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The objective of the lecture notes on ‘Coastal Moipgy and Coastal Protection’ is

not to provide all the details required to underdtaoastal morphology and to define
coastal protection measures. It is to help theesttsdwho are interested in this topic

to understand the basic principles so they aretalfiad their way in the background
information more effectively.

The project to make new lecture notes is a co-ojperadetween Delft University of
Technology and Alkyon Hydraulic Consultancy & RaséaBV.

The cover of this book reflects the interwoventietabetween coastal morphology
and coastal protection. The background illustratishows some impact of a long
dam constructed at the north-western part of thietisland Texel on the local
morphology.

The lecture notes are still ‘under constructioriial’means for the course 2008-2009
that students who follow CT5309 will find the tettBlackboard.

Some of the figures are still in a sketch phaseréifierences are not yet complete.
Comments of the users are welcomed.

Delft, January 2009

Jan van de Graaff

Room 3.77 Building Civil Engineering
Tel.: 015 2784846

e-mail: j.vandegraaff@tudelft.nl

" Obtained from regular photo flight in 1999. Cowsyeof RWS.




Preface




Contents

Contents

e = 1= o = ii

LISt Of FIQUI S oot iX

LiSt Of TablES oo Xii

LiSt Of EXAMPIES .o e Xii

1 INtrOdUCTION . . e 1
1.1 Position of Coastal Morphology and Coastal &utibn 1
1.2 Interrelationships
1.3 Objective of lecture notes 2
1.4 ‘Players’ in coastal engineering in The Netueds 2
1.5 ‘Players’ in coastal engineering in the world 4
1.6 Overview of contents 4

2 Tides, Currents and Waves .......oooviiiiiiiiiiineeie i 7

2.1 Introduction

2.2 Tides
2.3 Currents 10
2.4 Wave characteristics 12
2.5 Wave deformation 24
2.6 Software 33
2.7 Wave measurements 33

3 Coastal Problems ... e 35
3.1 Introduction 35
3.2 Cross-shore profile 35
3.3 Morphological development in vicinity of a port 38
3.4 Pipeline at the sea bed 40
3.5 Delta near river mouth 41
3.6 Tidal inlets 42
3.7 Dune erosion during a severe storm surge 43
3.8 Large artificial island in open sea 46
3.9 Conclusions of Chapter 3 47




Contents

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

5.1
5.2
5.3

6.1
6.2
6.3
6.4

7.1
7.2
7.3
7.4

9.1
9.2
9.3
9.4
9.5
9.6

Sediment TransSport ProCesSSeS.....uvuiiiiiiiiiiiaaaa e iiiiiiiiinns 49
Introduction 49
Sediment properties 50
Initiation of motion 55
Bottom shear stress 61
Sediment transport modes 78
Sediment transport by currents 88
Sediment transport by waves 94
Transport by waves and currents combined 94
Coastal Transport ModesS.......ooiiiiiiiiiiiiiiii e 105
Introduction 105
Discussion on scales 106
Coastal transport modes 109
LONgShore tranSPOrt. .. ... e e 115
Introduction 115
Longshore current 115
Longshore sediment transport 139
Shoreline dynamics 150
Cross-shore transport. .. .o 169
Introduction 169
Cross-shore morphology of beaches 170
Cross-shore sediment transport 179
Dune Erosion 182
Combination of Long- and Cross-shore Transport .........191
Fundamentals of MU ........ccooiiiiiiii i 209
Introduction 209
Examples of Coastal Systems with Mud 209
Characteristics of Mud 211
Sediment Transport 213
Bed level change 215
Environmental Issues 216

Vi



Contents

10
10.1
10.2
10.3
10.4
10.5
10.6
10.7

11
111
11.2
11.3
11.4

12
121
12.2
12.3
12.4
12.5
12.6
12.7
12.8
12.9

13
131

13.2 Problems to be resolved with artificial nobnsents

13.3

Channels and Trenches ...

Introduction

Examples

Current pattern

Wave pattern
Current-wave interaction
Transport processes
Sedimentation computation

Coastal ProteCtion ......oovveeie e

Introduction

Coastal erosion

Protection measures
Coastal Zone Management

Application of Structures..............coviiieiiaan.

Introduction

Seawalls

Revetments

Jetties / (port) breakwaters

(Series) of groynes

Detached shore parallel offshore breakwaters
Piers and trestles

Sea-dikes

Miscellaneous

Application of Nourishments..........................

Introduction

Various aspects

.............. 275

275
275
283

vii



Contents

14 Background Information.............ccooiiiiiiiiiiee 287
14.1 General handbooks 287
14.2 Interesting journals 288
14.3 Conference proceedings 288
14.4 Interesting internet sites 290

15 R EIBNCES oot 291

viii



Contents

List of Figures

11

3.10
3.11
3.12
3.13
3.14
3.15

4.1
4.2
4.3

4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17

The Netherlands below Mean Sea Level

Wave energy spectrum

Tidal variations (spring and neap tide)

Tidal current pattern

Water surface measurements

Definition sketch of progressive, sinusoidal walwer{zontal and vertical scale quite
different)

Regions of validity for various wave theories

Simplified hyperbolic functions

Orbital motion under a shallow water wave and gdeater wave

Local fluid velocities and accelerations at cerfalirases in the wave period
Uniform probability distribution

Zero-down crossing periods and wave heights

Energy spectrum with peak-period

Maximum crest angle

Breaker types as a function 6{Eq.(2.54)]

Wave refraction over straight parallel depth contou

Wave refraction diagram

Diffraction of an incident wave train

Wave measuring locations

Plan view of a coastal area

Cross-shore profile (measured at Egmond aan Zee)

Wave height distribution over cross-shore profile

Maximum horizontal velocity components near the beer cross-shore profile
Plan view of a uniform sandy coast

Plan view of a uniform sandy coast with port breatevs

Unprotected pipeline at seabed

Cross-section of unprotected pipeline at seabed

Plan view of a sandy coast with a river outfallriitial situation (a) and with a developing
delta (b)

Tidal inlets in the Waddenzee (The Netherlands)

Schematic plan view of a tidal inlet

Cross-shore profile under normal conditions

Funnel shaped North Sea

Measured and predicted water levels at Vlissingdre (Netherlands)
Cross-shore profile directly after storm conditions

Forces on a “sphere” in clear water

Drag coefficient as a function of Reynolds NumBéarfoni 1975)

Fall velocities of sediment for fresh water witkeanperature of 18 degrees Celsius (after
Sistermans, 2002)

Forces on an individual grain: drag force, liftderand gravity force
Resulting forces and moments on a grain

Shields curve

Force balance

Velocity distribution for a uniform stationary cermt

Water particle movement in waves

Boundary layer thickness

Velocity field near a rippled bed in oscillatorp# (Du Toit, 1982)

Wave friction parameter

Velocity distribution in stationary current and @endvaves

Plan view and specific velocity components at avation zabove the bottom
Plan view and bottom shear stress components

Components of mean shear stress

Principle of (suspended) sediment transport contiouta




Contents

4.18
4.19
4.20
4.21
4.22
4.23

51
5.2
5.3

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15
6.16
6.17
6.18
6.19
6.20
6.21
6.22
6.23

6.24
6.25
6.26
6.27
6.28

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10

8.1

Sediment concentrations as a function of time (@9vidual records); Bosman (1986)
Overview ofeg distributions [after Sistermans (2002]

Sediment concentration distribution over water dépbnstant mixing coefficient)
Sediment concentration distribution over water déparabolic mixing coefficient)
Computation of the mean velocity in the bottom faye

Suspended sediment transport parameters

Different scales
Distinction between longshore and cross-shore pams
Measured velocities under a propagating wave (toaer

Wave-induced changes in pressures compared to $tatiopressure under still water
Principal radiation stresses

Effect of changes in the radiation stress compoSgnt
Equilibrium of forces in the entire breaker zone

Radiation shear stresses

Radiation stresses for oblique approaching waves
Computed radiation shear stresses

Tidal current along the shore

Typical velocity distribution for wind-driven cumé

Forces acting on water columns

Longshore velocity distribution (regular wave figld

Effect of turbulence on the velocity profile

Examples of velocity profiles

Wave driven velocity computed with UNIBEST-LT

Inclusion of tidal currents

Results of Example 6.4

Examples of transport distributions

Sensitivity analysis with UNIBEST-LT

Typical cases of possible drastic coastline change

Sediment balanc@ot to scale)

Single line theory

Definition sketch for single line theory

Accretion of the shore near a breakwater. The veawglitions given in the sketch refer to
the conditions at the assumed horizontal parténcthastal area.
Shoreline development at the lee side of a breakwaimplified)
PonTos layer schematisation

Coastline development with breakwater

(S@)-curves for various cross-sections of Fig.6.26
Prolonged coastline development with breakwater

Profile schematisation and indication of differeahes

3D image of the coast of Holland

Summer and winter profile

Dune erosion during severe storm

Erosion in front of an almost vertical wall

Redistribution of material due to cross-shore tpanis

Sea level rise: Bruun rule

Dune erosion during a severe storm surge

Rate of erosion as function of frequency of exceeda
DUROSTA versus Delta Flume results [Steetzel (1P93)

Basic set-up of complex morphological computaticodid

Mangroves

Satellite image of the Wadden Sea

Wentworth classification

Structure of clay particles

Definition sketch of suspended sediment transport
Critical velocities as a function of silt content




Contents

9.7

10.1
10.2
10.3
104
10.5
10.6
10.7

111
11.2
11.3
11.4
11.5
11.6
11.7
11.8
11.9
11.10

12.1
12.2
12.3
12.4
12.5
12.6
12.7
12.8
12.9
12.10
12.11
12.12
12.13
12.14
12.15
12.16
12.17
12.18
12.19
12.20
12.21
12.22
12.23
12.24
12.25

131
13.2
13.3
13.4
13.5
13.6
13.7
13.8

The Slufter (Rotterdam, The Netherlands)

Dredging in the Euro-Channel, Rotterdam, The Néginels
Current pattern across a channel

Relationshipv,/v;

Sketch of a tidal channel

Sedimentation mechanism

Sedimentation rate in a wide channel

Continuity equation

Control volume

Dune erosion due to storm

Structural erosion

Volume loss out of control volume due to struct@adsion
Developments of coastline near port

Spit and river mouth

Stabilized river mouth

Developments of coastline near river outflow

Scour in front of seawall

Graphical representation of the “5 l-approach”

Seawall

Seawall and boulevard

Seawall with measures to reduce overtopping
Seawall and gradient in longshore sediment tramspor
Revetment

Scour in front of revetment

Port breakwaters

Long dam Texel

Groynes

Row of piles

Sketch of rate of interruption of sediment transjbpgra groyne
Detached shore parallel offshore breakwaters
Emerging breakwaters

Processes near emerging breakwater

Tombolo and salient

Tombolo behind island

Submerged breakwater

Processes near submerged breakwater

Application of structures to confine sand

Real life example

Expected cross-shore profiles large scale lancdneation
Recreation pier

Sea-dike

Hondsbossche and Pettemer sea defence

Additional sheet piling

Development with time of volume of cross-sharefile with nourishment
Beach nourishment and shoreface nourishment

Reinforcement of dunes

Losses in longshore direction

Land reclamation: cross-shore profile entigtlifted

Land reclamation: shifted profile with traiit slope

Land reclamation: shifted profile with 'suptoy' breakwater

Profile adaptations and sea level rise

Xi



Contents

List of Tables

21
2.2

4.1
4.2

51
5.2

Formulae for shallow, transitional and deep watavevcomputations
Criteria for deep and shallow water waves

Values of Q for different r/h-values
Values for Q and &S, for different r/h-values

Examples of morphological time scales
Order of magnitude of time spans, during which sedfitary features are active [from Oost
(1995)]

List of Examples

21

4.1
4.2
4.3
4.4
4.5
4.6

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8

7.1

111
11.2
11.3
11.4

Wave height in case of a current

Critical velocity

Bottom shear stress under current

Bottom shear stress under waves

Bottom shear stress under current and waves coghbine
Bottom shear stress under longshore current
Sediment transport by current and by current ancewa

Maximum wave set-up relative to the still waterdev
Radiation shear stresses and gradiengifor various positions
Distribution of the depth-averaged longshore curren
Sediment transport rafg; for different values off,

Sediment transport using the Bijker formulation

Application of single line theory to a breakwater

(S¥)-curve

(S¥)-curve (partial blocking of waves)

Unibest-TC calculation

Rate of recession versus volume rate of erosion
Convex coast

Chances, consequences and risks

Basic notions 'hard' solution of structural erosion

Xii



Introduction

1 Introduction

1.1 Position of Coastal Morphology and Coastal
Protection

‘Coastal Engineering’ concerns engineering topicsdastal areas. Because Coastal
Engineering is so extensive, often a sub-divissomade in three main areas:

— Port Engineering

— Coastal Morphology and Coastal Protection

- Offshore Engineering

Port Engineering

Port Engineering covers topics like port layougdkwater design and wave
penetration in harbour areas. These topics, whiie dnteresting, are not dealt with
in these lecture notes. Special courses at Delftdgsity of Technology (DUT) are
devoted to these topics (e.g. CT5306 and CT5308).

Coastal Morphology and Coastal Protection

Coastal Morphology and Coastal Protection is thgesu of the present lecture
notes. A topic like ‘Dynamics of Estuaries and Tibdets’ belongs for sure to
coastal morphology. Because of the importance ghdinics of Estuaries and Tidal
Inlets’ at DUT a special course is devoted to tbpic (CT5303).

Coastal Zone Management (CZM) has strong links ®ilastal Morphology and
Coastal Protection. At DUT, CT5307 is devoted ted¢mated Coastal Zone
Management topics.

Offshore Engineering

There are many links between Offshore Engineemmtj@oastal Morphology, e.g.
scour around offshore structures and scour undéripgaelines at the sea floor.
These topics are not dealt with in the presentiteatotes. See courses on Offshore
Engineering.

1.2 Interrelationships

Coastal Morphology means the physical shape andtste of the coast. If a sandy
coast is considered, tides, currents and wavescauase sediment transports.
Gradients in the sediment transport rates, causeges in coastal morphology. So to
understand coastal morphology, it is necessamydenstand the process of sediment
transport due to waves and currents. Fluid mechkamd wave theories are
indispensable topics in coastal morphology. (Eogrses CT4320, CT4340 and
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CT5316 at DUT.) Within the curriculum of DUT Coastéorphology and Coastal
Protection builds on ‘Introduction to Coastal Eregring’ (CT4300).

1.3 Objective of lecture notes

Lecture notes are meant to be a guide for studemte studying a particular subject.
That means that it is attempted to stick to thecsasf the subject. Related to each
topic to be discussed, an overwhelming amountefdiure does exist. Often
references are made. It is of course recommendeaiisult literature. In Chapter 15,
an overview is given of general books, journals prateedings of related
conferences.

In this book often specific literature references given; they are noted in the text
by author(s) and year of publication. At the erldelevant details of the references
as mentioned, are given.

1.4 ‘Players’ in coastal engineering in The
Netherlands

In The Netherlands coastal engineering is a vepoitiant topic. The bottom level of
large parts of The Netherlands is below Mean SeaIL@ISL); see Fig.1.1.

Without dikes and dunes people would not be ableéan these parts of the
country.

o
= °

>
0 50 km =
— V%

z

Below MSL

Figure 1.1 The Netherlands below Mean Sea Level
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In The Netherlands many governmental organisaticmssultants, contractors,
research institutes and universities, are actitherfield of coastal engineering.

Government

Various parts of the Directorate-General of Rijksvstaat (RWS) and the
Directorate-General Water, which are parts of theidtry of Transport, Public
Works and Water Management, are active in the fiélcbastal engineering.

— Waterdienst Lelystad;

- Directorate North sea;

— Regional Directorates of RWS.

The various Provinces bordering the North Sea,ara mainly co-ordination level,
also involved in coastal matters, e.g. coastal znaragement. Also Water Boards
play an important role in coastal zone managenreiihe Netherlands.

Consulting companies/contractors

Many Dutch consulting companies and contractoraati®e in the field of coastal
engineering; either in the design phase or in ¥ee@tion of specific works.

A certainly not complete list of companies invol{esalphabetical order):
— Alkyon / Arcadis;
- DHYy;
— Hydronamic (Boskalis);
- Royal Boskalis Westminster;
- Royal Haskoning;
- Van Oord;
- Witteveen + Bos.

Research institutes

Research institutes are in The Netherlands oftsitipped in between consulting
activities and academic, more fundamental rese#mstitutes active in the field of
coastal engineering and coastal morphology are gstathers:
— NIOZ - The Netherlands Institute for Sea ReseaNgdérlands Instituut
voor Onderzoek der Zee);
— Deltares (Delft Hydraulics, GeoDelft, the Subsuefand Groundwater unit
of TNO and parts of Rijkswaterstaat have joineddsrsince 2008 to
become an independent institute for delta techrylDgltares).

Universities

In The Netherlands three universities are in paldicinvolved in education and
research related to coastal engineering and caastg@hology:

— DUT - Delft University of Technology;

— UU - Utrecht University;

- UT - Twente University.

Besides these, the UNESCO-IHE (Institute for Wa#wucation) focuses on the
education of people from developing countries.
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Research co-operation in The Netherlands

— Delft Cluster - a co-operation between UNESCO-IBET, Deltares;

— NCK - Netherlands Centre for Coastal Research;@pevation between
DUT, UU, UT, Waterdienst, Deltares, NIOZ and NIO@&@O (The
Netherlands Institute for Ecology-Centre for Estuaand Marine
Ecology);

- ENW - Expertise Network Water Safety (Expertisevirk
Waterveiligheid).

1.5 ‘Players’ in coastal engineering in the world

All over the world, many organisations, institutesjversities, consultants and
contractors are active in the field of coastal ragring.

More or less 'leading’ countries in the world, veheoastal engineering and coastal
morphology are important subjects, are amongststhe

- Australia;

- Denmark;

- Germany;

- Japan;

- South Africa;

- Spain;

— The Netherlands;

- UK;

- USA.

1.6 Overview of contents

Because sediment transport is often directly rdladdides, currents and wave
characteristics, these topics are briefly discugs&hapter 2. Also the general
descriptions of water motion and wave formulae,cltdre used in these lecture
notes, are presented in this chapter.

Chapter 3 contains a few example problems in coastal engimg@ractice. From
these examples the relevance of the subject welbioe clear.

Chapter 4is devoted to general aspects of sediment trangperaidditional effect
of waves is discussed. An overview of relevant fidiae is given.

For many applications it is still useful to makdistinction between longshore
transport (i.e. parallel to the coast) and crosseskransport (i.e. perpendicular to the
coast).Chapter 5 deals with these two modes of sediment transport.

In Chapter 6 some typical longshore transport applications isstal engineering
practice are discussed.

Chapter 7 deals with cross-shore transport applications. Agsbothers the problem
of dune erosion during a severe storm surge isisi&srl. The latter problem is
especially important in The Netherlands.
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Not all problems can be schematised as being dithgshore or cross-shore related.
These more complex processes and the role of ssd@DH-morphological models
are discussed i@hapter 8.

The main emphasis in these lecture notes is orysaoabts. But even in sand at the
bottom of the sea silt and clay particles oftenuooChapter 9 deals with some
fundamentals of mud in coastal areas.

Chapter 10considers the problems of channels and trenchesastal areas. The
problems of siltation and sedimentation of thesendels and trenches are discussed.

Adequate coastal protection is a wide spread pnolalé over the worldChapter 11
deals with related coastal management issues &nodirces two basic approaches to
coastal protection.

One of the approaches concerns the applicatiotraftares and is elaborated in
Chapter 12, whereas the application of artificial nourishngeistdiscussed in
Chapter 13

Chapter 14 gives an overview of relevant background informmtiocluding
general handbooks, interesting journals and conéer@roceedings.

Finally, all Referencesas cited in the main text are summarised.
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Tides, Currents and Waves

2 Tides, Currents and Waves

2.1 Introduction

If the seas were always quiet and smooth, coastaheering would not be very
interesting. But this is not the case. Fluctuationte sea level, at long (e.g.
astronomical tide) and short term (e.g. wind wawes) often very irregular, make
the sea so powerful and coastal engineering sortaapioand interesting.

For many years, people were afraid of the sea Isecdney knew almost nothing
about these fluctuations which were unpredictabkaften came completely by
surprise. Today we know a lot more, but not alwlthese fluctuations, where they
originate and what their consequences are. Thoadbnyer 'afraid’ we still must
exercise great caution in our dealings with the sea

The purpose of this chapter is not to give a 'teckbon tide, current and wave
theories but to give a short overview of the themrnvolved, which is necessary to
complete these lecture notes. Knowledge of somie basions facilitates the use of
these lecture notes. Furthermore the notation ased for these basic notions, is
used throughout the lecture notes.

Since waves or wave movements are used in the meeraof the lecture notes for
amongst others describing and calculating seditnansport, it is useful to first
briefly discuss the subject of waves and give th&dformulae and parameters.

We assume that the reader is familiar with commamaumeters liké, c, k, wandT

in wave theory. A list of symbols is enclosed ig thst pages of these lecture notes.
A more extensive description of wave theories v&giin the lecture notes CT4320.

There are many different types of water level/stefluctuations; for example:
— astronomical tides;
— wind waves / surface waves (capillary waves, shapes);
— tsunamis;
- seiches;
- wave set-up;
— storm surges / wind set-up;
— water level fluctuations caused by specific mecérasi (e.g. coastal up
welling);
- climatological variations.

Most of these fluctuations occur periodically, thegriods varying from seconds to
months. Fig.2.1 (next page) shows a wave energstrsje. In the figure periodic
fluctuations are given with their range of perighsrizontally) and the relative
guantity of energy (vertically). The figure alsalicates the forces initiating the
wave, the forces reducing the wave, and the wayhich we classify the wave.
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Figure 2.1 Wave energy spectrum

Of greatest interest in coastal engineering inregion [in Europe (in the North Sea)
there are no tsunamis] are the water level fluatnatdue to astronomical tide and
wind-generated waves and wind-generated storm surge

In Section 2.2 a few remarks concerning astronadntides are made whereas in
Section 2.3 some remarks with respect to currentise coastal zone are dealt with.
Section 2.4 discusses how wind-generated wavebeamalysed and can be
described. Also the combination of waves and cisrendiscussed.

What happens if waves reach the coast is deschib®dction 2.5.

Finally, some attention is paid to the availabl#vsare and wave measurements
(Section 2.6 and 2.7 respectively).

Chapter 3 discusses the consequences of wind-gedevaves, or more generally
currents and surface waves for sediment transpmrgdhe coastline.

2.2 Tides

2.2.1 Vertical tide

Gravitational attraction of the moon and the suth&orotating earth, causes the
water level to fluctuate with time. The effect bétmoon (small mass, but short
distance to earth) on the tidal variations is miacger than the effect of the sun
(large mass, but large distance).
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The ratio of the effects of sun and moon is appnately 1 in 4 along the Dutch
coast (ratio M, = ¥4). Both near the times of new moon and full m@m, moon
and earth are more or less in one line. The effdatsoon and sun on the tide work
together; so-called spring tides are to be expeétethe first and the last quarter
position of the moon, the effects of moon and suthe tide are opposite; neap tides
occur. Fig.2.2 shows an example of these tidabtians.

3.0

o 0 P D &

2.0

1.0

water level [m]
(e

3

.0 ; : : ‘
6 Jan 2000 13 Jan 2000 20 Jan 2000 27 Jan 2000 3 Feb 2000

Figure 2.2 Tidal variations (spring and neap tide)

The difference between high water and low watéhnéstidal range.

The period of the water level fluctuation due te tide is site-specific. In many
cases the so-called,Momponent dominates; semi-diurnal tides (peri@hi 25
min.) occur. This means that two high waters mltiday (lunar day; 24 hr. 50 min.)
do occur. In some areas diurnal tides occur; ogle Water per tidal day.

The lecture notes CT5317 contain much more infalmmatoncerning topics like tide
generation and tide prediction.

2.2.2 Horizontal tide

Periodic water level fluctuations are coupled wg#riodic tidal currents. During
spring tide the currents are stronger than durgaprtide.

Of course depending on the specific conditions,imam current velocities in the
order of magnitude of 1 m/s do occur. In SectidhtBe mathematical description of
currents is discussed.

Fig.2.3 (next page) shows examples of tidal curpartterns.
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Figure 2.3 Tidal current pattern

2.3 Currents
Currents generated by many different processes atthe sea bordering coasts
(e.g. tidal currents, wind-driven currents and ents induced by differences in
density). For many practical applications a desicnipof the flow field with depth-

averaged currents is sufficient. For other apghecet knowledge of the vertical
distribution of the currents is necessary.
In two horizontal dimensions (depth averaging),fthiel dynamics in open sea can
be described by a continuity and a momentum equatio
The continuity or mass balance equation reads:
+ai((h+()u)+ai((h+i)v)+ source=0 (2.1)
y

L4
ot
where:
u,v components of depth averaged velocities [m/s]
{ water elevation above the reference plane [m]

10
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h water depth below the reference plane [m]
X,y horizontal co-ordinates [m]
t time [s]

For thesourceterm, any discharge can be included e.g. evaporgtrecipitation,
river discharges etc.

The momentum or impulse equations are also cdile@guations of motion. The
equation of motion for the x-direction is givenknq.(2.2), for the y-direction in
Eq.(2.3).

ou_ du_ du lild NU+ VO

+u—+v—-— fv+ Ub———=
o Uax Vay gax et .
C, W, /W2 '
=L of 2449 4 Eorces
ph+d ) “lox oy’
@.pua_v.pvﬂ/ fCU+ g%+ gv—'uz-'-\; =
at ax ay ay C(h+?) 2.3)
CW, W + 2y '
= PO T W +U [ﬂ+a—]+ForceS
p(h+J) X 9y’
where:
fe Coriolis parameter [-]
g acceleration due to gravity [rfil's
C coefficient of Chézy, representing bottom
roughness [H%s]
Wy, Wy, components of surface wind velocity [m/s]
P, 0 air density, water density [kgﬁ]n
Cyq wind drag coefficient
v eddy-viscosity coefficient [Fms]

At the left hand side, the normal physical behav@iwpen water in shallow areas is
described. At the right hand side, wind and intefingd friction are shown.
Additional terms can be added at the right hand tdepresent additional physical
phenomena, which are able to drive or slow dowid.fExamples are a series of
terms, which represent the short wave effects eriltiw. The wave energy
dissipation (important when waves break in the steane zone), the enhanced
bottom friction due to waves and the additional srfasx caused by the Stokes drift
of short waves, are examples of wave effects.

Another example is the effect of atmospheric pressdifferences or density
differences. These terms are in the depth-averagedtions represented by a local
pressure correction.

In a further simplification, e.g. a uniform beadtaying straight and parallel depth

contours) with the x-axis parallel to the shorelite equation reads as a balance

between driving forces and friction forces:
u,_ du a8 ud_pCwW

FU—+
ot Yok ax T IER T p(heo)

(2.4)
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The first three terms represent the tidal force,furth term the bottom friction and
the right hand term the wind effect. Assuming syestdte flow conditions in the
absence of wind, we can make a further simplifaratin that case the simple Chézy
relation results:

0 , uly
% +g=l=0 2.5
95,9 (2.5)
with i ==9< follows: i :ﬂj" (2.6)
16)4 C°h
and:u=Cvhi (2.7)

The equation shows the balance between bottonofmiciue to currents and the local
nearshore water level slope in a certain tidal phas

Multiplying both terms of Eq.(2.6) witjpgh yields the well-known equation for the
bottom shear stress in case of a current,

2
r = pg;‘ Nm?  (2.8)

In Section 4.4 we will see that in the combinatdrturrents and waves, the wave
effect increases the bottom friction, but also thave effects may contribute to
current generating forces. In that case Eq.(2.@haBbe applied anymore.

2.4 \Wave characteristics

2.4.1 General

If we put a buoy in the sea and keep it in oneigootal) position, we can record its
level. Measuring the level of the water surfaca &snction of time we get a graph
similar to that shown in Fig.2.4. That figure pnetsean irregular picture. In order to
get a better idea about wave movements, wave fekisften schematised into
regular waves or even a sinusoidal wave form.

elevation

time

water surface

Figure 2.4 Water surface measurements

Fig.2.5 gives a definition sketch for the most edaary properties of such a
sinusoidal progressive wave. It should be notetliththese lecture notes the axis-
system starts at the sea bottom. [In most waveithethe axis-system starts at mean
sea level (and then mean sea lea®l0)]. However, because this course is amongst

12
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others about sediment transport and in sedimem$p@t discussions it is handy to
choose the-axis ¢ = 0) on the sea bottom, we will treat the wavetles with the
x-axis ¢ = 0) on the sea bottom as well. One has to bearrdl thierefore that some
formulae will possibly be different from wave fortaa as found in wave related
literature.

Still Water
Level (SWL)

h . P

\
5 4

pressure

A
77 /I///////////IIII:/I//II////III/I////I///

Figure 2.5 Definition sketch of progressive, sinusdal wave (horizontal and
vertical scale quite different)

In reality waves are not regular and are certamolysinusoidal. However, it is often
useful to work with the regular monochromatic (amdheoretical problems also
sinusoidal) waves because the results give a gosidripression of what happens,
and give yet a reasonable similarity to realityofof research has already been
done on regular waves and on the consequenceguwéravaves (e.g. water velocity
profiles, wave penetration in harbours, sand comagans).

Nowadays, theories and computer programs haveddended to handle irregular
waves. In many cases equipment is available torgenpre-described irregular
wave fields (physical model research) or to cakeulae consequences of irregular
wave fields (computers). When using irregular watvésfirst necessary to analyse
and characterise wave records such as that shokig.ia4. This can be done
probabilistically. The approach used for analysindg characterising an irregular
wave record is discussed in Section 2.4.4 aftéwoat sliscussion on regular waves in
Sections 2.4.2 and 2.4.3.

2.4.2 Regular waves

Even truly monochromatic regular waves are diftitaldescribe because of their
non-sinusoidal profile. There are several theoxasying both in complexity and in
accuracy, for describing these waves.

The simplest and generally most useful theoryésAhy theory. Airy presented this
wave theory in which he simplified the wave profitea linear sinusoidal wave form
[Airy (1845)]. His theory provides equations foetmost important properties of

13
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surface gravity waves, and predicts these propentithin useful limits in a number
of practical conditions, even though real water @gmare not sinusoidal.

As non-linear theories for periodic, regular wawescan mention:

Shallow water theoriesi(h>>1, H/h<1). In this category we find the
cnoidal wave and the solitary wave theory [Boussin@ 872)];

Rotational wave theories in which the distributarvorticity is taken into
account. An example of this theory is the Gerstmdrochoidal wave theory
[Gerstner (1802)];

Edge waves that develop on a sloping bottom anplggate along the shore
with the wave crests perpendicular to the shoes lin

Numerical theories which give the most accuratatgmis (also for near-
breaking waves). We can also mention the streamtifumwave theory of
Dean (1965), who gives tabulated results (oftenl us@ffshore
technology), Cokelet (1965) for an exact solutiothe case of a steady
wave train in water of constant depth, and the idaddheory of Swart and
Loubser (1978). The latter suggest that their théoavailable for a wider
range of conditions than Dean's theory.

Fig.2.6 indicates the regions to which the varimase theories apply. The figure is

based

on similar plots provided by Le Mehaute ardrD[see Le Mehaute (1976)

and (Dean 1970)].

shallow , transitional . deep
water : water ; water
, Hy /Ay 50.14—, FCioked 4 otider
v : 4
s Y rd
102 BRE AN Stokes 3 order]
N4 4
P\YZ g
o .
5 i N = $
(] i . \‘ »
anll N Cokelet| : | & L nd
on , abenat? ; A\\ Z .‘@Pd bF 5 Stokes 2" order|
A solution 397 '_ioc? '
& ol v
10‘3 Q ITONRR L A K T3 v
74 > NONDRE
5 Ca\s f\v
/e
/ / 2
) pd‘/ VAR :
! S small amplitudg
A /’/ g SQ/ : f 1% order
10 :
4ny’
5 /;

v

gT’

Figure 2.6 Regions of validity for various wave theries
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More information on the linear sinusoidal wave ttyeis provided in the following.

2.4.3 Linear sinusoidal waves

In the theory for linear waves, equations are gieemproperties like:

- the particle velocityy, w) at any height in the water column [m/s]
- the particle acceleratiomy a,) at any height in the water column [R)/s
- the particle displacemen{,({) at any height in the water column [m]
— the pressurepj at any height in the water column [Nm
- the wave speed) [m/s]

- the wave group speedy| [m/s]

- the wavelengthA) [m]

- the wave profile f(x)) [m]

- the wave energy per wavelength per unit crest re(ig} [J/m]

- the energy per unit water surface arep ( [3/nT]

- the wave powerl) [J/ms]

The general equations for these properties canuredfin Table 2.1 (next page) in
the 'Transitional Water Depth' column. The equatifor transitional water depth are
not easy to solve because simplifications can aghhde.

However, the equations can be simplified both fegland shallow water (see Table
2.2 for the limits). The simplifications are madethe hyperbolic function terms
(Fig.2.7).

shallow water deep water

hiny  hIA kh hih, hih  kh
Mathematicians | <1/25 <1/12 <1/2 >1/2 >1/2 >xm

Engineers <1/20 <U/11 <V/1.7| >1/4 >1/4 >n/2

Table 2.2 Criteria for deep and shallow water waves

VA

Figure 2.7 Simplified hyperbolic functions
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Table 2.1 Formulae for shallow, transitional and dep water wave computations
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For relatively deep wateh{& Ao/2 sokh>miwherek = 2171 is the wave number):

sinhkhzl(éh— ") e forkh - «  (2.9)
2 2
10, ok 1
coshkh==( &+ ") == & forkh - e (2.10)
2 2
tanhkh=1 forkh - o (2.11)
For relatively shallow wateh(< Ay/25 sokh < 1/2):
sinhkh= kh forkh- 0 (2.12)
coshkh=1 forkh- 0 (2.13)
tanhkh = kh forkh - 0 (2.14)

There are different views about the criteria foegland shallow water waves, but the
limits of Table 2.2 can be ‘safely’ used.

Some useful relationships to remember are:

2
o :(z?ﬂj = gktanhkh dispersion relation [17p  (2.15)
k :2777 wave number [1/m] (2.16)
_am
K, N wave number deep water [1/m] (2.17)
0
C
n:—9:0.5(1+ 2kh j [ (2.18)
c sinh 2h

The water particle displacement is shown in Figf@r& wave in shallow water and
for a wave in deep water. In deep water the efféthe waves does not extend down
to the bed; in shallow water the water makes aillaseg movement over the entire
depth. Near the surface the water particles deseanibelliptical path; near the bottom
the water particles make a horizontal oscillatingyement.

17



Tides, Currents and Waves

2A . 2A

I

A

. Elliptical Orbits | .
Lo\ 2A%H a
N .f

z ! z
T a : bottomz=0 I
X =_Lh X

Circular Orbits|

pd

2A=H

bottom z = O

A :* A
w=20
u#0
Shallow water wave
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Figure 2.8 Orbital motion under a shallow water wae and a deep water wave

Fig.2.9 shows the relation between the directiothefvelocity and the acceleration

of water particles at certain phases in the wavege

—> Wave Propagation

£

O 0

'Velocity 6 Q
u=+ u=0 u=- u=0 u=+
w=0 w=- w=0 w=+ w=0
Acceleration @ @ @ @ @
a,=0 a~=+ a,=0 a=- a~=0
a,=- a,=0 a,=+ a=0 a,=-

Figure 2.9 Local fluid velocities and accelerationat certain phases in the wave

period

2.4.4  lrregular waves

It is not possible to use the regular wave theatescribed in Section 2.4.2 to
analyse and describe wave records of the type showig.2.4 measured at sea or
near the shore. The waves shown in Fig.2.4 have teesed by the wind and form

together a very irregular water surface profile.
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It has been found to be a useful method to consiited waves as a superposition of
a lot of sinusoidal waves with different amplitugdiequencies, phases and
directions, referred to as spectral componentsBsdges (2001)].

Describing the variation of the water level in tisethe sum of a lot of sinusoidal
terms we get:

n(t)=> acos 2rft+a) (2.19)
where:
n(t) the instantaneous surface elevation [m]
a the amplitude of thé" cosine component [m]
fi the frequency of th&" cosine component in
cycles per unit time [1/s]
aQ; the phase of thé' cosine component [-]

This expression is called the one-dimensional ranghase model (it is one-
dimensional because the elevation is only a funadictimet). In this expression
there is only one stochastic value, the phas&he values ofy, are stochastic
independent values each with a uniform probabdisgribution function (see
Fig.2.10).

t p(a)

ey

—T T (04

A

Figure 2.10 Uniform probability distribution

The amplitudey and the frequencly are related to each other. Each frequency has its
own specific amplitude, which of course dependshenparticular wave record.

So if the relation betweem andf; is known, the wave field is known. The problem is
how to find this particular relationship.

A spectral analysis (Fourier-transformation) of sheface elevation in one point as a
function of time §(t)) can be used to find a spectral variance defgitgtion E(f) in
whichf is the frequency in cycles per unit tinigf) is defined such that its integral,
over all positive values of, equals the variance gft) where the variance of the
surface elevation is equal ta,,(t))z. Because the variance is proportional to the
average energy, the spectral variance densityifunit often calledhe wave energy
spectrum This energy spectrum therefore indicates howtdted energy of the wave
field is distributed over the various frequencies.

The total average energy of the wave field per simitace area itself can be found by
multiplying the area beneath the energy spectruwechy ¥og:

_—1 “
E= Zpgl E( f) df (2.20)
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where:
E the mean energy per unit surface area P/m
f the frequency in cycles per unit time [1/s]

Because the variance and the energy are also piapadrto the square of the
amplitude of the surface elevation, the spectrumatso be seen as the relation
between the amplitude (actuallya;) and the frequendyy, which we need to know
for Eq.(2.20). With this energy spectrum the waeédfcan be described and
reproduced. Here we only want to know certain attaréstics of the wave field.

Most of the characteristics can be expressed ing@f moments di(f) denoted by
m:

mﬂ:jf“E( f) df n=0,1,2, .. (2.21)
0
where:
m, then™ moment of the spectrum [-]

As we can seen, is the area beneath the energy spectrum curvehwias equal to
2.
(Tnw)™

m =I £( 1) dr=(0)’ (2.22)

Characteristic wave periods

Apart from the amount of energy of a wave, the waeneod is important also.
Relevant expressions are defined by Battjes [Ba(ij877)].

The 'zero-down crossing wave peridglis the mean time interval between
consecutive zero-down crossings (see Fig.2.11):

T,= [s] (2.23)
m,
n 10 s

+ = zero-down crossing

Figure 2.11 Zero-down crossing periods and wave hgits
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The peak-period,, is the period at which the spectrum has its marinenergy (see
Fig.2.12):

1
T, :f— [s] (2.24)
A
B
b1
o
8 .
v >
Ja( = 1/1}) frequency

Figure 2.12 Energy spectrum with peak-period

The average period of the one-third highest waveis called the significant wave
period {Tsig), because this period is very often nearly theesasithe visual estimate
of the 'characteristic' wave period of a wave field

T, =T, =0.90f " [s] (2.25)

Characteristic wave heights

A wave height is defined as the difference betw&erminimum and maximum
water level between two zero-down crossings (Fid.p.

The mean wave heightyean0ften denoted gay, is computed from:
H nean = v/ 271y (2.26)

The root mean square wave height, denoted,ass a measure of the average wave
energy computed from:

Hrms:\’%ZHiz (227)

If an irregular wave field has to be reproduced by @enfeeld of monochromatic
waves with the same average energy per unit surface tlie monochromatic waves
should have the wave heigHtys of the irregular wave field.

H,..=2/2m (2.28)
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The average height of the one-third highest waliess also referred to as the
significant wave heightlsiy as was the case with the significant wave pefiad

H, = Hg, =4m, (2.29)

2.4.5 Waves and currents combined

Up till now we have discussed waves alone. Very dtftene will also be a current
flowing in an arbitrary direction with respect to the dif@e of wave propagation.
This current will influence some of the wave characteriséiogl, in their turn, the

waves will influence certain current characteristics.

If the current is in the same direction as the waveagation direction, the wave
height will decrease and the wavelength will increaseadfcurrent is in the opposite
direction, the wave height will increase and the wavelewitldecrease.

The wave celerity, in the absence of current, is giveBdy2.30).

w
c=— 2.30
” (2.30)
where:
c wave celerity [m/s]
w wave frequency,@T [1/s]
k wave number, @A [1/m]

so w=ck, and hencd =cT.

For the combination of waves and currerfturrent in wave propagation direction)
‘everything’ will change. Distinction has to be made betwa&eservations in a fixed
position and observations with a moving reference syéteowing with velocityv).

The wavelengthl will change inA’(note:A’# cT + vT) and the wave height changes
inH".

In a fixed position still every seconds a wave with wavelengthis passing. Seen
from this fixed position a ‘new’ wave celerity might be defined:

A=cT (2.31)

If the observer is moving with velocity the wavelengtid ' will of course not
change, but the observed wave period will. Let usthatl periodT,e; While moving
with v, also a different wave celerity is encountered.

Cq=C-V (2.32)
Thus:
A=cT=¢,T, =( c- \) T (2.33)
and:
Ty=tl=—T = T (2.34)
R R
c A

With e = 27T, EQ.(2.34) can be rewritten as:
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W, =w-kK'v (2.35)

rel

In the moving system the dispersion relation (sg€2£15)) is now valid:
@’ = gk tanhKh (2.36)

Or, together with Eq.(2.35):
w-k'v=,/gKtanhKh (2.37)

For given parameters) v andh, the wave numbeé¢’(and hencel”) can be solved.

In order to determine other wave-related paraméligesthe maximum orbital

velocity near the bed) in the wave-current systdriand parameters associated with

the moving reference system have to be uaggd (vel).

The modified wave height “can be determined using the wave action balance:
Enc_ E

7_60_(\/4- Nel Qel) (238)

rel

See Example 2.1 for an example calculation.

Example 2.1
Input parameters:
Water depth: h =3m
Wave height: H = 1.0 m (no current)
Wave period: T = 65
Current velocity: v = 0.5 m/s (in the direction of wave propagation)
Required:
Wave height in case of a current
Output:
First, compute the wavelength and wave celerity in absence of the current
from:

2

A= gr tanh ki = 30.7m
2

i = 5.1m/s

Cc=

Next, compute the modified wave length using Eq.(2.37):

w—kv=\[gk tanhkh = A’ ~ 340m

The modified wave height H’ can now be computed from the wave action

balance:
!
%:i(n-}-n c Y=H =0.89m
v “rel“rel )] — 7 M
@ a)rel
Conclusion:

If a wave with an original height of 1.0 m is combined with a current of
0.5 m/s (in the wave propagation direction), the wave height reduces to 0.89 m
and the wavelength increases from 30.7m to 34.0 m.

Example 2.1 Wave height in case of a current
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To calculate e.dlo, the maximum orbital velocity near the bét, «e andA’should
be used. The calculations must be carried outamtbving reference system. Using
the linear wave theory (assuming no additionalcnetents in the moving reference
system) yields:

U, = ﬂo sinw,, t (2.39)
If one considers the near bed water motion in @digosition, the current velocity
component appears as a constant part. An oscyllatortribution with(o (as
determined with the moving reference system) Bfithe original wave period!) has
to be added to the constant part.

In the preceding discussion a current in the divaatf the wave propagation was the
starting point. In general cases (wave propagati@hcurrent direction arbitrary)
only the component of the current in the wave pgapian direction must be taken
into account. The component of the current perprnali to the direction of the

wave propagation, is not important in this typeliscussions.

2.5 Wave deformation

25.1 Introduction

Now that we can analyse wave fields or predict wigelds, we have to know what
happens when these waves approach a coast. Diffgrenomena will occur:

- Shoaling;

- Bottom friction;

— Wave breaking;

- Refraction;

- Diffraction;

- Reflection.

Shoaling, bottom friction and breaking

If a wave approaches water which is gradually besgrehallower (a sandy coast),
the wave will be affected by the bottom (frictiomhen the water depth becomes less
than about half the wavelength. Let us further asthat the wave crest is parallel
to the depth contours. Nearing the breaker line@shg occurs: the wave celeritg)(
and therefore the wavelength) decreases while the wave heigH} {ncreases
(approaching from deep water there will be initiall slight decrease in wave

height). At a certain water depth the wave heighir{ some cases the wave
steepness) becomes so large that the wave wik lareéh some wave energy will be
dissipated. Because of the orbital motion neab#tealso bottom friction will occur.
That is important in sediment transport (see Chiapte

Refraction

If waves approach water which is gradually beconsingllower (a sandy coast), and
the wave crests make an angle to the depth continarsvaves will refract. The part
of the wave crest, which is already in shalloweterawill have a less celerity and
therefore the wave crest will bend, diminishing #imgle between the wave crest and
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the depth contours. This phenomenon is calledatfra Again, when the water
depth becomes too small, the wave will break.

Diffraction

If a wave meets an obstacle (an offshore islamuleakwater), a part of the wave
crest will be reflected seaward. The remaindehefwave front will bend around the
obstacle and thus penetrate into the zone in theflehe obstacle. This phenomenon
is called diffraction.

Both refraction and diffraction cause the wave tsrés bend, however, for different
reasons. According to simple refraction theoryehergy flux remains constant
between wave orthogonals (lines perpendiculardonthve crest extending in the
direction of the wave propagation). Because thegfahe wave, which is in
shallower water, travels more slowly than the padeeper water, the wave bends.
In the case of diffraction the energy flux leak®oa wave orthogonal and as a result
the energy in the bending part of the wave istleas the initial wave energy.

In case of diffraction the celerity of the waveatrend therefore the wavelength,
remains the same (because the water depth is adgaratay constant), the wave
height, in contrast to refracted waves, will deseehecause of the leaking process.

Reflection

If the bottom slope has a steep profile like a aeira dike, the waves will partly
break and partly reflect. The steeper the bottaofilpr the greater the wave
reflection. A vertical wall will reflect practicaflall the wave energy and a standing
wave will develop in front of the wall.

The different phenomena 'breaking’, 'refraction @iffraction’ will be discussed in
more detail in the next sections.

2.5.2 Wave breaking

The celerity of wavesc] in shallow or transitional water depths is a fiume of the
water depthlf). A decreasing water depth yields a decreasirgyicgl To find a
relation between the wave height)(and the water depth) we have to examine the
energy flux balance. To find the energy that entedgaves the balance area we
need the energy flux. Wave energy flux is the aitehich energy is transmitted in
the direction of wave propagation across a verpitahe perpendicular to the
direction of wave propagation and extending overdhtire depth.

The energy flux is also called the wave power. aherage energy flux, per unit
wave crest width, follows from Eq.(2.40).

U =Ec, = Enc (2.40)
where:
U wave power or energy flux per unit wave
crest width [J/ms]
E wave energy per unit surface area E)/m
Cy wave group velocity [m/s]
c wave celerity [m/s]
n ratiocg toc [-]
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By assuming that this energy flux does not charsgth@ wave progresses through
water of varying depth, we find:

Uz :U1 - E2n202: Einlq (2-41)
where the subscripts indicate the location at whkikehparameters are evaluated.

If we choose location 2 in deep water where theenaoperties are more easily
evaluated, we find:

1 1
gngfnlq =3P gHy NG (2.42)
where:
H wave height [m]

For deep waten = ny = %2 and:

HS ng :% Hy G, (2.43)

This can also be written as:

LR L SRR (2.44)
HO Cl 2nl

The parameteq is called the shoaling factor. The shoaling factm be found in
various tables but can also be calculated from2E4g{ or from the more specified
equation:

K= [t [ (245)
1+— tanhkh
\/( sinh 2khj
where:
k wave number< 2174) [1/m]
h water depth [m]

As we seeKqn is purely a function okh and thereforé/A.

In shallow water the shoaling factor can be redyosihg Eq.(2.44) and;, =Vgh
andn; = 1) to:

= /L -
Ksn 2o [1 (2.46)

With a bit of algebra this becomes:

1
1A E
Kgp=|=—22| =0.44664-2 1 (247
- [&Th} h [1 (2.47)

Towards the breaker line therefore the wave heigiteases. This increasing wave
height (and decreasing wavelength) gives an incrgagave steepness. As we can
imagine there will obviously be an upper limit the wave height:

— due to a maximum wave steepndssij;

— due to a maximum wave height water depth ratihy
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The first criterion, wave steepness, is valid ithbghallow and deep water. The wave
steepness is defined as the ratio of the wave htEighavelengthK/A). From
theoretical considerations the limiting steepnegsund to be:

{i} :ltanh[@} (2.48)
Apax 7 A
In deep water Eq.(2.48) reduces to:
{ﬂ} 1. 0.142 (2.49)
Y

which occurs when the crest angle is abouf 186e Fig. 2.13).

H
120

Figure 2.13 Maximum crest angle

A
v

In shallow water Eq.(2.48) becomes:

H] _127h h

Hm =77 =09 (2.50)

ThereforeHmax= 0.%h from which an upper limit for the second criterigine wave
height to water depth ratio) is found more or keswmatically.

The depth at which the wave breaks is called thaker depth. The ratio breaker
wave height to breaker depth is often called tleaker index, denoted hyy

Hb
y=—>2 (2.51)
h,
Solitary wave theory gives:
% =0.78 (2.52)

The value ofy also depends on the wave steepness. In practiceisazalues o/
are used. For regular wavgs 0.6 - 0.7 is often used. If the wave heiglatin
Eq.(2.51) is expressed Hsjg, then values of= 0.5 - 0.6 are reasonable.

All above breaking wave relations have been derfee@ horizontal bottom. In
reality the bottom will be sloping. Depending oe theach slope:

- the wave will or will not break, or

— different kinds of breaker types will occur.

Battjes proposed a parameter to indicate whetteewtive will break or not [Battjes
(1974)]. This surf similarity parameter reads:
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H
— o o
¢ =2m—; (2.53)
sin“a
where:
¢ surf similarity parameter [-]
H wave height [m]
Ao deep water wavelength [m]
a beach slope (beach slope is also denoted by

m = tana) [-]
If £> 1, breaking will occur.

This is quite similar to Iribarren's approach [&iben and Nogales (1949)]. In his
approach the parameter reads:

_ lana (2.54)

&~ T

If f<i = 2.3 breaking occurs.

Jr
Waves break in a different way depending on thelhabpe and the wave
steepness. Three main types of breakers can leeafiffated: 'surging breakers',
'plunging breakers' and 'spilling breakers'. Thagition from surging to plunging
breakers is often referred to as a 'collapsingkeneaFig. 2.14 shows how the
different breaker types can be recognised. The@ypialue of the Iribarren
paramete¥ for the breaker type is also given in the figuBatfjes (1974)].

TP

i | ‘;ﬁ
0.5<&<33
plunging

£<05
collapsing spilling

Figure 2.14 Breaker types as a function & [Eq.(2.54)]

2.5.3 Refraction

Refraction occurs if, for some reason, one secaifawave crest has a larger celerity
than its neighbouring section. Refraction occuesdfore not only in shoaling water
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if the waves approach obliquely, but also in caglesre there is a gradient in the
current velocity e.g., in tidal entrances, in maoean currents, or in harbour
entrance channels.

Refraction in the case of currents is discusseéchiapter 10, which deals with
entrance channels and trenches. The present sdamrsses only refraction caused
by shoaling water when the wave crests make areanmigh the depth contours.

The process of decreasing wave celerity in deangasater depth can be considered
as similar to the decreasing speed of light in medth increasing density. Snel's
Law of geometrical optics has therefore been cemeiand has shown to give a
valid approximation when applied to water waveaefion problems (although in
optics the light beam changes speed abruptly vilnieater wave refraction there is
a gradual change in wave celerity).

We consider a long crested, monochromatic wave &rpproaching at an angle to
the shore in a gradually shoaling area with bottomtours that are essentially
straight and parallel as shown in Fig. 2.15.

orthogonals

depth contours —

7 7 7 7 7 7 7 7 7 7777777777
shore

Figure 2.15 Wave refraction over straight paralleldepth contours

The direction of wave propagation is perpendictdahe wave crest i.e., in the
direction of the orthogonals. Orthogonals are lipegpendicular to the wave crest
extending in the direction of the wave propagati@rthogonals are sometimes
called rays. We assume that the power transmitt&sldzn two rays remains
constant, in equation of the form:

Ub =Ugb, (2.55)
where:
U the wave power per unit crest length [J/ms]
b the distance between orthogonals [m]

Using EQq.(2.40){ = Eng) we get:
Ench=Engh (2.56)
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where:
E the wave energy [JAh
n the ratio of wave group velocity to wave celerity[-]
c wave celerity [m/s]

Using E = %ogH? andno = ¥ we find:

Ho_ (168 _y (2.57)
HO 2n1 Cl b.l.

where:
Ksh the shoaling coefficient (see Eq.(2.44)) [-]
K the refraction coefficientk, = % [-]
To find the ratidoy/b; we first make use of Snel's Law to figgt
sing, ¢,

For parallel depth contours the distance betweesngivave orthogonals, measured
parallel to the depth contours, remains constastafdcea in Fig. 2.15). So:

cosp, _by
cosp, b

The computation procedure indicated above is eaailgied out for coasts with a
simple bathymetry. In reality there will always @enuch more complicated pattern
of depth contours (Eq.(2.59) does not hold) and these 'hand' calculations will be
impossible. In this case therefore two basic catoul) techniques are available for
refraction patterns: graphical and numerical. Acdgsion of the first method is
given in the Shore Protection Manual, Volume | Gbag.

(2.59)

Fundamentally all methods of refraction analysesbased on Snel's Law and
conservation of wave energy flux.

A refraction diagram is given in Fig. 2.16 as aaraple of the results of a refraction
study. If the wave orthogonals converge there ia@umulation of energy and
relatively high wave heights can be expected. mtrest if orthogonals diverge the
energy is spread over a larger part of the wavet s@the wave height is reduced.
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Figure 2.16 Wave refraction diagram

25.4 Diffraction

Diffraction occurs when there is a sharp variatiowave energy along a wave crest.
When a wave train is passing an obstacle thereratiee first instance, no waves in
the lee of the obstacle. There will therefore lggaalient in the wave energy along
the wave crest.

The water away from the obstacle has more enetbthéainitial wave energy) than
the water behind the obstacle (in first instanae,zeince there are no waves).
Energy is now transported along the wave credtétrt behind the obstacle and
bending waves develop in the lee of the obstacle.

The degree of diffraction that occurs depends ernrdtio of a characteristic lateral
dimension of the obstacle, e.g., the length oftackted breakwater to the
wavelengthi.

When a thin pile is standing in waves with a langerelengthL/A<<1, clearly the
diffraction will be nearly 100% implying that theawe field is approximately the
same as if there is no pile.

In the case of a detached breakwdtét>>1, diffraction occurs around each
breakwater head. There is a large zone in whidhadiied waves develop. The
(undisturbed) waves passing the breakwater areaditfd (Fig. 2.17).
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incident wave train

diffraction zone

Figure 2.17 Diffraction of an incident wave train

As with refraction and shoaling there is a difffantcoefficient which is defined as
the ratio of the diffracted wave height to the dsit wave height assuming that the
latter is not disturbed by the obstacle.

H
Ky :?:j [[] (2.60)
where:
Hg diffracted wave height [m]
H; wave height of the incident wave which is not
disturbed by the obstacle [m]

Water wave diffraction is analogous to the diffraatof light in the same way that
water wave refraction is analogous to the refractiblight. Using this relation,
Wiegel calculated the diffraction coefficient atesged points in the vicinity of the
obstacle and tabulated his results [Wiegel (1964)].

Graphical methods are also available for calcuigdiiffraction coefficients. With the
Cornu Spiral it is relatively easy to find an appnoation of the diffraction
coefficient for one or two obstacles.

The use of the Cornu Spiral is explained in certaurse documentation and
literature on short wave theory [e.g. Battjes (QD0Another graphical approach
involves the wave diffraction diagrams given in 8t®ore Protection Manual
Volume | Chapter 2.

These diagrams give the diffraction coefficienadsnction of position (relative to a
semi-infinite rigid impermeable breakwater) andadanction of the breakwater gap
width.

The disadvantage of the above methods is thatabsyme a constant water depth. In
reality there will generally be a sloping bottomaoruneven bed and the results will
therefore be influenced by this bottom. There amaerical models which take into
account diffraction, refraction and reflection.
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2.6 Software

Various software packages are available to compate transformation topics. A
few packages developed in The Netherlands are aresdti Much more packages are
available all over the world.

The DIFFRAC software package computes the penetrafi a short-crested,
monochromatic wave field into harbours. The harbanay consist out of various
basins, each with a uniform depth. The effect ofiplwave reflection by structures
is taken into account.

The ENDEC (EMrgy DEGay) PC program models the wave propagation on a
prismatic coast (depth contours are consideree tgtiaight and parallel). It takes
account of wave refraction and dissipation.

ENDEC is also capable of incorporating wind actiand is able to predict
commonly required statistics of individual wavedigidistributions at a given water
depth.

HISWA (HIndcast of 8allow WAter waves) is a wave propagation model,
especially suitable for coastal regions. The effe€tdepth, current-refraction and
directional spreading are taken into account. Bndrgsipation due to bottom
friction, wave breaking and energy growth due tadhare also incorporated.

A model still under permanent development, but wdedver the world, is SWAN
(Smulating WAves Nearshore). The software can be downloaded, andhaftion is
available at internet.

The packages mentioned above can be incorporatadygr models. These can
combine wave action and e.g. tidal currents, ireptd compute sediment transport
rates. They will be discussed in Chapter 8.

2.7 Wave measurements

There are different types of wave measurementschiigpe has to be used depends
on what the measurement is needed for. For exanvpken designing a flexible
structure, e.g. a rubble mound breakwater, thariibf which is gradual and
repairable, it is common to use the significant &aeight as a main criterion. In
other cases, for example when designing a fixad ggucture, e.g. an offshore
drilling tower, the total wave spectrum is needs@anain criterion.

In case of an expensive piece of equipment witlitdichsea keeping ability, the
percentage of exceedance of a particular wave teigh day-by-day basis is needed
for construction planning.

The most inexpensive method of wave measurementsual observation. These
measurements are made from ships by experienceaveps and yield an estimate
of Hsig, Tsig and &g (&g is the significant direction of wave propagatiofis
method of observation is used all over the worlte World Meteorological
Organisation (WMO) collects and co-ordinates thrasasurements.

If more detailed measurements are needsiilumental observationgaust be made.
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Fig.2.18 shows the position of various measuriatjats at the Dutch part of the
North Sea. At these locations wave characteristiesontinuously measured.
Internet provides online information.
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Figure 2.18 Wave measuring locations
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3 Coastal Problems

3.1 Introduction

Fig.3.1 (next page) shows in plan view schemagicalpiece of a coastal area with
most of the natural conditions, natural featured some examples of man-made
interventions in a natural coastal system. Moshefitems are dealt with in these
lecture notes.

In this chapter some examples of practical casesodne discussed. In the
discussions sediment transport related issuedargtarting points. From Fig.3.1 the
next items are briefly discussed:

— Cross-shore profile (section A - A in Fig.3.1);

- Morphological development in vicinity of port;

- Pipeline at sea bed;

— Delta near river mouth;

- Tidal inlet;

— Dune erosion during a severe storm surge;

— Large artificial island in open sea.

3.2 Cross-shore profile

Fig.3.2 shows the shape of a cross-shore profileessured perpendicular to a
sandy coast at an arbitrary moment. The verticdlrarizontal scales of the plot are
quite different. Dunes, beach and a part of theefhoe can be noticed. The actual
slope of the dune face is 1:3 to 1:4. The sloplh®beach is decreasing from the
upper part of the beach near the foot of the d(ti@§) towards the sea; near the
waterline the slope is approximately 1:50. At thereface some (breaker) bars are
present. The average bottom slope becomes flailedlanger distance from the
waterline. At the seaward end of the plot (watgatdeMSL -8 m) the slope is
approximately 1:125.

height (m + MSL)
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Figure 3.2 Cross-shore profile (measured at Egmonaan Zee)
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Figure 3.1 Plan view of a coastal area
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The water level as indicated in Fig.3.2 reflects khean Sea Level (MSL). Effects of
tides, wave set-up, and wind set-up are to be supesed if one likes to find the
actual Still Water Level (SWL) at an arbitrary mameSWL reflects the average
water level if the effect of wave motion on thetardaneous water level is time-
averaged.

MSL is often used as reference level (Datum). Ie Netherlands MSL is almost
equal to NAP (Normaal Amsterdams Peil in Dutch)many nautical maps Low
Low Water Spring (LLWS) is used as reference lelEWS represents the lowest
water level that might occur due to astronomiaiegi

The distribution of the particle size over the srsbore profile of Fig.3.2 is certainly
not constant (see for some details Section 4.2)o&odiscussion, however, we
assume a constant particle size all along the imotticthe profile.

A for coasts common sid@so = 200um is chosen; 150 million of these particles fit
into a volume of 1 litre!

If the body of water as indicated in Fig.3.2 igast, nothing will happen. No
changes in the shape of the profile will take place

If the actual water level is equal to MSL and iisiassumed that irregular waves
(Hso=2 m, T, = 10 s) approach the coast perpendicularly, theevis@ight
distribution along the profile can be calculatethwnodern numerical computation
models (e.g. ENDEC; see Section 2.6). Fig.3.3 shbigsvave height distribution.
Notice that the wave height reduces gradually wamgsroaching the waterline.
Energy dissipation due to (partial) wave breakingd bottom friction causes this
gradual wave height decrease.

[If regular waves would be considered, and onlyading (constant energy flux
outside breaker zone) would be taken into accdbhetywave height would first
reduce slightly and would next increase towardstieaking point, while the waves
approach the coast.]

wave height (m)

T T T T
200 400 600 800 1000

depth (m)

Figure 3.3 Wave height distribution over cross-sha profile
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In Fig.3.4 the maximum horizontal components ofdHgtal velocities near the bed
are plotted as a function of the position in thesskshore profile. Notice the rather
large magnitudes (> 1.0 m/s at many positions)lisieg that the critical velocity in
uniform flow for particles wittDso = 200um is approximately 0.2 m/s (see Section
4.3), one may understand that the waves in Fig@@3&ble to stir up many particles
in the cross-shore profile. If besides the stirnipgof particles also net currents do
occur, sediment transport will take place. If diffleces in net transport will occur in
different verticals, it is to be expected that shape of the profile will change as a
function of time if the approaching waves pergiSee Chapter 7 for a discussion of
cross-shore transport.) Many practical problemgeleged to changes in the shape of
the profile with time (e.g. dune erosion; behaviofibeach and shoreface
nourishments).

orbital velocity (m/s)
12
0.8
0.4
0 . . . : — distance (m
200 400 600 800 1000

Figure 3.4 Maximum horizontal velocity components rar the bed over cross
shore profile

3.3 Morphological development in vicinity of a port

Fig.3.5 shows in plan view a part of a uniform sandast. Uniform means that the
depth contours are assumed to be straight andglakbaves obliquely approach the
coast. The wave crests make a changing (changimgtadrefraction) anglg with

the orientation of the depth contours, or: thediom of the wave orthogonal makes
a changing angle with the shore normal. Inside @lfitle bit outside) the surf zone,
sediment is transported along the coast.

% waves

R o T g T

— S(mlyr) —S SURF ZONE

A A A A A A S A R A v A Y Y Y Y A A |

Figure 3.5 Plan view of a uniform sandy coast
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Waves stir up material from the bed; obliquely aaghing waves generate a
longshore current; together sediment transporénerated. See Section 4.4 for a
more detailed description of the physics involved.

If the coast is uniform indeed, the sediment transPis constant along the coast;
the coast remains stable.

Let us assume th&tis expressed in ffyear and that in this casds expressed
including pores. So if some sediment from the |biogs transport rate is settled, it
yields automatically am situ volume in the field. [In Section 4.5 other unifs o
sediment transport are discussed.]

If along the uniform sandy coast a port is builthathe help of two rather long
breakwaters, much longer than the width of the sonke (see Fig.3.6), the longshore
sediment transport will be interrupted. In frontloé breakwaters no sediment
transport is assumed to occur. At the updrift siithe port accumulation of sand
will occur; at the downdrift side (lee-side) eraswill take place.

—— S=0

A A A B By

Figure 3.6 Plan view of a uniform sandy coast witlport breakwaters

One of the aims of these lecture notes is to utmleisand to describe the shapes of
the coastline at updrift and downdrift sides aarecfion of time. Furthermore it is to
be expected that sooner or later the accretinglozaat the updrift side reaches the
end of the updrift breakwater; at what time aftex tonstruction of the port this will
happen? (See Section 6.4.) For the time beindlibeiclear that as long as no
sediment will pass the breakwate®=(0 n¥/year in front of the breakwaters) the
total accumulation of sand tryears after completion of the Eort at the updhidie

will be t x Sm®. The total erosion at the lee-side willtheSm? as well. In Fig.3.6
already some coastlines have been sketched astofunf time. In most cases the
accumulation forms no ‘problem’; valuable new ldras been gained. The erosion at
the lee-side of the port will cause sooner or laggious problems to the coastal zone
manager involved. How to resolve such types ofieroproblems will be discussed

in Chapter 11. An obvious solution will be to adiélly transfer volumes of sand
from the one side of the port to the oth&mrf/year on an average; a so-called sand
by-pass system; see Chapter 13.)

In the example of Fig.3.6 the longshore sedimemtsport was due to obliquely
approaching waves only. If also tidal currents dour along the coast, the
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morphological behaviour becomes more complicatéds Will be further discussed
in Chapter 12.

In order to understand and to predict the morphioddgmpact of a newly
constructed port along a sandy coast, the seditrergports induced by waves and
currents must be quantified to a reasonable dexjraecuracy.

3.4 Pipeline at the sea bed

Oil or gas won at offshore production plants i€oftransported to the mainland by
pipelines. At deeper water such pipelines are gttsnlaid at the bottom of the sea.
At deeper water sometimes even unprotected; soraetiovered with a layer of
stones. Closer to the shore (e.g. crossing thezeund) it is required in most cases to
bury the pipeline so deep into the bottom thatwtbstanding fluctuations with time
of the bed level, the pipeline will ‘never’ lie umvered.

In Fig.3.7 a piece of an unprotected pipeline afpde water has been sketched. Since
the bottom of the sea is never entirely flat, algdaid pipeline will never contact

the bottom over its entire length. At several paftthe pipeline initial (small) gaps
between pipeline and bottom will occur. Due to waggon (orbital motion near the
bed) and tidal currents accelerating velocities @gtur within the several gaps, as
shown in Fig.3.8. Erosion in depth as well as &tgrin the direction of the

alignment of the pipeline, will take place. Scoaolds will occur.

Figure 3.7 Unprotected pipeline at seabed

Examples do exist of pipelines, which follow th@scholes in depth; eventually
even ‘self-burial’ might occur. (Even a steel pipelis flexible to some extent.) So
far no serious problems. If, however, along thgratient of the pipeline in the
bottom some layers are present which are morgaesi® erosion, serious problems
might occur. Free spans of the pipeline might oeatin eventually breaking of the
pipeline.

To be able to quantify the dimensions of scour fialederneath pipelines calls for a
proper insight in sediment transports due to wawekcurrents.
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Figure 3.8 Cross-section of unprotected pipeline ateabed

3.5 Delta near river mouth

Fig.3.9 shows in plan view a piece of a sandy cedtsta river outfall. Waves are
assumed to approach perpendicular to the (iniiaight) coastline. The river
discharges a volume wat@ m?/s to the sea; at the same time sediment is
transported by the river; s& m’/year. G is expressed in flyear since we are
looking at large time scales.) Like many riversoadér the world, also the river of
Fig.3.9 acts as source of sediments to the cosytdm. It is interesting to
understand the interaction processes betweenanesea and to be able to predict
the morphological changes with time, as shown (n3F9. Depending on the power
of the waves and the yearly sediment input by ithex rdifferent typical cases might
develop with time. (See Chapter 8 for a more detiagliscussion.) It is quite clear
that sediment transport processes due to wavesuarghts play their role.

(a) initial situation (b) developing delta

Figure 3.9 Plan view of a sandy coast with a riveoutfall in initial situation (a)
and with a developing delta (b)
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3.6 Tidal inlets

Tidal inlets are very intriguing features in theastal area. Fig.3.10 shows various
tidal inlets in the Wadden Sea, The Netherlandsemsally for a tidal inlet is the
tidal variation at open sea. The tide is the entiia¢ determines most of the
occurring features.

Figure 3.10 Tidal inlets in the Waddenzee (The Ne#rlands)

The tidal range (difference between High Water Lewel Low Water Level) and the
surface area of the tidal basin together determimpeinciple the volumes of water
that have to flow in and out through the inlet dgra tide. This tidal prism is in
some cases in the order of magnitude of one bi(tlod@) m®. During one tidal

cycle about 1dm?® of water enters the Marsdiep (between Texel amlHeder, see
Fig.3.10) and leaves the Marsdiep again.

The position of the different elements of a tiddét (e.g. ebb tidal delta, flood tidal
delta, flood channels, ebb channels, shoals, fligksl and gorge) is changing with
time. Fig.3.11 shows a schematic plan view of altidlet with some characteristic
notions. The system is highly dynamic. This dynaafiaracter is sometimes felt
annoying for some practical applications (e.g. gatron through channels or
stability of adjacent coasts). At least one hasnerstand the dynamic behaviour
for planning purposes. Sometimes measures are takestrict the dynamic
behaviour of the morphological system.

The dynamic behaviour of the several elementstiofainlet is apparently because
of sediment transport by waves and currents.
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Figure 3.11 Schematic plan view of a tidal inlet

3.7 Dune erosion during a severe storm surge

Fig.3.12 shows a cross-section of an arbitrarysesst®re profile (comparable to
Fig.3.2). Under normal conditions the water legathanging due to vertical tide
variations. Every moment a different water levgbiesent. The waves approaching
the coast under ‘normal conditions’ will cause dtifely) small cross-shore
transports in a given vertical cross-section; eitheffshore or onshore direction.

Figure 3.12 Cross-shore profile under normal condibns

Due to changing water levels and changing waveatharistics (wave height, wave
period and wave direction) from time to time, chaggcross-shore sediment
transport rates will occur in a given vertical @@ection. The magnitude and even
the direction of the resulting sediment transpalitathange.
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During a severe storm the waves generated at agggewiti be much higher than
normal. Depending on the shape of the sea bord#rengoast under consideration,
the direction of the wind during the storm and shength of the wind, the still water
level (SWL) can be piled up along the coast. Tlliagrup of the water level is
called surge.

During the severe disastrous storm surge of Jar8rgnd February®11953 in

The Netherlands, the general water level alondotiteh coast was about 2.5 to 3.0
m higher than normal. Along the coasts of the senmtipart of the North Sea the
water was piled up to these levels. The wind assediwith this storm came from
north-west directions and blew over the funnel gldadorth Sea. The rather small
gap between United Kingdom and France (The Chanmelyented the piled-up
waters to escape from the North Sea (see Fig.3.13).

Figure 3.13 Funnel shaped North Sea

Fig.3.14 shows some characteristics of the measmdgredicted water levels in
Flushing (Vlissingen in Dutch). Notice the stornfeet (the surge); the difference
between the actual measured and the predictechastical water level variation.
Notice also that the surge lasted in fact a ragh@ll period of time. Within two days
the surge level rose from zero to approximatelyn2.8nd fell down to zero again.

During the 1953 storm surge many dikes in the sawghtern part of The
Netherlands broke. Nearly 1850 people lost theadj a large economical loss took
place. This disaster triggered the execution oftitealled Delta plan in The
Netherlands.
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Figure 3.14 Measured and predicted water levels atlissingen
(The Netherlands)

In Fig.3.15 (next page) the same cross-sectiongo8A 2 has been sketched, but
now under maximum storm surge conditions. The S¥nuch higher than in
Fig.3.12 and much higher waves occur. The SWL ssgmeven the level of the
dune foot; all the beaches have disappeared urateryythe waves hit the dunes. In
general terms it can be argued that the shapesafrtiss-shore profile does not fit
with the storm surge conditions (the profile shiepkar out of equilibrium for these
conditions). With large offshore directed sedimeansports the profile shape is
adapted towards the associated equilibrium shamedilines erode; the eroded dune
material is settled at deeper water; the shapkeeofitoss-shore profile gradually
flattens (see Fig.3.15). In Chapter 7 a more detadlescription is given of the
associated processes.

For the time being it is sufficient to understahdtta coastal zone manager likes to
know what will be the loss of dune area under amiset of storm surge conditions
e.g. with respect to the safety of properties lmlilse to the brink of the dunes. In
The Netherlands even the safety of a large pahieopopulation, living well below
MSL behind the dunes, is at stake if a break-thinoafgthe dunes will occur.
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profile after
storm

Figure 3.15 Cross-shore profile directly after stom conditions

3.8 Large artificial island in open sea

In densely populated areas (e.g. Japan, Taiwah@iNEtherlands) it is becoming
increasingly complicated to find large open arddb@mainland to start new
developments (e.g. constructing a new airport,ihgstew industries or even
housing of growing population).

The open sea in front of the existing coast mightsed to build an artificial island.
In The Netherlands, for instance, a discussiongeasy on whether it would be
useful to build an artificial island off the coamgar [IJmuiden for hosting an
extension of Schiphol Airport. Such an artificisliand in open sea has large
morphological implications for the existing coagtsspecific airport-island requires
rather large dimensions (e.g. due to the lengtlimivays). A typical size for such an
island is 5 km. With respect to the distance ofstand from the existing coast, an
optimum has to be found taking into account trarnspion requirements, noise
limitations and morphological implications.

Another aspect of an airport-island is that thaaf)i current patterns will be affected
in the vicinity of the island. In the shadow arezind the island the wave
characteristics will fundamentally change. Thendlavill affect the stability of
coasts in a wide area. The adaptation time of tistieg coasts and the seabed in the
influence area of the island to the new situatggeanerally relatively long. The
water depth off the coast of IJmuiden where amdia probably built, is
approximately 15 m. This depth, the required dinmmsof an island and the
required level above MSL (approximately 5 m) call fiuge volumes of sand to
construct such an island. (Order of magnitude 60lomm? of sand.) These
volumes are easily available below the bottom efNMorth Sea, but call for large
borrow pits. Such large borrow pits affect the ninaipgy as well.

During dredging operations also silt will be modeéld, since within the sand deposits
at the seabed often small volumes of silt occuy 284). With a required volume of
600 million nT and 2% silt, this results in 12 million°rof silt that is mobilised in the
North Sea environment. Ecological effects are teXgected.
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It is clear that in the final decision whether talb an artificial island or not, coastal
morphology topics have to play their role.

3.9

Conclusions of Chapter 3

Only a few real life practical examples have besoussed in the present chapter.
From most of the examples it became clear thatrssuli transports due to waves and
currents play their role in the understanding efphenomena taking place
associated with the examples. Without further egbions similar examples in
coastal engineering practice can be mentioned, lyame

siltation of (dredged) navigation channels;

erosion near toe of breakwaters;

erosion near toe of seawalls;

erosion near offshore structures;

natural developments of coasts with time;

structural / gradual erosion of coasts;

impact of coastal protection tools, like groyneffstwore breakwaters and
seawalls and revetments;

behaviour of artificial beach and shoreface nounishts.

In all cases sediment transports due to waves aments are important. Compared
to sediment transports due to currents alone ifikevers), the waves are a
complicating additional effect. In Chapter 4 thpitoof sediment transport due to
waves and currents is discussed in detail.
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4 Sediment Transport
Processes

4.1 Introduction

In many cases, coastal engineering problems caxfressed in terms of sediment
transport-related problems (Chapter 3). In thisa@agh, changes in the coastal
morphology are the logical consequence of spatadignts in sediment transport. It
is therefore crucial to understand the physicsrzkébediment transport, before going
into the more practical details of the coastal eegiing profession.

Sediment transport can be defined as the movenieediment particles through a
well-defined plane over a certain period of timaeTransport rate depends on the
characteristics of the transported material antherforces which induce such a
transport. The primary force behind sediment trartsig the bed shear stress exerted
by the water motion on the bed. Sediment partieiigend to move when a certain
critical bed shear stress is reached. The locakhedr stress can be induced by
wind, wave, tide and density driven currents (cutrrelated transport), by the
oscillatory water motion itself (wave-related trpog) or by a combination of
currents and waves. This chapter deals with thie lpasiciples of sediment

transport.

Sediment properties which are important for themedt transport mechanisms are
presented in Section 4.2. Next, in Section 4.3jrli@ation of motion is considered.
There, it is shown that the so-called critical \o#tlp (or critical shear stress) is
important to initiate the process of sediment tpans Formulations for these bed
shear stresses are given in Section 4.4 for that®ns with only a uniform current,
waves alone, and the combination of currents ancgsa

Sediment transport is generally split up into twod®s of transport: bed load and
suspended load. If the particles are moved in bad imode, then they roll, shift or
make small jumps over the seabed; they do not ldevbed load layer. Transport in
suspended load mode, on the other hand, impli¢gthes are lifted from the
seabed at flows above the critical flow velocityldaransported in suspension by the
(moving) water. Below a certain flow velocity, theins settle down again. Section
4.5 describes the basic states of bottom and sdegermansport.

Finally, a more detailed elaboration is presentedédiment transport under current
conditions, wave conditions and combined wavescaments in respectively,
Sections 4.6, 4.7 and 4.8.
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4.2 Sediment properties

4.2.1 General

In these lecture notes we focus on sediments lieety (SiQ) and clay minerals
(sheets of silicates) which are present in thetabasea as discrete particles.
Depending on the particle size we distinguishasill clay, sand, gravel, stones and
boulders.

Clay particles are very small with a large surfamea compared to their volumes.
This surface area is chemically active, which eslgovhen wet, leads to the
typical cohesive (slippery) characteristics othitdk form. Sand on the other hand is
non-cohesive; the grains do not stick togetheraAdful of pure sand can not be
picked up by hand in the way a piece of clay capibked up.

In these lecture notes we mainly focus on sand.eSomdamentals and related
problems for silt and clay are discussed in Chapzparately.

4.2.2  Grain size, density and bulk properties

Two important parameters for sediment transportlaanean particle diameter and
the gradingDso and, for examplelqo/D1o , WhereDy is defined as the sediment
particle diameter (in meters) for which x % by wdigs finer. In American literature,
a gscale is often used to identify the particle disiens:

@=-"logD (4.1)

where:
D sand grain diameter [mm]

Sediment is called well-sortedyy/D1o is small (say <1.5 although there is no
formal classification); for large values Dy/D1o (for instance >3) we speak of
poorly sorted or well-graded sediment.

In addition to grain size, other parameters areomamt for sand transport as well,
such as: grain shape (the grains are not perféetreg), grain density, fall velocity,
angle of repose and volume concentration.

The grain densitys depends on the mineral composition of the sandstidbthe
world’s beach sands consists of quartz (feldspdreésecond-common mineral),
with a mass density of 2,650 kgin®ther minerals are often referred to as heavy
minerals since their mass density is usually graatn 2,700 kg/r°h

The fall velocity depends on the grain charactiegsds well as on the fluid
characteristics (such as water density and visgodihis has further been worked
out in Section 4.2.3. Roughly speaking, the falbeiy of medium-sized sand
particles (0.1 mm © < 0.5 mm) in water varies from 0.01 to 0.05 m/s.

When dry sand is poured onto a flat surface, itfefim a mound. The slope of the
surface of the mound is called the angle of repabé&h depends mainly on the
grain size.
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The porosityp is defined as the ratio of pore space (voidshéovwhole volume.
Natural sands have porosities in the range of taZb50; a frequently applied figure
is 0.40 (or 40%). The volume concentratiois the ratio of the solid mass to the
whole volumen =1 —p.

Contrary to the grain densitp{ as mentioned above, bulk density is the mass of a
unit volume of e.g. a mixture of particles andaimater. The drpulk density is
defined agps. If the whole pore volume is filled with water (dsty o), then we
obtain the saturateolilk density, which is defined asos + ppo. A typical figure for

the dry bulk density is 1,600 kg?mand for the saturated bulk density 2,000 Kg/m

4.2.3  Fall velocity

When a patrticle falls in still and clear wateradcelerates until it reaches its fall
velocity. Fall velocity is defined as the constaaittical velocity of a single particle
in an infinite large volume of water. This velocign be assessed from the balance
between the downward directed gravity foFeeand the upward directed (retarding)
drag forceFp as indicated in Fig. 4.1.

\\
|/

G

Figure 4.1 Forces on a “sphere” in clear water

Basic equation

In case of a sphere the downward directed grawityef-g is equal to:

Fs =(ps—p)g(g Daj (4.2)
where:
POs mass density of the particle [kgfm
P mass density of the surrounding fluid [kdIm
D particle diameter [m]
g acceleration of gravity [m7b

The term between the brackets refers to the voloiniee sphere.
The upward directed force is equal to the so-called) force denoted by:
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1 m
Fy =Cp (E ,ovvzj (Z Dzj (4.3)
where:
Cb the so-called drag coefficient [-]
w the particle fall velocity [m/s]

The second term between the brackets refers tortiss-section of the sphere. There
is only a drag force in the situation of a fallagty > 0.

In equilibrium, both forces are in balance andftitevelocity w (in m/s) is given by:

we [4e.-p)g D (4.4)
3pc,

A particle’s fall velocity depends on its size, s{gecific density and on the
magnitude of the drag coefficiecs. This drag coefficient depends on the shape of
the particle, its roughness but mainly on the R&dsvaumber, denoted as Re, being
the ratio between the acceleration forces and ussbear stress forces.

Dependency on Reynolds number

For low Reynolds numbers (Re < 0.1 to 0.5) in thealled Stokes-range, the drag
coefficient can be described by (see Fig.4.2;):

C, =24/Re (4.5)
or with:
Re=wD/v (4.6)
where:
v kinematic viscosity coefficient [frs]
yielding:
w={P=P)Y 1> (4.7)
18pv

In this range, the fall velocity depends on theagsgquof the grain diameter and is
dependent upon the kinematic viscosity coeffic{elefined as the ratio of the
dynamic viscosityy to the fluid density). The magnitude of the kinematic viscosity
coefficient is largely a function of the temperatur

A characteristic value fovis 10° mé/s.

For high Reynolds numbers (400 < Re < 2)1id the so-called Newton range, the
drag coefficient becomes a constamt<X 0.5). In that case it follows from Eqs.(4.2)
and (4.3):

w=1.6 /gD’OS—I;’O (4.8)

In this range, the fall velocity depends on theasquoot of the grain diameter and is
independent of the kinematic viscosity coefficiélttis is also the case for extremely
high Reynolds numbers (Re > 2°),avhere the drag coefficient is (constant) around
0.2.
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Figure 4.2 Drag coefficient as a function of Reynds Number (Vanoni 1975)
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For quartz spheres falling in still water, a Reyilsohumber of 0.5 corresponds
roughly with a particle diameter of 0.080 mm, whal&®eynolds number of 400
corresponds with a diameter of about 1.900 mm. fidnige (0.080 — 1.900 mm)
closely corresponds to all sand particles. So fanyroften occurring sand particles,
neither the Stokes approximation nor the Newtom@pmation can be used.

For very small particles (silt, clay) the fall velty is proportional td? for gravel

size particles the fall velocity is proportionaMb. For sand, the fall velocity falls in
the transition range betweeDa dependency andv dependency. By lack of a
simple relationship for the drag coefficient insthéinge, it is common practice to use
empirical formulae, such as Eqgs.(4.9) and (4.10):

Diameter range: 0.050 — 0.300 mm, fresh watefC18
log(1/w) = 0.494¢ loD,;)* + 2.4113(loB,, 4§ 3.73! (4.9)

Diameter range: 0.050 — 0.300 mm, fresh watefC10
log(1/w)= 0.4758(logD,, I+ 2.1795(loB,, H 3.19 (4.10)
In literature, many other formulae can be found.[®.an Rijn (1993) and Sistermans

(2002)]. These are not reproduced here. The compaliectlocity as a function of
the grain diameter is plotted for two formulae ig.E.3.

0.06 T T T T T T

—— Van Rijn (1993)

— — Delft Hydraulics (1983) 7]
0.05

w, (m/s)

0 1 1 1 1 1 1
50 100 150 200 250 300 350 400

D (pm)

Figure 4.3 Fall velocities of sediment for fresh wtar with a temperature of 18
degrees Celsius (after Sistermans, 2002)

Other effects

Eq.(4.8) shows that the fall velocity depends,ﬂl(ups —p)/p) .

For quartz sandd = 2,650 kg/m) and for fresh water at%€ (o = 1,000 kg/r), this
factor is 1.28. With a small increase in densityhef water like for sea water (for
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instance tgo = 1,020kg/m°), this factor becomes somewhat smaller (1.25)ehy
turbid water, the ratio may further be reduced it 1,100 kg/m to for instance
1.19). This shows that the fall velocity in natueavironments may decrease due to
an increase in water density by not much more thahne order of 7 %. [Starting
with Eq.(4.7) slightly different (larger) effects thfe ratio(o, — p)/ o on the fall

velocity are found.]

The effect of temperature on the fall velocity hiready been indicated by Eqgs.(4.9)
and (4.10). Temperature has an effect on the vaetesity (small effect), and on the
fluid viscosity (large effect). Changes in the flwiscosity have only a small effect
on the fall velocity of smaller particles. The fedllocity increases slightly with
increasing water temperatures.

The effect of particle shape becomes relevant arlparticles larger than say 0.125
mm (Re larger than about 10). The less sphericgbainécle, the larger becomes the
drag coefficient and thus the smaller becomesatedlocity. For particles that are
far from spherical (like some coral sands or stiatiments), it is best to determine
the fall velocity experimentally (for instance wilsettling tube).

If the water column contains many sediment pasidieen hindered settling may
occur. This leads to smaller fall velocities pertioe, which can be explained as
follows. With each downward grain movement, a samfluid volume must flow
upward. This upward flow slows down the other grairse effect of hindered
settling can be represented by:

w, =(1-c)'w (4.11)
where:
We effective fall velocity [m/s]
w fall velocity of one grain in clear water in rest[m/s]
c sediment concentration (volumetric %) [-]
a coefficient (ranging from 4.6 at low Reynolds
numbers to 2.3 at high Reynolds numbers) [-]

In many engineering cases related to sedimentgoatjgshe sediment concentration
can be up to say 1 % (where 1% volume gives 2.@5ﬁ}gmeaning that the effect of
sediment concentration on the fall velocity is dnigis is not the case in sheetflow
conditions where sediment concentrations can efgigntly higher.

4.3 Initiation of motion

4.3.1 Forces on a single grain

Sediment can only be transported if the water marers strong enough to move
the individual grains. The so-called critical vatgcor critical shear stress, describes
the point of initiation of motion. If this conditiois exceeded, grains move, roll or be
brought into suspension and sediment transportreccu

In order to assess the critical condition the feraeting on an individual grain have
to be taken into account. These forces can beetividto forces which tend to move
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the grain, the drag ford& and the lift forcd-_, and a force which tries to keep the
grain in its place; the gravity forde&; (see Fig.4.4).

skin friction

sub pressure

Ip

current
—

contraction

current

2¢

Figure 4.4 Forces on an individual grain: drag fore, lift force and gravity force

Drag force

The drag force is caused by the moving water which,very schematised way, has
to flow around the sediment particle. The disturleaoicthe streamlines leads to a
pressure at the upstream side of the particle,fgkion around the particle and sub
pressure at the back of the particle. The dragef@@roportional to the particle’s
surface area (¥D? for spheres) and the momentum of the curremvf)z

1 1
Fo=cp (E pvzj(z iTDzj (4.12)
where

Fo drag force [N]

Co drag coefficient [-]

o) water density [ka/rj

\ water velocity in front of particle [m/s]

D particle diameter [m]

The drag force is always directed in the directibthe current. Eq.(4.12) for the
drag force is valid for a single particle thatudyf exposed to the flow. Sediment
particles on top of a flat bed will be hidden torgoextent in between the
neighbouring particles. The drag force acting upna particular particle will then
be smaller.
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The lift force

The flow around the grain leads to flow contractdove the grain (there is no flow
underneath the grain). Higher local flow velocityes lower local pressure
(Bernoulli law). The difference in vertical pressegauses a lift force, which is
directed perpendicular to the drag force.

Similar as the drag force, the lift force is prapmmal to the particle’s surface area
(varD? in case of a sphere) and the momentum of the miuf¥ev?) (see Eq.(4.13)).

1 1
Fo=c |=pV | =nD? 4.13
L L(zp L j -
where:
FL lift force [N]
cL lift coefficient [-]

Vectorial summation of the drag force and theftifce gives the resulting forcEg.

The gravity force

The gravity force is proportional to the (submergedjght of the grain, which is a
function of the mass density of the sediment anth®imass density of watens{o)
and the volume of the graiVs D* for spheres):

1
Fs=(p.-0) (g ﬂDSJ g (4.14)
where:
Fe gravity force [N]
g acceleration of gravity [m7B
Moments

Let us assume that the grain makes contact wittolgnstream neighbouring grain
at one specific point (Fig.4.5). The resulting foFggthen gives a momeafrg; the
gravity force gives a momebtsg. It then follows that the grain will move once
aFr> bFg. At the critical point of movement:

2
v . 4b (4.15)
AgD 3ac
where:
A relative density (&-0)/0) [-]

c total drag coefficient{(c,” +¢ *) [-]
ab  arms (see Fig.4.5) [m]
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Figure 4.5 Resulting forces and moments on a grain

Another way of presenting Eq.(4.15) is by usinglibd#om shear stregs(r =

P9V?IC? : see Chapter 2). This leads to the following esgian for the critical

bottom shear stress (critical in the sense thdtdrigottom shear stresses lead to the
initiation of motion):

Tb,cr ~ 2b
(ps=p)9D  3ac’

(4.16)

where:
c' constant C%c/2g) []
To.cr critical bottom shear stress [N?’}n

The factor on the right hand side depends on thealnjid conditions near the bed
(through theC-value), the shape factor and the particle positadative to the other
particles (througla andb), and on the acceleration of gravity.

For perfect spheres and a maximum packing of tamgyrit can be deduced that the
term on the right hand side of Eq.(4.16) becotigan(g), wheregis the angle of
repose. (Here we disregard the effect of thedifté.) If we assume= 3@, then it
follows that:

For spheres (no lift force) and neglecting the falrproportionality:

e g4 (4.17)
(o, —p)gD
In practical situations it is not possible to meaghe values foa, b andc’.
Fortunately, many experiments have been performéigel past to determine the
parameters in Eq.(4.16). The experiments of Shi@tg]ds (1936)], performed on
a flat bed, are the most widely used. He definedctitical bed shear stress as the
bed shear stress at which the (extrapolated) meastansport rates were just zero.
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4.3.2 Shields curve

Fig.4.6 shows the so-called Shields curve (notettleaaxes are drawn on a log-log
scale).

The factor on the left hand side of Eq.(4.16) [whih dimensionless expression for
the (critical) bed shear stress] is put on theie@raxis. The numbers on the
horizontal axis are related to the Reynolds nunitee(the subscriptis used to

indicate that the Reynolds number is based.gn

v.D
vV

Re = (4.18)
where:

Vs shear stress velocity(g/C) [m/s]

D diameter of grains [m]

v kinematic viscosity coefficient [frs]
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Figure 4.6 Shields curve

The shaded band in Fig.4.6 separates two zones:meneof sediment particles was
observed in the experiments in the zone abovesttaded band; whereas no
movement was observed in the zone beneath thedihate. The shaded band
therefore indicates where initiation of motion ocuSometimes, the shaded band is
represented by a single line, which is then retktoeas the Shields curve.

For most practical situations with sand, a flat bad a uniform current (no waves),
critical flow velocities are in the range of 0.2a@3 m/s (see also Example 4.1).
During a tidal cycle, such flow velocities are ofiexceeded for several hours around
maximum flood and maximum ebb flow. If we add tlffe& of orbital motions, the
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duration during which the flow velocity exceeds thiical flow velocity, may be
considerably extended. Contrary to steady flow dants, there are no generally
accepted relationships for the initiation of motiomder oscillatory flow on a plane
bed. Information on the initiation of motion foretikombined effects of
unidirectional and oscillatory flow are very scarce

Example 4.1
Input parameters:
Water depth: h = 3m
Roughness height:  r = 0.06 m
Grain diameter: Dsy = 200 um
Required:
Critical velocity for rough bed and flat bed
Output:
From the Shields curve it can be found that Eq. (4. 17) must be:
_ T 0.05
(p,—p)gh

The shear stress velocity vs equals:

Ve =Ty, /P =0.013m/s

Hence, the critical velocity equals:

v*,criz ~ 0.20 m/S using C — lglog(lzh/r) = 50 m%/s or

Verie = \/E/C

V*,crit

Je/c
Conclusion:

With a bed with a roughness height of 0.06 m, the grains of 200 wm start to
move with a flow velocity exceeding 0.20 m/s. If a flat bed is considered with a
roughness height equal to the particle diameter, the critical velocity becomes
almost twice as high.

~0.38 m/s using C =18log(12//Dy,) =95 m"/s

vcrit -

Example 4.1 Critical velocity

The Shields curve indicates that on average therfact the right hand side of
Eq.(4.17) is 0.05, instead of 0.4 as was theordicatermined for perfectly packed
spheres. Apparently, it seems to be easier to rmeakgrains' than to move perfectly
packed spheres.

The 'factor eight' (0.4/0.05) is caused by a nunobeomplicating factors, such as
turbulence (which causes higher instantaneous Viglacity than the average flow
velocity), bed slopes, graded and non-sphericahgi@ee below) and the lift force
(which was omitted in the determination of the eatif 0.4 in Eq.(4.17)).

Gradation of the bed material may play a role, eisyig for poorly sorted sediment
(Doo/D10> 3). In these cases, the smaller particles wiklidelen between the voids
of the larger particles, while the larger particde more exposed. Sometimes,
armouring of the bed occurs. This implies that thalter particles are first being
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washed out, leaving a top layer of coarser pagifhth higher critical flow
velocities).

In case of a sloping bed in the flow directiorgan be argued that the critical flow
velocity will be somewhat smaller for downward stapbeds and somewhat higher
for upward sloping beds.

Other complicating factors may be the presencebésive sediment in the sand
material. Cohesive forces between the grains mastidally increase the resistance
against erosion. Biological activity and consolidatmay be important in this
respect as well.

The above illustrates that the Shields curve malg yeactical results, but that
reality is much more complex. What can be concludddat the movement of grains
depends on the velocity(or shear stress see next Section 4.4) and the grain size
D. These parameters are taken into account in naludediment transport
equations.

4.4 Bottom shear stress

4.4.1 Introduction

In the previous sections it was concluded thabthttom shear stress is important for
both the current and the sediment transport digioh. This is why many
researchers have tried to formulate applicablepdnydically sound formulations of
the shear stress. Below, we will focus on the rask@ightforward approach
followed by Bijker (1967), although other methods also to be found in literature.

4.4.2 Shear stress under uniform flow

In a uniform flow there is a balance between threds that act upon (parts of) the
water mass (otherwise there would be an accelejaflthe driving force in the case
of a free-surface current, is initiated by gravitjis downward forc& depends on
the volume and the density of the water (Fig.4.7):

G=pgAX h- 2 (4.19)
where:
G gravity force per unit width [N/m]
AX length of the element of water [m]
h water depth [m]
z vertical axis (bottomz = 0) [m]

The component of this force in the direction of Weger movement i€sin()
(uniform current), with being the bed slope (and water surface slope).

61



Sediment Transport Processes

Figure 4.7 Force balance

The only opposite force is caused by internalifsictwhich is referred to as the
internal shear stress in the water column, or simpkar stresg(z). For equilibrium
the shear stress must be equabsin().

Sincei is generally very small (less than@pand so: sinf =i, it follows for the
shear stress as a function of the water degih, that:

7(z)=pg(h- 3 i (4.20)
And for the bottom shear streggz = 0):
7(z=0)= pghi (4.21)

In many cases, the shear stress is assumed t@Hhanear distribution over the

depth: zero at the water surface ap@subscript in case of currents alone) at the
bottom.

Sometimes the beshear stress is denotedmswhereb stands for bottom. Other
possible subscripts acg(current),w (waves)cw (currents and waves) or

(critical). To avoid awkward subscripts likecw,cr, the bedshear stress is denoted
with 7 (and, depending on the case, a single subsceptqgiclarify the meaning).

For uniform flow we can use the formula of Chéaytlsat the expression for the
shear stress under currents omjyhecomes:
o2

\Y
.= P9 (4.22)

where:
v depth-averaged flow velocity [m/s]
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See Example 4.2 for an example calculation of thteoln shear stress under a
current.

Example 4.2
Input parameters:
Water depth: h
Roughness height: r
Average flow velocity: v
Required:
Bottom shear stress
Output:
Using C =18log(12h/r)=50m"/s the shear stress due to the current equals:
2

T = pg% =3.9N/m’

3m
0.06 m
1 m/s

Il

Example 4.2 Bottom shear stress under current

In Eq.(4.22), the shear stress at the botiwrdirectly coupled to a parameter,

which occurs in fact at a certain distarficen the bottom. This is rather strange and
not very useful if we later on like to combine #féects of waves and currents. For
this reason the bed shear stress will (also) lzeewlto a velocity parameter which is
closer to the bed itself. To do so, first the vélodistribution over the vertical must
be considered.

Considering the force balance of an element of wat€ig.4.7, it can be understood
that the shear stress at a lexel the water column is somehow related to the
gradient in the velocity over the depth. One wagldcso is to use diffusivity:

7(2) = pe; a2 (4.23)
dz
where:
& fluid diffusion coefficient [Mi/s]

The fluid diffusion coefficient represents the damént for vertical transport of
horizontal momentum. It can be regarded as a medbkat indicates how 'easily’ a
certain horizontally moving package of water carventhrough the water column
(up and downwards).

It comprises both the effects of molecular diffus{onduced by density gradients)
and by turbulence. The effect of turbulence is galhemuch larger than the effect
of molecular diffusion.

A general expression for the fluid diffusion coeiint can derived from the mixing
length theory of Prandtl (1926):

& = Izm (4.24)
dz

where:
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I mixing length [m]
Von Karman (1930) developed an equation for themgilength:

I :KZ‘/l—ﬁ (4.25)

where:
K Von Karman coefficient

Von Karman found that near the bed (far h), the mixing length was proportional

to the height above the bdd{dxz. From experiments it was further found that
0.4.

Combination of Egs.(4.23) to (4.25) and by assunaifigear variation of the shear
stress over the depth, yields a logarithmic vejogibfile. The next step is to
introduce the so-called shear stress velogitgefined as:

v = |l (4.26)
0

Using this parameter in the expression for theritigaic velocity profile gives the
well-known Prandtl — Von Karman logarithmic velgcfrofile:

v(2) :V—/;In [éj (4.27)

where:
2 the zero-velocity leveM= 0 atz = z) [m]

The shear stress velocity is the flow velocity theturs at a certain distance from the
bottom, assuming the logarithmic velocity distribantas described by Eq.(4.27).

The zero-velocity leved, has no physical meaning. It should be interprated
computation parameter, which is necessary becaqy$é.E7) is certainly not valid
for depths belove, (negative flow velocities are predicted there: Bigg4.8).
Usually the value fog, is related to the bed roughness.

logarithmic
" 7 profile
Vi
>
€%

2 s IZ'
ik

v v

Figure 4.8 Velocity distribution for a uniform stationary current
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For a hydraulically smooth bottorm, is related to the viscous sub layer:

z,=0.112 (4.28)
V,

where:
v kinematic viscosity [is]

For a hydraulically rough bottom, which is generdlie case in coastal engineering
applications, Nikuradse found experimentalty= 0.03Xy , whereky stands for the
Nikuradse bottom roughness, or the equivalent baghmess denoted as

Basically, we have only shifted the problem of disieg the velocity distribution to
this last parametet It is very unfortunate that the bed roughnessrasrbe easily
determined or measured in practice.

Many attempts have been made to measure the bgdmess in well-controlled
laboratory experiments. For flat beds of sand avel; for instance, various
researchers have related the bed roughness taatneter of the largest grains on the
surface of the bed. Examples are that of Engeluhth&sen (1973). = 2Dgs5, and

that of Van Rijn (1984) = 3Dqo.

Generally, the bed is not flat. Depending on théraylic conditions, different types
of bed shapes will develop, like ribbons and ridggsples, dunes and bars. In such a
case, the bed roughness needs to be related bedh®rm, for instance the ripple
geometry. An example is that of Swart (1976):

2
r= 257 (4.29)
A
where:
n measure for the ripple height (trough-crest) [m]
A measure for the ripple length (distance between
two neighbouring ripple crests) [m]

The 'actual’ velocity distribution under a unifostationary flow close to the bed can
be approximated as follows (see Fig.4.8). A tangjaatis drawn from the bottom
(z=0), where the velocity is zero, to the logaritbwelocity profile curve as
computed with Eq.(4.27). This line touches the gjoprofile at a height;, where

the velocity isv.. This height is related to the zero elevatipas follows:z = ez,
wheree is the base of natural logarithms (i.e. by appr@tion 2.72). The velocity at
this height follows from Eq.(4.27):

wzﬁm:igv (4.30)
K KkC
where:
Vi velocity at heighez [m/s]
V. shear stress velocity [m/s]
C Chézy coefficientC = 18log(12vr) [mY%s]
% depth-averaged velocity [m/s]
K Von Karman coefficient (0.4) [-]
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Combining Egs.(4.26) and (4.30) finally gives tbédwing relation between the bed
shear stress under a uniform current and the reshfidw velocityv;:

T, = pKk*V? (4.31)
c t

Eq.(4.31) might be used in bottom shear stresscgtigins. Compared with
Eq.(4.22), Eq.(4.31) has the advantage that thesbedr stress is related to an actual
near-bedsalue of the flow velocity.

4.4.3 Shear stress under waves

As was indicated in Section 4.3.2, initiation oftina is determined by the shear
stresses exercised at the bed. The orbital motideruwwaves alone, so without the
presence of a uniform current, also gives a shessssat the bed. In case of shallow
water, the water particles under a propagating va@geribe an elliptical orbit. From
the surface down to the bottom, the vertical dispaent of the water particles
reduces to zero, while the horizontal displacememiains almost constant (Fig.4.9).

-
1/
G
1 /7 1 u(t)=0,cos o

Figure 4.9 Water particle movement in waves

Applying linear wave theory, the peak value of diital velocityQ, and the
excursiondy, at the bed is given by:

g o1 (4.32)
2 sinhkh)
~ _ 0T
=0 4.33
8= (4.33)
where:
) angular frequency (@T) [Hz]
H wave height [m]
T wave period [s]
k wave number (21) [m™]
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A wavelength [m]
a, maximum horizontal water particle
displacement just outside the boundary layer [m]

When waves approach shallow water, the shape afdves will change, leading to
non-sinusoidal waves (asymmetrical). For a cordestription of the water motion
under these waves, higher order wave theories dloeutised. However, in many
computer model applications linear wave theoryisse ased in shallow water. It has
been proved to be a reasonable approximation.

In reality, the orbital velocity at the ber£{ 0) must be zero. The above equations
are therefore valid from the water level to a srdadtance from the bed (Fig.4.10).
This distance is denoted 8swhich is the thickness of the wave boundary layee
wave boundary layer is the transition layer betwiherbed and the layer of 'normal’
oscillating flow. The thickness is generally betwdeand 10 cm for short period
waves T < 10 s). The reason for this small thickness is tiiere is not sufficient
time for the layer to grow out in vertical directidbecause the current regularly
reverses.

A
zZ
06
(maximum free
stream velocity) !
|
|
|
! N
S
/7 i s >
U)

Figure 4.10 Boundary layer thickness

It is typical for oscillating boundary layers ththe maximum flow velocity near the
bed is somewhat larger (a few per cent) than thealied free stream velocity.

This is caused by the complex nature of the watarament in and near the wave
boundary layer. The boundary layer thickngsthus defined as the minimum
distance between the bedH 0, wherau = 0) and the level where the velocity equals
the free stream velocitly (Fig.4.10). Several researchers have experimerftaliyd
expressions for the value &f An example for the situation with laminar flowtrsat

of Nielsen (1985):

0 =0.5f 4, (4.34)
where:
fu friction factor

For a situation with turbulent flow an examplehattof Fredsge (1984), which is
based on theoretical results :
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A~ \—0.25
5= o.15(%j 4 (4.35)
where:
r bottom roughness (under waves) [m]

For a rough bed and turbulent flow it is not easygétermine the bed shear stress.

The presence of ripples and other bed forms makevétier motion in and close to
the wave boundary layer very complex. Based onrmaxgeats, Jonsson (1966) found
the following relation for the shear stress undaves:

1, =0.5pf (G,)” sirf () (4.36)
where:
Ty bottom shear stress for waves [KYm
w angular frequency [Hz]
Uo maximum horizontal velocity just outside wave
boundary layer [m/s]
fw friction factor []

The maximum bottom shear stress, thus is:
£, =0.50f (Gy)° (4.37)

Eq.(4.37) relates the bed shear stress under vdinezsly to a near-bed (orbital)
flow velocity. See Example 4.3 for an example cition.

Example 4.3

Input parameters:
Water depth: h =3m
Roughness height:  r = 0.06m
Wave height: H = 118m
Wave period: T = 8s

Required:
Bottom shear stress

Output:

From linear wave theory it can be found that the amplitude of the velocity near
the bed can be found from:
" H 1 i, T
i :w—%:lmls and a, = —127m
2 sinh(kh) 2z
For a value of ay/r>1.59 the friction factor equals:
f, =exp[ -5.977+5213(a,/r) """ |=0.045
The maximum bottom shear stress follows from:
~ 1 R
Te=op £, =22.5 N/m*

Conclusion:
For a maximum near bed orbital velocity of 1m/s the bottom shear stress due
to waves equals 22.5 N/m?. This is almost 6 times the value found for the
bottom shear stress due to an average current velocity of 1 m/s!

Example 4.3 Bottom shear stress under waves
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The wave friction factor depends on the amplitufihe wave orbital motion at the
top of the boundary layer and on the bed roughrégss:Many researchers have
tried to understand and to describe the detaited 8onditions in the boundary layer
above a rippled or flat bed. See for instance Fig.4n which measured flow
velocities are given of the instantaneous horidorgbocities above the crest and
trough of a sand ripple [Du Toit (1982)]. More ratlg, the attention is focussing
more into turbulence modelling.

Pl || ]

0.5 1. 3 1.
(c) ot=60° X%» (f) ot=150° XQX

Figure 4.11 Velocity field near a rippled bed in osillatory flow (Du Toit, 1982)

Similar as what was stated in Section 4.4.2, unfrtunate that the bed roughness
turns out to be important for the establishmerd célation for the bed shear stress
while this cannot be easily measured in practipalieations. This is why results
from laboratory experiments are still widely usAdrequently applied example is
that of Jonsson (1966), rewritten by Swart (19%&):i

~ -0.194
£, :exp{—5.977+ 5.21%%) }

A

f,=0.30, if (%j <159

(4.38)

Eq.(4.38) is graphically shown in Fig.4.12 (seetrpage). The upper limit df, is
doubted by various researchers: some suggesth#ratis no upper limit and that the
friction factor remains proportional &/r.
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It follows from Fig.4.12, thak, increases ify/r decreases.

0
10
> limit value
2 10!
5 N
22 \\
10 e
5
2
167
7 5 2 5 52 5 2 5
100 10" 107 100" 10t
s

Figure 4.12 Wauve friction parameter

Let us consider two cases in whiahis the same buk differs. For the case with a
large value foiT, the value ofy is larger than in the case with the lower valueTfor
(Eq.(4.33)). Assuming an equal value fpthis means that the case with the larger
value for the wave period gives lower values ferwave friction factor. This can be
understood by considering the development of thentlary layer in time. For the
longer wave period there is more time availabldewelop the boundary layer
thickness. Ultimately the gradients in velocitytire boundary layer become smaller
and the friction becomes smaller.

4.4.4 Shear stress under combined waves and uniform flow

Wave characteristics, current velocities and sk#asses change when propagating
waves encounter currents. The influence of wavetherurrent velocity distribution
has been examined by various researchers. Thevintiogeneral observations were
made:

Waves with opposing currenticreased velocities near the surface, reduced
velocities near the bed.

Waves with following current on a smooth bestuced velocities near the surface,
increased velocities near the bed (so the oppasifer waves with opposing
current).

Waves with following current on a rough bedduced velocities near the bed and
the surface, increased velocities at intermediapait.

From experimental data it can be concluded thattineent velocities near the bed
are reduced by wave-induced vortices in the wawmbary layer. Further,
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experiments and theoretical considerations showfltha resistance to the main
current will increase due to the presence of wathke.origin for this is turbulence
induced by orbital wave motion in the wave boundaper and water column. By
assuming an apparent wave roughness in this casé wHarger than the actual
physical bed roughness, some researchers straightidly describe this effect.

In the previous sections, separate expressionsgixa for the bed shear stresses
under currents and under waves.

Eq.(4.22) relates the bed shear stress underianstat uniform_currento the depth-
averaged flow velocity; the depth averaged flowoedy is in fact the actual velocity
which is present at a height of about 0.4 timesatater depth from the bed. (See
Fig.4.13 left panel.) [It was argued that an akirre expression could be derived
with a velocity parameter very close to the besl;the actual velocity at a distance
ez from the bottom (where= 0)].

Eq.(4.36) relates the bed shear stress under viaks orbital velocity at the top of
the wave boundary layer. (See Fig.4.13 right panel.

v =41 t=0 t=VaT
N T
Uy |
] ——
1 1 J
— s
currents WwWaves u

Figure 4.13 Velocity distribution in stationary current and under waves

In all bottom shear stress expressions the squaelaracteristic velocity is
applied. If a combination of current and wavesassidered, again a characteristic
velocity must be found. Because the position invilager column where the
characteristic velocity occurs, is quite differémtcurrent and waves, it is clear that
a simple addition of the respective velocitiesas alowed.

Bijker approach

Bijker (1967) was one of the first who developetethod in which the bed shear
stress under waves and currents can be combin#dslapproach the velocity at
heightz (= ez) is determined for both the currents (Section2}.4nd the orbital
velocity under waves.

For waves Bijker defined the velocity at heighto be proportional to the velocity at
the top of the wave boundary layer:

U = py, (4.39)
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where:
U velocity under waves at elevatian [m/s]
p proportionality factor [-]
Uo velocity on top of boundary layer [m/s]

For the determination of the bed shear stress Bifkewed the same approach as
for currents alone (Eqs.(4.23) to (4.31)). The bleglar stress,,, depends on the
orbital velocityu; (that is at height;). By using the same 'structure’ as Eq.(4.31), it
follows that:

I, = pK°U? (4.40)
where:
U orbital velocity at height; ( = ez) [m/s]
K Von Karman coefficient (0.4) [-]

By using Eq.(4.40) the maximum bottom shear sti@swaves only, is:
£, =pok?(pGy)° (4.41)

From a comparison of the work done by Jonsson (1866 that of Bijker (1967), it
followed thatp is a function of the wave friction parametgrand the Von Karman
coefficientx (combination of Egs.(4.41) and (4.37)):

P=v> (4.42)

The proportionality factor thus depends on thetisdaoughnesgy/r as shown in
Fig.4.12. The limit value gb is unity (iff, = 0.3 thenp =~ 1), which implies that the
maximum orbital velocity at = ez is then assumed to be equal to the maximum free
stream velocity andz is then equal to the boundary layer thicknedép < 1 then

the heightz = ez is somewhere inside the wave boundary layer.

The next step is to combine the velocities underecus {;) and under wavesy as
these have been determined separately. In therBifggroach, the velocities are
simply added as vectors. Fig.4.14 shows the caratdisystem and a plan view of
the situation, including the constant current vieyog and the time-varying wave
velocity u; (= pug). The combined velocity vecter also varies with time: both in
magnitude as well as in direction.

R u waves
Puy
T
N " current 5
= —
) ‘./ s pu,
limit conditions
for vy 7" beach
L

Figure 4.14 Plan view and specific velocity componés at an elevation g
above the bottom
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Similar as for the situations with only a currenbaly waves, the combined bed
shear stress can be written as (compare with E§%)(and (4.40)):

I, = PKV? (4.43)
where:
Tew (instantaneous) bed shear stress under combined
waves and currents [Nfin
Vr (instantaneous) combined velocity under
currents and waves (a}) [m/s]

Sincev; varies in time, the same is true &y, (Fig.4.15). Because of the squarevof
in Eqg.(4.43), the time variation of the magnitudehe shear stress differs from that
of the resultant velocity.

waves

current

#2222 beach

Figure 4.15 Plan view and bottom shear stress compents

For the initiation of motion and the stirring ups&Ediment particles from the bed, the
critical velocity (or the critical bed shear stresas to be exceeded. Depending on
the actual magnitudes wfandu; this exceedance will happen for some parts of the
wave period.

The direction of the resulting bed shear strggss varying all the time during a
wave period. It can be argued that for some apbica in sediment transport the
actual direction of the stirring up process of padicles is not important.

Although one might argue that it is a too straightfard approach, often the time-
averaged total bed shear stress, i.e. averagedtm/@rave period, is used in some
sediment transport formulae. Let us consider aggneral case like in Fig.4.15; the
current and the waves make an arbitrary angleeach other. The time-averaged
total bed shear stress reads:

T, = p/(z[vf +( pdy sin(a)t))2 + 2y piy sinw sir(¢)} (4.44)

(The over-bar in Eq.(4.44) represents time-averayin
The separate components between the brackets(4h.4&4). are shown as a function
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of time in Fig.4.16. Integration over the wave pdreliminates the third component,
while integration over the wave period introducdacor %2 in the second
component. This gives:

T, = oK [vf+%( pf)o)z} (4.45)
Or:
- 1.
T, =r.+=T, (4.46)
2
where:
T time-averaged total bed shear stress under
currents and waves [NAN
I, maximum bed shear stress under waves
(Eq.(4.37)) [N/M]
I bed shear stress under currents (Eq.(4.22)) N/m
n
+
0 >
, \%ﬁ [v; pl sin @][sin ot]

T

Figure 4.16 Components of mean shear stress

See Example 4.4 for an example of the calculagidhe time-averaged bottom
shear stress under the combined effect of waves @undrent.

Time-averaging over the wave period has elimin#tteddependency on the wave
direction relative to the current directiog if Fig.4.15). This means that the role of
the waves is mere to ease the stirring up of sadifnem the bottom. Once the
criterion for the initiation of motion has been egded, sediment is being transported
in the direction of the main current. The contribntof waves to the total bed shear
stress can be quite significant in shallow watesig a factor ten more than the
contribution of currents alone). This is why in ptgr terms one could say that
waves stir up the sediment, while currents trartspor
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Example 4.4
Input parameters:
Water depth: h = 3m
Roughness height: r = 0.06 m
Average flow velocity: % = 1m/s
Wave height: H = 1.18 m
Wave period: T = 8s
Required:

Time-averaged bottom shear stress

Output:
In the previous examples it was found that thedmotshear stress due to the current
alone equals 3.9 N/mand that the maximum value for the bottom sheasstdue to
waves alone equals 22.5 NiriThe total time averaged bottom shear stressalue
currents and waves follows from:

QW=Q+%%W=39+1L3=15:Nm$

Conclusion:
If (modest) waves are superimposed on the curtieatime-averaged botton
shear stress increases by a factor 4!

=

Example 4.4 Bottom shear stress under current and aves combined

In intra-wave modelling applications the time-agng procedure over the wave
period is omitted. An additional problem is therptoperly describe the time lag
effects. It will take some time before the sedimaanticles can actually respond to
the (quickly) varying magnitude of the combinedah&ress. In so-called research
models intra-wave modelling is more and more uBegractice, in so-called
engineering models, intra-wave modelling is oftehyet applied.

Eq.(4.46) can also be written as:

1 ~ 2
T = T{H—{Eﬁ} } (4.47)
2 v
where:
Uo maximum orbital velocity at top of boundary
layer [m/s]
% depth-averaged velocity (!) [m/s]
'3 combination of various parameters: [-]

5:CJE§ (4.48)
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Special case: combined bed shear stress alongsticea

Up till now, we have only considered a situatiorewd) at one specific location, a
uniform current and waves are present. If we carsior instance, a straight
coastline, then longshore currents can be genebgtédal forcing (caused by water
level gradients), by wind forces (acting upon tregev surface) and by obliquely
incoming waves (see Chapter 6). The longshore muisecounteracted by friction
forces, which are expressed in terms of the bosthear stresses. The bottom shear
stress was expressed with the help of velocityorsait height = ez. This latter is
given in Eq.(4.43) or integrated over time in Eq{. The (instantaneous) direction
of 1 coincides with the (instantaneous) direction ef thsulting velocity at. The
vectorz, might be decomposed in a component parallel tehioeeline X-direction)
and a component perpendicular to the shorejirdiréction).

For the longshore current, which flowsxirection, only thec-component of the
combined shear stress is important. Witheing the angle between thaxis and

the direction of wave propagation (see Fig.4.15hen follows:

_p Wt pQ, sin(wt) sin(¢) (4.49)

CwWX cw
VI'

To obtain the mean value af,x (over a wave period), this equation must be
integrated over time. This turns out to be not \eagy and no analytical solution can
be found. Bijker (1967) made numerical experimeamts, by fitting an equation to
the results, he found:

~ 1.13
r, = rc{0.75+ 0.4{{%} } Jif O<g< 28 (4.50)

Eq.(4.50) is only valid forg| smaller than 20 See Example 4.5 for an example
calculation.

An even further simplification is possible undee following assumptions:
— |@] is almost zero (which is reasonable in the breagee due to wave
refraction);
— &lolv is much larger than unity.

With these assumptions, the mean bed shear stregsooent in longshore direction
under combined currents and waves can be derived fyg.(4.49) as:

T =2 /207, v (4.51)

If we use a shallow water approximation to detemiign(Chapter 2), then a further
simplification is possible, leading to:

- __ P9 Jn
A hy f v 4.52
CWX \/E BTC y ﬂ ( )
where:
y wave breaking index=(H/h) [-]
H wave height [m]

h water depth [m]
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C Chézy coefficient [H?s]

fw wave friction parameter [-]

% depth-averaged flow velocity [m/s]
Example 4.5

Input parameters:

Water depth: h = 3m
Roughness height: r = 0.06 m
Average flow velocity: v = 1m/s
Wave height: H = 1.18 m
Wave period: T = 8s

Angle between the longshore current and the weagt<is smallg < 20°)
Required:
Bottom shear stress in longshore direction

Output:
In the previous examples it was found that thedmotshear stress due to the current
alone equals 3.9 Nfrand that the maximum value for the bottom sheass due
to waves alone equals 22.5 Nirfihe total time averaged bottom shear stress in
this special case can be found from:

A

113
T Cyf
Toux = Tc| 0.75F 04{££j =7.9 N/nf for F=—1*2=25
\Y /29

N

If {E > 1 this can be further simplified to:
Vv

T, =%,/2ngva = 6.2 N/n?

Conclusion:

For this special case of a small angle betweetotigshore current and the
orientation of the wave crests, the bottom sheasstincreases by a factor 1.5 - 2.0.

Example 4.5 Bottom shear stress under longshore aent

Conclusion

Bed shear stresses are important for the initiadgfamotion and for sediment
transport. The presence of waves can increaseethshear stress significantly,
compared to a situation with only a (uniform) cuatre

Bed shear stresses, however, are also importanbtorteracting currents that can be
tide, wind, density, pressure, or wave driven (amigture). This means that we will
come back to the topic of bed shear stresses irethainder of these lecture notes,
when hydrodynamics and sediment transport processediscussed.
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4.5 Sediment transport modes

451 Introduction

Initiation of motion, transport and deposition eflement particles are core issues in
coastal engineering. Coastal engineers are oftenlyriaterested in the sediment
transport integrated over time (such as per yeat)over a certain ray (such as a ray
perpendicular to the shoreline and covering theesstrf zone). In the following
section we will go into the details of sedimennsport per m and per s (so/m/s).
This transport can principally be parallel to therline (longshore sediment
transport: Chapter 6) or perpendicular to the dhm@écross-shore sediment
transport: Chapter 7).

The sediment transport at one particular locat@iods from the integration of the
vertical sediment transport distribution over tinéire water column. To compute the
sediment transport distribution it is first necegda determine the velocity
distribution,v(z), and the sediment concentration distributic(@); see Fig.4.17.

The sediment transport in a thin layer close todthe (betweer = 0 andz =a in
Fig.4.17) is referred to as bed load transport.

The transport in the upper layer is called suspehoizd transport.

These two sediment transport modes are brieflpéhiced in Section 4.5.2.

_ water surface

z=h
velocity concentration transport
" c Ve suspended
- g ‘~—3 load

e Ca
il | e e e e o — — T —. < —y~bed load——"]
z=0 e

bed

Figure 4.17 Principle of (suspended) sediment trapsrt computation

The main focus will be on the description of the@entration distribution, which
depends on the shape of the vertical distributione and on a so-called reference
concentration (i.e. the concentration near the bed:Fig.4.17). Various shape
functions can be found in literature. The referecmecentration is often deduced
from a (separate) calculation of the bed load partsfor which aim often sediment
transport formulae are applied which are also usedter engineering.

452 Basic formulation

Basically, sediment transport can be defined asaatity of sediment that is moving
with a specific velocity through a well-defined (paf a) plane. Expressed in terms
of a very simple equation:

S=cv (4.53)
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where:
S sediment transport rate fre/nt]
C sediment concentration [see below]
v velocity of particles (water velocity) [m/s]

Here, as in many similar discussions, it is assuthatparticles in suspension move
essentially with the same speed as the water suatiog the particle; so with the
local velocity of the water. The mass of partigkesuspension is usually so small,
that the are able to follow water velocity fluctioats without a significant time-
delay.

Sediment concentration can be defined in two wagkimetric concentration (fn
sediment per fiwater; or simply in %), or mass concentration (Kj/rolumetric
concentration thus gives the percentage of thé wotame (for instance 1 Hiwhich
is occupied by grains. This may be with or witheaoids in between the particles;
voids which would be present if the particles wolddsettled at the bottom. In
sediment transport formulae, volumetric concerdretiare often directly multiplied
by 1/(1p) (p: porosity) as that results in direct informatiamaxcretion or erosion
quantities if the sediment transport rate changésen we are measuring sediment
concentrations, mostly the mass concentrationds as unitd in kg/nt or g/li).

If the mass concentration is used as the unitfersediment concentratiarin a
sediment transport formula, then the results haveetmultiplied by X to get
m*/s/mf as unit forS. (ps: mass density of particles (kgim

Eq.(4.53) can be used if we are interested in ¢dénsent transport rate in a specific
point. Usually we are interested in a more integtaheasure, for example the total
amount of transport between the bed and the watéce. In that case, the sediment
transport rate can be described as the same profisetiment concentratianand
water velocityv, though integrated over the local water depth

s=[ 43} ¢ (45

Both the concentrationand the velocity are allowed to vary as a function of the
elevationz above the bed. This type of equation can be apppdiethe assessment of
the sediment transport rate in e.g. a river in Whioth concentration and velocity
vary only slowly with time.

However, in a coastal environment where waves afaimportant role, both the
velocity and the concentration exhibit large vaoias in time on the time scale of a
wave period. Consequently, latter equations wilehto be extended yielding:

h+n t'

s=2 [ [dz) (2} dd (4.55)
t z=0 t=0
where:

t the integration period [s]

n the instantaneous water surface elevation [m]

h average water depth [m]

v(z,t) instantaneous velocity at height z (in x-

direction) [m/s]

c(z,t) instantaneous concentration at height z %1y
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For the time interval over which the integratior&q.(4.55) is carried out, denoted as
t', a sufficient number of wave periods should betaikto account. For the upper
boundary of the integration vertical, the instaptauns level of the water surface
should be used.

The local variation in the velocity and consequetiike local variation in the
sediment concentration are in general relatedam#tillating movement of the
waves. Bosman (1986) measured sediment concemisatica constant elevation
above the bed and under identical regular wavessio-called oscillating water
tunnel. The results of 99 records are plotted q4-1.8.

100
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Figure 4.18 Sediment concentrations as a functiorf tme (99 individual
records), Bosman (1986)

Although some expected tendencies can be see.éh.E8 (e.g. two large peaks,
and two smaller peaks in between), the scattdrdmieasuring results is
(unexpectedly) very large. For the time being &tiff impossible to find a sound
relation for the sediment concentration as a famctf time and place for quite
general cases (including irregular waves). Thatmeghat a sediment transport
formula fully based on Eq.(4.55) can in fact nat lye used. By applying some
simplifications we are able to derive formulae $pecial (restricted) cases.

One approach is to distinguish between varioussprart modes based at the
characteristics of the water movement. If, for eglanthe fluctuations in the
magnitude of the velocity (in the direction perpienthr to the plane where we like
to quantify the sediment transport rate) are rashaall, a quite different situation is

80



Sediment Transport Processes

present compared to a situation with large fluéturest In the coastal area we might
make a distinction in sediment transport modessdas the current characteristics.
See further discussion in Sections 4.6 to 4.8 aBd 5

Another, mainly practical and useful, point is taka distinction in the sediment
transport that is occurring in two horizontal trpod layers. If one refers to the
material that is transported in a layer very neahe bottom, it is the so-called bed
load transport. The material transport in the regibove this 'bottom layer' is
referred to as suspended load transport (Fig.4.17).

Although the actual boundary between the two laigersot always clear, the
distinction is considered very practical. Some dasinciples of these two types of
sediment transport are given in Sections 4.5.34ahdl.

45.3 Bed load transport

Bed load transport occurs when the bed shear gsirdbe bed shear stress velocity
(v« =V(110)) exceeds a critical value (initiation of motio®ediment particles start
rolling or sliding over the bed. If the bed shetaess increases further, then the
sediment particles move across the bed by makiradl gmmnps, which are called
saltations. Only if the jump lengths of the satint are limited to say a few times the
particle diameter, this type of motion is still cishered as a part of the bed load
transport. Otherwise, if the jumps become largdoaks more like suspended load
transport. This illustrates once more that theirmi§ion between bed load and
suspended load transport is artificial to somerext& good reason to do so, is for
simplifying the mathematical description of sedirnansport.

Bed load transport is concentrated in a layer clogbe seabed, the so-called bottom
layer with a thicknessg,. The mixing due to (vertical) turbulence is ofesgsumed to
be still small in this layer, so that it only slighinfluences the motion of sediment
particles. The movement of the sediment partidasainly limited by the effect of
gravity.

Many formulae do exist in literature which describe bed load transport. The
oldest is perhaps that of Du Boys (1879!), follovsdmany others. These formulae
were originally developed for rivers, and laterustigd for coastal environments.
Most of the formulae 'predict’ the rate of bed lb@shsport as a function of logical
parameters like current velocity (or bed shearss)garticle size, bed roughness,
etc. In Section 4.6.2 an example of a bed load éitaris further discussed.

A quite different formulation for the bed load tsmort would be:

$=6,6Y% (4.56)
where:
S bed load transport [fm/s]
& thickness of the bottom layer [m]
vy average velocity in the bottom layer [m/s]
Cs (say a constant) concentration in the bottom
layer [m¥m?]

It is noted that such a formulation is actuallycontradiction with the nature of bed
load. In a formulation according to Eq.(4.56) bedd transport is in fact considered
as a 'suspended mode'. It refers to a layer ofrwdtk an average suspended
sediment concentration moving with an averagedoigiowith the help of a reliable
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bed load transport formula to fir&, and known (assumed) values &randv;, at

least a measure for a characteristic near bed sediooncentrations can be found.
This approach will be used in the following section

45.4  Suspended load transport

When the actual bed shear stress is (much) laingarthe critical bed shear stress,
the particles will be lifted from the bed. If tHi& is beyond a certain level, then the
turbulent upward forces may be larger than the srlged weight of the particles. In
that case, the particles get into suspension, wiieans that they loose contact with
the bottom for some time.

Now besides gravity, friction forces between thaimg in suspension and the grain -
water interaction affect the behaviour of the susieel particles.

The suspended transport r&gs found by applying the basic equation according
Eq.(4.55) for the region above the bottom layeg#&il7):

ssz%hf ] qz)y z) dd (4.57)

z=9, t=0

Notice that Eq.(4.57) is still quite general andlise that we are always interested in
the sediment transport through a well-defined pldie velocity parametex(z,t)in
Eq.(4.57) refers consequently always to the compbokthe total velocity
perpendicular to the plane as considered. (The ooemt of the total velocity

parallel to the plane of the sediment transpomsdwot contribute to the transport
throughthe plane; the particles shear along the plane.)

For the further elaboration of Eq.(4.57) two partar&must be considered into more
detail;c(z,) andv(z,}). In the coastal area both parameters are in gefhrctions of
height above the bed and time. Compare for exathgleffect of the orbital motion
of the waves.

In sediment transport applications in coastal esgiimg it still makes sense to
discern between cases where the velocity compomeata clear function of time
(v(z,) must be used) and cases where the time effedtth&gneglecteds/(z) might
be used). The latter case is much easier to haimaltethe former case. See also
Section 5.3.

Let us assume that we can stick to a descriptidhetediment transport rate where
the time effect of the velocity component is noportant. (That refers often to cases
with tidal currents and/or wave driven longshorerents where we are interested in
sediment transports through planes perpendiculdret@urrent direction.)

In these cases we might use of the logarithmicoigiaistribution as described with
Eq.(4.27). As explained in Section 4.4, a logarithaelocity distribution ‘predicts’
negative velocities for < zy, which is of course not realistic. Since we aralite

with suspended load transport, which is by definitabove the bottom layer, this is
not a real problem. Note that the thickness ofiittom layerd, has not much in
common withz, (= r/30, withr = bottom roughness). However, both are small
relative to the water depth and located just alibeebottom.

The second important parameter in the elaboratidgd4.57) is the vertical
distribution of the sediment concentration. Thipeleds on various parameters, such
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as the wave characteristics, the overall flow vigjpclepth, characteristics of the
water and the bed material (assuming that the ssdim suspension originates from
the local bottom) and the bottom slope. Becausthelie parameters and sub-
parameters influence each other at various timé-space-scales, it is yet impossible
to give a formulation foc(zt) for an arbitrary combination of conditions. Hovweey
in cases where we can stick te(a) description for the current velocity, we also can
stick to aC(2) description for the sediment concentration (ovear-bae-averaged).
Sediment transport along a coastline can ofterppeoaimated in such a
schematised way. Due to wave refraction, the aofglbe incoming waves relative to
the longshore current, will be small. This mearad the variations over the wave
period in the velocity component parallel to thastowill also be small. For practical
cases, we may use the time-averaged velocity. finmtber use the time-averaged
concentration, Eq.(4.57) can be rewritten as:

h+n

S.= [ (90 } d (4.58)

where:
Six suspended sediment transporkdirection  [m/ms]

Reference is made to Chapter 5 where this willuoghér elaborated.

Concentration distribution

In the following discussion on sediment concenbrative first assume a steady state
(like in uniform flow). So fluctuations with time@excluded. The sediment
concentratiore(z) is assumed to be only a functionzpthe over-bar to represent
time-averaged conditions is for simplicity reasonstted.

The grains that cause a sediment concentra{®rat heightz, will have a tendency
to fall down with their fall velocityv. The downward transport through a horizontal
plane in the water column at lexehbove the bed thuswex(z). Local turbulence in
the water column leads to upward and downward exghaf water. Averaged over
time, of course, there is no net exchange of watewever, since the sediment
concentration changes over the water column, ma@gwill be transported in
upward direction than in downward direction. Thaads to a turbulent transport of
sediment, which depends on the gradient in conagoitr over the vertical axis. This
is why it is referred to as a gradient-type tramspo

Turbulence transports — on average — sediment legeis of high concentrations to
levels of lower concentrations. So from lower levig higher levels. An equilibrium
situation occurs once the downward transport cabgegtavity is compensated by
the upward movement of grains by turbulence:

dc
we( 2) +&,( z)%zO (4.59)
where:
c(2 average concentration at level z above the bed ] [-

&(2) diffusion coefficient for sediment at level  [m%s]

The assumption of a gradient type transport is @alid in situations with small-
scale fluid movements. In practical situationshsas a surf zone with breaking
waves, this prerequisite will not be met. Undertsconditions, large vertical
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movements of water take place and diffusion isthetprimary process. Still, even in
these situations working with Eq.(4.59) proved ¢oviery practical. The parametgr
however, should then be regarded as a measureefoniking process.

Note that in Section 4.4.2, the gradient-type tpaniswas also applied for the
vertical transport of fluidg in Eqg.(4.23)). There, horizontal momentum was
exchanged in the vertical direction (instead ofireedht grains in this section),
ultimately leading to the logarithmic velocity pilef

The most general solution of Eq.(4.59) is:

c(2)= gexp{—f 5\2/2) dz} (4.60)
where:
Ca concentration at level=a (in fact an
integration constant) [-]
w fall velocity [m/s]
z height above the bed [m]

In coastal engineering practice, the reference exatnationc, is often related to the
concentratiorcsinside the bottom layer (see under bed load tr@msp

If we consider uniform bed material & constant), then it follows from Eq.(4.60)
that the concentration distributia(e) is determined by the reference concentration
near the bottom and the distribution of the mixtogfficient&(2).

The mixing coefficient for sediment is likely reakto that of the fluid. In simplified
format:

& = P, (4.61)

where:
B factor [-]

If <1, then it is assumed that the sediment parted@snot respond fully to the
turbulent fluid velocity fluctuations (inertia). B> 1, then it is assumed that the
sediment particles are apparently 'thrown outhefturbulent eddies. This can be
related to the centrifugal forces, which are lafgerisediment than for water, due to
the higher density of the particles compared tadiwesity of water. Laboratory
experiments sometimes give valuesfdarger than unity, which supports the idea
of the dominance of centrifugal forces in the resglmovement of sediment
particles through the water.

The value forB, however, remains uncertain. In the followjg 1 is used.

Various researchers have suggested distributiong(®). In Fig.4.19, an overview is
given of some suggesteddistributions.
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Figure 4.19 Overview ofes distributions [after Sistermans (2002)]

Two distributions are discussed in more detaibbel

A most simple distribution assume$z) = & is constant all over the water depth.
(See Fig.4.19 case a) Constant.) This gives thewwlg solution of Eq.(4.60):

c(2)=¢ exp{_TWZ} (4.62)
where:
& the constant value for the mixing coefficient  ?[sj
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Co concentration a = 0 (in this case the
integration constant can be taken at leal0) [-]

The exponential concentration distribution accogdm Eq.(4.62) predicts finite
sediment concentrations at the bottom and at thierngarface. (See Fig.4.20) With
the help of Eq.(4.62) we easily can see what happéth c(2) if we assume e.g.
more mixing (largeks) or finer bottom material (smaller).

A

(lin)

o [kg/m']

(log)

Figure 4.20 Sediment concentration distribution ovewater depth
(constant mixing coefficient)

Rouse/Einstein suggested a parabolically changifigstbn coefficient over the
water depth (see Fig.4.19 case d)):

z| h-z
‘gs(z):4£smaxﬁ|: h :l (463)
where:
&, max Maximum mixing coefficient occurring at half

the water depth [ffs]

This results in a concentration distribution dedas:

h-z a |*
o(2)= (‘{Tﬁj (4.64)
where

a thickness of the bottom layer [m]

Ca concentration at reference lewst a [-]

Z Rouse number defined as:

7z =" (4.65)
KV,

This concentration distribution leads to infinit@lwes az = 0 and to zero
concentrations close to the surfaze (). (See Fig.4.21) Therefore, a finite
concentration near the bottom,is necessary to determine the whole distribution
over the water depth. (In contrary to the usey@fs used in Eq.(4.62).)
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Figure 4.21 Sediment concentration distribution ovewater depth
(parabolic mixing coefficient)

It is not known whiche-distribution is physically most realistic. Variotesearchers
‘promote’ various distributions. A given measurediment concentration
distribution over the water depth, can often beadlgueliably approximated by
various distributions represented in Fig.4.19.

By using the Rouse/Einstein distribution at leashe consistency is achieved in the
formulations used for the description of the velpdistribution and for the
distribution of the sediment concentration. Bothtfee &-distribution and for the; -
distribution parabolic functions are then assunf@dgarabolics -distribution leads
to the well-known logarithmic velocity distribution

Bottom concentration

The shapeof the concentration distribution depends on trseiaeds-distribution,
whereas the concentration quantities entirely deenthe bottom, or reference
concentration. The bottom concentration can beahasz = 0 (), or at a level

z =a above the bottont{). The bed concentratiag is used in the concentration
distribution with the constant mixing coefficieiq.(4.62)); the near bed
concentratiort, is used in the Rouse/Einstein distribution (E§44).

In principle, one may use any level for a. Generallyz = a corresponds with the
surface of the bottom layer, i.e. the narrow zohens the bed load transport takes
place. A practical method to find the bottom corcaionc, is to use one of the
many available bottom transport formulae:

c =2 (4.66)
va
where:
S bed load transport [fms]
v average fluid velocity in the bottom layer [m/s]
a thickness of the bottom layer [m]

In coastal engineering it is common practice tothsebottom roughnessas a
measure for the thickness of the bottom layeso:a =r.
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Most of the bottom transport formulae rel&edo the bottom shear stress and to the
particle diameter. 15, is determined andis computed theoreticallg, can also be
determined. Some other formulae use more complexuiations, which make it far
from easy to determine the value &grOnce a value fot, has been established, it is
possible to find the entire concentration distridautover the water depth.

455 Total load transport

The sum of the bed load transport r&i@and suspended transport r&equals the
total transport rat&:

S = % + § (467)

Such a simple summation of the two transport madeshed load and suspended
load transport, is allowed because they are diyedifferent transport processes.
They are, however, closely related, for instaneete bottom concentration. In the
next sections, sediment transport formulae areepted for both transport modes as
well as for the total load transport. From the giexamples it will become clear
how both transport modes are interrelated.

4.6 Sediment transport by currents

4.6.1 Introduction

Although we are mainly interested in the sedimeamdport by waves and currents,
we will start our discussion with the (quantificatiof the) sediment transport by
currents only.

The transport of sediment particles by a uniformrent is possible in the form of
bed load only or in the combination of bed load auspended load. This mainly
depends on the flow conditions and the size ob#etmaterial. Various formulae are
available in literature, many of them originatimgrh river engineering. These are
not repeated here.

As an example, however, we will describe in sontaitla set of formulae. With this
set and various assumptions, it is ultimately gamdsdio calculate the sediment
transport by currents. (With this basis and sonthit@atal assumptions we are later
on able to calculate the sediment transport focctmbination of waves and currents
for some specific cases in coastal engineering).

This approach is first applied by Bijker (1971); tasically follow this approach in
these lecture notes (So-called Bijker formula.jni&r approaches have been
followed by others.

4.6.2 Bed load transport under currents

Kalinske (1947) as well as Einstein (1950) introetlistatistical methods for the
representation of the turbulent behaviour of tba/flEinstein developed complex
formulations for the movement of the particles, maas Kalinske assumed a normal
distribution for the instantaneous fluid velocitygaain level. Frijlink (1952) used a
more practical approach and made a fit of varicaussport formulae. This led to the
so-called Kalinske-Frijlink formula for bed loacfrsport (in uniform flow):
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S, =50,/ Du exp{— 0.2 CZE)SO}

v (4.68)
transport stirring up
where:
S bed load transport [tm/s]
5 experimentally derived coefficient (fit
parameter) [-]
Dso mean sediment particle diameter [m]
Vs shear stress velocity defined as:
v =9 [m/s]
C
% depth-average flow velocity [m/s]
C Chézy friction coefficient [h%/s]
Y7 ripple factor -]
g acceleration of gravity [
-0.27  experimentally derived coefficient (fit
parameter) [-]
A relative sediment density defined as:
A=Ps—P [
P
Ps mass density of sediment [kgfm
P mass density of water [kgfin
Using the expression for the shear stress undezrasr(Eq.(4.22)) gives:
— —0.27 pgAD;,
=5 O exg ————=2
5= 500k ’{ oo (4.69)

transport stirring up

The last part of term between brackets is the se/ef the Shields parameter.

The second underlined term in Eq.(4.69) is a meafsurthe stirring up of sediment
particles, which thus mainly depends on the Shipkdameter.

The first underlined term is the actual (dimenséss) transport term.

Apart from the two fit coefficients and the alreddyown parameters, one 'exotic’
parameter occurs in both the transport and thergfiparts of the transport equation
which needs some explanation: the ripple fagtor

Bottom friction is caused by flow resistance atllottom. Both the bed forms, like
ripples, and the grains contribute to this flowisesce (but on different scales). The
actual transport of particles occurs due to thedsi(shear stresses) acting on the
grains itself (not due to the forces acting ontlibtom ripples). With the ripple
factor it is meant to specify the actual forcethatgrains.

The factorur; represents the actual shear stress on the griéma the bed, which is
a measure for the forces acting on the grains.eSinis the bed shear stress (under
currents), the ripple factor can be regarded aspidud of the available shear stress
that can be used to initiate the movement of sedlimpearticles. The remaining part of
the shear stress then is a measure for the flostaese caused by bed forms like
ripples.
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T

_ skin, grains (470)
TC
where:
Tskin grainsShear stress at skin surface of the grains, difine
as:
_ pgv’ 2
z-skin,grains_ Cskmz [N/m ]
Cskin 18 IOg(lm/Dskin) [m°'5/s]
Ds«in  representative grain size for skin friction [m]
I total bed shear stress, defined as:
VZ
r = pgz [N/m?]
C 18 log(12Vr) [m°%s]
r bottom roughness [m]

In some transport formulationBggis used foDgyy, Yielding Csin = Coo. However,
other formulations can be found in literature af.we

The ripple factor, according to the above defimitiis proportional toG/Cgo). In
practice however, it appears that the followingregpion is used for the ripple
factor:

(c 15
IU—(C%] (4.71)

By using the power 1.5 instead of 2, the fagtoractually is a combination of the
shear stress on the grains (which was the origieghition) and the total shear
stress:

,UTc = Tgk?rf grains B- 2.25 (4 72)

In the Kalinske-Frijlink transport formula for bémhd transport under a uniform
flow, it follows that skin friction is assumed te Imore important for the transport
than the total friction (power 0.75 versus pow@5).

The physical meaning of the ripple factor is thandicates, for a certain amount of
available shear stress, how 'easily’ sedimentgbestcan be stirred up. It is therefore

not logical thaj (in fact\/z ) also appears in the ‘transport part' of the kskin

Frijlink formula. Bijker (1971) modified the Kalike-Frijlink formula by indeed
leaving out the ripple factor in the 'transporttpaf the formula:

S =50,v ex{ —0.27pgAD50}

(4.73)
J7E

The experimentally derived fit coefficient 5 in tbaginal Kalinkse-Frijlink formula,
however, was based includipgn the transport part of the formula. With an orde
magnitude ofz = 0.4, it would mean that this coefficient in tBigker formula,
should bex 3 (namely 50.4). But still often a coefficient of 5 is usedraal
applications.
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4.6.3 Suspended load transport under currents

Einstein (1950) used the Von Karman — Prandtl! lidganic velocity distribution, and
a diffusion equation for the sediment concentratistribution. He further assumed
a parabolic distribution of the mixing coefficientwhile he useds = &. As shown

in Section 4.5.4 this resulted in the Rouse/Einsti&stribution ofc(z):

h-z a ]%*
o(2)= Q{TF&J (4.64)
where
a thickness of the bottom layer [m]
Z Rouse number defined as:
z = (4.65)
KV,

Einstein assumed a bottom layer thicknegsaé twice the grain diameter. He further
used his own bed load transport formula (not givere) to find an expression for the
reference concentration.

With a logarithmic velocity distribution and Eq.§4) for the sediment concentration
distribution, the suspended load transp8rt ¢.0) yields:

h Z
el s

z h-a

The integral in Eq.(4.74) cannot be simply solMgistein found an expression with
two other integrals as a solution:

S, =11.6v ag[ | In(%)+ g} (4.75)
where:
I, 12 Einstein integrals []
h water depth [m]

The Einstein integrals are difficult to solve. Baghand Bakker (1977) evaluated
the entire term between brackets in Eq.(4.75) rredeto ag), and listed values for
Q as a function of- andr/h (see Table 4.1):

Q:[Illn(gjﬂz} (4.76)

[With modern fast computers Eq.(4.74) can be sinaplyroached with a numeric
scheme.]
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r/'h Ze [-]
[-] 0.00 [ 0.20 | 0.40 | 0.60 | 0.80 | 1.00 | 1.50 | 2.00 | 3.00 | 4.00
1107 [303000] 32800 3880] 527| 88.0] 20.0] 2.33] 0.973] 0.432] 0.276
2107 | 144000| 17900 2430/ 377 71.6| 17.9] 2.31| 0.973| 0.432| 0.276
5107 53600 7980 1300 239 43.6| 14.4| 2.28| 0.967| 0.432| 0.276
1107 | 253000 4320/ 803 169 42.7] 13.6| 225/ 0.967| 0.432| 0.276
210" 11900 2330| 496/ 119| 339 119 2.21] 0.967| 0.431| 0.275
5107 4360 1020f 260 743 24.6 9.8 2.13] 0.962| 0.431| 0.275
110~ 2030, 545 1358 51.2| 19.1 8.4 2.05| 0.951| 0.430| 0.275
2107 940 289 95.6| 35.1| 14.6 7.0/ 1.96| 0.940| 0.428| 0.274
5107 336| 123| 48.5| 20.8] 10.0 5.4 1.78] 0.907| 0.424| 0.273
110~ 153 639 286/ 13.8 7.3 43 1.62| 0.869] 0.417| 0.270
210" 68.9| 32.8] 16.5 8.9 52 3.3 1.42) 0.809( 0.404| 0.264
5107 232 131 Tk 4.8 B 22( 1.10] 0.694| 0.374] 0.249

110" 98 63 4.1 28 20/ 1.5 084] 0.568] 0.339| 0.236
210" 39/ 28 20 1.5 120 09 055 0414] 0317

510" 08 07 06 05 04 03] 017

1 0 0 0 0 0 0 0

Table 4.1 Values of Q for different r/h-values

To find the reference concentratioyfor the calculation of the suspended load
transport Bijker used Eq.(4.56), or:

Sn = erot lay. Ca (477)
where:
r thickness of bottom layer [m]
Vhotlay. average velocity in the bottom layer [m/s]
Ca reference concentration [-]

The average velocity in the bottom layer followsnfrintegration over the bottom
layer thickness of the assumed logarithmic velodisgribution inside the main part
of the bottom layer; the part between 0 andz = ez is represented by a straight
line (see Fig.4.22). It follows that:

Vootlay, = 6-34V. (4.78)
The reference concentration can now be derived thenfollowing equation:
¢ =—b (4.79)
6.34v.r

In the Bijker approach, values for the bottom layeckness vary from 0.01 m to
0.10 m. He further used the adjusted KalinskeiRkjformula (Eq.(4.73)) to find the
value for the reference concentration.

With the use of the Rouse/Einstein distributiontfed sediment concentratia(z)

and the logarithmic velocity distribution, Bijkeslfowed in fact the Einstein
approach for the suspended sediment transportpsmela according to Eq.(4.75).
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The main difference between the approaches of &mand Bijker is the selection of
the height above the bed whetds defined. Bijker used the bottom roughness
(0.01 — 0.10 m) instead of twice the grain diamagEinstein did (0.001 — 0.01 m).

Bottom

Vp1 = 6.34 V. Layer

Z =67 2.5V,

g (S Y
k] Vi

—_—a ¥V

Figure 4.22 Computation of the mean velocity in théottom layer

4.6.4  Total load transport under currents

The total load transport under currents followsrfrihe summation o, andS;. If
we use the Bijker formulae, for instance, it folfvtom Egs.(4.73) and (4.75) that:

S =50, ueXp{— 0.2 D50p9}+ 11.6¢ rg[ | |6&j+ 5} (4.80)
UT, r

Others have developed formulae for the total loadsport. An often used formula is
that of Engelund-Hansen (1967), which was origind#veloped for application in

rivers (see Eq.(4.81)).

S =0.05v .C (4.81)
' (1_ p) ngz.sAzDSO .
where:
0.05 experimentally derived coefficient [-]
% depth-averaged velocity [m/s]
e bed shear stress under currents [fi/m

p voids ratio [-]
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Other formulae exist as well, and most of them galhegive reasonable results for
river applications. More detailed information canfbund in the literature on
sediment transport.

4.7 Sediment transport by waves

If a wave would be completely sinusoidal and theidgrtly symmetric, the related
water motion is able to stir up sediment and geresaspension, but the net
transport averaged over a single wave period wittéro by definition. In real cases,
however, waves can actually cause transport ofrssuti

One mechanism for sediment transport under wavesdause of wave asymmetry.
It is caused by the non-sinusoidal character ofnthees due to higher harmonics in
the wave signal. This asymmetry leads to differennehe forward (in the direction
of the wave propagation) and the backward directimiegration over the wave
period with these descriptions still gives a zegbvelocity. Since sediment transport
might be thought to be related to the flow velotiya power larger than 1, this
would mean that more sediment is being moved faiwdaring the wave passage
than that is moved backwards. So, although theneeement of water is zero, a
resultant movement of sediment remains. The dorddf this type of wave
asymmetry transport corresponds then with the tiineof wave propagation.

Another mechanism is the generation of a (smatlfloes by propagating waves

even with perfect sinusoidal orbital motion. ThEscalled mass transport or Stokes
drift and can be explained as follows. The horiabmiovement of a water particle is
in general larger higher in the water column tr@mdr in the water column. A water
particle under the top of the wave thus moves fastehe direction of wave
propagation than a water particle under the trafghe wave runs backward. This
makes that the orbital motion is not entirely ctbeger one wave period: the

residual motion is called the Stokes drift. Of @udepending on the actual case, the
Stokes drift can be up to 0.10 m/s and is direttete direction of wave

propagation.

Along a coastline, with waves propagating perpaunldicto the coast, the Stokes drift
has to be compensated (otherwise, water is pilmggainst the coast). This leads to
return currents (undertow) close to the bottonhaapposite direction as the Stokes
drift. This seaward directed undertow near the (r@d zone with relatively high
sediment concentrations) yields often a seawartid sediment transport.

The relevancy of Stokes drift related sedimentdpant is also large in situations
with a shallow area with deeper areas behind iiniples are shallow areas on the
outer deltas of coastal inlets, where the Stok#sisinot (entirely) compensated by
undertow as the water can flow away at the backede flats (where often tidal
channels are present).

Wave-induced sediment transport plays a role ih bobss-shore transport
(perpendicular to the coastline: Chapter 7) anddbore transport (parallel with the
shoreline: Chapter 6).

94



Sediment Transport Processes

4.8 Transport by waves and currents combined

4.8.1 Introduction

In the case of currents only, the average sedimenement can be large, provided
that the current velocities are very high. At ogen, however, the (tidal) currents are
often modest in strength. The bed shear stress tiddécurrents only is then
relatively small, which means that not much seditwéh be in suspension, so that
transport rates might be low as well.

In the case of waves only, the bed shear stresdomaycreased significantly.
However, since velocities are small, sediment partsrates remain small as well.

In most cases, waves and currents are combined atmsts. For instance due to
tidal currents and because of the generation ofigshore current by obliquely
incident waves along a coastline (littoral drifh&pter 6).

Various authors have developed methods to calctliateediment transport under
the combined effect of currents and waves. Bijk&7(Q), for instance, developed a
transport formula for a combination of waves andenis, by adjusting a sediment
transport formula for currents only. Below we foarsthis approach, with the notice
that a lot of research has been done and is stiliggon to find physically more
realistic formulations.

4.8.2  Bijker approach

Both in the bed load transport formula (Kalinskghfk) and in the description of
the sediment concentration distribution (Rouse/f€indistribution), the bottom
shear stresg (or the shear stress velocitywhich is directly related with,) plays a
role, while calculating the sediment transporchyrents only Bijker, willing to find
a sediment transport formula applicable for the lom@tion ofwaves and currents
followed a quite straightforward approach. He reptix. in the formulae simply by

T

cw *
The bottom shear stress under combined waves arehtsihas been discussed in
Section 4.4.4:

1 ~ 2
T =T {l+—{f i} } (4.47)
2 v
where:
Uo maximum orbital velocity at top of boundary
layer [m/s]
v depth-averaged velocity (!) [m/s]
3 combination of various parameters: [-]

£=C \/g (4.48)

As partly already discussed in Section 4.6, Bijkedified the Kalinske-Frijlink
formula for bed load transport and the Einsteimfala for suspended load transport
as follows:
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— The thickness of the bottom layer (where the bad lmansport takes place)
is not twice the grain diameter, but equal to tb&dm roughness,

— The ripple factor is neglected in the ‘transport'd the Kalinske-Frijlink
formula;

— The shear stress in the 'stirring part' of the i&Ke-Frijlink formula is
modified to the shear stress according to Bijketarrwaves and currents:

1, (EQ.(4.47)).

This leads to the following bed load transport falanin case of waves and a current:

. 2
S, = BDvexp 0'217ADC (4.82)
w? {1"'2 (G, /V)Z}
where:
B Bijker coefficient (5, see remarks in Section 4.6)-]
D representative particle diametexg) [m]
C Chézy coefficient [hs]
A relative density [-]
U ripple factor [-]

The presence of waves increases the “stirring mditfie sediment transport. It is
independent of the wave direction provided thatdineent velocity is maintained.

Bijker modified the suspended load transport folruy using} instead of, in

calculating the shear stress velocity. This sheass velocity can be found in the
exponent of the concentration distribution accaydm Rouse/Einstein (Egs.(4.64)
and (4.65)). The shear stress velocity under coatbaurrents and waves becomes:

P LA PO R
o= [ \uuz{fvﬂ (4.83)

After substituting the various equations and by:gshe total Einstein integral term
Q (see Eq.(4.76)), it can be shown that:

S =1.83Q% (4.84)

This indicates that the suspended sediment tranispdirectly proportional to the
bed load transport. This is not strange as bottspart modes are directly coupled
via the reference concentration

Values of the ratio between suspended sedimenbeddoad sediment transport
(S/S, = 1.83Q) are given in Table 4.2 and plotted in Fig.4.23.

The total transport now follows from the summatidrs; andS,, which yields:

S =$(1+1.83Q (4.85)
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r’h z*=0.00 z*=0.20 z*=0.40 z*=0.60 z*=0.80

Q SéSe | Q |S/Se| Q |S/Sp] Q |S/Sv| Q | SISy
1-107 | 303000| 554000| 32800] 60000| 3880] 7100] 527 964 88.0] 161.0
2:107 | 144000 263000| 17900 32700| 2430| 4440, 377 689 71.6| 131.0
5107 536000 98000 7980 14600, 1300 2370, 239 438/ 43.6| 98.0
1-107 | 253000 46300/ 4320/ 7900, 803| 1470 169 310] 42.7| 78.2
2-10% | 11900 21800 2330 4260, 496/ 907 119 218 339 62.0
5-10™ 4360 79801 1020/ 1870f 260| 475 74.3 136 24.6| 45.0
1-107 20301 3720] 545/ 998 158 290| 51.2) 93.7 19.1| 349
2-107 940 17201 289 529 95.6 175 35.1f 64.2] 14.6| 26.7
5107 336 615 123] 226 48.5] 887, 20.8 38.1] 10.0/ 183
1-10~ 153 2801 63.9 117) 28.6/ 52.3] 13.8] 252 7.3 134
2:10° 68.9 126/ 32.8/ 60.0] 165 30.2 8.9 163 5.2 9.5
510~ 23.2 424 13.1| 24.0 7.7 14.1 4.8 8.7 8.1 8

1-10" 9.8 18.0 6.3 11.5 4.1 s 2.8 5l 2.0 3.6
2:10°" 3.9 7.l 2.8 5.1 2.0 3.7 1.5 2.8 1.2 2.1
510" 0.8 1.5 0.7 1.3 0.6 1.1 0.5 0.9 0.4 0.7
1 0 0 0 0 0 0 0 0 0 0
r/h z*=1.00 7 =1.50 z*=2.00 z*=3.00 z*=4.00

Q ]SS | Q [S/Ss| Q [S/Se| Q [SJSy| Q |SJS,
11107 | 20.0] 36.6] 2.33] 426 0973 1.781] 0.432] 0.790 0.276] 0.505
2107 | 17.9] 32.8] 231 4.23] 0.973] 1.781] 0.432] 0.790| 0.276] 0.505
5107 | 14.4] 282 228 4.17] 0.967] 1.770] 0.432] 0.790 0.276 0.505
11107 | 13.6] 249 225 411 0967 1.770] 0.432] 0.790] 0.276] 0.505
2107 | 119 218 221 4.04] 0967 1.770] 0.431] 0.789] 0.275| 0.504
5107 98] 179 213 3.90] 0.962] 1.760] 0.431] 0.788] 0.275] 0.504
1-10° 84| 153 205 3.76| 0.951] 1.740[ 0.430] 0.787] 0.275] 0.503
2107 7.0, 128 1.96] 3.58] 0.940] 1.720] 0.428| 0.784] 0.274| 0.502
5107 5.4 98] 1.78] 3.26] 0.907] 1.660| 0.424] 0.776] 0.273] 0.499
1107 43 78] 1.62] 2.96] 0.869] 1.590] 0.417| 0.763] 0.270] 0.494
210" 33 60 1.42] 2.59) 0.809] 1.480| 0.404| 0.740] 0.264| 0.483
5107 22/ 40 1.10] 2.02] 0.694] 1.270] 0.374] 0.684] 0.249] 0.456

1-10" 1.5 2.7 0.84 1.53] 0.568 1.039] 0.339| 0.620| 0.236| 0.432
2:10" 0.9 1.6/ 0.55 1.01 0.414| 0.758) 0.317| 0.548

510" 0.3 0.6/ 017 048

1 0 0 0 0

Table 4.2 Values for Q and $S, for different r/h-values
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Figure 4.23 Suspended sediment transport parameters
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Some remarks
— With the present approach the sediment transparbndy be calculated for
a unit plane (from bed to water surface) whichrisrtated more or less
perpendicular to the (net) current direction. Eog.a plane which is
perpendicular to the direction of a tidal current.
- In the bed load transport formula of Kalinske-kml, the shear stress under
currents is adapted to that under combined cureemdsvaves by using the

time-averaged paramete_gw. It would probably be better to first put the

shear stresg,, in the formula and then average the entire formula

— An implicit assumption in the Bijker approach isithhe logarithmic
velocity distribution over the water depth (whishai fair assumption for a
current only case), is also true for the velocistribution (of the net current
part of the total water movement) under waves amceats. Actual
measurements have shown that this is not correntimy cases. (It is
however for the time being a straightforward anefuisassumption.)

— The concentration profile is determinedzywhich is directly related to

the sediment mixing coefficiet for which a parabolic distribution has
been assumed. In the adapted form, including thewsdluence, an
increased shear velocity indicates an increaseadtiar in & So also in the
combination of waves and currents it is assumetttitteadistribution ot is
still parabolic. This is questionable.

— The ripple factor is not adjusted for the influedéevaves, which is
guestionable as well.

— The value for the Bijker coefficient B (so far efit@m5) has received much
discussion. In some actual applications the vafiis changing; e.g. from
2 well outside the breaker zone to 5 inside thakeezone.

In spite of the above (critical) remarks, the Bijkermula performs rather well in
coastal engineering practice.

In Example 4.6 (next pages) the sediment transpagliculated for a case without,
and with waves. Waves are according to this examgieed quite effective in
yielding rather high transport rates. In coastajiegering practice one cannot
neglect the effect of waves.
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Example 4.6
Input parameters:
Water depth: h =3m
Roughness height: r = 0.06m
Average flow velocity: v = 1 m/s
Particle sizes: Dsp = 200 pm (w = 0.025 m/s)
Dga = 300 pm
Wave height: He - =:118m
Wave period: T =28s
Required:
Sediment transport current only and sediment transport current and waves
(Bijker formula)

Current only:
Total transport is bed load plus suspended load.
We apply Eq.(4.73) for the calculation of the bottom transport:

S, =5D,, exp[%z%} [m®/m per s] (4.73)
z—C
Apart from the given and usual parameters, v, , A and 7. must be calculated.
6 =50 m”/s
Cop  =91.4m"s
T = 3.9 N/m’
U = (C/Cyp)" = 0.405

Filled out in Eq.(4.73) yields as bottom transport: S, = 0.000036 m’/ms.

The suspended transport, using Fig.4.23 or Table 4.2, is a function of A (= »/h)
and z..4=0.02; v.=7,./p =0.063; z, =wAxv,)= 1.

Using Fig.4.23: S;= 6 S, = 0.000216 m*/ms.

S, =8, + 8= 0.000252 m*/ms. [In easily understood units: 0.9 m*/m per hour.|

Current and waves:
Now we must apply Eq.(4.82) for the calculation of the bottom transport.

-0.27AD,,C*
i [1 +%(§ﬁ0 /v)Z}

S, =5D v, exp (4.82)

(continuation next page)

Example 4.6 (a) Sediment transport by current and ¥ current and waves
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Eq.(4.82) can be rewritten in the form:

S, =5Dg, v, exp {M}

HT,
7, for this case was already calculated in Example 4.4; a =15.2 N/m’.,

Sy = 0.000054 m*/ms.

Again the suspended sediment transport can be found using Fig.4.23, but now

with a different (smaller) z, value. v, = Ja/ p£=0.123 m/s; z,=0.5.
In this case S; = 25 S = 0.001350 m*/ms.

S;= 8+ S;=0.001404 m*/ms. [Or 5.1 m*/m per hour.]

Conclusion:
By superimposing waves in this example the total sediment transport increases
with a factor = 5.6. Waves are indeed very effective in sediment transport.
Especially in the case currents plus waves, the contribution of the bottom
sediment transport to the total transport is only small (= 4%).

Example 4.6 (b) Sediment transport by current and # current and waves

4.8.3  Other formulae (currents and waves)

In the preceding sections we have discussed a satlinansport formula (Bijker-
formula), which is meant to quantify the sedimeansport rate through a given unit
plane. For the solution of many real life coastajieeering problems a proper
insight in such sediment transport rates is hel@hé approach was based on the
fair assumption that the sediment transport thraigth a unit plane might be
generally described with th® = vldcconcept. Proper descriptions of the distribution
of both the velocity and the sediment concentratioer the water depth are then
required to achieve at the end of the calculaticgliable answer. Many, often quite
uncertain parameters have to be known, beforeimsatitransport computation can
be made. The final result is at the best a faimede of the real sediment transport
rate.

Results of sediment transport computations compargdactual measurements, not
seldom show large discrepancies. A factor 2 - Sdage or too small, is not
exceptional.

Many researchers are trying to improve the compnaesults, for instance by
proposing better and more reliable descriptionganious elements in a formula. At
the other hand also simple 'black box' formulaestileused as a help to resolve
practical problems in coastal engineering. (Propaldo based on the idea that more
complicated computations with complex models doyettyield the real results for
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the time being.)
In this section we will discuss some other formuiasically starting from a
S = vlkconcept and some more 'black box' formulae.

Formulae based ona S =v . c concept

The Van Rijn formula [Van Rijn (1993); (2000)] isgaod example of a formula (in
fact: a formulae suite) based on tBe vicconcept. The last few years this formula
is increasingly used. Much more parameters thathfoBijker-formula have to be
known in advance. For many parameters Van Rijrphagosed best estimates or
rules of thumb to calculate the relevant parameter.

In case of the combination of waves and curreh&sshape of the mixing coefficient
for the sediment over the water depth (in orderaloulatec(z)) differs from the
shape of diffusion coefficient (in order to caldela(z)). From a physical point of
view this might be strange.

However, the proof of the pudding is in the eatiwgh the Van Rijn formula often
fair results are achieved in actual coastal engingeases.

The various elements of the Van Rijn formula aregieen here (a few pages with
formulae); they can found in literature.

The Van Rijn (and Bijker) formula are implementaccomplex morphological
computation models (see Chapter 8); amongst othe@msmplex models developed
by Delft Hydraulics.

Similar institutes like Delft Hydraulics in The Netrlands, are present in some other
European countries. (E.BHI Water & Environment in Denmaitr Electricité de
France, Laboratoire d'Hydrauliquan France anéHR Wallingfordin the United
Kingdom.) Such institutes have often developed t&in' sediment transport
formula and apply that formula in their consultingrk. (Often they trust the results
of their 'own’ formula more than the results ofestformulae). The result of this is
that for the time being many different formulaes¢xind are used; all pretending to
calculate the right answer. Dawsal. (2002) show some striking results of
intercomparison exercises with various formulae.

'Black box' formulae

In coastal engineering and coastal morphology egftins still often more or less
black box sediment transport formulae are used.rébelting sediment transport is
then assumed to depend on only a few physical peteam The CERC formula and
the Bailard formula [Bailard (1981), (1982); Badaand Inman (1981)] are
examples. The notion black box is certainly notdusere as some kind of
disqualification. Like every 'more sophisticateatrhula, also a black box formula
has to proof itself. If the ultimate results arg,fthen also a black box formula can
be used (with care) as a tool in the solution atpcal problems.

4.8.4 Phase-lag and time-lag effects

Sediment transport formulae have been developetthhéotombined effect of waves
and currents (for both bed load and suspendedtiaadport); such as Bijker (1971),
van Rijn (2000) and Bailard. These formulae alldhbeen developed for local
transport, i.e. the sediment movements are detedrby the local hydraulic
conditions.
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It is then assumed that the result of the companagfers to a steady state situation.
That means that the hydraulic conditions last lengugh, and that the bottom
conditions in the vicinity are all the same, sa #raequilibrium situation with
respect to the sediment transport has been achiueti a computation result is
often referred to as the sediment transpapacity

The assumption that the local transport equaloited capacity is not always true in
real life cases. Due to phase-lag and time-lagtffine local transport can be larger
or smaller than the local transport capacity. Bg.Vriendet al. (1989) discuss the
relevance of not locally determined transport ftidal flat in the Eastern Scheldt
Estuary (Galgeplaat). In order to simulate the olest morphological behaviour of
this flat, the use of an adapted suspension trangpmulae appeared to be
necessary.

Adapted suspension transport formulae have beeglaj@d which account for
phase-lag and time-lag effects [e.g. Van Rijn (3988 Gallapatti and Vreugdenhil
(1985)]. To estimate the importance of time- analcsplag effects the following
formulae can be used [Katapodi and Ribberink (1988)

_vh

L, (4.86)
w
and
=h (4.87)
w

in whichL, andT, are the so-called adaptation length and adaptttiah is the
water depthy is the average flow velocity, amdthe fall velocity of the sediment.

Increasing values for the adaptation length ane tvill increase the importance of
time- and space-lag. Especially in tidal chanratg.can play an important role
(large values oh). The same may be true for shallower areas wittively fine
material (small values af).
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5 Coastal Transport Modes

5.1 Introduction

From the examples in Chapter 3 it has become th@aisediment transports due to
waves and currents can be seen as important pheaontech are at the basis of day
to day coastal engineering issues. In Chapter £gymeral aspects have been dealt
with in order to quantify sediment transport ragroper insight in the sediment
transports involved is often necessary to undedistia® physics 'behind' a coastal
engineering issue. If it regards a coastal enginggroblem, also such a proper
insight is needed to judge the quality of counteasures to resolve the problem.

Depending on the 'question’ related to coastal hadggy which has to be answered,
or depending on the coastal engineering 'problamtiwhas to be resolved, it is
often useful to use different parameters relatesetbment transport. This also refers
to the scale of the question / problem involve@ @so Section 5.2). E.g. to
understand (and at the end to predict) the behawioa breaker bar in a cross-shore
profile during a storm, calls indeed for a quitdetent insight in the sediment
transports involved, than to understand the long teehaviour of an entire tidal
basin.

From Chapter 4 it became clear that, given valaepdrameters likélsg, T, h, Dso
andv, sediment transport rateSia m*/m per s) can in principle be calculated with
the help of various formulae.

[Although the outcome of the calculations resuiteme single figure, one has to
realise that the 'quality’ of the formula as used the 'quality’ of the input
parameters in fact yield as outcome an estimabegaestimate) rather than the
‘truth’.]

To get useful quantities for the understanding fandhe solution of real life coastal
engineering problem§ must often be integrated over time (from s to gegr) and
over length (e.g. from running m to covering arirergurf zone).

Sometimes (again depending on the problem) itesuliso make a distinction
between sediment transport rates along a coagtempendicular to the coast.
Section 5.3 gives some reasoning for that distincti

Understanding of changes in coastal morphologpmeently a key issue in coastal
morphology and coastal engineering. Natural or indneed changes in coastal
morphology, which is relevant to the coastal engindepend on the spatial and
temporal fluctuations in the sediment transpoesatf the net sediment flux from a
certain area is negative, meaning that the outgegagment flux is larger than the
incoming one, then the bottom will 'deliver' theliseent deficit. (We assume that the
bottom is erodible.) If the bottom balances tharsedt deficit indeed, then a
lowering of the bottom occurs (erosion). This maptinue until a new situation is
reached where sediment input and output is in loalagain.
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Often, this process towards a new equilibrium teesh a long period of time, that
the space-varying sediment transport pattern mead changed again. This
principle where the bottom is constantly adjustmdpalance momentary spatial
differences in the sediment transport, is the Hasisoastal morphodynamics.

Besides spatial differences in sediment transp&at time-variations are important
for coastal morphology. Today changes in coastaphmwogy reflect often the
historic adaptation process towards new equilibri8mce such an equilibrium is
never static, coastal morphology is always changimgarious time and spatial
scales. So, for the 'translation’ of sediment frartsprocesses towards coastal
morphology, it is important to understand the int@nce of scales (see Section 5.2).

5.2 Discussion on scales

A well-known problem in coastal engineering is thadrphological developments
act on different time scales and spatial scalesuMunteractions between scales do
occur, on their turn with own time and spatial esaln other words: everything
depends on everything. In the analysis of a smecdastal problem, it is often useful
to break down the problem in appropriate time gratial sales.

The spatial scale is generally coupled to the dsiwers (in m) of a particular
morphological elemen(lin fact it is not really a scale, like the scalieaomap, but a
notion to indicate the extent of the elemelBkamples of spatial scales are:

- A whole tidal inlet system, comprising of a flooddin, an inlet gorge and
an outer delta. Dimensions vary between 50 to700 ktorphological
changes on such a large spatial scale generablydegades to centuries
(e.g. the gradual migration of the entire inlettsys).

— Large tidal channels and sand banks. Typical seramensions are 5 to 20
km?, while significant changes generally take placthimiyears to decades
(such as the landing of the sand bank 'De Onrogti® south coast of Texel
around 1910).

— Smaller tidal channels and bars, with typical stefdimensions of
maximum several kfn Significant morphological changes occur within
years (such as the development and landing oBtrarif' sand bar on the
west coast of Ameland in the Nineties of last cantu

— Accretion and erosion patterns at both sides aragntrance, built with the
help of long breakwaters. Several kilometres.

— Smaller bed forms like ripples and (bottom) durié® related spatial scales
further go down to metres or less, with relevamietiperiods in which
significant changes occur of less than days.

A time scale is generally interpreted as the peoiotiime (e.g. in years) required for
characteristic morphological developments. Somearebers relate the time scale to
the total duration that a morphological system sd¢edeach a new equilibrium
situation once it has been distorted (by naturleyanan). Equilibrium in this sense
means that the overall sediment balance of the nedogical unit is maintained (no
erosion and no accretion).

If a morphological system is out of equilibriumjsgtfelt that morphological
adjustments (because of sediment transports)tettake place immediately; the
morphological system reacts to disturbances.
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The rate of morphological adjustment has been gbddio depend on the magnitude
of the still existing disruption (the differencetiveen the actual situation and the
equilibrium situation).

Sometimes, morphological changes are induced \myps such as the closure of
parts of a tidal basin. Other changes take plaae slowly, such as the response of
the shape of a cross-shore profile to global sesl lse. Usually, the morphological
response to (sudden) changes shows a certainioanath time. The process of
morphological response will be fast at first andalerates when the new equilibrium
situation is approached. Often such a morphologidalstment process can be
approximated exponentially:

V (£) = Vi * (Vo= Va) (1= €0~ 7)) (5.1)

where:
V(t) characteristic volume in morphological unit at
time t [m?]
t time after the distortion [year]
Vold the (equilibrium) volume before distortion
Voew  the new equilibrium volume [th
r morphological time scale [year]

E.g. Stiveet al. (1986) and Eysink (1990) use this type of appr@tion to describe
adaptation processes of units with large scalesnfq.(5.1) it can be derived that
the morphological time scatecan be seen as the time that would be required to
reach equilibrium, if the initial 'rate of morphgjocal adjustmentgV/dtatt=0,
would continue during a timie= :

— (Vnew _Vold)
7= (5.2)
(Ve

The character of Eq.(5.1) also reflects that withinmet equal to the morphological
time scale already 63 % (namely: 1-1/e) of the "wayeach new equilibrium
(namely:Vyew- Voig) has been covered.

Implicitly sediment transports rates have been tifiath with the help of Eq.(5.1);
the termdV/dtreflects that. It is clear that this type of quficetion of sediment
transports is quite different from the approachofekd in Chapter 4.

Examples of morphological time scales are givenahle 5.1. These examples are
related to the observed morphological changeseobtiier deltas of several Dutch
tidal inlets after abrupt changes in their floodiba. The figures support the general
idea that morphological time scales are directlypted to the spatial scales of the
morphological units. This is also illustrated inbl&a5.2.

Morphological unit abrubt change surface and flood | Oberved
closure of: basin after abrupt | morphological
change [km?] time scale [years]
Outer delta Haringvliet | Haringvliet (1970) | 120 11
Zoutkamperlaag Lauwerszee (1969) | 200 17
Outer Delta Marsdiep Zuiderzee (1932) 680 32

Table 5.1 Examples of morphological time scales
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Barrier system

1,000 - 10,000 yr

Whole backbarrier area

1,000 - 10,000 yr

Barrier chain

1,000 - 10,000 yr

Barrier island 1,000 yr
Tidal system 1,000 yr
Estuary 100- 10,000 yr
Aeolian dune-complex 100 - 1,000 yr
Shore 100- 1,000 yr
Giant subtidal dune 100-?yr
Backbarrier drainage area 100- 1,000 yr
Backbarrier channel system 10- 1,000 yr
Ebb-tidal delta 10- 1,000 yr
Tidal flat system 10- 1,000 yr
Inlet channel 10- 1,000 yr
(Inter)tidal flat 10- 1,000 yr
Tidal marsh 10- 1,000 yr
Creek system 10- 1,000 yr
Marsh shoal system 10- 1,000 yr
Barrier shoal 10- 1,000 yr
Ebb-delta shoal 10- 1,000 yr
Backbarrier channel 10- 100 yr
Backbarrier tidal shoal 10- 100 yr
Channel bend 10- 100 yr
Creek 10- 100 yr
Aeolian dune 10- 100 yr
Saw tooth bar 10- 100 yr
Swash bar 10 yr

Creek bend 1-100 yr
Outer channel 1-100 yr
Breaker bar 1-10yr
Marginal flood channel 1-10yr

Gully 1-10yr
Mussel bed 1yr

Ebb- & flood chute 1/2yr-10yr
Subtidal megaripple neap-spring cycle - 1 yr

Intertidal megaripple

neap-spring cycle - 1 yr

Internal bioturbation

h-1 yr

Marsh shoal layer h - neap-spring cycle
Hummock h

Current ripple minute - neap-spring cycle
Wave ripple minute - ebb-flood cycle
Aeolian ripple minutes

Surface bioturbation

seconds - ebb-flood cycle

Faeces & pseudo-faeces*

seconds - ebb-flood cycle

* Merely existence time outside musselbeds, not active, but passive

Table 5.2 Order of magnitude of time spans, duringvhich sedimentary features
are active [from Oost (1995)]
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Morphological changes on a certain spatial scatebesan autonomous development
on that particular scale, or it can be a respomshanges on a larger spatial scale.
This principle is illustrated in Fig.5.1. The 'des' stand for morphological
developments on various spatial scales. The laojet illustrates, for instance, the
migration of an entire tidal inlet along a barmeast, or the sudden closure of a part
of a flood basin. Within the largest circle smaltecles are drawn. These smaller
circles stand for morphological developments ofas elements within the larger
system.

<§ }) Large scale gives

boundary conditions
y or trend for small(er
vy scale(s)

Figure 5.1 Different scales

If in the previous example the largest circle refierthe sudden closure of a part of a
tidal basin, the smaller circles refer for instatméhe migration of a tidal channel on
the outer delta, or to the attachment of a san# barthe barrier coastline. Within
these smaller circles even still smaller circleymecur.

The essence of the circle-idea is that morpholdgicanges on the larger scale might
be considered to take place more or less indepdgderm the morphological
changes on the smaller spatial scales. And, ther @thy around, that morphological
changes on the smaller spatial scales can be e&draimd analysed without
considering the entire morphological evolution be targer spatial scale. This latter
is of course only true as long as the tendencas the larger scale are being
incorporated in the analysis. Conclusions for @laststems are only valid within

the time and spatial scales of that particularesyst

5.3 Coastal transport modes

Sediment transport in the coastal zone is diffeframh sediment transport in for
instance rivers. The reason for this is mainly thatoastal environments short-term
fluctuations in the flow conditions become impottdn Chapter 4 it was explained
how for instance Bijker approached this problenadjusting the bed shear stress
under currents to account for the effect of wailregeneral, the net local (thus time-
averaged) sediment transport rate through a vepti@ae with unit width with an
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arbitrary orientation, should be computed fromhhsic equation Eq.(5.3). In this
equation the x-axis is taken perpendicular to theein consideration.

nT 7(xt

)
S(x):n—l_rj J' %2z} ¢ xz)tdzc (5.3)
t=0 z=0
where:
S x-component of the net transport m/s]
% x-component of the velocity [m/s]
c the sediment concentration [-]
X axis perpendicular to chosen plane [m]
t time [s]
T wave period [s]
z vertical ordinate with respect ro= O at the
(sand) bottom [m]
n instantaneous water level [m]
n sufficiently high number [-]

In this formulatiorv(x,z,t)refers to the component of the total velocity padeular

to the plane in consideration. This component iddemtributes to the transport. The
velocity component perpendicular to the x-axis du@scontribute to the transport
through the plane; the particles transported bydbaponent 'shear' along the plane as
considered.

Note that in this formulation already is assumed the velocity of suspended
sediment particles corresponds with the velocittheffluid particles. Because of the
often small mass of the particles this assumpsdruke to a first approach.

For the solution and elaboration of this equatmre should be able to compute or to
describe the time and space variation of both éhecity and sediment concentration
properly.

Since no detailed knowledge on these fluctuatierts with respect to the velocity in
randomly breaking waves, but especiallydfr,z,t)junder all conditions] is present
yet, some simplifications have to be made. Theegfiorthe next section this basic
expression, viz. Eq.(5.3), is studied in more di@tadrder to identify different
contributions to the net transport rate and, ulteélyato make some reliable
simplifications. (Cf. making a distinction betwesmcalled longshore and cross-shore
transport.)

General considerations

The expression for the net sediment transg@jtat a particular positior, can be
simplified to:

s()=] 3 d (5.4)

in which the mean (time—averaged) transp@jtrefers to a certain elevatiarabove
the bottom.

This time—averaged transport ra{g) can basically be described by the mean (time—
averaged) magnitude of the product of an instaotaborizontal velocity(t) and an
instantaneous sediment concentratifpas occurs at the specific lewsf interest,
according to:
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s(9=v1) ¢} (5.5)

in which the overbar denotes time-averaging witlaegraging time based on the
lowest frequency of the signals involved (actuavevperiod). Both time functions can
be split up into a mean (denoted by an overbar)eaihettuating part (e.g. orbital
motion in case of velocity; ~ added) according to:

v(t)=v+V (5.6)

and:
c(t)=c+t (5.7)

[In Egs.(5.6) and (5.7) only two terms are taken account; a mean part and a
fluctuating part. The fluctuating part is in thatse at the time scale of the wave period.
To be complete Egs.(5.6) and (5.7) could be extmdtn additional terms
representing fluctuations at turbulence scale.]

The net transport ratéz), according to Eq.(5.5), can be elaborated furdser
s(2)=(v+ V(T ="Ve- Ve Ve Ve VE (5.8)

a) ) NE)

Since the mean value &fand & equals zero by definition, the second and thimeh te
of part (2) in Eq.(5.8) become zero, so that @rt€mains.

Consequently, the net transport at a certain vele the bottom consists out of two
contributions, namely a mean component of timeayeu velocity times time-
averaged concentration and a more complex comalabmponent, thus:

- mean component s(2 =Vt

~ correlation component s(2) =Vt

The mean component is sometimes also called thentuelated component. The
correlation component in case of waves is maingahbee of the effect of fluctuations
due to orbital motion; this component is consedyeiten called the wave related
component of the sediment transport.

For a proper quantification of sediment transptmsugh arbitrary planes, both the
mean component (current related) and the correlaaonponent (wave related) must
be determined and taken into account. [NoticeHagt5.8) only holds for leved

above the bed. By applying Eq.(5.4) the total sndpd sediment transport is
achieved.]

A still big ‘problem' in coastal sediment transpprantification is that the correlation
component is very difficult to determine. It espdigi calls for a proper description of
¢ (concentration as a function of time; wave pesgodle; at various levels above the
bed). At the moment no reliable calculation methadsavailable to calculat for
arbitrary conditions (see also Fig.4.18).

Next it makes sense to make a distinction in thectlon of sediment transport one
likes to describe. In some real life cases, omeamly interested in the sediment
transport along the coast; longshore transponthar cases the problem to be resolved
calls for a proper description of the cross-shedmsent transport (see Fig.5.2 for a
sketch).
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cross-shore

oblique transport
incident waves — ﬁ ______ 1

-
loneshore o :I>longshore
& ~ 1Y transport
current .
coastline
/4/

Figure 5.2 Distiction between longshore and cros$sre transport

Longshore transport

If we like to describe longshore sediment transfiek-axis as was used in Eq.(5.3)
must be directed parallel to the coast. The fagtort) in Eq.(5.3) refers in that case
to the velocity components parallel to the coaspédgially in the area not too far from
the shoreline the tidal and/or wave driven currangsparallel to the shoreline and can
be assumed to be constant at the time scale ahbenof wave periods. (At deeper
water in open sea it is not for sure that the cusrare parallel to the shoreline.)

Due to refraction the angle of the wave crests Wi¢horientation of the coast (or the
angle between the wave direction and the shorealprsin most cases rather small in
shallow water. That means that the component abthigal motion in thex-direction

is also rather small. The fluctuationswvt,zt) with time are consequently rather small.
The correlation or wave related contribution totiital suspended sediment transport
might then be neglected. Only the current relatedribution to the sediment transport
remains. This simplifies a reliable descriptiorarfgshore sediment transport to a
large extent. We can stick to a proper descripticthe time-averaged sediment
concentration distribution over the water column.

Although our insight inc(2) distributions over the water depth in wave andentr

cases for arbitrary boundary conditions, is stitlffom perfect, it is far better than our
insight inc(z,t) distributions.

Longshore sediment transport due to waves andntangthus rather ‘easy’ to be
described according to this approach.

Cross-shore transport

If we like to describe cross-shore sediment trarisgfonshore or offshore transport)
thex-axis as was used in Eq.(5.3) must be directecepélipular to the coast. The
factorv(x,zt) in Eq.(5.3) refers in that case to the velocaynponents perpendicular to
the coast.

Longshore currents (tidal and/or wave driven cugjeto not contribute to the factor
v(x,zt). What certainly remain are the fluctuations itoeéy due to the orbital motion
of the waves. Due to refraction in this case tht@rmotion crosses almost
perpendicularly the plane where we like to desdiilgesediment transport. The wave
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related contributions cannot be neglected and brustken properly into account for a
reliable description of the cross-shore sedimemtsiport. That considerably
complicates a proper description of cross-shorarsat transport.

Although tidal and/or wave driven longshore cursesid not contribute to time-
averaged components\gk,zt), still time-averaged velocity components mightuoc

in a direction perpendicular to the coast due teeasction. While in e.g. a simple
linear wave theory no net currents through a \@rptane are predicted (the wave
height is assumed to be infinitively small in tthigory), in reality, with a given wave
height, time-averaged currents appear in the veatemn. (See also Section 4.7.)
Looking at a vertical plane a mass transport towénd coast takes place in the part
between wave crest and wave trough, and in a tmemsional case (like in a
laboratory wave flume), the same mass of watetdesturn to the sea again. In the
lower part of the water column this results in acatbed undertow or return flow. (See
Fig.5.3.) In non-breaking waves the undertow iseasmall (but cannot be neglected);
in breaking waves the mass transport towards thst enight be quite large, resulting
in rather large undertow velocities.

wave board

| {undertow

wave flume

wave crest level

0.3 "
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Figure 5.3 Measured velocities under a propagatingave
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So for a proper description of the cross-shorensexli transports, current related and
wave related components must be taken into accdhatfact that we are hardly able
to quantify the wave related component, considgratnplicates a proper
description. See also Chapter 7.

Strategies to component assessment

Especially for a proper description of cross-stsm@iment transport due to waves and
currents, both the current related and wave relagattibutions must in principle be
taken into account. Of course it is relevant tovkiioe possible quantitative
relationship between both contributions. Theresaxeeral methods by which one can
get some insight in the relative importance oftthasport components, viz.:

- Using analytical and mathematical approximations;

— Conducting detailed intra-wave measurements;

— Comparing measured transport rates with a commdettibution based on

the current related transport.

Some preliminary approaches to assess the combrisub the net transport rate by
using analytical and mathematical approximatiorishei elaborated in the next
Chapters 6 (longshore transport) and 7 (cross-ghemsport).

With respect to the above second method, somesesel available for neat
laboratory conditions [Chen (1992); Ribberink arte@ (1993); Al-Salem (1993);
Dohmen-Janssen (1999)].

In the third approach, the mean component to Hresport rat&yeanis computed from
measured time-averagetz) and c(z)signals directly and subsequently compared

with measured values. It is assumed that any (systematic) diserey in the
outcomes of computations and measurements thushauwkte to the effect of the
depth—integrated correlation compon&gt;.

In many cases for cross-shore sediment transparttifigation, a quite confusing
result is achieved. In some cases the wave retatetibution is apparently small
compared to the current related contribution. hneotases the wave related part is of
the same order of magnitude compared to the curedated part. Also with respect
to the direction of the wave related sediment fpartssome confusion exists.
Sistermans (2002) reports the results of a sefieareful tests in a laboratory wave
flume (irregular waves with a following current;rimmntal bottom). In his tests the
direction of the wave related sediment transparted out to be opposite to the
direction of the current related sediment transgdtte (absolute) magnitude of the
wave related contribution turned out to be appratety 1/3 of the current related
sediment transport.]

Indeed, a lot of research is still necessary tofglthese aspects.
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6 Longshore transport

6.1 Introduction

Littoral transport is sediment transport that osdarthe littoral zone, i.e. the zone of
the sea nearby the coastline. The definition isveog clear but includes certainly the
surfzone. Although the subdivision is somewhafiaidl, one generally speaks of
cross-shore transport (i.e. perpendicular to tlesttioe and the depth contour lines)
and longshore transport (i.e. parallel to the dmesand the depth contour lines).
Changes in cross-shore sediment transport arensigp® for fluctuations in the
coastal profile: sediment is being moved in onslaoré offshore direction

principally maintaining the sediment balance of én¢ire cross-shore profile.
Sediment moved by longshore transport, on the dtaed, may actually lead to
negative (erosion) or positive (accretion) sedineances along a certain stretch of
coastline. This only happens if there is a so-dajiedient in the longshore sediment
transport S/dx+ 0).

Littoral transport is initiated and maintained bydlhodynamic forces. Particularly
(breaking) waves, are very effective in increashmgbed shear stress, so that
sediment particles can be stirred up and be braaghsuspension. Local currents
actually transport the stirred and suspended sedipeaticles. Local currents can be
generated by wind forces, density-gradients, taldsy progressive waves. Breaking
waves which enter a shoreline under a certain godléegue incident waves) are
very effective in generating a longshore currehte basic principles of such
hydrodynamic forcing of sediment transport in tit®@fdal zone, is discussed in
Section 6.2.

Next, in Section 6.3, various longshore transpaminiulae are presented (in
particular the CERC and Bijker formulae).

Variations in longshore transport on various timd apatial scales, natural or man-
induced, will cause the position of the coastlimeanstantly adjust. This may
interfere with human interests (for instance ifstoa of the coastline is threatening
the stability of houses), in which case we miglgadpof a coastal ‘problem’.
Examples of coastline changes and possible refatdalems are discussed in
Section 6.4.

6.2 Longshore current

6.2.1 Introduction

Currents in the littoral zone are caused by scedallydrodynamic forces. The most
important forces in the littoral zone are radiatsbresses, tidal forces and wind
forces. These are discussed in Sections 6.2.214. @ urbulent forces (Section
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6.2.5) tend to smooth out gradients in the crossestistribution of the longshore
current.

By the hydrodynamic forcing a longshore currergeserated and as soon as a
current exists also a counter-force (bottom shieass) is present. Without such
resistance force, the flow would accelerate umtikalistic values (Section 6.2.6).
The longshore current can be calculated from aefbedance (Section 6.2.7). The
longshore current (velocity speed and cross-shistglzlition) is an important input
parameter in longshore sediment transport compuisti

6.2.2 Radiation stress

General introduction

The radiation stress theory was originally poseda series of papers by Longuet-
Higgins and Stewart (1962), (1963), (1964). Thethelescribes how propagating
waves exert a force on vertical surfaces. Additigrta the well-known hydrostatic
force, this force, called radiation stress, is gsvaresent when waves migrate
through a body of water. However, its effect is treaminent in the littoral zone,
where relatively strong longshore currents candreegated by radiation stresses (for
instance 1 m/s under some conditions).

The second law of Newton prescribes that the teareffmomentumd(mv)/dt) is
equivalent to a force. So under waves the effeatloital motion (transfer of
momentum) can be ‘translated’ to a force. Let ussater the forces and the flux of
horizontal momentum across a vertical plane witith width from bed to water
surface. {1 can also be seen as the instantaneous force actitigat plane.)

h+n

M(X,t)= [ (p+pr) dz (6.1)
0
where:
X the direction of wave propagation (note that the

mentioned vertical plane is assumed to be directed
perpendicular to the direction of wave propagation)
instantaneous water level

pressure (function of time amjl

measure for ‘mass’ifY) passing the vertical plane
flux of horizontal momentum ifiv) (function

of time andz)

BRTS

The radiation stress is defined as the mean vdld{X,t) with respect to time,
minus the hydrostatic force onto a vertical planéhe water in rest:

h+n h
S« = [ (prod)dz| pd (6.2)
0 0
where:
Sxx radiation stress in the direction of wave
propagation [N/m]

P, hydrostatic pressure in water in rest [KYm

116



Longshore transport

Note: Sk is called radiatiorstress(unit of stress: [N/ff]), but it is in reality a force
per unit width acting over the total water deptk/(h]).

Egs.(6.1) and (6.2) show the two contributionsh® horizontal momentum flux:
(horizontal) pressure and orbital motion.

Let us first consider the pressure. If we consabody of water in rest, then we have
a hydrostatic water pressure distribution. Thisguee is at the bottom equaldgh,
with h being the water depth. The total depth-integratgttostatic force then is
Yooght.

Now, we superimpose a wave. Then the water pressorapared to the hydrostatic
pressures are enlarged under the wave crest anebded under the wave trough
(Fig.6.1). Integration of these pressure fluctusiver the wave period and the
water column) is generally not zero, but positive.

In deepwater (Fig.6.1a), it can be argued that this ffecewill be very small
(pressure fluctuations occur over a relatively $maition of the water column
only). In deep water the pressure contributiorhtordiation stresScx is often
neglected.

wave crest wave trough
—>
—
_—-/
|_hydrostatic actual
pressure N~ pressure
deep water
wave crest wave trough
—> —>
——
ra _/
. actual
| _hydrostatic | pressure
pressure
shallow water

Figure 6.1 Wave-induced changes in pressures comgat to hydrostatic
pressure under still water
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In shallowwater (Fig.6.1b) the pressure fluctuations duedwe action are felt over
the entire water column and are even felt at thobo Both under a wave crest and
under a wave trough, hydrostatic pressures caissferaed to occur. Under these
conditions (Fig.6.1b) it is quite clear that the effect over a wave period (formal
integration) results in a net force (contributiorSkx ) in wave propagation direction.

Let us now consider the contribution of the orbitalocity to the radiation stress.

Under a waverestthe orbital velocities are directed in the posité«direction (to
the right in this discussion). The tep® then results in an increase i at the
right side of the plane. That is to be seen asaefm positive x-direction.

Under a wavérougha massu is moving with velocityu from right to left through

the vertical planerfiv). The mv at the right side of the plane hiasreasedby this
action (just like under a wave crest). So also uad@ave trough a force in positive
X-direction is acting on the plane by the wave actio

Over the entire wave period a formal integratiothwime has to be carried out.

Longuet-Higgins and Stewart (1964) combined bothirdoutions to the radiation
stress and expressed the radiation stress in t#rthe total wave energy:

1 2kh
Sox [2+ sinh Zkh} = ©3)
where:
Skx radiation stress in the direction of wave
propagation [N/m]
k wave number (1) [m?
A wavelength [m]
E wave energy defined as:
E = %pgH? [J/nf]
H wave height [m]

In Eq.(6.3) the paramet&appears (total energy in water column pér [dnT]).
The dimension of radiation stress is force per lemigth (N/m) acting over the entire
depth. J/fcan be rewritten to N/m; the dimension of Eq.(6s3)orrect.

The radiation stress is actually a vector. Thesivarse radiation streSgy has a
similar definition asScx above, but holds now for the transveYsdirection, i.e.

perpendicular to the wave propagation directiomté\hat in ther-direction the
orbital motion does not play a role.)

The annotation for radiation stresseS sith two subscripts (lik&xx). The first
subscript is in this lecture note related to threaion of the plane on which the
radiation stress acts; the second subscript itegela the direction in which the
radiation stress acts. The direction of wave prafiag is defined as thé-direction;
the direction of the wave crests is defined asvtd@ection. This leads t8«x andSyy
forces acting at a column of water presented inview in Fig.6.2.
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[

wave
ropagation

Figure 6.2 Principal radiation stresses

Remark:In the explanation dixx we so far considered the processes in wave
propagation direction yielding e.g. the radiatitnessSxx acting at the left plane of
the water column of Fig.6.2. A quite similar dissio® with hydrostatic pressures
and momentum transfer duepa’ can be held for the forx acting at the right
plane of the water column. It results in a forcepposite direction. Also with the
notionaction = reactionit can be understood that the forces at both flése water
column of Fig.6.2 are acting in an opposite di@tti

The transverse radiation str&&s can be found in a similar way 8g« and reads:

[ kn
S 'Linh Zkh} = 4

As was explained in Chapter 2, the ratio betweenatve group velocity and the
individual wave celerity is denoted agn = cy/c). If we use this parameter in
Eq.(6.3),S«x can be re-written as:

Sy, :[2 n—ﬂ E (6.5)
Likewise, Syy can be written as (also see Fig.6.2):
Sy :{n—%} E (6.6)

In deepwater wheren = %4, it follows:

Six :% E, andS,, =0

In physical terms this can be understood as in deser the only remaining
contribution to the radiation stress is the orbilbcity (in the direction of the wave
propagation). The contribution of the varying press in deep water is nil (in the
wave propagation directioiX{direction), but of course also in tivedirection).

In shallowwater, on the other hand, where 1, it follows from Eqgs.(6.5) and (6.6)
that:
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3 1
SXX :E E, andS(Y :E E

Here both contributions add to the total radiastmess. (The pressure part is equal to
Srv)

The radiation stress in shallow water is clearigda than in deep water. And, it has
two components in shallow water: parallel and pedpzular to the direction of wave
propagation.

In deep water the radiation stressgg) are generally only a small fraction of the
depth-integrated hydrostatic pressure (maximurhénarder of %o). In shallow
water, on the other hand, the fraction can be ciggeificant (in the order of 10% or
more).

The magnitude of the radiation stress depends ynainthe wave height, via the
wave energyH ~ H?). In shallow water (surf zone) wave breaking peses
determine to a great extent the (remaining) wawe@n As such a spatial gradient
will develop in the radiation stresses. Gradientsadiation stresses cause wave set-
down and wave set-up and radiation stresses arednaing forces behind a littoral
current.

Wave set-down and wave set-up

We first consider a situation with normally incidepurely shoaling waves (no
bottom friction, refraction, diffraction or brealgh

The magnitude of the radiation str&g depends on the water depth, the wave
number and the wave height (Eq.(6.3)). If dissgratf wave energy can be
neglected outside the breaker zone, then in tgismethe energy fluxgcy = Eng) is
constant. With linear wave theory it can be shomat $«x increases with decreasing
depth in the region outside the breaker zone. iHise region referred to as
intermediate depths; further offshore in reallypleater, the radiation streSgy is
constant.

An increasingSkx in landward direction means that at a water colamesulting

force due to radiation stresses is acting in sedhwaimection. By a (small) difference
in water level at both sides of the water colunquikbrium of forces can be
achieved again. This phenomenon is called wavd®ety, which means that outside
the breaker zone in intermediate water depthsyHter level at the landward side of
a water column is a little bit lower than at thaward side.

Inside the surf zone the magnitudeSpf decreases rapidly due to wave breaking
while moving towards the waterline. Looking at aevacolumn inside the surf zone
the Sxx component at the seaward side of the column getahan at the landward
side. To achieve equilibrium again, the water letdhe landward side of the
column should be higher than at the seaward sidedgwet-up).

In general the equilibrium between radiation stdsange and the average water
level slope yields the following first order diffartial equation:

9Suc — _pg(h+ 1y (6.7)
dx dx

where:
X co-ordinate axis pointing from land to sea
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h water depth at point (in absence of waves)
h’ average water level change at paint

Note that in Eq.(6.7), because of the chosen-ordinate, inside the surf zone the
termdS,/dx is positive yielding a negative water level gradi@h’/dx) (downward
sloping water surface from land to sea). This & apposite to the physical feeling:
moving inside the surf zone towards the waterlihe,termScx becomes smaller and
the still water surface becomes higher (wave sgt-up

Just outside the breaker zone (assuming regulaesyaby integration of Eq.(6.7)
starting at deep water, it can be shown that tta teave set-down equals (see also

Fig.6.3 and Fig.6.4):

01
hy 16yHb (6.8)
where:
h’ water level change at the point of wave breaking] [
¥ wave breaking indexHy/hy) [-]
Hp wave height at point of breaking [m]
hyp still water depth at point of breaking [m]

breaker zone

|

SXXI

1 > )2
1/2pg(h1+h; )2 /Zpg(h2+h2 )

Figure 6.3 Effect of changes in the radiation streascompnentSxx
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Figure 6.4 Equilibrium of forces in the entire bre&ker zone

Inside the breaker zone we may assume that the ngight is proportional to the
local water depth. If we further use the shallowex@quations (n = 1), then it
follows thatSx is decreasing from the breaker line towards tlestioe. Similar as
was mentioned above, this causes landward direesedting forces acting at a water
column. This will be balanced by a water level @ase (in landward direction) over
the water column. In this straightforward approacbreasing water levels from the
breaker line towards the coastline can be expetitedn be proven that the water
level difference between the breaker line and thetpf maximum water level rise
(wave set-up) equals:

ah=3ph, (6.9)
8
where:
Ah change in water level across the breaker zone [m]

Keeping in mind that the maximum set-down at tremker line is (1/16H,, this
means that the maximum wave set-up relative tctiievater level is (5/16H.
According to the shallow water approximation= 1), the water level slope inside
the breaker zone is constant (assuming a constéionb slope and a constant
breaker index.) Wave set-up can be quite signifiais illustrated in Example 6.1.
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Example 6.1
Input parameters:
Offshore wave height: Ho = 5m
Wave period: T = 12 s
Offshore wave direction: @o = 0° (perpendicular to the coastline)
Breaker index: y = 0.7
Required:

Maximum wave set-up relative to the still waterdev

Output:
The first step is to compute the wave height abitteaker lineH, depends on shoaling and
(though not in this case) refraction. Computer paots can be used or the generalized
description as given in Example 6.2. It followstthig = 5.5 m.

The maximum wave set-up then becomes 1.19 m

Conclusion:
If we assume an average beach slope of 1:50, thessa60 m of beach width is 'lost’ by the
effect of wave set-up.

Example 6.1 Maximum wave set-up relative to still ater level

For various reasons wave conditions can vary atoogrtain stretch of coast. For
instance, due to wave refraction on a non-unifoearshore region, or due to wave
diffraction in the lee side of a breakwater. Tlaads to varying wave set-ups along
the coastline, which produces a pressure gradiengdahe coast. These pressure
gradients can form an important contribution todhiging force of a longshore
current.

The actual situation in a breaker zone is much rnoreplex than what has been
described here above. This is proven by the fattakperimental results often do
not agree with the theoretically predicted valumsidave set-up. Some complicating
factors are the following:

— By assuming that inside the surf zone there isectrelationship between
the local wave height and local water depth, it msethat the build up of the
wave set-up just starts at the (first) point ofdiiag. In reality there is some
delay.

- Skxis not evenly distributed over the water coluntms iarger near the
water surface due to higher orbital velocities thaar the bed. The excess
hydrostatic pressure (excess because of the wawgp)keon the other hand
is distributed evenly over the water column.

Inside the breaker zone, this difference contribtibea 2DV circulation
with a surface current running towards the coadtaaseaward current near
the bottom.

- Bottom shear stresses have not been considered, dnuf they can add a
horizontal force.

— Wauves are irregular. For the computation of theevsat-up for a wave
spectrum, the root mean square wave hdighiis generally applied.
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- In an irregular wave field periods (say a few wawesh relatively small
wave heights and periods with relatively large wheghts do occur. That
means that the magnitude of the radiation stregarisng with time. This
varying force generates water level fluctuationthwai time scale much
longer than the wave period (long waves).

- Breaking waves generate a layer of air-water metwhich moves in
landward direction in the upper parts over the wabdumn. This roller may
also contribute to an additional horizontal forcenponent.

- Linear wave theory has its limitations, especiallyhe breaker zone.

— Waves generally approach the coastline under alljsamgle, which means
that Sxx is not directed perpendicular to the coastline (s&ow). Moreover,
the wave angle changes across the breaker zone.

From wave directions to coastline orientations

Until now, we have only considered the so-calledgdpal radiation stressex and
Svv. The directions of these stresses are relatdtketditection of wave propagation
(X-direction).

In coastal engineering practice it is common tokaeith longshore and cross-shore
orientated axes. As shown in Fig.6.5, xhexis is defined parallel to the shoreline,
where they-axis is perpendicular to the shoreline. ThandY-axes which were used
above (capitaK andY) were related to the direction of the wave propiaga

P
S+
XX Syy
Y O
/ SYY SX}
; S s
S
S

XX Syy

A, 7 /‘/Q A,

Figure 6.5 Radiation shear stresses

Just like in Applied Mechanics we might considex glement in the left side of
Fig.6.5 as a situation with only principal forceslfy normal forces). At the element
at the right side, in the same medium, but witliff@i@nt orientation, then apart from
normal forces also shear stresses appear. On Eaghthen two radiation stresses
are found: $« Sy) and Gy, Sx). With the Mohr-circle or looking at the equilibm

of the hatched element in Fig.6.6 the next expoesstan be derived:
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+ —
S, = (Sxx . S«Y) + (Sxx > SV COS( y) (6.10)
+ -—
Syy — (SXX 2 SY) _ (SXX 2 S1(Y) COS( m) (611)
S, =(Sx— Sy)sinfcod=( Sy~ $) cog sip= § (6.12)
where:
6 re-orientation of the two axis systems (Fig.6.3)ad]
10 angle between wave crest and coastline, or
angle between direction of wave propagation
and shore normal [rad]
Q n/2 -6
Six radiation shear stress in the direction of the
coastline acting on a plane which is parallel to
the coast [N/m]

Remark:It looks like that the radiation shear str&gsacting on a plane parallel to
the coastline results according to Eq.(6.12) frostraightforward Applied
Mechanics operation. With the 'physics' of waveioroin mind in reality the orbital
motion, while crossing a plane parallel to the dossunder an angle, transfers
momentum irk-direction (the direction along the coast), whieim ®e seen as a
shear stress. (The pressure component of the itad&tess does not contribute to

the radiation shear stress.

Radiation Shear Stress

o

Figure 6.6 Radiation stresses for oblique approachg waves
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The two squares in Fig.6.5 represent in fact estitamns of water. Only the
contribution of the radiation stresses to the tfitedes acting on the four planes have
been given (the hydrostatic forces belonging tiumton without waves are of
course also present).

If the conditions (wave and other conditions) arehsthat the radiation (shear)
stresses at opposite planes are just identical,ttreeinfluence of radiation stress on
the hydrodynamics is zero. Only if the conditionféed, a resultant radiation stress
(resultant force on a water column) occurs which affect the local
hydrodynamics.

This is the case especially in the littoral zonkere wave refraction, shoaling,
diffraction and wave breaking occur. A few pageskb@ee also Fig.6.3 and
Fig.6.4), we already showed how wave set-down aawkeveet-up can be explained
in terms of changes in the principal radiationsf&x (which corresponds 8§,y for
a situation with normally incident waves). Belowe wonsider the influence of
changes ir§ (dS,/dy) on the hydrodynamics in the surfzone.

Longshore radiation stress compongpt

The radiation stress componéht acts in longshore direction and is only present in
situations where the waves approach the coastlideria certain angle (Fig.6.5).

Let us first consider the situation in deeper water outside the breaker zone. From
Egs.(6.5), (6.6) and (6.12) it can be deduced that:

S, = Ersing cosp (6.13)

From refraction theory (without wave breaking anérgy dissipation due to bottom
friction) it follows that the energy flux betweend wave rays (lines along which the
waves propagate) is constant:

Ec,b=constant= E ¢, b (6.14)
where:
Cy group velocity of the waves: (nc) [m/s]
b width between two wave rays [m]

The subscripg refers to deep water conditions.

If we further assume the validity of Snel's law ahdt the depth contours are all
parallel to the coastline (a so-called uniform ¢pdken it follows that seaward of
the surfzone (no energy dissipation is assuntgglls constant. So although outside
the surf zone the wave conditions are constan#éyging (wave height; wave
direction), the radiation shear stress is constant.

Inside the breaker zone tBg determining parameters change (especially the wave
height is changing due to wave breaking) so 8awill also change. This yields on

a column of water inside the surf zone a resufiamce (N/m) in longshore direction,
dependent on the value @§,/dy.

How can this resulting longshore force be balanced?

One option would be a hydraulic pressure gradigintifar to what was described for
the wave set-up inside the breaker zone). In thse ,cthe water surface has to
develop a certain slope in longshore directionc(wss-shore direction this indeed
happens as the coast itself forms a closed bari@ve consider an infinitely long
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non-interrupted coastline, then no such hydrautsgure gradient can develop.

If a resulting force in the direction along the sia acting on a column of water
(water in rest), then that column will accelerdte=(m.a. But as soon as the column
has a velocity, bottom shear stresses are genefdexhother option for a ‘counter
force' to restore equilibrium of forces in longshdirection, is the generation of
bottom shear stress due to moving water. This happeleed; a so-called longshore
current is generated.

So the conclusion is that the gradien§ju(S,/dy) in the breaker zone generates a
longshore current. This longshore current leadstiottom shear stress, which
counter-acts the driving force. Equilibrium is read once, via the longshore
current, the bottom shear stress equals the chuss-gradient ir§.

From Eq.(6.13), combined with Snel's law and thedon of wave breaking
(H = sh across the entire breaker zone) it can be shoatrirtkide the breaker zone:

S, ——,ogy2 K 2% Cs'“¢° [Gosp (6.15)
where:
) wave angle [rad]
c wave velocity [m/s]

The subscripg refers to deep water conditions.

In the breaker zone, the parametgrs, h andg are a function o. If we use the
shallow water approximations:= 1 dr/dy = 0), ¢ is small ana = Vgh, then it can
be proven that:

d .
B S (g eI (6.16)
dy 16 G
where:
m the slope of the seabed inside the breaker zone
(dhvdy) [-]

As mentioned above the radiation shear stBgsss constant seaward of the border
of the breaker zone. It decreases inside the breake to zero at the waterline [see
Example 6.2 (next page) and Fig.6.7].

COOCOo0OoO0OoOo— -
O—MNWEArUANAJOOO—N
T T TR TN TR NN SN NN S W |

0 50 lOO 150 200 250 300 350
Distance from the shore [m]

adiation shear stress S ; [x1000 N/m

Figure 6.7 Computed radiation shear stresses
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Example 6.2

Input parameters:
Offshore wave height: Ho = 2m
Wave period: T = 7s
Offshore wave direction: & = 3¢
Bottom slope: m = 1:100
Breaker index: 1% = 0.8
Roughness height: r = 0.06 m

Required:
Radiation shear stresses and gradieng;,ifor various positions

Output:

Depth contours are assumed to be parallel. Thestigp of the solution is to define the out|
edge of the breaker zone. The non-linear charatides a direct analytical solution
impossible; instead, the following iterative scheraa be used:

1. Guess a breaker depki,and computé,/A,

2. Using the tables of wave functions (or compateg) to determine the shoaling coefficig
Ksn and the ratio of wave speeds,

3. Determine the anglg using: sin) = (c/c)sin(go)
4. Compute the wave height at guessed water dgfitbm:
H’ = H oKsiV[cos(@o)/cos@)]
5. Check whetheH’/hy, = y= 0.8. If yes: o0.k.; if no: return to step 1 wélbetter guess &k,

For the computation &, Eq.(6.13) is used. For the computatiord§f/dy Eq.(6.16) is
used. The results of the computations can be fauttte table.

2Nt

y h A c K n 0 H |LimitH| S, ]dS,/dy
[m] [m] [m] | [m/s] [-] [-] [°] [m] [m] | [N/m] | [N/m2]
o 00| 000 000 - = 0 - 0 ~| 0.00

“z:10 0.1 6.92f 099 091 1.00 259/ 438 008 035 0.09
20 02| 9.78 1.40| 0.64] 0.99 3.66 370, 0.16 1.99|  0.25
40 04| 13.79 1.97) 046, 099 5.17 3.12} 032 11.15 0.71
60 0.6| 1684 241 0.37|  0.98 6.32 2.84] 048] 3041 1.31
80 0.8| 19.40{ 2.77 0.32] 098 7.28 265 0.64| 61.78 2.01
100 1.0 21.62] 3.09) 029 097 8.12 2,521 0.80| 106.83 2.81
120 12| 23.62) 3.37 0.27 0.97 8.88 2420 096 166.79 3.70
140 1.4| 2544 3.63 0.25 096 9.57 2.34 1.12| 242.71 4.66
160 1.6] 27.12 387 023 0.96| 10.21 2.28 1.28| 33544 5.69
180 1.8] 28.69) 410 022 095 10.81 222 1.44| 445770 6.79

200 2.0, 30.16] 431 0.21 095 11.37 2,18 1.60| 574.09| 7.95
220 2.2 31.54, 451 0.20f 0.94] 11.89 2.14 176 721.12f  9.17
240 24| 3285 4.69, 0.9 094 1240, 210 1.92| 887.22( 1045
260 2.6/ 3409, 487 018 093 1287 2.07 2.08(1061.98|  0.00
280 2.8 35.28 504 0.18) 093] 13.33 2,04  2.24/1061.98] 0.00
300 3.0, 36.41 520 0.17) 092 13.77 2.02] 2.40/1061.98) 0.00
320 3.2 3750, 536/ 0.17/ 092 14.19 2.00[  2.56/1061.98,  0.00
340 34| 3854, 551 0.16]f 0.91| 14.59 198,  2.72(1061.98| 0.00
360 3.6] 3954, 5.65 0.16] 091| 14.98 1.96| 2.88[1061.98) 0.00

Example 6.2 Radiation stresses and gradients B, for various positions
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For many day to day wave conditions, this gradie8,x causes resulting longshore
stresses (forces) which are in the same order ghimale as the bottom shear stress
in rivers: in the order of 1 to 10 Nfnthe dimension is now that of a real stress:
dS,/dy). The gradient in the longshore radiation st§gss therefore an important
driving force in the littoral zone. (Further reface is made to Section 6.2.7.)

6.2.3 Tidal forces

Also tides can generate a longshore current (36.B). The direction of this
current normally turns when going from ebbing titeflooding tides and vice versa.

CO DO
—
— >
Tide
? y
A, B,
X

Figure 6.8 Tidal current along the shore

Tidal forces are deterministic, that means thay ire independent of weather or
climate conditions. Once the tidal constituentsgktodes and phases) are known
from measurements, tidal forces can be foreca$tad.is contrary to radiation
stresses as the waves, which are generated by armodf a stochastic nature.
The equation of motion of a tidal wave propagatitang a coastline follows from
the long wave theory (see Eq.(6.17)).

v v, S8Z_ gvM

+V—+Qg—=
ot 'ox 9ax Ch (6.17)

where:
v depth-averaged tidal velocity [m/s]
Z tidal elevation (relative to still water level) Im
g acceleration of gravity [m/s]
C Chézy coefficient [m%%/s]
h (still) water depth [m]
X co-ordinate along the coast [m]

The three terms on the left hand side are resplenfgibthe tidal force. The
dimension of these terms is /3o obtain forces (in N/Mso actually stresses),
these three terms need to be multiplied with thieemdepth and with the density of
the water (the dimensions then become k§mes nf which is the same as Nfjn
Now we make a few simplifications. First of all, wesume a sinusoidal behaviour
of the tidal elevatioix and the tidal velocity, with a possible phase difference
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between these two. If this phase difference is,zeimaximum at zero tidal
elevation and vice versa. It is further assumetlitteatia and the water surface slope
(hydraulic pressure gradient) are the two biggestrébutions to the tidal force. This
means that advection is neglected (generally arfaeh smaller). With these
assumptions the tidal force (in Nnso actually a stress) can be written as:

Fio = ph[mcos(m— kx—¢ »+ gkZsinQ t kx)] (6.18)
where:
Q tidal frequency [s™]
k wave number (@ Aiigo) mY
Atide length of tidal wave [m]
Q possible phase angle betwaeandZ [rad]
t time [s]

,Z amplitude value (of and2)

A way to solve the simplified Eq.(6.18) is by usihata from measurements made
simultaneously at different points along the coBsiring these measurements, no
waves must be present, since these influence tienbdriction forces, even when

no wave-driven longshore current is generatedgegpendicular incoming waves).

If the tidal velocity at one particular water defgtknown, for instance from
measurements, then a very practical method foirfgithe cross-shore distribution
of the velocities is by using the Chézy formula C\hi. This implies that the
streamlines must be parallel to the coast andtieatvater surface slope is the main
driving force for the tidal current. If a const@hwalue is assumed Eq.(6.19) can be
applied:

V, =\, % (6.19)
where:
V12 tidal current velocities at cross-shore posititins
and 2 [m/s]
hy 2 still water depth at points 1 and 2 [m]

See also Fig.6.8. Note that in this approachassumed thatat deeper water is
equal ta at shallow water (head betweBrandC equal to head betwe@andA).

Following this simple approach, a tidal longshoe¢oeity of 0.7 m/s at a water depth
of 10 m yields a tidal velocity of 0.3 m/s at a eratlepth of only 2 m.

In this shallow region with 2 m water depth, wagas be very effective in
increasing the bed shear stress. Consequentltidtieselocities in the wave-
influenced littoral zone will even be smaller thahat follows from Eq.(6.19).

6.2.4  Wind stresses

Due to shear stresses between the water surfadbemnabving air, the upper parts
of the water layers will start to move more or lesthe same direction as the
occurring wind direction.
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In case the wind is seaward directed, a seawaedtdil current is generated in the
upper water layers, the velocity of which is detieied by the duration of the
particular wind condition and its force. SimilarbyJandward directed wind will
induce a landward current in the upper layers. ddastline forms a barrier for this
landward current. Therefore, to compensate fotaghdward (or seaward) directed
water mass movement in the upper layers, an ogpdisécted water mass transport
follows in the lower water layers. In addition teese ‘compensation currents’, a
water level set-up or set-down can develop neacdast to compensate for the
respective wind-induced shear stresses.

In case the wind is directed parallel to a (longgst, a longshore current is
generated. The wind stresexerted on the water surface by the moving air is:

r=C, oW’ (6.20)

where:
Cw drag coefficient depending on wind velocity.
Cw= (0.63+0.068)10° for 2 <W< 21 m/s on the North Sea
[Verlaanet al. (1993)]
Da density of air (1.25 kg/f
W wind velocity at the water surface in longshomediion

The vertical distribution of the wind-generatedreat differs largely from the
current generated by a water level gradient (Fy.G.he highest flow velocities
occur at the water surface, with usually a rapicei@se in downward direction
(much more than with the logarithmic velocity ptefi

1. Logarithmic velocity distribution|
(see Chapter 4)
2. wind-driven velocity distribution

—
Vv

Figure 6.9 Typical velocity distribution for wind-driven curre nt

During storms, this stress may have an importadatebn the residual longshore
current. Often, however, the effect of wind stresghe longshore current in the
littoral zone is neglected (small contribution ke iongshore current and small
velocities near the bottom where the highest sedirmencentrations occur).

Wind stresses are of greater importance in, fdaimse, coastal lagoons. The Dutch
Wadden Sea, comprising of several inlets, is am@i@ of a series of tidal basins in
which wind-driven currents may play an importarieré-or dominant SW winds, a
significant volume of water and sediment can besparted towards the east. This
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may lead to a gradual, but over the years contgjuhift of the water sheds between
the barrier islands and the mainland. FitzGeedldl. (1987) appoint this primarily
wind-generated transport as the primary force lkhtet migration in the German
Wadden Sea.

6.2.5 Turbulent forces

In general, turbulent forces are activated in $ibms where spatial gradients occur
(like density gradients, or gradients in the floglocity). For the longshore current, it
is not a real driving force, nor a resistance forceends to smooth out sharp local
changes in the longshore current distribution.

Let us consider a coastline with a cross-shoreignaéh the longshore velocity:
(dwv/dy). Due to turbulent forces, 'velocity' is transéatifrom areas with high current
speeds to areas with low current speeds. This mmetmansfer can be expressed
as a turbulent shear stress:

r,=pvu= psy% (6.21)
where:
% velocity component parallel to the coastlire (
direction) [m/s]
v/ turbulent velocity fluctuation ir-direction [m/s]
u’ turbulent velocity fluctuation ig-direction [m/s]
& turbulent diffusion coefficient, also called eddy
viscosity, defined asg, = l,u’ [m?/s]
ly mixing length [m]

The eddy viscosity thus depends on a charactehistizontal scale and on a
characteristic velocity. In the littoral zone, bette related to the wave motion. The
horizontal wave orbital motion, for instance, carbgarded as a measure for the
characteristic velocity’, whereas the depth may be used for the charaateris
(mixing) length. Typical values for the eddy visitpsire 107 m?/s.

6.2.6 Bottom friction

In a hydraulic equilibrium situation (i.e. no acaeltions), the hydrodynamic driving
forces are balanced with a force in the oppositection, generally caused by bottom
friction. On an energetic level this means thad imydraulic equilibrium situation,
wind energy (waves, currents) and lunar energegjiére transformed into heat
(bottom friction and internal friction).

The bottom friction depends on the flow velocityhieh consists of a ‘constant’
velocity component and a rapidly changing flow w#ip component caused by
(breaking) wave motion. It is still difficult to deribe the bottom friction accurately
if these two components are considered in detaié @ethod is to use the
formulations of the shear stress presented in @edtd. The bottom friction can be
expressed by considering the actual velocities &i@vatiorz above the bottom.
For the combined waves and currents action indhgdhore direction, with the
assumption that the waves obliquity is less thefh Bker determined (Section
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4.4.4, Eq.(4.50)):

7 = ng;’z {0.75+ 0.456% }13} (6.22)
\

CWX

Since this is a rather difficult equation to workhw it might be further simplified by
assuming that wave incidence is almost perpendi¢gla 0°), thatély/v >> 1, and
that linear wave theory can be applied. In shalleater this leads to (Eq.(4.52)):

— ___ P9
T, = Jhy f, v 6.23
o VZD‘ICV v ( )

The above descriptions deal with the time-averdgetbm shear stress; they
disregard the momentary shear stresses that may wibin the wave period.
Leaving out the intra-wave bottom shear stresgdltens in the determination of
the hydrodynamics seems acceptable for many coarsgiaieering applications.
The intra-wave velocity fluctuations might be imgaort for the longshore sediment
transport. In the quantification of sediment longghtransport these processes are
tried to model as good as possible.

6.2.7 Longshore current by obligue waves (uniform coast)

In a hydraulic equilibrium, there is a balance leswthe driving forces and the
resistance force. Seaward of the surf zone theeadirst approximation no

gradient in the radiation shear stress. So no lworgscurrent is generated outside the
surf zone.

Inside the surf zone a gradientSp does exist.

The first step is to find the balance between tiaglignt in the radiation shear stress
and the bottom friction. If the waves and the slggemetry are constant along the
coast, then the hydraulic forces are constant #iSeveen referred to as a uniform
coast). Eq.(6.16) gives the expression for theimgivorce, which must be balanced
by the resisting friction force given by Eq.(6.22¢e also Fig.6.10:

d
i = TCWX
dy

X

(6.24)

edge surf zone

surf zone )
rCW o

g

wuater line

Figure 6.10 Forces acting on water column
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Solving Eq.(6.24) gives the value farwhich is the longshore velocity at a given
point in the breaker zone. However, with using &2),v cannot be solved
explicitly; iterative solution techniques must ksed. A much simpler approach uses
Eq.(6.23) instead of Eq.(6.22). This leads to til®Wing expression for the
longshore velocity:

_ 5m sing, - C 5
v 8&5% Dmgxa@mm (6.25)
where:

do angle of wave approach in deep water (relative

to the shore normal) T
Co wave velocity in deep water:

-9

G 27TT [m/s]
T wave period [s]
C Chézy friction coefficient [mY?/s]
fw friction factor for waves [-]
% breaker index [-]
g acceleration due to gravity [m/s]
h water depth [m]
m beach slope (vertical distance / horizontal distu]

The following parameters in Eq.(6.25) are prindiyp&inctions of the cross-shore
position in the breaker zon€; f,, h andm. If we assume a given roughness height
and application of linear wave theofyandf,, can be calculated for various
positions perpendicular to the coast. It then fefiahat the velocity distribution in
the breaker zone is almost a linear function ofdiséance from the waterline. With
this (too) simple formula the maximum velocity ocxat the breaker line; seaward
of the breaker line the longshore velocity is zsincedS,/dy equals zero).
Reference is made to Fig.6.11 and Example 6.3.

O -ttt

0 50 100 150 200 250 300 350
Distance from the shore [m]

Longshore current velocity V; [m/s

Figure 6.11 Longshore velocity distribution (regula wave field)
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Example 6.3

Input parameters:
Offshore wave height: Ho = 2m
Wave period: T = 7s
Offshore wave direction: ¢ = 3¢
Bottom slope: m = 1:100
Breaker index: y = 0.8
Roughness height: r = 0.06 m

Required:
Distribution of the depth-averaged longshore curren

Output:

This example is a continuation of Example 6.2.ddiaon to the already computed
parameters the friction parameters have to be ctedpusing the following
equations:

ao = Y2H(sinhkh))™*

fu = exp[-5.977 + 5.213¢/r) %%

C =18 log(12/r)

The velocity follows from Eq.(6.25). The resultsidze found in the table.

v h A k n o) H ap fo C v
[m] [m] [m] [-] [-] [°] [m] [m] 1 [ [m™s] | [ms]

0 0.0 0 - - 0 - == - =
10 0.1 6.92| 091 1.00] 259  0.08] 0.44[ 0.088 234{ 0.01
20 02| 978 0064 099 3.60 1.81 0.96] 0.053 56,6 0.03
40 04) 13791 046 099 517 032 0.87 0.056 343 0.09
60 0.6 1684 037 098] 632 048 1.06/ 0.050] 374| 0.16
80 0.8] 19.40| 032 098 7.28 0.64 1.22] 0.046 39.7] 0.23
100 Il 21.621 029 097 8.12)  0.80 1.36/ 0.044| 414 032
120 1.2| 23.62) 027/ 097 8.88] 096 1.48] 0.042| 428 040
140 1.4 2544 025 0.96] 9.57 1.12 1.59] 0.040| 440/ 049
160 1.6 2712 023 096 10.21 1.28 1.69] 0,039 45.1 0.58
180 1.3] 28.09] 022 095 10.81 1.44 1.78 0.038) 46.0, 0.68
200 2| 30.16| 0.21 095 11.37 1.60 1.87] 0.037| 4638 0.78
220 22 31.54) 020, 094] 11.89 1.76 1.94) 0.036| 476/ 0.88
240 24| 3285 019 094] 1240 1.92 2.02] 0.035 48.3 0.98
260 2.6/ 34.09) 0.18) 093] 1287 2.07 2.08] 0.035 48.9( 0.00
280 2.8/ 3528 0.18/ 093] 1333 2.04 1.96] 0.036] 495 0.00
300 3| 3641 0.17)  0.92] 13.77 2.02 1.86] 0.037 50.0, 0.00
320 32| 3750, 017, 092 14.19 2.00 1.77| 0.038 50.5 0.00
340 34| 3854/ 0.6/ 091] 1459 1.98 1.69] 0.039 51.0, 0.00
360 3.6/ 3954/ 0.6/ 091] 14,98 1.96 1.62] 0.040) 514] 0.00

Example 6.3 Distribution of the depth-averaged longhore current
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To ultimately find the simple expression accordind=q.(6.25), many assumptions
and approximations had to be made. With the predsgntomputer models 'smooth’
velocity distributions can be easily computed fases without many simplifications.

Although EQq.(6.25) must be considered as a too Isimgpresentation of the truth, it
is however still useful to inspect the dependerfaye velocity to various
parameters.

Let us, for instance consider the dependency ofd¢hecities inside the breaker zone
to the wave parameters: wave heightvave periodl and wave direction.

Thewave heights not a direct parameter in Eq.(6.25), but gv&ent that the wave
height must play an important role. No waves: neevdriven currents. The width of
the surf zone (where the wave driven currents anegated) is, however, largely
determined by the wave heiglm, & Hp/y). If we disregard other effects, then we
could simply conclude that the width of the sumeaoubles, with a doubling of the
wave height. Assuming a triangularly shaped crbssesdistribution of the
longshore flow (for a constant slope as beach lpjafis leads to a factor 2 higher
velocity at the breaker line and a factor 8 higiischarge in the surf zone. Wave
height thus is indeed an import parameter.

Thewave periodappears in Eq.(6.25) v@. If we double the wave period, then it
follows from Eq.(6.25) at first sight, that thetoselocity reduces (sina®
increases). However, a larger wave period alsosgaveider surf zone.

If we look at the effect of thaave directiorthe following remarks can be made: no
longshore current is generated if the angle of wawiglence is zero (waves enter the
shore perpendicularly). If the angle is small, themlongshore current velocity at a
specific water depth within the surf zone, becomérear function o, (since:

sin(go) = @o). The maximum velocities occur fpp = 45°.

The (too) simple formula according to Eq.(6.25pafows us to get an idea of the
effect of the beach slopa. A steeper slope, at the one hand, results iedtiy)
higher velocities. At the other hand the widthha surf zone becomes also linearly
smaller. The discharge through the entire surf Zeileen constant to a first
approach.

The effect of turbulent forces is indicated in Bid2.

u [F>—u
Tyx <__'—> Tyx
: B
= Y
Breaker ling

[V

L u
v,

T«

u u

Figure 6.12 Effect of turbulence on the velocity pofile
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Since the largest velocity gradient occurs atofeaker line, the maximum transfer
of horizontal momentum will occur here. This leddls reduction in the maximum
velocity, a landward shift of the position of maxim velocity and to a situation
where also outside the breaker zone longshore itieloccur. The distribution f,
(eddy viscosity) now also determines the velociggribution. Various distributions
gy can be motivated: the effects of a few of thenthenresulting velocity distribution
are shown in Fig.6.13.

4004

random waves

300

“difficult’ shear stress

200 according to Eq. (6.25

€ according to L.H.

distance from shoreline [m]

surf zone

1004 € according to Battjes

0

0 02 04 06 08 10 12
—> v [m/s]

Figure 6.13 Examples of velocity profiles

Until now we have only considered regular wavesehiity, of course, waves are
irregular. Waves of various heights and periodsethte breaker zone and contribute
to the longshore current. For each 'individual’ eyahe driving force starts at the
breaker line of each 'individual' wave. If we (sig)padd the contributions of each
'individual' wave condition that may occur in a wapectrum, then a very smoothed
resultant velocity distribution results. This isa@lllustrated in Fig.6.14 (next page),
which shows the output of a computation with thexpater model Unibest-LT

(input: Hso =2 m; y= 0.7; ¢ = 3C°; T, = 8 s). The effect of wave irregularity on the
velocity distribution looks very similar to the eft of turbulence (wider and less
sharply peaked).
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Figure 6.14 Wave driven velocity computed with UNIEEST-LT

If we have a coastal profile with a breaker bagntthe determination of the velocity
distribution gets more complicated. In a simplifeggbroach, we can distinguish
between a breaker zone at the seaward side ofe¢h&dr bar (if waves indeed start
to break here) and a breaker zone near the shemghere the remaining wave
energy is dissipated. This simplification woulddda a zero longshore velocity in
the deeper section between both breaker zones.iBah a situation, both lateral
transfer of horizontal momentum and the irregwaoitthe waves will smooth out
the velocity distribution.

The next step is to include the effect of tidatfs. One complicating factor here is
that the direction of the tidal velocity changescewduring one tidal cycle. The
appropriate way to include the effect of tidedristfto combine the driving forces
(during ebb and flood periods) and then to caleutlé velocity. Simply adding the
tidal velocity to the wave-induced longshore curtiemot correct (that would only
be possible if the velocity is a linear functiontieé driving forces which is generally
not the case).

Fig.6.15 shows sketches of the resulting veloagyrithution if the wave generated
currents are combined with ebb tidal velocities a#itth flood tidal velocities. The
maximum tidal velocity occurs outside the brealarez but the effect inside the
breaker zone can be quite substantial. If the fmtak is in the same direction as the
wave-driven current, then the maximum longshore flelocity increases (and shifts
towards the breaker line). If the tidal force iglie opposite direction, then the
maximum velocity decreases (and shifts towardshtiweeline). The longshore
current in the breaker zone, although reduced liocity, might then be in the
opposite direction as the tidal current preserthrrseawards.
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Tidal Surf zone

==

Tidal Surf zone

Figure 6.15 Inclusion of tidal currents

If the radiation stresses are large enough reladitke tidal forces, it is even
possible that the direction of the current in thealker zone does not reflect anymore
the direction related to the tide.

Tidal currents may significantly complicate theatatination of the longshore
current in the breaker zone. In practical casks,fbir instance for the Dutch
coastline, it will be necessary to establish theg&thore current throughout the entire
tidal cycle. Only in areas with weak tidal forcékg for instance the Mediterranean)
the effect of tides on the water movement in tremker zone can often be neglected.

6.3 Longshore sediment transport

6.3.1 Introduction

Longshore sediment transport is the net movemesgaiment particles through a
fixed vertical plane perpendicular to the shoreliflee direction of this transport is
parallel to the shoreline and the depth contowsli'without further specifications it
is often meant to be the total transport in longshbrection (e.g. the total transport
along a coast in the entire surf zone).

Longshore sediment transport depends amongst athelrse hydrodynamics in the
breaker zone (Section 6.2) and on the sedimeneptiep (Section 4.2). Only if
moveable sediment is available in a certain ar®aahsediment transport may
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occur. If the seabed is fixed (for instance by drotiprotection, by bio-chemical
processes or by vegetation) the local transpapacity(based on the
hydrodynamics) might not be satisfied and a lovetua transport rate develops.
The sediment properties as well as the local seahddhoreline characteristics, are
thus equally important for the longshore sedimeanigport as the transport-
generating hydraulic forces.

In Chapter 4 it was argued that the longshore sedtitnansport (through a plane
with unit width in this case) can be determinedrfrine following equation:
h+n

s.= [ (3 § ¢ 629

where
S longshore sediment transport [m*/m/s]
V(2) the longshore current velocity at heiglgbove
the bottom [m/s]
6( z) the time-averaged sediment concentration at height
h local (still) water depth [m]
n instantaneous water surface elevation [m]

If we like to quantify the total transport in etge surf zone, we must integrate the
outcome of Eq.(6.26) over the width of the surfeon

Many investigators have attempted to find a sofutbEq.(6.26). This is not an easy
task, as both the longshore velocity and the sedic@ncentration depend on
various often interrelated parameters. (See alstdde4.8.)

Below, two longshore transport formulae are pre=gm particular: the CERC
formula and the Bijker formula. These formulae &dl\&s most other formulae, are
developed for sand only. Transport of mud andsiiirther complicated by the
cohesive behaviour of the sediment particles (sgbdr Chapter 9). Also the
transport of gravel and stones (when cohesion eareflected similarly as for sand)
is more complicated in reality, since the initiatiof motion requires larger
hydrodynamic forces than those for sand. The exjdongshore transport formulae
thus are (mostly) sand transport formulae.

6.3.2 The CERC formula

The CERC-formula has been developed by the Coaatgiheering Research Center
(USA). It gives the total longshore sediment tramspver the breaker zone,
generated by the action of waves approaching thetemder an angle. The
distribution of the sediment transport over thd gone is not described.

The CERC formula is not predicting the sedimentcemtration nor the longshore
velocity (as required in Eq.(6.26)). The developtwrthis formula took place (in

the late 1940’s) well before the longshore curtkabry was developed. The formula
has based on prototype and laboratory measuremedtsonsiders only wave
generated currents (not tidal currents or othenphena).

There is basically not much 'physics' involvedhia CERC formula, but its
application in real cases is rather straightforwand illustrative. The CERC formula
is classified as a bulk energy formula. It is ieting to note that afterwards,
American researchers have continued developingp@hformulae based on the
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available energy, while European researchers laues$ed more on a description of
the sediment concentration and the flow velocitythiis respect we might speak of
an 'American School' and an 'European School'.

The CERC formula is based on the observation tietangshore sediment transport
is proportional to 'the longshore component ofwlaee energy flux per meter of
coastline present at the outer edge of the breaes':

S=AP (6.27)
where:
S total longshore sediment transport through
breaker zone [fiAs]
A’ coefficient [see further]
P longshore component of wave power (energy
flux) entering the breaker zone [W/m]

Note: the notion 'longshore component of the wanergy flux' suggests that the
wave energy flux is a vectorial quantity. That @ true; it is a scalar quantity which
formally cannot have a component.

From a dimension analysis of Eq.(6.27) it followattthe coefficienf’is actually
not dimensionless.

The wave power (or energy flux) for a unit cresigih is given by:

P:%ngzcg (6.28)
where:
H wave height [m]
Cy wave group celerity (nc) [m/s]
n ratio of wave group celerity and wave
propagation speed [-]

If the angle of the wave crest and the coast abtbaker line is denoted &s, then
the wave power per unit length of beach is:

Pcos@, )= ¥4 pgHn,G cop, (6.29)

Here, the subscrigit stands for the value of the respective parametéesoreaker
line.

The longshore sediment transport depends, accotalitige basic idea of the CERC
formula on the 'longshore component of Eq.(6.29)'0n sig, times Eq.(6.29). The
CERC formula now reads:

S, = AOH n gcosg, sing, (6.30)

Note that in this equation the coefficights now a dimensionless coefficient
(contrary toA’ in EQ.(6.27)).

Using the CERC formula in real applications mustibae carefully (like of course
with all types of sediment transport formulae)phrticular the value for the
coefficientA, and the value for the wave height in case of@gular wave train,
requires carefulness. Both parameters are relkitede uses the root mean square
wave height to represent an irregular wave fi¢ldntthe value foA must be a factor
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two larger compared with the value @éfif one uses the significant wave height
instead (note that for a Rayleigh distributiéfy:= vV2[Hns).

Based on work by among others Komar (1976) anddéa@Graaff and Van Overeem
(1979), it was concluded that the value for thefament A should be around 0.04 if
one usesls (and so 0.08 if one usébmy).

The CERC formula can be written in various waysirtgoducing formulations from
linear wave theory or by using geometry. This makesen more important to find
out which value for the coefficient needs to beligpop In all cases, at least one wave
parameter at the breaker line is required.

Physical justification and drawbacks

A kind of physical justification of the CERC fornautan be found by considering
the radiation shear stress. In Section 6.2 it wataeed that the radiation shear
stress is the main driving force for the longshareent in the breaker zone. If we
use the wave conditions at the edge of the breaiwes, then Eq.(6.13) reads:

Syx = E) r])COS¢b Sir¢b (631)
where:
Ep the wave energy at the breaker lirel(8 ngbZ)

Comparing Eq.(6.30) with Eq.(6.31) shows that Hotinula are almost identical;
the only difference is the (additional) parametgn Eq.(6.30). So the CERC-
formula might be considered as the product of &atah shear stress term and the
wave velocity at the breaker line. The wave velpaitthe breaker line can be
approximated by:

2.
c ==0 (6.32)
4
where:
1% breaker index (#Hy/hy) [-]
o maximum orbital velocity at z =0 [m/s]

The radiation shear streSg can be regarded as a measure for the longshore
velocities in the breaker zone: these velocitiestiae transporting agents of the
longshore sediment transport. The orbital velogitgn the other hand might be
regarded as a measure for the wave stirring, sthéosediment concentration.
Apparently the CERC formula also multiplies a "e#tly measure with a
‘concentration' measure, in agreement with theegyéneral formulation @=v.c.

An important drawback of the CERC formula is thataes not give any information
on the transport distribution. Such informatiomften required, for instance if bars
are present in the coastal profile, or if coadtaictures are considered that do not
entirely cover the breaker zone (like groynes:Geapter 11).

Another drawback of the formula is that it does tade into account the properties
of the sediment. (Some researchers propose alpasize dependent value for A in
Eq. (6.30).) The CERC formula was originally dedvier beaches with uniform
sand ranging between 1j/ to 1000um. The CERC formula does not take into
account the slope of the beach profile. And itated that the CERC formula does
not make a distinction between bed load and susgkloéd transport.
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The CERC formula can not be used if other driviogés such as tidal currents
become important.

The S ¢)-diagram

The effect of the angle of wave incidence can l@yéred by considering the
relation betweel®, and the deep water wave angleThe CERC formula according
to Eqg.(6.30) can be rewritten as follows by assgnairvalue 0.04 for the coefficient
A, assuming straight depth contour lines parall¢h&shoreline, assumimg = 0.5
and by using refraction theory:

S, =0.02 H; g, sing, co®,= 0.0H;¢ sih ) (6.33)
where:
H significant wave height [m]
0 b subscripts for deep water and at the breaker line

The wave propagation speed at the breaker linendispen the deep water wave
angle as it depends on the wave refraction fronp deser to the breaker line. In
Example 6.4 (see next page) a whole range of seditrensports are computed for
varying values off. (Himsis used in Example 6.40omputed parameters for this
example are also shown in Fig.6.16 (also see ¢hative scheme presented in
Example 6.4).

0.4

o
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o
W
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Longshore sediment transport [m”/s]
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0 20 0 60 80
Angle of approach in deep water

Figure 6.16 Results of Example 6.4

If we plot the longshore sediment transport inapgragainst the wave angle in deep
water, then a so-calle& @)-diagram is obtained. The results from the example
indicate that the maximum longshore transport tgkase for an angle just smaller
than an angle ofyp = 45.

Although the term sing@) in Eq.(6.33) would suggest that the maximungof
occurs at exactlyo = 45’ this is not true because the wave propagationdsaethe
breaker line also depends on the deep water wayle.an
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Example 6.4

Input parameters:
Offshore wave height: Hms = 2m
Wave period: T = 7s
Breaker index: 1% = 0.8

Required:

Sediment transport ra& for different values oy

Output:

Choosego. Calculategy, by trial and error (choode calculateH, checkH/h> yor
H/h<y, choose newn, repeat process). The results for various valtigs are
presented in the table below. The sediment trahsata can now be computed usi
Eq.(6.33), but with coefficient times two since are usingHns instead oHs. The
results can be found in the table.

o hy 0 Ch S« S«

1 | [m] [ 71 | [m/s] | (ms] [[m’ per year]
10.00 2.71 4.52 4.96| 0.136 4,300,000
15.00 2.69 6.73 4.95| 0.198 6,200,000
20.00 2.66 8.87 493 0.253 8,000,000
25.00 2.63| 1091 4.90f 0.300[ 9,500,000
30.00 2.59| 12.85 4.86| 0.337( 10,600,000
35.00 2.54| 14.64 4.82| 0.362| 11,400,000
40.00 2.48| 16.26 4.76| 0.375| 11,800,000
45.00 2.40| 17.69 4.70| 0.376| 11,900,000
50.00 2.31| 18.87 4.61| 0.364 11,500,000
55.00 2.21| 19.79 4.52| 0.340| 10,700,000
60.00 2.09] 20.42 4.40| 0.305 9,600,000
62.00 2.04| 20.57 4.35| 0.288 9,100,000
65.00 1.95| 20.69 4.26| 0.261 8,200,000
67.00 1.89| 20.70 4.20f 0.242 7,600,000
70.00 1.79| 20.58 4.09] 0.210 6,600,000
75.00 1.59| 19.99 3.87| 0.155 4,900,000
80.00 1.35| 18.77 3.57| 0.098 3,100,000
85.00 1.01] 16.46 3.11) 0.043 1,400,000

Conclusion:

The computed annual transports are rather higprdatical cases a net longshore
transport of 1 million Mper year is already considered as a ‘heavy’ dafen
smaller net yearly transport rates occur. The re&siothe high computed values ar
the rather severe conditiortdims of 2 m, fromonedirection, constantly present for
the whole year.

e

Example 6.4 Sediment transport rateS, for different values of ¢

The § ¢)-diagram also shows how the longshore transpdtaes to nil for wave
angles of 0 (perpendicular to the coastline: only wave stgrino longshore
current). Forpo (nearly) 90 (waves run nearly parallel to the coastline): hyaashy
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wave energy reaches the coast by wave refractieradiation shear stress
component is nearly 0 and due to the very smallewaights hardly any stirring
occurs.

The S ¢)-diagram further shows that the longshore trartsgmnges almost linearly
with the wave angle for small angles (to approxaha2(® - 30°).

The practical use of§@)-diagrams is further explained in Section 6.4.

6.3.3  The Bijker formula

In contrast to the bulk transport formula like BERC formula, Bijker [Bijker
(1971)] developed as one of the first a formuld théased on the concept of
velocity times concentration (Eq.(6.26)) indeperidsrthe driving forces and could
be used to determine the distribution of the loogshransport over the breaker
zone. Later researchers have derived other tran&porulae as well, but the Bijker
transport formula is still a useful formula in l@hpre sediment transport
computations.

The Bijker approach has been introduced in Se@id. There, it was explained
how Bijker combined the effects of currents and @swn the bed shear stress. In
Section 4.8 the Bijker transport formula has beescdbed. It was shown that Bijker
makes a distinction between bed load and suspdodddransport.

The bed load transport formula of Bijker is basadhe Kalinske-Frijlink transport
formula which was originally developed for rivermipations:

5= B%vexp{%} (6.34)
where:
B Bijker coefficient (5, see remarks in Section 4.6)-]
Dso representative particle diameter [m]
Vs shear stress velocity [m/s]
A specific density [-]
U ripple factor = C/Cg)*° [-]
C Chézy coefficient [m°/s]
Coo Chézy coefficient based @y [m°s]

The suspended load transport formula of Bijker based on the suspended
sediment transport formula of Einstein and coul@ékegressed in terms of the bed
load transport as follows:

S =1.83Q% (6.35)

where:
Q [12In(33n/r) + 17
I, 15 Einstein Integrals
h water depth
r bottom roughness
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The total load transport follows from the summatidnhe bed load and the
suspended load transport:

S = §(1+1.83Q (6.36)

The distribution of the longshore sand transpamssthe breaker zone denotedas
can be found by computirt§ for various positions in the cross-shore profllgis is
illustrated in Example 6.5, where as a first steplongshore velocity distribution
following Eq.(6.25) is used (triangularly shapesdtdbution with the maximum
velocity at the breaker line)

With the Bijker formula the combined effect of wavend currents is taken into
account. (Currents: irrespective the 'source’ efctirrent; so e.g. tidal currents
and/or wave driven currents.) This makes the foanmubre generally applicable than
for instance a formula like the CERC formula. Thg& formula can be applied
‘everywhere' in the sea where the sediment trahsparbe approximated by t&e=

v.Cc concept with time averaged parameters.

If we like to compute with the Bijker formula thetal longshore sediment transport
in the surf zone, we can use any combination efrtyiforces for the computation of
the longshore velocity.

Furthermore, the formula takes into account theatfdf the sediment properties.

As explained in Section 6.2.7, many methods arédadbla to compute the
distribution of the longshore current velocity. Shealternative methods obviously
result in different transport distributions as wé&lee Fig.6.17; the transport
distributions of Fig.6.17 have been calculated i velocity distributions
according to Fig.6.13.

)
@

transport distributions using
velocity profiles of Fig. 6.12
¢ 1: according to Eq. (6.25)
o 2: “difficult’ shear stress
A 3:according to L. H.
X 4: according to Battjes
X 5: random waves

— =
AR

longshore sand transport [10*m¥ms]
S

Om ) . » '%.». -
0 200 400
Distance from shore [m]

Figure 6.17 Examples of transport distributions
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Example 6.5

Input parameters:
Offshore wave height: Ho = 2m
Wave period: T = 7s
Offshore wave direction: ¢ = 3¢
Bottom slope: m = 1:100
Breaker index: 1% = 0.8
Roughness height: r = 0.06 m
Mean sand diameter: Dsp = 200pm
90% sand diamater: Dgo = 270pum
Specific water density: o = 1000 kg/n
Specific sand density: JoX = 2650 kg/m
Particle fall velocity: Ws = 0.0252 m/s

Velocity distribution as computed in Example 6.3
Required:
Sediment transport using the Bijker formulation

Output:
For the computation of the sediment transport usiegBijker method, it is needed
to compute the following parameteGo, 4, o, &, T, T, , Vecw, Z @andA (=r/h).

Using Table 4.1 we can now find a value @and, after computing the value for the
bottom transporg,, the total transpof&. Results of the computations can be found
in the following table.

y h H i \'% U f, & View | 2z« r/h Sy, Q S
[m] | [m] | [m] |[m/s]|[m/s]| [-] [-] 1 | [m/s]| [-] [1 |[m”/ms| [] [[m"ms]
]
x10” x10™*

25 0.25] 0.2 0.62| 0.05| 0.27) 0.06| 1.76| 0.08| 0.79| 0.24 0.3| 0.96 0.1
50| 050 04| 0.87, 0.12 031 0.05| 1.87/ 0.10, 0.62| 0.12 0.8] 2.26 04
75| 0.75| 0.6 1.06| 0.22| 0.33] 0.05| 1.92[ 0.12| 0.54| 0.08 1.4| 3.67 1.1

100| 1.00] 0.8 1.22| 0.32| 0.35| 0.04| 1.95| 0.13] 0.49| 0.06 2.1 4.18 1.8

125 1.25| 1.0] 1.35] 042 036, 0.04/ 1.98] 0.14] 0.45| 0.05 27| 6.84 3.7

150 1.50| 1.2 1.47| 0.54| 0.37| 0.04| 2.00| 0.15| 0.42| 0.04 3.4| 8.60 5.7

175 1.75| 1.4] 1.58] 0.65| 0.38| 0.04| 2.02| 0.16] 0.39| 0.03 4.1 10.71 8.4

2001 2.00| 1.6 1.67[ 0.78 0.38| 0.04] 2.03| 0.17 0.37, 0.03 4.8 12.62 11.5

2251 2.25| 1.8] 1.76| 0.90| 0.39| 0.04] 2.04| 0.18| 0.36/ 0.03 5.5| 14.24 14.9

259 2.59| 2.1 1.87| 1.08 0.39| 0.03] 2.06| 0.19| 0.34| 0.02 6.5| 17.41 21.3

Example 6.5 Sediment transport using the Bijker fomulation

The suspended sediment transport for the conditbxample 6.5 is quite
significant relative to the bed load transport.sTisi particularly the case closer to the
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breaker line (greater depths). The high orbitabeiles in the deeper sections of the
breaker zone result in large transport rates. afgeleffect of the waves on the bed
shear stress was already noticed in Chapter 4.

If we integrate the computed sediment transpottibligions according to Fig.6.17
across the entire transport zone (that is theahegie longshore transport has been
computed: this includes at least the entire breatre), we get computation results
for the total longshore transport. In spite of significant differences in the
distribution, the ultimate results show that thiateomputed sediment transport
rates are not very sensitive to the distributiorolmed. The computed transports turn
out to be all in the same range. From an energptity of view, this may not be so
surprisingly as in every computation the same armofittransport generating
energy' is available. So if due to the selectiona oértain velocity distribution the
velocities (and the transport rates) reduce abtigeplace along the cross-shore
profile, the velocities (and the transport) wiltrease at the other place.

Sensitivity computations

In Example 6.5 only one set of input parameters wgasl. In practical cases it is
worthwhile to examine the sensitivity of the outputvarying values of certain input
parameters. This is important as one generally doeexactly know the value for
the bottom roughness, the grain size, the breakiexi or even the beach slope.

To get some feeling for the sensitivity of variguasameters we have computed the
total sediment transport (integrated across thesprart zone) for varying values of
r, Dso, mandy. Note that these four parameters are no inpatrpeters in the
CERC formula.

The results are shown in Fig.6.18.

On the vertical axis the computed total transpogiven divided by the reference
transport rateSes = 0.146 ni/s). [The reference case holds fdk, = 2.8 m,

@o = 30, Dsp = 200um, y= 0.8, roughness height =r. = 0.06 m and slope 1:100.]
On the horizontal axis of Fig.6.18, the value fur tespective parameter divided by
the reference value has been plotted.

The dots in the figure are the actual computatioesiits; the lines have been drawn
to connect these dots. This way of presentatiasédul if one wants to show the
relative effect of varying input conditions.

From the sensitivity computations it follows thae ttotal transport reduces
significantly with increasing values for the botteaughness. Fig.6.18 also shows
the large influence of the grain size. An increiasine grain diameter leads to a
decrease in total transport. This may seem strdmmge considers the position Dk
in the bottom sediment transport formula [Eq.(6].3Apbwever, the grain diameter
also influences the fall velocity (important foeteuspended sediment transport
part), the ripple factor and it occurs in the exgrrpart of Eq.(6.34). This is why the
influence of the grain diameter on the transpocbisiplex.

A steeper beach slope leads to a more narrow breake and thus to a more
narrow sediment transport zone. However, the seitgicomputations show that the
total transport, i.e. integrated across the entimesport zone, hardly changes.
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Finally, the results show that also the effecthef breaker index is not significant for
the total transport; however, it does have a grélaence on the transport
distribution.
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Figure 6.18 Sensitivity analysis with UNIBEST-LT

6.3.4  Other longshore transport formulae

Similar as what Bijker did, other researchers relgse modified sediment transport
formulae that were already available for river agglons.

The various formulae differ particularly in the wine influence of the waves has
been schematised. Each formula has a differenitsétysfor varying input
parameters. Differences in total transport betwhlervarious transport formulae can
easily be up to a factor ten! This illustrates dbhsolute need for calibration data
before results from computer computations can lbd usspecific coastal
engineering cases.

Examples of such calibration data are observedlazashanges following a certain
‘event' (such as the construction of a new harblmng a coastline, or the damming
of a river and the subsequent erosion of the sineref the river delta).
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6.4  Shoreline dynamics

6.4.1 Introduction

In the previous sections we have primarily focussea description of the longshore
sediment transport and its underlying driving mexsmas. In Chapter 5, it was
indicated that coastline changes may occur aloagtabsections where gradients in
the longshore transport occur. If we disregardreedi transport in cross-shore
direction (to and from deeper water and to and ftieenhinterland), then the
shoreline will recede in a situation where the Elmaye transport increases along the
shoreline (erosion). The shoreline will move sealsaf the longshore sediment
transport decreases in the transport directiorr¢éion).

Changes in the position of the shoreline can berabbr man-induced, and can
occur on various time- (for instance seasonal)spadial scales.

Shoreline dynamics, which is the topic of this gsttis a vital element of coastal
engineering practice. The basic concept is thats#diment balance analysis
(Section 6.4.2). This concept has further been a@idut in the single and multiple
line theories which are presented in Sections @A4d6.4.4.

Fig.6.19 shows typical examples of cases wher@adlsdion of the coastline may
change drastically.

. N

a) Port

b1) River outflow b2) Delta erosion

Figure 6.19 Typical cases of possible drastic colse change
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The first case considers a coastline with a waiedmresultant longshore transport
from 'left' to 'right’. The construction of a tridnal port with breakwaters leads to a
blocking of this longshore sediment transport. Assult, the coastline to the left of
the port will tend to move seawards (accretion)ereas the coastline on the right
side (in this example) will tend to move landwagdoSion).

The accretion is not always considered to be algnobbut if the accretion becomes
too much and reaches the end of the breakwateayitreduce the water depth at the
entrance of the port.

The erosion, on the other hand may undermine egistifrastructure, like roads and
houses.

The second case in Fig.6.19 (b1) considers a plogyalelta. This progradation is
caused by the deposition of sediment which is beagsported to the delta by the
river discharge.

If a dam is constructed somewhere upstream the, tiven the river discharge
distribution changes. In many cases this meangréfisant lowering of the peak
discharge (with a more or less constant mean digelhal he effect is that less
sediment is being carried to the river mouth wiibreline erosion as result (b2).
Such erosion may threaten the low-lying land ofdbia and is often experienced as
a serious problem.

In the example cases it is important to understaasbserved coastline changes and
to make reliable predictions of the future coastlimanges.

If we plot the computed longshore sediment trartspgainst the angle of wave
incidence, then we get a so-call&j#)-diagram (as introduced in Section 6.3). Such
a diagram has proven to be useful in the analyqisbserved) shoreline changes.
How this works is explained in Section 6.4.5. Cadahg remarks are given in
Section 6.4.6, where the role of cross-shore setitnensport is mentioned (further
described in Chapter 7) and where complicatingenmstire briefly mentioned

(further described in Chapter 8).

6.4.2 Sediment balance

Consider a stretch of coastline which is boundethbyhigh water mark (the dry
beach) and the seaward end of a selected longshosport zone (e.g. some
distance further seaward than the width of thek&eaone). The stretch of coastline
is further arbitrarily bounded on both sides (FigQ.

4 4a
LB
"

end of transport zone
L S € L
laets - _._'- --@-5-3, ...'- . ...'- T ...'.——>2a

. Ti shoreline (dry)

3b 3a
ray 1 ray 2

Figure 6.20 Sediment balancénot to scale)
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Depending on the topic to be studied or the prolieive resolved, the mutual
distance between ray 1 and ray 2 might vary. Wthitiecross-shore distance in
Fig.6.20 might be say 1 km, the longshore distanigit be say 10 km. The sketch
of Fig.6.20 is in that case certainly not to scéfewe like to analyse the behaviour
of a single cross-shore profile, the distance betweay 1 and ray 2 is only 1 m.)

If we compute, measure or determine somehow thiensedl transport through each
of these borders, then we can make up the sedinadamce of the area. Also the
time scale is important: short term sediment difighore sediment transported out
of the area than is transported into the area), ocayr while the longer term
sediment balance is positive (accretion).

The longshore transports occurring during a givemag of time (e.g. HW - LW
cycle; month; year) are denoted with 1a, 1b, 2a2inoh Fig.6.20 (‘a' represents: out;
'b": in). Two comparable quantities (e.g. 1b andcza be different for many
reasons. For instance, because the wave anglwediathe shore orientation is
different for ray 1 and ray 2, or because of lomgstdifferences in the prevailing
wave conditions.

The longshore transport under one specific wavelition (with a giverH, T and @)
generates a longshore transport in only one decti

However, the occurrence of waves along a coastrdispen the wind climate, which
is often of stochastic nature. During a certaimgloperiod of time, for instance one
year or one winter season, waves will occur thaegete transports in two opposite
longshore directions. Furthermore the effectsasltcurrents on the sediment
transports must often be taken into account.

If we add all the longshore transports occurringme direction and also in the other
direction, then we find two contributions to the transport in opposite directions.
These contributions have been shown in Figure &80the sediment balance is it
important to know both. Summation of the two cdnitions to the transport rates
through rays 1 and 2 gives the net sediment trahfpough these rays. The
dimension of this net transport depends on thegdeaf time over which the wave
and other relevant hydraulic conditions are considelf this is one year, we get
[m3y] for the dimension of the sediment transport.aA®ference: the net yearly
transport in the central part of the Dutch coasag¥énaar - Zandvoort) is often
assumed to be approximately 200,000nn northward direction.

The sediment balance is not complete without cemsid the transport in the cross-
shore direction.

Aeolian (wind-induced) sediment transport, for amste, is the basic mechanism for
the formation of dunes. Aeolian transport takesglan a dry surface and can be
guite substantial in some cases. Several Aeol@arsport formulae have been
developed by different researchers. Reference dertmSwart (1986); Swart gives
an overview of them. Clearly, Aeolian transport edso contribute to the sediment
balance of the coastal area; e.g. transport 3&i6.B0 representing a loss of
material out of the balance area.

Depending on the (own selected) position of thellegard border of the balance area,
the sediment transport rates 3a and 3b refer tdigketvansport only, or to a
combination of Aeolian and hydraulic transport.

Also the sediment transport that crosses the Ibwedter of the selected coastal area
must be known. These onshore-offshore sedimerggmahmechanisms are
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discussed in Chapter 7. Similar as for the longslsediment transport, two direction
related contributions to this cross-shore transpdttake place within a certain
period of time. The time scales of the governingcpsses behind longshore and
cross-shore sediment transport are generally eatdime. Cross-shore profile
changes develop generally more rapidly (days) ttemges in the shoreline (years).
Anyway, for the sediment balance of the selected,ahe resultant cross-shore
transport (4a+4b in Fig.6.20) is important.

The sediment balance is further influenced by lad#liences inside the considered
coastal area (indicated in Fig.6.20 with transpurtles 5a and 5b). In agreement
with the other annotations, 5a represents all ptessediment sinks, while 5b
represents possible sediment sources.

Examples of sediment sinks are sediment miningibsislence of the subsoil. At
various places around the world, sand excavatmm the beaches (for instance used
for construction purposes) is an important reasorstoreline retreat. Sometimes,
rather unusual mechanisms contribute to the simk e the sediment balance, for
instance the presence of a deep canyon from wingrdeposited sediment can not
return.

Examples of sediment sources are dredge disposaldiment input from rivers.
The input from rivers can be highly season depen@amy season or not).

There are numerous examples where the construaftiamlam greatly reduced the
sediment transport to the sea, which changed thiensat balance of the receiving
coastal area into a negative one. Erosion of (judytthe shoreline is the ultimate
result (Section 6.4.4).

After we have determined the various contributitmthe sediment balance for a
certain stretch of coastline (1a to 5a as sediesses and 1b to 5b as sediment
sources), then we can determine the final result.
i=5
in+out= Z(ib— ia) = variation in sediment balan (6.37)
i=1

Although the balance area of Fig.6.20 might beegarbitrary, if the area includes
the coastline, it might be interesting to look wisathe effect of the outcome of
Eq.(6.37) to the position of the coastline. Theredifferent ways to compute these
coastal changes. In the simplest approach it isnasd that the shape of the coastal
profile itself does not change over the consid@exibd of time. The coast is then
schematised as one single line, which moves seal@ecdetion) or landward
(erosion) depending on the sediment balance. Thdina theory is based on this
approach (Section 6.4.3).

Multiple line theories (Section 6.4.4) are basedhensame principle, but now the
coastal (cross-shore) profile is split up into anber of sections (depth zones),
which can each be represented by one line. TRisisple method to account for the
fact that different depth zones respond differetdlghanging sediment budgets.

The basic ideas behind keeping the sediment balaree area like in Fig.6.20 is

also used in complex morphological computer modedsthat end we cover a total
area of interest with a large number of linked $ipalance areas; the area is covered
by a fine grid. By doing so, we compute the sedinb@tance of a great number of
small coastal areas.

Such detailed morphological models are generakyliis complex areas or in
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complex applications (Chapter 8). They are geneedpensive to run, use a lot of
computer power and require professionally skilledgie to interpret the
computation results and to apply the results ictoral problems. Since this Section
6.4 is only meant to present some fundamentalba®esine dynamics, these models
are not discussed any further here.

6.4.3  Single line theory
The first one who described the single line thesag Pelnard-Considere [1956].

The basic assumption is that the shape of the-stom® profiles does not change
while the position of the coastline is changingwtime. The entire profile moves
seaward or landward with a horizontal distaackpending on the sediment balance.
Fig.6.21 shows that this assumption requires &ls@ssumption of a more or less
horizontal part in the underwater profile; othemyianrealistic large quantities of
sand might be required for a small seaward movewfahie shoreline.

horizontal part

Figure 6.21 Single line theory

In practical applications, one usually takes thealted closure depth as the lower
limit of the coastal profile. Depth changes seawdrthis closure depth are then
assumed not to directly contribute to the shordliyigamics. The closure depth can
be regarded as the depth where, for the consigenéod of time (normally years),
only relatively small cross-shore sediment transptaike place.

The closure depth can be determined by considénm@ighest waves that may
occur during a relevant period of time. For an oamfenagnitude of the closure
depth one might think at the range between MSL 6 MSL —12 m.

The upper limit to be taken into account of a creissre coastal profile in a single
line theory, depends on the question whether tastds eroding or not.

If the coast is eroding, the upper limit is oftée teight of the dunes. The dunes
should, in case of erosion, be a part of the sedlitn@ance area.

In case of accretion, the upper limit is determibgdhe representative wave run-up
added to the high water level. This is usually adom to 3 m above MSL.
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In the discussions below, this subdivision is nadey it is assumed that the profile
moves horizontally over a heigtiindependent of the question whether it is an
accreting or an eroding coast.

Equations

We consider a coastal section with lendthwhich 'receives' a longshore sediment
input S, from the left border and 'loses' a longshore sedirtransporg; + dS from
the right border (Fig.6.22). Starting at titpe¢he shoreline moves untik dt over a
distancedy. This movement occurs over the profile height

The continuity equation now follows from the notibat the inflow (of sediment)
minus the outflow equals the volume accumulatezh{fovhich the shoreline
movement can be determined):

as __ydy (6.38)

dx dt

time t

Figure 6.22 Definition sketch for single line theoy

Since we are interested in shoreline dynamics, ithdgdt, we need another
equation to determine the left term in Eq.(6.3®). fhis we can use the 'equation of
motion'. The longshore transport may vary alongctbeest for various reasons. Here
we assume that the wave conditions do not vary; th@ wave angle with respect to
the orientation of the coastline varies becausghahges in the orientation of the
shoreline (and depth contours). In Section 6.3($-diagram was introduced. It
was indicated that as long as the wave angle i amé&the changes in wave angle
remain small (along the shoreline), the changééndangshore transport per unit
change in wave angle, is constant. In fact, we tisenthe tangent of tH&)-

diagram at the point in the diagram where 0°. The equation of motion then
becomes:

a5 =-s (6.39)
d¢
where:
S coastal constant defined by Eq.(6.39) Yonrad]

From Fig.6.22 it can be seen tlgat dy/dx. This means that as long @ remains
small:
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dg _d'y (6.40)

dx d¥

Combination of Egs.(6.39) and (6.40) gives theotwlhg parabolic differential
equation for one-line modelling:

d?y, . dy
-s +d—= 6.41

d  dt (6.41)
To resolve this equation we need one initial bompdad two boundary conditions.
Very often these conditions are the position ofdbastline at = 0 (the initial
situation) and the sediment transport on both brerdethe coastal area as a function
of time.
Computer programs are available to resolve Eq.j@aAd, (even more directly) also
Eq.(6.38). Below, we consider a simplified analgtisolution to show the principles
of shoreline changes near a breakwater.

Application to accretion near breakwater or jetty

Consider the (sudden) construction of a breakwaterjetty running perpendicular

to an initially straight shoreline (Fig.6.23). He longshore transport is from left to

right, then very often the coast to the left of steicture is called the 'updrift' coast,
whereas the coast to the right of the breakwatealled the 'downdrift' coast.

¢ MY
%H,T —1>S,=0
¢
—>S,=S
X=-00 x=0 X

Figure 6.23 Accretion of the shore near a breakwateThe wave conditions
given in the sketch refer to éhconditions at the assumed horizontal
part in the coastal area

The length of the breakwater is assumed to rea¢arsnto the sea that the head of
the breakwater is situated somewhere in the (moless) horizontal part of the
cross-shore profile as was indicated in Fig.6.RWve further assume that the
breakwater is impermeable for sand (no sand pesti&lipping through the pores of
the breakwater), then the local longshore transgidtie breakwater must be zero
(100% blocking). This means that the wave angthiatparticular point along the
coastline with respect to the orientation of thastline, must be zero as well. As the
wave conditions at the horizontal part of the calestea do not change, the only
option is that the coastline rotates in such a thiaythe wave angle relative to this
rotated coastline becomes zero (Fig.6.23).

The changes in the coastline will not (immediatéiyluence the shoreline over large
distances. So, at a point at a great distance &eaythe breakwater the sediment
transport remains the same.
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With the help of Eq.(6.41), applying the referesgstem of Fig.6.23 and using the
following initial and boundary conditions, the skagf the coastline of the updrift
side of the breakwater can be calculated as aitumof time.

— Starting (initial)condition: y =0, fort =0 and foreo <x<0

— Left boundary condition: S =S for x = - and for allt

- Right boundary condition: S, =0, forx=0 and for alt

Note that the shoreline at the breakwater movesaeha which means that the
relative length of the breakwater, that is theatise between the actual position of
the shoreline and the head of the breakwater spetdler. As a consequence the
breakwater may, after some time of shoreline aireno longer block the whole
transport zone. Sediment will start to by-pasditteakwater, so that the third
boundary condition is no longer fulfilled (the stdun 'stops’).

In this example, however, we assume that the leoigthe breakwater is still long
enough for the time being.

The resulting solution to Eq.(6.41) is:

y(x.) =¢J£§t [ exp(-v) - w0V7] (6.42)

where:

X distance along the beach= 0 at the breakwater) [m]
y position of the shoreline (see Fig.6.23) [m]
t time [yl
d profile height [m]

s_ S 3
a=—=— m-/y)/rad m

4 pd [(m77y) ]
u=-—2>

J4at

2 u
6=1-——|expFu® Xdu
ﬂ'[

With the solution according to Eq.(6.42) it cansb@®wn that the influence of the
breakwater (in terms of accretion of the shorelelative to the accretion at the
breakwater) is negligible at a distane&@b So, the influenced shoreline is longer in
situations with larger undisturbed sediment transpath smaller wave angles and
with smaller profile heights. The influenced cohstaa, of course, also expands in
time.

If we focus on the accretion of the shoreline atlireakwatek (t), then it can be
derived that:

L(t)= 2\/§ e [m]  (6.43)

Since time is present under the square root ir6Et8j, the progress of the shoreline
slows down with time. Time needs to be multipligdfbur to double a certain
accretion length at the breakwater.

Eq.(6.43) further shows that accretion occurs mapédly in situations with a large
sediment transport (which is very logical).
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The total surface area updrift of the breakwaterfisnction ofL%. From Eq.(6.43) it
follows that this is inversely proportional to theofile height.

The effect of the wave angle can also be explamé&dEq.(6.43). Assuming that in
two cases (large and small wave angle) the sangshame sediment transport takes
place, the case with the large wave angle yieldsger accretion at the breakwater
than the case with the small wave angle, givemaedame lapse. On the other hand,
accretion at larger distances from the breakwattarger for small wave angles.

An application of the above analytical solutiorgigen in Example 6.6. Example 6.6
also gives the coastline accretion as computedtivéltomputer program Unibest.
The two approaches (i.e. analytical equations amdemical solution of Eq.(6.41))
give similar results.

Note that the annual sediment transport in Exarfiidés 10.6 10m>/year. This is a
very high yearly sediment transport rate. (Ratlgh wvaves were assumed,
occurring the entire year.) If the wave conditiagswere given, will last e.g. for half
a year (in remaining months no wave action is sumed), the annual transport
reduces with a factor 0.5. The time for the morpbmlal developments to reach the
end of the breakwater doubles in that case froipelbs to 30 years. Once more it is
underlined how important it is to properly estimtite annual sediment transport
rate.

In determining the coastline changes computed thighanalytical approximation it

is assumed that no sediment by-pass occurs aetedf the breakwater (right
boundary conditiors = 0). This is not such a strict requirement iruanerical model.
In a numerical model the transport zone might extemnther seaward. Consequently,
the by-pass gradually builds up in the numericaflehowhich also influences the
orientation of the coastline. Further referencmasle to Section 6.4.5.

The coastline changes at the lee side of the bra@kw/downdrift', or ‘downstream’)
can also be calculated with the help of Eq.(6.@Réalize that for this situation an
‘own' set of initial and boundary conditions mustférmulated.) With a similar set
of conditions as for the updrift side, then thestliae changes at the downdrift side
show essentially a mirror image of the coastlinenges at the updrift side. The total
volume of accreted sediment equals the total voloheroded material. This is
illustrated in Fig 6.24, where the dashed line shdve mirrored position of the
eroded coastline.

—>S, =S

X=-00 e X

-~~~ erosion
x=0 (mirrored profile)

Figure 6.24 Shoreline development at the lee sidé a breakwater (simplified)
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Example 6.6
Input parameters:
Offshore wave height: Ho = 2m
Wave period: T = 7s
Offshore wave direction: o = 3¢
Bottom slope: m = 1:100 to a depth of 7 m, thereafter

horizontal bed for a significant length.
Parallel beach contour lines in undisturbed

situation.

0.8

2.59 m (see Example 6.4)

12.85 (see Example 6.4)

10.610° m*year (see Example 6.4
3250 m

1:3

Breaker index:
Breaker depth:
Breaker angle:
Sediment transport:
Breakwater length:
Breakwater end slope:

ICr0sFS

Required:

Number of years needed before the sediment transjaots to by-pass the breakwater and
the coastline development during this time-span.

Output:

First compute the effective blocking length of breakwater. This is determined by the
breaker depthy, the length of the breakwater and the slope values

Loiocking= L— (Lim— 1/n,) « h, = 3250 — (100 — 3) * 2.593000 m

The wave angle at the beginning of the beach gtapebe found using the approach
described in Example 6.3 and is found to #ie= 20°. The time needed for the sand to
accumulate to the point that it is no longer blatkg the breakwater is found using a
rewritten Eq. (6.43):

L2d (3000°( 8
t=0.785-—= 0.785 ~ 15ye
S¢° 110.6016)( 0.35 ye

Note thatg’ has been expressed in radians in the above eipre$te heightl (8 m) is
found by the water depth of 7 m and a wave runfupro.

This has also been computed with the computer mdditlest-CL, but now by
using the Bijker transport formula. The longshaemsport is less than 50% of that
according to the CERC result. This is why the posiof the coastline after 15 years base
on UNIBEST-CL differs from the analytical soluti¢see figure below).

[®X

o

note: axes not to sc:

[38)

analytical solution

—

e :
" solution from
e UNIBEST-CL

25km 20km 15km 10km 5000m 0
distance from breakwater

distance from original (straight) coastline [km]

——

(=)

Example 6.6 Application of single line theory to dreakwater
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The total surface of the accretion and the eroareas are not equal by definition.
This can be understood by considering the pro&igft in the accreted and the
eroded areas. Accretion normally takes place dweheight of the active part of a
cross-shore profile added by a modest part of toBlg related to water level
fluctuations and wave run-up. Erosion also takasein the higher parts of the
coastal profile (upper parts of the beach and altéty even the dunes). The profile
height of an erosion area is usually larger tham ¢ an accretion area, so that the
surface of the erosion area is smaller than th#tefccretion area.

The presence of the breakwater influences the warditions at the lee side of the
breakwater. Sheltering of incoming waves leadsitaraa close to the breakwater
where less wave energy occurs than on a fully eeghpaurt of the coastline.
Diffraction and directional wave spreading are twechanisms that bring part of the
wave energy into the sheltered area. The consegseme lower wave heights and
altered wave directions and complicated transpattemns in the very downdrift side
of the port.

The differences in wave conditions will lead tofeliences in wave set-up as well.
Differences in wave set-up lead to a slope in tagewlevel in longshore direction,
which generates a longshore flow towards the bragwWith this longshore flow
sediment is being carried into the sheltered arka.resulting coastline development
is shown schematically in Fig 6.24.

Critical review of one-line theory

The single-line theory of Pelnard-Considére makesssible to make hand
(analytical) computations of coastline changes, @ndoing so, to make a tentative
assessment of the impact of certain coastal stegtn the shoreline development.
However, the single line theory has important retstms, because of the
assumptions that have to be made.

Consider, for instance, the shoreline accretiorrittpaf a breakwater with length L.
According to the single line theory, the accretr@ar the breakwatek () in
Eq.(6.43)) continues till the moment th&t) = L. (Till that momentS= 0 in front of
the breakwater is assumed.)

In reality, however, the accretion of the coasthear the breakwater (according to
Eq.(6.43)) will slow down when the coastline apmtoes the head of the breakwater.
The underwater profile, and the zone where seditnansport might occur, extend
beyond the head of the breakwater (which createsalistic bottom slopes in front
of the breakwater). Sediments will be transporteftant of the head of the
breakwater; however, the accretion at some distapdéft from the breakwater will
continue as there are still gradients in the longshransport.

Sediment by-pass around the head of the breakimateases with increasing time.
Basically this means that the right boundary caooditS, = O for all t) does not hold
anymore, and consequently that the wave angldnéostioreline orientation) at the
breakwater is gradually shifting frogh to 0° att = « (which was the original
shoreline orientation). This can not be simply Haddvith the equations of Pelnard-
Considére.

Another restriction is that we can not accountaniations along the coast, for
instance, in the wave angle (or the shoreline tatéon with fixed offshore wave
angle), sediment characteristics, cross-shorelpsafinote that the shape of an
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accreting profile often differs from the shape ofesioding profile); nor can we take
tidal influences into account. For these reasdrmesetjuations following the single-
line theory of Pelnard-Considére are not often usadal coastline engineering
cases. However, computer programs like for instaunpack, Genesis or Unibest,
are all based on the single line theory. These Bad® numerical solutions of
Eq.(6.41) [or even better Eq.(6.38)] and these risdaieve the option to include the
above-mentioned items. The use of these compubgrgms can only be done by
skilled people who are aware of the weaknessdseasingle-line theory.

6.4.4  Multiple line theory

If we use multiple lines instead of one single lineschematize the coastal profile,
then we can take cross-shore exchange of sedimeradccount. Even for a two-line
approach, it becomes difficult to find analyticapeessions for the movement of the
two depth contours (Bakker (1968) did so for a time-approach). Instead,
numerical solution techniques are generally folldws, for instance programmed in
the computer model PonTos [Steetzedl. (1999)].

For instance the multi-layer model PonTos is basethe assumption that the cross-
shore profile can be schematised as a number afatiyicoupled layers, defined
between fixed (but freely to be chosen) profiletlsfdFig.6.25).

25 )
20 — JARKUS-profile (Delfland, just north of Scheveningen)
15 — PonTos layer position following JARKUS
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-500 1500 3500 5500 7500 9500
T Distance from RijksStrandPalen (RSP)-line [m]
RSP-position

Figure 6.25 PonTos layer schematisation

The actual shape of a cross-shore profile is sctie@tbas some kind of a staircase
with steps of different (chosen) heights and leagléngths: depending on the actual
shape of the cross-shore profile). The model irggnctover a large part of the coast;
S0 many cross-shore profiles have to be schematized

The ultimate aim of the model is in fact to progeatedict the behaviour with time

of the various vertical parts of the steps of thgous cross-shore profiles. The
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PonTos model is primarily meant to be used forsiheulation of the coastal
behaviour over long periods of time

Consider the positions of the vertical lines ant a of the staircase with respect to
the reference line in Fig.6.25. The vertical lineepresents in fact the sloping part of
the cross-shore profile between the horizontaklih@nd 2 in Fig.6.25. The position
of line b might change due to gradients in the #hage sediment transport over the
sloping part of the cross-shore profile represebtedertical line b.

Furthermore the position of line b might change ttueross-shore transport
processes. The position of line b will change mssfshore transports from step a to
b over line 1 (and vice versa) and from step bdoer line 2 (and vice versa). The
power of models like PonTos is that the quantifaabf the transport rates for the
many time steps of a model simulation occurs véfigiently. E.g. for the
guantification of the cross-shore transport betwtbersteps a and b in Fig.6.25 use
is made of the length of the horizontal part of step between a and b. If that length
is for instance smaller than the so-called equiliorlength (the cross-shore profile is
then locally steeper than the equilibrium shapsdaward directed transport is
calculated. If that length is larger than the aquilm length, a transport from step b
to a is expected.

(More details concerning cross-shore sediment p@msre discussed in Chapter 7.)

The model needs a series of site specific constimtee present set-up of the
model these constants are determined within theehmdthe basis of external
conditions such as wave climate, tidal conditidrathymetry and sediment
characteristics. In this way a user-friendly bebawioriented model has been
formulated [Steetzel (1997c), (1998)]. The modaetid constantly improved and
extended to involve more physical processes amttsf{like diffraction, etc.).

6.4.5 Application of a §¢)-diagram

In the previous sections we considered coastlia@gbs caused by spatial gradients
in the longshore transport, where these transpa@te generated by a single wave
condition. It was shown that the relation betwdenlbngshore transpdtand the
wave anglep could be approximated by a linear function as laaghe wave angle
was small enough (less than 20° - 30°). In realiadpns we are not particularly
interested in the effect of one single wave cooditbut in the effect of a full wave
climate.

A local wave climate is schematised as a set a¥iehdlal conditions. These
individual conditions are described by a numbegparfameters, namely:
- the significant wave heighis (e.g. at the deep water boundary);
the accompanying peak wave periggl
the angle of wave approagh
the storm-related set-up;
the fraction of occurrence of the combination apous four parameters.

The wave climate consists of a distinct numbendfiidual conditions for which the
sum of all fractions of occurrence equals 1 (or f80cent, or 365 days per year).
The longshore variation of the yearly wave climaight be taken into account by
relating a specific wave climate to a specific lsingre position.

For each of the occurring wave conditions it isgilole to determine the relation
betweerSandg. If we further combine all results taking into aoat the
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percentages of occurrence of each considered vamdition, we then can compute
the year-average®(@)-curve. Usually, one uses computer programs,Uikibest-

LT for this purpose. Example 6.7 shows the comp(fgg)-curve using the input
data as specified (with all non-mentioned inpubpaeters set in Unibest-LT at
'default-values'). The longshore transport forréference coastline orientation

(¢ = 0°) in this fictive example, is 490,00G/y This reduces to zero if the coastline
rotates over 15°.

The angle for whicls = 0 is sometimes called the equilibrium orientatidhis is in
fact a somewhat confusing term; every specific gio@ssection with no net
sediment gain or net loss is in equilibrium. (Eduitm: S, = Suceven if $= Su#
0.) Equilibrium or not is not related to sedim&ansport rates, but to gradients in
the sediment transport.

In areas where the wave conditions are affecteablmyuniform bottom

topographies, by natural coastal features like lagad, or by man-made structures
like breakwaters, the shape of tigg)-curve might change as a function of the
position along the coastline. This is illustratadexample 6.8 (page 165). If we have
in case of the conditions of Example 6.7 a longkweater in mind which interrupts
the net sediment transport, in the very leesidb®breakwater the waves from the
wave direction sector +45° will not be presentythee shielded off by the long
breakwater. If we eliminate the waves from sectdb%, then the longshore transport
for the original reference orientation reduces16,000 nily. The ‘zero-transport'
orientation is reached in this case after a ratatiiothe coastline of only 3°. The two
computed § g)-curves, one for the fully exposed coast and therdor the coasts
with selective wave shielding, are plotted in Exar8.

The coastline 'behaviour' depends on the Id8@l){curve. Since$%g)-curves may
vary along the coastline, also the coastline dynammay be different from the one
position to the other along the coa§&@)-curves are a helpful tool to analyse
coastline dynamics as will be illustrated in thamples of the coast with (long)
breakwater.
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Example 6.7
Input parameters:
Bottom slope: m = 1:100 from MSL to MSL -20 m
Wave input at MSL -20 m; transport zone from M3D m
Wave conditions:

direction with respect to shore normal & ;
H, -45° -15° 15° 45° % g
0.5 10 10 25 8 —_—
1.0 8 15 35 16 T T
2.0 4 10 21 11 |positive wave angles give
4.0 1 1 4 2 |positive sediment transports

Number of days per year with no (onshore directesjes: 365-181=184
Sediment propertie®so = 200um

Required:

(S ¢)-curve
Output:

1.0+

o
W
|

490,000m’/year

port [million m3 per year]

0
15°
§-O 5
-1.0 } | | | } } ]
-40° -30° -20° -10° 0° 10° 20° 30° 40°
coastline orientation
Conclusion:

1) For the reference coastline orientation thelydangshore transport is
490,000 M

2) If the coastline rotates over°l3he total longshore transport becomes®(year.
3) The relation between transp&and coast orientatiogh is not linear.

Example 6.7 §,¢)-curve
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Example 6.8
Input parameters:
As in Example 6.7, but without waves from direotdé

Required:
Changes ing ¢)-curve
Output:

1.0+

g 0.5+ <490,000m’/year (from Example 6.7)
Z e
o
= ETHUURN
= 110,000m/year N
2 0
el 30 \\ 15°
oo \\
2
£.0.5- \\
\\\
\
-1.0 \ w ‘ ‘ |
-40° -30° -20° -10° 0° 10° 20° 30° 40°
coastline orientation
Conclusion:

1) Shielding of waves from direction +4§ives a yearly longshore transport of 110,060 m
This is a reduction of 75%!
2) The angle for whicl$ = 0 n/year changes from 150 3.

Example 6.8 §,¢)-curve (partial blocking of waves)

Coast with (long) breakwater

Consider a (long) straight coastline with an inaogniongshore transpa®, which
equals the outgoing longshore transiBit (see Fig.6.26; next page). The coastline
is in equilibrium (there is just a constant sedibtesmsport along the coast.) The
‘equilibrium' orientation of the coastline (orietiwa of the coastline for which the
sediment transport is zero) follows from ti8@)-curve that can be computed for the
fully exposed coast (see line 'ray 1 (= ray 8Fig.6.27).

Let us assume that this is the starting situatgdrawn in Fig.6.26. Next, we
consider the effect of a breakwater. This breakmiatassumed to be long enough to
block the longshore transport for a certain peabtime. The sediment by-pass
around the head of the breakwater can be neglémtele first period of time.

The annual offshore wave conditions cover a widgezof wave directions. Only
the wave directions that can actually reach thetowdl be taken into account when
computing the $ ¢)-curve.

165



Longshore transport

o~

coastline at t=0

\wave influence zone >

s ¥ -
coastline after some time

Figure 6.26 Coastline development with breakwater

ray 1=ray8 -}

~
~
~
N
~
~
~

‘ .‘/pr

ray 5

Figure 6.27 §,¢)-curves for various cross-sections of Fig.6.26

In Fig.6.26 eight rays (cross-sections) have beawnl The small dots represent the
seaward boundary of the transport zone. The loeskvelimates for these eight
locations can be computed with the use of numenadels.
Consider, for instance, the local wave climateagt4. The most simple approach is
to assume that all waves from the 'right quadeaetblocked by the breakwater.
Leaving these wave conditions out of the computatieads to a modified local
(S@)-curve; see line 'ray 4' in Fig.6.27. The localiérium angle for ray 4 can be
read from its §¢)-curve at the transect whe®e= 0. To achieve a zero sediment
transport for ray 4, an anti-clockwise rotatiortloé coastline is required. (In this
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example the orientation of the coastline for which O is for ray 4 larger than for
e.g. ray 1.)

The 'equilibrium’ coastline orientationS< 0) are in this example different for each
of the eight cross-rays. Starting with ray 1 &t tipdrift side of the breakwater and
going to ray 4 an increasing anti-clockwise dir@ctis expected. At the downdrift
side for ray 5 a clockwise rotation for the 'edurilim’ orientation is expected; see
line 'ray 5'in Fig.6.27. The required rotationtloé orientation of the coastline to
achieve a zero sediment transport gradually chatogesrds ray 8 in an anti-
clockwise rotation (again) for ray 8.

The position of the coastline after some time ddpem the variations in the
sediment transports along the coast which couldenized from the localS ¢)-
curves. The dotted lines in Fig.6.26 are the exquecbastlines after some time,
based on an analysis of tl&d)-curves and by maintaining the sediment balance.
The full line in the updrift side is given as compan; this line would result if all
along this part of the coast the sar8g)-curve is assumed (compare Section 6.4.3).
Note that the downdrift erosion 'somewhere' needsgend back to the original
coastline position. Where this occurs is basicaligatter of time. The eroded
coastline gradually extends further away from tremkwater.

Another notice is that the coastline downdrift @djat to the breakwater, may
initially accrete. After some time, this may tunta erosion again, particularly when
the sediment by-pass remains small and does noishahe downdrift coast.

If the accretion of the coast at the updrift sifi¢he breakwater extends so far
seaward that part of the transport zone extendsnukethe head of the breakwater,
then sediment by-pass occurs. How this affectstlastline development is sketched
in Fig.6.28.

N 1 1 ( . .
ongoing accretion ongoing erosion

Figure 6.28 Prolonged coastline development with bakwater

Let us first consider the updrift ray 4, for whitte local §¢)-curve was shown in
Fig.6.27. After the construction of the breakwatke, coastline shifted as indicated
above, since the local transport reduced to zeso the breakwater.

If sediment by-pass occurs, the sediment transpaoay 4 is apparently not zero
anymore, but has increased to Sgy(the by-pass transport; also indicated in
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Fig.6.27). From the locaB(@)-curveit follows that the coastline will then reorientate
towards a smaller angle. In this phase of timeethngll be still progress of the
position of the coastline along the breakwatereiavgard direction, but with a slower
speed than in the period of time that no by-pask ptace.

Once sediment by-pass occurs, it follows that tireeawith the largest accretion
moves away from the breakwater.

While the coastline near the breakwater is shiftuntly time in seaward direction, the
by-pass transpof,, will increase further.

After an infinitely long period of time, the cods# at ray 4 will have reached the
head of the breakwater and will ultimately reaah $hme orientation again as at time
t = 0. In that situation the by-pass transi@gthas increased (8.

Next, we consider the downdrift situation at ray 5.

During the first stage when no sediment by-passirscdt was concluded that the
coastline rotated in a clockwise direction. If seeint by-pass starts to occur, a
further clockwise rotation will take place. In orde achieve a balance between
sediment input and sediment output, there mustlbeah transport capacity (equal to
Sp), and for that a certain coastline orientatioreiguired (see the by-pass transport
Sp as indicated at line 'ray 5' in Fig.6.27). The efffen the coastline changes is that
instead of ongoing erosion, accretion may takeepjast downdrift close to the
breakwater (see Fig.6.28). Further downdrift, tresien will of course still continue.

After an infinitely long period of time, whef,, equalsS;, the downdrift coastline
will have its original (straight) orientation (asta 0). In that infinite final stage, the
entire coastline will be straight again, but wittsi@p inland' at the location of the
breakwater.
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7 Cross-shore transport

7.1 Introduction

In the description of sediment transport in thetdl zone, a distinction can be made
between longshore and cross-shore transport. Ipt€hé, longshore transport and
related coastline dynamics were discussed. Inaheict chapter, we focus on cross-
shore transport and related profile dynamics.

Cross-shore transport means transport in onsharéfssrore direction. This may
change the shape of the coastal profile, howeviénpwt actually changing the total
sediment content (in #fm) of the profile. Sand is being moved up or ddhe

profile, without leaving the profile. Only, if or@nsiders a small section of the
profile, then for a certain period of time, the iseeht balance may be disturbed,
leading to a deepening, a re-shaping or a shaltpwirihe bottom. Profile dynamics,
in this respect, is similar to shoreline dynamidsah is governed by spatial
gradients in the longshore transport. Examplesdilp changes are given in
Section 7.2. In that section also the concept afliégium profiles is introduced.

The driving mechanism behind profile changes issghore transport. It is very
difficult to develop cross-shore transport formulaeinstance in the way longshore
sediment transport formulae have been developed.ig partly because of the
complex hydraulic driving forces, but especiallchese of the time scales involved
(intra-wave, so on the time scale of wave periods).

The cross-shore sediment transport can be desaitmmtding to the basic equation
of sediment transport [see also Eq.(4.55)]:
h+p t'

== [(z)éz)dd (7.)
t z=0t=0
where:
t integration period [s]
n instantaneous water surface elevation [m]
h average water depth [m]
v(z,t) instantaneous velocity at height z (in y-
direction) [m/s]
c(z,t) instantaneous concentration at height z %

Basically, the computation of a local net sedimeamisport rat&, should be based on
a both time- and depth-integrated product of fl@loeity and sediment concentration,
which can be schematised%s v.c. In this equation bottaandc are characteristic
values of the cross-shore flow velocity and thersedt concentration respectively.

In Chapter 5, it was argued that both effects ofesus and waves are incorporated
in the basic equation for sediment [see Eq.(7ld)particular, the wave-related part
is very difficult and even to-day impossible toake. Consider in this respect the
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instantaneous sediment concentration throughouwéve period, which still can not
be determined.

The examples in Section 7.2.1 show the importah@eing able to quantify cross-
shore sediment transport. This is the reason thadral researchers have developed
simplified equations to approximate the basic equdEq.(7.1)]. Some of these are
mentioned in Section 7.3.

Finally in Section 7.4, we focus in somewhat mae&ad on the issue of dune
erosion, which is an important issue in the coadgéénce of The Netherlands.

7.2  Cross-shore morphology of beaches

7.2.1 Relevancy

Fig.7.1 shows a typical coastal profile, and how/\thrious depth zones are often
referred to. Note that in literature other desovim are found as well, but in these
Lecture Notes, we use the definitions as in Fig.7.1

coast
nearshore J
i beach or shore
bluff, . |
escarpment, backshore fore offshore
%
dune berm shor o— breaker

normal HW
crest or berm — NS o o= o - L o N L L= )

normal LW

bar
beaker zone J
Cd
or surf zone

2 breaker line

Figure 7.1 Profile schematisation and indication oflifferent zones

Sometimes a coastal profile exhibits breaker mmsietimes even more than one.
Fig.7.2 shows a 3D image of the Dutch coastlinetas measurements (Jarkus).
These measurements are made every year at fixdtbpsslong the Dutch

coastline (starting from the early 1960’s). Bars/rdavelop under certain hydraulic
conditions and disappear again during other canditi Or they migrate across the
profile, get lower, or higher, more peaked or lesaked, and so on. Both barred and
non-barred profiles change their shape almost aatigtunder the occurring
hydraulic conditions.

One may argue that cross-shore morphology is mtitpkarly relevant if it does not
influence the sediment balance as a whole. Theviiilg examples, however, show
the relevancy of cross-shore transport and relatefile adjustments. Moreover, if
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one is interested in a certain part of the coast#ile, for instance the area between
the dunes and depth contour MSL -5 m, then foais@ssment of the coastal
changes it is important to know the cross-shorérseat transport (see sediment
balance in Fig.6.20).

profile RSP 20 as a function
of time (1970-1985)

IJmuiden

Cross-shore profiles
year: 1984
RSP’s: 0 - 55km

Province: North-Holland profile RSP 40 as a function|

of time (1970-1985)

Figure 7.2 3D image of the coast of Holland

Summer — winter profiles

Generally, most storms occur during the winter geaSince sediment transport, in
general is highest under intense hydraulic for¢wigatever the mathematical
description), one may expect that cross-shore fiahsates are relatively large
during a storm. If the profile is not yet adjustedhe rough hydraulic conditions, so
if large spatial gradients in the cross-shore artsoccur, then sediment is moved
from the upper parts of the profile to the lowertpaThis may lead to the
development of a bar at some distances from theskhe, as indicated in Fig.7.3
(next page). In popular terms, one speaks of @&ygummer profile (the steeper
profile with more sand 'high' in the profile) antlypical winter profile (with more
sediment stored further offshore).
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summer profile
MWL

p— -

winter profile
.
’

Figure 7.3 Summer and winter profile

The slopes of the winter profile are gentler, galtrly in the area where most storm
waves actually break. The dissipation of wave enérgn takes place over a large
area, resulting in less intense wave attack otéaeh.

Field observations indicate that under more trarmpnditions, sediment is being
transported back again from the lower parts ofpttedile to the upper parts of the
profile. The temporary deposition of sand not taodway from the beach effectively
prevents ongoing sediment losses to deep waten, frbere perhaps it could not be
recovered.

Dune erosion

If during a specific storm, the water level is ealsso far, that the waterline moves to
the forefront of the dunes, then dune erosiontake place (Fig.7.4). The steep dune
profile will then 'collapse’ and large quantitidssand are transported from the dunes
to the beach. The effect of dune erosion is thastbpe of the beach gets gentler, so
that wave energy gets (partly) dissipated beforeathes the eroded dune front
during the erosion process (Section 7.4).

For a natural restoration of this type of profileaoge, aeolian transport is required
(i.e. wind-blown transport over a dry sandy surja@®astal managers will tend to
take measures to restore the dunes for instanasibg bulldozers or (in many
cases) by planting beach grass (in Dutch: helnbygylacing wind fences.

pre-storm
_— profile
storm water level

normal water level

post storm
profile

Figure 7.4 Dune erosion during severe storm
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Scour

Consider a situation with an artificial ‘hard eletisomewhere in the coastal profile.
This can be an offshore breakwater (parallel tosti@eline), a ship wreck, or a
seawall higher in the profile (Fig.7.5).

In case of a seawall directly attacked by wavesewaflection will increase the bed
shear stress just in front of the seawall, whiaudeto an increase in sediment
transport. Sediment will be transported in offshdirection until a new equilibrium

is reached with a deeper bottom just in front efskawall (scour hole). For the
design of such a structure it is crucial to knoviobehand the maximum depth of the
possible scour hole during design conditions (mcGundermining).

R [
,H
|

storm level

normal water level

Figure 7.5 Erosion in front of an almost vertical vall

Shoreline adjustment

If a certain stretch of coastline accretes (fotanse updrift of a breakwater as
described in Section 6.4), then sediment is depdsbmewhere' in the cross-shore
profile. This 'somewhere’ initially relates to tthistribution of the longshore
transport, which is mainly in the upper parts @ toastal profile (Fig.7.6 next
page). This may lead to unrealistic steep profilésr some time. Cross-shore
sediment transport re-distributes the depositedrs&d next over the whole profile.
Since, this usually occurs on a different time s¢han the time scale involved with
the initial accretion, its effect may be felt dager stage. A similar sediment
redistribution due to cross-shore profile adjustte@tcurs in the situation of
shoreline retreat.

Sea level rise

The direct effect of sea level rise is that the wlemastal profile moves landward
(Fig.7.7 next page). Note that this is similarhe effect of land subsidence; in many
cases one speaksrefative sea level rise, which includes the effect of land
subsidence. In a situation with a raised sea |legptations in the shape of the
cross-shore profile will occur. Over a longer pdraf time, that is on the time scales
of sea level rise and land subsidence (decadesntaries), cross-shore transport will
redistribute sand from the dunes across the profile

If this redistribution can actually 'follow' thela¢ive sea level rise, then the effect is
that the whole profile, so including the width bétbeach, will remain the same. In
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the end, the dunes have delivered the sand farahastal profile to follow the
relative sea level rise. This effect is often reddrto as the 'Bruun-rule' [Bruun
(1954), (1962)].

-
% -
.................. T
5§ 7 L accretion
S L, S, AT
; erosion .-
A =

surf zone

redistribution of
material

.
-
e

Figure 7.6 Redistribution of material due to crossshore transport

l sea level rise /X)y\

T Y

Figure 7.7 Sea level rise: Bruun rule

Land reclamation

In the design of a land reclamation project, oneags has to consider offshore
sediment losses. By moving only the upper parhefgrofile in seaward direction,
one gets a rather steep part of the coastal piofilee transition zone between the
original sea bed and the under water part of thiairaed land. A steeper profile
generally leads to more offshore directed sedirtransport (Section 7.3) than a
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mildly sloping profile. This may cause a net offehgediment flux, which may lead
to shoreline erosion of the reclaimed land as well.

To combat such shoreline retreat, one may conaidiicial (beach) nourishments to
balance the offshore sediment losses. On the lamgtnis policy leads to a coastal
profile without sharp bends in the underwater stope this context, one speaks of
'‘postponed construction'. Alternatively, one woallsb directly place the sand at the
deeper sections of the reclamation profiles, bigtithnot very attractive as these
(large) quantities of sand have to be paid directly

Shoreface nourishments

Artificial shoreface nourishments (see also Chap8rare increasingly used as an
alternative for artificial beach nourishments. @fh¢he basic ideas behind the
application of shoreface nourishments is thatatetid of the day (a part of) the
nourished sand will be transported to the beach. dreat is because of cross-shore
sediment transport processes. The volume of nadiskdiment on the shoreface is
to be considered as a disturbance of the equitibpuofile; the coastal processes
flatten out the disturbance. To estimate the spé¢his beach-feeding process, one
needs a proper insight in cross-shore sedimergpgmhprocesses.

In all of the above examples it is important to krihe cross-shore sediment
transport and the related coastal profile dynamics.

7.2.2 Scales

The relevancy of cross-shore transport and prdfiteamics in coastal engineering
practice has been indicated. Next it is importargdnsider the scales on which cross-
shore processes take place.
Three distinct types of coastal processes are deresi, which might be characterized
by decreasing scales, viz.:

— Shoreface evolution;

- Surf zone evolution;

— Dune erosion.

The evolution of the shoreface profile takes plawceelatively large scales. Typical
scales are decades for the time scale and of tlee of several kilometres for the
(cross-shore) space scale.

Profile evolution in the surf zone (say in betwé®s outer bar and the dune face) takes
place on middle scales. Typical evolutions, inabgdbar and berm features, take place
over wave climate seasons like a summer and wsetson, while return periods in
profile evolution may occur between one and sewgrats. Significant profile

variations extend to depths of about twice the waaight extreme which is exceeded
for example a few hours per year, relative to tleamsea level; see e.g. Hallermeier
(1978).

The process of dune erosion is characterised byivelly small scales. Significant
profile variations are established on a time so&l®urs: the extent of these variations
being limited to a depth of less than about thelam significant wave height relative
to the storm surge level.
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7.2.3  Equilibrium profile models

Basically an equilibrium profile can be definedaasross-shore profile of constant
shape which is reached if it is exposed, for aigafitly long time, to constant wave
and water level conditions. Many researchers takenotion as a basis for further
considerations, e.g. Swart (1974) and Steetzel3)199

The existence of an equilibrium profile was alrebahg ago proved to be a valid
concept under (probably constant) laboratory cantitby Waters (1939) and Rector
(1954) and many other researchers.

However, since in nature the profile-forcing hydi@aaonditions will definitely not be
constant in time, an absolute equilibrium shapéh(aero transport rates all across the
profile) will not exist in nature. In fact, one hisdeal with some sort of average
shoreface profile and, consequently, the term ‘ayo@quilibrium profile’ could be a
safe alternative. A critical review on the concefghoreface equilibrium is given by
Pilkeyet al. (1993), who question both the validity of the cepicof equilibrium

profiles as used in standard coastal engineeragfipe in the United States as well as
the general application of one equilibrium proéfguation to describe all shoreface
profiles. Nevertheless, some handy formulationsapifilibrium profiles can be found

in literature.

Bruun

Bruun [Bruun (1954)] developed a predictive equafar an equilibrium beach profile
by studying beaches along the Danish North Sed aodghe California coast and
proposed a simple power law to relate the watethdefo the offshore distange
according to:

h=Ay" (7.2)
where:
m exponent equal tomn =%
h water depth [m]

The non-dimensionless constangwhich dimension depends on the magnitude of the
y—exponent) denotes a so—called shape factor, degeonl the stability characteristics
of the bed material. Bruun found that 0.135 ni' provided the best correlation for
North Sea beaches in the Thyborgn area in DenBaulan applied his empirical
equation in 1962, to estimate the amount of erasimtcur along the Florida coast as
a result of long-term sea level rise [Bruun (1962Z)jis approach is nowadays known
as the 'Bruun-rule' (see Fig.7.7 and Section 13.2).

Dean

The Bruun hypothesis (simple power law) was suggloly Dean [Dean (1977)] on
theoretical grounds by reasoning that nature atrasuaiform energy dissipatidDeg
(loss in wave power) per unit volume of water astib® surf zone (in W/ So:

d(E
E ( %) - _Deq (73)
h dy
where:
E wave energy [J/fh

Cy group velocity [m/s]
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Based on monochromatic waves and a constant brizgkeary= H/h, the magnitude
of the exponentnin Eq.(7.2) can be derived and the sés@ower curve is found for
the shape of a cross-shore profile.

Furthermore, for this case the non-dimensionleapesfacto (in m”) can be
described by:

A= (%'LJ%
5 pg\oy’

in which the equilibrium energy dissipation r&tg, (in W/m®) depends on both the
particle diameter and shape.

The magnitude of the related shape faétoaries from 0.079 to 0.398’hjDean
(1977)]. Hughes and Chiu (1978) show tAat 0.10 nt provided the best correlation
for beaches along the coast of Florida.

(7.4)

The empirical shape paramegewas later related to the median grain size by Moor
(1982), showing that a coarser grain size impliesger value ofAand thus a steeper
cross-shore profile. Later on Dean (1987) showatltthis relation could be
transformed to a relation using the fall veloeitas a parameter, viz.:

A=0.067* (7.5)

For general applications, however, the constatmains an unknown factor which is
likely to be also dependent on several other viasalike wave climate, water level
variations and coastal currents. Ergo, a univexgplication of 'Dean'—profiles seems
troublesome, although some applications of equilibrprofiles are presented in e.g.
Kriebel (1990) and Dean (1991).

Note that a formula likén = Ay" (a parabola) results in a vertical slope of thechea

profile at the waterliney(= 0). This is far from realistic. In some practiapplications
therefore the top of the parabola is taken at @ lsymewhere above the waterline.
This results in more reasonable slopes at the liveter

Vellinga

A well-known Dutch example of the application oLédprium profiles is the ‘erosion
profile' approach, presented by Vellinga (1986)likga extended the earlier work of
Van de Graaff (1977). (Although @&mosion profileis not identical with aequilibrium
profile, the same basic principles are applied.) Thisengzrofile method is presently
still basically used to check the safety of theddudunes [TAW (1984)/CUR (1989)].

Based on a scale relation showing the effect ofthe size on the shape of an erosion
profile according to:

n_ (%J | (7.6)
N, \n,

a power curve can be derived according to:
h= Ayns (7.7)

where:
A non-dimensionless shape facfor 0.14 [nf-%4
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In Eq.(7.6)n, represents the ratio between two cases with diftescales of a
parametek. If in a laboratory a small-scale physical modaihiade of a part of reality
(the 'prototype’) scales are involved to mouldghgsical model. The following scales
are used in Eq.(7.6):

n, ratio between a horizontal distance in prototype te
equivalent distance in the model

Nh ratio between water depth in prototype and theswat
depth in the model

Nw ratio between fall velocity of bottom material in

prototype and fall velocity of bottom material irodel

Using the scale relation of Eq.(7.6), a generalesgion for the shape factor can be
found according to:

A=0.3* (7.8)
or:
H 0.17
A= 0.7{—‘)} w4 (7.9)
/10
where:
Ho deep water wave height [m]
Ao wavelength at deep water [m]
w fall velocity bed material [m/s]

The quotient of the wave heigHt and wavelengti, denotes a characteristic offshore
wave steepness. Both a coarser grain size andex lmave steepness imply a larger
value ofA and thus a steeper beach [Vellinga (1986)]. lukhbe noted that this
particular erosion profile is definitely not in eliforium (most likely even not in 'near—
equilibrium’) shape, since the period of wave &ttadimited by the duration of the
specific storm surge considered.

From the definition of equilibrium profile shapéssi almost for sure that equilibrium
profiles are not directly suited to compute theadiet effect of the impact of an
arbitrary storm event (which only lasts severalraar one day at most) on an
arbitrary initial cross-shore profile. Moreoverthiere is any equilibrium profile at all,
it will definitely not be reached within such a ghitme interval. However, as in many
cases: 'the proof of the pudding is in the eating'.

It is interesting to quote Bruun (1992) who stdkes: "Dean's as well as Bruun's
assumptions may be more academic than real intayhthree-dimensional and
irregular environment. That they give the same ltesay be incidental, but neither
Dean's nor Bruun's results should be extended lktair capacity. A beach/bottom
profile is a very dynamic feature subject to coasathle variances. Its behaviour may
be better described in statistical, rather tharphysical terms."

7.2.4  Dynamic equilibrium profile models

A space—integrated, though instantaneous conceafgtddased on the assumption of
the existence of an (at least local) equilibriurofipg as discussed in the former
section. This equilibrium shape will be approactwen the cross-shore profile is
exposed to fixed hydraulic conditions for a suffitly long time.
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The rate of change in a quasi-equilibrium appraachlated to the deviation of the
actual situation from a pre-defined equilibrium dition. Typically, this approach
results in a negative exponential development®pitiofile (for constant hydraulic
conditions).

Swart (1974) proposed a definition of an equilibriprofile determined by the deep
water wave height, the deep water wave steepnédshamarticle diameter. The
offshore transport, at any location in a cross-shoofile which is out of equilibrium,
at any time, is proportional to the difference bedw the equilibrium profile shape and
the actual shape.

Larson (1988) developed the SBEACH-model that sites| the macro-scale profile
change, such as growth and movement of bars antsbBased on an extensive
analysis of two large wave-tank experiments (watipular waves), a number of semi—
empirical transport rate relations have been deeeldor different regions of the
cross-shore profile [Larson and Kraus (1989a)].

Roelvink developed a quasi-equilibrium versionte original DUROS-model of
Vellinga, known as the DUIN-model. The preliminaegearch version of this model
was used by a few authorities to simulate the hehaand effectiveness of measures
on beach and dune [Delft Hydraulics (1990d)].

Although approaches based on equilibrium notioegjaite instructive, the
application in practical cases is often cumbersonany parameters have to be
estimated/determined beforehand. A more promigapgaach for a reliable
assessment of the development of a cross-shoréepioé to arbitrarily varying
hydraulic conditions starts with formulae descripihe local transport rate as will be
discussed in more detail in the next section.

7.3 Cross-shore sediment transport

In order of increasing simplification one can idgna number of possible approaches
to solve Eq.(7.1), namely:

- indeed using the basic equation;

- using best estimates of botlandc to computes;;

— using an estimate efand assuming to be related to (some power gf)

— assuming to be related to wave energy dissipation;

- assumings, to be related to wave energy dissipation;

— assuming, to be related to (bottom) shear stress;

- estimatingS, by an empirical relation;

- estimating only the sign &, by an empirical relation.

It is obvious that the first method is preferalalghough elaboration of the detailed
transport equation is troublesome, and todayistpbssible, because our knowledge
of especially the factan(z,)) is quite insufficient.

Classification formulae

Empirically based relations have been derived ¢dlipt only the direction of the
cross-shore sediment transport. They can be usadeén to classify a particular beach
state. In fact they present the transition betvezesion and accretion. In actual coastal
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engineering problems one often needs to know (maobre’ than only the direction
of sediment transport.

The various formulae typically use dimensionlesaipeeters, such as wave steepness
H/A and the relative grain sif&/H. A well-known example is presented by Dean
(1977), viz. theld/Tw)-ratio. Also a number of Japanese criteria aregue see e.g.
Shibayama and Horikawa (1982), Kajimiaal. (1982) and Shimizet al.(1985).

Empirical transport formulae

These formulae show empirical relationships forabeputation of the transport rate.
An example is Larson's SBEACH-model as already imeed [Larson and Kraus
(1989a)].

Shear stress related transport rates

These kinds of formulae are based on bottom shemssequations. Examples are the
relations presented by Madsen and Grant (1976bpagama and Horikawa (1980) and
Watanabe (1982). Since suspended sediment transpoedominant, it is doubtful
whether shear stresses only, are sufficient totfyamoss-shore sediment transport.

Energy dissipation related transport

These formulae use the wave energy dissipatiortoagstimate sediment transport
rates. According to Dean (1977), offshore transportinues until the wave energy
dissipation per unit volume of water is constartt aqual to a pre-described value
over the entire surf zone. Based on this consierathe rate of local cross-shore
sediment transport in the surf zone can be expldeserms of the difference
between the actual and the equilibrium conditiowate energy dissipation in the
surf zone [Kriebel and Dean (1985)]. Consequettig,local cross-shore transport is
expressed according to Eq.(7.10).

S, = K(D-D,) (7.10)
where:
S the rate of (cross-shore) sediment transport */rfits]
K a non—dimensionless parameter *IMWs]
D the actual energy dissipation per unit volume of
water [W/m?]
Deq the energy dissipation per unit volume of water
for equilibrium profile conditions W/

This computational model comprises two unknown fadehts, namehA in the

power curve [EQ.(7.2), dDeqin the shape parameter of Eq.(7.4)] &nith the transport
formula. Although for a specific location and cdiai the magnitudes might be
known, both constants vary from site to site andhfone condition to another. It is
clear that there should be a relation with sedirokatacteristics and hydraulic
conditions. Additional results and some extensafrtkis model are presented by
Kriebel (1986), (1987), (1990).

Energy dissipation related suspension

These formulae use the wave energy dissipatiortoatempute sediment loads. Next,
the actual transport is computed from the prodtititie load with the mean velocity as
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occurs under breaking waves (the so—called undgrfavexample of this kind of
approach is presented by Dally (1980).
Velocity related transport (energetics approach)

These formulae use an energetic approach to cortipusediment concentration from
the velocity field, basically starting with a retat for the concentrations according to:

c=my’ (7.11)
where:
m arbitrary non-dimensionless parameter;
dimension depending amongst othersion [?]
n exponent [-]

Bagnold (1962), (1966) developed formulae for dalttng sediment transport rates
based on this energy approach for applicationviersiand made a distinction
between bed load and suspended load. His elememtaikyhas been refined
afterwards for application in coastal environmeirsluding cross-shore transport
sediment transport calculations. This refers tosthiealled Bailard formula; Bailard
and Inman (1981), Bailard (1982). The Bailard folanwas (and is still) widely
applied by several others. See for instance S1i98%), Roelvink and Stive (1989)
and Nairn (1990).

Assuming a direct relation between velocity andreedt transport (bottom and
suspended) to be valid within the wave period effiects of asymmetry of the orbital
velocity and e.g. a steady current (cf. the undértmn the transport rate, can next be
accounted for. The transport vector due to the aoadbactions of steady current,
wave orbital motion and bottom slope effect can bevelaborated.

The total near bed velocity can be split-up inftoean and a time varying velocity
componentu = i + (t); thus separate terms for the wave orbital moiiamd the
steady current. The sediment transport according to the Bailarchtilation uses
different exponents in the expressions for bottom transpt and suspended
transportS, s

S,pe=(u+ U P)’ (7.12)

For a horizontal bedh = 3 (bottom) andh = 4 (suspended). If a sloping bed is
considered, additional terms must be included.rteith exponenh = 5 appears.
With expressions faf andii(t) (e.g. sinusoidal expressions including higher
harmonics) the bottom and suspended sediment ersmtributions can be
determined with Eq.(7.12). Formal integration otiere (wave period) results in
many terms. See e.g. Stive (1988a) and Roelvinkstive (1989).

Models based 08, = v.c concept

Consider a pure 2DV case; e.g. a test in a wavedlwith a cross-shore profile.
Applying a simple linear wave theory with an infegimal small wave height results
in closed orbits of the orbital motion; so with@esulting water motions in a vertical
cross-section. In reality, however, wave heighésfanite. Even in non-breaking
waves this results in a mass transport towardsdhst in the upper part of the water
column. In a closed system (cf. in a wave flume)ghme volume of water has to
flow in seaward direction in the lower part of trertical; the so-called return flow.
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In breaking waves both the landward directed, as@award directed flows
increase.

So in conclusion: real waves lead to net currents 2DV case. This allows us to
develop a sediment transport description whereagtlthecurrent relatedsediment
transport contributiong( 2 =V¢; see Section 5.3) is taken into account. [The wave

related contributiong( 2 = V) is in most calculation methods neglected; mainly
because this contribution can yet not be reliablgrgified.]

Approaches to quantify cross-shore sediment trahsates based on this concept
are amongst others Unibest-TC and DUROSTA (botieldped by Delft
Hydraulics).

Computer models

In order to efficiently apply any of the concepssvweere mentioned above in practical
cases, various computer models have been developed.

An example of such a model is Unibest-TC, whichasg of the Unibest Coastal
Software Package, developed by Delft Hydraulics ttesigned to compute cross-
shore sediment transports and the resulting profilnges along any coastal profile
of arbitrary shape under the combined action ofesalongshore currents (e.qg. tidal
and wave driven) and wind. The model is frequentlgd to assess the stability of a
beach nourishment (see Chapter 13), to estimatientbeect of sand extraction on the
cross-shore bottom profile and to estimate thesesb®re profile development due to
(seasonal) variations in the incoming wave fielde TUnibest-TC module has been
tested using wave flume measurements [RoelvinkStive, 1989]. The module is
frequently improved in new releases of the softwd/ghin the newest releases of
the Unibest-TC model the total sediment transpeet the water depth is computed
for many positions in the cross-shore profile. Shepended sediment contribution is
based on th& = v.c principle. An example computation using Unibesti¥@iven in
Example 7.1.

7.4 Dune Erosion

7.4.1 Introduction

River and sea dikes are good examples of structanesotect low-lying areas from
flooding. Also a dune area (dune row) serves timtia some cases. E.g. the safety
of large parts of The Netherlands, often with giblavels even below Mean Sea
Level (MSL), relies on dikes but also on dunestf@ir protection against flooding.

Visiting the beach and the coastal zone in The &&thds under normal weather
conditions would easily give the impression that dunes are certainly strong
enough to properly protect the hinterland. Howederjng a severe storm surge,
with under design conditions water levels at se&hvhre approximately 5 - 6 m
above MSL and together with the much more severewanditions than normal

(cf. wave height$ls~ 7 - 9 m and peak periodg~ 12 -18 s), the dunes will be
eroded in a very short period of time. Existingigesules in The Netherlands yield
erosion rates of 80 - 100 m of the dunes duringgdestorm conditions. (The rates of
80 - 100 m are given as an order of magnitude vaihle to facilitate the further
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discussion; the actual erosion rates under desigdittons depend on the specific
local conditions; e.g. shape of initial cross-shan@file and particle size.) It must be
realized that because of the specific Dutch comakitj the design conditions in The
Netherlands are very strict (see Section 7.4.2).

[In Chapter 11 dune erosion problems in coastalneeging practice are discussed,
under less severe boundary conditions.]

Example 7.1

Input parameters:
Wave climate and bottom profile as in Example 6&&(page 164)

Required:
Bottom profile development due to cross-shore frarts
Output:

D

The results are computed using the model UnibesthT @e figure below the profil¢
development after half a year has been given.drugiper graph, the total integrated
cross-shore transport during the computation pghatf a year) has been given.
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Conclusion:

With the given climate and profile, sediment is thogansported in offshore
direction.

Example 7.1 Unibest-TC calculation

Often the dune areas in The Netherlands are wideginto accommodate 80 - 100
m of dune erosion during a single severe stormesurgsome cases, however, the
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row of dunes is rather slender; a careful judgerhastto be passed whether the
dunes provide the required rate of protection. hsemk-through expected under
design conditions?, and if yes: what reinforcenieniecessary to fulfil the
requirements?

So far in the discussion the safety problem of pebywing behind the dunes was
raised as the main issue. In Section 7.4.2 itlvd@lshown that more issues related to
dune erosion are relevant to a coastal zone managpeects like the safety of single
houses and hotels in the erosion zone are deélt Mo topics like how to deal

with structural erosion and global sea level riseralevant topics for a coastal zone
manager. They are briefly discussed in this seatiitin the present Dutch policy and
insights as starting points. In Chapter 11 a metaitbd discussion follows.

From the discussion in Section 7.4.2 it will becortesar that for many reasons a
proper insight in the rates of dune erosion asatfon of the boundary conditions is
necessary. Section 7.4.3 will deal with the dumsien process and the methods to
guantify the rates of erosion during a severe sturge.

7.4.2 Large and small scale safety problems

Fig.7.8 shows schematically what happens with ghigicase: rather slender) dune
during a severe storm surge. The initial crosseslpoofile, which might be
considered to be in a more or less dynamic equihibicondition with the normal
occurring boundary conditions, will be reshapedrduthe severe storm surge. The
much higher water levels and the much higher waightts and peak periods call for
a quite different shape of an equilibrium proftkan the shape of the initial profile.
Offshore directed sediment transports will occapezially with sediments from the
dunes. Sand is eroded from the dunes and is sattkbe foreshore again. During
these reshaping processes the slopes of the dross{rofile gradually decrease,
and consequently it can be understood that theofatane erosion will decrease
with time during the storm surge. It is, howevent expected that a real equilibrium
profile will develop during the storm surge. Thad available during the storm is
too short to achieve such a real equilibrium pegfidut the developments are in the
direction of achieving equilibrium. The shape afrass-shore profile as encountered
after the storm surge is often called 'erosionifgr'of

® redistribution over cross-shore profile

« no loss out of control volume

« sooner or later return of sediments (in a stable case)

Figure 7.8 Dune erosion during a severe storm
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Right after a severe storm surge, when the boundarglitions are normal again, the
shape of the (erosion) profile does not fit witbgd normal conditions. Onshore
directed sediment transports will occur; wind \eillbw sand from the beach to the
dunes; the 'old’ situation will gradually be resthrDune erosion because of severe
storm surges is thus a temporary and a reversiblaeps.

Large scale safety problem

If, like in Fig.7.8, the dunes are really slended éandward of the row of dunes the
ground levels are even below MSL (like in some ptain The Netherlands)large
scalesafety problem might occur. A break-through of domes causes flooding and
will cause loss of lives and results in a lot ofrdaye in the densely populated low-
lying areas of The Netherlands.

Given the dimensions of a row of dunes and theiBpelesign conditions, the
coastal zone manager has to judge whether the dweésafe’ or not. 'Safe' is in this
respect in fact a relative notion. 'Safe’ meansttiestrength (width, height) of the
dunes fulfils the requirements. Absolute safetysdoet exist in many cases; often a
set of even more extreme boundary conditions ise@able which will result in a
break-through of a row of dunes which was judgestl 'gafe' enough. The chance
that such a set of boundary conditions will oceaithen, however, apparently
smaller than has agreed.

For the judgement of the safety of a row of duagsioper computation model is
necessary and (a set of) design conditions. Sec¢t#B will deal with these
computation models.

For the further discussion in the present sectigsmgood to realize that because of
the many (stochastic) parameters which ultimatetginine the rate of erosion, a
probabilistic approach seems to be appropriatedgpé/an de Graaff, 1986). In a
probabilistic approach an acceptable chance afriainust be the starting point
instead of a single set of design conditions. Beeani the high importance of the
low-lying hinterland, a probability of failure fatunes of 18 per year (return period
100,000 years) has been agreed in The Netherlandisef most important parts of
the country. This chance seems rather small, bupeoed to other threats (e.qg.
accidents with nuclear power plants, air plandsamge industrial plants) the
probability of failure is not that small taking cnccount the number of human lives
and the high investments that are at stake.

The probability of failure of 18 per year holds for the most important parts of The
Netherlands; in some more rural areas larger pibtied of failure are the (legal)
norm. Fig.7.9 (next page) shows a schematic pltt®felationship between the rate
of erosion RD (distance RD is in Fig.7.8 the dismbetween the initial edge of the
dune and the edge of the dune after the storm sargkethe frequency of
exceedance. According to Fig.7.9 there is a chah@@ per year that a rate of
erosion of 85 m is reached or will be surpassed.

The safety problem of large parts of The Nethedamso far the problem depends
on the protection by dunekige scaleproblem), seems thus solvable if a proper
insight is available in the possible occurring dtinds in the (very) small chances
range. However, this also introduces many unceitsnE.g. reliable measurements
of (maximum) water levels of the sea in measuriatjans near the coast (cf. in
ports) are available since approximately 1850.d@hly 150 years. With such an in
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fact restricted data set, it is hard to estimateeniavels which are associated with
frequencies of exceedance in the range &ftbQL0° per year.

Data sets of reliable measurements of wave chaistate cover even shorter periods
of time. Nevertheless, these kinds of uncertairiieage been taken into account to
arrive at figures like Fig.7.9.

Based on a legal norm, with the help of a propenmatation method, and for a

given situation (cross-section of cross-shore f@@hd dune area) one is next able to
judge whether the cross-section meets the requiresniee. whether the cross-
section is safe enough or not. If not: iterativatyimprovement scheme for the dune
area can be developed; e.g. a strengthening afuhes at the landward side.

80 ..°‘
.0
retreat [m
[ ]60 1 @
40 4 o
...‘
20 + ‘o.
o
o L . . . .
1/10 1/100 1/1000  1/10,000  1/100,000
— freq. of exceedance per year

Figure 7.9 Rate of erosion as function of frequencgf exceedance

Small scale safety problem

If the width of the row of dunes is rather large gbleast large enough to meet the
legal safety standard), the safety problem fotihéerland is not a real issue (any
more). That holds for many stretches of the Dutwdst. If these stretches concern
bare dunes, loss of dune area will occur duringvar® storm surge and some
damage to e.g. nature will occur.

However, along the Dutch coast (like along manyst®alsewhere) at some places
coastal villages and holiday resorts do exist wothds, houses and hotels built very
close to the seaward brink of the dunes. And ef/#heidunes are safe enough to
protect the hinterland, the (required or wantetgeof single houses and hotels
built in the zone prone to erosion during a sewsrem surge, might be an issue.
This safety problem might be classified esmall scalesafety problem.

It is to the direct interest of a large part of wgtch population that tharge scale
safety problem is properly dealt with. Legal norame available. The responsibilities
of the various parties (Water Boards, Provincesit@éGovernment) have been
legally embodied.

Thesmall scalesafety problem directly regards a rather restligtart of the Dutch
population. E.g. owners of houses and hotels bwilto be built in future) in the
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zone prone to erosion during a severe storm sbrdeglso governmental agencies
are directly involved as owners of infrastructuke Iroads, promenades and car
parks. The government must also formulate and raiairt set of rules to avoid
unbridled developments in the zone prone to erodising a severe storm surge.

It must be realized, however, that within the zaiéch is 'necessary' during the
design conditions for the safety of the hinterlaamdjstinction can be made in
chances that a property will be lost. Close tosiward brink of the dunes (say RD
=20 m according to Fig.7.9) the chance of losgroperty is larger than at the
landward side of the potential erosion zone (say=Rad m).

The coastal zone very close to the brink of theedumas high socio-economic
potentials; many people would like to build houaed hotels with 'sea view' in this
zone or would buy existing buildings. Owners oftspcoperties are primarily
responsible for possible damage to their propebyes severe storm surge. From
this point of view the role of a coastal zone mamnagould be a limited one in this
respect. It is conceivable, however, that 'sociils for some regulation. Too often
(say: on an average of everyl0 years) loss of rpaoperties in the coastal zone
might be unwanted. A lot of commotion is to be extpd; owners of properties who
at once lost 'everything' might be considered asr'pnd innocent' fellow-citizens.
At the other hand there seems to be no reasoroid demage in the zone prone to
erosion during a severe storm surge to chancesamale with the chance of failure
of the dunes as sea defence. To find an accepabipromise between these limits
is a very difficult task for a responsible coagiahe manager. Many managers
'struggle’ with this issue. E.g. financial, legatlansurance aspects might be helpful
to be considered while developing a proper policy.

So far the discussion referred to the erosion @fdimes due to a single storm surge
(episodic effect). However, seen over a long peoitime, the position of sandy
coasts often show some distinct tendencies. Itsefeeither accreting, or eroding
coasts (structural erosion), although also a motess stable position with time of a
coast might occur. Especially structural erodingste seriously complicate the
coastal zone management task in dune areas whastatuillages or holiday resorts
do exist. If the structural erosion is 'acceptd¥,zone prone to erosion during
design conditions during severe storm surges s ¢oatinuously shifting in
landward direction. It is good to realize that #ifect of structural erosion (e.g. a
few mper yeal, is quite different from the effect of a realgrmus storm surge: up
to tens of meterper (really severe) eveniSee also Chapter 11.)

If structural erosion is not accepted, proper mtd®@ measures must be applied: see
further Chapters 11-13.

7.4.3 Dune erosion process and quantification

Both for thesmall scalesafety problem, but especially for tlaege scalesafety
problem a reliable quantification method for theeraf dune retreat during severe
storm surge conditions is necessary. Rather mdoht éfas spent on this
quantification topic in The Netherlands.

Although 3D effects are undoubtedly important ie thune erosion process, for the
time being often a 2D approach is adopted. In¢hae the dune erosion process can
be considered as a typical offshore directed csbese sediment transport problem.
Sand from the dunes is transported to deeper watkrs settled there. To a first
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approach a closed sediment balance in cross-sireridn can be assumed. The
same volume of sand which is eroded from the dandshe very upper part of a
cross-shore profile (in ffim) is accumulated elsewhere in the cross-shor@epro
[Because of differences in porosity of the erodededmaterial (often relatively
loose packed) and of the settled material (ofteyhgy denser packed), the sediment
balance is not always strictly closed.]

During really severe storm surges, with a seriogssiase of the water level
(compare Fig.3.14; an increase of the water levil approximately 2.8 m was
measured in that case) huge volumes of sand frerduhes are transported in
offshore direction. And because dune erosion #&tleer short lasting process, some
computation methods take only offshore directedgparts into account.

A rather straightforward computation procedure ukesconcept of a so-called
‘erosion profile’ (see also Section 7.4.2). Theenmart of the shape of a cross-shore
profile right after a (rather severe) storm sugythbught to be known in such a
method. In the procedure still in use in The Ndtrats, the shape of an erosion
profile with the maximum storm surge level as refexe, depends on the occurring
wave height and the particle size of the dune/beaaterial. Once the characteristics
of the erosion profile are known, the relevant drgteeat is easily to be determined
with a closed sediment balance method. This corfoepis the heart in a further
probabilistic method taking into account the statitacharacter of several dune
erosion determining parameters. (E.g. water levalje height, wave period, shape
of initial cross-shore profile, estimated accuratgomputation method, duration of
storm surge.) In TAW (1984) / CUR (1989) the appiofollowed in The
Netherlands is described. In Van de Graaff (198&)esbackground information has
been presented.

A serious drawback of such a straightforward comatol method with a 'known'
profile is that hardly any physics is involved. Eogly the '‘end' profile after the
storm surge is thought to be known; the developmathttime is unknown. Effects
of varying water levels and varying wave charast&rs during the storm surge
cannot be accounted for.

But also dune erosion during a severe storm sgrgeaeal cross-shore sediment
transport process.

Based on theoretical and a lot of experimental wBtketzel has developed the so-
called DUROSTA computation model in which at mawogifons in a cross-shore
profile actual sediment transports are calculated &S = v.cconcept. [Steetzel
(1993)]. Although in the mathematical descriptiofshe cross-shore sediment
transport the so-calledave relatedransport (see Section 5.3) is neglected, only the
current related transporis taken into account, the results of the modeigared
with e.g. the 'reality’ of large scale model téstthe Delta Flume of Delft Hydraulics
are rather good. (See Fig.7.10.)

During storm surge conditions the rather high biregkvaves cause a considerable
return flow { in S = v.qQ in the lower part of a water column in the swhe. The
fierce wave conditions result also in high sedinm@tcentrations within the water
column €in S = v.9. Gradients in calculated sediment transport rafilesv next for
a bottom up-date. And so on. With the DUROSTA mdHeldevelopment with time
of a bottom profile during a storm surge can bewdated and studied.

Also with computation models like UNIBEST-TC (dewpéd by Delft Hydraulics)
in principle dune erosion computations can be madth the present day (mid
2006) versions of UNIBEST-TC the results are natsgisfying.
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Figure 7.10 DUROSTA versus Delta Flume results [S¢tzel (1993)]
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8 Combination of Longshore
and Cross-shore Transport

8.1 Introduction

In many real life coastal engineering 'problemdirsent transports (and the
associated morphological developments of a coastal) play an important role.
Compare the examples as have been given in CHapter

This means that, at least a part of, a soluticmdoastal engineering problem relies
on a proper insight into the morphological develeptrof the relevant piece of the
coast. In the Chapters 6 and 7 a distinction has beade between longshore and
cross-shore sediment transport processes. It hasdwut that it seems easier to
quantify longshore sediment transport rates thasssshore sediment transport rates.
For some real life coastal engineering issues yt beaimagined that they could be
(more or less properly) schematized as a mainlgdbare transport topic or a mainly
cross-shore transport topic. However, for many oggies such a schematization
would lead to a too simple representation of ngalihat calls for integrated
computation models.

Fig.8.1 shows the basic set-up of a complex moggical computation model.

‘ AP i BrOBE Bottom schematization
{large complex area)

‘ Boundary conditions ‘

+ battom

+ wave forces

wtidal farces — water motion: v

o Wi H,T ;
wind farce s;df;gman tE;'gnasport =
+ bottom shear stress h ; 95/0x; 35/dy —

DSO

Figure 8.1 Basic set-up of complex morphological agputation model
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The following points are relevant in the set-umaomplex morphological
computation model:

- A large area, surrounding the specific 'problemaars taken into account.

— The area is overlain with a computation grid (gradnts and grid cells).

— The initial bottom position of the area is transéerto water depths
belonging to the grid points.

- With specific models for water motion and wave @ggtion (including
interaction between water motion and wave actith®) boundary conditions
to be known at the boundaries of the computatiea,aare 'translated’ to the
grid points.

— Next sediment transports are calculated for thegqddordering a grid cell.

- With the sediment transports as determined, amdeadtep, the change in
bottom position of a grid cell can be calculated.

— A 'new' bottom position is determined.

— With the 'new' bottom position the previous proaediare repeated.

- Many loops are required to achieve the wanted Sitahtion.

The previous basic set-up is rather straightforwBrd one has to realize that one
often is interested in morphological developmeptgeecing many years. Although
the computers are becoming faster and fasterb#se set-up requires still an
unacceptable computing time. Howeveskdlful designerof such a morphological
computation model is able to apply various metraus tricks to efficiently handle
the very complex reality in order to reduce the patation time. For instance:

- Nested grids; i.e. smaller grid sizes in the mogidrtant area.

- Time steps as large as possible.

- Finding a fair balance between accuracy and comg@uitne.

- Taking advection and diffusion effects into accouuet the actual sediment
transport rate does not (only) depend on the logadlitions, but also on
transport rates 'upstream’'.

— Short cuts in the loops; e.g. with still small loott variations it is not
necessary to run the water motion model each tnmewing the discharge
through a plane of a grid cell from a previous catafion with an 'old'
bottom, a fair estimate of the 'new' velocity fdneaw' bottom is found by
assuming that the discharge has not (yet) changed.

A skillful userof such a morphological computation model sho@dble to
efficiently handle the boundary conditions. One toaealize that in reality in nature
the boundary conditions are changing ‘every monpeat’e characteristics; wave
direction; water levels (vertical tide); water velees at the boundaries (horizontal
tide); wind effects; density effects]. An efficier@duction of the various ‘cases' as
input in the model is required to reduce the commgutime. For instance:
- Using a so-called morphological tide (e.g. 1.1 8mae average tide to
represent a full spring - neap tide variation).
— Taking together the various wave directions insdrieted number of wave
direction classes.
— Taking together various wave heights in a restiictember of wave height
classes.
- Etc.
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Depending on the nature of the coastal engine&iodplem’ one has to resolve, one
might stick to a 2D approach of the water motioretage velocity through a plane
of a grid cell), or one has to run the model imkh3D mode (detailed description of
the velocity distribution over the water colummj.the latter case the water depths in
the model are split in e.g. 10 layers. Much monaating time is required in a 3D
mode compared to a 2D mode.

Various integrated models are (commercially) addaE.g. Delft3D model suite
developed by Delft Hydraulics; MIKE 21 / MIKE 3 deteped by Danish Hydraulic
Institute.

The further developments into this type of mode¢ésgoing very fast. New,
improved, versions are frequently released. Nostéthding these fast developments
and improvements this type of models is still nett Jool-proof'. Experienced and
skillful people are necessary to judge the outcoofi¢lis type of models. It remains
recommended if one likes to compute the effectméwa proposed change in the
morphological system (e.g. the effects in futuramfextension of a set of
breakwaters on the adjacent coastlines), firsttcalculated the present situation
(e.g. the effect of the present set of breakwatershown and measured in the past).
The applied computation model has to be validated.

Chapter 8 is not yet finished at this stage (Sep&rrd006). For the time being this
chapter is finished with an example of the appiaabf a complex morphological
computation model. It refers to a reprint of a pafrem the Proceedings of the
International Conference on Coastal Engineering8.99
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North-Coast of Texel:
A Comparison between Reality and Prediction

Rob Steijr}
Dano Roelvink
Dick Rakhorst
Jan Ribberink

Jan van Overeem

Abstract

For an efficient protection of the north coast loé Dutch Waddensea island Texel, a
long dam was constructed in 1995. The positiomisfdam is on the southern swash
platform of the ebb tidal delta of the Eijerland3at: the tidal inlet between the two
Waddensea islands Texel and Vlieland. The longad®anged the hydrological
conditions in this tidal inlet. The changes in thiet's morphology have been
monitored through regular bathymetry surveys. Haper describes some of the
most remarkable changes that occurred in the iaftetr the construction of the long
dam. The impact of the long dam on the inlet's imoligyy and the adjacent
shoreline stability has been examined with theaisemedium-term morpho-
dynamic model. From a comparison between the obdeamd predicted
morphological changes it followed that the mode$waale to simulate the large-
scale morphological response of the inlet systeawéVer, on a smaller scale there
were still important discrepancies between the pla@ns and the predictions.

Introduction

The Dutch Government decided in 1990 to maintagnctbastline at its 1990-position
by means of artificial sand nourishments. Howeaercertain coastal sections, where
nourishments appear to be less effective, altermabastal protection methods could
be considered. The north-coast of Texel (Figurapbeared to be such a coastal
section.
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fax: +31 527610020
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Over a distance of some 6 km, the north-coast gélleas lost in the last decades on
average about 0.5 million$sand per year. Before 1995 the maximum coastline
retreat was 5 - 10 m/year at the most severelyegtodrthern sections. According to
the formalised Dutch Coastal Defence Policy (Rijatavstaat, 1990), this erosion
was combatted through regular sand nourishmentseier, these nourishments
became less and less effective. Alternative copstaéction measures were
considered for this coast, like groynes, offshaeakwaters, long dams), revetments;
most of them in combination with initial beach nehment. Detailed numerical
model studies were carried out to investigate ffexeof the alternative measures
and their cost efficiency to combat the erosiofordg dam (700 m from the MLW-
line) was finally chosen (Rakhorst, De Wilde anth&¢ 1997).
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Figure 1 Geographical setting

The long dam was constructed in 1995 at the narteed of the north-coast of Texel
(at RSP 30.5 km), in combination with nourishmemd dredging works. The
morphological changes that took place afterward®weonitored, which gave
valuable data for a comparison between predictedaatually observed
morphological tidal inlet responses.

In recent years, process-based morpho-dynamica¢iimgihas developed rapidly.
In the present study the available dataset foftdihg dam case has been used to
check and validate the model. The model parameters set as much as possible
identical as the ones in the "old model" from 193yever this time with the latest
versions of the applied software DELFT3D (RoelviBloutmy and Stam, 1998). A
comparison between the renewed predictions (imprdvmedcast) and the field
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observations was made and valuable informationoktained on how to set up and
operate similar models and to know their weak darahg points.

The tidal inlet "Eijerlandse Gat"

The ebb tidal delta, the inlet throat and the fltiddl basin are shown in Figure 2
(situation as in 1993; before the dam constructi@m) the ebb tidal delta, the pattern
of tidal channels can clearly be recognised, atagehe presence of shallow areas
and delta bars. The ebb-dominant inlet throat ceBtRobbengat” will be of special
importance for the present study. The flood tidagib is, in contrast to the other
Waddensea flood tidal basins, a closed basin: duniyng storms, exchange of water
takes place across the watersheds.

Figure 2 The tidal inlet “Eijerlandse Gat”

The patrticles size of the seabed and the beacmeats ranges between 150 and 350
um: coarser in the tidal channels than on top ofti@low areas or on the beaches.

The tide is semi-diurnal with neap, mean and sptiote ranges of, respectively,
1.35m, 1.70 m and 1.90 m. Tidal wave propagasdnom south to north. Waves
are moderate, with a mean annual wave height g dater) of = 1.2 m. The
yearly average wind speed is 7 m/s from south-seegterly directions. Storms
(larger than 7 Beaufort) mainly come from northweestdirections.
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What has been done in the last decades?

The southward migration of the Robbengat was sitjgpecesfully in 1948 and
1956 with the construction of two slope-protectsmmemes on the north-side of
Texel (inside the inlet throat). Ongoing erosiontad north coast of Texel (south of
the above-mentioned slope-protection works) wasbattad in 1979, 1985 and 1990
by artificial sand nourishments of 2.5 to 3 millioti, each time. The actual lifetime
of the last nourishment was shorter than what wasaed beforehand.

In the period 1990 - 1993 different studies wengied out to find more efficient
methods to protect the north-coast of Texel (eagew, 1993, Ribberink and de
Vroeg, 1991, 1992, Hartsuiker, 1991, RibberinkVdeeg and van Overeem, 1993,
Rakhorst and Pwa, 1993 - all of them in Dutch afib&ink, Negen and Hartsuiker,
1995). A first attempt for a full morpho-dynamicrailation of the tidal inlet,
including a long dam alternative, was made by N€d@83). Based on these effect
studies, which also included ecological and coskelits studies, it was concluded
that a long dam at the northern end of Texel waeldhe most cost-effective for
maintaining the north-coast of Texel.

In 1994 a 1.3 million rhsand nourishment was carried out on the northtafas
Texel. This was necessary as the 1994-positioneotbastline had already receded
behind the reference 1990-position. The sand ferrthurishment was reclaimed
from a borrow area below the MSL -20 m depth confoe. below the closure
depth, so from outside the active coastal system).

Construction of the long dam at position RSP 305(kigure 3) commenced in
April 1995. By July 1995, the dam had reached itshseaward tip at 700 m from
the most seaward MLW-line; or 800 m from the dun&félso in early 1995, an
additional 0.7 million Msand was replenished along the north-coast oflTexe
Another 0.4 million m sand was placed in the neck of the dam (Figural8),to
make the construction site better accessible fosttoction equipment. This 1.1
million m* sand was borrowed by a cutter suction dredger iorarea between the
expected scour hole and the inlet channel RobbdRgaire 3). The idea behind this
was to initiate the development of a new ebb tath@nnel in southward direction,
and consequently to let the ebb tidal delta devetope in front of the north-coast of
Texel, which on the longer term could also bertefitsand balance of the north-
coast of Texel.

Observations

The long dam and dredging works changed the tidal fegime and wave
conditions around and in the immediate vicinitytted dam. It also affected the tidal
flow to and from the flood basin. Figure 4 showstfe area around the dam, the
observed pattern of erosion and sedimentation leetwi895 and 1997 (two-years
period).
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Figure 3 Drawing of the long dam and dredging works
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Figure 4 Observed sedimentation and erosion 19997
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The figure shows areas with significant erosiorcisas in front of the tip of the
dam, and to the north of the dredged borrow assajvell as areas with significant
accretion (such as in the dredged borrow areaatitetsouthwest of the ebb tidal
delta). The figure also clearly shows the accresilmmg the coastlines on both sides
of the dam. Below, some details of the observatayegyiven:

Scour hole

The scour hole in front of the tip of the dam deped more rapidly than expected.
The maximum depth reached MSL -18 m already in&aper 1995, that is only

two months after the dam was finished (note thaidlcal depths at this point were
only MSL -5 m). The slopes on the dam-side of tt@us hole are very steep, namely
1:2 to 1:3 (vert:hor), which led to the placemeindo extra rubble layer after
completion of the dam and later again in DecemB86XRakhorst, De Wilde and
Schot, 1997). The wet volume of the scour hole froelow MSL -5m is given in
Table 1.

Wet volume below Time after dam Max. depth (MSL -m)
MSL -5 (n?) construction (months
0 0 -5
250,000 25 -18
350,000 8 -16
300,000 14 -15
300,000 20 -13

Table 1 Development of the scour hole

The maximum depth reduced considerably in the wioftd 996/ 1997, where it is
noted that the winter of 1995 / 1996 hardly had aegterly storms (which is an
anomaly). Without the occurrence of high waves stt@ur hole apparently
developed first in vertical direction, before itdgned in horizontal direction.

Dredged hole

The borrow area north of the dam (Figure 3), whigts intended to develop into a
tidal ebb-channel, indeed changed in that direcfidte maximum dredged depths
down to MSL -15 m reduced rapidly to not deepenthESL -10 m two years later.
While the MSL -7 m depth contour of the dredgedtwrarea and that of the inlet
channel Robbengat were not connected in June 18&pwere in March 1997 (see
Figure 5). Once the borrow area stretched in east-directions and became
"connected" with the inlet channel Robbengat arti thie scour hole, it migrated in
northward direction under the influence of the wastl resultant sediment transport
and the west-to-east tidal wave propagation.
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position of MSL =7 m contour:

.............. 30 June 1995 ' L km J
......... 19 Sept. 1995
_____ 27 Febr. 1996
——— 31 August 1996
—+—-.— 12 March 1997

] W

J

Figure 5 Movements of the MSL -7m depth contour
Coastal area north of the dam

Immediately after the dam construction, significaotretion rates were found in the
area to the north of the dam. This area continoedttumulate sand (Figure 4),
albeit at a steadily slower rate. In the periog Jubeptember 1995 a resultant sand
accumulation of more than 70,008 per month was found in an area of some 0.4
km?. About one year later this accretion rate hadeeduo some 30,000%per
month. Between the coastline of Texel, the damthisdaccretion area, a small
shortcut gully was present till early 1998, whesiliied up.

Coastal area south of the dam

If we consider an area from the dunefoot to a sparallel line through the tip of the
dam, and from the dam to a position 2.5 km soutth@fdam (Figure 4), then the
total sand accumulation in this area in the peti@@5 - 1997 is 475,0003rper year.
This accretion can be attributed to the effecheflbong dam; nourishments have not
been carried out in that period.

If we disregard the upper part of the profiles,\a&MSL -1.5 m, then the
observations show that initially erosion took pl&¢@,000 niin the period July -
September 1995). In volumetric sense not much atigthe foreshore area in the
winter of 1995/ 1996. But after the winter of 199697, when westerly storms had
occurred, accretion of more than 300,000was observed. This demonstrates the
importance of higher waves for the shoreward trartsgf sand from greater depths.
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Model predictions

A numerical model of the entire tidal inlet systemluding the long dam and
dredging works (Figure 3) was set up. The modbased on the DELFT3D software
package, which is described in more detail else/irethese proceedings (Roelvink,
Boutmy and Stam, 1998). The model computes théwidae propagation, the tide-,
wave- and wind generated flow conditions, the stvae conditions, sediment
transport and seabed changes. The model is of ékdé&um term morpho-dynamic
type (MTM-model: De Vriend, e.a., 1993). A limitedmber of input conditions
(waves, tides, wind) have been selected in sucayathat they represent the annual
sediment transports.

Figure 6 shows, as an example, the computed tideaged sediment transports in
the vicinity of the dam for one of the selected wawenditions "West-High" (at deep
water: H=3.1m, T=7.6 s, from 268° N). These transports folloveafine year of
morphodynamic simulation, so when the deepestgutof the dredged borrow area
have already largely silted up.

An interesting detail in the resultant sedimenm$gort patterns was observed near
the dredged borrow area. Here, the resultant seditrensport at the start of the
morphodynamic simulation is directed from two sit®sards the center of the
borrow area, leading to a steady siltation of teter of the dredged hole. The flood-
dominance on the west-side of the borrow areaastduelaxation effects: during
flood the incoming concentration vertical is ovattsated while during ebb the
incoming concentration vertical is under-saturated.

—  2.0#107*m2/s

vector scale sediment transport

Figure 6 Tide-averaged sediment transport
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A direct confrontation between the model predictiand the observations is given
in Table 2 below. It gives the volumetric changeera period of two years (1995 -
1997) for the five areas as indicated in Figurlt 3. noted that this table is not the

only source for comparison: for that it lacks tooahn information on details of
smaller scale phenomena.

Area Surface Reference computation Observationsh@at, 1997)
(Figure 3) Sedimentation| Sedimentation I(Er;]%sion \C/rcl)lal#gg;ric Sedimentation Frgg)sion Volumetric
(m®) (md) (m) (m?) E:]%nges
South 510,000 169,000 -25,000 144,000 354,000 0 ,0864
Scour hole 172,000 16,000 -115,000 -99,000 0 -086,0 | -466,000
North 485,000 32,000 -323,000 -291,000 972,000 0 2,000
Southwest 1,278,000 260,000 -600,000 -340,00( 987,0 -48,000 939,000
Northeast 785,000 156,000 -2,237,000  -2,081,0p0 0005, -1,040,000 | -1,025,000

Table 2: Computed and observed volumetric cha(i@s5s - 1997)

From the confrontation of the predictions with tieservations it follows that:
* The predicted volume of the scour hole is much Em#ian observed.

Especially the maximum depth of the scour hole m@redicted. (MSL - 7

m in stead of MSL -18 m).
* The dredged borrow area north of the dam alsocsieetand aligned with the
inlet's channel Robbengat in the computationsrdheshowed a tendency for

a northward migration although not at the sameaat& the observations. A

weak point is that the computed total volumetriardes in the large area
NorthWest does not correspond with the observations
* The accumulation of sand north of the dam was redipted by the model.

This could be related to the smaller scour holss(kand available) or could

be due to a too much restricted horizontal eddyamrge just behind the dam.
» The computed accretion south of the dam is almalétire observed
accretion. Apparently, too much of the longshomireent transport is

directed in seaward direction along the darn, éadtof being stopped. This

may also be one of the reasons why the computad sear the tip of the
dam remains so limited.

The conclusion that follows is that predictionshnt state-of-the-art numerical

morpho-dynamical model using "standard model sgdtinmay still differ

considerably from actual developments. This is emenre true when looking at
smaller-scale morphological developments.

Sensitivity computations

The following series of sensitivity computationdgiwihe numerical model were
carried out to get a better understanding of thebeur of the model and to
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improve our knowledge on how these type of modetsikl be designed and
operated for the current type of applications:

Computation with a one-week storm-condition;

Computation not with a full harmonic analysis of tide, but by only applying
the A0, M2 and M4 tidal constituents. The phasethe$e constituents were then
varied to study the sensitivity of the tide-averhgediment transport on the
modelled phase difference between the M2 and M4ttaents;

Computation with another tidal schematization;

Computation with a different model boundary attidal flood basin;
Computations with different values for the dispenstoefficient in the flow and
sediment transport modules;

Computation including a schematised reproductiospafal flow;

Computation with an adjusted bed roughness. Thispiferences in the bed
roughness have been determined in such a wat tiedlieicts the influence of
larger-scale horizontal eddies on the bed sheegsstiThe applied method can
only be regarded as a first attempt to schemaiseamplex influence of large-
scale turbulence on the sediment transport capadthind structures like the
long dam;

Computation with a different chronology in the waarea tidal conditions.

It goes beyond the scope of this paper to preserfiridings from the above set of
model computations. Details can be found in Ro&wman Holland and Steijn
(1998). Yet, the following recommendations followfed improving the model:

Take into account the actual chronology in the waseditions for the simulated
period. As stated before, the season 1995 / 1986cammpletely different in
terms of westerly heavy winds, than the 1996 / 189%on. In the improved
model hindcast (see below), it was therefore decideun the model for its first
year with no waves, and for its second year wisist'ematisation of the actually
occurring wave conditions. This appeared to be@alte important for the rapid
development of the scour hole.

Take into account the effect of spiral flow. Thi'epomenon appeared to be
important for the curving of the new channel thiotige dredged borrow area.
Spiral flow also appeared to be important for addal sand movement towards
the inner bend of the curved channel, that is tde/éine accretion zone north of
the dam.

Use spatially varying bed roughnesses, in suchyathat they represent the
effect of increased turbulence behind the long dam.
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Results from the improved model hindcast

With the improved model a new hindcast was madaéemorphological
developments in the period 1995 - 1997. Table 3sarises for the same areas as in
Table 2, the computed and observed volumetric atgafier one year (1996) and
after two years (1997).

Area Improved hindcast Observations (Rakhorst, 1997)
Sedimentation | Erosion Volumetric | Sedimentation | Erosion Volumetric
(md) (m) E::]%nges (md) () changes
(m’)
South 11,000 -31,000 -20,000 12,000 -31,000 -19,000
Scour hole 22,000 -310,000 -288,000 0 -497,000 7,600
North 147,000 -63,000 84,000 572,000 -96,000 476,00
Southwest 945,000 -46,000 899,000 641,000 -109,000 532,000
Northeast 232,000 -906,000 -675,000 127,000 -496,00| -368,000
a) After 1 year (1995-1996): no waves
Area Improved hindcast Observations (Rakhorst, 1997)
Sedimentation | Erosion Volumetric | Sedimentation | Erosion Volumetric
(md) (m) (cr:;?)nges (m¥) () changes
(m’)
South 227,000 -281,000 -53,000 354,000 0 354,000
Scour hole 116,000 -271,000 -155,000 0 -446,000 6,000
North 363,000 -121,000 241,000 972,000 0 972,000
Southwest 538,000 -882,000 -344,000 987,000 -48,000 939,000
Northeast 299,000 -2,515,000 -2,216,000 15,000 401000 -1,025, 000

b) After 2 years (1995-1997)
Table 3: Comparison between predicted and obsemieenetric changes

Figures 7 and 8 further show the computed sedirtientand erosion patterns in the

vicinity of the long dam, respectively after onelawo years of morphodynamic
simulation. Figure 8 can be compared with Figure/tdich was based on the
observations.
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Figure 8 Computed sedimentation and erosion 199®7
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Conclusions

From a comparison of the results of the improveditast with the observations it
follows that:

* The maximum depth in the scour hole now is compatddSL -14 m after six
months of simulated time, which is not far from tieserved maximum depth of
18 m;

* In the first simulated year there is hardly anyraton south of the dam, which
corresponds with the observations. In the next,yehen waves are considered
in the computations, there is significant accretighich also fits with the
observations.

* The coastal zone north of the dam now also accfetegrary to the reference
computation), which agrees with the observatiomslsolute sense, however,
there are still discrepancies between the compaterktion rates and the
observed ones.

* The model shows that the dredged borrow area qudsktelops into a tidal
channel (in line with the Robbengat in the inleb#t), which starts to migrate in
northward direction. This corresponds with the wagons, albeit that the
curvature of the channel as well as the migratpeed differ.

* The coastal profiles in front of the north-coasfekel (south of the dam)
develop into unrealistic profiles, which would b@rected if cross-shore
transport effects by waves were taken into account.

In summary, it can be concluded that the improvedehsimulates most of the
observed morphological changes. The largest unogesare the modelling of the
turbulence effects around the dam and the modetlirige effect of waves and
turbulence on the sediment transport. For a corgggesentation of the
morphological developments, tbehaviourof the applied sediment transport
formula as a function of the combined flow, turimde and orbital velocities, is of
special importance.

Final remarks

The long dam has been effective in the protectich® north-coast of Texel.
Contrary to the predictions it has not worsenedsthetion directly north of the
dam. Possible negative consequences for the sdamcbaof the downdrift island
Vlieland have not yet been recorded, but thatabably a matter of time. The
morphological response have largely been restrictelde immediate surroundings
of the works. But again, this may be a mattermkti After all, the new elongated
tidal channel Robbengat has proven to play an itaporole in the filling and
emptying of the flood basin.

Rijkswaterstaat will continue to monitor the siioatin the tidal inlet and around the
dam. We expect that after some time this data sletonm a very valuable source
for experimental testing of existing and new mazw®icepts.
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9 Fundamentals of Mud

9.1 Introduction

In the previous chapters, the main emphasis hasdieeandy coasts. But even in
sand at the bottom of the sea some silt and cldicles occur. The fluid-sediment
mixture of (salt) water, silt, clay and organic evals can be defined asud This
chapter deals with some fundamentals of mud intabageas. Firstly, the relevance
of mud will be discussed in Section 9.2, using exi@s of coastal systems where
mud plays an important role. In Section 9.3, ardedin of the term mud will be
given and the characteristics of mud will be diseas The focus will be on the
different behaviour of mud compared to that of semtthhe sediment transport
processes. The effects of mud on the actual trahgfibbe discussed in Section 9.4,
followed by a reflection on the resulting bed legkange in Section 9.5. Finally, in
Section 9.6, some environmental issues and theeqoesices for the coastal
engineer will be discussed, as mud is easily padlity for example heavy metals.

9.2 Examples of coastal systems with mud

Based on the size and composition of the beachrmalatine world’s coast can be
classified as follows:

— muddy coasts;

- sandy coasts;

— gravel/shingle coasts;

- rock/cliff coasts.

The focus of this course is on the sandy coastgpapnately 10% to 15% of the
world’s coasts. About 5% to 10% of the world’s dsalowever, consist of muddy
coasts. The remaining 75% to 80% consists of radkand gravel-type coasts,
which are beyond the scope of this course.

Muddy coasts are particularly found near the moafthsvers. An example of a
muddy coast is the Guyana coast in South Ameribes I600 km long coast of
Guyana, Surinam, French Guyana, parts of Brazil\gmkzuela consists mainly of
mud transported to the coast by the Orinoco andzZam&ivers. Large parts of the
coast consist of mangroves (see Fig.9.1; next p&gher examples of mud coasts
can be found near the mouths of the MississippeR{\WUSA) and the Yellow River
(China).

Mud also plays an important role in parts of thastal system of The Netherlands.
The low lying parts of The Netherlands are maiwisnfed by transported sediments
by the rivers Rhine, Meuse and Scheldt. Espedia#iyestuarine area in the south
west (Zeeland) and the Wadden Sea are influenceauoly(see Fig.9.2; next page ).
In the following sections it will be made clear wimud is important for engineering
practices.
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Figure 9.1 Mangroves

Figure 9.2 Satellite image of the Wadden Sea
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9.3 Characteristics of mud

The public perception of mud is that it is a digyicky, dark-coloured and evil-
smelling nuisance, whereas sand is generally sean asset, conjuring up pictures
of golden or silver holiday beaches. But what isrstifically seen mud?

Sediments in a coastal system can be found irga lange of sizes. From large
boulders with diameters exceeding 25 cm to very firaterial like clay. The size of
the sediment grains can be used to classify thensetl An example of this
classification is the Wentworth classification, winis often used by geologists (see
Fig.9.3). According to this classification, sandlefined as grains with a size
between 631m (lower limit very fine sand) and 2 mm (upper liméry coarse sand).
Material with a grain size smaller than & can be defined as clay and silt.

Unified Soils |asT™M| mm | phi Wentworth
Classification |Mesh| Size |value| (lassification
Boulder
Cobble 2560 80 | P22 de
Coarse <« 76.0 }6.25 Cobble
Gravel 64.0] -6.01—»
Fine Gravel 19.0 }4.25
1ne urave
C 4 | 475225 Pebble
Sarac s | 40]-204—m
Sand Gravel
10 | 20]-L01 P
Sand
i 18 1.0] c.ot— P
Mg duzim - osl 1o Coarse Sand
an : o1 -
40 | 042|125 Medium
F1 0.2s5] 2.0t Sand
ne g0 | o. 01 -
Fine Sand
Sand 120 |0.125] 3.0+ .
«€—1 200 [0.074]3.75 Very Fine
' ' Sand
: 230 |o.063] 4.0+ -
Silt il
0.0039] 801 Clay
Cla 0.0024{12.0 > -
Y Colloid

Figure 9.3 Wentworth classification

Mud is primarily a mixture of (a lot of) water, tsitlay and organic matter. In the
stuff we normally call ‘'mud' also some very fin@das often present.

Not only there is a difference in size between samtisilt/clay, but also the mineral
constitution of silt/clay is different. Most of tlsands in European waters consist of
quartz minerals. These form chemically hard anblsterystals, with a spherical
shape. Sand is a non-cohesive material; the ingivigrains do not stick together.
Clay particles, on the other hand, consist of vaha&mists call ‘metal silicates’.
Their structure is plate-like (see Fig.9.4 nextga@lay particles have strong
cohesive properties. These are largely attributabtdemical forces acting between
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the grains on a small scale. The plate-like clayarals are positively charged on the
edges and negatively on the faces. When the distagtoveen particles is small
enough, they can become stuck in a ‘card-housattstre. This process, called
flocculation, is enhanced by the surrounding waterironment and ionic
constituents. Especially in a saline environmaeg tat ions such as sodium'Na
and calcium C4 form a layer around the negatively charged fathsse electrical
double-layers around the clay particles enhancédne between particles. Another
factor enlarging the flocculation process is thespnce of organic, sticky material,
which is easily adsorbed on the flat clay particles

Figure 9.4 Structure of clay particles

Environmental factors that increase this floccolatprocess are:
- salinity: in salt water, more free cat ions arespr;
— concentration: more particles in the water colunuréase the chance of
collisions between the particles;
— water movements: especially in the turbulent motiansed by waves, the
chance of collisions between particles is muchdathan in still water.

The importance of the formation of flocks when seelit transport is considered,
will be shown in the next section.
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9.4 Sediment transport

Sand, silt and clay particles are continuouslyanéd, transported and deposited in
the coastal system by currents and waves. Dueetditference in grain size and
cohesiveness, the sediment transport charactsradtigand and mud are different.

In general, sand is transported as bed load, wduchrs at the bed-water interface,
and as suspended load, which occurs in the walemeo For low sediment
concentrations, silt and clay are only transpoimeslispension.

For high concentrations, silt and clay can alstréesported as fluid mud in a layer
near the bed. In that case, the fluid mud willact viscous layer on top of the bed,
blocking exchange of sand between the bed and alberwolumn.

A definition sketch of suspended load transpogiven in Fig.9.5. Also the bed load
transport is indicated.

_ water surface
z=h
velocity concentration transport
. Ve suspended
‘ ‘<—3 Joad
Ca
T —.———=p™hed lpad——

bed

Figure 9.5 Definition sketch of suspended sedimetransport

In many cases the time-averaged convection-diffusguation is used to compute
the concentration distribution:

dc

wc—&,—=0 (9.1)
dz
where
w fall velocity of sediment [m/s]
c concentration [Him°]
& sediment mixing coefficient [frs]
z level above reference [m]

An important parameter governing this equatiorésfall velocity of the sediment
particles. The fall velocity depends on the sibape and specific density of the
particles and of the water temperature and therssdi concentration. For sand, the
particle properties are relatively independentrokt(because the quarts crystals are
chemically hard and stable, it takes years to chding size of a sand grain). But, as
we have seen in the previous section, the sizeshage of mud can change quite
easily. As a result of flocculation, the size dfividual mud particles increases. With
this increase, particles become heavier, whichspéled up the settling of the
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particles. On the other hand, due to the increaseze, also the drag force, the
resistance the particle ‘feels’ when settling, wittrease. This will slow down the
particle and can eventually cause deflocculation.

[An individual silt particle of 1um has a fall velocity in still water of about 0.1
mm/s.]

Another factor influencing the sediment transpsithie exchange between the
bottom layer and the water column. The upward sedirflux from the bed into the
water column strongly depends on the bed compaosiEoom laboratory
experiments it was concluded that two regimes @adistinguished: a non-cohesive
and a cohesive regime [Van Ledden and Wang (20084.clay content (the weight
percentage of particles with a grain size smafiant4um) of the bed material is the
governing parameter for the transition between begimes. For clay content of less
than 5 - 10 % the bed behaves more or less norsa@hé&and and mud are eroded
more or less independent, so the ‘normal’ formateifor the bed erosion can be
used. For clay content exceeding 5 — 10 % the bed\J®s cohesively. The sand and
mud particles are eroded simultaneously.

This is supported by Fig.9.6 where critical velmstare given as a function of silt
content in the bottom material.

i
l:_ ditreal '-."-El_.;n‘_'ltl.i'ﬁ
e el e —
CRITISCHE STROGMEMELHEID (1475}
BE a - —_— -
b
J =4
- F'y
h
| = |
R L
W i
"'|I:E-I; el B |
1§
i B
#
o
—_—l Rl =1 t
— - — —— |}
1 i I
FERTENTASE S118 I'%)
o fapd we E s, TR W EsAFTEs
B emur poacase ST LT T

Figure 9.6 Critical velocities as a function of silcontent
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In sediment transport modelling, the exchange m®eebetween water column and
bottom layer are often assumed to be governedébygritical bed shear stress of the
bottom material and the actual occurring bed skgasses. For actual bed shear
stresses larger than the critical bed shear stfeke bed material, the grains can be
eroded, whereas for actual bed shear stressessitialh the critical bed shear stress
of the bed material, the grains can settle:

Z-b,actual > Ty, — €erosion

Ty acwa < T o — S€MiMmentation (9.2)

For non-cohesive material the critical bed sheassty, ¢, is for erosion equal to the
critical bed shear stress for sedimentation. Fbesive material, where there is a
strong binding force between the particles, thisasthe case. The critical bed shear
stress for erosion iarger than the critical bed shear stress for sedimamtafihis
implies that for a range of actual bed shear st dkere is no exchange with the
bottom layer in case of cohesive sediments:

Tb,actual > Th crer erosion
Toersed <Thacua<T poe— NO €XChange with bottom layer (9.3)
Ty acal < T or sea — S€Mimentation

The exact formulations for sediment transport oftores of sand and mud are still
subject of research.

9.5 Bed level change

As we have seen previously, bed level change, @rasi sedimentation, will take
place in case of a horizontal variation in sedintearisport:

0S,
(1_ )% :a_SX+_>’ (9.4)
ot oJx oy
where:
S.§  transport in respectively andy-direction [m/s/m]
p porosity €0.4 for pure sand) [-]

In Eq.(9.4), transports are expressed firsfm (‘dry’ volume of sediment). This
means that the sediment transport is expressealumesof sediment. In many
cases, use is made of transporteksin sediment transport computations. The
conversion between volume and mass is given ifalleving equation:

M =pV (9.5)
where:
M mass [ka]
O specific density [kg/r
\Y; volume [m?

In the case of a real bottom, defined as a mixfisand, silt and clay, the specific
dry mass of the sediment varies between 200 kfgniy silt and clay in fluid mud;
density (including pore watep)oi ~ 1125 kg/mi] to 1650 kg/m (only sandps ~
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2000 kg/m). This means that an annual sedimentation ofrfstance 1000 kg per
square meter bottom may result in a bed level chan@.6 m (only sand) to 5 m
(only silt and clay). Neglecting this notion coulded to large errors in bed level
change computations!

(A mn%d bottom with a density osi = 1300 kg/m contains about 480 kg dry mass
per nt.)

9.6 Environmental issues

Due to the chemical constitution of mud and espkgaitay, the particles have strong
cohesive features, as we have seen in Sectio@e3to this characteristic, mud
particles are easily bound together. But not ondt,talso other materials can easily
be bound with mud particles.

Organic matter is also easily bound to mud pasicléis is one of the main reasons
why delta areas are so fertile and thus one offrthie reasons why people settle in
those low-lying, rather dangerous areas. The éectiastal areas are also good
habitats for flora and fauna.

But also contaminants are easily bound by the nautigtes. At certain (low)
concentrations, naturally occurring elements ¢apper and zinc) may have
beneficial effects. But with increasing concentraticontaminants can become toxic
and cause damage to the natural environment. Agase in concentration can occur
due to fluvial inputs in the coastal system, bebals a result of a disturbance of a
contaminated bed caused by, for example, dredging.

During dredging operations, extremely dangerousaromants such as heavy metals
and PCBs (PolyChlorinated Biphenyls) have to beacted for. Highly
contaminated mud has to be treated as chemicaé wHsis can have large
consequences for the costs of a dredging projech@rbour. The dredged material
has to be transported to special depots as for gheattme ‘Slufter’ near the Port of
Rotterdam (see Fig.9.7) and to be isolated (‘ferefrom the environment.

For the construction of large land reclamation gctg, huge volumes of sand are
required. These volumes are often dredged at théatom as close as possible to
the construction site; so in the most vulnerabéaailose to the coast. Let us assume
that for a very large project 500 millior’rf sand is required. The sand can be
dredged at open sea, but the bottom contains 2%ajuite 'normal’ content for
natural sea beds).

During the dredging operation with hopper dredgiess bed material is pumped into
the hopper. The sand remains in the hopper; tkes fisilt) return to the sea with the
overflow. Dredging 500 million fhin short notice in this case means that about 10
million m? of silt is mobilized in the same short notice. Fhiight result in a heavy
additional silt burden for the receiving sea systBetrimental effects are likely.
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Figure 9.7 The Slufter (Rotterdam, The Netherlands)
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10 Channels and Trenches

10.1 Introduction

Now that we are familiar with the basic principtdssediment transport in coastal
areas, we will take a closer look at the problerneastal engineer has to deal with.
One of these problems is sedimentation of charamelgrenches. Channels are
dredged to facilitate the entering of (large) shipBarbours. Trenches are similar
features with smaller widths, used for e.g. pipein

When a channel is dredged it can be expectedhitsathannel will silt up again from
the simple but true statement that nature wilkéryestore the original situation. The
necessary change in sediment transport rate i€ddoysa change in the current
velocities and a change in the wave characterigtitke crossing the channel. In this
chapter the computation of this change in sedirtransport rate will be elaborated.

First, in Section 10.2, a few examples of situaiwill be given where dredged
channels are necessary. Next the computation afatienent transport will be
elaborated, starting in Section 10.3 with a disicusef the effect of the channel (or
trench) on the current pattern in the area adjacethie channel, followed by the
discussion of the effects on the wave pattern oti&e 10.4. Section 10.5 deals with
the interaction between currents and waves in chaalredged channel. After a
description of the relevant transport processe&iction 10.6, the sedimentation rate
of channels will be elaborated in Section 10.7.

10.2 Examples

Many harbours around the world are situated inlsWatoastal systems. The waters
directly in front of the harbour entrance are rig&ly shallow. To facilitate the
entrance of (large) vessels, entrance channelstbéx@dredged. In a dynamic
coastal system, such a channel could be pronaltmeatation. For the evaluation of
the feasibility of the construction of an entrasbannel, an estimation has to be
made of the maintenance dredging quantities relatéluis sedimentation.

An example of a harbour in relatively shallow waterthe Port of Rotterdam. To
facilitate the entrance of vessels with a draudhipoto 75 foot (approximately

24 m), the Euro-Channel (Eurogeul in Dutch) has bemstucted (see Fig.10.1;
next page). To maintain the depth of the basirtkerport and the entrance channel,
every year a volume of approximately 20 milliori sediments have to be dredged.
A large part of this dredged material is removedrfithe Euro-Channel itself.
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Figure 10.1 Dredging in the Euro-Channel, RotterdamThe Netherlands

Trenches are often used for laying pipelines usdchhsport e.g. oil or gas from
offshore production sites to the mainland. It isegssary to know the rate of
sedimentation of the trench during and after coesitsn, as there will always be a
time-lag between the construction of the trenchthedaying operation of the pipe
itself.

After the pipe has been laid, it is required towrtbe rate of sedimentation to
estimate the time between construction of the pipethe moment the pipe is
covered by sediment. It is also desirable to knwevdonstitution of the material. If
the sedimented material contains a large fractfanua, it might not be able to
prevent the pipe from floating. In that case méxessary to artificially fill the trench
with sand after completion of the pipgsackfill).

10.3 Current pattern

In nearly all (undisturbed) coastal systems, cusrane present (e.g. tidal currents,
wave-induced currents, river discharges). A changke magnitude of a current can
have a strong influence on the sediment transpbg.change in current velocity is
elaborated in this section. The effects on themsedt transport can be found in
Section 10.7.

When a current crosses a dredged channel the sharg, which igperpendicular

to the channel, its velocity will decrease duehincreased water depth. Once the
current has passed the channel, its velocity niliease again. The direction of the
current does not change in this case.

When the current direction and the channelpamallel, the current velocities in the
channel might increase. The water surface slopairenapproximately the same.
This means that the driving force of the curremtas the same. Assuming a
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constant Chézy coefficieq, it can be shown with the well-known Chézy formula
that the current speed will increase in the chaoaeipared to the current speed
above the banks. The formula reads:

v, =C.,/hi (n=1 above the bank;= 2 inside the channel) (10.1)

with: C; = Cy andiy = i»:
v, = \/%vl = V,>\ forhy, >h; (10.2)

If the current approaches the charmigiquely, the situation is more complicated.
Fig.10.2 gives a definition sketch.

Plane Cross

Figure 10.2 Current pattern across a channel

There are (at least) two (analytical) methods awéal to compute the influence of
trench on the current pattern. The first approaem¢ted asethod @ assumes that
the component of the current velocity in the ditif the channel axis is the same
inside the channel as on the shallower areas.iJ biased on the physical fact that

The second approaciméthod p assumes equal water level slopes in the direction
the channel. This method is only valid for relatlyvemall angles between the
original current direction and the channel axis sta&ins from the approach in case
of parallel channel axis and current direction.

method a

The velocity component parallel to the channel axishe bank is assumed to be
equal to the velocity component parallel to thencted axis inside the channel; see
Eq.(10.3):

Vy = V,,, With Vy, = VhCOSp, (10.3)
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where:
Vi current velocity [m/s]
Vin velocity component parallel to channel axis [m/s]
on angle between current direction and channel
axis [°]
n index 1 = 1 above the bank; = 2 inside the
channel) [-]

Rewriting gives:

v,
V, COSp, =V, CO®,=> cog,=— cab,
V2

2
usingsin® ¢ + cog ¢ = Jyields:sin* ¢, = 1- (%} cos ¢, (10.4)
2

Assuming that there are no natural currents inidechannel, it follows from
continuity that:

vhb=wvhb (10.5)
where:
hn water depth [m]
bn mutual distance between two streamlines [m]
From geometry it follows:
b, sing,
The combination of Egs.(10.5) and (10.6) leads to:
Y2 - A sing, (10.7)
v, h,sing,
Together with Eq.(10.4) this leads to:
V. h ’
2= [cog ¢ +| 2| sirf 10.8
v \/ A [f&j 9 (10.8)

This method implies that the current velocitiesdeshe channel can never be higher
than those on the shallower areas (in cases where is no other current inside the
channel).

method b

The water level slope in the direction of the cheraxis is assumed to be the same
on the bank as inside the channel; see Eq.(10.9):
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Vv 2

Iy =1,,, With i,, =—— andv,, = v, cosg, 10.9
x1 x2 anhﬂ S¢ ( )
where:
ixn water surface slope in parallel to channel axis
Cn Chézy coefficient
Rewriting yields:
Vxl2 — Vx22
2, ~2
C'h G'h
v’ cos' ¢, _v,” cosg,
C’h C’h,
2 2
v) |G hjcosg,

From continuity [Eqg.(10.5)] and geometry [Eq.(10®)lows Eq.(10.7), which can
be rewritten to:

v h

sing, = V—l— sing,
2

sin2¢2:(%j (%j sir? ¢,

cod ¢, = I sif g, = }(ﬁ] (ﬁj sifg, (10.11)
v, )\ h

2

Together with Eq.(10.10) this leads to:

V& (R3] e

In this method, the current velocity inside theraiel can become higher than the
velocities outside the channel. This is consistgtit measurements in nature, for
example in the NEDECO study in 1983 for the dredgihan access channel to the
Port of Bahia Blanca, Argentina. [NEDECO (1983).]

In Fig.10.3 (next page) the relatiogiv; has been plotted for different approach
angles; the ratib,/h; is equal to 2 in this case. For simplicity, theé@h coefficients

C; andC; are taken equal. In the graphs, also the restfibysical model tests by

the Hydraulic Research Station Wallingford (1973)l &VL | Delft Hydraulics (1983)
have been plotted, together with the results ofaations with three mathematical
models by WL Delft Hydraulics (1985). From Fig.10.3 it can beicluded that
method aunderestimates the current velocities inside Hannel (especially for

small approach angles), whereasthod boverestimates the velocities (especially for
large approach angles).
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For a first approach, both analytical methods eanded. However, when more
detail is needed, the current velocities shoulddraputed using sophisticated
numerical models or be measured in a physical model

1.50

----------
i
LT

— ==

0.50

.....
~

-~

Analytical models
method a

—=—- method b

Physical models
o Wallingford [1973]

o WL|delft hydraulics [1983]
Mathematical models

a FRIMO
& WAQUA / ODYSSEE

0.00 T T

0° 30° 60° 90°
—— o (angle between current and channel axis)

Figure 10.3 Relationshipv,/v,

10.4 Wave pattern

When a wave field crosses a (dredged) channeleagrhenon occurs similar to a
current crossing a channel. Again, the phenomeerpemtls strongly on the angle
between the wave propagation and the channel axis.

When the waves are propagatpayallel with the axis of a wide channel, the wave
height above the channel will decrease somewhatalthe increased water depth.
The wave propagation velocity in the middle of ¢iannel will increase due to the
increased water depth, since:

c= \/a] (for shallow water) (10.13)

(For transitional water depths the propagation dméehe waves increases also for
larger water depths.)

This increase in wave propagation velocity willlgieurved wave crests.

When the waves are propagatpeypendicularto the channel axis the primary effect
is that the wave height above the channel will éase due to the increased water
depth. A secondary effect could be reflection efwaves on the edge of the side
slopes of the channel.

As with the current, the most complicated situatieours when the waves approach
the channebbliquely. Not only the wave height changes, but also thection of the
waves. The change in direction of the waves islamd the wave refraction
mentioned in Chapter 2. In this case, howeverntier depth increases instead of
decreases. For a certain (critical) wave approagteaand channel depth the
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incoming waves can become trapped inside the cthanesen return in the
direction of shallower depths.

10.5 Current-wave interaction

The situation becomes even more complicated ircdise of interaction between
waves and currents. This can be illustrated bga tthannel (see Fig.10.4). The
current direction changes with the tide. In thisafic case, the waves are assumed
to have a direction parallel to the channel axi® Tefraction depends on the tidal
phase:
— in case of an ebb current (current direction ogpdsi the direction of wave
propagation), the waves are refracted into the élan
- in case of a flood current (current direction arale/propagation direction
the same), the waves are refracted into the shetlaveas.

Ebb Flood
A
current
pattern
4
L — [ ﬁ —
_ — A = ;% A
N | | A
+\ﬂ N ,:/+ wave crest
A L —

Figure 10.4 Sketch of a tidal channel

As a result, there is more wave action inside thenaoel during the ebb phase and
less wave action during the flood phase in compangith areas next to the channel.

All these phenomena together imply a rapid changadiation stress components
near the channel. A new force balance should bedlated to determine the exact
direction and magnitude of the resulting curreAssthis new force balance is too
complex for theoretical treatment here, the addéialriving forces are neglected in
this course. If needed for practical applicatidghs,complex system of currents and
waves can be determined using numerical or physicalelling.
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10.6 Transport processes

Sedimentation (or erosion) in a (dredged) chammdetermined by a change in the
transport rate. The sediment transport can be elivid the transport of coarse
material (sandDso > 63um) and fine material (mud)so < 63um). Coarse material

is transported as bed load and suspended loadeadéne material is transported as
suspended load.

Bed load sediment transport can respond quite lsafmcchanges in the physical
conditions. The bed load transport is almost exeodlg determined by the local
velocity and bed shear stress conditions. This sé@at once the local current and
wave conditions have been determined, it is pas$tbtompute the local bed load
transport.

With the bed load transport known as a functiopasition in the area of interest it is
possible to compute the rate of erosion or sediatimt from the differences in bed
load transport. Although this computation is ratsienple, it would only be of
practical importance for channel applications ia tlase of negligible or constant
suspended load transport.

The suspended load transport is considerably mitfreudt to determine than the bed
load transport. The material in suspension isibisted over the entire depth at any
location. The local diffusion coefficiemt and the fall velocity of the materialare
important, but also advection and diffusion proess3his implies gradual settling
or re-suspension processes in case of changingtiomsd This means that the local
suspended sediment concentration at some poinhdsp the immediate local
conditions of turbulence and bed load, as welhaspast history of these
phenomena,; e.g. farther upstream.

Specifically, this means in the case of a curremtivmeets a (wide) channel, where
the depth suddenly increases, that initially thregpsnded sediment load will be
redistributed over the entire water column (susperghrticles remain in the stream
tubes to a first approach). Only a few sedimentigdas will reach the bottom, while
the current is passing the slope between bank attdnb of the channel. The
suspended sediment concentration (just) insidelibanel therefore depends
strongly on the suspended sediment concentrat&irupstream of the channel and
not, as is normally the case, on the concentratear the bed. The bed load transport
adapts more or less instantaneously to the conditielonging to the water depth
inside the channel. With time, while the currerpassing the channel, the suspended
sediment concentrations in the water column teradriew equilibrium based on the
changed hydraulic conditions inside the channetaBee of the increased water
depth, the concentrations will decrease. See atsad5.
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Figure 10.5 Sedimentation mechanism

For the determination of the suspended load trahgpdine material, the situation is
even more complicated due to the time- and conagottr dependent fall velocities.
As we have seen in Chapter 9, the fall velocitynofd changes as a result of
flocculation. This flocculation depends on sev@alameters, amongst others the
local concentration.

Finally, attention has to be paid to the possifiiects of the sloping sides of the
channel on the sediment transport. Due to graségjment particles resting on the
side slope are subject to a force which tries teertbem down the slope into the
channel. This mechanism is especially of importdocehannels which are nearly
parallel to the existing dominant current direction

For the computation of the sedimentation (or emsio or near a channel, different
methods are available. In the next section we giik:

— an approximation method to compute the extremes;

— a very rough approximation, which can be done mdha

— the principles of a more sophisticated solution.
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It should be noted that the two first approximatioethods are determined for coarse
sediments only. For situations where mud playsygortant role, or generally more
complicated situations, use should be made of nigalenodels based on physics, or
of physical models.

10.7 Sedimentation computation

10.7.1 Extremes

To obtain a first, relatively easy solution to awghel siltation problem, it is

suggested to determine the limits of the channeptmaogical changes. The basis
for the determination of these extremes will be(t@culated) sediment transport
rates holding for the steady state situations alieedank and inside the channel.

The first step is to evaluate the physical condgiat several places. Several points
along the direction of the dominant current shdaddused, of course both inside the
channel and in the shallower areas.

The second step is to evaluate the bed load trarspd the suspended load
transport separately at each chosen point. Thisng under the (incorrect)
assumption that the conditions are only slowly cfiam

Finally, the sedimentation or erosion of an arealmafound by examining the
changes in transport rates between the choserspoint

For the bed load transport, this method yielddyfaiccurate sedimentation or
erosion rates, as the bed load transport adapt&lguo new hydraulic conditions.
This is not directly the case for the suspendedrseat load transport.

The maximum values for deposition or erosion dusugpended material are found
from the differences in the (calculated) suspersatiment transport rates in the
chosen points. This yields indeed maximum valuesléposition, as in the
deposition area the actual suspended sedimenptranates will be larger than the
equilibrium transport rates. In the erosion areaabtual suspended transport rates
will be generally smaller than the equilibrium tsgort rates.

Minimum values for sedimentation and erosion atemébfrom the assumption that
no change in suspended sediment concentration péées in the considered area.

The values for the minimum and maximum rate of dé&jmm or erosion can now be
computed from the bed load transport effect plessispended transport effects.
Hence, the minimum rate of deposition or erosidiofes directly from the change
in bed load transport rates, whereas the maximyposigon or erosion rate follows
from the summation of the change in bed load trarisptes and the maximum
expected change in suspended transport rates.

The actual values of the deposition and/or erosates (in case of suspended
transport) depend strongly on the sediment sizbeararea and the ‘width’ of the
channel measured in the direction of the dominameat. For small grains (with
low fall velocities) and/or channels with a smaitith, the actual rates of deposition
and/or erosion are small, whereas for larger gr@uith higher fall velocities) and/or
wider channels, the deposition and/or erosion rarteselatively high.
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10.7.2 Rough approximation

For a more accurate estimation of the deposititmireside the channel use is made
of the equilibrium sediment transport capacity loe $hallow area and inside the
channel. If the channel is wide enough (seen irditextion of the current), after a
certain distance, the sediment transport rate bes@qual to the sediment transport
capacity based on the local hydraulic conditioe® (8ig.10.6).
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Figure 10.6 Sedimentation rate in a wide channel

For the transition between these two equilibriumditions, often an exponential
behaviour is assumed:

b.l.os,l_ bzqsx :(1_e—Ax) (1014)
blos,l_ bzqs,z
where:
b;, b,  width of stream tube (resp. in the shallow area
and in the channel) [m]

0s.1, Os2 Suspended sediment transport per unit width
(resp. in the shallow area and in the channefygjm]

X distance from channel side slope in the direction
of the current [m]
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A coefficient [m']

The coefficientA depends on the fall velocity of the sediment. ¥asiauthors give a
solution for the computation of the exponentialdiion, amongst others Mayet al.
(1976), Lean (1980), Bijker (1980) and Eysink arefivaas (1983). More
information can be found in Van Rijn (1993).

It should be noted that these solutions are orlig ¥ar the deposition of material at
the upstream side of the channel; not for the ptessirosion at the downstream side.
Thus, the application of these formulae may leagnt@verestimation of the total
deposition in the channel.

10.7.3 Sophisticated solution

For a more detailed theoretical description of segiitation (or erosion) under
conditions of changing depth, more variables haveetincluded than those
discussed in earlier sections. In order to maketeebtheoretical approach possible,
three assumptions have to be made:

- No flow separation occurs on the side slopes ottt@nel; the current
streamlines near the bed follow the slope; thi$ véltrue for channels with
side slopes not steeper thah7.

- Flow streamlines remain horizontal (except whilegpag the slope between
bank and bottom of the channel). This implies thatsuspended sediment
is only moved along the streamline by the curremitty, in turn, can cause
no direct sedimentation.

— The rate of turbulence, characterised by the ddfusoefficients, adapts
instantaneously to each new situation.

A fourth assumption, of an instantly varying bottooncentration, is quite common
in literature, but is in fact not so evident awduld appear, at least not in cases with
deposition. In principle, the initial concentratie@rtical can contain more particles
than the equilibrium vertical. The ‘extra’ partislbave to settle (sedimentation), so,
consequently, the particles have to pass througjbdttom transport layer.
Temporarily, this could mean a higher than equililor concentration than associated
with the boundary conditions.

In the following, the equations of (sediment) coaity and motion are given,
together with the boundary conditions necessargdolve the equations.

Equation of (sediment) continuity

We consider a volume of water above the area wdnsezlimentation prediction is
required. The block has a width perpendicular &ftbw of one unit, a heightz and
a length in the direction of the flow dk (see Fig.10.7). The equation of continuity
of this block is given by:

v@ = Wa—c+i asﬂ: (10.15)
0x 0z 0z\ "0z
where:
% current velocity [m/s]
c suspended sediment concentration 3/ ior

& diffusion coefficient [M/s]
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w fall velocity [m/s]

EqQ.(10.15) can be rewritten as:
0 0
—S dxdz — X))z dxez0 10.16
ox (%2 0z ) ( )
where:
S(X,z) horizontal transport of suspended sediment
S(x,z) vertical transport of suspended sediment
(positive downward)
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Figure 10.7 Continuity equation

Equation of (sediment) motion in vertical direction
For the vertical transport of sedimejtwe can find:

5,(x 2= viog x y-, %022

\ %9 10.17
7 (10.17)

In a steady state situation the vertical transgsazero,S, = 0. In that case, Eq.(10.17)
results in (the already known equation, see e.d9EQ):
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ac(x 2)

m —_
wie(x 2 -&, 5

Equation of (sediment) motion in horizontal directi

The horizontal suspended sediment transport isrdated by the resulting water
velocity v and the concentratian

S(x3=\Yxg€x) (10.19)

Boundary conditions

To resolve these equations, boundary conditionseeeed at the free surface and at
the bottom. At the free surfaces h, no sediment is added or removed, so
Eq.(10.17) reduces to Eq.(10.18):

wie(x h)-¢, oc(x h) =

0 (10.20)

For the boundary condition at the bottom, the feitty possibilities are suggested:

— In the case of increasing water depth, the (uwkn@ctual bottom concentration
is larger than the equilibrium bottom concentratiens found in steady state
relations. Therefore, sedimentation takes place.ddundary condition in this
situation is often given by:

Jac

{EL:O:SV(xZ): v x ¥ (10.21)

— Sometimes, the bottom concentration is assumdutdotly adapt to the new local
conditions. In that case the boundary conditiothatbottom is given by:

c = ¢,, with ¢, computed from bottom transport formulae (10.22)

Several authors describe the numerical integrationedures needed to resolve this
set of equations, amongst others Kerssens and Wa(1R77) and Van Rijn (1986).

Another option is to simplify the aforementionednfmilae in order to find a solution
using a simple calculator or even by hand. Thteésapproach Bijker (1980) used.
He separated the effects of suspended load ankbadedThe bed load was assumed
to follow the physical changes directly. The susjgehload was assumed to follow
more slowly. So the reference concentratipnsed in the formula for suspended
sediment transport can differ from the one usetiénbed load transport formula. In
effect, Bijker resolved the solution in a similaayvas the rough approach described
in Section 10.7.2, with an exponentially changingpgended sediment transport rate.
This relatively simple methods yields result withaccuracy of approximately 10%
in comparison with the WL | Delft Hydraulics’ mod@UTRENCH [WL | Delft
Hydraulics (1977)].

With sophisticated computation models like Delft8d MIKE 3 also sedimentation
(and erosion) calculations can be made for chanmelsnon (2005) shows rather fair
agreements between results of calculations an@latieasurements. [In Tonnon's
simulations the morphological behaviour with tinfesand dumps (instead of a
channel) was compared with calculations.]
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11 Coastal Protection

11.1 Introduction

The transition between sea and land (waterlin@sttioe) is never a fixed line along
our (sandy) coasts.

Seen at a short time scale, e.g. scale of tidé&tans, the waterline continuously
shifts in landward and seaward direction. Thiseed-known example of the
natural behaviour of our coasts and is often cameitlas an intriguing feature of our
coasts.

Seen over a longer time scale, many coasts alltbeeworld show a structural,
gradual and continuous accreting or eroding tengdéalthough also stable coasts do
occur). Pure natural (autonomous) reasons, or mdunced reasons might cause this
behaviour.

While accreting coasts are welcomed in most cageséstal zone managers and by
people living near the sea, eroding coasts bolieepéople. Valuable land with most
likely various existing interests, will be lost.

How to deal with eroding coast problems is a mapid of this chapter. Selecting a
proper approach for a protection scheme calls, kiewdor a detailed insight in the
real causes of the actual erosion problem adeltisSo also some reasons for
erosion problems will be discussed.

Although important, eroding coasts form as a matteourse only a restricted class
of coastal engineering problems. Also problems tikastline stabilization (e.g. near
tidal inlets), widening of (recreation) beaches esdliction of erosion during a
severe storm surge are typical examples of probterbs resolved with the help of
coastal engineering knowledge and coastal engimgésbls. Such problems are
mainly discussed in Chapter 12.

Coastal systems are generally vulnerable systeénssvéry easy to harm such a
vulnerable system with thoughtless surgery. Thiis ¢ar a skilled and powerful,
and, that is very important, a legally backed systé Coastal Zone Management.

In Section 11.2 some examples of coastal eroseealt with. In Section 11.3 the
fundamental approach of coastal protection is dised. A few remarks on Coastal
Zone Management are made in Section 11.4.

In the discussions in the present chapter and €hagtalso the various coastal
engineering tools to achieve the aims are discustedl be argued that these aims
must be well-defined. Without well-defined aims aeadequate solutions to coastal
engineering problems can be found.

It is good to realize that our earth exists forwthh5 billion years. During most of
this time pure natural developments shaped an@peshour coasts. At some places
new land was created; at other places erosion at.ulowadays coastal accretion
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is often felt 'good' and erosion 'bad'. In the plasse notions did not exist. Accretion
was not better than erosion or vice versa.

Since say 45,000 years 0.001 % of the age of the earth!) mankind livihong
coasts is faced with the caprices of the evolvisiesns (coastal behaviour). Since
mankind has to do with this behaviour, value judgets play a role. Often e.g.
coastal erosion is felt annoying and bad. Mankiading for instance a 'bad’
structural eroding behaviour of the coast, showmareasing assertive attitude with
time. The next notions might be discerned in seqeef time since mankind got in
trouble with eroding coasts:

— Itis a pity; we must pull down odrumble hutlose to the sea and rebuild
the hut just a little bit farther landward; thahiature.

- Itis a pity, but we notice some trends; it is €leto take past developments
into account while choosing a new place for but

- We don't like to replace omice hutevery moment; it would be nice if we
could do something; but we realize that it is stilpossible.

- Rebuilding outhouseevery time becomes very annoying; we must find
some tools to protect us; let us try somewhat to do

- Houses, roads and infrastructuage at stake; we can spend some money to
protect us; various tools have been developed; sathe kind of a trial-and-
error method we will see which tool might serve gaals.

- Large hotels and many tourist facilitiésce the consequences of a 'bad’
behaviour of the coast; an integrated protectitrese based on scientific
research will do the job.

- The coasmustbehave according our wishes and rules!

We must be very careful with the last attitude pAgsent, applying the best of our
knowledge and experience, we are able to dealtefédg with coastal systems.
However, some modesty remains highly recommended.

11.2 Coastal erosion

11.2.1 What is coastal erosion?

Considering a (still) more or less natural streith sandy coast (so without any hard
structures) a cross-shore profile, seen in seadiagdtion, consists out of the
mainland or dunes at a level well above mean sex (81SL), an often rather steep
mainland or dune face, a beach and a shorefac€&igdd.1 for a schematic cross-
shore profile. In Fig.11.1 also two vertical lireasd a horizontal line have been
indicatively sketched; these lines and the positibthhe actual cross-shore profile
enclose a so-called control volume area. The dewabmts of the volume V (in

mm) with time of this control volume area, is fiethused to explain some typical
features which might occur along a coastainland or duness further written in

this chapter amainlandonly.)

Let us look at the erosion of the mainland, soroftee most valuable part of a cross-
shore profile to mankind. The very seaward pathefmainland sometimes carries
valuable properties like houses and hotels or stfuature like roads and car park
areas.
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In fact two entirely different processes might @lass of mainland, viz. dune
erosion during a severe storm (surge) and structuoaion.

: A

= plan view

— coastline
/ dunes/mainiand

land A

beach
MSL

shoreface

control volume

Figure 11.1 Control volume

11.2.2 Dune erosion (see also Chapter 7)

During a severe storm sediments from the mainlaudugoper parts of the beach are
eroded and settled at deeper water within a simoet period; this is a typical cross-
shore sediment transport process. Often a stoatciempanied with much higher
water levels at sea than usual (storm surge) awdnatich higher waves do occur.
While under ordinary conditions the shape of asisisore profile might be
considered to be in accordance with these normrmaditions (‘dynamic equilibrium’
shape), under storm (surge) conditions the irsti@pe before the storm can be
considered to be far out of the equilibrium shajpéctv belongs to the severe storm
conditions. Profile re-shaping processes will occausing erosion of sediments
from the mainland and the settlement of these saulisnat deeper water again (see
Fig.11.2 next page). Notice in Fig.11.2 that thetod volume does not change by
the storm surge processes. Although this phenomeribcause loss of mainland, to
a first approximation no loss of sediments outhef ¢ross-section occurs; only a
redistribution of sediments over the cross-shoodilprtakes place during the storm.

After the storm generally a recovery towards thgioal situation will occur due to
the processes under normal conditions. Of courgera#ng on the characteristics of
the storm, erosion rates of several metres pertésan per dayhave to be
considered.

These episodic events do occur along all typesas$ts (along structural eroding,
stable and even along accreting coasts).
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Figure 11.2 Dune erosion due to storm

11.2.3 Structural erosion

Structural, long-term erosion yields a gradual lofssediments out of a cross-shore
profile. Looking at the volume of sediments in ttoatrol volume area as a function
of time, we will see a diminishing tendency witiné. A gradient in the longshore
sediment transport is often the reason of structumsion. See Fig.11.3 for the
development with time of an eroding cross-shordilprd\otice the change with

time of the control volume. Notice also that thantend is eroding as well, although
the longshore sediment transports, and so theagridin the longshore sediment
transport, do not occur at the mainland level. Higl shows the loss out of a control
volume. (See Example 11.1 for an explanation ofdéfetionship between the annual
loss of volume out of a cross-section and the amat of recession of the
coastline.)

cross-section A-A t=to

MSL

control volume

Figure 11.3 Structural erosion
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Figure 11.4 Volume loss out of control volume dueptstructural erosion

Example 11.1

In Fig.11.3 a typical structural erosion case heenbsketched. Two cross-shore profiles h
been indicated, representing the position of tlodilps at two different moments. To a first
approximation it can be assumed that the shapeegfrofiles are identical (the boundary
conditions; e.g. wave climate and tides are theesaheed). The one profile can be found
from the other by a horizontal shift. It is assuntteat not only for example the waterline
shifts in landward direction with a certain speeat, that this holds in fact for all depth
contours.

If on an average the waterline shows a recessiomiyear, the annual loss of volume out
of the control volume aredV (m*/m.year) is r times (h + d); see Fig.11.3 for tleérdtion
of h and d.

The dune height d with respect to MSL is easy tem&ne. The under water part of the
cross-shore profile h which has to be taken intmant is more difficult to determine. Ofte
the depth of the so-called active part of the peai taken as representative. The depth
belonging to the active part of the profile is tethto the annual wave climate. A first
approximation for depth h can be found by multiptythe significant wave height which ig
exceeded for one day a year, with 2 - 3. With dqitzfile measurements often a more
accurate estimate of h can be determined.

In Fig.11.4 the development of the volume V of thatrol volume area with time of cross+
shore profile has been given. The slope m = dding.year) is in this case a measure of
the gravity of the erosion problem

A similar figure like Fig.11.4 can be made of tkeession of the position of the waterline
(in m with respect to a reference point) with tiofean eroding profile in a structural erodir]
part of the coast. The slope r (m/year) is a meafirthe erosion rate.

From a morphological point of view representingséwno rates according to volumes is
preferred above a representation according tordista

ave

g

Example 11.1 Rate of recession versus volume rateayosion
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While the associated longshore sediment transfakésplace in the ‘wet' part of the
cross-shore profile, at the end of the day, aleathinland will permanently lose
sediments. This can be understood by taking th&@rgrocesses during a(n even
moderate) storm into account. In a (seen over deumf years) stable condition the
erosion of mainland is in fact only a temporaryslds a structural erosion case this
is (partly) a permanent loss. Sediments eroded frenmainland during the storm
and settled at deeper water are eroded (by theegitaid the longshore sediment
transport), before they have the chance and tinbe twansported back to the
mainland. Although it looks like that the stornthe reason of the (permanent)
erosion problem of the mainland, in this case tiiea reason is the gradient in the
longshore sediment transport. The storm is onlyetconsidered as a necessary link
in a chain of processes.

Structural erosion rates are often in the ordenafnitude of a few metres per year

To overcome erosion problems related to either @wasion or structural erosion,
calls for quite different counter-measures. A calbabne manager must be aware of
this.

For people living along the coast the distinctietveen both causes for erosion is
often not so clear. In both cases it looks like tha storm is the malefactor. During
a storm actual damage at the mainland will ocauthé structural erosion problem
the storm is, as said, only a link in the variotscpsses.

11.2.4 Possible causes of structural erosion

In order to select a proper scheme to protectgtstral eroding stretch of coast, it is
necessary to understand the cause of the erosabiepr. Principally pure natural
and man-induced causes are to be distinguishedrématural morphological
development of a part of the coast is often calgidnomous behaviour. What looks
like an autonomous behaviour at present, is in stases in fact (the tail of) a man-
induced development started a long time ago. Sdi#imction between both is not
very clear in many cases.

A convex stretch of coast under wave action it example of a natural,
structural eroding coast. (See Examplel1.2.)

Classical examples

Three classical examples of man-induced structrmdion problems are mentioned
here viz.:

- building a new port along a sandy coast;

— stabilization of a river mouth / tidal inlet;

— coastal erosion due to changes in river charatitsyis

New port

Building a port with two long breakwaters alongaady coast with a net longshore
sediment transport in a given direction (e.g. ffyerar), induces two typical
morphological features at the updrift and the dawhside of the port respectively.
The downdrift side is relevant for the structunasson discussion.
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Example 11.2

Consider a part of a sandy coast; a few kilomdtneg. In plan view it refers to a convex
coast (see sketch below). In the sketch only thenlae is indicated, but it is assumed that
the depth contours are more or less parallel toveiterline. Waves approach the coast as
indicated in the sketch. Along the part of the t@ashas been plotted, the angle between| the
wave crests and the orientation of the coast is @va&nging. Longshore currents and
longshore sediment transports [S: e.g. ffyear] are generated. In the sketch the magnitude
and direction of the longshore sediment trans@desrare schematically indicated. Gradients
in the longshore sediment transport rates seermdar ¢dS/dxz 0 in ni/myear]. Due to the
gradients loss of sediments out of the control nawarea (see Fig.11.1) occur; volume V
(m*m) is diminishing [dV/dt = dS/dx].

%/ waves

—r

increasing sediment transports

Example 11.2 Convex coast

A net longshore sediment transport is assumeddoran this discussion. For
understanding the morphological response of thetabaystem to the construction
of the breakwaters, it makes sense to make a distmbetween cases without and
with serious tidal currents.

Withouttidal currents effects, the net longshore sedirtransport is mainly
confined to the surf zone (sediment transports umxaf wave driven longshore
currents). With long breakwaters the sediment partanight be totally interrupted.
With serious tidal current effects, the (net) longstsm@ment transport is spread
over a much wider part of a cross-shore profile thaly the surf zone. Even rather
long breakwaters will not totally interrupt the gadnt transport.

In the next discussion a case without serious @ffatts is the starting point.

Updrift side
The updrift breakwater interrupts the longshordrsedt transport; accreting of the

beaches and mainland will occur at the updrift siithe new port. (See also Section
6.4.) In many cases this gain of land is welconadiggr some time after the
construction of the port this new land can be dseéxample for an extension of the
port. On a long run, however, also the accretidg sif a port will create problems as
well. As soon as the accretion of the positionhef waterline approaches the end of
the updrift breakwater, sedimentation of the apginazhannel to the port will occur.
A safe entrance to the port will be hindered. Sgelk.5 (next page) for a sketch of
the developments of the coastline near a port.
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Downdrift side

At least in the first years after the constructidrthe port, no (or hardly any)
sediments will pass the breakwaters. Because alivadrift side of the port the
original (undisturbed) longshore sediment transfakeés place again, while no
sediment is passing the breakwaters, large gradiemdngshore sediment transport
do occur at the downdrift side of the port. Masswesion occurs at this side; the so-
called lee-side erosion. This downdrift erosion typical example of a structural
erosion process. Year after year the volume ofnsenis in the control volume area
in a cross-shore profile is decreasing. This distiimg tendency of the control
volume, which is typical for structural erosiongigpressed in per year. Sooner
or later the lee-side erosion will harm interestsated at the downdrift side of a port.
Building a new port at the given location, undoualbgewill serve an important goal
for the socio-economic development of a countrythiaultimate decision making
process, the adverse effects of the port to thendaf side have to be taken fully
into account. If the unavoidable lee-side erostonriwanted, adequate counter-
measures (preferable for account of the port ptpjeve to be taken. A proper
system of artificially sand by-passing has to besttered as a serious option.

S=0

S—

s5e€aq

S mS3/year

%/ waves

—

land

area with typical structural
erosion

Figure 11.5 Developments of coastlines near port

Stabilization of a river mouth / tidal inlet

Similar accretion and erosion features like inghevious example, are to be
expected if one likes to stabilize a natural rieyuth with two jetties at both sides
of the mouth. In the following description mainlyar mouths are considered, but
some similar processes occur and similar effeedabe expected if one likes to
stabilize a tidal inlet.

Let us assume a modest river flowing out in open $ae position of a fully natural
river mouth is often unstable. Accumulation of seelints at one side of the mouth,
while forming a growing spit with time, togetherttvthe discharges through the
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mouth, cause erosion of the other side of the mdtth position of the mouth shifts
with time along the coast in the direction of thet longshore sediment transport
along the coast. The river flows, landward of thit, smore or less parallel to the
coast for some distance. By the growing spit, @mgth of the river becomes longer
and longer with time (see Fig.11.6).

A(/‘/ waves

accretion erosion

s =" s

7

waves
o
growing spit
S mmlpy \

Figure 11.6 Spit and river mouth

When a rather long spit has been formed, oftensalimeak-through occurs
somewhere at the updrift side of the spit. Dud&increased length of the river, the
water levels in the river behind the spit increaseal with a rather large discharge in
the river (e.g. during a wet season), such a btieadugh of the slender spit is to be
expected. This is a periodic process for a fulliure river mouth. Existing interests
at the eroding side of the mouth (roads, buildingeyl the desire to have a fixed
entrance to the river for shipping (yachts; fisheegsels) call for stabilization. So
two jetties at both sides of the inlet will serbattgoal (see Fig.11.7 next page). We
assume that the position of the river mouth antleenent of stabilization is at a
'pleasant’ position out of the many possible passtiof the river mouth during a full
natural cycle. Without an adequate sand by-pagersyshe induced erosion at the
downdrift side of the jettied inlet is also a tyaliecnan-induced structural erosion
problem.

At a first glance the (yearly) growth of the spiigint be considered as useful
measure for the annual net sediment transportwBeea however, that in natural
systems often only a part of the annual net seditnansport is 'used’ for the growth
of the spit; the other part by-passes at a natnaainer. If these features are not taken
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properly into account, the rates of accretion aigien after stabilization, might
become surprisingly large.

Also in the case of stabilization of a river mouotttidal inlet, a comprehensive
decision making process has to be carried outygaiimary aims, but taking also
the possible adverse consequences into account.

jetties

)(// waves

S m—p

7

Figure 11.7 Stabilized river mouth

Changes in river characteristics

In a still fully natural situation where a (smaiNer brings year after year sediments
into the sea, the coast in the vicinity of the rigatlet is ever growing in seaward
direction. The sediments from the river are disttélnl by the longshore sediment
transport processes along the coast, while the oaser growing. In plan view
such a river-sea system is often to be noticedcaack in the orientation of the
coastlines at both sides of the river outlet. (Bigell.8 for a sketch of the
development with time.)

Man-induced changes in the characteristics ofitleg (e.g. serious sand-mining in
the river-bed, or damming of the river for irrigatior hydro-power purposes), might
change the natural accreting tendency of the é¢oast eroding tendency of the coast
in the vicinity of the river outlet. When this oasuit is also to be considered as a
typical structural erosion problem for some stretchf the coast.

In all cases as were mentioned (natural and maumeed), the control volume in a
cross-shore profile is reducing with time; soonelater also the interests at the
mainland will be endangered.

Coastal erosion due to a severe storm and/or stalarosion calls often for some
counter-measures (coastal protection). The posbilvill be briefly discussed in
the following section. Chapters 12 and 13 deal witire details.
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Figure 11.8 Developments of coastline near river dilow

11.3 Protection measures

11.3.1 General

First of all it has to be stressed that with a progystem of Coastal Zone
Management, some troublesome coastal protectioesssan be avoided. If, for
instance, it is not allowed (and the legal systeimble to compel this!) to build too
close to the brink of the mainland, a lot of (feuproblems with respect to erosion
due to severe storms and even due to structursiber¢for the time being), are
avoided. With well-defined (and maintained) setlbkes, the risks of damage to,
and losses of, properties are reduced.

Furthermore it is not excluded that as a resuét cbmprehensive, but most
important: a honest decision making process,deisded to renounce an intended
project because of the too large adverse effeseswblere along the coast.

11.3.2 Mitigation effects severe storm (surge)

'Hard' solutions

If it is felt that e.g. an existing house or anstixig hotel is situated too close to the
sea, and one likes to reduce the chance of dameg®d severe storm surge (see
Section 7.4 for a discussion of the dune erosioggsses), in fact the only
possibility to reduce the risks of an existing ting is to protect the site by a
revetment along the face of the mainland or byaavadl. (See Example 11.3 next
page, for some remarks about chances and risks.)
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Example 11.3

Chances, consequences and risks

Some (coastal) events cause damage to propertiegresion of dunes during a severe
storm surge if close to the brink of the dunes beus hotels have been built. Given the
position of e.g. a house on top of the dunes, tbgists a certaichancelper year] that the
house will be destroyed during a storm surge. @iagruction might be calletbnsequence
[expressed in money and/or losses of life in soen®gs cases]. Chances as well as
consequences might vary from case to case. Indlytsne might understand that an event
with a rather large chance, but with small consagas could be more or less comparable
with an event with a rather small chance, but \Wtlye consequences.

The notionrisk takes that into account, viz.;

risk = chance x consequence

The unit of risk is in simplified form: [amount afoney per year]. In management issues
notion risk is a far better parameter than e.gncha

The outcome of a risk calculation might serve fissarough estimate of the money one h
to save on a yearly basis (and put that moneysaieabank!), in order to be able to pay th
costs of rebuilding of the property involved fromme to time. (Average period between tw
rebuilding operations; return period: 1/chancetfuyear].

Consider a house (value: EURO 500,000) on topeotitines at a position that the chance
destruction is 1/500 per year (according to Figt@eddistance between the house and the
brink of the dunes is then20 - 30 m). The risk for the owner of that houstherr EURO
1000 per year. The owner of the house has to maké@personal choice whether a nice
sea view is worth about EURO 3 per day!

If the same house, assuming having the same Valiieh@at is quite questionable, since sg
view houses are much more expensive than companahlsea view houses), is situated &
position with a chance of destruction of 1/5000ymar & 25 m more landward) the risk is
only EURO 100 per year.

the

AS

D

of

a
at a

Example 11.3 Chances, consequences and risks

Revetments or seawalls, if well-designed to withdtthe storm attack, are
physically able to protect the properties builtret mainland. In the unprotected
situation sediments from the mainland are transpaxdwards deeper water during

the storm. If by the revetment or seawall sediméots the mainland are denied to

join the physical processes, erosion of the beajcise¢sn front of the revetment or
seawall will occur, causing deep scour holes. Withchoice of the foundation dep
of the revetment or seawall, one has to take téspmenon into account (see
Fig.11.9).
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erosion pit in front of seawalf

storm surge level

pre-storm what depth ??

Figure 11.9 Scour in front of seawall

Revetments and seawalls are so-called 'hard’ stesctThey might be applied in this
special case, provided that the storm (surge) gtiote problem is the only issue for
this stretch of coast. So it refers in fact toabkt part of the coast (stable: seen over
a number of years) or an accreting part of thetcdfa@lso) structural erosion occurs
along the stretch of coast under consideratioretregnts or seawalls camno way

be selected as the only protection measure. (SeeSaiction 11.3.3.)

'Soft' solutions

Besides 'hard’ solutions, also 'soft' solutionshiig principle be selected as a
possible solution in this case (reducing the chauat@lamage during a severe storm
surge). By artificially widening the mainland ineseard direction, the risks might be
relieved. However, this calls for rather large vo&s of sediments, because not only
the face of the mainland has to be shifted in sedwdi@ection, but also at least the
active part of the cross-shore profile. Furthermeotgoft' solution must in this case
be applied over a rather long distance alongsigrplying a 'soft' solution only
locally, calls for a large maintenance effort bessaaf the redistribution processes in
both alongshore directions of the artificial nobrsents.

Widening (and perhaps heightening) of the mainlathahes in seaward direction
might cause loss of undisturbed sea views of thet seaward row of houses and
hotels. Although the widening measure was primarigant for the owners of these
buildings, they might be unhappy with this solution
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11.3.3 Mitigation effects of structural erosion

'Soft' solutions

Structural erosion means in fact the gradual Iés®diments with time out of the
control volume (see Fig.11.3). Sooner or lateramdy the foreshore is loosing
volumes of sand, but also the beaches and mainddritie end of the day also
properties built at the mainland will be lost. Aidial nourishments, but certainly to
be repeated at a regular time basis, and to béncewak for ever, are nevertheless a
perfect solution in many cases. The occurring lesse to be refilled from time to
time. Seen over a number of years the averageigosit the coastline will be stable.
Because artificial nourishments, to a first appmadion, do not interfere in the
occurring sediment transport processes, this methsdo be applied for ever
indeed.

The source of the fill material (borrow materialjight be outside the nearshore
coastal system, or inside the coastal system.ditetiter case a perfect source of
borrow material would be for example the accumulatediments at the updrift side
of a new port which interrupts the occurring longghsediment transport. (Applying
a sand bypass system.)

Sometimes it is felt that artificial nourishmenhemes are too expensive for
developing countries. Good alternatives (if any®@)at the long run in many cases,
however, even more expensive. More details abeuagiplication of artificial
nourishments can be found in the special issuatditial nourishments oCoastal
Engineering(1991).

The structural erosion of the upper parts of tlssishore profiles (beach; mainland)
is the most visible, and striking phenomenon. Taawrish just the upper part of the
profile seems consequently logical. However, asarishing the deeper part of the
cross-shore profile (shoreface nourishments) &utfie requirements. By
redistributing cross-shore sediment transport meeg also the upper part of the
profile is fed at the end of the day. See for ndwtails Chapter 13.

'Hard' solutions

If the structural erosion problem is due to a geatlin the longshore sediment
transport §S/dx# 0; S annual sediment transport ratealongshore coordinate),
with the application of 'hard' solutions to thestom problem, the coastal zone
manager intends to interfere into the occurringreedt transport processes. If the
protection measure is properly designed, the gnadliethe longshore sediment
transport along the part of the coast to be pretggust vanishesd&/dx= 0). In
Example 11.4 some basic notions regarding the @giin of 'hard' solutions in case
of a structural erosion problem are outlined.

Series of groynes or series of shore parallel ofislioreakwaters are able to interfere
into the sediment transport processes. So in pimt¢hey might ‘work’ as a tool in a
protection scheme. Application requires, howevaeliffecult process of fine-tuning

of the design layout. An unavoidable consequenaeweéll-designed protection
scheme in the stretch of coast to be protectdtigisee-side erosion.
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Example 11.4

S ()

distance along coast

Consider a stretch of coast of several km includimgrt A - B . The coast shows structural

erosion. Year after year the coastline retreatet@t A - B is considered as a very importd
part of the coast; e.g. houses, hotels and infretsire are present there. Without counter-
measures sooner or later these valuable properilidse destroyed because of the
continuous erosion.

One likes to resolve the erosion problem in strételB with the help of 'hard’ structures.
[Left from A and right from B it is not (yet) necssy to combat the erosion problem.]

In the sketch above the distribution of the (lorggsfh sediment transport along the coast |
been given; distribution (1). Going from left tghi the transport increases, yielding a
positive gradient in the longshore transpatS(x)/ dx = positivg This gradient in the
sediment transport distribution is the reason ghatlual erosion occurs.

A 'better' sediment transport distribution (at tdas part A - B) might be distribution (2). In
part A - B the sediment transport is consta@(k)/ dx = ; with distribution (2) no erosion
would occur in part A - B anymore.

In order to achieve the 'better' distribution; tias to interfere in the occurring transport
processes. With the help of 'hard' protection t@elg. groynes; detached shore parallel
offshore breakwaters) one is indeed able to interifethe transport processes, but from tl
sketch it will become clear that tuning is quitéidult. If along part A - B indeed
distribution (2) is achieved, from the sketch iaiso clear that the 'solution' for A - B is at
the spent of the part of the coast right from Beigased) lee-side erosion.

Distribution (3) reflects a situation where theitun(probably) failed; even accretion in pal
A - B occurs, but more lee-side erosion is expected

Distribution (4) reflects a case where the intenfee of the 'hard’ protection system was 1
large enough; the erosion rate has been reducedtilbgome erosion will occur in stretch
- B.
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Example 11.4 Basic notions ‘hard’ solution of struttiral erosion

Downdrift of the protection scheme (with reducedgshore sediment transports),
the original sediment transport rates do occurs Téads to large gradients in the
longshore sediment transport (much larger thamtiggnal gradients), causing the
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lee-side erosion as was mentioned. While protedhigcoast in the area of interest,
in fact this is achieved at the spent of the cpesttoutside (at the lee-side of) the
area of interest. While applying series of groyoeseries of shore parallel offshore
breakwaters, the coastal zone manager has tohage tadverse) consequences fully
into account in the decision making process. Offtese types of protection
measures are too rashly applied.

From the notion that, when 'hard' structures apdieghas a tool to resolve a
structural erosion problem due to a gradient indingshore sediment transport, one
has actively to interfere into the occurring tram$processes, it is easily understood
that the application of revetments or seawalls @l face of the mainland, do not,
and cannot 'work' properly. Under ordinary condiidhe revetments or seawalls do
not interfere into the transport processes. Theyoatside the reach of the waves and
currents at sea which are causing the (gradiahieinlongshore sediment transport.
Under ordinary conditions the loss of sedimentsaduhe control volume of a cross-
shore profile continues. Only during storm condifidhe parts of the cross-shore
profiles which are 'protected’ by revetments ongdia, form an integrated part of
the entire, then active, cross-shore profile.

While the mainland is physically protected fromston, the erosion of the beaches
continues. Due to cross-shore sediment transpocegses the beach sediments are
transported towards deeper water and next erodéoebyradient in the longshore
sediment transport. After some time all the beatia®® disappeared. The attack to
the revetment or seawall occurs more frequentlyismauch heavier than just after
the construction of these structures. (At the toheonstruction still a beach was
present in front of the revetment or seawall.) @ttee level of the foundation is not
designed at these conditions after some yearsjameége and collapse of the
structures will take place.

While it is quite clear that the application of eéwents or seawalls in a structural
eroding coastal problem is an inherent 'bad' smiyit is a pity to observe that they
are so often (wrongly) applied in practice. This b& considered as a blot on the
reputation of our coastal engineering profession.

11.4 Coastal Zone Management

A skilled, powerful and legally backed system ofaGt@al Zone Management can
avoid many coastal erosion related problems irréutén experienced coastal zone
manager is able to overview most of the coastaheging issues associated with
the further developments of the coastal zone. inescountries (in most cases as a
long lasting learning process) suitable systen(gntégrated) Coastal Zone
Management (ICZM) are in operation at present.

Coastal Zone Management is a profession that hgstamt developed generally
accepted methodologies and techniques. One ofobsipge ICZM frameworks is
characterized by five key words (the so-called *5Abproach”):

— issues;

- information;

— infrastructure;

- ICZM process;

- interaction.
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This division was first introduced by Chua (1998Qgraphical representation was
developed by the Coastal Zone Management CenfdrérHague. It includes the
above five components of ICZM and defines a sarigshases, together with the
tasks that should be performed for each phasemplsied version is given in
Fig.11.10.

Monitoring the natural environment ¢

d

NATURE

e —

l Issues

Infrastructure
Institutional
infrastructure

Technical

STAKEHOLDERS

»

Monitoring the human environment

ICZM FRAMEWORK
The 5iapproach

Figure 11.10 Graphical representation of the '5 I-pproach’

The interaction between nature and man is thersggobint of the framework. It
defines thassueghat will be addressed by ICZM. These are genedsfjned

during an inception phase of a project. The impueof the issues is determined by
informationon the state of the natural and human environnTémis. information is
collected by monitoring of the respective enviromtseunder the guidance and
control of theinstitutional infrastructure Hereto, the monitoring system is used that
is part of thaechnical infrastructureCollected data flow back into the institutional
infrastructure and is used as a basis for managesgtons. The resulting technical
and administrative actions are indicated by thel botows in Fig.11.10. They are
effectuated through the technical and institutionftbstructure respectively.
Together they are the inputs for l@&ZM ProcessThe right box in the figure shows
the stakeholders. The arrow showsititeractionwith these stakeholders through an
open communication process.

At Delft University of Technology in the course C3® 'Integrated Coastal Zone
Management' much more details of ICZM are discussed
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12 Application of Structures

12.1 Introduction

In Section 11.3 some basic requirements of 'hémattsires have been given; also the
'tasks' have been mentioned these structures mifikirf properly resolving erosion
problems. If one likes for example to resolve adtiral erosion problem with the
help of a series of groynes, then the groynes shiatérfere in the occurring
sediment transports. How the various hard strustwverk’ in different possible
applications, will be discussed in the present tdrafCoastal protection is a main
issue, but we will see that structures are sometiatgo applied in coastal
engineering practice where the distinction betwamastal ‘protection' and coastal
'management' is somewhat vague.
In each following section a well-defined type alsture is discussed; viz.:

- seawalls;
revetments;
jetties / (port) breakwaters;
(series) of groynes;
detached shore parallel offshore breakwaters;
piers / trestles;
sea-dikes;
miscellaneous.

In the further discussion tfanctionaldesign aspects of the various structures are
the starting points. Aspects like position, cresght, length, etc. will be discussed.
No attention will be paid to reabnstructivedesign aspects like for example the
required mass of stones of armour layers, thickogsarious layers in the

structures, etc. Special courses at DUT deal Wiglsé¢ aspects. We assume that if we
like to apply a given structure, the structure wél well-constructed in practice and
will keep its integrity up to a well-chosen setdefsign conditions.

In the further discussions always a coastal engimgé&roblem' (as it is felt by a
coastal zone manager or by the people) is the fomat. Some typical 'problems'

will be discussed. It was not the intention to aoadéconceivable coastal
engineering 'problems'. Slightly different issuaghmbe discussed at a similar
manner.

An alternative (as the starting point of a discoissiwhich could resolve the problem
as was defined, might have serious (not meant)ecprences for quite different other
aspects of the coastal behaviour. If relevant samearks will be made on these
topics.
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12.2 Seawalls

A seawall is a shore parallel structure at the tsdion between the low-lying (sandy)
beach and the (higher) mainland or dune. The heiflat seawall fills the total

height difference between beach and surface ldwbkeomainland; often adjacent at
the crest of a seawall a horizontal stone coverad i3 present (e.g. boulevard;
road; or parking places). At the initial time ofrestruction a seawall is situated
close to the position of the dune foot. In the neésliscussion with a seawall an
almost vertical structure is meant. The seaware sifithe seawall is thought to be
rather smooth(See Fig.12.1.)

[The main differences between a seawall and amexgtare that a revetment has a
distinct slope (e.g. 1: 2 or 1: 4), that surfacea oévetment might be either smooth or
rough and that the height of a revetment does ecgssarily fill the total height
difference between beach and mainland.]

Figure 12.1 Seawal(Cascais, Portugal; high water, no beach in fréseawall)

Problem: clear transition beach - mainland

Especially in coastal areas with a lot of humanr@ational) activities, a clear and
fixed distinction between beach and mainland isrdbke. A seawall will serve that
aim. At the sea side of the seawall a more oressal beach is assumed to be
present; at the land side a road or a boulevaslRgg12.2). Staircases facilitate the
access to the beach. The coast is assumed tolbe, stain case of a structural
eroding coast with e.g. regular artificial beachimghments an essentially (time-
averaged) stable situation has been achievedn8om@al beach is present in front of
the seawall.
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Figure 12.2 Seawall and boulevard
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While in a situation without a seawall even a matiesstorm (surge) will attack and
erode the mainland, in the situation with a seathd! is prevented. Some scour in
front of the seawall during a storm (surge) mustaben into account in the design.
(A part of) the 'denied' erosion volume from themtend, is now eroded just in front
of the seawall. The scour hole might underminestrgwall. With the DUROSTA
computation model an estimate of expected scouhdagan be made [Steetzel
(2993)].

The design conditions for the seawall have to loggny chosen. The heavier the
design conditions, the heavier the seawall mustriokespecially the 'safe’
foundation depth will increase accordingly. To Hual seawall which will be safe
under ‘all' conditions might be an unrealistic opti

Although achieving a clear transition between beawth mainland was the primary
goal so far in the discussion, automatically somo¢gation of the (infrastructure at
the) mainland is achieved. The design conditiorsetected, determine the rate of
provided protection.

The crest height of a seawall determines (togetiitbrthe boundary conditions at
sea) to a great extent the rate of overtoppingdgwaaching the mainland by wave
run-up and breaking waves and splash water tratespby landward directed wind).
With an additional wall and/or a slightly curvedrit, rates of overtopping might be
reduced. (See Fig.12.3 next page.)

Problem: decrease risks of valuable infrastructimaldings

Infrastructure and buildings situated close todtige of mainland or dunes have a
chance to be destroyed during a severe storm stingerisk (risk = chance x
consequence; see Example 11.3) is felt to be tge.l&.g. by extension and
improvements of an existing hotel the ‘consequdrmazbeen increased and so the
risk. By reducing the 'chance’, the 'risk' will ved as well.

With a robust seawall the required aim can be aelieAspects like proper design
conditions and scour holes are in this case sirtoléne discussion in the previous
case.
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curved wall

additional wall

Figure 12.3 Seawall with measures to reduce overtpjmg

Let us consider a given a stretch of sandy coasenj severe storm surge will cause
a rate of mainland erosion of say 40 m in casestifegch of coast is unprotected.
With a seawall which is able to withstand thesedations the erosion of the
mainland will be zero. (In front of the seawalleeg scour hole will be formed.)
When the entire seawall keeps its integrity; nohiewr problems arise. (The scour
hole will be re-filled again after some time wittdmary boundary conditions.) If,
however, the seawall partly collapses and locathpja in the seawall is formed
during the severe storm surge, a rather dangermagisn will occur. Large volumes
of sediment from the mainland are able to disapfieaugh the gap and will flow
along the sections of the seawall which are stijaod condition in both longshore
directions, filling the scour hole. It is expectddt the ultimate rate of erosion of the
mainland behind the gap will be larger than therd@s mentioned for the
unprotected case.

Similar phenomena will occur at the two transititse$ween seawall and the
adjacent, unprotected parts of the coast. Espg¢gist adjacent to an abrupt end of a
seawall, relatively much erosion is expected duarsgvere storm surge.

Seawall is no solution for a structural erosionigbem

In the present chapter we generally start our dsiom with a type of structure and
next some actual problems or a goals to be achiaxeecthentioned which might be
resolved or achieved with the help that structiirmakes then no sense to mention
various problems which cannbé resolved with that type of structure. An eximpt
to this rule will be made for the 'solution’ oftaustural erosion problem with the
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help of seawalls (or revetments). This is becansmastal engineering practice too
often this principally ‘wrong' combination is apgali Many bad examples can be
found all over the world.

Structural erosion caused by a gradient in thedbage sediment transport, means
that volumes of sediment are lost out of the cdnitume area. This loss process
takes mainly place under ordinary conditions; ttketcbution of storm conditions to
this loss process is often rather small. The inibisses of sediments out of a cross-
shore profile take place where water and waveswarere actual longshore sediment
transports do occur; so in the 'wet' part of asigisore profile. The 'dry’' parts of a
cross-shore profile are not involved in the longsteediment transports; it looks like
that the 'dry' parts do not form an integral p&the cross-shore profile. During high
tides and/or modest storms all parts of a crossespimfile participate in the coastal
processes. By offshore directed cross-shore sedlimaarsports, sediments from the
higher parts of the profile ('dry' beach; even reaid under the more severe
conditions) are transported to deeper water, gltime 'gap’ that has been developed
because of the gradient in the longshore sedimansport (see Fig.12.4 ). This
sequence of processes causes a permanent losseofhaut of the upper parts of a
cross-shore profile.

Application of seawalis and revetments
in case of structural erosion 7?7

revetment
4/

MSL

S, along coast Shore parallel
® T structures do not

interfere in the

morphological

_— . x ) , processes under
initial erosion due fo gradient in ordinary conditions

fongshore transport

Figure 12.4 Seawall and gradient in longshore sedent transport

By 'protecting' the mainland in this case with aveall, one indeed prevents that
sediments from the mainland are transported in ashdirection (less filling of the
‘gap"). The losses, however, continue; the 'digtbealisappears; it becomes deeper
and deeper in front of the seawall. Initially, rigtiter the construction of the seawall,
still a more or less normal beach was presentbEaeh did 'protect’ the seawall to
some extent; only moderate storms could reacheeall. When the beach had
disappeared, much more frequent wave attacks Witecthe seawall will occur.
(Most likely in the design of the seawall this we taken into account.) Damage
occurs; reinforcements have to take place.

A somewhat confusing element is the time-scaléefdevelopments as have been
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discussed so far. Local people (their houses astaké) have noticed in the past that
every storm surge has taken some square metrhsipfjardens. The edge of the
mainland is coming closer and closer to their hsul®t seldom the responsible
coastal zone manager is 'forced’ by the local pe'tpldo something'. Building
locally a seawall (e.qg. in front of the propertisich are situated closest to the sea)
indeed seems to resolve the problem. During thé stexm surge, the just ‘protected’
parts of the coast do not show any further erosiothe un-protected parts the
erosion of the mainland continued. Local peopléelel that this solution ‘'works'
(own experience). The coastal zone manager isddcbuild seawalls along the
other parts of the coast. However, when time elgswiill be quite clear that a

quite wrong solution has been chosen. Only withehtmsts the situation can be
redressed.

Problem: existing row of dunes does not meet sagyirements

Row of dunes is apparently too weak (too slendeguarantee the safety
requirements. Under design conditions a break-tjiras expected; the low-lying
hinterland behind the slender row of dunes wilflbeded.

A seawall might be chosen as a solution, provithed the seawall will keep its
integrity during the design conditions. A riskyeaiative would be that the seawall
is 'allowed' to collapse in a latter stage of ttwgrs surge. The time left to the end of
the storm surge (with lower water levels) is them $hort to cause yet a break-
through.

12.3 Revetments

Similar to seawalls; often distinct slopes; smoatmough; not necessarily filling
total height between beach and surface level ohfaad. (See Fig.12.5.)

e

Figure 12.5 Revetment
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Problem: decrease risks of valuable infrastructimaldings

Problem: existing row of dunes does not meet sagyirements

As a solution to both problems, a revetment coel@ib alternative. Similar remarks
are to be made as in the preceding section on dsawa
Two aspects call for some remarks, viz.:

- slope of revetment in relation to depth of scoueho

- level of upper end of revetment.

At least for rather smooth revetments it has (abgeerimentally) been proven that
the depth of the scour hole depends on the slopecteristics. During tests in the
Delta Flume of Delft Hydraulics it turned out thveith a slope of 1:3.6 a deeper
scour hole was found than with a slope of 1:1.Bdpbtest conditions the same). The
deepest point of a scour hole is not always fourtaintersection point between
revetment and cross-shore profile (see Fig.12.@ fketch).

It is conceivable that the depth of a scour holess for a rough slope than for a
smooth slope.

The level of the upper end of a revetment (aboaeldvel the normal front slope of
the dunes is assumed to be present up to the tibye dfunes) determines the still
occurring (remaining) dune erosion above that ldwed also to some extent the
depth of the scour hole. The higher that levelélss remaining erosion, but also the
deeper the scour hole. It is remarkable that ifiehel of the upper end of a
revetment is equal to the storm surge level (oelothian that level), no reduction in
dune erosion is found compared to a situation witlamy protection.

erosion pit in front of seawalf

post storm . @
qs deepest point
/ scour hole

Figure 12.6 Scour in front of revetment
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12.4 Jetties / (port) breakwaters

Rather long structures extending more or less padpmilar to the coast. Jetties:
guiding currents (e.qg. river outflow or currentstidal inlet). Jetties and (port)
breakwaters: preventing sedimentation of entrammcevier or port. Crest height
often well above MSI(See Fig.12.7.)

Figure 12.7 Port breakwaters(Misawa, Japan and Scheveningen, The Netherlands)

Problem: Stabilization of river mouth / tidal inlet

Problem: Construction of a port along a sandy coast

Both problems call for long structures extending iopen sea. Jetties and
breakwaters might be used. (In The Netherlandbtbakwaters of the port of
[IIJmuiden extend for about 2.5 km into the sea.) fBoeiired length of the
breakwaters is related to the depth which has gulaeanteed in the approach
channel. (A main aim of breakwaters is to preveantrhuch sedimentation of the
approach channel.) In many cases, however, seaw#nd end of the breakwaters
still an artificial dredged channel is present aphte required depth contour. A fair
balance has to be found between the costs of Idigakwaters and probably less
maintenance costs of the channel outside the biateksv

Long structures extending into the sea affect tidalj currents. The longer the
structures the more impact. Contraction of theents (high velocities) just near the
entrance to the port hamper a safe sailing of \@sgeand down the port and might
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lead to local scour (important for the stabilitytbé breakwaters). With a well-
chosen layout currents might be guided as suchhbkatuisance for shipping
operations will be acceptable and scour is redasatiuch as possible.

Long structures extending into open sea might affert the silt transport along the
coast and even the transport of e.g. fish larvaes& impact effects might be felt to
rather large distances from the structures. [Comfa discussion in The
Netherlands of the possible impact of an extensfdhe Maasvlakte (Port of
Rotterdam) on the processes in the Wadden Seaq tAése aspects must be taken
into account in a final decision making process.

The impact of these long structures on the morphanhyjcs of the adjacent coasts
might be very large. Longshore sediment trans@oddnterrupted; sedimentation
and coastline progress at the updrift side is edgoe@dt the downdrift side erosion
and coastline retreat will occur. (See Section)6.4.

Many morphodynamic problems are avoided with amadee sand by-pass system.
(See also Section 13.4.)

Problem: stretch of sandy coast near tidal inléessifrom structural
erosion

The stretches of coasts near tidal inlets are oftey dynamic. Not seldom at the
one side of the inlet the coasts are eroding, wdiikhe other side accretion occurs.
Sediments from the one side disappear into thél@ksin, via a lot of complex
processes within the tidal basin, at the end ofithesediments reach the other side
of the inlet causing accretion.

By building a long pier (dam) near the inlet at émal of the eroding coast (crest
level of the dam high enough to catch the sedim@mis prevents that sediments
disappear into the tidal basin. (The constructibarn800 m long dam at the northern
part of the Dutch island of Texel in 1995 is suareaample; see Fig.12.8 and see
reprint in Chapter 8.)

For the time being this solution ‘'works' very wé&lhe erosion has been stopped.
However, because of this measure the tidal inldttelal basin is denied, compared
to the past, an annual volume of sediments. Paetyause of the rather large surface
area of the tidal basin, it is not yet clear wine&t reaction' of the coastal system is on
this surgery. Probably only at a long run the cqonsaces will become clear.

Figure 12.8 Long dam Texel
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12.5 (Series) of groynes

Rather short structures extending essentially pedpmilar to the coast. Should
interfere in the coastal processes close to theesfeg. currents; sediment transport
processes). Modest crest heights. Material ‘closgdctures: stone, sheet piles
(wood or steel). 'Open’ structures: e.g. rows ofigal (wooden) piles (e.g. diameter
piles= 0.3 m; mutual distance between piles equal to dtanof piles)(See

Figs.12.9 and 12.10.)

Figure 12.9 Groynes

Figure 12.10 Row of piles
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Problem: stretch of sandy coast suffers from stinatterosion

The structural erosion is thought to be caused gmadient in the longshore sediment
transports along the coast. (See also Example)Qnk likes to prevent this erosion
for a well-defined stretch of coast. (E.g. ovemd &f a long sandy coast; over these
5 km it is assumed that infrastructure, houseshanels are present rather close to
the sea.)
Series of groynes might be applied to resolve thetiral erosion problem along
this stretch of coast. In order to 'work' propeHg groynes must interfere in the
occurring longshore sediment transports. Sincetagbshe sediment transport takes
place in the zone close to the waterline, and thgrgs cover just this part of the
coastal profile, it is conceivable indeed that grey will do the job. To stop further
structural erosion it is necessary and sufficibat the gradient in the longshore
transport is just cancelled. With a constant negjétore sediment transport along the
part of the coast to be protected, no further erosccurs. By selecting a proper
length and a proper mutual distance between thgngeoof a series, it must be
possible to just achieve what the designer likesctgeve. This calls for a very
difficult procedure of fine tuning.
To illustrate some difficulties in the process iokftuning, the next two cases are
considered:

- A: stretch of coast 5 kn§, = 100,000 myear;S,,: = 200,000 myear

- B: stretch of coast 5 kng, = 200,000 rﬁyear;smt = 300,000 r?iyear

In both cases the same annual loss (100,00gear) takes place along the stretch.
Both cases suffer from the same rate of strucenagion; on an average of 26/m
per year, i.e. a quite usual yearly loss in cas&rattural erosion.

It will, however, be quite clear that an adequate/ge system for case A should be
different from an adequate groyne system for cade Base A the net sediment
transport near the downdrift side of the stretchazst must be reduced by 50 % in
order to achieve th&,,; equalsS,. In case B the reduction should be only 33 %.

The required length of a groyne depends on thenedjuate of reduction of the
occurring sediment transport. If one has determthedlistribution of the longshore
sediment transport over the near shore zone (eaase of wave driven sediment
transport only: a little bit more than the widthtbé surf zone), some very first
reduction estimates are based on the idea thatyagmight interrupt that part of
longshore transport which agrees with the lengtthefgroyne (see Fig.12.11 for a
sketch).

-
- - - - -
L J— —— - PR, T

surf zone

coastline

part of sediment transport S [mS/m.S]
interrupted by groyne

Figure 12.11 Sketch of rate of interruption of sednent transport by a groyne
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A different approach is based on the notion thatatcurring sediment transport
depends amongst others on the orientation of thstioe. With the help of a groyne
(some accretion at the updrift side) a rotatiothefcoastline might be achieved.
'Playing’ with the lengths and the spacing of tteyges of a groyne system, one
might be able to reduce the occurring sedimensparis to just the required
transport. (All along the stretch of coast a comssgdiment transport equal$g.)
Tidal current effects and water level changes duestronomical tide in combination
with the crest height of the groynes complicatéearcview on the effectiveness of a
groyne system. (E.g. crest of groyne above wate lduring LW and partly under
water during HW.)

All these complications contribute to the obseatihat simple 'rules of thumb'
cannot exist.E.g. 'rules of thumb' in the sense of: the spaeileggth ratio of a
groyne systemmust bein the range 1 to 3.

In summary: it is quite clear that series of grayaee able to interfere in the
occurring sediment transports along a given stretaoast, but it will also be clear
that a lot of fine tuning should be necessary. Khawledge of the coastal system
and our tools to perform a proper fine tuning aretlie time being not yet sufficient.
When applying a groyne system in a specific stmatterosion case, means in fact
often that some kind of a trial and error methochissen. Good, but also wrong
examples of applied systems are found all alongcoasts.

It has to be stressed that a properly working geagystem might stop the structural
erosion in the protected part of the coast. Butdloidomatically means that the part
of the coast downdrift from the protected areal suffer from much more erosion
than before the protection was appliefi«(of the protected area whichSg of the
downdrift area has seriously reduced!) The soluithoiine protected area is at the
spent of the downdrift area. (If there is no dowfghart of a coast, things are of
course different.)

Coastal engineering 'experts' who promise you $igthea groyne system without
downdrift erosion in a structural erosion case, nwescharacterised as charlatans.

Achieving a constant net sediment transport albegstretch of coast to be protected
(equal toS,) was a main notion and requirement in the disoussf in the area to be
protected, the net sediment transport would bettseero §= 0 is chosen), the
design problem for a series of groynes would beerasimple. With a series of rather
long groynes the area to be protected is dividealsaries of ‘closed’ cells (no
sediment transport from the one cell to the otH2epending on the original
magnitude of5,, at the updrift side of the area accretion is elgx at the

downdrift side of the area to be protected theside-erosion is then much larger
than strictly necessary.

The discussion so far holds in fact for all typégroynes.

For traditional groynes of stone (‘closed’) weabte to understand with rather
general, but also somewhat obscure, notions hoy'wak' (how they could
interfere in the occurring sediment transportspe'® structures (e.g. rows of piles)
operate in fact much more clearly. Rows of pilasseamore resistance to the
occurring water motion in the near shore zone. dureent velocities reduce and so
do the sediment transports.
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12.6 Detached shore parallel offshore breakwaters

Structures built essentially parallel to the coast certain distance from the
position of the initial coastline (detached: ingdhiespect 'free' from coastline). Often
like ordinary (port) breakwaters built from stor@ften series of breakwater
segments with gaps in between. Two distinct t{gess Fig.12.12)

— emerging (crest above MSL);

— submerged (crest below MSL).

emerging

water line

submerged

Figure 12.12 Detached shore parallel breakwaterslopes in figure are too steep)

Problem: risks of valuable buildings and infrastane must be reduced;
safety hinterland insufficient

In principle the rate of erosion of the mainlanddgse of a severe storm surge can
be reduced with the help of detached shore pacdiighore breakwaters. The rate of
erosion depends amongst others on the height avdlres which are able to reach
the mainland. The shore parallel breakwaters mighse the incoming waves to
break, so a reduction of the wave heights landwétte breakwaters is expected.
[The ratioH; / H; is often used to indicate the rate of wave heigtitiction;H;:
transmitted wave height (i.e. wave height just leadl of the breakwateri;:
incoming wave height (i.e. wave height just seavedrihe breakwater).

The higher the crest of the breakwater is aboveticerrring water level, the smaller
the ratioH; / H;. If the crest level of the breakwater is equahi® occurring water
level, the ratidH; / H; is already about 0.5.]

In this respect emerging breakwaters are much efteetive than submerged
breakwaters. However, accompanied with a severmstfien also a surge effect
will occur. To be effective also under these candg the crest height of the
breakwaters should be very (unattractively) high.

So in practice detached shore parallel offshorakwaters are no serious alternative
for the present problem. Two additional effects emttks alternative very
unattractive in the present possible application.

1): If under severe storm surge conditions someevearertopping of the
breakwater segments occurs (discharge of watertbedsreakwater towards the
coast), this volume of water is 'free' to seleetehsiest way to return to open sea
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(continuity). The easiest way in this case is asrentrated flow through the gaps
in between the breakwater segments (and not owktheiough the breakwater
segments). This might cause very high seawardtduemurrent velocities within the
gaps, transporting also sediments in seaward @irecfThis process / effect is
comparable with rip currents.) The ultimate efieight even yield an increase of the
erosion of the mainland compared with the 'unptetcsituation.

2): The application of detached shore paralldlaffe breakwaters as a possible
solution for the problem as was defined (reductibrate of erosion during a severe
storm surge), means automatically that these sirestare also present (and will
have their effects) under ordinary conditions. Ehelects will be mentioned while
discussing the next problem, but might be quiteamed. One should always take
these additional effects into account in the foletision making process.

Problem: stretch of coast suffers from structuratmn

Before discussing the application of detached sparallel offshore breakwaters as
an alternative to resolve the problem as statasl useful to make some general
remarks on the effect of this type of structuresh@noccurring coastal processes.

Consider a situation with waves continuously appini@g a perfect straight coast
(parallel depth contours) perpendicularly; ordinagyve conditions are assumed.
[Most likely this is a situation where there is need to apply detached shore
parallel offshore breakwaters; it refers to a stlsituation.]

The waves approach perpendicular to the straigidtcthe shape of the cross-shore
profile is assumed to be in equilibrium with thewsaonditions. We will construct
one single detached shore parallel offshore brettwahis structure will disturb the
stable situation. It makes in this case a gredtafadifference whether an emerging
or a submerged breakwater is applied.

Emerging(see Fig.12.13):

It is assumed that the crest level of the breakwsateell above MSL; no wave
overtopping occurs; waves hitting the breakwatdirbveak and partly reflect to
deeper water again; landward of the breakwatdraaltsn' zone is present.

Figure 12.13 Emerging breakwaters
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Adjacent to the ends of the breakwater, the wavtstil approach the coast
unhindered. At both ends of the breakwater diffeacprocesses take place, causing
rather modest wave heights in the shadow zone d¢habreakwater. Because of
the diffraction process these waves approach thstloee under an angle.

Starting at some distance from the 'protected'gdatie coast, and going towards the
middle of the 'protected’ part, we notice someregeng features. At our starting
point the wave conditions are still as without btineakwater. Rather wide surf zone
and rather high wave set-up. Approaching the 'ptet® zone, the wave heights
reduce; the surf zone becomes smaller; the wavepsdécreases. (Because of the
diffraction process the wave heights in the crdsse profile just at the end of the
breakwater are theoretically 50 % of the origimalaming wave height; this holds in
fact only if the water depth is constant; due ® $loping cross-shore profile also
shoaling will occur; so 50 % is in reality just arder of magnitude.) Proceeding
along the coast farther into the shadow zone, tinevieights will further reduce;
smaller surf zones; further decrease of wave se(Hup rather long breakwater was
chosen, and the distance of the breakwater fronmttial shoreline position is rather
modest, it is possible that in the middle of thadsdw zone no wave action at all is
present.)

Along the coast from our starting point to the nhédof the 'protected’ zone an ever
decreasing wave set-up will be noticed. This mehata gradient in the water level
is present in the near shore zone, causing shoadlgdaurrents from outside the
'protected’ area towards the shadow zone (fromstdes). Because of continuity
also a return flow will be present (at deeper watkicharacteristic flow pattern is
generated (see Fig.12.14).

waves

breakwater segment

AR A

'\ =
R
shadow area circulation pattern

» L |

B T 4+

small wave set-up large wave set-up

Figure 12.14 Processes near emerging breakwater

Current pattern together with wave action causérsad transports towards the
shadow zone. Depending on the boundary conditiand the layout characteristics
of the breakwater) at the end of the day a satieattombolo will be formed as a
final equilibrium situation. In both cases locadlgcretion takes place (in the shadow
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zone), but that automatically means that elsewbrrsion had to occur (see
Fig.12.15).
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Figure 12.15 Tombolo and salient

The forming of tombolo's and salients can alsoligerved in nature as a quite
natural process; e.g. if a small island is (in cafse salient) or was (in case of a
tombolo) situated in front of a sandy coast. (Sigel2.16).

Figure 12.16 Tombolo behind island
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Submergedsee Fig.12.17.)

Also in this case a single breakwater is thoughtet@onstructed in front of a sandy
coast (wave approach perpendicular to the coagt}hle crest level of the
breakwater is now below MSL. The remaining watgrtdebove the crest of the
breakwater is assumed to be rather small; the sigaddreakwater initiates wave
breaking.

Figure 12.17 Submerged breakwater

Compared with the emerging case the processesiaeedifferent. First of all the
waves are assumed to break at the breakwatertuhard of the breakwater still a
lot of (slightly reduced compared to the situatiathout breakwater) wave action is
present. With the breaking waves on the breakwatdnmes of water are
transported towards the coast over the breakwaiasg transport). Because of
continuity the same volume of water has to retaragen sea again. The easiest way
is in this case at the both ends of the breakwAtésr submerged breakwaters
typically flow pattern results (see Fig.12.18 npage). In this case the currents
(together with the wave action) yield sediment $gorts from the zone landward
from the breakwater to deeper water; erosion nghtxpected. In Deaet al.

(1997) a striking example is described where th#iegtion of offshore breakwaters
yields more erosion than without this 'protectime’asure.

In the preceding examples the processes initiateaddingle detached shore parallel
offshore breakwater under perpendicular wave attare discussed. Obligue wave
attack, series of breakwater segments including,gapd tide effects (water level
and currents) seriously complicate the occurriragesses. Simulations with
(steadily improving) complex morphological computendels yield ever improving
results. Sound and reliable applications in quikétieary cases are, however, not yet
known.
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Figure 12.18 Processes near submerged breakwater

In the discussion so far a straight coast was asgwas starting point, so in fact no
problems were to be expected with this coast. Baieictual problem of this section
was a structural eroding coast.

We have seen that detached shore parallel offsglveekwaters are able to interfere
in the occurring sediment transport processediesetstructures might be an
alternative for the solution of the erosion probl€irhe application of submerged
structures is questionable in this case.) To desigaptimal system is, just like if
groynes would be chosen, a difficult task. Alsahis case remains that with a
sufficient working system in the problem area, $&de erosion is unavoidable.

Problem: creation of new beaches

Existing beaches in booming recreation resortsamneetimes not wide enough to
accommodate the large number of visitors. Or, sonest the existing sea side
consist out of stone instead of nice sandy beacigsn it refers to projects with a
limited dimension in the longshore direction. Juscing an artificial beach
nourishment (see Chapter 13) will cause a lot sés after the execution. Losses
will occur in longshore direction and / or crossxghdirection to deeper water. With
the help of (emerging) shore parallel offshore kwesters the nourished volumes of
sand can be confined between more or less arbitdosen limits. (See Fig.12.19
for a sketch; Fig.12.20 shows a typical real ltaraple.) With a solution according
to Fig.12.19. it is conceivable that the limitedithis of the gaps prevent offshore
directed losses of sediment; the beaches are nattierand the waterline is rather
long. Fig.12.20 shows that even a playful layout lba achieved.

Artificially widening beaches over a rather largstance in seaward direction, calls
for a large volume of sediment. Not only the uppenrt of a cross-shore profile has to
be raised, but also the deeper parts of the cluz®e Profile. In fact 'all' depth
contours have to be shifted over a same distanseaward direction. (An initial
equilibrium profile remains by this operation treemequilibrium profile. See
Fig.12.21.) By building a detached submerged breaémythe upper part of the
cross-shore profile can be 'supported’ by the wvater dam. Large savings of
sediment meant to fill the toe of the cross-shaodile might be achieved.
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sea

original coastline artificial naurishment

Figure 12.19 Application of structures to confine and

Figure 12.20 Real life example

MSL ——p

volume saved

Figure 12.21 Expected cross-shore profiles largeale land reclamation
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To an even larger extent similar considerationsl ifa large land reclamation
project is taken into account, because then often &arger depths have to be taken
into account.

12.7 Piers and trestles

Rather long structures with a horizontal deck oneseof piles extending
perpendicular to the coast into the sea. Serving Ending place for vessels, as a
recreation facility, as a measuring facility forastal processes or as a part of sand
by-pass facility(See Fig.12.22.)

Figure 12.22 Recreation pier

The aims to construct piers and trestles are insfaiticiently mentioned in the
preceding definition of this type of structures.lDime possible impact of these
structures on the coastal processes needs sonussl@t. The supporting piles
might cause some impact. Especially if the numbiles is rather large and with
large diameters of the piles, obliquely arrivingwea will cause in the lee of the rows
of piles an area with reduced wave heights. Thevssa transports will be reduced
as well; spots with some accretion might occugéneral at both sides since waves
will approach from both sides). Especially for m@asg piers this might yield a-
typical measuring conditions.
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12.8 Sea-dikes

Like revetments (see Section12.3), but withoubaodly any, beach in front of the
structure. Just like dikes along e.g. a river, sidees are often meant to prevent
flooding. (See Fig.12.23.)

Figure 12.23 Sea-dikgWestkapelle, The Netherlands)

The design crest height of a sea-dike has to tefudbr chosen in order to prevent
too much overtopping. In The Netherlands the steddiondsbossche and Pettemer
sea defence is a good example (see Fig.12.24)uBead the flat slope the wave
run-up under the Dutch design conditions reachigeraigh levels (about 8 m
above design storm surge level).

Figure 12.24 Hondsbossche and Pettemer sea defence
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New (preliminary) insights in possible wave chagaistics during design conditions
learned that the crest level of the existing sdarae was probably too low. As a
'no-regret' measure for the time being the seandefes partly provided with an
additional sheet piling (see Fig.12.25).

An additional point of concern is the position loé t(sandy) bottom just in front of
the sea defence. The ultimate wave run-up depemtisedocal wave height just at
the toe of the sea defence. The wave height idlysiepth limited. However, when
during design conditions erosion of the sandy Imofast in front of the sea defence
is expected, the characteristic wave height mightigher than expected.

If a sea-dike consists out of a (rather steep)laubtound structure (like in case of an
artificial island in open sea), fierce wave bregkam the structure will occur.
Together with landward directed wind, this migtadeo a lot of salt spray at the
artificial island. Depending on the ultimate usehd island salt spray should be
avoided as much as possible. (E.g. salt spray lantirdum aircrafts are a bad
combination in case an artificial island is usetidst an airport.)

Figure 12.25 Additional sheet piling Hardly visible at crest of dike.)

12.9 Miscellaneous

In this section some remarks are made with resjpecarious proposed 'tools' in
resolving actual coastal engineering problems.

From time to time inventors come up with variousas to resolve coastal
engineering problems or other general societallpm. Not seldom the 'solution’
comes first and the associated 'problem' has foled afterwards. Without further
discussion here, only a few recent developmentgiatenentioned.
— Beach dewatering; in order to achieve steeper adéenieaches than
normally.
— Building a very long dam into the sea with eledtyigenerators. Dam and
tidal motion cause head differences.
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Bio-dune developments; specific bacteria with sigfit nutritious matter
are able to stick loose sand particles togethenifay some kind of sand-
stone. To be applied for instance as an erosiaucied part of a dune.
Floating breakwaters; large steel or concrete siras anchored at some
distance from the shoreline. Structures cause \@axging.

Eco-beach developments; some people believe thaisbputting some
vertical, perforated tubes into the beach, acandtdées place. Indeed a very
cheap method to strengthen a coast (if it works!).

Series of artificial islands in front of the coa®.g. a tulip shaped island in
front of the Dutch coast.)

Sand-engine; very large artificial nourishment §tef million nt sand in a
restricted area) meant to naturally feed largedies of adjacent coasts.
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13 Application of Nourishments

13.1 Introduction

Artificial nourishments are increasingly used tealee various coastal engineering
problems. In many cases ('soft’) nourishments aeryagood alternative compared
to solutions with ‘hard' measures.

Basically an artificial nourishment means that sesits (usually sand) from an
external source are artificially (truck; dredgedught into the coastal system. Of
course such an action is driven by a well-defined a

In Section 13.2 a few typical coastal engineerirapfems and issues are mentioned,
which can be resolved with artificial nourishmeasstool. That will be a rather
straightforward discussion. If an artificial noumnsent scheme is selected as tool to
resolve a coastal engineering problem, next matgildend aspects are important to
reach a proper design. Most of these details apelcés are relevant for all possible
applications, so it is useful to discuss thesesearate section (Section 13.3). In
that section the next items will be discussed:

- beach and shoreface nourishments;

- borrow and native sand;

- methods of execution;

— ecological impact;

- losses and effectiveness;

— monitoring and evaluation;

— sand bypass systems.

13.2 Problems to be resolved with artificial
nourishments

Chapter 12 has revealed that with the help of ‘maeésures various coastal
engineering problems could be resolved. If propapplied these 'hard' measures
mustinterfere in the occurring coastal processesatitiht place and the right
moment. (E.g. a series of groynes interfering endbcurring longshore transports; a
well-designed seawall which prevents that sedimieata the dunes will participate
in the cross-shore sediment transport process@sydmisevere storm surge.)

A basic nature of a 'soft' measure (like an aréifinourishment) is that this measure
has notthe intention to interfere in the occurring cobptacesses. (This statement is
not quite strict; in some cases interfering in talgsrocesses while applying an
artificial nourishment, might be an inevitable cegsence or an additional aim; see
Section 13.3).
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Problem:; stretch of coast suffers from structurasen

If a stretch of coast suffers from structural esost means that volumes of
sediments are lost out of that stretch. At theesofbn individual cross-shore profile
it means that the control volume is losing sana @gular basisf m¥m per year).
With an artificial nourishment the occurring losses replenished. Because it is
generally not useful to repeat the replenishmethefstretch every year (the initial
costs of a nourishment operation are often ratigr) hthe annual losses of several
years (say 5 years) are usually taken together.

In Fig.13.1 a very basic plot is given of the deyshent with time of the volume of
sediments in a cross-shore profile. Apparentlyierosef the volume occurs; a
minimum volume is given as a limit; if the limit ikreatened to be surpassed, an
artificial replenishment is executed.

The material present in the cross-shore profilesisally called the native material;
the material to be supplied the borrow material.

If after the replenishment the same processes @xchefore the replenishment, the
development with time continues with the red liieghe same material is used for
the nourishment as was originally present at tlee€Dyorrow = Dnaiive ), that
behaviour might be expected. Given a requiredtifetof the nourishment operation
the required volume can be estimated.

If the borrow material deviates from the native ene, different post nourishments
developments are to be expected, yielding diffeligattmes.

------- minimum volume
— actual volume; D, ..., = D:oive
— actual volume; D, ® Diive
mg — actual volume; D, 0w < Drative
g
D
S N ST T, SR
3 | ’
4 lifetime
— time (years)

Figure 13.1 Development with time of volume of crasshore profile with
nourishment

[With an average value fatV of 20 n¥/m per year (annual retreat of coastline of
about 1 m per year; see Example 11.1), a time gpdédween nourishments of 5 year
means that about 100°fm every 5 years has to be replenished; that i squairmal
value. If the relevant stretch of coast is 5 krtgtal volume of 500,000 ¥rhas to be
nourished every 5 year.

In practice one has to take some additional lodgeag execution into account.]
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The position in a cross-shore profile where théer@ghment is placed, is to some
extent rather 'free'. Two general positions arallgapplied:

— mainly at the beach;

— at the shoreface (under water).

In Section 13.3 the differences between both pog&b are discussed in more
detail; Fig.13.2 gives a schematic representation.

dune foot

beach nourishment
initial profile
shoreface nourishment

Figure 13.2 Beach nourishment and shoreface nouristent

Assuming that the particle diameter of the borroatemial is equal to the particle
diameter of the native material, the nourishmerdmsan fact that the shape of the
cross-shore profile is locally perturbed. Morphatad) processes tend to tackle the
perturbations.

With the order of magnitude of the volumes of sasdvere mentioned for the
nourishment operation (500,006 over 5 km), the alignment of the coast in
longshore direction is hardly changed. (The pettidn is in fact rather small.) To a
first approach one could assume that the (long$lpooeesses which cause the
losses out of the stretch of coast, do not seryattshnge by the nourishment
operation. This 'soft' method does not interferthanrelevant sediment transports.
The losses occurring before the replenishment ¢ipergust continue after the
operation. In the present example it means that &fyears the pre-nourishment
situation has reached again. And if one likes tuea® (on an average) a status quo
situation, one has to repeat the nourishment dparatnd again, and again. This
‘eternal’ repetition might be considered as a ssritisadvantage of this method.
However, in many cases where an honest compassmade between various
alternatives, it turns out to be the most costatiffe method.

The largest positive aspect of the applicationrofieial nourishments is that no lee-
side erosion occurs. (Lee-side erosion always sostien one applies ‘hard’
structures to resolve this type of erosion probtesae Chapter 12.)

As previous said, the nourishment forms a pertisbain top of the shape of the
cross-shore profile which was present just befeeeniourishment operation. To ease
the further discussion we assume that this irsti@pe was (almost) an equilibrium
shape. After the replenishment operation two preeeare to be considered:
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- steady losses of sand out of the cross-shore @iiofiongshore direction;
not necessarily at the same place of the pertanyati

- flatting out of perturbation and redistributionrofterial over cross-shore
profile.

The first process is just the very reason to caatyan artificial nourishment project.
In Section 13.3 some additional remarks are madearaing the second process.

Problem: dunes do not offer enough 'safety' tddhelying hinterland

If it turns out that a (rather slender) row of dsig®es not meet the requirements
(design conditions) to properly protect the hirged, the dunes are to be reinforced
with additional sand. It is assumed that the cisastable; no structural erosion.
Fig.13.3 gives two possibilities to reinforce a rof\dunes with sand. (Also
heightening of the dunes might be a possibilitgome cases.) While nourishments
meant to overcome the effects of structural erosiast be regularly repeated, a
reinforcement of the dunes for the present aim ha\z carried out once.

reinforcement seaward side

{morphological impact)

reinforcement back side

{no morphological impact)

Figure 13.3 Reinforcement of dunes

Reinforcement at the back side of the dunes ibés¢ solution; the sand as supplied
does not affect the normal occurring morphologpracesses. However, if buildings
or infrastructure are present just landward ofdhees, this alternative might be
cumbersome.

Reinforcement at the sea side of the dunes seé¢rastaie; a rather small volume of
sand is required and no possible impediments datigward side will occur.
However, by widening the dunes in seaward diredtii@ndune foot is shifted in
seaward direction. In a dynamic equilibrium coratite certain distance between the
dune foot and say the position of the MSL doesteXise 'system’ likes to redress
the unbalance; sand from the new dune is trangportseaward direction. At the
end of the day the additional volume of sand issteuted over a large part of the
cross-shore profile (say up to the active parhefdross-shore profile). In the design
of the reinforcement one has to take these 'losgesiccount.
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Reinforcement of the dunes might be necessaryaveften restricted distance in
longshore direction. In Fig.13.4 a situation hasrbsketched where the dunes have
been reinforced in seaward direction (40 m; renngirifter the redistribution
processes just mentioned) over a longshore disw@frzé&m. Also in this case one
cannot 'unpunished' locally change the morpholdghe coast. Losses in longshore
direction are to be expected.

after some time

after nourishment original coastline|

Figure 13.4 Losses in longshore direction

Problem: existing beaches not wide enough for ass recreation

In some cases it is felt that the width of the &xgsbeaches is too small for a further
prosperous recreational development. E.g. in a loupeoastal resort with many
new hotels and recreation developments. Over agpéine coast in longshore
direction one likes to broaden the beaches. Isssiamed that the existing coast is
more or less stable seen over a number of years.

It is assumed that the borrow material is equéhéonative material. Changing only
the upper part of the cross-shore profile (beacbkaiy intrinsic stable coastal
system, will trigger a process of redistributiortteé nourished volumes of sand over
a much larger part of the cross-shore profile atethd of the day. Since the widening
of the beaches takes place over a restricted distanongshore direction, also
losses in longshore direction are to be expec&ichifar processes as indicated in
Fig.13.4.) So ‘losses’ seem to occur in cross-sharklongshore direction; at least
sediments disappear from the area where we likeep the sediments. In the design
of the project one has to take these consequenieadgcount.

Problem: no (sandy) beaches present; beaches atedva

In many places the available stretch of coast @llsamd e.g. rocky. Hardly any
‘normal’ sandy beaches are present. For recredfpumposes it is then often desired
to create broad sandy beaches. This can be achigvagblying artificial
nourishments. In principle the occurring processesmainly the same as in the
previous problem. There are, however, two diffeesnd he first point is that since
there was no (sandy) equilibrium profile before tioeirishment, the entire profile

has to be nourished. The second point is thaoiingshore spreading as described as
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described in the previous problem, will erode thely created beaches quite
seriously. In this case the erosion will be muehda compared with the previous
case, because in the original situation in thig ¢esdly any ‘normal’ sandy beaches
were present, and then, consequently, rather hagfesymight be expected rather
close to the coast. Rather large sediment transppecities occur; causing the large
losses in longshore direction.

Some precautions might be taken to keep the setknoéthe artificial beach at the
desired position. To confine the artificial beagigynes or breakwaters might be
applied. If applying groynes they have to extemglenough in seaward direction so
that the nourished sand cannot easily escape. peevan an additional (submerged)
breakwater built parallel to the shoreline might/seas an extra measure to keep the
sand properly confined.

Problem: land reclamation

For large scale land reclamation in open sea, laogenes of sand are necessary.
(Reclamation: either connected to the present coasss a large island in open sea.)

In Fig.13.5 an existing cross-shore profile is sket; from the mainland down to a
depth of say 20 m below MSL. In the figure also shene cross-shore profile is
given which is horizontally shifted over a few kitetres in seaward direction. (A
few kilometres: we are assuming a really largeameltion project.)

MSL __h_

same shape as initial profile

S—

equal ﬁgrizonta[ shift

initial profile

Figure 13.5 Land reclamation: cross-shore profile stirely shifted

With a shift of a m in seaward direction a volume¥ (d + h) M per m in

longshore direction is necessary. With a = 2 km,%m and d =20 m, V becomes 50
x 16° m® sand per km in longshore direction. (For 1ahnew land, 25 rhof sand is
required.) A relatively large part of the requinaumes is meant to shift the cross-
shore profile at the deeper parts of the crossespmfile. Between MSL -10 m and
MSL -20 m is 40% of the total volume present in example!

To save construction costs two ideas have beeedrailscut off the shifted profile at
a reasonable depth with a steep slope towardgitiea profile (see Fig.13.6) and
i) build a submerged breakwater which supportsuiiger part of the cross-shore
profile (see Fig.13.7).
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MSL E}

same shape as initial profle——— .~

]

S
S—— \
—

fransnmstans = equal horizontal shift

Figure 13.6 Land reclamation: shifted profile withtransition slope

With the first idea the initial construction cost® far less, although the maintenance
costs for the upper part of the cross-shore prafilght be large. In fact it refers to
some kind of postponed construction costs.

MSL

same shape as initial profile——

d

‘supporting’ breakwater

initial profile

Figure 13.7 Land reclamation: shifted profile with'supporting' breakwater

In both cases cost-benefit considerations might teefind an acceptable final
solution.

Problem: Global sea level rise and retreat of coast

With the notion of the existence of some kind okguilibrium shape of a cross-
shore profile (shape with respect to MSL *fits’ vihe occurring tide and wave
conditions) it is easy to understand what will r@apgvhen the mean sea level rises.

In the next discussion it is assumed that theditt wave conditions have not been
changed after some sea level rise.

Given (for the discussion: at once) a higher MS._ghape of the cross-shore does
not fit anymore with the tide and wave conditiotie actual cross-shore profile
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seems to be too steep (see Fig.13.8 profile [1]Jexapdanation later on).
Morphological processes will start to achieve agairequilibrium situation. In an
entirely natural development that means that cbesti@at will occur.

| sea level rise
MSL after SLR s =t

loriginal MSL

. initial profile

fill distance L |

Figure 13.8 Profile adaptations and sea level rise

In the present situation profile [1] is assumetédn equilibrium with the wave and
tide conditions. If after sea level rise (SLR) pieof1] would be artificially
(vertically) filled with a layer with thickness SL&er a sufficient long distance in
sea ward direction (fill distance L in Fig.13.8)etposition of the coastal profile in
horizontal sense is still the same; profile [2]eTheach is for instance at the same
position as before SLR, but at a higher level camegbdo the original MSL.

If one likes to keep the position of the coastatdame position, irrespective of the
rate of SLR, a volume of SLR times L is necess@figth e.g. SLR = 1.0 m per
century and L = 1000 m, a volume of 1008mis required in 100 years. A volume
of 10 n/m per year is a quite acceptable volume to aidificnourish in order to
overcome the 'threats' of such a sea level rise.

If nature is allowed to do the adaptation job withbuman interference, a new
equilibrium is achieved by a horizontal shift [d]pwofile [2] towards profile [3] in
Fig.13.8.

The horizontal shift [a] can be determined frors ¢SLR * L)/(d+h).

With SLR = 1.0 m (e.g. per century), L = 1000 nx @0 m and h =10 m, a becomes
50 m. [C.f. Bruun (1962).]

In some situations such a gradual retreat of tlastamight be acceptable (in the
example 0.5 m per year), in other cases that i¢eftcdes acceptable (e.g. a coastal
zone with infrastructure and buildings close tosha).

The policy in The Netherlands is to avoid any calastreat so the option with
profile [2] in Fig.13.8 is strived after.
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13.3 Various aspects

In this section some general aspects related ifcmttnourishments are discussed.
They are relevant for many applications as mentaneSection 13.2.

Beach and shoreface nourishments

To overcome the effects of structural erosion (®edit losses out of coastal profile)
artificial replenishments are carried out at a teghasis. In principle the supplied
sediments are meant to disappear sooner or laér.dgpr this aim it is not very
important where in the cross-shore profile the isbuments are positioned. It is for
sure that the actual gradual losses out of thesesbere profile do not take place
precisely at the position where the nourishment passtioned. In practice that is no
serious problem because cross-shore sediment pescedistribute the sediments
over the cross-shore profile. A shoreface nouristtrakould not be positioned at a
too large water depth; the nourishment might thewdt of the 'reach’ of the waves.

Because the costs per of a shoreface nourishment project are far less these
costs of a beach nourishment project, often mughdriquantities are involved for a
shoreface nourishment project in comparison toagl@ourishment project. If large
volumes are involved indeed with a shoreface nbarent project, the rather basic
assumption that a replenishment does not drastiicdaérfere in the occurring
morphological processes, cannot be true anymom@niales are known where the
bar motion in seaward direction is disturbed bgrgé shoreface nourishment
project; see e.g. Spanhoff and Van de Graaff (2006)

Borrow and native sand
The sediment present in the cross-shore profitalied the native material.

(This definition looks clear. In many cases, howetlee sediment sizes are varying
over a cross-shore profile. With the sediment aizthe beach as starting point, the
sediments become finer in seaward direction; d&ecsediments in the dunes are
usually finer.)

The sediments to be nourished are called the bomaterial.

Depending on the aim of the replenishment projedttae (possible?) availability of
various borrow materials, one might choose favderabaracteristics of the borrow
material. E.g. in a large land reclamation profbetuse of coarse material is
favourable in order to diminish the losses. Inracitiral erosion case (regular
nourishments) the use of borrow material whichtfits native material to some
extent is recommended. By doing so the existingt@anorphological system
remains unchanged as much as possible.

A coastal system is at the one side often a vulile1system, at the other side
resilient elements are present. Volumes of aréifiplenished sediments which
differ from the native material will ‘tackled’ byé coastal system; at the end of the
day the system has adapted itself to the changeatisn.

If no strict requirements for the borrow materied posed, sometimes the sediments
of the one project (e.g. deepening of an approhehmel) can be used for another
project (beach nourishment) yielding cost effecpvejects.
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In selecting the source of the borrow material loag to take into account the
possible impact of the deepening of bottom on tastal system. In general the
depth (or the distance from the coast) must beslargpugh in order to avoid
unfavourable effects on the existing coast.

Methods of execution

With sources for the borrow material at open seadime cases land based sources
might be used for a replenishment project), dredgesised to carry the borrow
material to the project side; e.g. using a trailgper dredge. The procedures at the
borrow site are for all applications in principletsame (just dredging). The method
how to bring the sediments to the required posititapends on the aim of the
nourishment project. Also the size of the dredgesasl is important. It is beyond the
scope of these Lecture Notes to go into detailsubung pipelines from the vessel to
the project site, rain-bowing, and just using tberd in the bottom of the dredges are
some methods to release the sediments of the dredge

For a beach nourishment project often a final cabgse profile is prescribed. At the
end of the project the contractor has to demorestledt the profile as prescribed is
present indeed. (Losses during the execution optbject are at the costs of the
contractor.) It is conceivable that the stricter thquirements are, the more
expensive the project will be. For some projectg. (® overcome the effects of
structural erosion) in fact mainly the volume ofinehed material does count.

Ecological impact

The borrow material as it is in the bottom of tberse area, contains sometimes
some (immobile) silt (2 % silt is a quite normaltgentage). During the dredging
operation this silt is released; with the overflsystem of the dredge the silt is
brought into the sea water. A negative impact attfarine environment might
occur.

In Europe large areas have been allocated as N2@Ofasites. Also dune and
coastal areas are part of the Natura 2000 areatggbion and prosperous
developments are policy aims of these areas. dusishment project is foreseen in
the vicinity of Natura 2000 areas, an assessmextdiae made whether negative
effects are to be expected.

Losses and effectiveness

The basis for the design of an artificial nourisiitngroject should be a set of
realistic requirements the project has to meeerAtalizing a projects one is often
interested in whether the project did come up éoekpectations. Also in the
definition of losses and effectiveness one hastqute clear. If a beach
nourishment is e.g. meant to improve the beacferdift definitions might be

applied compared to the case the beach nourisheier@ant to overcome the effects
of structural erosion.

Monitoring and evaluation

The need to apply an artificial nourishment resoitsourse from (regular)
observations and measurements. After executioheoptoject these regular
measurements will continue. Often it is felt thairexmeasurements are desirable to
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be able to better follow and evaluate the proj@etause artificial nourishment
projects are still in its infancy, with good monitay and evaluation efforts many
valuable aspects might be clarified.

Sand bypass system

A special application of an artificial nourishmemoject is when a sand bypass
system is used. Building a port along a sandy amalstiilding jetties to stabilize a
mouth of a river flowing out into the sea, causksroupdrift sedimentation and
downdrift erosion of the coast. To avoid the ernsibthe leeside a sand bypass
system is a perfect tool. Sand is artificially sparted from the one side to the other.
In Australia various examples are known of adeqaatkcost effective systems.
(E.g. Nerang River project and Tweed River project.
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14 Background Information

14.1 General handbooks

General background information on coastal engingeaind coastal morphology is
provided in a number of handbooks. Each of thedeisted to some, but mostly not
all, topics relevant for coastal engineering. Sai#hem are listed hereafter in
alphabetical order:

Dean, R.G. (2002)Beach Nourishment: Theory and Practice.

World Scientific Publishing, Advanced Series on &t&ngineering,
Vol.xx.

Fredsge, J. and R. Deigaard (1992Mechanics of Coastal Sediment
Transport.World Scientific Publishing, Advanced Series ore@a
Engineering, Vol.3.

Horikawa, K. (1978). Coastal Engineering.

University of Tokyo Press.

Kamphuis, J.W. (2000).Introduction to coastal engineering and
managementAdvanced series on ocean engineering, Vol. 16.

Nielsen, P. (1992)Coastal Bottom Boundary Layers and Sediment Trahspo
University of Queensland, World Scientific PublisgiCo., Singapore.

Sleath, J.F.A. (1984)Sea Bed Mechanics
Cambridge University, Wiley Interscience Publicatidblew York.

Soulsby, R.L. (1997)Dynamics of marine sands
Hydraulics Research Wallingford, Thomas Telford IRaltions, London.

Van Rijn, L.C. (1999). Principles of coastal morphology
Aqua Publications, Amsterdam, The Netherlands.

Whitehouse, R.J.S., 1998cour at marine structures
Hydraulics Research Wallingford, Thomas Telford IRations, London.

The Coastal Wiki (www.encora.eu) is an ever growing source of toples
related to Coastal Morphology, Coastal Engineeand Coastal Zone
management.

A very practical handbook, which covers nearlytladl topics of coastal engineering,
is theShore Protection Manual (1984)

(A new version is available as an electronic vers@oastal Engineering Manual;
see for link: www.waterbouw.tudelft.nl)
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14.2 Interesting journals

Many coastal engineering topics are discussedumgs. Some examples of such
international journals are mentioned.
Coastal Engineering.An international journal for coastal, harbour and
offshore engineers, Elsevier Science.
Journal of Waterway, Port, Coastal and Ocean Enginering. American
Society of Civil Engineers (ASCE) Publications
Coastal Engineering Journal.World Scientific Publishing Co.
Journal of Geophysical Research - Oceanfimerican Geophysical Union
(AGU) Publications.
Ocean & Coastal ManagementElsevier Science.
Journal of Coastal ResearchCoastal Education and Research Foundation.

14.3 Conference proceedings

In the field of coastal engineering many, moreesslregular, conferences are
organised. At these conferences many papers asemieal. Often the papers are
summarised in Proceedings. The proceedings refatedjor conferences provide
valuable information on the topics discussed irs¢hieecture Notes. The contents
tables form a good starting point for finding fiettand recent information on
specific items. Four mayor conferences will be dssed, namely:

International Conference on Coastal Engineerin@ g%

Coastal Sediments (CS);

Coastal Dynamics (CD);

International Conference on Coastal and Port Erging in Developing

Countries (COPEDEC).

International Conference on Coastal Engineering

The International Conference on Coastal Enginedti@GE) is the world's premier
forum on coastal engineering and related sciefdes Institution of Civil Engineers
and the Coastal Engineering Research Council (CER@)e American Society of
Civil Engineers (ASCE) organise the bi-annual cosfiee. The conference includes
papers on theory, measurement, analysis, modelhdgpractice. The invitation
brochure of ICCE 2004 mentions the following topics

Coastal Processes and Climate Chang@ceanography, meteorology,
morphodynamics and sediment processes, macro anmd tigial regimes,
extreme events, coastal waves, effects on coastahgement.

Flood & Coastal Defence Engineering and ManagemenBeach
management and nourishment, coastal and beaclotsimtrctures,
construction techniques and performance.

Flood Risk Management.Strategic planning, flood warning, forecasting and
coastal change monitoring, data management angegehrisk and
uncertainty, decision making.
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Coastal Environment. Recreation, industrial activity, water quality, e@ds
and estuaries, sustainability, environmental ecoce®m

Ports and Harbours. Siltation, dredging and dredged material re-use,
navigation channels, optimization, wave-structateractions, breakwater
monitoring, coastal interactions.

Coastal Legislation, Planning and Co-operationGovernment policy,
funding, collaborative projects, integrated coastale management,
international co-operation and conventions, lavomgment, effects of
coastal hazards on land use planning.

Coastal Sediments

Coastal Sediments is a multi-disciplinary interoa#l conference convened for
researchers and practitioners to discuss scierteragineering issues of coastal
sediment processes. The conference is organiseg feveth year by the Committee
on Coastal Engineering of the Waterway, Port, Gdastd Ocean Division of the
American Society of Civil Engineers. The conferepoevides a high level technical
forum for exchange of information among the fiebdi€oastal engineering, geology,
oceanography, meteorology, physical oceanograpit/b@logy.

Coastal Dynamics

The Coastal Dynamics conferences (CD) are heldruhdeauspices of the

American Society of Civil Engineers (ASCE) everyfgears and are a sequence of
technical speciality conferences bringing togefledd and laboratory
experimentalists, theoreticians and modellers cotinly research on coastal
hydrodynamics and sediment transport. The procgedifithe multi-disciplinary
conference are of interest to coastal engineeestabgeologists, oceanographers,
and related sciences.

Conference on Coastal and Port Engineering in Dgused Countries

The mission of the COPEDEC conferences was orilginalprovide an international
forum where coastal and port engineers from dewadppountries can exchange
know-how and experience amongst themselves andtethcolleagues from
industrialised countries. In 1999, this was expdndethe following mission: To
enable the developing countries to have a sustiaitaiman resources pool of highly
skilled coastal and port development professior@isthe conference, that is held
every four years, papers are presented on mangdshyith special reference to
needs in developing countries; viz.:
Port and Harbour Infrastructure Engineering in Developing Countries.
Port infrastructure design: choice of structuresigh methods and
techniques. Port construction: choice of materdisdging and
construction techniques. Port renovation: renovadiod demolition
techniques.

Port Infrastructure Planning and Management in Devdoping Countries.
Port planning: economic forecasts, site selectaygut and nautical
aspects. Economic aspects: BOT, PPP, privatisatantainerisation.
Operations and maintenance: performance, safetyagesment.

Coastal Sediments and Hydrodynamics.

Coastal stability, beach erosion, control and rebumient. Sedimentation,
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maintenance dredging of harbours basins and appa@nnels. Waves,
currents and tides: field survey and measuringriegctes.

Coastal Zone Management in Developing Countries.
Integrated coastal planning: development, impleatéri, evaluation.
Impacts of coastal use: fisheries, infrastructtoatism, recreation. Policy,
regulations and guidelines for coastal zone managem

Coastal and Port Environmental Aspects.
Environmental Impact Assessment: pollution condirad treatment.
Sediment and dredging materials: characterisatioatment, disposal.
Waste management: reception facilities, preventi@atment.

14.4 Interesting internet sites

An overwhelming number of internet-sites exist withre or less relevant
information concerning coastal engineering topRiges are changing very fast
which means that references to any specific lisites may be outdated after the
appearance of these Lecture Notes.
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