was also adopted. However, the routes of these
design typhoons were assumed to be straight lines, so this deficiency should
then be remedied in consideration of varying routes and also varying centra I
pressure of real typhoons. The numerical results we have obtained are based
on some assumptions, so if the conditions change the final results may be
different. However, the purpose of this paper is to express the schema and
methodology on forecasting typhoon waves, so it did not go further discussion.
There are even some more mechanism should be considered on calculating
typhoon waves or on choosing a suitable site, for example, the impact of storm
surges is a serious problem to the coast of Taiwan, but we have no more
spaces to discuss it.
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Table 1 The maximum significant heights and corresponding wave periods
anddirections for each site in design typhoons

~

1 2 3 4
("l

H T Dir n H T Dir i H T Dirn H T Dir ~
(m) (sec) i (m) (sec) (sec) ~ (m) (sec) i ~e ,. (m) ,..

A 18.3 19.5 ESE 1 16.5 19.6 ESE 2 12.0 20.5 ENE 417.6 15.9 SSE 1 8

B 13.3 17.7 ESE 3 16.0 18.7 ESE 3 13.5 19.9 ENE 3 17.2 19.9 S 211

C 14.2 17.4 ESE 2 16.8 16.8 ESE 1 13.8 19.7 ENE 2 15.5 15.5 SE 4 9

D 12.8 17.5 SSE 4 13.5 16.2 ESE 4 16.2 19.5 ENE 1 16.3 17.7 SSE 3 12

Figure 2 Paths of design typhoons
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Figure 1 Classification of typhoon routes threaten Taiwan,
between 1897 and 1995
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Aspects Of Modelling Sediment Transport In
Instationary Flow

Ulrich Zanke
Technische Hochschule Darmstadt, Institut für Wasserbau

Abstract
The problem of instationary sediment transport or sediment transport under
instationary flow conditions has different physical and numerical aspects. In this
paper, some of the relevant aspects are discussed.

Sediments are moved by the flow of water. This may occur in coastal regions
as weil as in inland rivers. If the f1ow-velocities (and the related turbulent
velocities) are high in relation to the settling velocity of the grains, sediment
may be lifted up from the bed and then be transported flying. This is called
suspended sediment transport. If no lift-up is present, sediment still may be
moved in the vicinity of the bed. This is calied bed-Ioad-transport. The
transport-mechanism is dependent on a number of parameters as there are

d = grainsize

9 = coefficient of gravity

h = water depth

Jb=bed slope

v = flow velocity

v·= shear velocity = (Ur)'12

r' = relative density

r = density of the f1uid

r5= density of the sediment

t = bed shear stress

n = viscosity of the f1uid

Additonally further effects may be of importance as for example the grain size
distribution or biogene films.

Sediment transport itself may be instationary although the flow is stationary.
This occurs for example when a coarse river bed is armouring. Then the grain
size distribution and the absolute average grain size changes with time and
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size distribution and the absolute average grain size changes with time and
therefore the process of transport is time dependent - instationary. On the other
hand sediment transport becomes instationary when it is driven by instationary
flow. Instationarity of the flow has different effects on sediment transport
depending on the scale of instationarity and depending on the grain sizes. The
scales may be classified as follows

• Turbulence

• Oscillatory flow (waves)

• Tides

• Flood waves

The main effect of turbulence on sediment transport is the diffusion of the water
and therewith the suspension of fine sediments. Under wave motion the effects
are widely similar. Sediments, especially the finer fractions, are suspended and
may be transported over longer distances by weak f1ows,which itself would not
produce sediment transport. Also without a superimposed flow a net sediment
transport can be produced by wave motion. The net transport may be directed
in the direction of wave travelling or in opposite direction. This depends on the
wave form. In case of wave driven sediment transport absolute veloeities as
weil as accelerations and decelerations are of importanee. Special transport
formulae for wave driven sediment transport are given in the literature.

In the tollowing some aspects on sediment transport problems and methods tor
their solution related to tidal flows (and f100dwaves) are discussed.

For the calculation of sediment transport it has to be known, wat happens very
close to the bed. But there is still a lack of knowiegde about the effects of the
moving grain layer itself as there is its velocity and its thickness and the
mechanism of lift up into suspension. Just with fixed bed our knowledge on the
flow very close to a wall or a bed is rather poor.

On the other hand, the results of sediment transport, eros ion and accretion
produce different and often rather expensive problems. So engineers need
methods to predict sediment transport altough the problem is not fully
understood.

There are two ways to solve instationary sediment transport problems.

1 Use of physical models
One solution is the use of hydraulic models with movable bed. In this case lacks
of physical knowledge are no longer a severe matter of evidence. Just model
laws are needed and then predictions can be made from the behavior of the
model. The water and the sediment in the model .know" theirselves, how to
move. To fulfill the model rules tor similarity, the Grain-Reynolds-Number Re· =
v··d/n and the Grain-Froude-Number Fr·= v*2/(r'·g·d) must be equal in model
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and nature. This is possible only in the case of hydraulically full rough flow in
the nature as weil as in the model. This ideal case only occurs, if the bed
material in the nature is rather coarse and the model is not too small. But, in
coastal regions, sediments are often fine and flow is hydraulically smooth in the
model or even in nature. Then it is no longer allowed to reduce the model
sediments in the same relation as the water depth. A model law can now only
be developed with restictions, for example allowing the relation between water
depth and roughness elements, the relative roughness h/d, not beeing equal in
nature and model. The main result is, that the grains in the model now have to
be larger than in nature but must have less density. Clearly, the relations of
bed-Ioad and suspended load are effected and the models results become
more unsharp.

2 Use of numerical models
The secondway to investigatecomplexsedimenttransportproblemsis the use
of numerical modeis. In opposition to the use of physical models now the
process of transport has to be formulated in mathematicalequations. These
equationshave to be implementedinto a numericalflow model. If not only the
transport itself is calculatedbut additionallythe bed changes are computed,
such a model is calleda Morphodynamic(Numerical)Model.

The analyticaI base for transportcalculationsare

; transportformulaeand

; entrainmentformulae

3 Transport formulae
Theremay be some 30 transportformulaewhich all are moreor lessempirica!.
The formulaeare all fittedto measureddata (fromexperimentsin natureand in
laboratories). If the properties of flow and sediment in a special study are
different to that used to calibratethe transport formula,accuracymay become
weak. But, what is good or weak accuracy? Some studieswhere carried out
comparing different formulae versus measured data. It ist seen from this
studies, that weak resultsmay be wrongby a factor of 1000ore evenmore.A
discrepancy of a factor of three (or one third) may be classified as a good
result!
All these formulae were derived from data measured under stationary flow
conditions.Additionally the bed was completelymovable. Thus the result of
those formulae is alwayswhat is calied the transportcapacityand is only valid
in stationaryflow. The transport capacity is the amountof transportwhich wil!
appear in the case of fully developedequlibrium conditions. It wil! therefore
overestimatethe transport rates, if the bed is only partially movable. For the
caseof instationaryflowconditionsno specialformulaeare available.
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4 EntrainmentiSettlement formulae
Entrainment formulae do not calculate equilibrium condition. Their result is what
also is called the pick-up-rate. In other words it is the mass loss of the bed per
unit area and unit time, if no inflow of sediment and no settlement is present.
The entrainment results in the development of a concentration profile.
Entrained sediment will then settle down an be entrained again. The amount of
settled sediment is dependent on the concentration profile and on the
properties of flow and sediment. Some formulae are available to calculate the
settled sediment.

In tidal flows, where accelerations are not dominant, the flow may
approximately be divided into time steps and each of them may be hand led as
quasi stationary. This works as was demonstrated bya number of tests.

5 Significant flow conditions
In tidal waters the tides change in a 14 day rythm between neap and spring tide
as weil as in longer cycles. As it is not possible (today) to compute for example
a whole year or even longer periods in morphodynamic models tide by tide, it is
an idea to specify a .morphodynamic" tide. This is a tide, which, if for example
is repeated for 14 days will produce (more or less) the same bed changes as
the real neap-spring cycle. Based on such a tide the creation of the input data
to drive the model is less extensive.

The author started to develop a 2d-morphodynamical model in 1992 (2). As
found by the author, the bed elevations produced by a mean tide are very close
to those produced by spring tide. This was tested for different natural systems.
The main difference if mean tide or spring tide is used,is the time needed to
produce similar bed changes. The time needed is longer when using the mean
tide.

Similar findings were published by Latteux in 1995 based on 1d-computations
(1). Latteux divided the tides of a 19 year tidal cycle into 20 tidal classes. Then
he computed the transport rates (not the bed changes) devided into flood- and
ebb transport for 1 year for all classes and added the result of each class
multiplied by the probability of occurence. Then the transport rates for each
class alone were computed for 1 year and compared to the previous results. It
was found that a the transport rates of a tidal c1ass between mean tide and
spring tide are most close to that for the whole variety of tidal classes. A
combination of a spring tide and a neap tide gave slightly better results.
Although the transport-representative conditions are not necesserely exactly
the morphodynamic representative results, this result may be good as a first
choice.
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6 Morphodynamic time scale
If only the flow conditions are a matter of interest, only a small number of tides
has to be computed. In the case of morphodynamic modeling there is an
interaction between flow, sediment transport and bed changes. Therefore, to
model for example the period of one year, 706 tides have to be run. Up to now
this is impossible in most cases. Thus to be abIe to compute longer time
periods, one has to introduce a morphodynamic time scale, which is different to
the hydrodynamic time scale. One of such methods is to multiply the botlom
changes by a factor. The range of possible factors depends on the model used
as weil as on the hydrology and of the sedimentology of the investigated area
and therefore are a matter of experience. Extensive tests demonstrated, that
this method works very good within a variety of factors. This method is used by
Zanke (1993,1994,1995) and by Latteux 1995.

7 Literature
1. LAnEux, B. Techniques for long term morphological simulation

under tidal action. Marine Geology, 126, 1995

3. ZANKE, U.
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Cross-Shore Sediment Transport
- Comparison of Basic Approaches and Limitations -

H.H. Dette
LeichtweiB-lnstitut, TU Braunschweig

Abstract
The paper gives a short overview on the different modes of sediment transport
in the inshore region of a sandy beach and presents a conceptual model for
suspended sediment transport outside and inside the surf zone for engineering
purpose. The nearshore sediment transport modelling is discussed with special
emphasis on cross-shore transport under waves and on beach profile evulotion.

1 Introduction
The features of sandy coastlines change continuously with changing sea
conditions and are referred to as coastal processes. The reason for the dynamic
behaviour of sandy beaches and nearshore underwater topography is the
concentration of wave energy onto a narrow strip of shoreline.

For each sea condition the underwater profile tries to reach an equilibrium form,
such that the applied fluid forces acting on a grain are balanced by its resistance
to motion. Due to the continuously changing sea conditions the geometry of a
sandy shoreline is subject to a continuous change. The beach may erode or build
up, sand banks form and disappear. Many of these changes are small and may
go unnoticed, but every now and then, large changes occur, particularly due to
severe storms when the shoreline may recede 20 or 30 m in just a day.

All changes have to be related to a time scale. Averaged over the years the
beach may show trends to accretion or erosion. Superimposed on the trend are
the short term changes due to changing wave conditions. In the absence of a
trend the short term changes balance over a period of a year or more and the
beach is said to be in dynamic equilibrium. A trend will lead over years to a
change of the shoreline but the major long term changes in Ihe shorelines have
been caused by the changing mean sea level. The changes also have to be
related to a spatial scale, a sand grain, a ripple, a sand bank, a coastal region,
etc.

The physical processes, which in complex interactions create the geometry of the
coastal zone include the most complex aspects of hydrodynamics; the prediction
of waves, orbital velocities, currents, the spatial distribution of wave energy
conversion in shallow water, etc. The transport of sediment due to wave action
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differs from that by unidirectional current mainly in the entrainment of sediment.
In a current only situation the current has to entrain and transport the sediment.
Under wave action the sediment can be entrained and suspended by the orbital
movements of waves, and this suspended sediment could be transported by the
feeblest of a current. The analytical description of the process of sediment
movement under wave act ion is, however, much more difficult because of the
periodic nature of the fluid forces and the variability of wave characteristics in
magnitude and in direction with time. It has to be emphasized that the
movements of sediments, the coastal processes, cannot be treated separately
from the hydrodynamic conditions. Coastal processes are intimately coupled to
the local hydrodynamics. Because of the very difficult hydrodynamics, there is a
tendency to 'forget' about it and talk about sand or sediment movement.

Coastal processes constitute work. The energy for this work comes from waves
and currents. The analytical description of waves in deep and shallow water is
fairly complete. Likewise, the description of tidal and ocean currents. However,
the hydrodynamics in the surf zone has sofar defied a rigorous analytical
description. The wave energy flux varies in time and direction. The wave form
changes with shallowing water. The breaking process, the energy conversion, is
a function of beach topography and wave form. The wave energy is first
converted into turbulence and finally into heat. The intensity of turbulence, which
has astrong influence on sediment movement, varies with the type of breakers
over the surf zone. The water movements in the broken and reforming waves in
the surf zone are only describable with the aid of gross simplifications. The influx
of wave energy into the surf zone leads to a complex system of wave-induced
currents. Since the sediments in the coastal zone are usually mobilized by wave
action, currents play a central role in coastal processes as the conveyors of
water-sediment mixtures (RAUDKIVI, 1997).

2 Littoral Transport
The transport in the inshore region is subdivided into a shore parallel and shore
normal transport, the littoral or longshore and the onshore offshore or cross-shore
transport. The littoral transport and littoral current are major features of a surf
zone. The shore parallel component of wave energy flux drives the littoral current
which is superimposed on the oscillating orbital movements of water due to wave
motion. The net velocities of the longshore current are usually low and do not
on their own entrain sediment, but because the sediment is mobilized by orbital
velocities and turbulence due to energy conversion, the longshore currents
assume an important role as conveyors of the water-sediment mixture. The
transport is usually subdivided into suspended and bed load transport. The bed
load transport is dominant at very low transport rates when the grains are rolled
along on the bed and is predominant seaward of the surf zone. The bed load
transport becomes insignificant at high transport rates which is dominated by
suspended load. Both transport modes are always present. The total transport is
usually analysed in terms of the shore-parallel and the cross-shore transport.
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3 Conceptual Model for Suspended Sediment Transport
3.1 Introduction
The physics of sediment transport along a coastline is one of natures more
complex problems, particularly in the surf zone. Although, significant advances
have been made with the description of water movement in a wave field, as weil
as with aspects of movement of sediment particles, there is lor the engineering
application little more available than crude empirical lormulae e.g. the
CERC-Formula, the BIJKER-Formula, etc. Most of the numerical models available
rest on grossly oversimplified assumptions. These serve a useful purpose in
studies of large scale problems, but are of little help with localised problems in
the surf zone. The latter are hopelessly complex and suffer from both of the
inability to describe the processes of nature and lack of data to verify the results.
The general problem is made even more difficult due to the different transport
processes outside and inside the surf zone.

Outside the surf zone the sediment transport processes are governed by the
orbital velocity and any superimposed currents. In the surf zone the
transformation of wave energy into turbulence significantly increases the sediment
entrainment by the orbital velocities. The orbital velocities themselves are
iII-defined and act together with currents, caused by the wave energy flux into the
surf zone. These longshore currents can exceed velocities of 1mIs. By significant
wave action the turbulence in the breaker zone is capable of dispersing sand
throughout the depth of water, under certain conditions even gravel.

The characteristics of the distribution of suspended sediment are weil iIIustrated
by the field data collected in an intemational study on the Black Sea coast
(Kossyan et al., 1982). Outside the surf zone there is a weil developed
suspended sediment layer (on long time average), supported by the diffusion of
turbulence from the bed boundary layer. This layer can adequately be described
by

(1 )

where c is temporal mean concentration at elevation z, Co is a reference
concentration at the bed and 'a' is a decay parameter for the concentration with
elevation. The co-value is more sensitive to the wave conditions than the a-value.
The upper part of the distribution contains fine sediments and constitutes a wash
load (dispersed sediment). This distribution is mainly dependent on the availability
of fine silts rather than on hydraulic parameters. Available data from experiments
in the large wave flume with fine and medium sands indicate that both 'a' and Co
can ba reasonably correlated with the maximum orbital velocity at the bed.

For the breaker line Kossyan et al. showed that the sediment distribution, as weil
as of the grain size distribution are almost uniform throughout the depth. Further
inshore a new suspended sediment layer develops at the bed. The data by Kana
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(1979) iIIustrate that the concentration at a given elevation is not a function of the
coastal current velocity in the surf zone, but is strongly dependent on the breaker
form.

The purpose of this study is to present a semi-empirical method for suspended
sediment transport for engineering application. The method rests on the
assumptions that

the sediment is entrained (made mobile) by the actions of the
orbital velocity and superimposed turbulence, Le. the longshore
current is assumed to be much weaker than the orbital velocities,
and
the transport is in the form of advection of the water-sediment
mixture by the local currents.

The available numerical methods allow a satisfactory determination of the
wave-induced coastal currents, to which tide induced currents can be added.
Thus, in principle, the sediment transport rate can be calculated for a unit width
from

h

q.(x) : fC(z) • U(z) dz
o

(2)

where U(z) is the mean coastal current velocity at elevation zand h is the local
water depth. The totallittoral transport is then as = 1: qs(X)to a distance outside
the breaker zone, where Ihe littoral current velocity becomes negligible.

3.2 Transport outside Ihe Surf Zone
Outside the surf zone the sediment is suspended by the orbital velocities and the
suspension is maintained by the diffusion of turbulence from the bottom boundary
layer (Dette and Raudkivi, 1992).

Measured data on the distribution of suspended sediment under wave motion
over a more or less flat horizontal bed outside the surf zone were used to derive
relationships for engineering application. The data were obtained from the Large
Wave Flume (LWF) in Hannover with nature-like depths (4.5 m) and waves (Fig.
1 and 2). The measured sediment distributions were fitted by eqn. (1). The data
for a grain size dso = 0.25 mm (Raudkivi and Dette, 1992) are described by

a 04 -2T: .. um (3)

and
(4)
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Fig. 1: Ratio arr (decay parameter, wave period) in relation to the orbital
velocity outside the surf zone (RAUDKIVI and DETTE, 1992)
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Plot of bottom concentration Co in relation to the ratio u.fT outside
the surf zone based on measuring data trom GWK (RAUDKIVI and
DETTE, 1992)

It is suggested that tor other grain sizes eqn. (3) be multiplied on the right hand
side by (w/w,) and eqn. (4) by (W;W)2, where w, is the tall velocity ot the 0.25 mm
grains. With the aid ot these relationships the suspended sediment transport rate
can be evaluated trom eqn. (2). Fig. 3 shows a comparison ot equ. (3) with
similar approaches by Nielsen (1986) and Bosman et al. (1987). For a superim-

Fig. 2:
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Comparison of approach (eqn. 4) based on experiments in GWK
with approaches by Bosman et al. (1987) and Nielsen (1986) -
RAUDKIVI and DETTE, 1992

superimposed current, with logarithmic velocity distribution this leads to a q.(z)­
distribution with zero at the bed and a maximum close to the bed. Above the
maximum the sediment transport rate decreases rapidly and with a distribution
of the net velocity (together with a boundary layer) can become 'negative' quite
near the bed, i.e., the transport direction can change.

Fig. 3:

3.3 Transport inside the Surf Zone
The hydrodynamics of the surf zone are extremely complex. Large amounts of
wave energy are dissipated over a relatively small area through a multitude of
breaker forms. The wave energy is first converted into turbulence and the
transformation into heat is affected by viscosity at the dissipation scale of
turbulence. Very little is known about Ihe turbulence structure in the surf zone
(Dette and Raudkivi, 1991).

The energy dissipation in the surf zone is an acute research topic and the
literature on this topic is substantial. At the present state of knowledge of the
structure of turbulence in the surf zone the assumption of a constant diffusion
coefficient at the vicinity of the bed, as implied by eqn. (1), seems justi!ied, Le.
i! the simultaneous description of dispersed sediment is excluded. The dispersed
sediment (generally less than 60 urn) is analoguous to the washload in rivers, Le.
dependent on availability and not on hydraulic conditions. The aim is to relate the
parameters Co and a with the local dissipation of wave energy. This would enable
the calculation of the suspended sediment load in Ihe surf zone with the aid of
empirical relationships for Co and a without any other assumptions or assumed
parameters. The scatter of measured values of suspension is gene rally so great
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that a more 'refined' distribution than that by eqn. (1) is difficult to justify. Several
numerical models are available which enable the calculation of energy dissipation
over a given profile of the surf zone for applied purposes with adequate accuracy.
The local dissipation can ba related, with certain assumptions, to a nominal
velocity of turnulence q' as

q' = K . (E.)113
P

(5)

where the coefficient K is approximately one, 0 is the dissipation (Wattlm2) and
p is the density of water. The power, P, required to suspend a grain of diameter,
d, and mass, M, is

P ;;;:M . 9 . w oe: P•• 9 . d3.S (6)

since the fall velocity of the grain w is approximately proportional to "d. For a
given power the number of grains in suspension will increase rapidly and the fall
velocity of the individual grains decreases, i.e. less power is required for the
same total mass.

The dissipation of wave energy across the surf zone was measured in the LWF
for spilling as weil as plunging breakers. The distributions of suspension were
measured with the aid of a suction harp (Bosman et al., 1987) and fitted by
eqn. (1). The values of a and Co given by the measured data were correlated with
the local energy dissipation O(x). The data (Raudkivi and Oelte, 1993) show
appreciable scatter but in a first approximation 'a' and Co were described by

a = 7 . T ·0-0.7 (7)

and
Co = 0.08 . (0 . n°·ss (8)

where T is wave period in seconds and 0 in Wattlm2 (Fig. 4 to 6). The scatter of
the afT values is within the 0.67 range if a few unlikely values are omitted and
80% of the Co values lie in the ± 0.67 range. Other forms of correlation 6f the data
are being investigated. The empirical values of a and Co define the suspended
sediment distribution for given wave conditions and in combination with the
distribution of the net current velocity the longshore transport of suspended
sediment can be calculated. The experiments were carried out using dso = 220
urn and 330 pm. However, the available data do not enable an interpretation of
the effect of grain size.
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a) 1991 Test series with 330 um sand
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(dashed lines indicate width of ± 67 % Deviation)
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4 Nearshore Sediment Transport Modelling
A literature review on cross-shore transport under waves and on beach profile
evolution modelling is given by WU (1994). The summary of this review is cited
in the following.

•
l~~I~~--~~ru~--~~~~~~~~~~_Y
0.03 0.1 0.5 1.0 50,1

alT

Two different approaches have evolved in the past decades for nearshore
sediment transport modelling; one approach is to attempt to construct a sediment
transport model from the basic mechanics on a refined scale and the other simply
tries to relate gross sediment transport to averaged or main flow properties. The
former is the classical approach of sorting out the mechanics of sediment
mobilization and transport first on refined scales; transport mode Is are then
constructed at integrated temporal and spatial scales. This approach can,
therefore, be referred to as mechanics approach or fine-scale approach. This type
of model could yield better temporal and spatial resolution but may not be
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practical for long term or large scale simulation. The other approach avoids the
details of the mechanics of sediment transport and simply attempts to relate
sediment transport to flow properties on a macro scale. The commonly inferred
flow properties are temporal and spatially averaged wave energy, wave energy
flux or rate of wave energy dissipation. Sediment transport models of this kind
ignore the details and bypass the basic sediment mechanics; they are, more or
less, heuristic and mainly based upon physical reasoning andlor empirical
evidence. This type of approach is referred to as heuristic approach or macro­
scale approach. Since models of this type deal with integrated flow properties
they are usually more suitable for long term simulation.

The sediment transport models are then applied to the equation of mass
conservation to model profile response.

As discUssed, most of the cross shore profile evolution models are composed of
four parts; (1) input and output unit; (2) hydrodynamic modelling; (3) sediment
transport modelling and (4) morphological modelling. This is shown in Fig. 7. In
the hydrodynamic modelling, the primary concern is the wave deformation,
particularly the wave decay in the surf zone and associated changes in wave

Profile Data

all __C_R_O_S~S=-S~H~O_R_E_S_ED_I_M_E_NT_T_R_A_N_S_PO_R_T~~I~~==~~~~==~_f- ~NSHOREI

ii~Q:7 x

I OFFSHORE I WAVE HEIGHTI •
y

x

Fig. 7: Basic structure of cross-shore profile change models (WU, 1994)
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energy and currents. In sediment transport modelling the main concerns are the
cross-shore sediment transport rate and transport direction. There are a number
of formalisms such as onshoreloftshore transport, suspended-Ioadlbed-load
transport, currentlwave transport. In morphological modelling the mass
conservation equation is almost universally used to give the updated profile
changes.

Most of the models can only accommodate regular wave input. A few of them
could incorporate certain features of random waves, but only on time-averaged
basis. The randomness of waves is considered by calculating time-averaged
wave height transformation, the sediment transport related hydrodynamics and
profile evolution wil! be determined with such wave deformation. Therefore, the
randomness in wave is not directly coupled with sediment transport and profile
evolution.

A list of general criteria for developing numerical profile was given by Dally (1980)
for model evaluation: (1) The ability of generating general profiles of both normal
and storm types depending on the wave conditions and sediment characteristics.
(2) The ability of predicting the proper shape of these profiles; i.e. (a) the normal
should be monochromatic and concave upwards and (b) the bar{s) of the storm
profile should have the proper spacing and shape. (3) The ability of correctly
predicting the rate of profile evolution. (4) The ability of responding to changes
in water level due to tides, storm surges, or long term fluctuations. (5) The
stability of the model is judged by its tendency of approaching a stabie profile
asymptotically if all the relevant parameters are held constant. An asymptotically
stabie profile is a profile approaching equilibrium and the gradient of the sediment
transport in the on/oft shore direction is approaching zero.
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Abstract
In this paper, a more effective numerical model using the dual reciprocity

boundary element method (DRBEM) is presented to analyze the combined
effects of wave refraction-diffraction and currents. Firstly, The mild-slope
equation with current effects is rearranged to an inhomogeneous Helmholtz
equation. Applying the ordinary boundary element method to this
inhomogeneous equation, the inhomogeneous part will result in a domaln
integral. It will make the computation complicated and messy. To improve this
drawback, the DRBEM is adopted and thus taking the domain integral to the
boundary. To verify the validity of this model, the relative amplitude around a
circular island without current effects was firstly calculated, and compared with
analytical solutions of Homma(1950). The agreement is fairly satisfactory. The
combined effects of wave refraction-diffraction and currents around a circular
island over a seabed with a variabie depth are calculated by this model. The
results show that the model has a great potential to be used to solve the
combined wave refraction-diffraction and currents problem.

1 Introduction
The study of the combined effects of wave refraction-diffraction and currents

becomes an important topic on ocean engineering nowadays. It has drawn
attention of researchers to do the relate investigation. Homma(1950) used
shallow water equation to investigate wave refraction and diffraction around a
circular island. Berkhoff(1972), and later Vanstano and Reid(1975) derived the
weil known mild-slope equation to describe wave refraction and diffraction.
Booij(1981), Liu(1983) and Kirby(1984) extended the mild-slope equation to
include the effects of current. Based on the equation derived by Kirby(1984), a
model using finitelboundary element method was proposed by Lin et al.(1994)
to study the effects of wave refraction-diffraction together with a current. The
model needs to place with a large number of finite elements in variabie seabed
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domain. Thus, the computer storage and time are formidable.

Zhu(1993a), Zhu and Zhang(1995) developed a numerical model using the
DRBEM, which was first proposed by Nardini and Brebbia(1982), to study the
combined refraction and diffraction of water waves propagating around islands
or solid offshore structures over a variabie seabed. More recently, Hsiao et
al.(1997) adopted the DRBEM to improve the numerical model combined
perturbation and boundary element method proposed by Rangogni(1988) for
wave refraction and diffraction problems. The results of them show that a
considerable improvement in terms of numerical efficiency has been achieved
with the adoption of the DRBEM. Therefore, the DRBEM is used in this study in
order to provide a more effective numerical model dealing with the combined
effects of wave refraction-diffraction and currents.

2 Mathematical Formulation
As shown in Fig. 1, the domain of interest is divided into two regions: a

bounded regionD, with a variabie water depth, and a semi-unbounded region
Do having a constant water depth. While in the first region, current together with
a large obstacle are present. In the latter, it is assumed that effects of currents
are negligible. The mild-slope equation derived by Booij(1981), Liu(1983) and
Kirby( 1984), describes the effects of wave refraction-diffraction in the presence
of currents:

D2; -V(CCgV<I»+(0"2 -k2CCg)<I> = 0 ,where.Q_=(~+ü.V) (1)
Dt Dt at

Fig. 1 Definition of computational domain

Here, Ü is the current velocity, V represents a horizontal gradient operator,
0"is the relative frequency, and k is the wave number. C and Cg are respectively
the local phase and group velocities calculated from frequency 0" and wave
number k. For monochromatic waves with frequency (J) one has

<I> = +a-i..
Substituting Eq. (2) into Eq.(1) one can obtain

- 184 -

(2)



V24»+ k~, = [(k~ - k2) + _1_(02 - (1)2)], - _1_(VCCg + 2ic>Ü)·V. (3)
CCg CCg

Where ko is the wave number of constant water depth, (I) is the absolute
frequency, i =.r-1 is the imaginary constant, (I) and 0 are related by Doppler's
relation: (I) = 0 + k .Ü.

For waves propagating in the semi-unbounded region of constant water
depth, without current interfering, Eq. (3) is then reduced to the Helmholtz
equation

V2'0 +k~,o = 0 (4)

Assume that the velocity potential +0,in the semi-unbounded region, can be
expressed as a Iinear combination of the incident and scattered wave potential,
i.e. +0=';+". Substituting the expression of +0 into Eq. (4), the goveming
equation for the scattered wave potential .S in semi-unbounded region Docan
be obtained.

V2 •• +k~,' = 0 (5)

In the bounded region DI, the wave-current field around the obstacle is
govemed by Eq. (3), which is expressed as follow.

V2'1 +k~4»1= [(k~ _k2)+ C~ (02 -(1)2)1'1- C~ (VCCg +2ic>Ü)·V'I (6)
g g

where, '1 denote the velocity potential corresponding to the variabie water
depth in the bounded region.

The boundary conditions tor the computational domain are now specified as
follows:

1. The boundary condition along the surface of the obstacle SI is given by

ajll = 0 (7)
On
2. In the semi-unbounded region, the scattered wave potential '0 must

satisfy the Sommerfeld radiation condition

Iim.Jr(~-ikoW = 0, where r=Jx2 +y2 (8)
r-+~ ar
3. For the boundary between bounded and semi-unbounded region,

conservation of mass and energy flux of the f1uid leads to the requirement that

1
'1 = '0 = •• +.i
ajll = _ ajlo = _(ajI' + ajli) ii'= -ii
On On' On' On' ,

on SO (9)

here, n and n' are respectively the outer normal derivative for the bounded
and semi-unbounded region
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3 Description of the model
In semi-unbounded region Do, the goveming equation for the scattered

wave potential is Eq. (5), the Helmholtz equation. If the weighting function cI>*is

chosen ascl>'= -lH~I)(kr), where H~I)is the Hankel function of the first kind of

zero order and r is the distance between a source point and a field point. By
applying Green's second identity, and with the boundary condition on Sa> (Eq.
(8» substituted into Eq. (5) leads to the following boundary integral equation :

C .1.0-1 (.l.S~'-.l.'~·)dSOi'+'i - 51 '+' On' 'f' an' I c, ={i (10)

In the bounded region Dl, the goveming equation for the wave-current field
is, Eq. (6), an inhomogeneous Helmholtz equation. Multiplying both side of Eq.
(6) by the same weighting function cI>.as that in Eq. (10) and applying Green's
theorem again one can obtain

C1icl>li-J.cI>,C:;dS+J.cI>'C:;dS=JJcI>'bdA, C'i=j1 in 0,
0, ..! on 8

2
where 8 = 8, + 80 is the boundary of region 0" and b denote the

inhomogenous part, i.e., the right hand side of Eq. (6)

The system of integral equations Eq. (10) and Eq. (11) can be simplified
once the boundary conditions, Eq. (9), on the boundary 80 are imposed.
Therefore, Eq. (10) and (11) can be combined as:

(C,;+Co;~,;- fs,(" ~ -,. :)dS- f•. (,;~ -,. :) ds=COi,; +!{'·bdA (12)

(11)

The domain integral on the right hand side of Eq. (12) is now dealt with by
ORBEM. Based on the theory of ORBEM (Partridge, Brebbia & Wrobel, 1992),
the function b can be approximated as:

(13)

where, N is the number of nodes on the boundary S, L is the number of
intemal points, a.c are unknown coefficients to be determined by the collocation
method, and fk are expansion functions, which can be expressed by the distance
function rk , from the source point to a specified point and can be chosen as
f~1+rk . If there exist a function + that satisfies (Zhu, 1993b)

(14)

- 186 -



Here the particular solutions h for Eq. (14) can be fouOOin Zhu(1993b).
By substituting Eq. (13) and (14) into Eq. (12), and can be rewritten as:

(Cti +COi~ti-1 (+,ap' -,' ap')dS- J (,i ap' -+' api)dS
~ fu ~ ~ fu ~

(15)

After discretizing the boundaries So and SI and applying the standard
DRBEM procedures, a linear system of algebraic equations is obtained as

-[Hjl+ld+[Gilq,d-(f\I+:]+ [Gjlqn= ~{-[H~I+" ] + [Gaqkj]nad (16)

whereqli =!+'i,q" =!+",ak = [fkt ·b ,and[Hj] ,[G.],[t:\] ,[Gj],[H;]and

[G~] are of the usual meaning. While the boundary conditions on 81, Eq. (7), are
imposed, Eq. (16) can be solved with the inversion of an (N+l) by (N+l)
complex matrix.

4 Numerical examples
Table 1 Conditions used for numerical calculation

R1(m) Ro(m) h,(m) haem) holhl

Topoaraphv A 11,547.00 3,000.00 1.33
TOPoQraphyB 10,000.00 17329.18 1333.33 4,000.00 3.00
Topography C 20,000.00 1,000.00 4.00

Homma's (1950) analytical examples for wave refraction-diffraction around
a circular island over a paraboloidal shoal (as shown in Fig. 1) have been
adopted as cases discussed in this paper. Three topographies (A, Band C) are
considered as listed in Table 1. The wave period T=240 sec, 480 sec, 720 sec
and 1440 sec are chosen as the conditions of the incident waves. To verify the
validity of this model, the relative amplitude around a circular island on a
paraboloidal shoal, without current effects (i.e. U=O)was firstly calculated. Fig. 2
show the numerical results for three topographies together with the analytical
solutions of Homma (1950). The agreement is fairly satisfactory.

Variations of the relative amplitude around a circular island under the
effects of current are calculated for topography A and B. The current velocities
U are 10 mlsec and 20 mlsec, the intersection angle between wave and current
varies from 0°, 90° to 180°. The numerical results of the relative amplitude
around the circular island are shown in Figs.3 - 5 for topography A From these
figures, it demonstrates that, (a) with waves propagating on an a favorable
current, the relative amplitude becomes smaller as compared with the case of
absence of current, and also decreases with increasing current velocity, and (b)
for waves propagating on an adverse current, an opposite trend is found. Figs. 4
shows the variation of the relative amplitude around the island for the angle

- 187 -



between wave and current is 90°. In the downwave region behind the is land, the
relative amplitude in the outflow side (circular angles equal to 300° - 360°, the
circular angle measured clockwise from the positive x direction are defined.) is
larger than the case of zero current and increases with increasing current
velocity, the opposite trend can be detected in the inflow side (circular angles
equal to 0° - 60°).

5 Conclusion
The following conclusions can be drawn from this study:

(1) The dual reciprocity boundary element method is adopted to develop a
more effective numerical model for wave-current and structures interaction
problem. The cases with no current effects was firstly calculated, and compared
with the analytical solutions of Homma(1950). The agreements are satisfactory.
Using this model, the combined effects of refraction-diffraction and currents
around a circular island were further calculated. The numerical results show
qualitative agreement. Therefore, the DRBEM model proposed here has its
adaptability to deal with the interaction between wave-current and large
structures.

(2) With waves propagating on a favorable current, the relative amplitude
around a circular island over a varying topography becomes smaller as
compared with the case of absence of current, and also decreases with
increasing current velocity. However, for waves propagating on an adverse
current, an opposite trend is found.

(3) In the downwave region behind the island, the relative amplitude in the
outflow side is larger than the case of zero current and increases with increasing
current velocity, whereas, the opposite trend can be detected in the inflow side.
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Abstract
In this study we salve numerically the tuil Navier-Stokes and continuity

equations with a finite difference method to investigate the effects of flow
separation induced by the propagation of time-periodic water waves over a
submerged rectangular obstacle. Water surface elevations and fluid velocities
were obtained for a range of non-breaking wave conditions. Performance of the
numerical model is accessed by comparing the numerical computational results
with available experimental measurements. The computed wave profiles at
various locations and local flow fields around the submerged obstacle agree
favorably with experimental observations. The results indicate that the formation
and growth of separation region respond directly to the wave transformation
over the submerged obstacle, causing a variety of different eddy patterns.

1. Introduction
The propagation of surface gravity waves over a submerged rectangular

obstacle has been extensively examined experimentally and theoretically
because of its practical importance in oceanography as weil as in coastal
engineering. The flow owing to surface gravity waves over a submerged
structure subjects to the effects of wave nonlinearity resulting from the increased
ratio of wave height to water depth over the obstacle and fluid viscosity near the
sharp corners. It therefore makes theoretical analyses rather difficult. This werk
indicates a numerical study is conducted by salving the Navier-Stokes equations
for incompressible viscous fluid in investigating the propagation of waves over a
rectangular submerged obstacle and in beller understanding of the flow field of
waves over a barrier.

Previous theoretical studies on the flow owing to surface waves for a given
incident wave condition over an obstacle geometry were generally treated using
potential theory which assumes that the flow is irrotational. Within the framewerK
of a linear theory, the best known and most often quoted result originates from
Lamb(1932,Art. 176) and extended by Jeffreys (1944). Nonlinear interaction of
water waves with a submerged rectangular obstacle has been studied recently
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by Rey et al (1992), Grue(1992) and Ohyama and Nadaoka(1993). According to
laboratory experiments, Ting and Kim (1994) conducted laboratory experiments
to investigate flow separation effects induced by the propagation of surface
waves over a submerged rectangular obstacle. Fluid velocities and water
surface elevation in the near field of the submerged obstacle were measured
and the processes of vortex generation and wave deformation were observed.
Comparing results trom previous theoretica I studies and experiments indicates
that inviscid theory cannot accurately reproduce the experimental observations
at the obstacle's corner edges. The significant discrepancies between theory
and experiment are due to the presence of flow separation which cannot be
modelled by potential theory. Herein, we perform a numerical simulation to
calculate the flow field as weil as the water surface deformation using a two­
dimensional viscous equations for the laminar flow of water waves traveling over
a submerged rectangular obstacle. The vortex formation and subsequent
migration at different Ursell numbers are investigated.

2. Statement of the problem
The physical problem considered herein is a two-dimensional continuous

periodic wave trains in a still water of depth, d, passing over a submerged
rectangular obstacle with height, hl, and width, b. The incident wave height and
period are represented by Hand T, respectively. Figure 1 presents the geometry
and coordinates of the flow problem. The goveming equations for continuity and
momentum for unsteady incompressible viscous f10wsare

Continuity: ou + ov = 0ox oy
. ou ou ou op 0>u 0>uMomentum. - +u- +v- =- - +gx+11(- +--)
ot OX oy OX OX' oy'

ov ov ov op 0>v 0> v
-+u-+v-=--+g +11(-+--)ot OX oy oy y OX' oy'

Here, x and y denote the coordinates of a fixed Cartesian system; t is the time; u
and v represent the velocity components in the x- and y-directions, respectively;
p is the pressure divided by the constant f1uid density; 9x and Qy denote the
gravitational acceleration in the x- and y-directions, respectively, and v is the
kinematic viscosity of fluid.

(1)

(2)

(3)

The fluid configuration at the free-surface is defined by a volume-of-f1uid
(VOF) (Nichols,1975) function F(x,y,t), whose value is unity at any point
occupied by the fluid and zero elsewhere. The equation goveming the time
evolution of F is

oF oF oF-+u-+v-=û
ot OX oy

which states that F moves with the fluid.

(4)
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To make the problem computationally feasible, artificial confining
boundaries are placed sufficiently far from the obstacle. The upstream boundary
in front of the obstacle should ba long enough to prevent the influenee of wave
reflection caused by the submerged obstacle. Non-slip boundary condition is
imposed on the obstacle surfaee. A third-order Stokes' wave (Wiegel,1964) is
employed for generating periodic wave trains in the upstream boundary. The
free surfaee boundary conditions must satisfy the kinematic and dynamic
conditions. In addition, a radiation condition must ba imposed to avoid upstream
waves at the downstream boundary. In the present study, the radiation condition
of Orlanski(1976) was employed to eliminate the nonphysical wave reflection
from downstream.

3. Numerical Method
A modified version of the marker-and-cell (MAC) method (Harlow and

Welch,1965) is employed to obtain the numerical solution of equations (1)
through (3). Staggered grid arrangements are employed in which velocity
components are defined at the midpoints of the eell sides, and the pressure and
volume of f1uidfunction are defined at the eenter of the eell.

A time-dependent solution is obtained by advancing the flow field variables
through a sequenee of short time steps of duration St. The advaneement in one
time step is calculated in two stages. First the velocity components are all
advanced using the previous state of the flow to calculate the accelerations
caused by convection, viscous stress, pressure gradients, etc. Howaver, this
explicit time advaneement does not necessarily cause a velocity field with zero
divergenee. Thus, in stage two, adjustments must ba made to insure mass
conservation. This is achieved by adjusting the pressure in each eell in such a
way that there is no net mass flow in or out of the eell. In eells containing a free
surfaee the continuity equation is replaeed by the dynamic condition of
continuity of the normal stress. A change in one eell influenees neighboring eells
so that this pressure adjustment must be iteratively performed until all eells have
simultaneously achieved a zero mass change. The last step of the
computational cycle consists of advancing the F-function in time using Eq.(4). A
detailed discussion of this topic can ba found in the work of Nichols and
Hirt(1980).

4. Presentation and Discussion of Results
The major objective in developing this numerical model is to investigate the

wave transformation over a submerged obstacle by using the viscous flow
equations. The flow field of a propagating wave around the submerged obstacle
relies on the wave conditions and the length aspect ratios of the submerged
object. In the subsequent computations the water depth and dimensions of the
submerged object ware held fixed. The wave deformation and the f1uid
kinematics in the vicinity of the submerged obstacle ware examined by varying
the incident wave height and wave period. The parameter of Hl2/d3, the Ursell
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number, is employed to represent the effect of wave nonlinearity. Table 1 lists
the computational conditions of these flows.

4.1 Comparison with experimental measurements
To assess the accuracy of the goveming equations and the validity of the

associated computer program, the physical experiment conducted by Ohyama et
al.(1994) is employed to verify the present numerical method. In the study of
Ohyama et al, the experimental incident wave was conducted at a wave flume
with 17m long, O.4mwide and the water depth d was set at 25cm. The incident
wave height and the period were 2.5cm and 1.018sec, respectively. The
submerged rectangular obstacle had a width of 100cm and a height of 17.5cm.
The wave profiles were measured at three locations : one at the center of the
shelf, and the others 125cm trom the center of the shelf on both sides. Figure 2
depicts the comparisons of wave profiles between the numerical calculation and
the Ohyama et al's measurement at three locations are given. It can be seen
that the computed profiles agree favorably with the corresponding experimental
observations indicating that the current numerical model is sufficiently reliable.

4.2 Eddy motions induced by wave propagations
Figure 3 indicates the computed velocity field and water surface elevation in

one wave period for the case that the water depth ratio (d-h1)/d is 0.6, and the
Ursell number, Ur=Hl2/d3, is 2.88. Wave trains propagate from the left to the
right above the submerged rectangular obstacle. The velocity vectors in this
figure, and others to follow, have length and directions indicating the
magnitudes and directions of the velocity at the base of each vector. The fluid
velocities are normalized with respect to the maximum horizontal velocity of the
incident wave at still water level and the scale representing the normalized
velocity is shown in each figure. In Case 1, the Ursell number is very smalI, and
the nonlinearity of the incident wave is not significant. Figure 3 indicates that
flow separates at the up-wave and down-wave edges of the submerged obstacle
during the propagation of wave trains. There is a tendency of flow separation
followed by the reattachment on the surface of an obstacle resulting in a
localized separation "bubble" around each corner. The size of the separation
"bubble" is small as compared to the dimension of the submerged obstacle. It
can be seen that the flow separation modifies the fluid kinematics around the
edges of the submerged obstacle, but it has no effect on the surface waves.

Figure 4 presents the computed flow field for Case 2 with d/l=0.102 and
Ursell number being 13.4. The increase of the Ursell number enhance the vortex
generation and shedding trom the edges of the submerged obstacle. Fig. 4
indicates a periodic sequence of vortex motion resulting trom the passage of
wave tra ins over the submerged rectangular obstacle. Starting trom the time
when the crest of the wave is immediately above the up-wave edge of the
submerged obstacle(tIT=O) it can be seen that flow separates trom the up-wave
edge and reattaches on the obstacle surface forming a separation "bubble". As
the wave crest propagates downstream (tIT=1/8), the separation "bubble"
diminishes in the decelerated flow. Meanwhile, the horizontal velocities under
the wave accelerate to their extreme values at the down-wave edge and a
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clockwise vortex is generated at the obstacle's lee side. With the existing
counter-clockwise vortex, an eddy pair is formed. For VT=218 to VT=3/8, the
water surface above the submerged obstacle continues to fall throughout the
shallow region, and the fluid enters the obstacle's lee side. In this part of the
motion the eddy pair is observed to be strengthened. When the trough of the
wave is approached (VT=4/8), as Fig. 4 reveals the flow direction at the up-wave
edge of the submerged obstacle has effectively reversed trom that when the
crest is above the obstacle. The separation "bubble" produces at the up-wave
edge disappears and a recirculation zone with counter-clockwise vortex
develops above the submerged obstacle at the down-wave edge. This
separation bubble continues to grow as the wave trough passes (VT=5/8 to
VT=6/8). At the u~ge, a counter-clockwise vortex is formed on the weather
side, but it remains much weaker than the clockwise vortex at the obstacle's lee
side. At VT=7/8 the water surface above the submerged obstacle is rising, the
horizontal velocities become positive and accelerating. The fluid separated trom
the down-wave edge does not reattach to the submerged object but comes up
with the water surface. Once again a separation "bubble" is formed again at the
up-wave edge, and the counter-clockwise vortex on the down-wave side is shed
and swept back around the corner.

In Case 3, the ratio of water depth to wavelength is 0.082 and the Ursell
number is 23.73. The nonlinear effect of waves become more significant. Figure
5 represents the computed water surface and flGWfield in one period of wave
propagation. The separation zones formed at the up-wave and down-wave
edges of the submerged obstacle are stronger than those of Case 1 and Case 2.
The vortices on either side of the submerged obstacle are relatively complex in
comparing to the previous cases. The eddy motion intensity increases with
increasing Ursell number. The results indicate that the presence of separation
and eddy motion may have greatly modified the velocity distribution near the
obstacle for higher Ursell number.

5. Conclusions
This wor!< presents a numerical model for the propagation of water waves

over a submerged rectangular obstacle using the viscous flow equations. The
subtie effects coming from the fluid viscosity are put into the presence of flow
separation and vortex generation on the corner and in the vicinity of the
obstacle.

For a given water depth and dimension of the submerged obstacle, detailed
velocity fields and surface wave profiles are obtained for different wave
conditions. When HL2/d3 is small the separated flow reattaches itself to the
obstacle's surface and forms a small separation zone as compared with the
dimension of obstacle. The presence of flow separation has no effect on the
surface wave. As He/d3 increases the separated boundary layer forms a
complete vortex on the side of the obstacle. Vortex pair sheds and forms at the
obstacle's lee side. The vortex motion is more powerful and energetic at the
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obstacle's lee side than on the weather side.
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Table 1 Wave conditions and obstacle geometry
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Fig.1 Geometry and coordinate of the flow problem .
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Coupling of Numerical Wave and Current Models

Prof. Dr-Ing. K.-P. Holz Dr.-Ing. P. Milbradt
Brandenburgische Techn.Universität Cottbus Universität Hannover

Institut fuer Bauinformatik Institut fuer Bauinformatik

Abstract: Numerical models tor wave and current simulations are becoming
standard engineering tools tor design of coastal wolks. The mode Is have to si­
mulate wind, wave, current and morphodynamic processes. The paper presents
an appoach for coupled treatment of all these processes and discusses conditi­
ons under which decoupling might be possible. An example trom application is
given.

1 Introduction
The simulation of beach processes is becoming more and more an application
field for numerical modeis. Though the processes are not yet fully describable
by mathematical relations and are based on quite numerous empirical relations
remarkable success has been achieved in engineering applications.

There are different numerical models around. The basic differential equations
concern the physical phenomena of

wind field and air pressure distribution,
short wave propagation,
current field and mean water-level variation,
transport of sediment,
sea bed evolution,

which all interact. The problem for the practizing engineer is to determine the
right combination of equations, linearizations and splittings into submodeis.

The paper deals with the simple approach of combining linear wave-theory ba­
sed models with vertically integrated current modeis. Models of this kind are a
compromise between non-linear Serre-type equations based modeis, which
are very costly for large area and long-time simulations and bulk formula based
empirical approaches.

The correctness of the chosen approach is difficult to validate as in nature indi­
vidual waves from a spectrum of waves interact. However for engineering appll­
cations the reproduction of single waves is not that important as long as the be­
haviour of the who Ie system can be realistically simulated within reasonable ac­
curacy. The accuracy depends on the purpose of application. The analysis ot
wave heights and periods is of concern for the interaction with structures. For
beach stability the impact on the morphological evolution has to be considered.
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Thus the whole set ot differential equations has to be considered.

2 Interaction of Processes
The differential equations describing wave-current processes may be split into
contributions based on energy, mass or momentum conservation as weil as in
terms standing tor empirically determined relations. This tact allows tor inspec­
ting the degree of interdependencies ot the state variables and splitting the tuil
set ot equations into individually treatable subsets ot equations.

The tollowing notation will be used. The orthogonal coordinate system Xi is sup­
posed to coincide with the tree surface ot the water body at rest. The corre­
sponding water depth is given by d. The deviation trom this level ot reterence
due to the current tield is represented by 11.Thus the surface waves travel over
a water depth of h = d + 11.The position of the free surface is given by h + Ç.

2.1 Wind Model
The wind represents the driving force to waves and currents. It is generally ac­
cepted that there is no backward influence from the wave-current field to the
wind field. Thus the wind and pressure field may be modeled seperately from
all other water related state variables. Knowledge about the wind field is im­
portant tor determining the wave properties which have to be prescribed at the
boundaries of areas under investigation. Inside the modeling areas the distri­
bution of the wind- and pressure fields may be considered as extemal forces
driving the currents. lts impact on the formation, distorsion and propagation of
waves is commonly neglected. This is acceptable due to the assumptions of ll­
near theory which cannot directly account for those effects.

2.2 Wave Model
The wave model to be discussed here holds for monochromatic waves of small
amplitude and steepness. It is tormulated in terms of propagation of waves. It
includes the effects of shoaling, refraction, diffraction and wave breaking. This
tormulation is appropriate tor simulation of beach processes where reflections
are small and may be neglected.

The field equations tor the wave-number vector components K.; had first been
given by HAYES.

K +0" =0;,/ .i

K..=K
'·l J.I

(1)

(2)

together with the frequency dispersion relation o for monochromatic waves

0"'= g ktanh(k h)
k=2 TriL

(3)
(4)
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In these equations kis the wave number, Lis the wave length, h stands for the
water depth at which the wave is propagating and gis the earth acceleration.
The horizontal directions are marked by i = 1,2.

The solution for the wave number vector components (1,2) is difficult. There are
three equations for two unknown. Equations (2) determines a rotation free vec­
tor field. For solution, this constraint may just be added to equation (1) as a La­
grange constraint, premultiplied with a factor À..

K. +0'.+.\ (K..+K ..)=O
Lr./ V ~I (5)

The Lagrange factor À. has to be determined. MILBRADT shows by considering
all terms containing the wave vector that a dimension correct consistent formu­
lation is obtained if À. corresponds to the group velocity

_1 1(gktanh(kh)) . 2kh
C, -2" (1 +G) k ,G sinh(2kh) (6)

Equations (1) and (2) are thus substituted by

K.
K. +0'. -G ~ (K..- K..)=O

lot ,/ s k IJ IJ
(7)

The derivation given here is quite general. It includes diffraction if the BATTJES
relation is used which relates the wave nurnber to the distribution of wave am­
plitudes a.

K '=k'+8 ·8=.!, a ..a .u
(8)

MILBRADT showed the consistent extension of the equations for systems with
bottom slope. The frequency dispersion relation has to be extended into

tanh(kh) +s
0'= g k -1-+-s-"ta-n..!.h'(k-h"'"") (9)

in which 5 represents the effect of bottom slope which depends on the wave
amplitude a.

1 1 as=---A h 'A=-g-kA j j' 0' (10)

When waves are propagating on a current field with the vertically averaged flow
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velocity U means, the frequency dispersion relation (J has to be extended into
(Ja which refers to a fixed frame of reference

CT,=CT+K U (11)

This way coupling of both processes is obtained. The state variables for wave
number vector, the wave amplitudes, the current field and the water depth be­
came interdependent.

The equations for calculation of the wave amplitude are obtained by conside­
ring conservation of energy E. For a system of constant water depth the sum of
potential and kinetic energy is given by

(12)

The second term represents diffraction and thus is an extension to the classical
approach. It is obtained straight forward from the relations given above.

The energy concentrated in a celi propagates into areas of undisturbed surface.
This leads to a propagation equation for the wave amplitude of the form

S+___!J_ U
pga M

Ui(Ti-Ti')
pga

e
pga

(13)

The advective transport relates to the current velocities U, and the energy
transport velocity C Ei.

c
c,,=~ (14)

The deformation of propagating waves with respect to height and direction
leads to velocity and pressure variations which are summed up in the radiation
stresses term S ij. Within the linear wave theory the foliowing expressions are
obtained from momentum conservation

(15)

Reviewing the equation so far, they have been obtained from conservation prin­
ciples.

Further coupling mechanisms are contained in empirical relationships contained
in equation (13).
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The friction terms 7i at the free surface is commonly represented by a quadra­
tic relation to the wind field components.

The friction at bottom "P'i is commonly specified in terms of current velocities,
orbital water motion, water depth and roughness parameters corresponding to
the sea bed grain size and shape as weil as to some form parameters such as
ripples, dunes etc.

The breaking process of waves is represented by E. Different approaches are
possible. DAILLY, DEAN and DALRYMPLE propose a relation based on the
energy dissipation proportional to the difference between the actual and the
stabie wave energy flux. Other relations may be used related to wave shape pa­
rameters.

2.3 Current Model
For engineering applications the current field is commonly modeled in terms of
vertically integrated fluxes resp. velocities. The corresponding differential equa­
tions are obtained from mass and momentum conservation principles. Omitting
Coriolis and density variations as weil as turbulence effects which can only be
obtained by some parametrization, the following equations hold:

U=-UU-gTJ
,I J IJ ,/

S T.+T.
-.,...-1'''--''-..,..+ ' ,
P (d+TJ) P (d+TJ)

r,
(16)

11,=- (Ui (d + IJ ) ) (17)

Coupling between momentum (16) and mass (17) equation in terms of 11and U
is evident.

The last term in (16) represents the forcing from the atmospheric pressure field
and thus the coupling with the wind field equations.

The radiation stresses and friction at the sea bottom are the same as for the
wave equations .

The friction at the free surface refers to the wind field components.

2.4 Transport Model
Currents and waves act on the sea bed picking up and releasing material. This
material is transported in the water body as a concentration C of mate rial. It is
assumed that the concentration is equally distributed over the water depth
which is in agreement with the assumption of vertically averaged flow velocities.
The transport is given by
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C,=-U,C,+(D,C,) ,,+S (18)

This equation couples back to the current model in terms of flow veloeities.

The equation contains basically two parametric quantities. The dispersion coef­
ficient 0 is dependent on the turbulence characteristics of the flow field under
currents and waves, the density of concentration, the bed material properties
and the bed forms. The same holds for the souree and sink term S representing
the entrainment and release of material at the bottom.

An extension of this single equation into a set of equations each standing for a
portion of the grain size distribution curve and/or suspended and bed load
transport would be straight forward.

2.5 Bed Evolution Model
Depending on the sou ree and sink term there will be areas where material
settles or erodes. The amount of material entering the water body is obtained
by balancing the concentration C, piek up and release of matarialover the wa­
ter depth from bottom to surface

=f Ui Cdx +q, '3 e; (19)

Due to mass conservation this material leads to a morphodynamic evolution of
the sea bed according to

( 1- K) d,= -q" (20)

This equation couples back to the wave and current model due to the changing
water depth.

The parametrie term (1-K) represents the porosity of the bed rnaterlal.

3 Numerical Scheme
The derived equations are fully coupled. They are of hyperbolic/parabolic type.
This allows for application of the same numerical algorithm to all equations.

The solution is obtained by a Finite Element Petrov-Galerkin scheme. As the
equations do not contain higher than second order derivatives triangular ele­
ments with linear interpolation functions may be chosen. Second order derivati­
yes are removed by partial integration.

Arranging the equations in matrix form with A, B containing the coefficients and
K the state variables and introducing the interpolation function lp leads to
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The weighting consists of two components. The first weighting step by lp corre­
sponds to the standard Bubnov-Galerkin procedure which is weil known to pre­
serve peaks but which is highly oscillatory. The second component in the
weighting procedure corresponds to the error squared method which has good
smoothing properties. The second component is premultiplied by t which repre­
sents an upwind parameter. It is determined on the element level directly from
the actual propagation conditions.

The equation system obtained this way is implicit.

(22)

The computational expense is reduced by splitting the matrix M.. into left, right
and diagonal matrix contributions

(23)

thus obtaining an explicit form

(24)

The time integration may now be performed iteratively with standadrd schemes.
The first order Euler scheme tumed out to be suffiently accurate and most eco­
nomic.

As all differential equations are of propagation type, the same numerical sche­
me is being applied to all equations. Thus a short and clearly structured coding
is possible. As the solution procedure has been reduced to an explicit scheme,
the computational expense is linear proportional to the number of equations
and terms involved as weil as to the number of elements or nodes of the discre­
te system.

4 Coupling of Equations
The derivation of equations, the numerical scheme and the way of coding allow
for coupled as weil as for decoupled calculation of different processes. ecu­
pling depends on physical conservation laws as weil as on parametric empirical
relations.

For applications processes in the field may be split according to scales in time
and space.
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4.1 Time Scale

The simulation of short time events in the range of minutes mainly concems the
reproduction of actual physics. Due to the assumption of monochromatic waves
and vertically integrated currents as weil as concentrations the model will only
give limited coincidence with reality of nature. Other approaches may be more
appropriate for this situation.

In engineering applications either maximum/minimum conditions have to be
analysed or mean conditions be determined. For this purpose the system of
equations may be quite useful.

The wave field is mainly generated by wind forces. Typical variations of wind
with respect to strength and direction are in the range of few hours. For deep
water conditions where waves travel undisturbed radiation stresses are very
small. Waves and currents may be treated independently.

As soon as the waves are deformed in near beach areas the radiation stresses
generate considerable currents which deform the incoming wave field. A cou­
pled simulation becomes necessary.

The propagation of waves is strongly dependent on the actual water depth. This
may vary considerable in tidal waters or during storm events which leads to a ti·
me scale of hours and days. These variations are dominantly related to the cur­
rent model. For weak wind effects or deep water the wave calculation may be
omitted. In shallow water however, where breaking of waves occurs, a coupled
calculation is necessary.

Water depth is also changing due to morphodynamic processes. The time scale
of relevant eros ion at beaches may either be in the order of hours during storm
situations or weeks and months during mean conditions. A coupled simulation
may weil be possible for few hours of real time, for long range processes com­
puting time wil! become a limiting factor.

4.2 Space Scale

The economy of calculations depends on the level of closure of modeis. This
again is determined by the processes to be modeled.

The simulation of surface waves demands for a spatial resolution of about 1/10
the of the length of the waves. This high resolution is necessary in near beach
areas with breaking waves.

For simulations in deeper water, where the radiation stresses are not that large,
simplifications may be allowed. For computer runs over real time periods of
hours the wave model may be calculated at high resolution only every hour and
the forces interpolated in time. The underlying current model has to be run con­
tinuously at resolutions of several hundert meters which is fine enough for re·
solving long period seiches or tidal waves. Special software routines have to
support this kind of application.
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Morphodynmic processes are of main interest to the engineer. Those
processes demand tor high resolution in the near beach area and large spatial
extension ot the investigation areas to reproduce boundary conditions tor sedi­
ment transport and currents correctly. The computing time becomes that high,
that wave and even current processes have 10 be interpolated and averaged.

4.3 Parametrizations
The strong coupling ot the equations is determined by the conservation laws.
The empirical terms tor friction, resuspension of malerial, breaking of wales,
dispersion etc represent weak coupling only and can hardly be used for justify­
ing coupling and decoupling of equations. Moreover in many cases there are
different terms applicable - breaking description by steepness or energy trans­
fer - which demand tor quite some practical experience from application. The
same holds for the choice of coefficients contained in parametric terms. As the­
se have been obtained from field or experimental data analysis whereas the
equations have been derived under assumptions for making physics accessible
to mathematical description modification may become necessary.

4.4 Input Data
Models are driven by boundary conditions. These have to be specitied in agree­
ment wilh the simplifications made within the modeis.

Wind data are mostly available for few locations only. Interpolation to the model
areas is hard in case of deformation of the wind field near structured and high
coastlines.

Wave data have to be obtained from field measurements in which quite diffe­
rent processes may be superimposed. Thus the data analysis is tricky and time
consuming. The accuracy remains limited. Determination of wave directions for
instance is realistic only within an error of about 10 degrees.

Knowledge about currents at boundaries demand for field compaigns. As these
are very expensive quite often water level measurement are taken and accep­
ted.

Morphodynamic is very difficult to monitor. It is nearly impossible to do echoso­
unding for large areas continuously. Generally data have to be taken which are
available anyway .

Besides the scarcity of data there are two further problems. The first concerns
the tact that data are hardly available synoptically. This makes coupled simulati­
on strongly dependend on plausibility calculations about long time series of
measurements and experience from the field.

The second aspect concems the selection of input data with respect to the in­
tended goal of a study. For calculation of waves propagating over a fixed bed
the mean or significant wave may be selected from aspectral analysis of mea-
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sured waves. However tor calculation ot sediment transport the mean wave
must not necessarily the significant wave tor initiating morphodynamic transport
processes. Research still has to be done in this area.

5 Application
Numerical studies are currently being performed in different environments. It
turns out that tor areas of several 10 kilometers of extension and deep water
conditions coupling is not necessary. Closer to the shoreline, where breaking
processes lead to strong radiation stresses, coupled calculations become ne­
cessary. An application of this kind is given in the figure attached. The four seg­
ments are showing:

Upper left: Depth distrubition for an ldealised beach area with reafs and gaps
in between, in which rip currents may be forming. In the center an artificial
sandfill is modeled which reaches from the shore to the reef.
Upper right: Wave crests and wave heights approaching the beach. The wa­
ve direction is inclined by 5 degrees to the normal to the shoreline. The
prescribed wave heigth in deep water was 3 m.
Lower left: Generated currents represented by a vector field of flow veloci­
ties. The longshore currents from top to bottom of the sketch as weil as the
seaward rip currents in the gaps between the reefbodies are clearly seen.
The figure represents a stationary state in the initial phase of bathymetry.
Lower right: Zones of erosion and sedimentation after a calculation for 5
days.

The calculation have been performed on a grid of about 20000 nodes with a re­
solution of about 5 meters in the near beach area. The wave set-up at the be­
ach was in range of 0.2 m which agreed weil with observations. The longshore
currents were in the range of observations too.

6 Conclusion
A closed set of differential equations has been derived for monochromatic wa­
ves on sloped bottom, vertically integrated currents, sediment transport and
morphodynamic changes of the sea bed. The set of equations is of propagation
type. This allows for application of the same numerical solution scheme, which
is based on linear Finite Elements and on an upwinding Petrov-Galerkin proce­
dure, to all equations simultaneously. The full set of equations may be solved
coupled as weil as decoupled. Numerical studies are performed on different
scales in time and space. Strong coupling of the equations becomes necessary
in areas of strong radiation stresses. Because of computational expense calcu­
lation of different processes on different grids may be considered in future.
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Figure 1: Computational Results
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A Second-Order Solution of the Flap
Wavemaker Problem

Jaw-Fang Lee, Cheng-Chi Liu and Yuan-Jyh Lan
Department of Hydraulics and Ocean Engineering

National Cheng Kung University, Tainan, Taiwan, ROC

Abstract
A second-order solution of the flap wavemaker problem is presented in this
paper. The present solution is derived based on complex variables, which is
different trom previous solutions derived using real variables by Hudspeth
and Sulisz(1991), and Sulisz and Hudspeth(1993b). The perturbation
method is used to solve the nonlinear boundary value problem. In the
second-order solution, unwanted real parts produced by multiplication of
imaginary parts of the linear complex solutions are subtracted from the
formulation so that correct solutions can be obtained. Complete solutions up
to the second order are presented. The present analytic solutions are
compared favorably with experimental results by Wu(1987). Using the
present theory, the characteristics of the second-order waves generated by
the flap wavemaker are studied. The waves generated in the wave channel
consist of the Stokes waves and the wavemaker tree waves. Analysis of the
mass transport shows that the tree waves generate negative value of the
Stokes drift. Therefore, wavemaker generated waves satisfy conservation of
mass, and have zero mass transport.

1 Introduction
The generation of waves in the wave channel provides useful information
such as wave deformation, wave characteristics et al., for ocean waves in the
coastal region, and therefore is very important in ocean engineering (Madsen,
1971; Fliek and Guza, 1980; Wu, 1987). The wavemaker theory provides a
useful tooi to simulate waves in the wavemaker channel. The difficulties of
analyzing the wavemaker problem are mainly on the moving boundaries at
the tree surface and the wavemaker boundary, and the inherent kinetic and
dynamic non-linearity of the problem (Kim, 1984). Not until recently, a
complete second-order solution for a generic-type wavemaker problem was
proposed by Sulisz and Hudspeth(1993a). The perturbation method was
used to analyze the problem, and Taylor series expansions was used for the
moving free surface and the wavemaker boundaries. Real variables were
used in deriving the second-order solution. The Stokes drift in the two­
dimensional wave flume was calculated. The solution method was extended
to calculate wave loading on the wavemaking structures (Sulisz and
Hudspeth, 1993b), on a horizontal rectangular cylinder (Sulisz and
Johnasson, 1992), and on submerged structures (Sulisz, 1993). An attempt
of using complex variables for the second-order solution for the wavemaker
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problem was proposed by Lee, Liu, and Lan(1994). The method similar to
Vantorre (1986) was used to obtain correct the second-order solutions.

2 Theory and solutions
2.1 Problem description

Consider a flap wavemaker located at one end of a semi-infinite channel of
constant water depth as shown in Figure 1. A Cartesian coordinate system is
used with origin located at still water level, x-axis pointed to the right, and z­
axis pointed upward. The water depth is hand the tree surface elevation '1.
The wavemaker is given a periodic motion with frequency a , and the
displacement function ç(z,t) defined by

1
;2(:~b)(z+h-b)e-iat , -(h-b)<z<O

ç(z,t) =
o , -h<z<-0-~

(1)

where So is the stroke, b is the height of the hinge above the bottom. The
generated waves can be described by potential function<l>(x,z,t) defined by

V= -V<I> (2)

whereV is the fluid velocity, V fluid is the gradient operator. The boundary
value problem solving for wave potential <I>can be written as

V2<1> =0 (3)

-<I> =0 on z =-h.'
11-12-<1>., +2 V +sn+B(t) = 0 on z = Tf(x,t)

(4)

(5)

(6)

(7)

-<1>-, = '1., - <1>.%'1.%

- <1>.%= .;., - ';',<1>.,

on z= Tf(x,t)

on x=ç(z,t)

in which gis gravitational constant, B(t) is Bemoulli constant, the subscript
comma indicates differentiation. Equation (7) is the kinematic condition of the
wavemaker boundary. The dynamic condition Equations (5) and kinematic
condition Equation (6) can be combined as

(8)

At infinite x the waves propagating outward satisfy radiation condition, and
are of finite value. The boundary value problem is nonlinear, and is defined
on moving tree surface boundary and wavemaker boundary. The problem
can be approximated by Taylor series expansion about equilibrium positions
z =0 and x =O. The perturbation method is then used to obtain boundary
value problems for each orders.
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2.2 The first order problem

The first order problem can be expressed as

,o~x<oo ; -h~z~O

,z=-h

dB
cl> + nd> =-'t.e ó~~, dl ,z=O

,x=O

And the free surface elevation of the first order '1, be expressed by

,z=O

(9)

(10)

(11)

(12)

(13)

Since the first order solution is periodic in time, it is obvious that the Bemoulli
constant B, in Equation (13) is zero. The first order solution is weil known
and can be summarized as following,

where

The wave number kl. is calculated trom the dispersion equation,

.n = 0,1,2,·'

(14)

(15)

(16)

(17)

with the definition k,o= -iK, . The gain function of the first order solution, that
is the ratio of the generated wave height to the wavemaker stroke can be
written as

2.3 The second order problem

The second order problem can be written as

,o~x<oo ; -h~z~O

,z=-h

,z=O
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(19)

(20)
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,x=o (22)

The free surface elevation of the second order'h has the following form,

''12 = ~{<I>2,/ - i(<l>L + <I>:,z) + '11<l>1,tz +B2 } ,z=o (23)

Since the second order problem contains two non-homogeneous boundaries,
therefore, in order for the problem to be solvable it is first divided into two
parts,

(24)

where <1>; is to satisfy the problem with non-homogeneous free surface
boundary condition, <I>{ satisfies the problem with non-homogeneous
wavemaker boundary condition. And correspondingly tree surface elevation
be expressed as

(25)

rf, = .!_<I>{, (26)
g

Since complex variables are used in the derivation, multiplication of the first
order solution can produce unwanted real parts and need to be discarded.
The method used by Vantorre (1986) to avoid this problem can be Mitten as

Re(ae -.ot) .Re(1k -.ot) =R~ t(a . Ik -'2ot) +t a .ft] (27)

where aand p are complex, and the over bar indicates complex conjugate.
Equation (34) means real parts of the two sides of the equation are equa!.
Note that from Equation (27) a time-dependent term and a time-independent
term are produced, and similarly results in Equations (21)-(23). By applying
wave periodicity the second order Bemoulli constant B; in Equation (23) can
be shown to be - 7;,z /4. The solution of <1>; and <I>{ take the forms of <1>;' + lp;
and <1>;' + tp{ where <1>;' and <I>;t are time-dependent functions, and ~ and
tp{and are time-independent. The solutions can be summarized as
followings.

(28)

(29)

where the coefficients C;nm, D;no and D;nm are integration coefficients. The
solution of <I>;tcan be Mitten as

<1>'1 = ICI co.1k (z+h)]e-l2tXe-'Zot
2 1=0 U '21 (30)
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where k20 = -iK1, ku satisfies the second order dispersion equation

4d =-gkutankuh ,i=O,I,2,3,'" (31)

The coefficient cft in Equation (30) can he obtained by utilizing the
orthogonal function. . The solution ot <p{ can be written as

(/J{ =Dfox+ ~IYu co~.ut(z+h)]e-"'·

where D{o and DIt are integration coefficients.

br
.ut =h' i = 1,2,3,'"

2.4 The tree surface elevation
The tree surface elevation 7J calculated trom wave potential contains the first
order '1t and the second order Th. The second order quantity equals Tt + TJ{ .

(32)

(33)

Tt is induced trom the tree surface boundary condition,

(34)

where

(35)

'ihS = i:A:o.e(t.·-l,.l. + i: i:A:...e(l,.+t.·l.
n=1 n=Olll=l

(36)

Equation (34) includes a time-dependent term and a time-independent term.
The time-dependent term can be turther grouped into a pure propagation
component i'PP, an evanescent-propagation multiplication component iSJ'C,
and a pure evanescent component c: TJ{ is induced by the wavemaker
condition

TJ{ = La{.e-t'''e-i2OC
,.,0

(37)

where

i2ua! =_-Cf cosk J,
+i« g 2. 2." (38)

Equation (37) includes propagation wave rf (n =0 )and evanescent waves
rt(n~I). From Equations (15), (35), and (37) the propagation waves away
trom the wavemaker can be written as

.,.,p= alp COS(KIX - ot) +a;: co~2(Klx - ot)] + la{plcos(K2x - 20t +82) (39)

where the phase angle 82 is defined as

(40)
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2.5 The mass transport

The mass momentum flux or mass transport can be expressed as

M = (eh!Xfdz) (41)

where U is the horizontal f1uid velocity, (.) indicates time average of wave
period. Equation (41) is calculated by first applying Taylor series expansion
about z=O, then substituted into veloeities up to the second order. Equation
(41) can be rewritten as

M=M/f)+M~ (42)

where M/f) represents result of time-dependent functions, M~ represents
result of time-independent functions. The time-dependent result can be
further formulated as

(43)

where

Equation (44b) is the so called Stokes drift. On the other hand, the time­
independent result in Equation (42) can be expressed as

M9 =M;{x)+M;
where

M;(x) = -~ a~ ).!:I~nCO~klnh)e-k""[k'n co~K,x)- KIsin(K,x)] (46a)

(45)

pgKa2M~= -pD{Jr = I _lp (46b)
.. 2 2a

Equation (46b) indicates that there is retum flow toward the wavemaker.
Notice that in the wavemaker theory the Stokes drift M; is balanced by the
mean retum flow M;. This is true because in the wavemaker problem the
Laplace equation is solved which indicates the conservation of mass.

3. Results and Discussion
To show accuracy of the present theory, analytic solution up to the second
order is compared to experimental results by Wu (1987). The hinged height
of the wavemaker is O.035m, the period and stroke of the wavemaker motion
are 1.23sec and O.12m, respectively. The constant water depth is D.4m. The
data acquisition sampling rate was 74 times per second. In Figure 2 the real
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line is analytic solution and circles represent experimental results, Figure 2(a)
is water elevation at tour times water depth, and Figure 2(b) at five times
water depth. It can be seen that the comparisons show very goed agreement.
Using the present analytic solution, wave forms generated by the wavemaker
under different conditions are studied. As shown in Figure 3 non-dimensional
wave height versus distance from the wavemaker, Figure 3(a), 3(b), and 3(c)
are for K1h=O.5, 1.5, and 3.0, respectively. Sinusoidal wave forms are
generated for relative shallow depth, whereas the deeper depth increases the
irregular wave forms. In figure 3(c) second wave peaks are shown in the
wave troughs.

The analysis of the wavemaker theory shows that the second order
component resulted from the second order non-homogeneous free surface
condition and the second order wavemaker boundary condition. The free
surface condition induced the \Nell known Stokes second order wave, while
the wavemaker condition generated free waves. The analysis of mass
transport sholN8d that the Stokes wave induced Stokes drift, and the free
wave generated an amount negative to the Stokes drift. In other words, in the
wave channel the generated waves carry zero mass transport, that is, the
f1uid mass remains conserved. One should be aware that in this analysis a
semi-infinite channel is considered, therefore, no effects of end wall reflection
induced.

4. Conclusion
In this paper detailed derivation of the second order wavemaker theory using
complex variables is presented. The flap type wavemaker is considered.
The analytic solution is verified by the solution derived using real variables.
Comparison with experimental results also shows favorable agreement.
From the analysis the second order wavemaker solution consists of the
Stokes waves and the wavemaker free waves. The analysis of mass
transport also indicates that the former induces Stokes drift, and the later
generated an equal but negative amount. Therefore, in the wave channel the
generated waves up to the second order carry no mass transport, which
implies the solution satisfies mass conservation.
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ACTlVITIES OF COASTAL DEVELOPMENT
IN TAIWAN

YEN-5UN HSU
BIG-BEAM CONSTRUCTIONCO.,LTD., Taipei, Taiwan, R.O.C.

ABSTRACT
Taiwan is an inland, with the promotion of the national fast-growing economic
Development, Taiwan is no doubt to the advanced on a par within four Asia
Dragons.

Owing to the industrious and hard 'Mlrking people as weil as correct and
sound national development policy. In view of limitation of restricted land of
the inland, it is total to the medium and small scale enterprises to establish
overseas offices or factories in Mainland China, which draw particular
attention of the govemment to regulate and supply toward releasing more farm
land and recJaiming more space from the shoreline aggressively. This article
briefly reviews the existing land-use attics of Taiwan coastline and the on­
going islandwise land-reclaiming activities as weil as some perceptive of
long-term developments.

1. INTRODUCTION
Taiwan is situated in the Pacific Ocean about 160 Kilometers (100 miles) trom
the south-eastern coast of China main-Iand. Located about midway between
Korea and Japan to the North and Hong-Kong and Philippines to the South.
Shaped roughly like a tobacco leaf, Taiwan is the place of 36,Oookui land with
1,1ookm long coastline and population exceed 21 millions v.tlich makes the
island of the 'Mlrld's second densely-populated area. Owing to the recent 30
years dynamic development of industry, most of the land resources had been
put into exploiting. Following to the govemment releasing some farmland,
mountain slope, it is apparent the shortage of lands. still remains to the
unsettled due to high-technological development, which enhances or
stimulates the set-up of more new industry zone in sense of going along with
more land to be required and force the govemment to 'Mlrk out new land
reclamation policy, regardless of the fact that 5,000 hectares had already been
producing in hand. Furthermore with the rapid increasing of economic/social
development and making full use of the latest achievements in technology and
maritime resources, the more opportunity is giving for re-development of the
water front area with a variety of recreation or amenity use as weil as industry
zoning instead of some original fishing or farming purpose.

As shown in the followings are the brief descriptions of existing shoreline
development, policy formulation, planning and future perspective etc.

2. Coastline Environments of Taiwan
2.1 The category and features of coastline

In most cased of western island, it is characterized mainly by the full range of
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the north and south end comer, however rocky features displays in major
regions of northeast, southeast and east coast around Taiwan. The gravity of
land reclamation activity lies in the west of Taiwan see Fig.1 ( The category
and Features of Taiwan coastline).

2.2 The oeeanographie and meteorologie environmentals.
Taiwan's climate is of subtropical/tropical, oceanic regions to be subject to
topographic features and monsoons, which yields a rather high-temperature,
rainy and windy with average annual2,SOOmm rainfall. There are 129 rivers or
creeks passing through whole islands, with strong erosion action inevitably
caused substantial distribution due to steep mountain slopes and high flow
speed. The rainfall concentrates in raining season and distributes unevenly
generating an unbalance in between demand and supply of stabie water
resources.

Regarding to the oceanographrical aspects, it is apparent that the six months
monsoon ,trom Nov. to the following Apr.,and typhoons of summer(usually 2 _
3 times) are drawn to the main provisions of calibrating the forecast of wave
current or other factors.

In west-coast, it is usually anticipated 4 - 5 meters maximum wave height(HO)
of monsoon wave with 8 - 10seconds period (TO) and 9 meters wave height
with 13 seconds period of Typhoon wave, however in east-coast, it is expected
5 meters wave height with 9 - 11 seconds period of winter monsoon and 16m
wave height of Typhoon as weil as considerable times of 10 seconds period of
long wave (swell) . As to the tide, the coast of centra I region of west island
(Hsin-chu. Taichung and Chang-Hua) displays the highest 4.6 meters tide­
range and only 1 Meter in the North and South end of the island.

2.3The soeial and economy features
At the and of 1994, Taiwan's population exceeded 21 million which makes the
island population density 587 per square kilometer ranking 46 of global
population.

The industrial structure makes a show of service trades (i.e. the third industrial
circles)to the progressively approaching to dominate the Taiwan economie
activities.

The gross net production (GNP) achieves more than $10,000 US dollars
several years ago.

3. Policy of National Land Development
3.1The objeetives
In the interest of environment conservation and permanently development, the
policy is established so as to enhance the reasonable utilization of land in a
practical manner to promote the living standard of general public and take
Account of the requirement of industrial environments that includes:

• The protection of national biologica I environment to ensure perpetual
development of national resources.
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• The promotion of industrial development environment to sereure high­
quality of living standard in phase of construction activities.

The improvement of human living environment to organize the
construction of Taiwan in maintaining a democratic economy system of
development.

3.2 The principles of planning
• To respect tree market mecllanism in a way to set-up an efficient

development faculty.

• To fulfill the perpetual development philosophy.

• To ensure equitable distribution of nationalland development.

• To make sure the corporation of local govemment and private enterprise
in course of national land development.

3.3 The strategies of land development
• To alter land use purpose of farming area and release the relatively

low-grade Farm land.

• To divide national land into restricted development region and
unrestricted region respectively.

• To manage the construction of Taiwan to be a hub for business
operations in Asia-Pacific (or Asia-Pacific Regional Operation Center).

• To adjust the industrial structure and regional nature.

• To ensure life circle construction schemes so as to curtail the distinction
of city and rural area.

4. The Existing Statues of Coastline Development
4.1 Activities of land development
Some developed and under-developing projects are named as shown in Table 1.

4.2 Engineering consultants
The major engineering consultants involving into the land development are:

Sino-tech.

CECI ( China Engineering Consultants, Inc. )

Others

4.3 Construction
In past years, only the govemmental agency be taking the development
mission as:

• RSEA ( Ret-Ser Engineering Agency ) , and

BES Engineering Corporation
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There are some private sectors investing the land development as :

Formosa Plastic Company, and

• Steel Mill

5. Future Prospeets
The future prospects are liable to rational solution to coastline development so
as to achieve the aims of long-range prospective as following:

• To develop a perpetual management and even out biological
environment.

• To promote a high-quality of living environment.

• To approach a high-efficiency production environment.

• To create a intense but orderly national space structure.

In the past, the most of coastline lands are mainly hinged around the purpose
of commercial part, fisher village, aquatic farm and salt pan use. However,
owing to the fast-growth of population, urbanization expansion and rapidly
economie development which enhance a large scale demand of acquiring
more land, it is envisaged that some low-graded shore lands will be put in hot
pursuit of competing focus by land developer. For the time being, the coast
on-shore lands are generally facilitated for the following 19 purposes:

• Agriculture

• Stock raising

forestry

• Salt pan

• Aquatic farm

• Mining or quarry

• Sightseeing spots or recreation

Ports (commercial or fishing )

Residential or village

Grave yard

Industry area

Power plant

Air port

• Shore land, inner land transportation facilities

Sewerage treatment or garbage disposal

• Shore-protection

Eco-environment protection
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Drainage channel or tide-prevention

• Oil or gas extraction

Up to now, the west coastline developments lay particular stress on industry
inducing a large scale of industrial belt, which may create the loss of shoreline
and bear great impacts upon environment alteration as weil as come into
conflict with ecologicall social system. In view of the above-mentioned future
prospective aims, it is therefore envisaged that the coastline development will
bring toward to maintain the environment protection as weil as recreation
purpose. Secondly, in early stage, it is in fact that the coastline developments
are limited to some small-scaled area due to limitation of technology or
facilities, then the developments grow rapidly and achieve several thousands'
hectares by means of advanced equipment or knowledge, which already
caused grate concem of environmental impacts. In reviewing the past and look
forward to the future, it is anticipate that the coastline development of Taiwan
might eventually target to some medium-scaled size of land requirement in a
way to minimize the adverse impacts upon the environment.

6. Summary
In brief, with the fast-growth of population and economy development of
Taiwan, it is apparent that the merit of efficient utilization of limited shore land
will be the most pressing task at the moment. In view of the lack of integrated
and skilled management of the past coastline development and insufficiency
of trains manpower and equipment, I recommend the policy of promotion of
coastline development shall be the matter of great urgency and concentration
placed on the following:

• To coordinate nationalland development plan and set up or regulate
the related poiicy,

• To establish basically localized planning strategy.

• To educate/train the specialized professionals.

• To cooperate with foreign agency.

• To generate the introduction of advanced construction technology or
equipment.

• The principle of land-releasing policy shall be based upon • Even
share profits and equal access to interests ",
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Some aspects of the use of geotextiles
in the field of coastal engineering

Sören Kohlhase

University of Rostock,
Institut for Hydraulic and Coastal Engineering

Abstract
Traditionally, the various functions of geotextiles and geotextile related
products,whichhave to be consideredindividuallyor in combinationare named
filtering,drainage,separation,protectionand reinforcement.

In the field of coastalengineeringthe most importantfunctionof a geotextileis
to serve as a filter where filtering may be defined as a separationof mineral
layers of varying grain size distribution in the presence of water. In the
engineering practice the use of geotextile containers is increasinglynoticed.
Also new products combiningthe advantagesof geosyntheticsand mineral
componentsare comingintothe market.

Sincea geotextileis a productbeingmanufacturedundercontrolledconditions,
its applicationseemsto be comparativelysimpIeeven if a geotextilemaybe an
essential part of a coastal structure.However,variousaspectsmust be taken
into consideration covering the requirements during construction and
installationasweil as the requirementsduringthe lifetimeof a coastalstructure.
Severeconditionsof a roughseamustbe taken intoaccount.

Aspects of applicabilityof geotextiles,demandsand limitationsare iIIustrated
usingrecentexamplestrom the Germancoastalareas.

1 Introduction
More than other disciplines of civil engineering coastal engineering is
characterized by experience if we consider engineering practice. Dike
constructioncan be taken as a typical example. Sincemore than 1000 years
dikes were constructed at the German and Dutch North Sea coastline but,
scientific approach to basic problemswhich are interrelatedwith design and
construction,e.g. wave impactor wave run-upand over-topping,startedsome
decadesago only. By all meansresearchon these topics is not completed up
to now.
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A similar situation can be seen in the field of coastal protection, e.g. the
construction of a revetment or a groin. Coastal structures were built according
to many years of tradition where regional differences can be observed (5).
There was no reason to change the almost empirica I design criteria in case of
stability of the structure and fulfilment of functional requirements. In case of a
failure, however, constructions were repaired or, in case of areconstruction, the
structures were dimensioned somewhat stronger. A typical example is given by
Fig. 1.

The complex interrelations existing between functional criteria of design and the
construction itself were often ignored, and even today these interactions are
rarely taken into account. If we consider downdrift erosion as a result of
structural influences on a sandy beach, we can often observe, that new
protection works are executed in the area of erosion. In my opinion, considering
the sediment budget of a sandy beach, a demolition could often be the best
technical solution. Such a solution is, however, being adopted very
exceptionally only. There are various reasons for this fact.

One reason could be the lack of knowledge about the interferences between
hydrodynamic influences, the coastal structure and an erosive sea bed. Fatal
consequences not only for the adjacent stretches of a beach but also for the
stability of the structure itself can be noted (comp.rtzj), the latter often being
caused by a failure of filter layers or scouring at the toe of a structure, where
destruction often starts (Fig. 2).

Hydrodynamic loads caused by waves and currents and the morphological
changes being induced by coastal structures cannot be calculated sufficiently
safe for engineering purposes. Despite a remarkable progress in the field of
numerical modeIs, any prognosis remains uncertain. As a consequence,
planning of coastal structures should include the possibility of their removal.
Sometimes it would be really necessary to remove an existing structure, even if
a demolition might be expensive. This is rather in contrast to conventional ideas
of a civil engineer who is traditionally educated predominantly in the field of
structural mechanics and related subjects and who consequently thinks in
terms of stability only.

It is obvious that comparatively simple technical solutions based on geotextile
bags or geotextile containers show a lot of advantages in this respect
compared with conventional building materials such as steel or concrete.
Geotextiles are economy-priced materiaIs, and they are manufactured with
controlled hydraulic and mechanical properties.

Advantages can often be noted also considering transport and installation. In
some cases even a technical solution is possible only by the use of geotextile
components (18, 22).

According to long-term and short-term fluctuations of the sea bed we have to
look for flexible constructions, e.g. when designing the toe of arevetment.
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2 General remarks on the use of geosynthetics in the field of
coastal engineering with respect to various functions

Functions attributed to geosynthetics as components of a coastal structure are
usually as follows (4, 10, 22, 23):

Filtering, drainage, separation, protection, reinforcement, encapsulation (Fig. 3):

GEOTEXTILES

Composites I

Filtering

Protection

GEOSYNTHETICS

RELATED
PRODUCTS

GEOMEMBRANES AND
RELA TED PRODUCTS

."
ISpecial Types I

Drainage Separation

Reinforcement Encapsulation
Fig. 3: Geotextiles in coastal engineering, classification and functions

(from (4) and (24»
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Areas of applications in the field of coastal engineering are for example (4, 7,
23):

- use as filter layers, e.g. in arevetment

- drainage layer in a dam

- separation layer, e.g. belowa dam or a rubble mound structure

- protection layer, with e. g. a vulnerable geomembrane in the sealing of a

structure

- woven fabric or geogrid as reinforcement of a filter mat or a steep slope

- encapsulation of sand and other materials

However, in a special application the functions of geosynthetic components
(mainly geotextiles) can have different valences. A formal separation is difficult
especially in such cases of application where different functions must be fulfilled
by a geotextile element. Examples of this kind are:

- encapsulation of sand for coastal protection works where a geotextile must
also fulfil the function of a filter

- reinforcement of a mattress of fascines, where separation of different layers
and filtering of the existing subsoil respectively can also be considered as
main function.

Constructions using geotextiles demand, therefore, detailed knowledge of the
various functions which shall be attributed to the different geosynthetic
components.

Both conditions during construction and application can be relevant for design.
The conditions during construction including transportation, e.g. of a sinker mat
to its final place, or dumping of stones on a filter layer, play an important role in
the field of coastal engineering. According to these examples high requirements
may result with respect to mechanical properties such as tensile strength and
impact resistance.

During the lifetime of a structure a geotextile must often serve predominantly as
a filter. Cyclic loads by waves and a possible migration of sediment particles in
the horizontal plane of a geotextile must be considered in the choice of a
suitable product.

Many of the recent applications of geosynthetics in the field of coastal
engineering clearly demonstrate the advantage of an acceptance of even larger
elongations of a geotextile. Since stresses are more or less important in the
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presence of flexible components and - on the other hand - stresses are often
the cause of failure, for coastal engineering applications, as a goveming
principle, we should consider to think in terms of elongations rather than in
terms of stresses, in my opinion.

In this paper some recent examples are presented.

Applications of geotextiles in Germany clearly show that besides conventional
applications of geotextiles - e.g. geotextile filter layers are standard for the
structural design of embankments - geotextiles fulfilling all the various
requirements should be considered as a very important element in coastal
engineering practice.

There are a lot of examples where the use of geotextiles leads to technical
solutions which are better than conventional solutions also with regards to
economy. Referring to long-term resistance of geotextiles investigations show a
structurallife time which certainly corresponds to the usually planned lifetime of
a coastal work.

Standard solutions for the construction of a revetment as iIIustrated by Figs. 4
and 5 and to proteet the transition between a hard structure and the erosive sea
bottom may demonstrate some applications in hydraulic engineering in
Germany.

3 General remarks on application of geotextiles
A varietyof differentapplicationscan be found in Iiterature.

The best reviewmay be obtained looking at the Proceedingsof International
GeotextileConferences.These conferenceshave a significancesimilar to the
well-known InternationalCoastal EngineeringConferences.The target group
coversthe entirefield of civil engineering.

However,the contributionof coastalengineeringis comparativelysmal!.

Nevertheless,it should be noted that hydraulicengineeringproblemswere the
starting point of the technical development of geotextiles. Various other
disciplines of civil engineering,e. g. the field of road constructionor tunnel
engineeringwereopenedup lateronly.

During the extensionof the MidlandChannel revetmentswere constructed in
Germany using coconut fibres for the constructionof filter layers. Later on,
geosynthetieswere used to replacenaturalfibres.Woven fabries,non-wovens
andcompositeswereusedandfurtherdeveloped.

Consideringthe field of coastalengineering,it can be statedthat filter layers in
revetments using geosynthetiesare very common today and, regarding the
"Recommendationsof the TechnicalCommitteeof Coastal ProtectionWorks"
(5) of the German Association for Earth Construction and Foundation
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Engineering (EAK '93), most of the examples of dike and dune revetments were
constructed using at least geotextile components.
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sealingmo.terlal

[
~
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Fig. 4: Standard solutions for revetment design using geotextile filters
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Fig. 5a: Standard solutions for revetment design (acc. to DVWK, 1993)
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Fig. 5b: Stabilisation of a groyne at river Weser
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Advice and mmmurn requirements for the choice of a geotextile and the
respective demands which must be fulfilled by a geotextile filter layer are
included in EAK '93 (comp. also Fig. 4). Therefore, only some additional
comments will be included here.

In the following, demonstrating the application of geotextiles, the use of bags
and containers is treated as central issue. Solutions of this kind are almost
neglected in the literature, in my opinion.

It seems to be difficult to succeed with technical changes in a discipline which is
determined by tradition. In case of geotextile containers this might be due to the
fact, that the solution is rather too simple to be acceptable as a technical
concept. On the other hand side, these solutions offer really interesting
possibilities for coastal engineering applications, if we consider the above
mentioned aspects (2).

Besides some examples of "packed construction materiais" such as bags,
tubes and containers, the use of geotextile membranes will be iIIustrated. The
application of membranes can be considered as a basis concept for coastal
protection.

Also the so-called sand mat where sand is embedded between two layers of
non-wovens and fixed by needie punching (in the same way of production as a
geosynthetic clay liner) can be considered as an example of encapsulation (2).
The sand is mainly used to weigh the geotextile. A sand mat of this kind can be
excellently used as a foundation layer, e. g. for the construction of a
breakwater. Besides this, the mat also serves as a filter.

4 Filter problems
In the broad field of coastal engineering applications a geotextile often has to
fulfil the requirements of a filter.

Filtering means that the geotextile is able to retain soil particles moved by
passing water in such a way that the resulting pressure head increase can be
neglected.

These requirements are defined by the so-called characteristic (effective)
opening size and the water permeability coefficient respectively (4).

It is often misunderstood that at least in a second or third priority a geotextile
has to serve as a filter. Examples are the use of containers or even geotextile
membranes to proteet an eroding beach where, in the first instance, separation
of different sand layers or the function of encapsulation seems to be important.
Reference and advice of DVWK (Deutscher Verband für Wasserwirtschaft und
Kulturbau e.v. - German Association for Water Resources and Land
Improvement) and the filter rules as being recommended by the "German
Technical Committee on the Use of Geotextiles" which are also schematically
iIIustrated by Fig. 6 may demonstrate the interrelation of various functions.
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During a special seminar on "Filters in Hydraulic Structures" organized by the
Sri Lankan Coast Conservation Department (CCD) and the German Authority
for Technical Assistance (GTZ) and held in Colombo (1989) the special
requirements of mineral and geosynthetic filters were treated in detail. The
importance of filter problems considering world-wide research is also clearly
demonstrated in the Proceedings on the First Conference on Geo-Filters which
was held in 1992 in Karlsruhe (3).

Despite the abundance of literature, the filter problem is controversially
discussed even today. Surprisingly this particularly applies to the field of inland
navigation. During the reconstruction of the Midland Channel in Germany, for
example, geotextile filters were used in combination with special comparatively
light concrete elements as a cover layer. Contrarily to other solutions and
despite strong long-term loads caused by ship waves the revetments didn't fail
during many years.

In spite of a lot of advantages in comparison with common solutions,
considering both technical and economic aspects and specially regarding filter
problems, the use of geotextiles is not always accepted.

Therefore, despite clear recommendations published by DVWK I DGGT (4), a
subgroup of the Technical Committee of DGGT has started to reconsider the
design rules but definitive results of this group are not available by now.

According to DVWK-standards it is common in the field of coastal engineering
in Germany to prove the relation Ogo.w "" dso.This equation is also used in the
EAK '93 mentioned before (5). 090.W is the so-called characteristic (effective)
opening size of the geotextile which must be determined experimentally by wet
sieving under specially defined test conditions.

The value dso corresponds to the 50% fraction of the grain size distribution
curve of the soil to be filtered by the geotextile.

Practical applications show that thick, mechanically bonded (needie punched)
non-wovens are particularly suited for the use under rough sea conditions.

Comparing the filter behaviour of mineral and geotextile filters, analogies were
repeatedly formulated by HEERTEN (7, 8). These analogies show that the
pores and the distribution of the pores have a dominant influence on the filter
behaviour of geotextiles. Mechanically bonded non-wovens have a pore volume
of approx. 90%. Even if a major part of the pore volume is filled by soil particles
during the lifetime of a coastal structure, the permeability is not reduced to such
an extent that pressure gradients within filter layer are remarkably increased
(9).

Due to its three-dimensional effectiveness non-wovens are increasingly used in
Germany compared with wovens, if we consider filter problems. Various
applications of woven geotextiles can, however, be found in such cases when
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also requirements on the tensile streng th must be attributed to the filter,
according to the design of a structure.

It can be advantageous to combine wovens, non-wovens and geogrids when
requirements of filter effectiveness have to be considered together with other
functions of a geotextile in a special application.

Geo-composites are for example advantageous if we consider flow conditions
within the plane of a filter, i. e. if we use a geotextilefilter on a slope and soil
migrationhas to be avoidedin the contactareabetweenfilter andsubsoil.

Pertinent problemswere intensively investigatedby MÛHRING(15) and the
advantages of multi-Iayered geotextiles with a specially manufactured
roughnesslayerwere clearlyelaboratedbasedon a lot of tests.

Multi-Iayered geotextile filters can, after all, also be manufactured using
different rawmateriais.Sineethe commonlyusedsyntheticfibreshavedifferent
properties (comp. (23» we can systematicallycombinedifferent raw materials
according to the expectedconditionsduring constructionand lifetime,e. g. to
combatthe influenceof radiationor abrasionby sandor iee, in orderto achieve
economicallyand technicallyoptimumsolutions.

5 Packedconstructionmaterials
5.1 Review and basic considerations
Different systems were developed following the principle of encapsulated
materials (comp.Table 1) which can be used for various coastal engineering
applications.For encapsulationof constructionmaterialreadymadegeotextiles
and geogridsare used.As one of the major advantagesthese e!ementsallow
the use of local soil material.Also concreteor othermaterialscan be used for
specialpurposes.

Geotextile constructionelements are exposed to various loads. Considering
waves and breakingwave conditions they have to withstand wear and tear
especiallyin such caseswhere the geotextileis not coveredby stonematerial.
With respect to abrasion by sand being moved with the water currents,
geocompositesconsistingof geotextile layerswith different raw materialscan
be constructedto profitfromthe differentpropertiesand prizes.
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combinations are possible to fulfil several functions
simultaneously

• according to form and volume
- hand bags (up to approx. 25 kg weight)
- large bags (more than 25 kg, volume up to approx. 1rrr')
- geotextile containers (volume more than 1rrr')
- geotextile tubes (manufactured often endless)
- gabions, baskets and mattresses

• according to material
- wovens
- nonwovens
- composites
- geogrids

Remarks:

• according to filling material

- sand
- stones
- others

Table 1: Encapsulation of sand and other materiais,
specification of geotextile containers (from (20»

Most common in the field of coastal engineering are the hand bags used during
disaster operations such as storm surges or high water events. More than 7
millions of bags were used during the high water disaster at River Oder this
year to give a recent example of application.

In the following, as a generic term for all the different solutions, we use the term
container. The most important applications are iIIustrated in Figs. 7a and 7b.
General aspects tor assessment and dimensioning are listed in Table 2.
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SAND BAGS AND CONTAINERS EXAMPLES

• Locking of gaps and damages in embankments during high water attack and
storm surges

• Closing of dike or dam during construction

• Protection and securing of structures exposed to
wave and current action

• Protection of pipelines and traffic tunnels against
scouring

• Use as strucural elements

temporary protection
using handbags

placing of containers,
hydraulic filling of
tubes

protection of a pile
construction

protection of a culvert
insta lied in a trench

packing of core
material in dikes and
dams construction
elements of groynes
and polder fences

~~~
Fig. 7a: lIIustration of possible applications of sand bags and containers
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TUBES AND MATRASSES

• Stabilisation of sandy beaches, coastal protection

DUNE

• Fixing of the limits of a sand fill-up

" .._------ .....
»>"." ..........

• Construction of coastal structures, such as groynes and

revetments

EXAMPLES

geotextile
tubes positioned
(alongshore and
perpenicular) on
the beach

construction of a
sea dike using
hydraulic transport
of sand in pipes

---- protection of an
eroding beach by
tube or matress

Fig. 7b: IIIustration of possible applications of tubes and mattresses
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- depending on location and kind of the used containers

- essential points of interest are for example lifting of the container by
(specially designed) equipment (protected edges of gripping device)

- crashes of falling containers and stone dumping

• GENERAL REOUIREMENTS ON GEOTEXTILE AND FILLING MATERlAL:

- essential function: Encapsulation of sand temporalily (e.g. during
transportation) or permanently (e.g. inside a dike)

- the container (and the filling material) are a structural element of a
coastal structure. Additional functions, such as filtering and I or
protection, reinforcement must be considered

- the container must have a certain weight to withstand waves and current
action

- additional requirements on the geotextile must be considered to
guarantee the filtering function, abrasion resistance and others

• MANUFACTURING AND FILLING REOUIREMENTS ARE STRONGL Y
INFLUENCED BY FILLING PROCESS AND MAY BE DESCRIBED BY

- mechanical behaviour such as c - E characteristics, maximum elongation

- tensile strength, bursting resistance, including seams and joints

- resistance against high temperatures (occasionally, e.g. when filling with
asphalt)

- filtering characteristics, permeability and soil retention capability,
specially in case of hydraulic filling of a container

• DEMANDS DURING TRANSPORTATION AND INSTALLATION

Table 2: Encapsulation of sand, general aspects for assessment and
dimensioning (from (20»

5.2 Sand bags
Well-known are sand bags which are used for dike construction and repair. In
addition to natural fibres synthetic material is increasingly used for
manufacturing of the bags. Two kinds are in use considering practice. Firstly
the "handy" bag with a filling weight of approx. 25 kg and secondly the "large"
bag with a filling volume of approx. 1 m'. In the first instanee, the handy bag is
in use for the repair of dikes after high water and wave attack whereas large
bags are also used as construction elements (20).
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To close the bag, two bands are sewn to the geotextile. They must have the
same strength and durability as the material of the bag.

In case of a disaster the bags are ready at hand. They can also be stored in
filled condition.

Additional requirements must be fulfilled by larger bags. Especially, we have to
prove the material's durability against loads resulting from transport and
installation (comp. Table 2).

The geotextile and the filling material must be brought into line in such a way
that the filling material doesn't pass the pores of the geotextile due to currents.
The bag must be handy and must have proper friction behaviour (also during
stockpiling). These requirements can be fulfilled by both woven and non-woven
materials where the latter show advantages considering flexibility and friction
behaviour.

5.3 Sand-filled tubes
Using tubes as a geotextile container the filling material is completely
encapsulated and the almost circular sand-filled tube may be considered as an
independent construction.

According to EAK '93 (5) we distinguish between the Danish and the East
Frisian system.

The Danish methods includes a water tight (PE)-film which is manufactured
together with the geotextile (woven PE- or PP-fabric). The tube is filled in its
final position. The water is being pumped into the tube where sand is added by
means of a funnel. Whilst the sand is retained inside the tube the water is
drained oft through a pipe at the end of the tube.

In contrast to the Danish method the East-Frisian method disclaims a synthetic
film using a fabric only. Up to a diameter of approx. 2.0 m the tubes are
manufactured both without seams and webs.

A suction dredge is normally used to fill the (permeable) tube, which can consist
of a woven or a non-woven geotextile. Af ter deposition of the sand the water is
drained through a pipe at the end of the tube. According to the actual demands
the geotextile is dimensioned in such a way that the sand is retained by the
geotextile and only water which is pumped into tube (together with the sand)
can pass.

The height of the filled tube is approx. 85% of the theoretical (cireular) diameter
ofthe tube.

After execution of the filling process, e. g. in connection with the replenishment
of a beach, the tube can be covered by stones and may serve as a part of a
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revetment. Such a sand-filled tube mayalso be used as a core of a groyne or
part of a dam.

Both methods, the Danish and the East-Frisian, allowan immediate economic
and quick filling where we can use local and often even silty soil (comp. (14».

5.3.1 Example no. 1, Use of sand-filled tubes during dike construction
Since 1967 sand-filled geotextile tubes are used at the German North Sea
coast (6) especially for shore protection purposes on the East-Frisian islands.
A more recent application is the use of geotextile tubes during the construction
of dikes in the "Leybucht", State of Lower Saxony (11). According to the
technical developments geotextile tubes can be easily filled having single
lengths of 400 m. By means of sewing on additional geotextile sections,
jointless constructions of any length are possible today.

From the experience of the construction site at "Leybucht" it should be noted
that not only woven fabrics (high tensile strength) but also non-wovens (large
elongation) can be filled without major difficulties (11).

Gonsidering non-wovens, it might be seen as a disadvantage compared with
wovens, that non-wovens can have a much higher weight (due to soil migration
into the pores of the geotextile and content of water) which makes it sometimes
difficult to change the position of the tube prior to filling (specially during rainy
season and softening of the subsoil). Advantages of a non-woven, needle­
punched geotextile are the prize and the robustness against mechanical loads
during both construction and lifetime of the structure.

5.3.2 Example no. 2, Kirra groyne, Australia
Another example of the use of packed sand is the protection scheme of the
Gold Coast at Kirra, Australia. Gold Coast is an important recreation area with
approx. 30 km of sandy beaches. Since tourism is the living basis for many
people in this area, a comprehensive programme was elaborated to protect the
sandy beaches. Three groynes were constructed using sand-filled geotextiles.

The largest groyne was constructed in North Kirra (Fig. 8). The groyne has a
length of 110 rn, the height is 5 m. At the base the width is 12 m.
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voids are fiLLed sand tilling
with sand ( see detail below)
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Fig. 8: Construction of a geotextile groyne at Kirra, Australia (from (4»

The groyne was constructed using geocomposits. One layer serves as an
impermeable sealing. The second layer is a robust geotextile. A non-woven
(needle-punched) was used, which covers the inner tubes of the groyne.

According to up to now experiences, geotextile groynes can be considered as a
realistic alternative to conventional groynes, which are mostly constructed using
stones. Advantages are becoming evident specially in areas where large stone
material is hardly available and stones must be transported over long distances
and at high costs.

5.4 Containersfilled with sand
Geo-containers can be manufactured in any form and of any volume, in
principle (comp. Table 1). They can be filled directly at the construction site.
Coarse stone materials as weil as sand can be used to fill the containers. The
material is mostly available at low cost.

Besides woven materials with high tensile strengths, non-woven materials also
can be used. These materials are able to follow all the irregularities of the
bottom due to their flexibility where the activated forces within the geotextile can
be more or less neglected. There is also the possibility to combine both the
flexibility and the strength within a two- or multilayer-product. A non-woven
product and a geogrid or a woven and a non-woven layer can be, for example,
bonded together in the factory.

In 1986, huge sand containers consisting of mechanically bonded (needie
punched) geotextiles were tested under severe conditions (North Sea, Island of
Nordstrand). These containers had a filling volume of approx. 20 rn'. The
weight of the filling material was approx. 30 t (4). The only weak point of these
geo-containers consist of the seams, a problem which was, however, solved
after some testing and using high strength yarn.
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The use of containers filled with sand has a lot of advantages compared to
other technical solutions and presents itself for example for construction of
dams or dikes (especially for closing a gap) or the filling of a deep scour.

Advantages can be as follows:

- Controlled placement is possible even during comparatively strong currents
and in large water depths

- During placement of a filled container there are almost no losses of material
(compared with free-fall dumping of material)

- Since the filling material sand is locally available, costs for material and
transportation are reduced.

If we look at the literature there are many possibilities of application (comp.
Fig. 5), e. g. as a protection measure for earth structures, for culverts or
foundation piers.

If we consider the area of coastal engineering, the use of containers should be
considered tor the core construction of dikes and dams as mentioned before.

Recent examples of coast protection applications are illustrated in chapter 6.

6 Recent developments for the use of geotextiles for coastal
protection

6.1 Restoration of a sandy bar using geotextile containers, Island of
SyltlGermany

Various applications for the use of geotextile containers were recommended to
encounter coastal erosion problems on the Island of Sylt but, up to now, only
the restoration of a sandy bar was executed. This was done at the village of
Kampen, where the natural sandy bar doesn't exist due to various reasons (see
site plan, Fig. 9).

The area of Kampen is characterized by the fact that due to the absence of the
natural bar the beach is strongly attacked by waves passing the existing gap
more or less unhindered. One must expect that a restoration of the bar,
especially by increase of the crest height, will lead to a decrease of the inshore
wave energy. According to theoretical and experimental investigations (17, 21)
even a slight increase wililead to a remarkable reduction of the inshore energy.
A reduction of sediment transport can be correspondingly expected (Fig. 10).
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Restorationof the bar at Kampenwas executed in 1990. Different materials
were used to gain experiences for the use of large geotextile containers
exposed to waves and sand without further protectionand including also the
limitsof application.
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Unfortunately, the effects of the geotextile bar cannot be finally analyzed up to
now. Since beach nourishment measures were executed at Kampen at the
same time as the restoration of the bar was performed, the artificial bar system
was immediately covered with sand. Influences of the bar and beach
replenishment are, therefore, superimposed and the effect of the containers on
expected wave attenuation and sand transport respectively cannot be assessed
without doubt.

Other fields of application were assessed during a comprehensive research
programme "Optimization of coastal protection works, Island of Sylt". The
research group representing various German universities as weil as
governmental institutions specially considered the use of containers for
construction of an underwater terminal groyne at the southern tip of the island
and the use of containers and geotextile membranes to proteet the lower parts
of the dunes. There are many possibilities also regarding the protection of the
tidal channels and eroding embankments in the north and the south of the
island. For example, geotextile containers were used for the reconstruction of
the harbour of List, a village in the north of the Island of Sylt.

6.2 Use of geotextile membranes, example Island of SyltlGermany
The term optimization of coastal protection measures may be interpreted in
such a way that the costs for construction maintenance and repair are
minimized where negative influences on the adjacent stretches of a beach must
be included. Optimization which includes the reduction of negative
consequences of a technical measure needs every efforts as the example of
the Island of Sylt clearly demonstrates. As mentioned before, one of the
concepts was to construct a geotextile barrier at the southern tip near the
village of Hörnum (situation comp. Fig. 9).

Call for tenders for this coast protection measure was in 1990. Geotextile
containers with a volume of 5 m3 of sandwere scheduledby the governmental
authoritywheredifferentgeotextilesshouldbe usedfor comparison.

It was plannedto usea geotextilemembraneas a foundationof the containers
to preventscouring.

As a result of the tendering and due to unexpected high costs this coast
protectionmeasure was not executed up to now (considering the technical
concept it should also be mentionedthat the project,especiallythe foundation,
was controversially discussed within the research group despite a lot of
advantagescomparedwith other measures).Anyhow, the use of membranes
offers itself, e. g. to close a gap duringdike or dam construction.Flexiblenon­
woven geotextiles were successfully used, tor example, to separate coarse
stone material and fine sand during constructionof a stone dam (24) and for
the constructionof a light revetmentinGermany(13).
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According to the various disadvantages of hard structures, which were briefly
outlined before, the Master Plan for the Island of Sylt (1) doesn't allow any hard
structure today if any possible. Beach nourishment is executed since many
years on the island and hard structures are only used to support the stability of
sandy depots and to prolong the life time of an artificial beach.

Both the technical measures of the bar restoration mentioned before and the
planned construction of a geotextile dam in the south of the island can be
assessed in this sense, i. e. to minimize the losses of sand and thus to
minimize the overall costs of a coastal measure.

Fig. 11 shows the concept of light revetment using a geotextile membrane
placed within an artificial sandy depot. In the lower part of Fig. 11 we can see
the rnernbrane after a severe storm.

I
'O.'h I zo",•. 1

1-__ ,~o"'~.~__ --4I. LO.oo", •

Fig. 11: Geotextile membrane combined with beach nourishment, Island of Sylt
(trom (13»
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This measure was planned and executed to protect a historical building at
Kampen which was strongly endangered byerosion. One can, of course,
consider such a structure also as a special example of encapsulated material,
e. g. packing of sand.

Since the dividing plane between the protection part and the reserve part of the
sandy depot where the geotextile membrane is placed cannot be exactly
calculated and, hence, the plane is a fictitions border only, the geotextile can be
considered as a safety belt within the depot. In case of a storm surge condition
being combined with strong waves leading to unexpected losses of sand the
geotextile has to serve as arevetment for a limited time of severe
hydrodynamic loads.

After a storm event the membrane must be, however, covered again with sand.

Long-term experiences are not available up to now but experience from a
severe storm event in 1994 (comp. Fig. 11) confirms the basic concept.

During this storm event the light revetment was discovered without any visible
damages of the geotextile. It may be noted that, even during large-scale
stability investigations performed in the Large Wave Channel in Hannover
(GWK) it was impossible to destroy the geotextile membrane and its general
ability to serve as an stability element within a sandy depot was clearly
demonstrated.

Nevertheless, investigations on the use of geotextile containers under natural
conditions are planned by IWR to gain more experience specially with respect
to the influences of raw material and different kinds of manufacturing on the
long-term stability under rough conditions.

7 Summary and concluding remarks
Despite the progress which can be noted regarding the development of
theoretical approaches in coastal engineering and despite increasing
knowledgeof the physical interrelationsbetweenhydrodynamicloads and the
reactionof coastalstructures,the field of coastalengineeringis still an empirical
disciplineinmany respects.

It is almost impossibleto forecastthe interrelationsbetweenthe hydrodynamic
input (mainlywaves)and the reactionsof a coastalstructureand/or the erosive
sea bottom.Especially,the influencesof coastalstructureson the morphology
of adjacentstretchesof a beachcan be estimatedonly insufficientlytoday. This
often leadsto conceptualmistakes.

Correspondingto the sand budget of an eroding beach, "passive" coastal
structuresare usefulfor local protectiononly.The influencesof a hardstructure
fixing the beach and limiting its natural changes (dynamic equilibriumof the
beach profile) are often ignored. Generally, the weakening of longshore
sediment transport often caused by a structure leads to the phenomenonof
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downdrift erosion, with the area of erosion depending on the directions of
waves and currents and their seasonal variation.

Structural failures can often be related to an insufficient design of filter layers. If
we consider a sandy beach characterized by a negative sand budget, erosion
cannot be prevented by any structure alone. Beach nourishment and beach
replenishment measures are therefore increasingly executed to balance the
naturallosses of a beach. This is often done in combination with a conventional
coastal structure, such as groynes and breakwaters. Considering both,
conventional (hard) structures and beach nourishment measures, geotextiles
play an important role according to many year's experience.

Geotextiles are used since a long time regarding the functions filtering and
reinforcement. They may be considered as a standard solution for the design of
arevetment today. The same applies for geotextile bed protection mattresses in
the field of coastal engineering.

Looking at recent applications, geotextile constructions are more and more
planned and executed using containers where the function of encapsulation of
sand and other materials is the dominant function.

Examples showing this tendency in coastal engineering are the restoration of a
sandy bar-system offshore the village of Kampen, Island of Sylt using large
geotextile containers and - at the some location - a geotextile revetment to
protect a historically valuable single house.

The idea to pack construction materials into a geotextile, i. e. to use the
geotextile mainly as a packing material, often shows essential advantages
compared to conventional solutions in the field of coastal engineering.
Geotextile constructions or structural elements can be, for example, easily
removed in case the structure doesn't lead to the planned function or
unexpected farfield effects on neighbouring stretches of a sandy beach cannot
be tolerated. On the other hand, in case of positive effects according to
functional planning, a geotextile structure can be integrated into a conventional
coastal structure. This can, for example, be done by covering the geotextile
bags, tubes and containers by stone material, to prevent any danger of
vandalism or to proteet the geotextile against scrubbing by moving sand.
Covering of the geotextile structure will not generally reduce the necessary
flexibility of a coastal structure as a whoie.

Especially the transition areas between stiff parts of a hard structure and the
erosive sea bed must be carefully designed. Effects of scouring due to sea
waves and currents can be minimized using flexible geotextile constructions. In
contrast to a conventional hard structure a geotextile structure can easily follow
the morphological changes of the bed without further damage.

From the above shown examples iIIustrating various possibilities of application
in the field of coastal engineering it becomes clear that the functions which can
be attributed to a geotextile have different valences for any special case of
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engineering interest. It is, however, often difficult to separate single functions,
and usually more than one function must be assessed.

The examples shown in this paper are applications where the function
encapsulation dominates but other functions, e. g. reinforcement and filtering
cannot be neglected.

Therefore, any construction using geotextiles requires detailed consideration of
functions which shall be attributed to the single components. The conditions
during construction as weil as the conditions during the structural lifetime can
be decisive in this respect.

Conditions during execution of coastal works often play an important role in this
context. Stresses may be caused by placing or dumping of stone material on an
unprotected geotextile layer. This requires certificates on mechanical
properties, such as tensile strength as a function of elongation. Considering the
filtering effectiveness the rough conditions at the sea side causing cyclic loads
and flow conditions must be taken into consideration as weil as corresponding
migration of soil particles in the boundary layers between geotextile and soil.

The variety of possible applications (also together with conventional technical
solutions) clearly demonstrates, that geotextiles can be seen as an important
structural element in coastal engineering practice. There are many examples
showing that the use of geotextiles can lead to solutions which are even better
than a conventional solution with respect to technical design and economy.

Geotextile structures and geotextile components within a coastal structure
should be considered as an alternative also because of their flexibility.
However, maximum care must be ensured during installation. Considering the
durability of geotextiles we know from scientific investigations that geotextiles
can have a lifetime which definitely corresponds to the planned lifetime of
conventional coastal structures.

The filling of geotextiles, Le. encapsulation with sand which is available on site
often leads to low cost variants of technical design. Another positive aspect can
be the comparatively short time of installation. Without major problems we can
further install additionallayers of containers, if necessary, in the same way as it
is possible to remove a geotextile structure.

It should, however, be mentioned that compared to conventional methods
geotextile structures are prone to mechanical stresses, especially vandalism.
Special care must be guaranteed in areas with public access, e. g. by covering
an unprotected geotextile structure by sand.
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Abstract
After several typhoons attcked in summer 1994, severe damages appeared as
sinkholes beside the access road or sinkholes in the middle of access road was
observed. The sinkholes reappeared some time after the holes were filled.
Through the field investigation especially focused on the sinkholes appeared in
the middle of access raad, it is believed that piping phenomena is the major
reason for the damage. The reason for the sinkholes beside the access road is
supposed to be the excessive pressure resulted trom the so called venting effeet
-Mlich was first mentioned in similar case happened in Tripoli Harbour NW
Breakwater before.

1 Introduction
On the west side of the reclamation area of the planned Chang-Hwa Industrial
park -Mlich is located at middle west coast of Taiwan, several kilometers of
seawall were constructed up to a preliminary elevation in order to proteet the
reclamation area, and an access road just behind the seawall was built for
transporting the construction material used for the subsequent seawall
construction in the south side. After the attack of several typhoons during
summer of 1994, severe damage apeeared as sinkholes on the access raad.
Besides, it was observed that the size of sinkholes gradually increased.
Although the sinkholes was then filled with some gravel, the sinkholes still
reappeared after some time. Therefore, the planned pavement of the access
road was not able to ba completed. In order to understand the actual reason for
the appearance of sinkholes and to prevent this incidence in the future, Tainan
Hydraulics Laboratory was asked to investigate the formation of this problem
and to suggest a feasible countermeasure in the last stage of work.

2 Problem Description

2.1 Site Visit
A site visit was arranged in November 1994. It was found out during the site visit
that there were about 20 sinkholes in 2 kilometer of access raad. Two types of
sinkholes could be characterized. The first type of sinkholes appeared as
remarkable holes undemeath and baside the drain ditch between the seawall
and the access road that made the drain therefore useless. It was observed
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apparently that the plastic filter laid between core and reclamation fill were tom
off, the reclamation fill under the drain and access road were therefore piped out
trom the tom holes. The second type of the damage appeared as sinkholes in
the middle of the access road, and there were no apparent outer appearance
showing the cause of these holes. Photo 1 and 2 are the pictures about the two
types of sinkholes taken during the site visit. On the other hand, it was also
found out during the site visit that the two types of damage appeared exclusively
in different section of the access road. It is afterward found out that the border is
just about the border of two different types of sea wall cross section. The core of
the first type of sea wall structure is filled with sand and the second type of sea
wall is the rubble mound type sea wall. Typical section of the two types of cross
section are schematically sketched as shown in Fig. 1.

2.2 Preliminary Investigation of the Reason behind
The formation of the first type of sinkholes is with no doubt that the reclamation
fill undemeath the access road was piped out through the tom plastic filter.
There was however no obvious explanation for it during the site visit. On the
other hand, it can be imagined that the formation of the second type of sinkholes
should also base on similar reason, however, it still stays a guess without seeing
tom plastic filter under the access road, and not to mention the actual reason for
it. Through some literature survey, it is found that similar incident also happened
betore on the Tripoli Harbour NE Breakwater of libya, and it is mentioned by
Barony, et. al. (1983) that the so called venting effect plays an important role in
the formation of sinkholes . It is thought that the two types of sinkholes might
also due to the venting effect after the cross section of the sea wall was
compared with the Tripoli case.

3 Field Investlgation
Leamed trom the experience of Tripoli Harbour NE breakwater, the
aforementioned venting effect was suspected to be the reason for the sinkholes
investigated. However, except for the first kind of sink holes that tom plastic filter
was exposed on the surface, it is still purely a guess, although seems quite
reasonabie, to say that the second type of sinkholes was also formed with similar
reason without observing some tom plastic filter. Therefore, it is necessary to
excavate the second type of sinkholes on one section of access road in order to
find out if the plastic filter laid between the rubble mound core and the
reclamation fill was really tom off by some extemal force. On the other hand, in
order to further investigate the origin of the extemal force exerted on the plastic
filter of the second type of sinkholes, field measurement was therefore planned.
However, according to the design sketch of the first type of sea wall, the suitable
location for instrument installation is under the crown wall and will not be realistic
to dismantIe the crown wall for that purpose, besides, it was quite possible that
excessive pressure caused by venting effect or other relevant phenomena is the
major reason tor the first type of damage. Theretore, the field investigation
including the field measurement concentrated only on the second type of
damage.

3.1On Site Excavation
Sinkholes A, B, C and D of the second type are chosen tor the excavation since
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7 sinkholes appeared in about 50 meter of length which indicated a aitical
section. In order not to ruin the plastic filter by mistake, detailed excavation near
the location of the plastic filter was done by YtOrkerwith shovel, and excavator
with 320 HP capacity was used only for surface excavation. It was not
surprisingly found out that the plastic filter under the access road ware adually
tom off and the reclamation fill ware then piped out through the tom holes.
Several common features ware observed and desaibed as follows:

(a) According to the original design, the plastic filter should be placed between
the rubble core and the reclamation fill, it was found out after excavation that
there did exist much fine material in the core which supposed to be consisted
of cobbles with diameter larger than 10 cm.

(b) The slope of the plastic filter was not 1:1.33 any more, the slope was steeper
in the lower part of the plastic filter. Besides, the plastic filter was tom around
the level with water mark.

3.2 Field Measurement
Even the tom holes ware found on the plastic filter, the origin of the extemal
force which cause the damage was still uncertain. Field measurement was
therefore planned, and instrument was installed directly after excavation. The
object of the field measurement was to investigate the influence of wave
pressure arisen in front of the sea wall and to know whether it is possible or not
that excessive pressure resulted trom possible venting effect can penetrate the
core material and damage the plastic filter.

3.2.1 Instrument Installation

Four pressure transmitters ware mounted just behind the core and in tront of the
replaced new plastic filter layer, the elevation of the four pressure transmitters
are about 1.8, 2.4 , 3 and 4 meter under the suface of access road. One
additional pressure transmitter is installed above the plastic filter layer and about
at the same elevation as the deepest pressure transmitter in front of the plastic
filter in order to have some idea about the pressure head difference between the
tYtO sides of plastic filter layer and see whether the pressure head difference
also plays some roles in tearing the plastic filter layer. The whole arrangement
came trom the idea that venting effect might also be responsible for the tom
plastic filter since it was thought during the planning stage that the sea wall
strudure is construded just the same as the original design. Although it was
then thought during excavation that the venting effect might not happen for the
rubble mound sea wall since there existed much fine material in the core
material which will most probably damp the pressure even if some venting effed
appeared at the front side of the sea wall. However, to see is to believe, it is still
YtOrthwhile to do so. The pressure transmitters are fastened on the stainless
rod which was mounted under the bottom of the drain ditch.

The pressure transmitters used are E713-023-B18R(2.5 bar) and E713-023-
B19R(4.0bar) manufadured by french BOURDON SEDEME company. Certain
process was done to improve the waterproof of the pressure transmitters. Cable
length is 35 mand the output signal is 4-20 mA. R-C circuit is installed in order to
transfer the current signal into voltage signal which can then be recorded by
computer through AID converter.
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3.2.2 Arrangement of the Data Acquisition System

The object of the field measurement is to investigate whether venting effect
appear or not. If such effect do exist, it is imagined to appear with the form of
high pressure and short duration and this excessive pressure should be much
higher than the statie water pressure and the trequency should also higher than
the wave trequency. Therefore, the data aquisition program was so designed
that pressure data will be taken in 100 Hz trequency for 10 second once such
excessive pressure appears, and the threshold of pressure is taken as 0.5 bar.
In normal situation, the pressure record wil! be taken every 10 second. The data
acquisition system and the personal computer is put in a 20 ft container about 20
meter away trom the D point. However, due to the fact that it is full of risk of
keeping all these equipment in the container since many stealth happened in
this area, it is finally decided to keep only the cable outlets of pressure
transmitter in the container during normal days. Therefore, the PC-based data
acquisition system was transported to site before severe sea state was expected,
like for example, typhoon period or during winter monsoon seaon, and data were
then collected.

3.2.3 Field Data

The installation of pressure transmitter was settled down on May 23rd, 1996,
several measurement was done during 1st and flfteen day every month ot moon
calendar which are the period with higher tidal level than normal. No special
phenomena was arisen. Fig. 2 is one record between July 18th and 19th, 1996.
It shows that the pressure variation was caused by tide, and the pressure head
difference caused by the plastic filter is not big. The highest pressure head
counted at the lowest pressure transmitter is about 1250 mmo The most
important record was obtained between July 31st and August 2nd, 1996 during
the attack of Typhoon Herb. This typhoon caused severe damage for the whole
island. Fig. 3 is the measuremnet during that period. It seems that the venting
effect did not appear in this type of structure even during the attack of typhoon,
although the pressure did vary significantly during the highest tidal level which is
believed to be the period with storm surge. However, no extraordinary excessive
pressure was observed. Therefore, it can be preliminary concluded trom this
result that the damage of the plastic filter was not caused by some penetrated
high pressure due to severe sea state in front of the sea wall.

4 Inference of the Cause
Since no extraordinary high pressure was observed during the typhoon period, it
should be some other reason responsible tor the damage of the plastic filter.
There was really some hint during the excavation of the second type of sinkholes.
According to the original design of the sea wall structure, the slope prepared to
put the plastic filter should be 1: 1.33. However, the plastic filter did have a
steeper slope especially under the water mark which can be clearly seen during
excavation, and the tom place also appeared around the water mark. It is also
observed that the core material contained too much fine material instead of the
designed cobble stone with diameter bigger than 10 cm. Therefore, the reason
of the damage could possibly be drawn according to the present investigation as
follows:
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(a) Since it was found that there is a layer 'Nith fine material mixed with some
gravel in front of the plastic filter, the fine material could be piped out
through core due to piping phenomena during ebb tide period. Therefore,
when this layer sank due to lost of fine material, the plastic filter sank also
due to the loading above anel the lack of enough support underneath, and the
profile of the plastic filter was then getting steeper.

(b) This kind of deformation continued until the critica I point is reached that the
plastic filter could not resist any further deformation and the plastic filter was
then tom off. The reclamation fill will then piped out through the tom holes of
plastic filter. The sinkholes was therefore formulated in the middle of access
road.

5 Concluding Remark and Discussion
It was after excavation found out that the seconel type of sinkholes appeared in
the middle of access road was due to piping phenomena through the tom holes
on the plastic filter. Based on the result of the field measurement through
typhoon, it is pointed out that the venting effect might not be the cause of the tom
holes. On the other hand, it was observed during the excavation that the fine
material mixed 'Nith some gravels was within the core which supposed to be
consisted of only cobble larger than 10 cm. This kind of arrangement is actually
not based on the design and might be some expediancy during construction
stage 'Nithout careful evaluation. This might result piping especially during ebb
tide and fine material could be piped through the core material. According to the
observation during excavation work, when the fine material was piped out
gradually, the profile of the plastic filter laid on this layer was also becoming
steeper and steeper, and the plastic filter suffered tension from deformation.
Once the deformation is over the limit of the material, the plastic filter was then
tom off, and reclamation fill behind it could be piped out and then resulted in the
sinkholes in the middle of the access road.
Although the origin for the present case is most probably from the unappropriate
arrangement of the layer contained fine material mixed with some gravel, it is still
questionable if the original sea wall design could be better since the original
design is similar to the breakwater design of the Tripoli Harbour except that the
latter used larger material as core. If such designed cross section are still to be
considered, it is necessary to check through hydraulic model test whether
venting effect will appear or not.
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Photo 1 The first type of sinkholes

Photo 2 The second type of sinkholes
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~ > 10 cm Sheet Pile Iplastic Filter

(a) The first type of sea wall cross section
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500 kg Rock

Access Road
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(b) The second type of sea wall cross section

Fig. 1 The schematic sketch of the !wo types of sea wall cross section
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A Study on Tautly-moored Spar Buoy tor
Offshore Mariculture Cage

Nai Kuang Liang, Chi Hsiang Lin and Churn Chir Liu
Institute of Oceanography, National Taiwan University

Abstract
Due to the 200-mileExclusiveEconomieZone (EEZ),the environmentalimpact
of Inland mariculture, such as land subsidence in westem coastal plain of
Taiwanand the increasingdemandfor sea food, openoceanmaricultureis one
of the major tasks of Taiwan fishery. However, typhoons invade Taiwan
frequently in summer and offshore cages must sustain heavy waves of 10
meterhigh.

Four tautly-moored spar buoys are employed to hang an offshore cage,
Accordingto theoreticalanalysisandexperiment,the wave height,wave period
and water depth dominatethe pitch motion in waves. A spar of 40-50 cm in
diameter, 10-15 meter in lengthand 30-60m inwater depth is suggested.The
spar buoy and cage are quite stationary in waves. Further studies are
necessary to understandwhether the proposedsystem is suitable for open
oceanmaricultureor not.

Keywords:tautly-mooredsparbuoy,wave,pitchangle,waterdepth.

1 Introduction
World fisherieswill almostcertainlynotmeet21st centurydemandsfor seafood
and other marine bioproducts. The presenttotal of world fishery productionis
about 100million metric tons, in whichthe aquacultureamounts to 9.8 million
metric tons. An anticipateddoubling of the world population in the coming
centurywould lead one to anticipatea demandfor at least 200 million metric
tons of total world fish production within 50 to 70 years(Bardach, 1991).
RecentlyNorway has become the major salmonexport country in the world.
However, fish farming has a short history in Norway, but the industry has
developedextremely rapidly. At the beginning,the cageswere anchored in a
sheltered bay and very close to the shore. Due to the generally low water
exchangerate, the fish sufferedbad water quality. After several years at the
same location, the production rate decreased and some of the fish farms
obviouslypolluted the environment. The cagesmovedgraduallyoffshore and
to open ocean(Dahle, 1991). Offshore mariculture offers some specific
advantages over inshore mariculture from both the production and
environmentalstandpoints. Fluctuationsin water temperature and salinity
are more gradual and of lesser amplitude. Water quality and circulationare
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normally better than those at inshore locations. It follows that the disposal of
organic waste would be improved at offshore site, thus minimizing local
eutrophication and organic enrichment of the benthic sediment and reducing
the potential for deleterious environmental impact. Otherwise, offshore
mariculturè may lower the degree of risk of disease transmission if the culture
facility is positioned in an area of relatively low fish density(Donaldson, 1991).

Due to the 200-mile Exclusive Economic Zone(EEZ), the environmental impact
of inland mariculture, such as land subsidence in westem coastal plain of
Taiwan, and the increasing demand for sea food, open ocean mariculture is
one of the major tasks of Taiwan fishery. Unfortunately, there is hardly a site of
sheltered sea area. Moreover, typhoons invade Taiwan frequently in summer
and offshore cages must sustain heavy waves of 10 meter high. Although there
are several designs of submerged cages which can survive in a hostile sea
condition, these cages are sophisticated but not economical. Hence, it is
necessary to develope a native offshore mariculture cage. A principle is that the
more stationary the cage is in waves, the better it can resist the waves. A
tautly-moored spar buoy may be quite stationary in waves, and then the cage
fastened to the spar buoys mayalso be stationary in waves.

2 Theoetical analysis in response of tautly-moored spar buoy
in waves

For simplicity, a theoreticaI analysis of tautly-mooredspar buoy in waves is
basedon the followingassumptions:

(1) The mooring cable is always taut, but the elongation of the cable is
neglected.

(2) The diameter of the cable is so small that its f1uiddrag, buoyancy and
gravitationalforcescanbe neglected.

(3) The hydrodynamiccoefficients of spar buoy are independent of particle
velocitiesof waves.

(4)The spar buoy is submergedinwaterandthewind force is neglected.

(5)The centerof gravityand buoyancycenterof the spar buoycoincide.

(6)The tension of cable is quite large that the cable and the buoy are
consideredas a rigidbodywhich takesthe anchoras .aturningpoint.

The coordinatesystem is as shown in Fig. 1.Accordingto Newton's2nd law of
motion,the equationsof motionfor

the spar buoyare the following:
s

Surge mi =Lr;
)=1

(1)
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s
heave mi = L:F:j

j-I
(2)

s
pitch /(J= L:Mj

)-1
(3)

in whichmis the mass of the buoy, F the force, M the moment and / the
moment of inertial and equal to

/ = !mL2 + mlo (10 + L)
3

in which 10length of mooring line

L length of buoy

The forces and moments are the following:

(1) Buoyant forces and rnornentsû= 1)

Frl = 0

F'I =P ..Vg

MI = -FzI(lo +~)sinB2 .

(4)

(5)

(6)

in which V is the volume of buoy and B the pitch angle.

(2) GravityO=2)
(7)

(8)

(9)M2 = -F'2 (10+ î)SinB

in which Wa is the weight of spar buoy.

(3) Viscous forces and momentü=3)

Following Morison equation and Huang(1990), the viscous forces and
moment are as follows:

Fr3 = .c~PwCdxD(U - X)IU - Xldz

F',3 = ~ PwC",A'(W - z)IW - ti

(10)

(11)
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MJ = [ip"Cd<D(u -x)lu -XI(h+z)secBcos6l:iz

+F,J(lo +f)sinB (12)

in which U is the water particle velocity inX direction, W the water particle
velocity in Z direction, D the diameter of spar buoy, A' the projected area of
spar buoy in Z direction and ra re are the integral limits of spar buoy in
Z direction.

Cd<is the drag force coefficient in surge and Cd,the drag force coefficient in
heave.

And,

- 1[W=L Wd:

(4) Added mass forces and moment(j=4)

Following Morison equation and Huang(1990), the added mass forces and
moment are as follows:

F,. = [p"{C,,, +1\ 7l"~2)Udz_P"{C,,, +l)VX
F,. = p,,{Caz + l)vW - p,,{Coz + l)vt

M. = [p"(C,,, +1{~2)U(h+Z)dz_
p"{C,,, +l)VX(/o +î)COSB+F..(lo +î)SinB
in which W = ± [w",
C'" is the added mass coefficient in surge and Caz the added mass coeffient in
heave.

(13)

(14)

(15)

(5) Tension(j=5)

The tension force of mooring line exerts at the lower end of spar buoy,as the
following:

r; =-1',

F,s =-T,
Ms=O

(16)

(17)

(18)
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Substituting equations(4)-(18) into Equations(1)-(3), one gets the following
equations:

Surge
3

[m+ P..(C", + l)V]X = LFxj + [Pw(Car + l)A'Udz- T.
j:1

(19)

Heave
3 _

[m+ P..«,+ I)V]i =LF'j + Pw(C", + 1)vW - T, (20)

Pitch

/Ö+P ..(Car +1)VX(/o +~)COSB= ±Mj + [p ..(CaX+l)A'U(h+z)dz
2 j=1

(21)

From field experimental experience, if the length and the buoyancy of the spar
buoy are enough, the pitching angle is kept very small. Then the hydrodynamic
forces in z-direction and the influence by pitch on the hydrodynamic forces in x­
direction may be neglected. Further, (u - x)lu - xl is simplified to

be(u - X)IUI ,which is then linearized. Then eq. (21) becomes

Ai) +BB+CB =Fcosot +Esinat
in which

(22)

( ) trD2L [L2 ]A = ;: +C ax +1-4- 3+/0(10 +L)

B= CdxDHg {[(l0+L)2sinhk(lo+L)C 2(\+L)cOshk(lo+L)+
2trO"coshk(l0 + L)

:2 sinhk(lo + L)]-[l; sinhklo - 2~0coshklo + k22sinhklo]}

C=(I- ;Jm:2L g(/o +f)
C DH2gk 1. .

F = .dx {L(2/0 +L)+-[(lo +L)Slnh2k(/o +L)-/oslnh2klol
6trsinh2k(l0 + L) k
1

--2 [cosh2k(l0 +L)-cosh2klo]}
2k
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(C +1}dJ2}{g .
E= ax ( ) {[k(lo+L)smhk(lo +L)-klosinhklolcoshk 10 +L
-[coshk(/o +L) - coshklol}

H is wave height, a is wave frequency and k is wave number.

Eq.(22)is a second order ordenary differential equation. The solution consists of
homogeneous and particular ones. The former is a transient solution and
vanishes when time elapses. Therefore, only particular solution is left, i.e.

0(1) ~ Op (I) = Omex cos(ot - ,8) (23)

~F2 +E2
Omex = -;:;:.==::::;:::===­

~(Aa2 -Cr +a2B2
(24)

,8= tan_,(E(-Aa2 +C)+F(aB)J
F(-Aa2 +C)-E(aB) (25)

After eq.(24), a lower wave height H, a larger wave frequency Em, a deeper
water depth h, a shorter spar buoy length L, a larger specific density fis and a
smaller diameter D will reduce the pitch angle. As above-mentioned
assumption (6), the tension of cable is quite large, i.e. the net buoyancy must
be large enough. This means that the length and diameter should be large
enough and the specific density must be small. Otherwise, for hanging cage,
which exerts drag force due to currents, the length and diameter of the spar
should also be large. However, the last three parameters, i.e. L, Els and D, are
very insensitive. Hence, these parameters can be chosen according to
practical needs.

3 Field experiment
Because we were in a hurry to know the result, a field test was carried out at a
coastal site near Keelung before the theoretica I analysis. The spar buoy, which
is 300 cm in length and 20cm in diameter, is made of a stainless steel frame
and several buoyant cylinders. On top of the spar buoy, a cylindrical case is
fixed, in which a Dual-axis Inclinometer(SSY0090) and a recorder are installed.
The inclinometer can measure the inclinations in the two horizontal axes
i.e, Ox andOy' The principle inclination angleO can be calculated by the following
equation:

At the bottom of the buoy, there is a room, in which 5 iron discs(5.5 kg each)
can be put as a ballast weight. A schema of the model is shown as in Fig. 2. A
waverider was imployed to measure the wave. The experiment was executed
by a fishing boat, two divers and two assistants. The field experiment lasted
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about 2 hours and the wave record is shown in Table 1. Two spar buoys were
tested and Smx 3m fishing net was hanged on the buoys in some cases. The
results are summarized in the following 6 cases as shown in Table 2.

Table 1 Wave data
Keelung 1994112122

Time Hmax Tmax H1/10 T1/10 H1/3 T1/3 HmeanTmean

11:0 1.76 8.64 1.38 8.83 1.13 8.25 .70 5.83
11:20 1.61 8.32 1.33 7.97 1.08 7.79 .65 5.35
11:40 1.78 7.35 1.54 7.78 1.28 8.04 .80 5.95
12:0 1.89 8.68 1.59 7.98 1.35 8.17 .86 6.05
12:20 2.07 9.22 1.69 8.94 1.37 8.97 .84 6.37
12:40 2.33 9.23 1.68 8.72 1.34 8.50 .86 6.63
13:0 2.16 7.51 1.69 9.26 1.35 8.54 .83 6.26

Table 3 Field experiment data
No. HI13 Hmax TI13number of Distance between centers net ()mex

iron disc of gravitybuoyancy
(m) (m) (sec) (cm)

1. 1.08 1.61 7.79 5 57 no 5
2. 1.28 1.78 8.04 5 57 no 8
3. 1.35 1.89 8.17 5 57 yes 5
4. 1.37 2.07 8.97 5 57 yes 5
5. 1.34 2.33 8.50 3 50 no 5
6. 1.35 2.16 8.54 0 24 no 9

From the 6 cases, it is found that the ballast weight does not have significant
influences on the pitch angle of a tautly-moored spar buoy. But the fishing net
may reduce the angle. For case 5 and 6 in Table 2, the distances between
centers of gravity and buoyancy are smaller. Therefore, these cases match the
above-mentioned assumption (5) approximately. By applying eq.(24) and
assuming Cax=1 and Cdx=1.5, LCmax is 5.7~X for case 5 and 5.5~X for case 6
,in which water depth is 18m and fis are 0.51 and 0.35 respectively. The result
of case 5 match each each other, but not for case 6. However, the results of
case 6 still belong to the same order of magnitude.
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4 A tentative design of an offshore fish farrning
According to theoretical analysis and field experiments, a spar buoy of 40-60
cm in diameter and 1000-1500 cm in length is suggested. A concrete block of
3-5 tons is used as an anchor, which can be reused. The deployment of the
blocks is rather a hard work. The water depth is about 20-60 meters. The small
buoys are to support the weight of the cage and spar buoys are to take the
burden of drag force due to current. One cage is fastened to four spar buoys
and each spar buoy is tied with a upper and lower ropes to the cage. Because
the tautly-moored spar buoy is almost stationary in waves, the cage is also
quite stabie. This may be favorable for mariculture.

The current usually flows along the coastline. Then it is better to employ
rectangular cages. The drag force by current is as follows:

1 2
F, =ïCdPwAV

in which Fd drag force in newtons

Cd drag coefficient

P w the seawater density

V current speed in mis
A projected area of a body to the approaehing current velocity

The drag coefficient of a cylinder is about 0.8-1.3 depending on the Reynolds
number. The drag coefficients of netting material was presented by Milne
(1967). He demonstrated that the marine fouling increases the coefficients
significantly. The formulae for the coefficient of drag on clean, unfouled nets
are as follows:

For a knotted net

Cd = 1+ 3.77{djl) + 9.37{djlf

and for a knotiess net

Cd = I + 2.73{djl) + 3.12{djl)l

in which d diameter of the net material in inches

length of one bar of the mesh in inches

An example to check the drag of current is shown as follows:

knotted net

diameter of net material d

length of one bar I

current speed V

0.06"
0.4"
0.5 mis
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dimension of net pen

diameter of spar buoy

length of spar buoy

drag coeficient CJ

length 12m, width 8m, height 8m

OAm

10m

1.3

The drag force of one spar buoy

1.3x 1000x 10x 0.4x 05 x 05/ 2 = 650(N. T.) ;: 66.3kg

The projected area of one smaller side of the net pen

(0.4- 0.06)2/0.42 = 0.72

1-0.72 = 028
8 x 8 x 028 = 17.92(square meter)

The projected area of the net pen A
17.92x 2 = 35.84(square meter)

The drag coefficient CJ

0.4+3.77x (0.06/0.4) +9.37x (0.06/ 0.4)2;: 1.176

The drag force of the net pen

1.176x 1000x 35.84x 0.5x OS/2;: 5268(N. T.) ;: 527kg

527kg is distributed in two spar buoy.

According to eq.(24) and assuming H=9m, T=10sec, h=30m, D=0.4m,
L=10m and Els=0.2. ECmax is 13~X. This is acceptable.

5 Discussion and conclusion
Although in the theoretical analysis there are assumptions that are not realistic,
i.e. that the spar buoy and the mooring line are like a rigid body, the conclusion
that wave height, wave period and water depth dominate the pitch motion in
waves for a tautly moored spar buoy is supported by the field experiment. A
practical design of offshore mariculture farm is to install 2 rows of tautly-moored
spar buoys along coast. The distance between them is about 20 meters. 4 spar
buoys can serve for one cage. Because each intermediate spar buoy serves for
two cages,each cage require a little more than 2 spar buoys in average.The
dimension is suggested to be 40 cm in diameter and 1000-1500cm in length.
The design wave height Hm is 9m , wave period is 10sec, eater depth is 30m
and current speed is 1 knot.lf the wave is bigger, the water depth must be
enlarged. The spar buoy and cage are quite stationary in waves. Whether this
system is suitable for open ocean mariculture in Taiwan or not, further field
experiments are needed.
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Wave Impact Loading and Dynamic Response
of Vertically Faced Breakwaters

- European Research Project MAST IIIIPROVERBS -

H.Oumeraci
LeichtweiB-lnstitut, TU Braunschweig

Abstract
The paper attempts (i) to briefly outline the main objectives, issues and motiv­
ations as weil as the organisation and participation structure of PROVERBS, a
European research project within the Marine Science of Technology Pro­
gramme (MAST 111)on probabilistic design of vertical breakwaters and (ii) to
present some selected findings of this project related to the wave impact load­
ing and dynamic response of caisson breakwaters.

1 Introduction
Due to the growing pressure exerted by human activities and needs in the
industrial and amenity sector within the coastal zone, interest in protective
structures against the hydrodynamic actions of the sea is expected to
increase. A further important reason supporting this expectation is the increase
of the strength and frequency of storm surges observed in the last decades.

On the other hand, the construction of coastal structures is still essentially
based on empirical design methods, as weil as on trial and error approaches,
thus making any optimisation almost impossible. The latter statement is par­
ticularly supported by the fact that most of the catastrophic failures experi­
enced by coastal structures could not be predicted at the design stage and
cannot vet be satisfactorily explained by present design methods and analy­
ses. In fact, most of the failure modes which have been identified to date are
associated with the dynamic nature of the wave loads and the highly transient
phenomena involved, suggesting an urgent need for the development of inte­
grated rational design approaches based on an increased understanding of
the hydrodynamic, geotechnical and structural processes involved in the wave­
structure-foundation interaction.

With this background an extensive research programme, which also includes
coastal structures, has been initiated by the European Union (EU) within the
Marine Science and Technology (MAST), and one of the research projects
within this phase deals with "Probabilistic Design Tools for Vertical _!;!reak­
water2 (PROVERBS)". In the following a short presentation of PROVERBS is
given, followed by a brief outline of some selected key findings and their
practical importance.
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2 Brief Presentation of PROVERBS
2.1 Main Objectives
PROVERBS is a research project involving 23 institutes from 8 European
countries and different disciplines (fluid mechanics,applied mathematics,soil
mechanics,structuraldynamics,hydraulicand coastalengineering).

The main objective of PROVERBSis to develop and implementnew rational
probabilitybased methodsfor the design of monolithiccoastal structuresand
breakwaterssubject to sea wave attacks, and then demonstraleIheir advan­
tages as compared to existing conventional design methods. This will be
achievedin PROVERBSby enhancingIhe knowledgein variousaspectsasso­
cialed wilh hydrodynamic,geolechnical and slruclural processes involved in
Ihe wave-structure-foundationinteraclionsand in the associaledfailure mech­
anisms. In addition, Ihe results gained in further relaled MAST-Projeclsand
national researchprojectswill also be linked togetherwith the new knowledge
generaled in PROVERBS and implemented for the development of Ihe
probabilislicdesigntools (Fig. 1).

HYDRODYNAMIC

STRUCTURES

STRUCTURAL

ASPECfS

Fig. 1: Implemenlalionof exisling and new knowledge in probabilislicba­
sed designframework(PROVERBS)
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These new design tools are intended to supplementlreplace the existing con­
ventional design approach and to build asolid scientific basis for any future
authoritative European design guidelines and codes. Some of the monolithic
structures/breakwaters addressed in PROVERBS are schematically shown in
Fig. 2.

2.2 General Motivations
The major reasons why monolithic structures and why probabilistic design
methods have been selected as candidate researchtopics for a large Euro­
pean project are outlinedbelow.

2.2.1 Motivationsfor MonolithicCoastalStructures1Breakwaters

Catastrophic failures: Numerous severe and catastrophicfailures were
experiencedby vertical breakwatersin the 1930s. It should be stressed
that major failures may cost 2-3 times more to re-build than the original
constructioncosts. As a consequence,the vertical breakwatertype was
almost abandoned - except in some few countries - in favour of the
rubble mound breakwatertype (Oumeraci, 1994).In Japan for instanee,
about 7 failures per year are experiencedby vertical breakwaters.After a
series of catastrophicfailures experiencedby large rubblemound break­
watersat the end of the 1970sand the beginningof the 1980s,a number
of actionswere startedto promotethe revivalof vertical breakwatersand
the developmentsof new breakwaterconcepts(Oumeraciet al, 1991).In
this respectextensiveresearcheffortsat interdisciplinaryandmultination­
al levelwere urgentlyrequired.

Need for breakwatersat greater depth:To suit the increasingdraughtof
large vessels, breakwaters should be founded in increasingly deeper
water, thus making the cost of such structures more prohibitive.
Construction costs of 100 to 350 million ECUlkm breakwater are not
seldom. In this respect,a type of structure is neededwhich representsa
better altemative not only in terms ot technical performanceand total
costs, but also in terms of standardization,quality control, environmental
aspects, constructiontime and maintenance.Moreover,more focus than
in the past must be put on the optimisationof the design.

Need for environmently friendly structures: Monolithic structures can
easily be given any shape, perforations and any further constructional
features to reduce the impact on the environment. Moreover, less
material and less energytor materialtransportationthan tor turther tradi­
tional breakwatertypes is requiredtor construction.In tact, most ot the
material involved in a caissonbreakwateris sand - dredgedtrom deeper
sea, thus minimizing the energy required tor transportation and
maximisingthe conservationot scarceconstructionmaterial.
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Fig. 2: Main types of monolithic structureslbreakwaters

- 288 -



Need for multi-purpose structures: Due to the inherentconsiderablepub­
lic investments,it is expectedthat the objectiveof coastal structureswill
not solely be limitedto the damping of wave action.Takingthe opportun­
ity of such expensive structures, facilities for amenity and wave power
extractionmight also be integratedin the structure(cost sharing,accept­
ance by society etc.). In this respect, caisson structuresare suited for
this purpose, because of their flexibility to adapt to any requirements
related to their shape, size etc.. Although not vet based on rational
design methods, the caisson type structureshave already demonstrated
their capabilitybecausethey can easily be adaptedto meetalso:
- further purposeslike amenity,wave powerextractionand further indus­
trial needs;

- environmentalrequirementsby providinga suitable shape and further
interesting features to reduce wave reflection, to increase the water
exchange betweenopen sea and protectedarea, to minimizethe dis­
turbanceof the groundand to fit into the maritimescenery.

Examples from Japan (Tanimoto et al., 1994),Monaco (Bouchet et al.,
1994)and Korea (Lee et al., 1994)have alreadyshownthat the potential
of adapting caissons type structures to meet any requirementof tsch­
nical, social and ecologicalnature is higher than for any other traditional
type of structure.This however, requires a high level ot knowledgeand
technology. PROVERBSis expected to contributeto bringing the Euro­
pean maritime construction industry in a wond leading position in this
field.

Potential large-scale application for sea-walls: Because of the
competitivenessof caisson structuresin terms of technicalperformance,
total costs, environment,quality control, constructiontime and standar­
dization, it is believedthat there is also a large potentialfor their use as
sea walls to respond to the increase of storminessand sea level rise.
This will help to reactmore rapidly and better proteet the coastal zones
ot high economic,social and environmentalvalues.

2.2.2 Motivationstor ProbabilisticDesignMethods

Need for more and better optimisation:Breakwatersand coastal struc­
tures representconsiderablepublic investments(in the rangeof 1 billion
US$ tor a 5 km longbreakwaterin deepwater)whichencounterless and
less acceptanceby govemmentand local authorities,due to the decreas­
ing availabilityof fundingstor this kind of large projectsand the increas­
ing awareness of environmental impacts by govemments and society.
Beside the need to diversify the use of such structures (see multi-pur­
pose use as described above), there is an urgent need to use more
rational methods tor design and more sophisticated tools for the
optimisationof such structures.It is obviousthat such methodscan only
be developed in an integratedmanner, requiringa multi-nationalframe­
work and a multi-disciplinaryresearchstrategy.
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Complexity of physical problems involved: The resultsof previousMAST­
projectshave highlightedthe complexityand the integratednature of the
problems related to breakwater stability and design, including the con­
siderable importanceof the three-dimensionaland stochastic nature of
the processes involved in the wave-structure-foundationinteractions
(wave loading and dynamic response) as weil as the large number of
possible failure mechanismsand their complex interaction.This necess­
arily prescribesthe use of probability-basedanalysismethodsas the sole
alternativefor the design. In fact, this is the only altemativewhich may
provide a systematic and comprehensive framework not only for
optimisationproceduresbut also tor the applicationof engineeringjudge­
ment.

Stimulating aspects: Since the prospective probability based design
methodswill essentiallybe basedon the feedbackfrom prototypeexperi­
ence, the results are expectedto stimulatea rapid and continuousfeed­
back betweenresearchersand practioners,thus enhancingthe worldwide
applicabilityof these tools. This will also activelystimulatethe collection
of more and better data, because it is the essenceof probabilitybased
tools to usemoreand better information.

2.3 IssueslTasks Addressed by PROVERBS
As already illustrated by Fig. 1, four main issues are addressed by
PROVERBS: hydrodynamic, foundation, structural and probabilistic design
aspects.Eachof these aspects is dealtwith in a sub-projectcalled "Task".

Task 1: Hydrodynamic Aspects: Hydrodynamicinputswill be providedby
focusingon wave loadings,includingassociateduncertaintiesand statlsti­
cal distributions required to implement the probabilisticdesign tools in
Task4. Prototypemeasurementsand 3D-hydraulicmodel tests will form
the majorpart of this work, supplementedby further physicaland numeri­
cai modelling.

Task 2: Foundation Aspects: Besidethe developmentof new knowledge
related to failure mechanismsand dynamic soil properties, information
will be generatedon probability,partial safety factors and uncertainties
for soil parametersand modeis, making them readily applicable for the
implementationof probabilisticdesigntools in Task 4. Analysis,numerical
modellingand laboratorytests will build the major means for the inves­
tigations, supplementedby centrifugemodellingand prototypemeasure­
ments.

Task 3: Structural Aspects: This task will providethe methodsto assess
the structural strength of breakwaterwalls under pulsatingand extreme
impact loading,as weil as their durability.Uncertaintiesin the loadingand
resistanceparameterswill be accountedfor as neededlor the implemen-
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tation of the probabilistie design tools. Finite element analysis will prinei­
pally be used for the investigations.

Task 4: Probabilistic Design Tools: In a first preparatory phase a probabi­
listic framework will be developed by linking together all above aspects
by deseribing the failure modes, by establishing the fault trees, by evalu­
ating the associated uneertainties and developing a reliability design
philosophy. In a seeond phase, probabilistie design tools will be devel­
oped. Based on reliability ealeulations at Level 11and 111,on the analysis
of ease studies and involvement of practitioners, a method to assess the
overall reliability of vertieal breakwaters will be developed and applied to
a set of selected representative structures.

2.4 Organisation and Participation Structure of PROVERBS
The 23 partners from 8 European eountries involved in PROVERBS are given
in Tab. 1.

The organisation structure showing the Coordinator, the Management Commit­
tee Meeting and the Task Leaders is given in Fig. 3.

PROBABILISTIC DESIGN TOOLS POR VERTICAL BREAKWATERS
(PROVERBS)

Overall Coordination: H. Oumeraci (LW!)

Management Committee
H. Oumeraci, W. Allsop, M. de Groot, R Crouch, H. Vrijling

1 1 1 1
TASKI TASK2 TASK3 TASK4

HYDRODYNAMIC FOUNDATION STRUcnJR.AL ASPllCI'S PROBABD..ISTICTOOLS
ASPECTS ASPECI'S

Leader Leader Leader Leader
W. AIlsop (HR) M. de Groot (DO) R Crouch (UoS) H. Vrijling (DUf)

l!aI:liàpoDIs: l!aI:liàpoDIs: l!aI:liàpoDIs: l!aaicipaDIs:
HR.QUB,UoN,LWI,CU, DG,LWI,NG).AU, UoS,SOG,BV,DUT, DUT,LWI,AU,UoB,
ULH,UOP,PM,UE,CEP, UGE,UoB,DH PM,STC,LWI UGE,DG,HR,STC,
BrU,DH,DUT,ENE!. DH,PM,SOG

Fig. 3: Organisation strueture of PROVERBS
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No Code Name aild locatio!l Conl person Nat. Role
01 LWI LeichtweiB-lnstitut (TU Braun- H.Oumeraci DE COl)

schweig)
02 HR Hydraulic Research Wallingford W. Allsop GB PA')
03 DG Delft Geotechnics M. de Groot NL PAl)
04 UoS University of Sheffield R. Crouch GB PAlT
05 DUT Delft University of Technology H. Vrijling NL PAl}
06 AU Aalborg University H. Burcharth DK AP
07 BrU University of Bristol H. Peregrine GB AP
08 CEP Centro de Estudios de Puerto y B. Madrigal ES AP

Costas
09 DH Delft Hydraulics J. van der NL AP

Meer
10 PM Politecnico di Milano L. Franco IT AP
11 UoP University of Plymouth P. Hewson GB AP
12 UoB University of Bologna A. Lamberti IT AP
13 UGE Universität Gesamthochschule W. Richwien DE AP

Essen
14 ULH University of Le Havre M. Bélorgey FR AP
15 SOG SOGREAH A. Martinez FR AP
16 NGI Norwegian Geotechnical Insti- K. Andersen NO AP

tute
17 UE University of Edinburgh B. Easson GB AP
18 CU Cantabria University I. Losada ES AP
19 QuB Queens University of Belfast G. Müller GB AP
20 UoN University of Naples E. Benassai IT AP
21 BV Bureau Veritas J.lsnard FR AP
22 STC Service Technique Central J.-B. Kovarik FR AP

Compiègne
23 ENEL ENEL Sozieta per Azioni M. di Gerloni IT AP

co = Coordinator; PA = Partner; AP = Associated Partner

Tab. 1: Participation structure of PROVERBS

The duration of the project is 36 months starting at 1st February 1996 and
running to end of January 1999.

1) Full addresses of CO and PA are given in Annex A.
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3 Selected Key Findings and Their Practical Importance
Some of the selected results which have been achieved in PAOVEABS,
including some findings of the previousMeS (MonolithicCoastal Structures)
project which have been completed within PAOVEABS are briefly outlined
below.

3.1 Parameter Map for Structure, Wave and Loading Conditions
The predictionof breakingwaves and associatedwave loads is still not amen­
able to a theoretical treatment.Extensivelaboratorytesting at HA Wallingford
(AI/sop et ai., 1996)and further instituteshas led to the parametermap shown
in Fig. 4.

The parametermap allows us to identify the regions of structure, depth and
wave parametersfor which conventionalpredictionformulae for wave loading
may safely be used, as weil as those regionswhere new predictionmethods
are required.The parametermap has also allowedto derive a structureclassi­
fication based on wave conditionsand loading.This map does not only build
the basis for any further researchon wave loadingwithin and beyondMAST,
but also strongly help avoiding a misuse of any prediction formulae which
might result in failures costing billions of ECU. In fact, the new development
and further refinements of prediction formulae which are in progress in
PAOVEABSwill provide an unique set of reliablewave loading formulae for
the full range of structure parameters,depth and wave conditions, including
the assessmentof hydraulic performanceof the structures (reflection,trans­
mission, overtopping). Further details on the parameter map are given by
AI/sop et al. (1996).

3.2 Classification of Wave Loading
Dependingon the purpose for which they will be used three types of wave
loadinghave beenclearly specified(Fig. 5):

This wave load classificationsupplements the parameter map in Fig.4 by
specifyingthe wave loading in more details, so that improvedwave load cri­
teria can be properly selected according to the type of failure mode under
study (singlefailure or progressivefailure).Furtherdetails on wave loadclassi­
ficationare given by Oumeraci and Kortenhaus (1997).

3.3 Prediction Formulae for Breaking Wave Impact Loads
Based on solitary wave theory, impulse-momentumconsiderations,extensive
laboratory tests, sophisticated measuring techniques (PIV) and large-scale
model tests, design formulaehave beenderived for the predictionof the rela­
tive iTpact forces F*.h,max= Fh,mal(P'9+ib2)as a function of the relative rise
time t r = lI'-'(dJg) (Fig. 6).
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Fig. 4: Parameter map for wave loading of monolithic structures
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Fig. 5: Specification of wave loading of monolithic structures

The formulae in Fig. 6 together with further formulae describing the temporal
variation of impact pressure distribution (in progress) will provide the necess­
ary loading inputs needed to perform the dynamic analysis for the overall sta­
bility of the structure and its foundation as weil as for the structural integrity of
the structural components (the development of similar prediction formulae for
uplift loading under breaking wave impact conditions is also in progress). The
achieved and prospective results represent an important step towards the era
of probabilistic and dynamic design approaches instead of the existing conven­
tional static design approaches which can neither explain the failure modes
observed in the prototype, nor allow any design optimisation. Overall, this will
result in much safer structures without resulting in more costly design. Further
details on impact loading related to horizontal wave impact loads are given by
Oumeraci and Kortenhaus (1997) and to uplift loads under impact conditions
by Kortenhaus and Oumeraci (1997) and Geotechnical Group (1997).
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WAVE IMPACT FORCE

F: = 2.24 {Ir' tI

with F\max = Fh,max/(p·g-Hb2)

t'r = y..J(db/g)

Impacl Duration:

Id = Ir + 0.35'( I - exp( -20 'Ir») (2)

Fhmax in Eq. (I) is assessed from statistica! distribu­
tion of impact force Oog-WEffiULL distribution):

P(p:max) = I - exp { -[r(ln-6) r} (3)

with a = 2.26, 6 = 0.74 and y = 1.19.

(1)

Fig. 6: Predictionformulaefor breakingwave impactforces

3.4 Effect of Breaking Wave Impacts on Structure Response
The resultsof extensivemodel testing in a small and a largewave flumehave
shown that breaking wave impacts may generate oscillating and permanent
displacements(Fig.7).

These results have led to the developmentof numericalmodels for the osciI­
lating motions as weil as for the permanentdisplacementsof the structure
which both affect the stability of the structureand its foundation.The devel­
oped numerical models include both simple engineeringmodeIs (Oumeraci
and Kortenhaus, 1994; Kortenhaus and Oumeraci, 1995) as weil as more
sophisticated research models for structure foundation interaction (Lengnick
and Abdel-Rahman, 1994;De Groot, 1997).

3.4.1 EngineeringModels for DynamicResponse
Simpleengineeringmodelshave beendevelopedand calibratedby large-scale
model tests to simulateboth oscillatorymotionsand permanentdisplacements
of a breakwatersubject to impact loading induced by breaking waves. The
modeIs can also be used to reproduce the cumulative effect of repetitive
impactsas shown in Fig. 8.
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Fig. 7: Effect of breakingwave impactson structureresponse

Both models can be used together to study the stepwisefailures which were
neglected in the past. In fact, the displacementsinduced by a single impact
may be too small and non relevant for the stability, but the cumulativeeffect
resulting from repeated impacts may lead to the collapse of the structure.
These models have already been successfullyapplied to reproduce some
Japanese prototypefailures which otherwisecould not be explainedby exist­
ing standard formulae (Oumeraci et ai., 1995).This results in safer design
over the lifetimeof the structure.

3.4.2 ResearchModelsfor Structure-Foundation-Interaction
Some sophisticatedfinite element models have also been developedfor the
simulation of the dynamic response of the foundationwhen the structure is
subjectto impact loading.

These modeIs are used as researchtools to improvethe physical understand­
ing of the processes leading to stepwisefailure. The example in Fig. 9 iIIus­
trates for instance that severe impactmay induceplastic deformationsof the
foundationat the heel.

These and further similar results have highlightedthe vital importanceof the
hidden foundation problemsand the associatedstepwise failures which were
neglectedin the past becausecoastalengineersand researchers'did not feel
competent to examine soil dynamics problems involved in breakwaters'. In
particularthe sliding failurewhich has beenconsideredworldwideas the domi-
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Fig. 8: Cumulative effect of repetitive impacts on breakwater stability
nating failure mode is found to be in fact a result of geotechnical failure modes
underlying the commonly observed overall failure modes like sliding and over­
turninq, Also the seaward tilting mode by which numerous breakwaters dra­
matically failed in the past has now been identified as a geotechnical failure
mode.
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Fig. 9: Plastic deformation of foundation at the heel (Lengnick et aI., 1994)

3.5 Sealingof WaveImpact Loads
Mathematical studies and laboratory testing have shown that even a very
small fraction of air in water can dramaticallyreducethe impact pressureand
increase the impact duration. This and the sealing problems illustrated by
Fig. 10 point out towards the necessityof devotingmore etfort to estimatethe
volume fraction on entrainedlentrappedair during impact.Moreover,compara­
tive impact tests using fresh and sea water have shown that higher impact
pressures are expected from fresh water tests than from similar sea water
tests due to smaller bubble sizes and higher aeration levels in sea water.
Theseetforts has led to the developmentof a new instrumentationto measure
air contentwhich is deployedin the laboratoryand in the field (Fig. 10).

The results of the ongoing theoreticaland experimentalstudies, togetherwith
the field measurements provide both researchers and engineers with the
necessary tools to reliably interpret and transfer the results from hydraulic
model tests to prototype conditions. Overall, this will result in considerable
savings because Froude sealingwhich is still commonlyused is too conser­
vative. Further details are given by Oumeraci and Hewson (1997), Peregrine
(1996) and Walkden et al. (1996).
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3.6 Toe Berm Stability
Comprehensive 20-experiments resulted in a new stability formula to calculate
the required average stone size 0n50 as a function of the significant wave
height Hs' water depth conditions and damage level (Fig. 11).

TOE BERM STABILITY

Stability Number:

Hs

IJ.,0050

valid for: 0.50 < h'/hs
7.5 < h'/Dn5Q
0.30 < Bt/hs

< 0.80
< 17.5
< 0.55

where:
IJ. (Ps!Pw - I); relative stone density°050 average stone size
Hs significant wave height
No number of displaced stones trom a strip of a leogth I = 0.50 a100g the

breakwater
< 0.5: no damage
S 2.0: admissible damage
;:: 5.0:inadmissible damage

Fig. 11: Toe berm stability design formula

The new formula generally results in a much less costly design than the more
conservative existing standard design approach in the USA and in a safer
design than the existing standard design formula in Japan. Further details are
given by Madrigal and Valdés (1995),
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3.7 Wave overtopping

Comprehensive model testing and calibration by prototype behaviour have led
to the evaluation of the effects of wave overtopping on pedestrians and
vehicles on the breakwater, and thus to new admissible overtopping criteria.
Moreover, a universalovertopping formula to predict the overtopping discharge
as a function of the structure parameter and incident wave conditions has
been developed.

The new formula applies tor the full range of variation of the structure para­
meters, wave and depth conditions. This makes it possible to assess the per­
formance of new constructional measures to reduce overtopping. Moreover,
the formula gene rally results in a safer design because it yields larger overtop­
ping rates than the existing standard methods. Further details are given by
Franco (1997).The effect of wave overtoppingon the reductionof wave load­
ing has been addressedby Oumeraci and Kortenhaus (1997).

3.8 Three-dimensional effects on wave loading, overlopplng and reflec-
tion

Since most of the design formulae are derived tor normal wave incidence
under 2D-conditions,a verificationunder 3D-waveconditionswas necessary.
Therefore extensive 3D-model tests for oblique and short-crestedsea have
providedcorrection factors which account for the effect of wave obliquityand
short-crestednessof the waves on wave overtopping, wave reflection and
wave loading.

Generallywave obliquityand short-crestednesscause less wave overtopping,
reflectionand loading than in the 2D-case.The reductionfactors which have
been determinedwill thereforeallow to achieve less costly design than in the
past. Furtherdetailsare given by Franco (1997).

4 Concluding Remarks and Perspectives
The integratedcharacterof the researchstrategywhich has been particularly
purchasedin PROVERBSas weil as the multi-disciplinaryresearcheftorts to
link together the hydrodynamic, geotechnical, structural and probabilistic
design aspects representa substantialdeparturefrom the existing,essentially
empirical approach, and thus constitutes a very important step towards a
largely rationaldiscipline. In this respect,the resultswill not only enable to lay
down the scientific basis for authoritativedesign guidelines for coastal struc­
tures, but also constitutes a scientific platform for continuous improvements,
evenafter completionof the MASTProgramme.

The process oriented research adopted in PROVERBSwil! also provide a
physicallysound departureand scientificbasis for the developmentof innova­
tive altemative constructionswhich can fulfil technical, economical and eco­
logicalcriteria.
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The Studies of the lns1abil~ of Hwa-Uan Harbour
Caused byTyphoon Waves

Chien-Kee Chang and Hsiang-Maw Tzeng
Institute of Harbour and Marine Technology

Wu-Chi, Taichung, Taiwan, R.O.C.

ABSTRACT
Hwa-Lian Harbour is located at the eastem coast of Taiwan, where is

relatively exposed to the threat for waves from the Pacific Ocean. There is no
adequate wave absorption facilities along the wharf and breakwater in the
basin. In the summer season, waves generated by typhoon which locates at
the eastem ocean of the Philippine, may cause down time for harbour opera­
tion and even damage the harbour facilities. In this studies, waves inside and
outside of the harbour are measured at typhoon seasen, and wave charaeter­
istics together with movement of the berthing ships are analyzed.

The results indicate that inside the harbour short period wave energy
reduced by sheltering of the breakwater, but long period wave energy in­
creases several hundred times. Swalls generated by typhoon v.tlich locates at
the eastem ocean of the Philippine may cause down time for harbour opera­
tion.

1 INTRODUCTION
Hwa-Lian Harbour is an artificial harbour built on asteep and narrow

east coast ot Taiwan. More than 4000m long breakwater was construeted to
proteet harbour basin against incident waves trom the Pacific Ocean. Figure 1
shows the location and layout of the harbour, which has 25 wharves after the
fourth stage expansion. The length of the basin is about 4500m, and there is
vertical wall inside the basin. In the summer seasen, waves generated by ty­
phoon which locates at the east of the Philippine, may agitate harbour reso­
nence, and cause down time for harbour operation.

Field investigation has been carried out since 1989, a waverider has
been deployed at the outside of the harbour. In 21 June 1990, Typhoon Ofelia
formed at the eastem ocean of the Philippine, and moved toward Taiwan in
NNW direction. Finally made landfall with the eye of typhoon striking at 17km
south of Hwa-Lian Harbour. One hour betore landfall, the maximum wave
height 20.5m, period 16.0 sec was recorded. The corresponding significant
wave height and period are 13.9m and 14.1 sec respectively. Time series of
wave height and period are plotted as shown in Figure 2. Four commercial
vessels ware berthed at the terminal, two of them escaped for survival when
significant wave hight was greater than 4m; the other two ships broke the
mooring lines and damaged harbour facilities while wave height increased
rapidly.

In November 1992, there ware 3 typhoons Elise, Hunt and Gay. The
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center of those typhoons were more than thousand kilometers away trom
Hwa-Lian Harbour at 8E direction. But, the harbour basin was agitated by
swells, and ships were forced to leave the unstable basin for survival.

In order to get a better understanding of the harbour hydraulic environ­
ment during the threat of typhoon, an intensive research program has been
carried out by the Institute of Harbour and Marine Technology (IHMT) since
march 1993. Field investigation, hydraulic model test and numerical computa­
tion are included in this research project. It is hopeful to obtain a feasible layout
to eliminate harbour instability. This paper, present field investigation , wave
characteristics, down time of harbour operation and their corresponding status
of typhoon.

2 FIELD INVESTIGATION
Wave data recorded at the same time for outside and inside of the har­

bour are necessary to find out the mechanics of harbour instability and to
evaluate the sheltering efficiency of breakwater. Figure 1 shows the location of
wave stations. The permanent station, 8t.2 locates at outside of the harbour, a
directional waverider and current meter have been installed since 1989.

At the harbour entrance,8t.5 and terminal stations locate at water front of
terminal #8 , #10 , #22 four pressure type wave gauges were set up when
typhoon wave attacked Hwa-lian Harbour.

At the offshore station, 8t.2 incident waves were recorded 20 min every
two hours with sampling rate 1.28 Hz. At the harbour basin and entrance waves
were recorded 34min every hour with 1 Hz sampling rate. There were six ty­
phoons threatened Taiwan in 1994..Based on wave data recorded at the inter­
val of typhoon and associated berthing conditions provided by Hwa-lian Har­
bour Bureau, the location of typhoon that may cause down time for harbour
operation are analyzed further detail in this paper.

3 WAVE CHARACTERISTICS
The paths of six typhoons which occurred in the summer of 1994 are

plotted as shown in Figure 3. IHMT had succeeded to obtain wave data inside
and outside of the harbour synchronously during Typhoon Tim, Fred and Gla­
dys moved toward Hwa-lian Harbour. Fig.4 shows time series of wave height
variation for the offshore station 8t.2, the harbour entrance station 8t.5 and
terminal stations #22 , #8 , #10. The sheltering coefficient is defined as the
ratio of wave height between the terminal station or the harbour entrance sta­
tion to the offshore station. The sheltering coefficient and corresponding inci­
dent wave direction recorded at 8t.2 are plotted as shown in the upper and
middle diagrams of Figure 4. For a specific time, the location of typhoon center,
the incident wave height and wave direction measured at 8t.2 and sheltering
coefficients at the harbour entrance station 8t.5, terminal stations #22 , #8 ,
#10 are tabulated in Table 1.
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TABlE 1 SUMMARY OF INCIDENTWAVES AND WAVE HIGH COEFFICIENTS

INXeIT (TYPHOON

1"fPHCXX'j TM: CENTER WAVE WAVE CENTER)

NAt.E (MOO) LOCAllON IR:CTDI Hs HELTERING COEFFICIENT NOTE
(I<M) ( 0 ) AT St.2 ENTRANCE 122 #8 #10

(m) St.5
TIM 07/09/ SE 125 2.0 0.65 0.33 0.17 0.1 MOVEDtNoJ

18:00 (600)

07/10/ SE 130 7.0 0.55 0.32 0.15 0.1 BEFORE
14:00 (200) LANDFALL

07/10/ SE 130 10.2 0.49 0.27 0.15 0.1 BEFORE
16:00 (140) LANDFALL

FRED 08/19/ ESE 115 2.6 0.52 0.30 - 0.1 MOVED
00:00 (1000) WtNoJ
08120/ E 95 4.9 - 0.19 - 0.1 MOVED
18:40 (200) NNE
08121/ ENE 75 2.9 0.45 0.38 - 0.11 MOVED
02:00 (250) NNE

GI..AD't'S 08131/ ESE 115 1.2 0.45 0.1 - - MOVED
08:00 (700) WtNoJ
09/01/ ESE 100 2.4 0.67 0.2 - 0.09 MOVED
00:00 (300) TOWARD

H.L
09/01/ E 80 4.4 0.36 0.18 - 0.13 BEFORE
10:00 (60) LANDFALL
09/01/ WtNoJ 145 2.9 0.35 0.1 - - AFTER
14:00 (100) LANDFALL

CHANGE
WIND DIR.

Table 1 indicates that the sheltering coefficients of harbour entrance and
terminal stations depend on the incident wave direction and sheltering envi­
ronment. The incident wave direction have good relationship with the location
of the typhoon center. For example, the center of Typhoon Tim was 600km in
SE of Hwa-Lian, incident wave came trom 1250 , wave height coefficient re­
duced trom 0.6 at the harbour entrance to 0.1 at the inner basin terminal
#10.The center of Typhoon Fred located at 1000km in ESE direction and
moved toward Hwa-Lian in WNW direction, wave height increased trom 2.6m
to 4.9m , incident wave direction decreased trom 115° to 95°, the sheltering
coefficient decreased accordingly. But, when the center of typhoon ap­
proached Hwa-Lian, the direction of incident wave and sheltering coefficients
ware affected local wind and changed rapidly.

Energy spectra for waves recorded at the permanent station St.2 and
terminal stations #22 , #8 , and #10 are plotted as shown in Figure 5. After the
sheltering of the breakwater, the short period wave energy measured at termi­
nal stations were reduced tremendously. The degree of energy density reduc­
tion depends on the sheltering condition. At the outer basin the energy density
ratio between terminal #22 and incident wave is about 1110;at the inner basin
the ratio between #8 or #10 and incident wave decreases further to 1/100. On
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the other hand, long period waves from 140see to 160see recorded in the har­
bour basin energy density were amplified several hundred folds. The detail
time series water surface for various wave stations are plotted in Figure 6,
Ylhich shows water surface recorded at harbour stations have rather long peri­
odie motion in comparison with that of incoming wave recorded at St.2.

4 DOWN TIME ANAL YSIS
According to the berthing records of Hwa-Lian Harbour indicate that in

the summer season, down time for harbour operation due to the action of ty­
phoon wave has occurred at least once every year since 1985. Based on the
status of berthing conditions provided by Hwa-Lian Harbour Bureau from 1990
and the corresponding paths of the typhoon, as shO'M"lin Figure 7, issued by
the Central Weather Bureau. Table 2 shows the summary of typhoon gener­
ated swells that made harbour instability and caused down time for harbour
operation.

TABLE 2 SUMMARY OF DOWN TIME FOR BERTHING CONDITIONS
AND CORRESPONDING TYPHOON STATUS

(3) (5)
DOWN TIME FOR

(1) (2) BERTHING CONDITION INITAIAL eONDITION FOR
DATE T'fF'I-CX)II

TIME ~ SI-F
(YRAOl) NAME NUM ~(DIHR) a:wn

22/12:30 #19 30,700 19.5N 17.4 N 780
90/06 OFELIA 13:30 #10 3,800 122.6 E 21120:00 124.3E

(500)
26/11:30 #19 12,800 18.5 26/00:00 19.5 650

90/08 BECKY 14:00 #6 8,000 19.3 125.5
(570)

17/16:20 #14 4,000 20.8 19.8 820
90/08 YANCY 17:30 #17 8,400 127.0 17/00:00 128.0

(570)
20.5 18.9

90/09 DOT 06120:00 #4 2,000 ~:o~06/08:00 130.0 050

261** #18 19,300 18.5 17.6 950
91/10 RUTH #15 36,000

?50~
26/08:00 127.6

#14 4000 700
211*" #18 19,300 19.8 18.0 850

92/09 TED 22r #19 36.000 ~~o~ 20/12:00 126.0
#11 6700 450

06/13:50 #17 - 24.0 16.0 1800
92/11 ELSIE 18:30 #8 - 134.0 05/02:00 137.0

18:50 #20 35.000 (1300)
20:50 #19 27000

20/15:00 #19 - 20.5 15.5 2400
92/11 HUNT 19:00 #25 -

~~9~1
19/02:00 143.0

2000
26/04:00 #11 - 18.5 13.8 2200

92/11 GAY 04:00 #10 7,600 131.5 24/08:00 139.5
10:00 #20 - (1200)

271*" #8 2.800 15.1 1050
#4 11,900 EAST OF 25/08:00 126.1

93/06 KORYN #14 6,000 120·
#10 8,100
#18 7,600
#21 5600
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Table 2 (continued)
181"* #19 31,200 19.0 17.8 820

93108 TASHA
1~~

17/14:00 124.3

011** .19 20,000 21.8 25108:00 20.7 840
#15 11,400 126.0 128.5

93/08 YANCY m 36,000 (500)
.s 4,800

#10 10,600
#11 9300

11123:00 #19 18,600 21.0 20.5 420
93/09 ASE 122.3 11/14:00 122.8

(300)

10/02:30 #15 5,700 19.9 09/09:00 18.0 850
94/07 TIM 07:00 m 25,000 124.3 127.0

08:20 .17 14900 (5OO)
03/16:20 A!24 35,800 22.5 20.6 470

94/08 CAiTLIN 17:20 .10 7,600 mO~ 03/06:00 124.0

06/15:30 A!23 12,400 18.5 17.2 950
94/08 DOUG 16:00 #22 13,700

1rsO~
06/02:00 128.1

17:00 A!24 35800
19/17:00 116 2,500 22.2 20.8 840

94/08 FRED 17:30 .19 12,900 126.6 19/02:00 129.0
17:40 A!20 9,700 (550)
18:20 A!24 35800

31/18:10 .10 13,500 22.8 22,0 1000
94/08 GLADYS 19:40 A!25 36,100 1~5'J~

31/02:00 130.5
20:20 #3 2500 450

08107:20 .6 2,800 19.0 16.5 1150
94110 SETH 08:10 #22 9,300 1?~~ 07/08:00 129.5

NOTE: r: TIME UNKNOW

According to typhoon advance path, the leaving location can be deter­
minded and listed in column 4 of Table 2. The leaving location is defined as
the location of typhoon, while berthing ship commence to leave the harbour by
agitation of swells. By assuming the propagation speed of swell is 50 kmlhr,
column 5 of Table 2 lists the estimation results of initial time and location, that
typhoon generated swell might force ships to leave the harbour for safety. The
analysis results are plotted as shown in Figure 8, which indicate swells gener­
ated at the initial location had arrived the harbour, while the center of typhoon
moved trom the initial location to the leaving location.

In the summer season, there are many typhoons occur in the Pacific
Ocean. For those typhoons with low pressure center form at southeastem
ocean of Hwa-Lian Harbour and travel northwestward, at the right rear quad­
rant will run with the cyclone. This will prolong the influence of cyclonic wind
and build up wave height. Although short period wave energy is sheltered by
the protection of breakwater, but the implicit long period small amplitude wave
energy is enlarged hundred times by harbour geometry. Hence, typhoon oe­
curs at the eastem ocean of the Philippine and moves northwesterly towards
the east coast of Taiwan. At the offshore of Hwa-Lian, wave energy can be
built up rapidly within one day. Under this condition, the generated swells
might make harbour instability and cause down time for harbour operation.
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5 DISCUSSION
The geometry of the outer basin of Haw-Lian Harbour is like a triangle.

Although wave absorption perforated chamber was built along the 'lllharf. But
the depth is not enough to absorpt long period wave energy. In the summer
typhoon season, swells generated at the eastem ocean of the Philippine. The
harbour basin becomes unstable under the action of long period wave from
southeast direction and associated agitation.

At the offshore permanent station a waverider has been employed to
record wave data. Because the sensor of accelerator can not detect long pe­
riod water surface motion. Hence, wave spectrum of the permanent station
shows no extraordinary long period wave energy component. A pressure type
wave gauge will be deployed in the further investigation program.

There are two reasons that berthing ship intend to leave harbour tor
safety. The first one is the harbour basin resonated by waves come trom
southeast direction. The terminal is unstable tor mooring ship. Ship further
stay in the harbour may damage facility and cause serious disaster. The sec­
ond reason is due to psychological impact. Large scale typhoon moves toward
Harbour directly, and wind speed increases rapidly. Even though wave climate
in the harbour basin is not threatened by incident waves.

In order to find a feasible layout to eliminate long period wave energy,
hydraulic model test and numerical computation are under execution.
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Elements of an Integrated Harbour Design

The Functions of a Consuiting Engineer
Ole Burkhardt

Franzius-Institut für Wasserbau und Küsteningenieurwesen

Abstract
While carrying out the projecting, layout, technical design, construction and
implementation and, if necessary, the operation of a harbour, the ConsuIting
Engineer has to deal with an unusually large number of specialised fields.

He prepares the traffic forecast and compiles all the relevant information on the
physical environment. He investigates the demands in the field of port operation
and makes recommendations regarding institutional and organizational matters.
He elaborates a long-term development plan and defines the measures to be
executes within the first phase.

He prepares the environmental and social impact assessment and provides the
economie and financial analysis. During the implementation phase he prepares
the detailed designs, provides advisory services conceming tendering and
awarding procedures and supervises the construction works.

If necessary, he runs the operation for a certain time after completion.

1 Introduction
My remarks refer primarily to planning for the construction of new harbours as
weil as to the extension and remodelling of existing harbours in developing
countries, financed by bilateral or multilateral organizations, but in principle they
also apply to other harbour planning.

If you ask different experts on harbour planning what they consider to be the
most important subject of the investigations you will receive highly differing
answers, depending on the specialist field of the person you ask.

One expert, for example, will reply: The most important subject involves
oceanographic and hydrographic problems, such as protection against waves,
currents and siltation, as weil as determining the wave forces on structures.

Another expert will reply: The most important subject is the question of which
queuing system is to be used to calculate the waiting times of the arriving ships.

A third expert considers that the most important question is how the
maintenance and repair of the mechanical equipment is to be organized and
financed.
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You can continue asking this question, and you will soon find out that the
Consuiting Engineer, who has to carry out the overall plan, has to deal with an
unusually large number of specialised fields, of which some of the particularly
important are to be mentioned briefly here.

2 Traffic Forecast
The basisof harbourplanningis the trafficforecast,in whichthe future type and
volumeof cargothroughputandthe passengertraffic is assessed.

The loadingand unloadingcapacitiesas weil as the storage capacitiesof the
harbour installations have to be planned in such a way that no bottlenecks
occur,but alsoavoidingsurpluscapacitiesthat are too large.

The developmentof the quantitiesof goods has to be determinedfor at least
the followingtypesof goods:

- conventionalgeneralcargo

- containers

- liquidbulk

- dry bulk.

Here a distinction has to be made between incomingand outgoing traffic as
weil as, if necessary,betweenoriginanddestination.

In this connection the establishment of hinterland development plans is
necessaryin most cases.Thesecontainestimatesof the economiepotentialof
the hinterland in terms of population, income, industrial and agricultural
production.If there are severalpossiblemeansof transport,then the expected
breakdownof the traffic flows into road, rail and inland waterways, i.e. the
modalsplit, has to be determined.

It is useful to carry out the investigations for different prognoses (e.g.
optimistic, medium, pessimistic),and to determine the influence of different
assumptionson the resultsbymeansof sensitivityanalysis.

3 Physical Environment
Examinationshave to be carried out with regard to the availabilityof the land
that is foreseen for the realisation of the planned harbour installations.The
currentownersmust be determined,and the date of the terminationof existing
leaseshasto ascertained.
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The current use of the land has to be taken into account during the planning, as
weil as the question of whether or not existing plants have to be demolished
and whether resettlement is necessary. Port structures already in existence
have to be assessed with regard to their structural state and to the possibility of
using them commercially. This also applies both to traffic links with the
hinterland and to the traffic networks in the hinterland. Further information has
to be obtained on access from the sea, e.g. the water depths, nautical aspects
and the system of navigational aids.

Topographical surveys of the site have to be made, and data has to be
gathered about the climate and meteorology (e.g. temperature, humidity, winds,
rainfall). The hydrographic and oceanographic conditions have to be obtained
form the available sources, and they have to be complemented and
reexamined by means of specific measurements on site; these include, for
example, bathymetry, tides, water levels, waves, currents, sediment transport,
littoral drift, salinity and the quality of the water.

The geotechnical data must be obtained for the technical design of the
structures, roads and storage areas, as weil as for land reclamation and
dredging. These data concem the geological conditions, soil quality, sourees of
filling material for possible exploitation of quarries (stone blocks for
breakwaters, aggregates for concrete production).

4 Port Operations
The task of the ConsuIting Engineer is to propose the cargo-handling
operationsand the despatchof passengers,taking into accounttechnological
changes in shippingand cargo-handlingmethods(e.g. containerisation,roll-on
roll-oft ships) and the development of ship sizes. He must give the port
performance indicators, such as the waiting time/service time ratio, berth
throughput and occupancy,gang and ship output tor typical commoditiesand
types of operation,the impactof indirectand direct handlingsystemsand the
need for handlingequipment.He must also put forward proposalsfor the pre­
planning, monitoring and performancereview of stevedoring,quay transfer,
storage and receiptldelivery operations tor container, roll-on roll-oft ships,
conventional general and bulk cargo, including the allocation ot the berths,
storage areas, port equipmentand labour.The typical compositionof a gang,
their productivity, the working hours and the number of shifts have to be
defined.

The loading and unloadingcapacitiesmust be ascertained,informationhas to
be provided on when the individualcapacitieswil! be exhausted, and which
measureswil! then have to be taken.This informationcan refer to the capacity
of the quay length (reachingthe acceptablemaximumberth occupancy),the
capacity of the handlingequipmentand the capacityof the temporarystorage
areasor volumes.
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5 Port Institutions, Organization
It has to be determined under which ministry, or ministries, the port
administrationworks. In those cases in which the port services are largely
privatised,the administrationstasks can be restricted- in extremecases to the
tasksthat must,fromthe constitutionalpointof view,be performedsolely by the
govemment.The tasks of the port administrationmust be clearly defined and
clearlydistinguishedfromthe tasksof the port operatingcompany.

The structuresof the port administrationand of the port operating company
have to be defined, including the demands for management and human
resources.Proposalsfor the participationof the private sector, also within the
framework of the ancillary services such as pilotage, towage, mooring,
dredging,port security,bunkering,canteensand rest-rooms,communications,
garbagecollectionandwastedisposalhaveto beworkedout. Specialattention
has to be paid to engineering as weil as to the maintenance and repair
services.

Within the frameworkof the port organisationit has to be guaranteedthat the
policies for port operations are continually updated, including tariff-setting,
labour supply and contracts for cargo handling. Cooperation and
communication with shipping and forwarding agents, trucking companies,
shippers and receivers has to be assured with the aim of guaranteeing
optimizedship and gangoutput.

6 Development Plan, Project
The Consuiting Engineer has to recommend a phased port development
programme (master plan) meeting short, medium-term and long-term
requirements.The master plan includesthe physicaldevelopmentplan, which
comprisesthe layout of the port, givingthe existingfacilitiesand the proposed
land use and installations,and showing their principal dimensions, the sites
used and the relevant development stages. The proposed traffic flow and
stacking arrangements are to be indicated. The physical plan is to be
supplemented by estimates of the future potential throughput and storage
capacitiesof the port.

It is usual that the first phase of the master plan forms the project to be
examinedin greaterdetail. The planningfor this is carriedout on the level of a
feasibilitystudy, i.e. the individual plants and items of equipmentare not yet
planned in detail (this is kept for the implementationphase, see below), but
enough basic technicalplanning is done to enablea preliminarycost estimate
to bemade.

The plans for the project contain the representationof the technical facilities,
such as breakwaters,quaywalls includingmooringand fender systems,transit
sheds, passenger sheds, offices, workshops, traffic and storage areas,
installationssuch as water and powersupply systems,lighting and firefighting
systems, waste reception and treatment facilities etc. The dredging
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requirements (capital dredging, maintenance dredging) as weil as the
necessary water depths have to be determined.

The definition of the project also includes the necessary handling and transport
equipment.

7 Environmental and Social Impact Assessment
The following have to be examinedwithin the frameworkof the environmental
impactassessment:

- effectsof the location

- effectsof the preconstructionphase

- effectsof the construction

- effectsof the expectedoperation

It has to be guaranteedthat nationaland internationallegislation,regulations
and standards are taken into account in the planning, construction and
operationof the facilities.

Specialattentionhas to be paid to the effect of dredgingwerks,both duringthe
construction phase (capitaI dredging) and also during the operation phase
(maintenancedredging).Herethe effectsdirectlyat the locationof the dredging
and the question of the site for dumpingand disposal have to be taken into
account.As a general point, the impacton the ecology, fishery and land use,
andthe questionof waterpollutionand/or erosionhaveto be investigated.

For the operationphase it is importantthat during the planningof the project
sufficientattentionis paidto the questionsof dustarisingduringthe loadingand
unloadingof dry bulk, to garbagecollectionandwaste receptionand treatment
facilities, and that the handling,storageand transportof dangerousgoods can
be carriedout in accordancewith the regulatiens.

Social impact occurs when the population in the area in question has to be
resettled,and then the questionof compensatienarises. In this conneetionthe
effects on historical,culturalor religiousmonumentsand sites around the port
canalso playa role.

8 Economic and Financial Analysis
The internationally operating financing organizations have each drawn up
guidelines for carrying out the economie and financial analysis. These
guidelines are similar to each other all over the world, and the ConsuIting
Engineerhas to abide by them in his investigations.The basis is formed by the
determinationof the costsand by thedefinitionof the benefits.

Thecost estimatescontain:
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- investment costs, broken down into foreign and local costs

- running costs

- costs for engineering

- costs for contingencies

- costs for price escalation

- possibly: interest during construction

The time schedule of the expenditure has to be worked out.

The benefits can, for example, arise from:

cost saving when compared with more expensive handling
procedures, e.g. handling at a quay versus handling by lighterage

- savings in transport costs in the case of goods that would have to be
transported at greater expense by other means if the project were not
realised (diverted transport).

An important influence is exerted, of course, by the loan conditions, i.e. the
fixing of the interest rate, the repayment period and the grace period.

9 Implementation
When the investigations briefly mentioned in the previous sections have been
gathered together in the FEASIBILITY STUDY and have led to a positive result,
and if the funding has been guaranteed, the next step is then the
implementation stage.

In this phase the Consuiting Engineer has the following tasks:

- carrying out additional site investigations at the project site in order to
determine the conditions for detailed design purposes

- preparing detailed designs and specifications for the civil works of the
project

- assisting the master of the works with contractor prequalification

- preparing tender documents for the individual construction and
equipment supply contracts

- providing assistance to the master of the works during the tendering
process, including the answering of tenderers questions, attendance
at pre-tender meetings and evaluation of the offers

- providing assistance to the master of the works in contract
negotiations and preparation
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- supervising the construction works on site, including acting as .The
Engineer" in accordance with the FIDIC Regulations (Fédération
Internationale des Ingenieurs-conseils, Lausanne)

- carrying out inspections at the premises of equipment manufacturers,
and supervising and inspecting the installation, testing and
commissioning of equipment

- possibly running the facilities for a certain time after completion, and
giving further technical assistance, if necessary.

10 Closing Remarks
The many different tasks of the Consuiting Engineer can only be carried out by
a team which, Iike a orchestra, is comprised of a large number of experts, each
of whom has mastered his field. However, each one of them ought to have an
open ear for the other members of the team. The conductor, i.e. the project
manager, is responsible tor the efficient cooperation of everyone, and he ought
to have an overview of the entire project and minimize dissonance within the
team.
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Extension of the Navigation Channel to the Habour of
Rostock.

Investigations for the Design of Breakwaters and
Entrance Channel

Gerd Flügge - Hoiger Rahlf - Norbert Winkel
FederalWaterwaysEngineeringand ResearchInstitute,CoastalDepartment,Hamburg

The future development of shipping traffic (buik carriers and ferries) to Rostock

habour wiU necessitate an extension of the entrance (deepening and widening)

of the navigation channel. Therefore a new breakwater system is required.

Special conditions in this area must be considered:

• recreation, tourism, watersports and landscape criteria

• nautical conditions for large-scale shipping

• environmental impact.

By order of the local authority (WSA Stralsund) hydraulic model investigations

to determine the functional design and the ship-induced loading (waves and

currents) were carried out at the BAW (Federal Waterways Engineering and

Research Institute) in the scale 1 : 40.
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Aims of the Investigation
The purpose of this investigation was to develop a breakwater system which

would allow ferries and vessels with up to 250 m length, 40 m beam, and 13 m

draft to reach the harbour of Rostock.

Figure 1 depicts the coastal area showing the situation in 1990. The navigation

channel is only 80 m wide and approximately 13 m deep at the narrowest point.

Extension of the channel to a width of at least 120 mand a depth of 14.5 m is

planned. Both shorelines of the channel are developed so that any expansion

must occur within the present system, i.e., the center breakwater must be

removed. Thus an entirely new breakwater system must be developed.

The new breakwater system must fulfill the following requirements:

• protection from rough seas coming from various directions, especially for the

harbour area of Warnemünde;

• favorable nautical conditions, e.g., minimization of the banking effect;

• improved traffic regulation;

• acceptable ship induced loads (resuiting from primary and secondary waves

as weil as countercurrents) in the Warnemünde harbour area;

• no detrimental change to the present coastallongshore current;

• no appreciable change in the landscape such as obstruction of the view to

the Baltic, no detrimental effects on tourism;

• economical construction and maintenance

Approval of the expansion plans dictates that environmental protection be

guaranteed with respect to possible changes to water exchange processes,

current and salinity conditions, and the effects of storm surges for the Warnow

estuary. This is especially important with respect to use of the Warnemünde

harbour area.
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Hydraulic model, breakwater systems and wave conditions

The geometryof the systemand thus the resonanceconditionsresultingfrom
sea and ship wave loadingare very complexso that a hydraulicmodelwith a

scaleof 1 : 40was deployed(Figure2).

Preliminary investigations were done using a numerical refraction model.
Figure3 shows the wave rays for peak periods of 5, 7, and 9 seconds for
various directions of approach. The results show the effect of the deep

navigationchannel on the refractionof the waves. Waves coming from north
30· west are bundled in the area at the head of the West Breakwater.This
phenomenonis observed in the model experimentsas weil as in nature. For

waves coming from the west, the refraction at the deep channel causes a

superpositionof waves with a concentration of energy in the area of the
western head of the breakwater. A part of the incoming waves can be
effectivelyblockedby placinga transversebranch near the head of the West

Breakwater(System3).

Various systems for the breakwater configuration were chosen based on
theoreticaI considerationsand a numericalrefractionmodel and are shown in

Figure4.

The existingWest Breakwateris a tourist attraction.For this and for economic
reasons, it will remaina part of the new breakwatersystem.There is a basic
conflictin achievingthe goalsof providingthe largestpossibleopeningbetween

the breakwaterheads to accomodateshipping, but in turn providinga small
opening to minimizewave intrusion. As a result of these criteria, the East
Breakwaterheadwas sloped to the navigationchannel side. The form of the
East Breakwaterallows for an adequate distance between breakwater and

channelin the innersystemso that waveenergycan be dispersedand an area
is providedfor recreationalboatingavoidingmain channel traffic.An additional
protectionfromseawavesfor theWarnemündeharbourarea is providedby the

inner breakwaterbranch (System 1a, band cl. System 3 has a transverse
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structure at the head of the West Breakwater which effectively reduces the

input of sea wave energy.

A design sea state was chosen on the basis of a wave climate study and

maximum wave height analysis provided by the Geesthacht Research Center

(GKSS). The methods used and the results achieved by the GKSS have been

presented by GÜNTHERin this seminar. The breakwater system was functionally

optimized using direction dependent sea wave events ("rough sea") with a

probability of occurrence of 10 h/a. For designing the breakwater, an extreme

event in the form of a severe storm surge with a high water level of

NN + 1.85 mand a sea state with a probability of occurrence of 1 h/50 was

chosen. A sea state having PIERSON/MoSKOWITz-Spectrum(KITAOGORODSKIJ­

Factor) corrected for shallow water was used in the model experiments. Waves

were measured using sensors from the Danish Hydraulic Institute in conjunction

with a computer supported data acquisition system (Disylab). Data were

evaluated using FFT analysis and the ZERO-DOWN-CROSSING method in the

time domain.

Chanceof Directionof IncidentWave
Occurrence

N60W N30W North N30E N60E

RoughSea 1Oh/a
Conditions WaterLevel: Hs=3.1m H,= 1.9m H,= 1.8m H,= 2.4m H,= 2.0m

D= NN±Om Tp=8.45 Tp=6.05 r, = 5.95 r, = 7.05 r, =6.25

Extreme 1h/50a
SurgeandWave WaterLevel: Hs=3.7m Hs=3.7m Hs=3.7m Hs=3.7m H,=2.8m
Conditions D=NN± 1,85m Tp=9.45 Tp=9.45 Tp=9.45 Tp=9.45 Tp=7.85

TabelIe 1: Spectral Characteristics to Classify Sea State

Results of the model experiments
The change of the wave state caused by refraction, shoaling and diffraction is

shown in Figure 6.
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When comparing the various systems, one must especially consider that the

harbour area of Warnemünde is used by small ships and only small wave

amplitudes are permissible. A definitely poorer wave height situation compared

to that of 1990 can not be tolerated.

The construction of a new East Breakwater in connection with existing West

Breakwater system (System 2) produced a definite wave amplitude reduction in

the inner section compared with the wave amplitudes at the harbour entrance.

However, the situation is definitely worse in the Warnemünde area for the

measuring points 7 to 10. By placing an inner branch at the West Breakwater

(System 1a), the waves at Warnemünde could be definitely reduced compared

with present conditions. With respect to wave heights, System 1a provides the

optimal solution. However, this case was rejected for nautical reasons. All the

small ships would be forced because of this breakwater branch to enter the

harbour using the main channel of the large ships. The large ships would also

be hindered by this crossection reduction (unsymmetric banking effect). A

shortening of the inner tranverse branch(System 1b) causes a reduction in the

wave protection at Warnemünde.

After discussions with the pilots it was decided for nautical reasons to deploy

only a transverse branch near the head of the West Breakwater as a

counterbalance to the head of the East Breakwater (System 3). Through the

use of this transverse branch, a definite reduction, compared to System 2, of

the wave amplitudes at Warnemünde was achieved, especially for waves

coming from north 30° west. Refraction of these waves at the deep channel

cause a concentration of wave rays in the area west of the channel. The

effectiveness of this breakwater branch could be substantially increased if it

were stretched to the west edge of the channel. Again, this is not acceptable

since all of the small ships would be forced to enter the harbour via the main

shipping channel. System 3, with the short transverse branch, provides for a

more favorable traffic situation. Only major shipping uses the main channel and

the minor and recreational shipping use the area between the breakwater head

and the western channel boundary for entering and leaving the harbour.

- 333 -



Figure 11 gives an overall picture of the breakwater systems with respect to the

achievable wave damping in the inner Warnemünde Harbour (Gange A2). The

relative wave heights are plotted against the initial wave heights. This figure

clearly shows that the protection from a severe sea state significantly depends

upon the sea state parameters and the water levels.

System 3 was then chosen for nautical reasons even though there is an

increase ot wave activityin some areasas a resultof the wide entrance.Thus
System3 is a compromisebetween nautical requirementsand the achievable

reductionof waveamplitudes.

Breakwater design (profiles and material properties)
The highestwater level ever recordedat Warnemündewas 2.43 m aboveNN.

Water levelsbetween1 and 1.5m aboveNN are expectedwith a probabilityof
occurrenceof one to ten years. The decidingfactor tor determiningthe height
ot the beakwaterwas, how weil the breakwaterfits into the landscape.The
heightwas set to NN + 2 m in order to guaranteean unobstructedview of the
Baltic Sea trom the West Breakwater. This low breakwater height is
geotechnicallyadvantageoussince an extensivefoundationis not neededand
the expected settlingof 0.3 to 0.5 m can be compensatedby increasingthe
initial constructionheight respectively.An overtoppingof the waves tor certain
water levels and wave heights is deliberatelyallowed for. Since long crested
waves will never arrive orthogonal to the East Breakwater, high energy

resonancesare not expected within the breakwater system. The profile of
breakwateris constructedso that damagefrom breakingwavesdoes not occur.

Thusthe heightand profileof the wave breakwaterwas determinednot only on
the basis of scientificanalysis but also on the basis of landscape,foundation,
andeconomiccriteria.

The inner and outer slopes of the planned East Breakwaterare unusally flat

with valuesot 1 : 3 and in some sections1 : 4. This minimizesreflectioneffects
to such an extent that special anti-scour measures at the base of the
breakwaterare unnecessary.The breakwater armor possessesa long time
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stability especially for obliquely approaching waves. Reflections at the outer

slopes which could cause eros ion at the adjacent beaches are not expected.

The flat inner slopes guarantee minimal reflection of sea waves and especially

of ship waves. Energy from breaking waves is dissipated in the surf zone -

practically no inshore waves are generated. The flat sloped construction of the

breakwater is less sensitiv to geotechnical settling.

Special attention was paid to the construction details of the breakwater head.

The breakwater head experiences the superimposed effects of refraction,

shoaling, diffraction and breaking from waves of various directions. The

breakwater head is sloped 1 : 2 towards the channel. This area must have a

very secure cover layer since any loose blocks landing on the channel bed

would threaten shipping safety or, e.g., cause environmental damage if an oil

spill occurred. Since the breakwater head is of cardinal importance, stability

investigations were performed at the wave tank of the Oanish Hydraulic

Institute. These investigations showed that cover stability is guaranteed even

for extreme sea states if the cover stones weigh 60 kN with a density of

30 kN/m3. For the landward part of the East Breakwater, the stone weights were

reduced shoreward from 40 to 25 kN corresponding to the reduced sea wave

loading. Confirmation of these results were aided through the scientific support

Prof. Kohlhase from the Institut für Wasserbau in Rostock and were based on

the relevant literature. However, it turned out that the classic approach of

HUDSONand the newer approach of VANDEMEERdid not provide an adequate

theoretical basis for designing the breakwaters due to the complicated system

geometry and wave directions. The design of the East Breakwater was carried

out by using engineering type empirical estimates and scientific knowiedge.

A special geometry was chosen for the West Breakwater. As was shown by the

refraction diagram the deep channel effect, a substantial part of the sea wave

energy is concentrated in this area. A wave energy absorbing - not reflecting -

geometry was purposely chosen in order to avoid a worsening of the nautical

conditions for the small shipping resulting from increased wave reflections. The

area between the existing West Breakwater and the West Breakwater Finger is
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formed as a flat curved slope with a heavy cover layer. The approaching sea is

dissipated in the surf zone of this area with a minimum of wave reflection

occurring. A higher degree of wave damping could be achieved if the West

Breakwater branch could be extended closer to the main channel. This,

however, was not possible due to nautical reasens.
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Fig. 11: Comparison of relative wave heights K'
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Nankang, Taipei, Taiwan, R.O.C.

spouse: Yueh-Hsiu Hwang

Prof. Or. Hwung-Hweng Hwung
Tainan Hydraulic Laboratory, National Cheng Kung University
1, University Road, Tainan, Taiwan, RO.C.

spouse: Chi-Miao Chiu

Prof. Dr.-Ing. Chia Chuen Kao
Dept. of Hydraulics and Ocean Engineering,
National Cheng Kung University
1, University Road, Tainan, Taiwan, RO.C.

spouse: Mei-Chi Kao

Prof. Dr.-Ing. Sören Kohlhase
Institut für Wasserbau der Universität Rostock
Philipp-Müller-Str, 23966 Wismar, Germany

spouse: Gabriele Büchler

Dipl.-Ing. Bärbel Koppe
Institut für Wasserbau Universität Rostock
Philipp-Müller-Str, 23966 Wismar, Germany

Prof. Dr.-Ing habil. Hans Kunz
Niedersächsisches Landesamt für Ökologie, Norderney
An der Mühle 5, 26548 Norderney, Germany

spouse: Angela Kunz
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Or. Beng-Chun Lee
Marine Meteorology Center, Central Weather Bureau
64, Park Road, Taipei, Taiwan, RO.C.

Prof. Dr. Jaw-Fang Lee
Dept. of Hydraulics and Ocean Engineering,
National Cheng Kung University
1, University Road, Tainan, Taiwan, RO.C.

spouse: Yen-Chen Chen
daughter: Yun-Yun Lee

Dipl.-Ing. Günther Leymann
Ministerium für Bau, Landesentwicklung und Umwelt
Mecklenburg-Vorpommern
Schloêstr. 6-8, 19053 Schwerin, Germany

Prof. Dr.-Ing. Nai-Kuang Liang
Institute of Oceanography, National Taiwan, R.O.C. University
1, Sec. 5, Roosevelt Road, Taipei, Taiwan, R.O.C.

spouse: Vu-Mei Liang

Prof. Or. Ming-Chung Lin
Dept. of Naval Architecture and Ocean Engineering, National Taiwan,
RO.C. University
73, Choushan Road, Taipei, Taiwan, RO.C.

spouse: Shu-Yuan Chan

Prof. Dr. sc. nat. Gerhard Maef1
Universität Rostock
Universitätsplatz 1, 18055 Rostock, Germany

Prof. Dr.-Ing. Jürgen Majohr
Institut für Automatisierungstechnik, Universität Rostock
Richard-Wagner-Str. 31,18119 Rostock, Germany

Dipl.-Ing. Hans Nickels
Stefan Knabe + Peter Knabe, Beratende Ingenieure GmbH
Hogenkamp 31, 25421 Pinneberg, Germany

Prof. Dr.-Ing. Hocine Oumeraci
LeichtweiB-lnstitut für Wasserbau, Techische Universität Braunschweig
Beethovenstr. 51A, 38106 Braunschweig, Germany

Prof. em. Prof. h.c. Dr.-Ing Dr.phys. Or. h.c. Hans-Werner Partensky
Franzius-Institut für Wasserbau und Küsteningenieurwesen,
Universität Hannover
Nienburger Stro4, 30167 Hannover, Germany

spouse: Susanne Partenscky
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Dipl.-Ing Peter Petersen
Landesamt für Natur und Umwelt Schieswig-Hoistein
Hamburger Chaussee 25, 24220 Flintbek, Germany

Dr. rer. nat. Rolf-Peter Randl
Bundesministerium für Bildung, Wissenschaft, Forschung und Technologie
Postfach 200 240,53170 Bonn, Germany

Dr.-Ing. Daniel Schade
Ingenieurbüro Mohn GmbH
Woldsenstr. 34, 25813 Husum, Germany

Dipl.-Ing. Siegmund Schlie
Heinrich Hirdes GmbH
Am Warnowkai 7b, 18147 Rostock, Germany

Dipl. Oz. Andreas Schwarz
Stiftung Deutscher Küstenschutz
Arnold-Heise-Str. 25, 20248 Hamburg, Germany

Dr.-Ing. Horst Schwarze
Franzius Instiut für Wasserbau und Küsteningenieurwesen,
Universität Hannover
Nienburger Str. 4, 30167 Hannover, Germany

Prof. Dr. Shiahn-Wern Shyue
Dept. Of Marine Environment, National Sun Vet-Sen University
70, Lianhai Road, Kaohsiung, Taiwan, R.O.C.

spouse: Tzu-Jing Juang
daughter: Diana Shyue

Dr. Dietrich Weiss
Staatliches Amt für Umwelt und Natur
Erich-Schlesinger-Str. 35, 18059 Rostock, Germany

Dr. rer. nat. Norbert Winkel
Bundesanstalt für Wasserbau - Aul:l.enstelle Küste
Wedeier Landstr. 157,22559 Hamburg, Germany

Dipl.-Ing. Jan-ale Witte
Institut für Wasserbau Universität Rostock
Philipp-Müller-Str, 23966 Wismar, Germany

Dr.-Ing. Nian-Tzu Wu
Sinotech Engineering Consultant, Ltd.
171, Sec. 5, Nanking E. Road, Taipei, Taiwan, R.O.C.

Prof. Dr.-Ing. Ulrich Zanke
Institut für Wasserbau der TH Darmstadt
Alexanderstr. 25, 64283 Darmstadt, Germany
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Dr.-Ing. Thomas Zarncke
Ministerium für Bau, Landesentwicklung und Umwelt
Mecklenburg-Vorpommern
SchloJ!.str.6-8, 19053 Schwerin, Germany

Prof. Dr.-Ing. Werner Zielke
Institut für Strömungsmechanik und Elektronisches Rechnen im Bauwesen,
Universität Hannover
Appelstr. 9a, 30167 Hannover, Germany
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• Technical Excursion

Thursday, September 11th
Boat trip (Harbour of Rostock): Vessel 'Tonnenleger Buk' of WSA Stralsund
Construction site of the New Breakwaters Warnemuende

Information by WSA Stralsund and ARGE Molenbau
Tour around the Port of Rostock

Information by Seehafen Rostock Verwaltungsgesellschaft mbH
Coastal Protection Works at Fischland, Darss and Zingst

Information by StAUN Rostock

Friday, September 12th
Seaside Resort Prora
Ferry-Port Mukran
Viewpoint: Stubbenkammer, Isle of Rügen

Saturday, September 13th
Historie and Cultural Tour Berlin

Sunday, September 14th
Guided City Tour
Visit to Potsdam Palace (Schloê Sanssouei)

Monday, September 1Sth

Waterway - Crossing of River Elbe and Midland Channel
(Projekt 17 Deutsche Einheit):

Ship Elevator Magdeburg Rothensee and
Construction Site New Loek Rothensee

Information by WNA Magdeburg and WSA Magdeburg
Large Wave Channel (GWK), Hannover

Information by Forschungszentrum Küste (FZK)

Tuesday, September 1Sth

Departure of Chinese Delegates
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