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ABSTRACT

This study describes the formation and reduction processes of river deltas and their
control. Based on the sirpilaxity process between the flow motion within the boundary layer
and the nearshore currents within the surf zone, the concept of the boundary layer theory is
int:oduced. The theory is authorized by two cssentia} assumptiyons;:_theykare theuveloc’ity
profiles of longshore currents are similar and wave set-up is independent of longshore
direction. Employing these assumptions, the nearshore current equations can be simpliﬂéd to
arrive a single equation for non-uniform longshore currents. This equation is similar to the
boundary layer equation and contains integration coefficients which depend only on the
velocity profiles of longshore currents. Therefore, an experimental study on the similarity of
velocity profiles in non-uniform longshore currents was carried out. The expedg}cntal, results
reveal that the coefficients which appeared in the equation of non-uniform longshore currents
are not functions of longshore direction nor time.

An extension is made to Tsuchiya and Yasuda's formulation of longshore sediment
transport rate to include the non-uniform terms. The new formulation of non-uniform
longshore sediment transport includes the effects of sediment size, beach slope and bed.
roughness, and has been verified with the field and laboratory data plotted in th’e well known
Komar's figure.

The physical description of river delta formation is investigated through studying two
field cases: the Nile Delta coast, Egypt and the major river deltas in Lake Biwa, Japan. The
formation process of river deltas is investigated analytically and experimentally. The effect of
longshore variation of beach slope on the configuration of river delta is studied. The
theoretical and experimental results reveal that; for river-dominated delta type, beach slope is
remarkably vaded along the river delta with steeper beach slope at the river mouth and milder
one at the end sides of the river delta. Thus, the configuration of river delta is sharply

formed. In the contrary, for wave-dominated delta type, the longshore variation of beach



slope is very small resulting in gently curved shape of river delta. With normal wave
incident, symmetrical configuration of river delta is arrived. When waves approach the beach
obliquely asymmetrical configuration of river delta is observed.

‘The reduction process of river delta due to decrease 6r lack of sediment ihputform the
river is experimentally investigated. The experimental results reveal that the reduction process
is signi‘ﬁ'can't‘ly: different from the formation process. For the reduction process, the shoreli‘ne
of the river delta is répidly érodcd; whiljé the front line of the riVVer delta retreats ShoreWard at
a Vefy SIOW rate. For the formation process, both thé shoreline and the front line of the river
delta'ﬁrtopag'ate at the same rate, they are almost parallel. |

A iheory of formation of stable beaches is derived based on the new ‘Vfoﬁrmulationbf
non-uniform loﬁgshbré sediment transport and the aid of one-line theory. The appikica‘oil‘ity of
the theory of formation of stable beaches is examined using data of stable beaches at
Amanohashidate beach. | | o

The final goal of this study is fo control beach erosion of river delta, which occurs
due to decrease or lack of sediment input from the river. The methodology of beéch'erosion
control is investigated by intfoduciﬂg the pfcviéus and ‘ncw methods for beach erosion
control. A new proposal is made for beéch erosion control of rivér delta based on Tsuc}liya’s
>idea1 methodology for beach erosion control and the Concépt of formation of s{able beaches.
Two ideal examples are presented for coni‘mlling beach erosion of symmetrical and

asymmetrical river delta configurations.
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Chapter 1 INTRODUCTION

1.1 - Objectives of The Study -

The River delta areas have been recognized as a natural resource for the activities of
human beings, particularly in those countries, especially in Egypt; which greatly depends.on
the Nile River for cultural as well as economic activities. The coasts of river delta have been
developed to support agriculture, industry, residential areas, and recreational usage. In recent
years utilization of coastal areas have steadily increased. Development of the coastal areas and
river basins has frequently resulted in severe beach erosion, for example the construction of
river dams which intercept the flow of sediment from the river to the coast resulting in
serious beach erosion.

The history of man’s intervention in the flow of the Nile River is very long, it dates
‘back to Pharaonic times when Senusret Built a canal from the ancient Pelusiac branch of the
Nile to the Red Séa (circa 1900 B.C.). Since the completion of the High Aswan Dam in
1964, which has trapped all of the sediment load, a severe beach erosion takes: place
especially at the river mouths. For example at Ros.etta promontory the erosion rates for the
periods proceeding the surveys in 1926, 1965, 1973 and 1982 were 18, 20, 125 and 211
m/yr, respectively. The "new” Rosetta Lighthouse which was 1 km inland in 1970, became
an offshore island in 1976. Therefore, the study of the formation and reduction processes of
river deltas is one of the important aspects not only for Egypt but also forall countries of the
world. The methods of preventing beach erosion and reclaiming land from the sea around

river delta areas and adjacent coasts are the principal goals of this study.



In Japan, coastal projects have developed all over the country in order to'protect human
life from disasters caused by storm surge and tsunami (tidal waves). These projects also aim
to stabilize the shoreline and preserve coastal environment. In addition to these purposes, it
has recently become important to reclaim the land for increasing recreational areas.

The interactions between .waves, currents, and bottom sediments are extremely
complex. The incoming waves are transformed as they propagate into'shallow water-where
they, at some critical depth, place the sediment in motion. This sediment is transported by
coastal currents which are generated by the waves or other meteorological phenomena
resulting in significant bathymetric changes. The objectives of the present study can be
summarized as:

(1) A new formulation of total rate of non-uniform longshore sediment transport is
made theoretically based on the applying of the concept of the boundary layer theory to the
nearshore current equations in order to derive a single equation for non-uniform longshore
currents as a function of time and space.

(2) A geographical and topographical investigation of the coastal areas around the river
mouths and adjacent coasts is made for two field cases: the Nile Delta coast; Egypt, and the
major river deltas in Lake Biwa, Japan.

“(3) The total sediment discharge {rom the river is estimated using data‘records from
sediment input analysis or by estimating from the shape of the river delta.

(4) The formation process of river deltas is investigated analytically and experimentally
by applying the one-line theory and the formulation ‘of non-uniform longshore sediment
transport rate. The effect of beach slope change along the delta on the formation process of
river delta is also present;:d. An experimental study is carried out to: specify the main
parameters in the formation process. The reduction process of river deltas due to decrease or
lack of sediment input from the river is also experimentally investigated.

(5) An analytical solution for predicting the shoreline configuration of stable beaches is

derived by the formulation of non-uniform longshore sediment transport associated with the



aid of one-line theory. Applicability of this theoretical formation is examined by use of field
data of stable beaches.

(6) And the methods of controlling or preventing the coastal areas from beach erosion
are investigated by introducing the previous and new methods for beach erosion control. A
new proposal iS Iﬁade for beach erosion control of river delta based on Tsuchiya’s ideal
methodology for beach erosion cbntrol and the concept of formation of stable beaches, Two
ideal examplés are présented for controlling beach erosion of symmetrical and asymfhetﬁcal

river delta configurations.
1.2 River Deltas in the World

Delta result from the relative importance of deposition of river sediments which build
the delta seaward, versus the action of waves and currents which transport the scdimsnts and
erode the delta. Historically, thé term delta was ﬁrst applied by the Greek hisforian
Herodotus, circa 450 B.C., to the triangular alluvial deposit at rﬁouth of the Nile River.
Deltas may occur wherever a stream debauches into an ocean, gulf, inland sea, an, or lake.
Consequently, deltas of various sizes can be found throughout the world. Table 1.1 gives the
locations of some of the world’s largest modern deltas (Wright, 1985). In addition tb;these
major deltas, literally thousands of minor deltas are distributed over all the world’s coasts.

For existence of a delta there are certain requirements, the first prerequisitc' for a
significant deltaic accumulation is the existence of large drainage basin in which sediments
are supplied by failure and erosion of the basin dueto a heavy, rainfall. The sediment-water
discharge from the drainage basin is then transported to the coast by way of the alluvial valley
that conﬁnes the stream. The general configuration of delta is then dependént of the relative
importance 6fthe deposited river sediment and the transported one by the action of waves
and currents. | |

Previous researches have shown that configuration of delta is a function of numerous



- Table 1.1 Some major deltas and their lockatio‘ns‘.e L

Coordinates
{ : : Receiving body of = e
River Land mass water Lat. Long. -
Amazon South America Atlantic Ocean 0 52°W
- Burdekin . Australia-. Coral Sea, 1925« 147°E
Chao Phraya Asia Gulf of Siam 13°N 10I°E
Colville North America Beaufort Sea SN ST W e
Danube Europe Black Sea 43°N 28°E
Dneiper Asia Black Sea 47°N 32°E
Ebro Europe Mediterranean Sea  41°N 02°E
Ganges-Brahmaputra  Asia Bay of Bengal 32°N " 90°E
Grijalva North America Gulf of Mexico 18°N 93°W
Huang Ho Asia Yellow Sea 37°N 118°E
Indus _Asia Arabian Sea . 24°N . 67°E .
Irrawaddy Asia Bay of Bengal 16N 94°E
Klang: ., Asla Straits of Malacca . 3°N. I101°E
Lena Asia Laptev Sea 73°N 125°E
Mackenzie - North America “Beaufort-Sea 68°N 1397w
Magdalena South America Caribbean Sea 12°N 69°W
Mahakam: Bomeo Makassar-Strait 0 S o 1ITE
Mekong Asia South China Sea 10°N 107°E
w o Mississippi North America +  Gulf of Mexico ** 130°N" ~ 90°W
Niger Africa Gulf of Guinea 4°N T°E
Nile “Africa ‘Mediterranean Sea’ 32°N - 31°E"
Ord Australia Timor Sea 16°S  120°E
Orinoco South America Atlantic Ocean B VAR A
Parana South America Adantic Ocean  33°S  58°W_
Pearl CAsia " South China Sea  22°N  [13°E
Pechora Europe Barents Sca ; 68°N ... 54°E
" Po Europe Adriatic Sea 44°N  12°E
~Purari. Papua New Guinea Gulf of Papua. ~ 8°S  144°E
Red Asia Gulf of Tonkin 21°N  107°E
.Sagavanirktok .. North America Beaufort Sca - CJOPN 148°W-
Sio Francisco South Amecrica Atlantic Ocean 11°8 37°W
- Senegal Aflrica Atlantic Ocean TN 167w
Shatt-al-Arab Asia Persian Gulfl 30°N 49°E
Shoalhaven -“Australia Pacific Ocecan 35°S “151°E
Tana Alfrica Indian Ocean 2°S  42°E
VYolga Etrope Caspian Seca 47°N 48°E"
Yangtzc Asia East China Sca 32°N  122°E




process variables. Attempts to incorporate some or all of the process of variables into models
for discriminating delta types have resulted in at least three classification themes. Fisher,
Brown, Scott and McGowen (1969) proposed high constructive and high destructive delta
types based on relative intensity of river discharge and waves action::Colemen and Wright
(1971). and. Wright; Coleman and Ericson (1974), using a board tange of parameters,
quantified the process variable, then used statistical techniques to-array deltas into discrete
grouping. More recently, Wright (1985) proposed a classification scheme based on the earlier
work of Galloway (1975), wherein deltas were plotted on a ternary diagram to define general
field of river, wave, and tide dominance. The most significant aspect of these studies is the
addressing of the role of physical processes in producing specific and predictable answer.

Examination of a few majormodern world river deltas indicates that although a large
numberof variations exists, there are generalized trends and most exceptions can be logically
explained. Coleman and Roberts (1987) illustrated in Figure 1.1 the river discharge (m3/sec)
for several modern world deltas. In this figure the Amazon river has a largest river discharge
with about 16x105 m3/sec, while the Sao Francisco river has a smallest river discharge of
about 130 m3/sec. This large variation does not indicate whether the Amazon delta is belong
to a river-dominated type ornot. For example, although the magnitude of Mississippi river
discharge is relatively smaller than the magnitude of Amazon river discharge, the Mississippi
delta will be the most river-dominated type while the Amazon delta will be classified as a
tidal-dominated type .

A quantitative evaluation of wave power (x107 ergs/sec/m of coast) of seventeen river
deltas is shéwn in Figure 1.2. The wave power parameter shown extremely wide variation,
the Senegal delta experiences nearly 1,000 times more wave energy than the Mississippi
delta. In other words, the Senegal delta receives more wave power along its coast in a little
over two hours than the Mississippi delta dose all year. Such wave energy tends to smoo_th
out the configuration of delta coastal line.

Tidal processor control the spatial relationships and geometries of configuration of



delta. There are three important characteristics of tidally dominated rivers can be identified as:
1) - water-mass mixing by tidal activity destroys vertical density distribution, 2) forpart of
year tides account for the highest percentage of the sediment-transport energy and flow both
in shoreward-and ;seawajrd of the river mouth, and 3) the zone of wave-river interactions is
greatly extended both vertically and horizontally (Wright, 1985). These characteristic effects
result in widely different geometries for the delta: development-at the river mouth. Tidal
processes are difficult to quantify, but Coleman and Roberts (1987) show in Figure 1.3 the
average tidal range (in'm ) for 27 river deltas. The configuration of a low tide river delta such
as the Nile or the Mississippi would be severely altered ina short period of time if it was
subjected to tidal of nearly 6'm as in the case of the Oxd river delta.of Western Australia.

The relationship between river discharge and delta area of major world rivers is
illustrated in Figure 1.4, which shows that as river discharge increases delta area‘increases.
However, there is.a very wide variation in delta area for any given river discharge, this is
because of numerous interacting parameters. For example, the Sao Francisco river delta of
Brazil is relatively small for the magnitude of its river discharge but this delta is characterized
by extremely high wave action. In contrast, the Mekong delta of Vietnam is relatively large
for the magnitude of its river discharge, the delta is rather stable -and is significantly
influenced by tidal processes, (Coleman and Roberts 1987). Later in-:Chapter 3, the data
shown in Figures 1.1, 1.2 and 1.3 are used to adapt a modified version of a ternary diagram

proposed by Galloway (1975).
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1.3 OQutline of Thesis

This thesis presents an investigation of the formation and reduction p:rocessesh'of riVer
deltas, and methodology of beach erosion control of river deltas. Chaptér 2 presentska new
equation of non-uniform ]ohgshore cufrents based on the cohcept of boUhdary Iayér théory.
An experimental study on the similarity of ve}o‘cityy prbﬁlcs in rklon-ukniform loyngsyhore
currents was carried out. The experimental results reveal that the coefficients appeared in the
new equation of non-uniform longshore currents are not functions of Iongshore diréctioﬁ nor
time. Tsuchiya and Yasuda’s (1979) formula for estimating of the total rate of longshore
sediment transport is extended to include the non-uhiforrﬁ 'tefms. This hew for‘mul‘ati‘o‘n of
non-uniform longshore sediment transport rate includes the effects of sediment size, beach
slope and bed roughness, and has been verified with the field and labérétbfy data plotted in
‘the well known Komar's figure. o o

In Chapter 3, firstly, the physical description of ri?ét deltas is bresehfed through
studying two field cases: the Nile Delta coast, Egypt, and the major river deltas in Lake
Biwa, Japan. A brief description of the fundamental of the one-iine theory wiﬂ bé discussed
following by an overview of the previous analytical work re]aiéd to the tyhco‘ry. Several
analytical solutions for shoreline evolution of river deltas will be derived based on the éid of
the one-line theory and the new formulation of non-uhifoml Idngshdre SCdim;enf transpott. In
addﬂion, an experimental study on the formation process of‘river‘ deltas was carried out to
specify the main parameters in the formation process. Finally, the 'analytical solutions of
shoreline evolution of river deltas are applied to the cxpeﬁmental daté and to the river ‘déltas |
in Lake Biwa. | |

"In Chapter 4 the reduction process of river deltas dué to decrease or 1a§k of sédirﬁent
input from the river is experimentally investigated. An ana]ytikéal‘solutionifokr ﬁfedicting the
shoreline configuration of stable beaches will be derived based onthe foxmﬁ]atién of

non-uniform sediment transport associated with the one-line theory. A theory of shoreline



configuration of stable sandy beaches is derived and its applicability is examined by using
data of stable beaches at Amanohashidate beach, Japan. The last portion of the chapter
presents the methodology of beach erosion (;ontrol. A new proposal is made for beach
erosion control of river delta based on Tsuchiya’s ideal methodology for beach erosion
control and the concept of formation of stable beaches. Two idéal examples are presented for

controlling beach erosion of symmetrical and asymmetrical river delta configurations.
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Chapter 2  NON-UNIFORM LONGSHORE SEDIMENT
_TRANSPORT

2.1 Introduction

In recent years, the coastal region has become an area of intense human activity for
industry, transportation, recreation, as well as for coastal protection works. The longshore
sediment transport has a significant influence on changes in the shoreline positions as well as
beach profiles. The prediction the longshore sediment transport rate is of great importance for
the coastal engineers.

In the deep water, the propagation of waves is generally not associated with wave mass
transport. However, as the waves travel closer to the shore, outside the surf zone, the wave
mass transport gradually increases. Inside the surf zone, wave mass slowly. moves
shoreward, this is in addition to the to-and-fro motions produced by the waves. Closer to the
shore, due to the presence of the beach, ti]e water is redirected into a longshore current. The
return flow of water offshore takes place in strong, narrow currents known as rip currents
which flow seaward from the surf zone. This phenomenon is typically observed in nature.

Waves, currents and the properties of the bottom material determine the occurrence and
magnitude of sediment transport in the coastal zones. The shoreline is simply defined as the
boundary between sea and land. The geometry of the beaches is determined from the pattern
and rate of sediment transport as well as the influence of man-made structures-and other
human activities in the nearshore zones.

The process of longshore sediment transport in.coastal zones is extremely complex.
Breaking and reforming waves, changing in space and time, generate a three-dimensional

turbulence field acting over an irregular and constantly changing botiom topography. In
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addition to the compiexi{y' just described other paréméiérs of kmajor impbryiahée'tfér the
longshore sediment transport such as grain size, beach siope and bed roughness must be
considered. A complete theoretical description of all these parameters is for beyond the scope
of presently available literature. Instead, simplified models must be used.

The aim of this chapter is to gain more insight into the dynamics of longshore sediment
transport generated by waves and currents. In the following subsections, the overview of the
previous works on longshore currents and associated longshore sediment is shown. Based
on the concept of boundary layer theory, a new equation of non-uniform longshore currents
is derived. This equation is similar to the boundary layer in.tegral'equation. An experimental
study on the similarity of velocity profiles in non-uniform longshore currents was carried out
to examine the applicability of the assumptions of the boundary layer conrjept in'nearshore
region. A new formula for total rate of non-uniform longshore sediment transport is derived
based on the formula of Tsuchiya and Yasuda (1979). This formula includes the effect of
sediment size, beach slope, bed roughness, and has been verified using the field and
laboratory data plotted in the well known Komar's figure. With this formula, the empirical

CERC formula could be modified.
2.2 Overview of Previous Work

2:2.1 Longshore sediment transport

Numerous investigations have been attempted to formulate the total rate of longshore
sediment transport. Inman and Bagnold (1963) empirically correlated the longshore sediment
transport rate to the longshore component of the incoming wave energy flux. They presented
the first dimensionally correct expression for this correlation. This expressibn is now
commonly known as the CERC (Coastal Engineering Research Center) formula. Bagnold
(1963) extended his concept of work performed by water in moving sediment particles to

include wave effects. He assumed that the longshore sediment transport depends on the
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combined effect of waves and currents. Once the sediment is in ‘motion ‘due to waves, it
becomes available to transport by longshore currents. His approach is known as the energetic
model approach. In the literature there have been, and still are, many discussions about the -
value of the CERC formula coefficient.

Gourlay (1982) extended Bagnold’'s model to include an expression for the longshore
current velocity resultving from the effects of both breaking angle and a longshore gradient of
breaking wave height. Similar relations to the longshore current velocity proposed by
Gourlay (1982) have been proposed by several authors (e.g. Motyka and Willis, 1975; Ozasa
and Brampton, 1980). This type of expression has recently been recognized as useful:for
application of the one-line theory of beach evolution, especially for beaches with coastal
structures (Hanson and Kraus,; 1986).

- In other approach known as bottom shear stress approach (or mass flux approach), the
physical process of the mechanism of sediment transport is studied in more detail than the
previous energetic approach. Consequently, this approach requires detailed knowledge of the
important physical parameters such as bottom shear stress under combined waves and
current; bottom slope, grain size distribution, the reduction of wave height due to breaking,
and estimation of the diffusion coefficients both in non-breaking and breaking fields. Bijker
(1971) assumed that mechanism of sediment movement is governed by the bottom shear
stress alone. He combined the Kalinske-Frijlink bed load equation with: the suspended load
relation proposed by Einstein (1950) to get the total transport rate. Recently Tsuchiya and
Yasuda (1979) proposed a new formulation of the total rate of longshore sediment transport
based on the mass flux model, in which the longshore sediment transport is proportional to
the averaged concentration of sediment and the longshore current velocity. This formula will
be discussed in detail later in this chapter with extended it to include the non-uniformity of -
longshore sediment transport.-Also, the formula will be verified using'field and laboratory

data plotted in the well known Komar's figure.

13



2.2.2 Longshore currents

Since Longuet-Higgins and. Stewart-(1964) laid down the principles ‘and-gave the
physical- meaning behind the concepts of radiation stress for water waves, the theory of
longshore currents induced by wave breaking obliquely on beaches has progressed
considerably. Eagleson (1965),measuréd~ the characteristics of breaking waves and the
resulting longshore currents for 34 combinations of 'wave height (up to 0.22 ft ), period
(0.40 to 1.50 sec), and breaker angle (up to 32°) along a 20 ft test section of a 30 ft plane.
The:beach used in his experiment was smooth concrete with slope of 0.104. Observations
and ‘meéasurements show that most of the fluid-in the surf zone remains there; and that
longshore current velocity initially increases downstream froman obstacle: He explained the
increasing of velocity along the beach due to the fluid forming the breaking wave has been
withdrawn from the surf zone and thus already has a longshore component of motion of the
breaking wave. A differential equation for this non-uniform flow agrees qualitatively with the
measured variation of velocity with breakerangle and with distance from an obstacle:

Horikawa and Sasaki (1968) reviewed and summarized literature though 1967
including Japanese-and Russian efforts. They conducted laboratory model tests: with
movable-bed and irregular topography using submerged. float to measure the longshore
current. Some fixed-bed model tests also conducted using Twabana Harbor topography.
Their results were well predicted values using the Eagleson (1965) formula. No quantitative -
comparison of model and theory was given in order to draw conclusions. The influence of
the Reynolds number on bottom friction coefficients was also discussed.

Bowen (1969) investigated theoretically the generation ‘of longshore currents on a
beach, using the concept of radiation stress to describe the flux of momentum associated with
the incoming waves. With reasonable assumptions, the theory leads to a complete description
of the velocity field as a function of the distance from the shoreline. The model provides a
mathematical framework for testing the various possible assumption by comparing them with

reliable experimental data.
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James (1974) proposed a theory of non-linear longshore currents. The present theory
uses a combination of third-order hyperbolic waves (an approximation to cnoidal waves) near
the shore and Stokes waves farther out. This is shown to be suitable assumption for the case
of spilling breakers on gentle slopes. The momentum and energy fluxes given by this model
are calculated and the consequences for wave shoaling and-set-up are discussed.

Gourlay (1976) conducted hydraulic experiments for non-uniform longshore currents.
Experimental data show that the form of the non-uniform wave-generated current system
resulting from diffraction behind an offshore breakwater is essentially determined by the
beach breakwater geometry while its magnitude depends upon the wave height. Furthermore,
the current may produce significant increases in the magnitude of the wave set-up within
three-dimensional system. t

Liu and Dalrymple {1978) developed the analytical forms of the time-averaged bottom
shear stress, including the effects of the angle bgtween the direction of wave propagation and
the mean current, and a large angle of wave incidence is also included in the study. Two
different friction models are obtained based on the relative magnitudes of wave orbital
velocity and that of mean currents. These two friction models are applied to longshore
currents generated by obliquely incident waves. The lateral mixing is ignored and the beach
contours are -assumed to be straight and parallel. The strong current model, used when the
mean currents are greater than the waves orbital velocity, is compared with laboratory data. A
good agreement is found. The regions of validity of these two theories are discussed in terms
of the angle of incident waves, the slope of the beach, and the bottom friction coefficient.

Kraus and Sasaki (1979) obtained an analytical solution of the steady longshore current
on a plane beach. The simple form of the solution, which is essentially an extension of the
Longuet-Higgins (1970), isolates the effects due to a moderately large incident wave angle
and the lateral mixing parameter. Predictions of the model are verified with new detailed
laboratory and field measurements. From comparison with observation it appears that mixing

parameters less than about 0.1 describe most steady longshore currents. Values of both the
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bottom friction and lateral mixing coefficients are determined by fitting the theory with the
data.

Visser (1984) performed of laboratory experiments on uniform longshore currents and
computed of the data with longshore current profiles:predicted by a mathematical model. For
the mathematical model it is assumed that longshore current generation occurs between the
plunge line and the shoreline. Good agreement between theory and laboratory data is
achieved with realistic values of the bottom roughness.

Recently, Thornton and Guza (1986) compared their analytical and numerical models
for longshore currents generated by obliquely incident random waves with field
observations. The longshore current models are bas’ed on balancing the gradient .of the
radiation stress with the longshore bed shear and Reynolds stresses, assuming stationary
wave conditions and straight and parallel bottom contours. Optimal agreement between
observed and predicted fongshore currents was satis{ied with a bed shear stress coefficient Cr
= 0.006. They found that the eddy viscosity is not important, at least for the nearly planar
topography present during the observations.

The previous 23:16;01'265 have used some assumptions that are rather crude or'even
invalid. But, as Longuet-Higgins (1972) remarked :” it need do little harm to-adopt special,
butinapplicable, theories as a first step towards understanding a phenomenon, provided that
we realize what we are doing and are prepared to make improvement later on”. Good and
reliable data are very important in the process of improving theory: both to guide this process

and to evaluate the results.
2.3 - Formulation of Non-uniform Longshore Currents
Many investigators have studied uniform longshore currents, but only a few such as

Eagleson (1965), Horikawa and Sasaki (1968), James (1974) and Gourlay (1976) have

concentrated on the phenomenon of non-uniform longshore currents. More recently,
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Tsuchiya, Kawata and Refaat (1989) studied experimentally the velocity profiles of
non-uniform longshore currents. They verified thc; existence of the similarity of Velocity‘
profiles of non-uniform longshore currents in the longshore direction. The phenomenon of
non-uniform longshore currents can be seen clearly in the vicinity of reefs and headlands, as

well as coastal structures. The velocity profile starts to grow near the initial current movement
and increases rapidly, downcoast the structure, to reach a constant shape, which represents
the velocity profile of uniform longshore current. Th¢réf0re, we may say that the
non-uniform longshore currents are responsible for occurring a rapid erosion or accretion

around these structures.

The shoreline is a boundary between sea and land. Immediately seaward of the
shoreline there exist a narrow band of fluid known as the surf zone. The surf zone is
characteristic of complex fluid motion induced by the rapid dissipation of the incoming wave
energy. Moreover, in the field of hydraulics, particularly in the open channel flow, there exist
a thin layer near the bed, within this layer the influence of vistosity is confined.
Consequently, it may be possible to describe the longshore current motion in the surf zone
using the boundary layer concept. Based on this analogy, the concept of boundary layer
theory is introduced to the nearshore region.

The concept of boundary layer theory is well known in the fluid motion. The theory is
authorized by two essential assumptions; they are the similarity in velocity profiles is existed
and the pressure in a boundary layer is practically constant. Using these assumptions,
Navier-Stokes equations can be simplified (Schlichting, 1960).

Similarly, in the nearshore region the assumptions of the boundary layer theory are
introduced as: the velocity profiles of longshore currents are similar and wave set-up is
independent of longshore position, see Figure 2.1. By employing these assumptions the
nearshore currents equations can be simplified to arrive a single equation for non-uniform

longshore currents, which is similar to the boundary layer integral equation.
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The processes of simplification éf the baéic equ’ayti‘ons of nearshsre current dynamics
are straightforward as follows; 1) transformation of basic equations into a dimensionless
form, 2) determinationof order of magnitude of terms of basic equations by using stretching
scale method, 3) separation of the basic equationsinto uniform and non-uniform, and.4)
substitution of the equations:of mass conservation and momentum  conservation in
cross-shore direction into the equation of momentum conservation in longshore direction-to.
drive a single equation, and finally integration of that equation over the cross-shore direction.
The resulted partial differential equation will be function of x (in longshore direction)and t
(time) and contains integration coefficients which depend only on the velocity profiles of
longshore currents. Since the velocity profiles are similar, the integration coefficients will not

be functions of x nor t.

2.3.1 Basic equations of nearshore currents

‘In order to investigate the generation of nearshore currents, it is normally assumed that
the fluid is homogeneous and the velocity field is independent of the water depth, so that.only
two-dimensional (horizontal) motion is allowed. The conservation of mass and momentum
equations for waves superimposed on currents are derived by integrating the ‘continuity-and
Navier-Stokes equations over the total water depth and then by taking a time average overthe
wave period. The detailed derivation of the equations is given by Phillips (1977) and by Mei
(1983). The time- and depth-averaged mass -and momentum conservation equation for

unsteady flow in-a homogeneous fluid are formed, respectively, as: -
3h, a(hu) 3(hv) _

3t | ox gy ° - | @0
ou, Qu,  ou_ 1 95, 0S5,  on
ot 0 x oy ph dx dy ox
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where u , v are the depth-averaged and time-averaged velocity components; S, ', Sxy ,etcy
are the radiation stress components; T, , T, etc. are the components of the Reynolds stress-
tensor expressed in lateral stresses; T, , Ty are 'the time-averaged bottom shear stress
components; and 8 /0 x, & 1 /@ y are the gradients of water surface in the x-'and
y-directions.

The ‘momentum conservation equations, Eqs. (2.2) and {2.3), ate equivalent to those
for nearly horizontal free-surface flows if the radiation stress gradients are neglected. The
radiation stress is defined as the excess momentum flux induced by wave motion.”
Longuet-Higgins and Stewart (1964) laid down the principles and gave the physical meaning
behind the concepts of radiation stress for water waves. The lateralstress componenis shown
inthe momentum conservation equations, Eqs: (2.2) and (2.3) are:described as the combined
momentum fluxes dueto both horizontal mixing length of turbulent eddies and deviations of
local velocity fromy its depth-averaged value. Due t¢ the weak understanding of the surf zone
dynamics, the lateral stresses are usually described in terms ‘of an eddy viscosity coefficient

associated with velocity gradients (Vreugdenhil; 1980).

2.3.2 Processes of simplification of basic equations

To simplify the basic equations, first we transform these equations into'a dimensionless
form, then determine the order of magnitude of the basic equations terms by using strctching
scale method. Finally, the separation of the basic equations into uniform ana non-uniform
can be done. The detail of the simplification processes is straightforward.

(1) Dimensionalization of basic equations

- Before drawing the processes of simplification, the dimensionless of the basic
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equations is first be required. Physically, sutf zone is very narrow comparing with global
view of the ocean, therefore, a certain distance, /, in longshore direction is introducing as the
representative length to facilitate the dimensionless process, in which the uniformity of
longshore current velocity is satisfied. The velocity of uniform longshore current is given by: -

a modified-Longuet-Higgins formula as:

U, ==——gh, (—)mcos a,, 2.4)
b 1,,,Cf b;cb: ‘b T O A,
where m=6h/6y=tanl3/(l+§y2)=(‘1-'k)tan‘ﬁ (2.5)

k=(1+8/3y")"
in which, y = Hy/hp, is the breaker index, tan is beach slope, Cis the bottom frictional
coefﬁ¢jent due waves and currents, cp =V, gbghe breaking wave celeﬁty, g js the a‘ccel‘era‘tion
of gravity, with the definition, b = sin ap, to simplify the notation and the subscript b
denotes the values at the breaker Hne. Uy is selected as the representative velocity to facilitate

the dimensionless process. The dimensionless quantities are introduced as:

*® _ X * . y It _ h tt B (
X 1 » y _[ ; 1 -1' ’ T ’
S Uiq . .
=b =2 ad v o= (2.6)
. gl? Uy Uy NP ‘

Substitution of Eq. (2.6) into the basic equations, Egs. (2.1), (2.2) and (2.3), yields the

dimensionless form of the mass and momentum conservation equations, respectively, as: -

oh +<3(hu)+<3(11v‘)

: : MRS “ 2.7)
ot 0x oy
U .5y edu 9S. 3s. n 4T, OT. .

A . pitic DA e e D L)
at 0 x oy dx dy 9 x dx Oy

Y 8y sav 39S, a5, n oT. OoT. .
e B G e D VXD
ot O x dy dy dx oy dy 0x o
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where the asterisk represents the dimensionless terms.

(2) Ordering of magnitude of terms of basic equations

‘The phenomenon of longshore currents deals with @ narrow zone in cross-shore
direction and a wide length in longshore direction. Hypothesis used-are: 1) u is large in
comparison with v; and 2) the derivatives with respect to 'y are large compared to the
derivatives with respect to x. In order to clearly see the phenomenon of longshore currents,
the longshore direction must be stretched, while the cros‘s-shoré‘direcﬁon remains constant.
For this purpose, we introduce the stretching scale method. Application of the stretching
scale method requires the specification of a small parameter £ = hy, / 7, thus

h << I , u> v and 8/0y >> 9/09x o (2.10)

where hy, is the water depth at the breaker line. Although, the longého‘re‘ direction will be
stretched by gm , wherem is a positive number, the other dimensionless quanﬁties in Eq.
(2.5) will be stretched by another small 'parameier‘s El, €y, ....0MC, because they are

functions of x*, y” and t*. The stretching quantities are then set as:

#

u v =fsv* and t =gt . 2.11
5 ’ 0 3 0 & ! o )

it

u
0

where the subscript 0 and the superscript * represent, respectively, the stretching and
dimensionless quantities. The stretching parameters €5, i=1,4, will be determined as follows:
From Eq. (2.10), the local acceleration term, the convective acceleration term, and the

pressure gradient term , in longshore direction , are in the same order, thus

- %

au‘ 'Bu* *au' on
0(—“7)=0(U—“:)=0(V“—,)=0( ,)
ot o0x oy Jx
€ G m
or 4= = -1 & (2.12)
€ g? £ € g
2 2 2.3 1

Longuet-Higgins has mentioned that the radiation stress gradient 0 sxy/a y and the bottom

shear stress T, are of order one , then
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®

T)=0(T ) = 0(1) o == L= - @13)
oy . ; = 81 X i

0(

From Egs. (2.12) and (2.13) we get:

= = = ¢ ™ = " 14
€ £ 1,83 € and €, = ¢ (21)

Substitution of Egs. (2.11) and (2.14) into Eqgs. (2.6), (2.7) and (2.8) , yie]ds the mass and

momentum conservation equations, respectively, in the form:

oh  o(hu) d(hv)
€m( =0 + 00" 4007 ) =g (2.15)
ot ox oy )
0 0 0 :
os _ om oT
Cm(6u0+u 6u0+v au0+ xx0+ 0)_ 2m xx0
ot 00x 00y 0x ox Jx
0 0 0 0 0 0
oS 3
om 1 0 OVO wo, 1 0 Y
—gm = — -1 2.16
¢ hoayo(uoho 7% 3y, B 0y (k“oho 5y )" T (2.16)
J8S oT du dv
(20 20 L0y 0) T )@
0x dy h dx 000 Y0 dt
o "o 0 o
0
av 0 1 8 ov as n o
+ 0 + 0y + 3m__ h 0)= yy0+ 0 ' 2.'
00x 00y Yre h ox (UO 00x ) Jy Oy (2.17)
0 0 0 "o 0 70 0

where v is the kinematic turbulent viscosity. It is noted from Eq. (2.15) that the mass
conservation equation is of order €M, this is because for the uniform condition, the gradient
of ;hc longshore currents with respect to the longshore direction is nil, i.e. du/0x = 0 and
therefore, no effect of cross-shore velocity component v on longshore velocity component u.
In Egs. (2.16) andk (2f17), the model of Vr«:ugdenhil (1980) was used to express the lateral
stress components in terms of eddy viscosity coefficient associated with velocity gradients.

(3) Separation of basic equations into uniform and non-uniform

It is now convenient to separate the possible equations into two classes, uniform and
non-uniform equations, depending on the stretching parameter €m. The uniform basic

equations consist of terms of order one, while the non-uniform basic equations consist of the
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uniform terms plus the terms of order €m, The higher order terms £2m and €3m will be
negleéted. In the following subsections the solution for uniform and non-uniform nearshore

current equations is discussed.

2.3.3 Uniform m:arshom current equatnons ;
Referrmg to Egs. (2 16) and (2.17), terms of order one show respectlvcly, the

equation of uniform longshore current and the equatxon of wave set- up as:

0S5

Jdu
Xy0+__1_" 0 (v h 0y_ T = 0 2.18)
ay@ hO ayo 0 an0 x0
6Sw0 530
e 0= S g (2.19)
63/0 63!0

The analytical solutions of Egs. (2. 18) and (2.19) have been given, respectively, by
Longuet-Higgins (3'972) to derive a model for longshore current profiles, an‘d by Bowen,
Inman and Simmons (1968) to derive wave set-up and sei-down. The solutions are
straightforward.

(1) Uniform Iongshoreyvelociw profiles

Longuet-Higgins (1972) solved Eq; (2.1‘8) showihg that the velocity broﬁle of ihé
longshore éurrent is dependem bnly of the nondimensional parémeter P. He assxukmedk that
turbulent energy dissipation in breakihg@ave takes placé shoreward of the breakéf 1ine."I"he
ratio between the breaker height Hb and the breaker depth iib is assumed ‘c‘onstan‘t, and is

defined as, a breaker index y=Hy, /hy =1/ h . The parameter P is formed as:

P=

N 7tm A - (2.20)

Y Cp

where N is a dimensionless constant being greater or equal to 0.016, Cg the bottom frictional
resistance coefficient due to both waves and currents, and m the gradient of the water

surface. The parameter P now represents the relative importance of lateral turbulent mixing of
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the wave orbital motion to the bottom frictional resistance. Longuet-Higgins obtained the
following results, for P # 0.4
U=AY+B, Y 0sY=1 (2.21a)
U=B,Y" Yz1 (2.21b)

whereU=u/Up , Y=y/yp,
1 3 9 1 3 9 1
= = o o — T e R —_
A 0 Sp Pl=-2* 17 > 316" ?
2 i 2.21¢)

2-1 -
P PI-1

Bovioer A BTviom
so that all the constants (A, P1, P2, By, and By) in Eq. (2.21) depend upon the parameter P.
The effect of paraineter P on the velocity profiles is shown, for some representative P values,
in Figure 2.2. These velocity profiles demonstrate that the magnitude of the longshore current
velocity decreases with increasing magnitude of the parameter P. This is because taking
larger P values gives more lateral stresses to smooth and spread the theoretical longshore
current profile across the surf zone and beyond the breaker line. And using the lower P
values shifts the maximum longshore current toward the breaker line. Taking P=0 for no
lateral stress gives U=1 at Y=1 and a triangular solution is formed inside the surf zone with

U=0 outside the breaker line.

{2) Wave set-down & set-up

Bowen, Inman and Simmons(1968) solved Eq. (2.19) and showed that for a plane

beach of slope tan 3, the wave set-down is expressed as:

-1
v -(1+8/3y%) tanP = - k tan (2.22)

This means that the mean water surface slbpe, wave set-down, is proportional to the beach
slope. Integration of Eq. (2.19) to find 7, wave set-up, on a plane beach reduces to a simple
trigonometric analysis. Thus Tl can be specified by the magnitude of the breaker index vy, the

location of the break point, and the magnitude of wave set-down at the break point, Ny,
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2.3.4 Non umform nearshorc current equations
Returning to Egs. (2.15), (2.16) and (2.17), the non- umform basxc equatxons can bc

extracted by neglecting terms of order higher than £€m as:
oh a(hu) a(hv)

0 “ ©(2.23)

At 0x oy

du  Qu ou 0S_ 3S_ an 10 du

- e Y e = — RN A Sl i S
T Uex TVay T Tax T ey T ax Tway Py WL @2
" 2S oS oT

on _ %%y ,%Pn 10 (Uha_‘i)+ wo_T (2.25)
y Jdy 0x hax Jy oy y '

The subscript 0 has been dropped for convenience. Equations (2.23) and (2.24) are two
simultaneous equations for the two velocity components u and v. While, Eq. (2.25) shows
the non-linearity of wave set-up in a cross-shore direction. In the next section we will show
how can these two simultaneous. equations be transform into a single equation for

non-uniform longshore currents.

2.3.5 Nogp-uniform longshore current velocity

In previous section a set of two simultaneous equations for the two velocity
components u and v was derived. The substitution of the mass conservation equation, Eq.
(2.23), into the momentum conservation equation, Eq. (2.24), results a single equation fora
non-uniform longshore velocity. The velocity of non-uniform longshore current in this
equation will be a function of the radiation stress gradients, mean water surface slope, lateral
stress and bottom shear stress. This equation will be integrated over the cross-shore direction
to eliminate the derivative with respect to v and to remain only the derivative with respect to x
and t. Therefore, this integration requires us to specify the velocity profile of the longshor¢
current in y-direction. For this purpose, a model proposed by Longuet-Higgins will be used
in order to simplify the integration process. Also, to estimate the wave set-up, the model
proposed by Bowen, Inman, and Simmons (1968) will be used. We should mention that any

model for estimation of longshore velocity profiles can be used to evaluate the integration
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quantltles Now the substitution of Eq (2 23) mto Eq (2 24) and mtegratmg over

cross-shore dxrectxon, ylelds

- - y i -y
du du 6] Ju du 0(hu)
_ - s - _ d
pjh‘a'tdy pj (Ja dY)dY+th“axdy Jayq % )
0 0 ¢} 0 0 0

0 o 0
Equation (2.26) is rewritten in a simple form as:

Uf%””3“14}:"15”5”17”8"19 , (227
The evaluation of the integration quantities requires knowing the velocity profiles of the
longshore currents. Tsuchiya, Kawata and Refaat (1989) verified experimentally that the
velocity profiles of non-uniform longshore currents are similar. Therefore, a suitable
expression for the velocity profile is formed, taking into consideration that expression should

satisfy the similarity of velocity profiles, hence

2= ' (228)

¥
v, b

where Uy is the non-uniform longshore current velocity at the breaker line. Now, the
evaluation of the above integration quantities given by Eq.( 2. 27) is'drawn as follows;

(I1-Iy) :Localinertia term -

From the longshore current profile shownin Figure 2.2, it is noted that

=) y o0 ) . .
du [ 0oh ah
_o[9u [0h - 229
L pj ay(J e Iy pj a1 ¢ 229
0 0 ‘ 0
Then
_ du_ 0h 0(hu) :
I-T =p J(h-_.+ “)dy- J = dy (2.30)
0 . 0 :

Normalizing Eq. (2.30) with U, and hy, yiclds

28



P 0 5 h u y , ;
I- Iz—;-a{Uohb[(H;)(-q)d(;;)} S (aUBY) @31
0
in which o, = — J(ij(i) ary | | (2.32)
1 m ; hb o Y e

Since u /Uy is a function of y / yp, and h/hy, can be expressed by y / yp,, the coefficient o)
will not be a function of x nor t.

(I3 -14 ) : Convective inertia term

Similar to the above, it is found that

du d(hu) J'*a(hu) :
_ bl = _ 2.33
14, pj ay(I Jx dy) dy pPp e 0x dy , ( )
0 0 0
Then
du d(hu) J’@(hu) :
T = = s 7 2.34
I3 I4 DJ (hu ax Tu Jx ) dy =p ox dy ( )
0 0
Normalized Eq. (2.34) with Uyand hy, , yields
L-1=— o= (U8 (o) (g a5 )= pa—(a2U h2) (235
0
. . , _ 1 h U o y :
in which o EI (—h—b) (—-[-J—) d(_yt;) (2.36)

0

Also, o, is not a function of x nor t.

I5 : Radiation stress gradient (9 S, /.0 x)

In a series of papers beginning in 1960, Longuet-Higgins and Stewart laid down the
principles and gave the physical meaning behind the concepts of radiation stress for water
waves. They assumed that the dissipation of wave energy flux takes place shoreward of the

breaker line, therefore, Is is reduced to
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Pas yb o
o v,
- = 4 =-_J _ b | 237
IS Jax YT Bk S 4y ax[sxx]yb (2.37)
0 0

Applying the definition of the radiation stress given by Longuet-Higgins (1972) into Eq.
(2.37), shows

L 20 s TN BPOE P SE
15 = g P8y H{thb +2§33b h, }—~—8—pgy hb(~2~+b)a~ Co(2.38)

! 1
mvhich  B=— | ()2 a(L) ad -~ [ (2P aL) @39
2 m hy Yy 3 om by Yy
0
in which the definition, b = sin o, to simplify the notation and the subscript b notices the
values at the breaker line. The coefficients B, and B, depend on the ratio o{y/yb, therefore

they are geometrical constants.

lg : Radiation siress gradient (9.5,./0 y)

Since the dissipation of wave energy flux takes place shoreward of the breaker line the
integration I reduces to:
b

1——}68’%&-—@5] - L pgh? sin 2
=] 5 dr =18, yb—Tgpg\, 2 sin 202

5 {2.40)

0
17 : Wave set-up
Bowen, Inman, and Simmons (1968) showed that the wave set-up for a planar beach

of slope tan} with normal wave incidence is expressed as:

d
= -k tan P =_kg-y—, where k= (1+8/3y)" , (2.41)

This meant that the mean water surface slope, wave set-up, is proportional to the beach
slope. Integration of Eq. (2.41) to find ﬁon a plane beach reduces to a simple trigonometric
aﬁal?sis. Therefore, the wave set-up relation can be written as:

- k 5

_ Sy pyo 35, |
7 (l—k)(ﬁhb h) 2 (6hb h ) (2.42)
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Substitution of Eq. (2.42) into the integration I, shows:

, 0hy 2 z dy, ; ,
_sy 3y 0 , 9% : ;
L=—¢ 93131 b ax - ‘16‘:pgax’(ﬁ o)+ hb 5x (2.43)
1 1 ; ;
. . 1 h y 1 h y o
which =_.de.. =-J 2y 49X
inwhich B =— (hb) ( yb) and B = — (hb) (yb) (2.44)

Similarly, the coefficient B, depends on the ratio y / yp, thus it will be a geometrical constant.
Ig : Lateral stress term |

The lateral stress combines the momentum fluxes due to both the horizontal mixing
length of turbulent eddies and the deviations of local velocity from its depth-averaged value.
Due to weak understanding of the dynamics of surf zone, the lateral stress is usually
descnbed in term of an eddy vxscosxty coefﬁcxent associated w1th a velocﬂy gradzent |
Longuet- nggms (1972) distinguished the effect of Iateral stress on the shape of velocxty
profiles, addressing by a dxmensxonless pammeter P However, the mtegranon Ia shows that

Ifjaay(”"—“)dy“ [uhg-‘;} - [uh—‘—J | (45)

When the Longuet-Higgins’s model for the longshore velocity profiles is applied, Eq.
(2.21). The integration Ig will be mathematically equal to zero. Physically, in the deep water
area,’vwhen y goes to inﬁnity, the wave energy is assumed consefve_d, therefore no lateral
stress exist. Also, no lateral stress ekisf at the shoreline where the water depth goes to zero.
This means that the lateral stress has no effect on the velocity in the longshore direction. In
fact, we can explain this phenomcnon from a point of view of sim‘ila’rjity of velocity profiles
as; since the lateral stress has b‘een addressed by the pnranlcter P which plays an essential part
for changing the shape of the vcloci’ty profile in the cross-shore direction and since the
simiylan'ty of the velocity profiles in tne longzs‘horc direction has been verified experimentally,
therefore, the parameter P will be independent of the longshore direction and consequently,

the lateral stress will have no effect on the non-uniformity of the current velocity in longshore
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direction.

I : Bottom shear stress

For the time average bottom shear stress I, Longuet-Higgins derived
2
T, =__cfp‘umlu , 1 (2.46)
o { - ! .
where; Cyis the bottom fric“ﬁonai resistance coefficient due to both waves and longshore

currents, and |ugy| is the absolute value, maximum wave orbital velocity near the bottom for

sinusoidal motion, thus Iy can be written as:

=

L= YQVC{ pa,c U b , inwhich o = T;J' (::% )m‘ (% ) d(% ) (2‘47)‘
bt 0 b 0 b

The ava}ua‘ilon of the ab@vs u‘ngmuon quamx;:és createé coc}t"ﬁtcu:nts‘ozi and {31, i=1,2, 3
The esumanon of these COﬁfﬁCiﬁ“ﬁxS fcqmres xmwmg t‘ne longshore veiocﬁy prof'ﬂns and the
local depth raim (h/’xb} Emgioymg the srnuamy of veloc;ty pmﬂles in non- umferm
longshore currents shows that the coefficients o; and BE are not functions ofx nor t They are
functions of the shape of the longshore current velocity, which can be represented by
Longuet-Higgins parameter P. The detail of evaluation of these coefficients using th‘e model
of Longuet-Higgins is summarized in next subsection. Therefore; Eq. (2.27) is rewritten
finally as:

VG

ST

i 5 . a . 5 ;2 s . F— . : . . ; :
oG e (G SR sl o

and

2 ay . . .
2 b
f(x) gh {smzcbuZCOS o, ,—(3_’?(531—,6;,{32

.2 oh, R ooy,
+;(’B3 sin O!b) T 2{33 hb sin 20, 5;—} - (2.49)

where Uy, is the non-uniform longshore currentvelocity at the breaker line, y = Hy/hy, is the

breaker index, cp = Vghy is the breaking wave celerity, g is the acceleration of gravity, and
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o and By ,i = 1,2, 3, are the integration coefficients. Regarding to the similarity of the
velocity profiles; these coefficients will be dependent of the predicted shape of the velocity
profiles. Any model for predicting the velocity profiles of the longshore currents can be used
with. Eq.: (2.48), however, for simplifying the mathematical process,.the model of
Longuet-Higgins will be used here.

Equation (2.48) is a nonlinear partial differential equation with only one unknown, the
longshore current velocity U,. The analytical solution .of this equation gives a complete
description for the phenomenon of longshore currents, which is the final goal. However, the
equation is excessively complicated to permit analytical treatment since too many variables are
described in one formulation. Therefore, to obtain a closed form solution to the non-uniform
longshore currents, a simple mathematical formulation has to be used; but one which still
preserves the important mechanism concerned. Since the concept of the boundary layer is
introduced here, it is expected that the derived equation for describing the non-uniformity of
longshore currents is similar to the boundary layer integral equation. An interesting
theoretical analogy can be made betweén these two equations, such that, the integration
coefficients appeared in both equations are dependent of the velocity distﬁbution in a
direction perpendicular to the direction of the main flow. For example, in the béundary layer
integral equation two coefficients appeared, they are called the displacement thickness &* and

the momentum thickness 6, and defined by

5’U=J (U-u)dy (250
y=0
and
8U2=Ju(U—u)dy e : : (2
y=0

Similarly, the coefficients appeared in the non-uniform longshore current equation, Eq.

(2.48), can be distinguished as the coefficients o, i = 1, 2, 3, which represent the longshore
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velocity profiles, and the coefficients B;,-i = 1, 2, 3, which represent the gradient of the

radiation stress and wave set-up. A comparison between the coefficients of the boundary
layer equation and the coefficients of the non-uniform longshore currents equation leads to
some interesting points, that; (1) The coefficient @, is similar to the displacement thickness:
&*, and o, is similar to the momentum thickness 8, while a; represents the effect of the
bottom shear stress due to wave actions, (2) the coefficient B, i =1, 2, 3, represent the

pressure gradient; which is assumed constant in the boundary layer equation and assumed

here independent of the longshore direction.

2:3.6  Closed form solution for nonsuniform longshore current

The closed form solution of Eq. (2.48) depends upon the estimation of the coefficients
j and Pj, as will as the given boundary conditions. An analytical solution of Eq. (2.48) for
steady and constant waves conditions, and with the boundary conditionat x =0, U;= ﬁo‘is

derived as:

(1-U /U,) exp(1- U, /U,)

— = exp(B x) (25
(1-U 7U,) exp(1- U /U)

where
=5n7m : (sino.'
b~ 16C, &

} cos o, and

8Cp a2 e

Snm Otzhbsin 201b

B=(

Equation (2.52) demonstrates the development of non-uniform longshore current
velocity at the breaker line. Figure 2.3 shows a family of solutions ‘of Eq. (2.52) for some
representative 60/ Uy, values . The longshore current velocity increases rapidly to reach a

constant value which correspondsk to the uniform longshore current velocity Uy, .
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2.3.7 Coefficients of non-uniform longshore current eguation

In section 2.3.5 an equation for non-uniform longshore currents was derived, Eq.
(2.48). This equation has coefficients which appeared due to the integration over the
cross-shore direction, and they are dependent of the velocity profiles of longshore current,
which are similar, as well as the uniformity of wave set-up in longshore direction. These
coefficients can be distinguished as the coefficients &y, i = 1, 2, 3, which represent the
longshore velocity profiles, and the coef! ficients By, 1=1, 2, 3, which represent the gradient

of the radiation stress and wave set-up. And they are expressed as:

2
i h I.r h )
o, - -—-—j(h () 45, B =] () a)
ol Uy ¥y me b
o0 i :
1 h 1 I h .2
o, = — [ (g a0y, 8, - = [ (5 ady (2.54)
5 b 0 b mo B b
{ E" R I y 1 : h 3 y :
o, = — [ () (g aDy, = — [ (T a D)
3 mé h, U, Yo BS mo hy LA

It is clearly seen in Eq. (2.54), that the coefficients By, i - 1, 2, 3, are geometrical
constants, depend only on the local depth ratio (/hy,), while the coefficients v, 1 = 1, 2, 3,
are dependent of the velocity profiles as well as the local degﬁﬁa ratio. To calculate the
coefficients oy a suitable expression for the velocity profiles is needed. Any model for
predicting velocity profiles of longshore currents can be ﬁs;d to estimate the values of the
coefficients, however, for simplifying the integration’proccss,kihc model proposed by
Longuet-Higgins will be used here. Applying Longuet-Higgins solution given by Eq. (2.21),

the coefficients jand B3, 1 = 1, 2, 3, are determined as:
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=1 - 1
R AL R RS
A 2AB, B B; i
— + + - =
2 4m m{PI+3) 2m(Pi1+1) 2m(P2+1) B 3m

(2.55)
2 i

% 3m PBTim

where the constants A, P1, P2, B, and B, are dependent upon the Longuet-Higgins
parameter P. Figure 2.4 illustrates the influence of the ‘parameter‘ P on the coefficients ¢r; and
B3. The coefficients Bj do not affect by the parameter P, because they are geometrical
constants as indicated in Eq. (2.54). The coefficients @, and o5 are affected by the parameter
P, while the coefficient &y has been held constant. The reason for this is explained as
follows; in Eq. (2.48) the coefficients ) and o, present , respectively, the influence of
unsteady and non-linear terms of longshore currents which a‘re affected by the changes of
velocity in the longshore direction, while the coefficient 053 presents the influence of uniform

longshore current term.
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2.4 Experimental Study on Similarity of Velocity Profiles

Based on the similarity between the flow motion within the boundary layer and the
Jongshore current within th¢ surf zone, the concept of bpundary layer theory is introduced to
the nearshore region. The thédry is:éﬁtﬁorized by two ‘assum'ptions, they are: -the velocity
profiles of longshore currents are similar, and wave set-up is independent of Iongshore
position. As discussed in the previous section, these assumptions were employed to simplify
the nearshore current equations. Therefore, a series of experiments on longshore currents
was performed. The purposes of these experiments were to examine the apblié&ibility of the
assumption that the velbcity profiles in non-uniform longshore currents are,simi‘lar and to
examine the uniformi{y of wave set-up in the longshore direction. The experiments were

performed using regular waves.

2.4.1 Experimental set up

The experiments were performed in the fan-shaped wave basin (semicircular part:
r=17.5 m; rectangular part: 35 x 10 m) of Ujigawa Hydraulics Laboratory, Disaster
Prevention Research Instiiute, Kyoto Uni'versity.'A smooth concrete beach was constructed
with slope 1:10. Two smooth wave guide walls were installed in the normal direction to the
wave board, The upstream guide wall was closed to the beach and downstream one was
ended near the toe of the fixed bed, see Figure 2.5. The purpose for having a guide wall
closed to the beach in upstream is to keep the wave height uniform along the beach. While,
the opening at downstream guide wall helps to minimize the water cifculation between the
guide walls and to carry it away behind at the still water area. =

In Figure 2.5, the sloping part of the wave basin was marked by a 20 square cm grid.
Measurements of current velocity were made at every grid line perpendicular to the shoreline.
Two different types of colored tracers were used; 3 cm square shaped paper tracers and 2.5

cm ball tracers. The tracer trajectories within each grid was recorded by using a video camera
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system. Measurements of wave heights in the constant depth of the basin were made with
capacitance type wave gauges. While on the sloping part, measurements of wave heights and
mean water level were made over the entire grid area using capacitance type wave gauge and
low frequency filter, respectively. The wave gauge and low frequency filter were installed on
a vehicle mounted on rails controlled by personal computer. The angles of incoming wave
incidence were measured at the-constant depth part by measuring the angles of inclination of
the wave generator to the beach. Snell's law-and linear wave ‘,thco:ry were used to estimate the

angles of wave incidence at the breaker line.

2.4.2 Experimental rééults

In order to develop a more realistic model for non-uniform Iongshore currents, it is
necessary to employ regular waves under various conditions. To carry out this investigation,
eight experiments were performed unde; the conditions that the still water depth at the
constant depth part is 30.6 cm, the wave period is 1.13 sec, the rangé ofangie of incidence is
159 to 55°, and the wave hcight is van'éd from 3.8 cm to 8.5 cm, (see Table 2;1). The
experimental results are classified mainly into two categories which are given as:

(1) Similarity of velocity profiles

Figures 2.6 and 2.7 show an example of the measured longshoré velocity, kfor two
incident wave angles 170 and 45°, compared with the theoretical curve of Longuet-Higgins
(1972). The rate of agreement between méasurf;d and compﬁted longshore current profiles is
influenced by the choice of Longuet-Higgins parameter P. The curves were fitted to the data
by using the method ofleaét square. It is noted ihét for all experiments Longuet-Higgins
parameter P is less than 0.2. From these figures it is obvious that:

(1) The similarity of velocity profiles is very satisfactory. The shape of the velocity
distribution starts to grow from the initial boundary until to reach constant shape, which

represents uniform velocity profile.
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(2) For a small angle of incident, the agreement between the measured velocities and
Longuet-Higgins curve is good. While in the case of large angle of incident, the agreement is
less. |

The development of non-uniform longshore current velocity at the breaker line is
shown in Figure 2.8, where the longshore distance is normalized by Eagleson’s factor B
expressed as:

2 Cp ] , | |
b2 G |
5 h, cos B sin o s ! (2.56)

where, hy, is the breaker depth, o, the breaking wave angle, B the beach slope, and C fis

the Darcy-Weisbach friction coefficients. The longshore current velocity increases rapidly
from zero to a constant value which corresponds to the uniform longshore current velocity.
The measured longshorek‘ current velocities clearly show the tendency of non-uniform
longshore currents. ;

(2) Uniformity of wave set-up

Figures 2.9(a) and 2,9(b) illustrate the distribution of measured wave height for Run 2
and the mean water level for Run 3 over the entire fixed bed area. In thesc figures the
horizontal axis represents the cross-shore direction, while the longshore direction represented
by the third axis. The uniformity of wave height and wave set-up alongshore are clearly seen
in these figures. Figure 2.10 shows the cross-shore measurements of wave field for Run 2.
The lower part of the figure shows the measured wave height computed with the calculated
one by linear wave theory. In the experiments, the breaking wave is plunging type, this
means that the wave height continues increases up to the breaker point. The effect of
nonlinearity is so small, so that the measured values fit the calculated one well. The upper
part of the figure shows the changes in the mean water level presented by waves. Bowen’s
formula (1968) for wave set-down was used to fit the measured data. It's clear from this
figure that the wave set-up increases linearly toward the shoreline. Therefore we can

conclude from Figures 2.9 and 2.10, that the wave set-up is uniform alongshore and
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(a) Distribution of measured wave height (Run2).
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(b) Distribution of measured mean water level (Run3).

Figure 2.9  Distribution of measured wave height and mean water level

over the entire fixed bed area.
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increases linearly toward the shoreline.

Figure 2.11 illustrates the variation of the measured wave set-up along ﬂié Shéreline.
The measured values used in this figure are 20 cm from the‘in‘itial"kshqx,cline; because the
limitation of measﬁrcmehts at this regiqn. Bﬁt, fortlinately, the wave set-up increa§;e$
linearly, thus we can use !hi}sy value insteadk of the maximum wave set-up value. In thxs ﬁgﬁfe
Run 2 shows the maximum vadatioh of wave set-up which is less than 7%, other cases are
much smaller. Therefore, we may conclude that the wave set-up is uniform alongshore.
Furthermore, it's well known that wave set-up is a function of breaker index, Hy/hy,. Figure
2.12 demonstrates the uniformity of breaker index, Hy/hy, along the shoreline, therefore
Bakker’s formula caﬁ be used to estimate wave set-up along the shoreline. In this figure, the

value of the breaker index, Hy/hy, is laid between 0.8 and 1.0.
2.5 Comparison with Experimental Data

In the previous section, series of experiments on longshore currents were carried out.
The main purpose of these experiments was to examine ﬁm applicability of the boundary
layer assumptions, by studying the phenomcnbn of ‘non-uni’fo’rm longshore currents
generated by régular waves. An example of the measured longshore v«;:lbéity compared with
the theoretical curve éf Longuet-Higgins (1972) is shown in Figure 2.6. The degree of
agreement between measured and computed longshore current profiles is inﬂd;ncéd by the
choice of Longuet-Higgins parameter P. The curves were fitted to the data by using the
method of least square. It is noted that for all experiments Longuet-Higgins parameter P is
less than 0.2. The similarity of velocity profiles is very satisfactory. Therefore, the
coefficients of integration in Eq. (2.48) are depcndent of the pAredicied shape of the velocity
profiles and the local depth ratio, Why,. The comparison between the experimental
measurements of non-uniform longshore currents and the theoretical curve given by Eq.

(2.52) for boundary condition at x=0, 60=0, is shown in Figure 2.13. Each plot in the figure
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is identified by the plotting symbol corresponding to each run in the experimental
measurements. It is seen that most of the points lie around the theoretical curve derived by
Eq. (2.52). The theoretical curve given by Eagleson (1965) is also shown in Figure 2.13 for
a comparison. The longshore current velocity increases rapidly from zero, at the initial
condition, to a constant value which corresponds to the uniform longshore current.

From Figures 2.6 and 2.13, It can be pointed out that the shape of the velocity profile
starts to grow near the initial condition and increases rapidly, upcoast of the structure
reaching a constant shape which represents the velocity profile of the uniform longshore
currents. Therefore, the theoretical curve given by Eq (2.52) describes not only the
non-uniform longshore velocity at the breaker line but also at any given relative local depth
ratio, h / hyy. Consequently, the phenomenon of non-uniform longshore currents can be
described analytically by solving Eq. (2.48) with the given boundary conditions and with the

estimation of the integration coefficients by the aid of similarity ofveldcity profiles.
2.6 Rate of Longshore Sediment Transport

The process of longshore sediment transport in coastal area is extremely complex.
Breaking and reforming waves, changes in space and ti’me, ‘the generate of a
three-dimensional turbulence field, all these acting over an irregular and constantly changing
bottom topography.In addition to the complexity of this picture there are also other
parameters of major importance for the longshore sediment transport such as grain size,
beach slope, or bed roughness. A complete theoretical description of all these parameters is
for beyond the present literature. Instead, simp:]iﬁ'ed models have to be used. Among the
several formulas fof the longshore sediment transport rate there are three basic approaches
which are distinguished; the wave power approach, the energetic model approach, and the
bottom shear stress (or mass flux) approach. A brief discussion on these three approaches is

given below, in which it is restricted to the general relationships describing each approach.
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2.6.1 Wave power approach
Numerous investigations have been attempted to correlate the longshore sediment
transport rate Qx to the longshore component of the incoming wave energy flux Py
(e.g.Caldwell, 1965; Manohar, 1962). The first dimensionally correct expression was
presented by Inman and Bagnold (1963):
k P1

Q, - , 2.57)
(o-p)g(1-2)

where ¥’ is a non-dimensional proportionality constant, ¢ and p the densities of the sediment
and water, g is the acceleration of gravity, and A is the sediment porosity. The longshore
component of wave energy flux (wave power) P| is written as:

Pl = (E Cg )b sin Qo cos @y : (2.58)

where E is the wave energy, Cg the group velocity, o the angle of wave crests to the
shoreline, and the subscript b denotes the breaking condition. Longuet-Higgins (1971) has
objected to the terminology’ for Py. ‘He showed tha’t Py is incorrect and haé no physical
meaning since scaler quaﬁtities, such as power or energy, cannot have compohents. Bearing
this in mind, but still finding the terminology illustrative and consistent with many other
studies. Equations (2.57) and (2.58) forrﬁ together what is commonly known as the CERC
formula (Shore Protection Manual, 1984) fér which k' is set to 0.77. In the literature there
have geen, and still are, many discussions about the true of the CERC formula coefﬁci’ent.
Over the ycérs, the recommended value of k' has been varied. More recently, Bailérd (1985)
and Kamphuis, Davies, Nairn and Sayao (1986) suggested thaf instead of being cénstani, K
is a function of parameters such as breaker angle, grain size, breaker’indcx, Hp / hp, and
bottom slope. The CERC formula has Several limitations. Ii does not explicitly’tz‘ake into‘
account the effect of grain size, beach slope or bed roughness. In spite of this and although it
is basically empirically derived, witﬁout any cons;iderations of the mechanism of sediment
transport, the CERC formulé has been successfully applied in immeasurable engineering

projects. In next section a trial is made to adapt the well known Komar's figure, in which the
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relationship between the immersed-weight sediment transport rate and longshore component
of wave power is computed with both field and laboratory data, by using a new formulation

for the rate of longshore sediment transport.

2.6.2 Energetic model approach

Bagnold (1963) extended his concept of work performed by water in moving sediment .
particles to include wave effects. Here, the longshore sediment transport rate is-assumed to
depend on the combined effect of waves and currents. Once the sediment is in motion due to
the waves, it becomes available for transport by longshore current velocity U. Then, the total

immersed-weight transport rate can be expressed as:

1

Il = k" (E Cg cos O }b (2.59)

u
m

where k” is non-dimensional pxopomonally constant, and g ‘\xs the maximum near- bottom
orbital VClOC}tV at wave breaking. Komar and Inman (1970) found for several sets of data that
K’k’ is equal to O 28. As opposed to CERC formula, Eq. (2. 59) can be uscd when the
longshore current velocity, U, is umfoml or non-uniform. As shown by Gourlay (1982), it
is possible to derive an expression for the léngshorc kcurrent vélocity resultihg from the |
effects of both breakmg angle and a Iongshorc gradxent of breakmg wave hexght Equation
(2.59) becomes 1dentxcal to the CERC formula whcn the breaking wave angle is small and the
Iongshore gradxe'lt of the breakmg wave height is set to zero. Thxs type of expressaon has
recently becn recognized as useful for appllcatxon of the one-line theory of beach evolutxon k

especially for beaches with coastal structures (Hanson and Kraus 1986)
2.6.3 Bottom shear stress (mass flux) approach

In the bottom shear stress approach, the physical process of the mechanism of sediment

transport is considered in more detail than the previous two approaches. Consequently, this
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approach requires detailed knowledge about important physical parameters such as bottom
shear stress under combined waves and current, bottom slope, grain size distribution; the -
reduction of wave height due to breaking, and estimation of the diffusion coefficients both in
non-breaking and breaking fields. Bijker (1971) assumed that the mechanism of sediment
movement is govemned by the bottom shear stress alone. He combined the Kalinske-Frijlink
bed load equation with the suspended load relation proposed by Einstein (1950) to get the
total transport rate. Recently Tsuchiya and Yasuda (1979) proposed a new formulation of the
total rate of longshore sediment transport based on the mass flux model, in which the
longshore sediment transport is proportional to the averaged conccnération of sediment and
the 1ongshore current velocity. This formula will be discussed in detail in next section where
it is extended it to include the non-uniformity of longshore sediment transport. A]so; the
formula will be verified using field and laboratory data plotted in well known Komar's

figure.
2.7 Non-uniform Longshore Sediment Transport

In the previous section three types ‘of approaches to determine the longshore sediment
transport rate were discussed; The ‘ﬁISt type, leading to the CERC formula, is pu:ely
empirical and has proved to give reasonable results in many coastal applications. Its major
limitation is the inability to account for non-uniform longshore currents generatéd. The third |
type models the physical process of sediment transport in more detéil that the other two.
Unfortunately, the use of this technique in engineering applications is still beyond the state of
considerable. However, as progress is being made, as in this section, this type of approach is
believed to become more available for engineering use. |

In general, sediment are transported downcoast by longshore currents through a
to-and-fro motion even as they are undergoing sliding or saltation due to wave action.

Einstein (1972) indicated that the motion of sediment transported by fluid can be expressed
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universally by a formula for sediment load.: Tsuchiya and Yasuda (1979) expressed the

mechanism of longshore sediment transport as:

q= ¢ h-u , ot e, 10 - (2:60)

in which q, is the rate of longshore sediment transport per unit width, u the Tongshore
current velocity, and €, the averaged concentration of sediment. The averaged concentration

of sediment can be expressed (according to Tsuchiya and Kawata, 1971)as:

g e

] p T |
c=c (—){lt-—3 - : ; ' (2.61)
o o g «
‘ T
in Wls";{:h ¢, is approximately equal to 0.2, although it varies slightly with the shields

parameter T*, p/o the specific gravity of sediment, and T*. the critical value of shields

parameter at the threshold of sediment movement. The shields parameter T* is defined as:

T . v (2.62)
(o/p-1)egD
where
1 2
Tip = fu, (2.63)

in which f is the bottom friction coefficient, D is the sediment size, g is the acceleration of
gravity, and up, is the maximum near-bottom orbital velocity. The value for uy, can be

expressed approximate!y by:

%Y./gh; ’ 0 <Y <1 ‘ :
u_ = 2.64
2 LBy Ly Gl v e
2 WL TR =

in which L is the wave length, H the wave height, T the wave period, h the water depth,
Y=y/vp, and the subscripts 0 and b refer to wave properties at the deep water limit and at the

breaking, respectively. The substitution of Egs. (2.61) to (2.64) into Eq. (2.60) leads to: .
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p 2hb
CO(O—)(I—FF—B—)hu 0<Y=x1
q, = o (2.65)

2
c(”“)(1~R2F2—}—l—)hu 1l <Y <
0 g rhz
b
where
vn H L h h
2. ' oy oy by b 2.66
R Z(H)(L)(H)(Lo) (2.66)
and
*2
g Yo
=2 (2.67)
r YZ fghb

in which R2 represents a function of wave characteristics and F;? represents a square of
Froude number of threshold of sediment movement. In order to integrate g, over the domain
of sediment drift in the cross-shore direction it is necessary to specify the cross-shore
distribution of longsﬁore current velocity. For this purpose, the Longuet-Higgins (1972)
equation for longshore current is used. Now, the total rate of non-uniform longshore
sediment transport is derived by integrating Eq. (2.65) over the domain of sediment drift

while applying the non-uniform longshore current velocity U, given in section 2.3, as:

Co p I , ‘
Q= 2 IRF)IR T, e
where
I - ’ K i
(R,Fr)—a0~b0 Fr—dO(RFr) +dO(RFr) (2.69)

in which ag = 0.298, by = 0.124, dy = 0.373, and e, = 1.11 when P = 0.2.

Figure 2.14 illustrates the change in I (R, F;) versus F;2 and R2 when Longuet-
Higgins parameter P is set to 0.2. It is obvious form this figure that; 1) For a small value of
¥ 2 the function 1 (R, F) becomes nearly constant say 0.3, and 2) The function | R, Fp

decreases with increasing F 2, it becomes very small when F 2 reaches 1.0. Consequently, in
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the field coast the function | (R, Fyp) is nearly constant because of the parameter Frz includes
the ratio of sediment size to break water depth, which is very small. On the other hand, in
laboratory experiment, the ratio of sediment size to break water depth becomes much larger
than the one in field coast, and therefore the function I (R,F)) becomes much affectable by
the ratio of sediment size to break water depth as well as the characteristics of waves and
sediment.

Now we consider the empirical relationship for the total rate of longshore sediment
transport derived by wave power approach, which known as the CERC formula and the well
known figure prepared by Komar and Inman (1970), which shows the verification of CERC
formula with both of field data and laboratory data. In their figure, the laboratory data are
plotted considerably below the CERC formula which fits the field data well.

Tsuchiya and Yasuda (1979) followed the same derivation steps, but they used
Longuet-Higgins expression for uniform longshore currents. Their formula can be derived
from Eq. (2.48) by neglecting the non-uniform terms. Their formula for total rates of

uniform longshore sediment transport, Q_,, is expressed by:

P

Q, =¢(7) L(R,F )8 [gh sin2c (2.70)
. ) _Sn c,Y : (2.71)
in which C EVI

Equation (2.70) shows that the total rate of longshore sediment transport is proportional to
the_ longshore component of wave energy flux (wave power) and the function 1 (R,Fp. In:
field, the function I (R,Fr) is nearly constant, therefore the total rate ofiongshore sediment
transport will be directly proportional to the longshore component of wave power, and the
formula given by Eq. (2.70) will be equivalent to the empiriczﬂ CERC formula derived by
wave power approach. Equation (2.70) can be expressed as an immersed-weight rate, I, as:

I,=(o-p)g(1-2)Q =k"’I(R,Fr) (E ¢, sina cosar)y (2.72)

where k™ is a non-dimensional proportionality constant. In the field, this constant multiplied
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by the value of the function [ (R,F,) will be equivalent to the CERC proportionality constant,
which is set to 0.77, ' the situation mathematically expressed as:

‘k”’I(R,Fr ), =k=077 ~ ; (2.73)

in which I (R,Fy), represents the value ofthé function at the field coasts. Substitution of
Eq. (2.73) into Eq. (2.72), gives:

I(R,}p

Im=(G—p)g(}~?»)Qﬁ =k’ (Ecg sin o cosoz)b (2.74)

L(RF),
The new expression proposed by Eq. (2.74) takes into account the effects of grain
size, beach slope, and bed roughness.  Equation (2.74) implies that in the field, the
expression will be similar to the CERC formula. This formula will be verified with field and
laboratory data presented in the well known Komar's figure in next section. Equation (2.70)
can be rewritten using uniform longshore current velocity Uy and breaker water depth hy, as:

<, p . 4
Q =m ) IRFH WU, (2.75)

The comparison between Eq. (2.68) for non-uniform longshore sediment transport and
Eq. (2.75) for uniform longshore sediment transport shows that both the equations are
similar in every term except for the longshore current velocity. For example, the function
1 (R, Fp) will have the same values in uniform and non-uniform longshore sediment
transport, this can be explained by the function 1 (R, F;) which is proportional to velocity
profiles, or the Longuet-Higgins parameter P. Moreover, the similarity of velocity profiles
has been previously verified. Thus, the function IR, Fp) will not be affected whether the
longshore current velocity is uniform or non-uniform. Therefore, the total rate of longshore
sediment transport will be directly proportional to the longshore current velocity,

mathematically expressed as:

Q U,
A 2.76
s T, (2.76)

m
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2.8 Verification of Longshore Sediment Transport Formula

The judgment of validity of any formula is its ability to be applied to laboratory and
field studies. For that purpose, the laboratory and field data used in Komar’s figure have
been recalculated with using the new formulation for the immersed-weight transport rate
given by Eq. (2.74), in which the function I(R, F;) plays an essential part in the verification.
A complete description with a more comprehensive presentation of field and laboratory data
used in this verification is found in Das (1971). From Das’s report, both the immersed-
weight transport rate and the ‘Iongshore component of wave power for the field and
laboratory data are recalculated using the new formula expressed by Eq. (2.74). The results
are plotted in Figure 2.15. In comparing of Figure 2.15(b) with Komar's figure (Figure
2.15(a)) it can observe that the 1aborat6ry data are sifted and the agreement between the new
formula and the data is much better. The results imply that by using the new formula,
Eq. (2.74), the empirical CERC formula could be modified to include the function I (R,Fp

which takes into account the effect of sediment size, beach slope and bed roughness.
2.9 Conclusions

The process of longshore sediment transport in coastal zone was investigated. A new
equation of non-uniform longshore currents was deriyed based on the the applying the
concept of the boundary layer theory to the nearshore current equations. The applicability of
the assumptions of the boundary layer which are the velocity préﬁles in non-uniform
longshore currents are similar and the wave set-up is uniform in the longshore direction, was
examined by performing an experimental study. The experimental results reveal that the
similarity of the velocity profiles is very satisfactory. Therefore the integration coefficients
appeared in the new equation of non-uniform longshore currents are not functions of

longshore direction nor time. Moreover, the maximum longshore variation of wave set-up
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was {more or less) small and wave set-up increases linearly shoreward.

From the comparison of the new equation of non-uniform longshore currents with the
experimental data, it is observed that the degree of agreement between measured and
computed longshore current profiles is influenced by the choice of Longuet-Higgins
parameter P. The shape of the velocity distribution starts to grow from the initial boundary
until reaching a constant shape which represents uniform velocity profile. Therefore the
theoretical curve given by the new equation of non-uniform longshore currents describes not
only the non-uniform longshore velocity at the breaker line but also at any given relative local
depth ratio, h/hy. Consequently, the phenomenon of non-uniform longshore cﬁrrents can be
described analytically by solving the new equation with the initial and boundary conditions
and with estimation of the integration coefficients by the aid of similarity of velocity profiles.

A new formula for estimating of the total rate of longshore sediment transport was
derived based on the formula of Tsuchiya and Yasuda (1979). This formula includes the
effect of sediment size, beach slope and bed roughness. The verification of the new
formulation of non-uniform longshore sediment transport rate was made using:the field and
laboratory data plotted in the well known Komar's figure. The result of the verification
reveals that the function I (R, F;) plays an essential role in the verification. The laboratory
datahave been ’rearmnged using the new formula, as a result the agreement bétweﬁerx the new
formula and the data is much better. Furthermore, the empirical CERC formula can be
modified to include the function 1 (R, Fp) which takes into account the effect of sediment

size, beach slope and bed roughness.
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Chapter 3 FORMATION PROCESS OF RIVER DELTAS

3.1 Introduction

In view of the variability of moderm deltas, a single delta model is no longer adequate.
Instead a series of models is required and several schemes have been proposed, based
primarily on the physical processes operative within the delta (Galloway, 1975). Based on
Galloway’s classification , -the river deltas are categorized as: -

(1) River-dominated type; in which the riverdischarge is predominant and wave energy
is minimal. The characteristics of delta of this type are mainly govemed by the river region,
the wave action is nearly negligible, as such as prevails along the coast of the Mississippi
delta.

- (2) Wave-dominated type; which represents higher wave energy situations, where
powerful waves have slowed down the advance of the delta and redistributed the river
sediments such that the delta plane takes on a smooth and gentle shape. This type of delta can
be observed along the coast of the Senegal delta.

(3) Tidal-dominated type; where the oceanic tidal currents are impinging on coastal
waters near river deltas cause river discharged sediments o be transported and dispersed
along the coast at considerable distances from the river mouth. In a few instances,
unidirectional tidal currents may be as swift as the river outflow itself. Probably the most
prominent example of a delta influenced by strong tidal currents is the Ord river of Western
Australia, in which the spring tide rang of about 5.9 m sweeps the delta and reveals flood and

ebbs currents in excess of 3 m/s (Wright, Coleman and Ericson,. 1974).
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Based on the data collected by Coleman and Roberts (1987) presented in Chapter 1,
Figures 1.1, 1.2, and 1.3, and a ternary .diagram proposed by Wright (1985) and by
Galloway (1975), a modified version of a scheme proposed by Galloway (1975) is adapted.
This scheme is shown in Figure 3.1, in which a ternary diagram is used to define general
regions of river-, wave- and tidal-dominated deltas. Applying the scheme the positions of
individual deltas are plotted qualitatively, in which it can be seen that the Mississippi delta is
the most river-dominated type, whereas the Ord delta is the most tidal-dominated type and the
Senegal delta is the most wave-dominated type. Although the definition of these parameters
are not restric;,tive, they are helpful in qualitatively understanding the delta classification.

In this chapter, firstly, the physical description of the river delta formation‘is presented
by invesiigating two field cases; the Nile Delta coast in Egypt and the major river deltas'in
Lake Biwa, Japan: The fundamental of the physical description will include the study of the
history of the set and shoreline changes, the sediment characteristics, and wave climate
conditions.

Secondly, a brief description of the fundamental of the one-line theory will be
discussed following by an overview of the previous analytical work related to the theory.
Thirdly, by employing the one-line theory associated with the 'formula‘of non-uniform
longshore sediment transport rate, presented in Chapter 2; several analytical solutions for
evolution of shoreline of river deltas will be derived under various Boundary conditions.

Fourthly, an experimental study was carried out. The main objectives of this work are,
to demonstrate the process of formation of river deltas, to declare the change of the beach
profiles along the sho;eline of the delta, to verify the relationship between shoreline change
and cross- sectional area of béach profiles, and f{inally to study the effect of oblique wave
incident on the symmetry of river delta configuration émd on the process of formatioﬁ of river
deltas. Finally, the application of the analytical solutions to experimental study and to river

deltas in Lake Biwa will be discussed.
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RIVER DOMINATED

A
WAVE DOMINATED TIDE DOMINATED

1. Mississippi ; 2. Shatt Al Arab; 3. Po; 4. Danube;

5.Jaba; 6. Ebro; 7. Irrawaddy ; 8. Huang ; 9. Mahakam ;

10. Nile ; 11. Rhone ; 12. Sao Francisco ; 13. Senegal ;

14. Shoal Haven ; 15. Orinoco ; 16. Indus ; 17. Burdekin ;

18. Niger; 19. Mekong ; 20. Copper ; 21. Purari ; 22. Amazon ;
23. Ganges-Brahmaputra ; 24. Gulf of Papua ; 25. Ord.

Figure 3.1 Temary diagram of delta types, based on the relative importance of river,
wave, and tide processes and delta shape, (modified after Galloway, 1975;

Wright, 1985).
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3.2 Nile Delta Coast

Man's intervention in coastal processes takes many form, however, the most serious
large scale and long term coastal erosion results from the interception of river sediment
supply to the coast by construction of river dams. This loss of sediment has a sudden and
disasters effects on the coastal area. The Nile Delta coast is an impressive example of the
effect of dams on beach erosion. |

Historically the position of the coastline of the Nile Delta has been determined by the
relative imporiance of deposition of sediments during the anﬁuai floods of the Nile River
which build the delta seaward, versus the action of waves and cﬁ’r‘rcms which transport the
sediments and erode the delta. Genémily, until the béginning of this century the discharge of
sediment has exceeded the potéhtiai of erosion, and the delta has built seaward. However,
man’s intervention, beginning with construction of barriers in the lower reaches of the
Rosetta and Damietta branches and with ihe constmchon of the Low Aswan Dam in 1902,
changed the pattern to one of erosion, construction of the High Aswan Dam, which began
filling in 1964, has resulted in a total absence Qf Nile river discharge as active sediment
source for the delta. As a consequence, the action of waves and currents, which have
remained undiminished, are in the process of eroding and changing the configuration of the
coastline of the Nile Delta. * |

The present Nile Delta covers an onshore area of about 25,000 kmZ and an about equal
offshore, down to the 200 m water depth. The coastline of the Nile Delta from Alexandria to
Port Said is about 300 km long. The southern apex of the Delta is at 30°N, some 30 km
north of Cairo, where the Nile River splits into the Rosette branch in western and Damietta

branch in eastem (Figure 3.2).
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3.2.1 History of Nile valley

The Nile valley was cut to its maximum depth during the great- Miocene desiccation
about 24 m.y. (million years) ago when the Mediterranean was isolated from the world
- oceans, causing the sea to dry and becomes a'sait,pan. At that tjm‘eithe xiver cut a gorge
deepér than the Grand Ganyén of the Colorado. The valléy began ﬁlling over its ancient dclta
when tﬁé Meditérmneah ﬁiléd during the Pliocene about 10 m.y. ago. The prés“ent Niie Iﬁ)elta’
has a sediment thickness of over 3.5 km along the continental shelf and a sedimeﬁt'volumﬁ

estimated to be 350 to 387 x103 km3 (Said, 1981; Ross and Uchupi, 1977).

(1) Sealevel changes

Fluctuations in the sea level of the Me“ditcrranean Sea have been important factors in the
cutting and filling of the Nile Valley, the formation of the delta, and the distribution of Nile
river sediments. There were many sea level fluctuations during the Pleistocene that resulted in
Nile valley cut and fill in different positions in the delta coast. Sea level rose form about -140
m, }AL‘S,OOO years ago and is still rising at a rate of about 15 cm per century. The preser’lt’sea
level rise is a factor in coastal erosion, possible accounting fora shoreline retreat of 10 to 15
m per century (Inman and Jenkins, 1984).

(2) Nile river discharges

The Nile river derives its water from the Lake Plateau of Tanzania and Kenya (White
Nile) and from the Ethiopian highlands (Blue Nile). It has a drainage of about 3 x 106 km?
and a length of 6,800 km. The Nile traverses 35 degrees of latitude in its long northerly flow
from its source in Tanzania to the Mediterranean Sea. Before the construction of the High
Aswan Dam, the river discharged annually 86 x 109 m3 of water (Hurst, 1952; Said, 1981).
The sediment supplied by the Nile River has been estimated to be about 88 to 120 x 106 ton/
yr, (Holeman, 1968). Some of this sediment have been transported to the coast by the
prevailing waves and currents, while the remainder has been deposited as part of the delta
formation.

Man’s intervention in the flow of the Nile dates back at least to Pharaonic times when
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Senusret had a canal built from the ancient Pelusiac branch of the Nile to the Red Sea (circa
1900 B.C.). Modem intervention began with construction of the Delta Barrage below Cairo
in 1861. The barrage sluices opened to pass flood waters, of which about 70 percent flowed
out the Rosetta mouth, and 30 percent through the Damietta. The barrage wyas’th’e beginning
of perennial intervention versus basin irrigation and the extensive use of Nile silts and clays
as nutrients in agriculture. This intervention continued with the construction of Low Aswan
Dam in 1902, up until the High Aswan Dam was completed in 1964, which trapped all of the
sediment load.

Before 1861, probably most of the sediment was carried during the flood months, July
through November, and deposited off the Mediterranean to form the delta of the Nile. The
erosion of Rosette promontory which began about the turn of this century was probably in
part due to a decreased of sediment supply causéd by the present of Low Aswan Dam.

The flood months of the Nile River are usually taken as July, through November, with
the maximum monthly discharge of about 17 and 21 x 109 m3 during August and September
respectively. However, measurements show that the rising phase of the flood in August
carries the highest percentage of suspended load. A minimum water discharge of 1.5 x 109
m3 occurs in May. The sediment transported by the Nile are made up of bed load and
suspended load. The investigations carried out in the pre-High Dam period have shown th’at
‘the bed load transport was only 1 to 2% of the total sedimerit transpbft. It accordingly became
customary to consider the total sediment load equal to the suspended load, (Shahin, 1985).

Shahin (1985) investigated the suspended load measured during the flood season from
1928 to 1963. The main conclusions drawn from his investigation are as follows:

(1) 98% of the annual sediments are brought by the Nile during the flood season. The
annual volume of sediments reathing Aswan to be about 125 x 106 tons.

~ (2) The percentages of clay, silt and sand fractions in the suspended load changes with

time during the flood season. The monthly average percentage are shown in Table 3.1.

13



Table 3.1 Monthly average percentage of clay, silt and sand f{ractions in suspended load.

Month Clay <0.002 mm Silt 0.002 - 0.02 mm Sand 0.02 - 0.2 mm
August 35 45 20
September | 30 45 25
October 30 45 L 25
November 35 35 ' o 30

3.2.2 Loogshore sediment characteristics

The grain size of littoral sediments typically varies in the longshore direction. This
va’riabi}ity is caused in part, by the influence of sediment-source and by selective transport and
selective deposition of specific fraction of the available sediment. The.local sediment size,
f:equsntlyc’hamderizsd by the median diameter, ds, is well correlated with the beach siope of
the equilibrium beach profile of the Nile Delta as shown in Figure 3.3, which is an significant
parameter in the classification of beach profiles. The fact that the coarser material is correlated
with a steeper slope is clealy verified in this figure.

Mineralogical studies of coastal sediments from Alexandria eastward to Sinai show: that
the Nile River has been the source of sediment for beaches and coastal dunes: Fishawi,
Fahmy, Sestinine and Shawki (1976) show in Figure 3.4 the average longshore grain size of
the Nile Delta Coastline for the period 1973 to 1975. Also in this figure shown are the data
frpm United Nations Development Program, UNDP, (1973), and the data from the 1980
sediment survey performed by Coastal Research Institute, CRI, Water Research Center,
Ministry of Irrigation, Egypt (1980). Two distinct areas are apparent. The first is the area from
Abou Quir Bay to the Gamasa-Ras El Bar, characterized by coarser sediments of 0.25 to 0.3
mm, and the second is the area east of the Damietta mouth where grain size is relatively
constant at about 0.15 to 0.2 mm. From Figure 3.4 it is noted that the Fishawi, Fahmy,

Sestinine and Shawki (1976) data show a minimum grain size in the vicinity of the distributary
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mouths. While, UNDP (1973) data show a maximum at the Rosetta mouth, and the CRI
(1980) data show a local maximum at Ras El Bar, near the Damietta mouth. This natural
temporal variability makes it difficult to describe a specific grain size af ény position along the
coast. From a practical point of view, however, the range‘of variability is less than 0.4 mm for
dsq, which is still characterized as fine to medium sand. Thus, characterization of the shoreline
sediment as 0.25 mm west of Ras El Bar and 0.15 mm east of Damietta mouth is a reasonable

approximation for engineering purposes.

3.2.3 History of shoreline change

Accretion and erosion are common to sandy coasts exposed to waves and currents. The
stability of any particular section of shoreline depends upon the balance between the quantity of
sediment supplied to that section and that carried away. If the sediment supplied is equal to that
transported away, then the coastal section is said to be in dynamic équi]ibrium and the beaches
are not subject to net erosion or accretion.

Historical shoreline changes are usually analyzed using available maps, charts, aerial
photography and profile information. Comparison of surveys shows that the shoreline of the
Nile river has retreated off the delta promontories following the construction of the Low Aswan
Dam at an annual rate of about 18 m / yr at the Rosetta branch. In contrast there has been a
modest shoreline advance (accretion) of about 8 m/ yr at the Gamasa outlet during the period
1947 to 19635, (Kadib, 1969; Mobarek, 1972). The historical maps for Rosetta promontory
allow for an analysis of shoreline changes back to 1800. During the period 1600 to 1898
Rosetta promontory probab]y extended seaward about 8 or 9 km (Sestini; 1975). Figure 3.5
demonstrates the historical shoreline changes of Rosetta promontory. The promontory
extended 3.6 km (37 m/ yr) between the surveys of 1806 and 1898, then remained nearly
stationary from 1898 to 1909, or in other word the shoreline of Nile Delta was in a case of
dynamic equilibrium stag\e. From the turn of this century to the present the seaward portion of

the promontory has eroded at a progressively more rapid rate. The erosion rates for the periods
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Figure 3.5 Historical shorelines of Rosetta Promontory, (after Inman and Jenkins? 1984).
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proceeding the surveys in 1926, 1965, 1973 and 1982 are 18, 20, 125 and 211 m / yr,
respectively (Figure 3.5). The "new” Rosetta Lighthouse which Was 1 km inland m 1970,
became an offshore island in 1976 (Nielsen, 1977; Khafagy etal., 1981). N

The establishment in 1971 a series of beach profiles extending from Abu er Bay to east
of Ras El Bar was an essential part of the erosion study. Repeated surveys along these profiles
have proved to be the most effective means of monitoring the erosion. Comparison of beach
profiles shows that the coastline has retreated of the delta promontories averaging 160 m/yr
between 1971-1972 and 211 m/yr between 1973-1982 on the Rosetta branch; and 143 m/yr
between 1943-1973 on the Damietta promontory (UNDP, 1973).

3.2.4 Wave climate

The large scale meteorological systems that give rise to the occurrence of Waves along the
Nile Delta coastline have been roughly studied . The cool season in the region ofthe N]le Dc
extends from November to April; the warm season occurs between June and September, and
May and October are transitional months with October generally accompanied by avery calm
sea states. Storms, associated with moving depressions mainly following a W to NW path,
occur regularly during the cool season. During the warm season e stable, wide Arabo-Bersion
~ depression extends towards the eastern coasts of the Mediterranean Sea. The corresponding
surface winds over the eastern Mediterranean blow mainly frem the N tn NW p‘ath during the
period from mid of June to mid of September producing swell waves which reach the Nile
Delta coast. The storms may occur every 6 to 7 days and their centers are often fast moying,
with migration ve]ocities of 900 to 1000 km/day. This migration rate is comparable with the
speed of the waves, causing the wave height to be enhanced. The waves typically have deep
water height of 3 to 6 m and periods of 8 to 10 sec and sometirnes up to 15 sec, (Inman and
Jenkins, 1984). |

The nearshore wave data along the Nile Delta coast have been observed. From technical

report presented by UNDP (1978) the available measured nearshore wave data around the Nile
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Delta are summarized as (measurement depth ranged from 4m to 11m):

(1) The frequency of occurrence of maximum, 51gn1ﬁcant wave hexghts and wave
periods measured at Abou Quir, Burullus, and Ras El Bar wave obscrved statxons is shown in
Table 3.2. -

| ) Tablé 3.3 lists the maximum record significant wave hcights at Abou Quir during the
period 1970 through 1974, and its associated wave period and Wind direction

3) Thé maximum significant wave heights and peﬁods during the storms of 1972/1973

are presented in Table 3.4.

3.2.5 Longshore sediment transport

Theoretical analysis and field measurements of waves and Iongshdre sedimeht transport
show that the total rate of Iongshore‘sediment is prorpoﬁionai to the longshore component of
wave’energy ﬁux. Elwany, et al. (1984) estimated the average annual deep water wave energy
flux to be about 2.5 kw/m. But aiong the Nile Deltg coast the rate of longshdre sediment
transport is markedly varied. A refraciion diagram for 8§ sec waves from N 600 W, the
pred’dminam ﬁvave direction, is shown in Figﬁre 3.6(a). In this figure the pronounced zonés of
wave convergence and divergence are shown, which résulting in strong gradiems of wave
height and breaker angle along the coast. This means that the longshore sediment transpon rate,
Q is not constant but varies with distance along the coast as shown in Figure 3. 6(b) This
variation in Qy results in areas of erosion and accretion along the Nile Delta coast. The ratc of
erosion and accretion are given by the gradient of the littoral drift 0 Qx/a X as shown in
Figﬁre 3.6(c). It is néted that positive values of @ Q4 / 0 x indicate erosion while negative
values indicate accretion. Inman, Aubray and Pawka (1975) estiméted the rates ‘oflongshore
sediment transport to be about 86 x104 m3/yr move to the east near Rosetta and Damietta
promontories, about 62 x 104 m3/yr at Burullus inlet, about 38 x 104 m3/yr on the westward
facing beach between Rosetta and Burullus, and about 20 x 104 m3/yr on the eastward facing

beach between Burullus and Damietta.
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Table 3.2 Frequency of occurrence of wave height and period.

% equal to Abou Quir Burullos Ras El Bar
exceeding | Hy;3 | Hpax] T Hys | Hpax] T Hys |Hpax] T
(cm) | (cm) |(sec) (cm) | (cm) |(sec) (cm) | (cm) |(sec)
80 85 120 8.5 75 115 17.3 75 115 | 8.4
50 95 135 1 8.7 105 148 }8.2° 105 135 19.0
.20 110 | 155 }9.2 140 | 175 {9.2 112 | 158 9.4
Table 3.3 Maximum significant wave height, wave period and wind direction.
Month/year | H,;max T Wind Direction
(m) (sec)

Sept 1971 1.47 10.2 NE

Dec 1971 1.90 9.4 NE

Aprl 1972 2.04 8.0 NNW

May 1972 0.82 7.7 NE

June 1972 1.18 8.0 NNE

Aug 1972 0.79 7.4 N

Nov 1973 1.89 9.8 NNW

Dec 1973 1.87 10.8 NW

Feb 1974 1.57 7.2 NE

Mar 1974 1.41 7.1 NE

Aprl 1974 1.80 6.4 NE

May 1974 0.68 6.5 NE

Table3.4 Maximum significant wave height and period ‘during the storms.

Name of storm Hi; max T max
(m) (sec)

Waknassa 2.23 7.26
Kasem 2.15 7.23
El-Pida El-Saghira 1.39 6.83
Ras El Sanaa 1.58 6.52
El Keram 1.847 8.78
El Shames El Akhira 1.50 7.78
E!l Shames El Kebera 2.13 6.79
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3.3 River Deltas in Lake Biwa

Lake Biwa, the largest lake in Japan, is located in the central of Honshu Island, in Shiga
Prefecture at 340 58’ - 350 31’ N and 135° 52 - 136° 17" E. The total surface area and total
length of shoreline are 674 km? and 235 km, respectivély. The maximum water depth of the
lake is 104 m. The total volume of the storage water is 27.5 x 109 m3, with an area of drainage
basin of 3,174 km?Z.

Lake Biwa was born some five million yeam':tago and is therefore one of the oldest lakes
in the world, geologically. In ancient days the lake was called Ohmi Basin. The word "Ohmi”
means a big, fresh body of water in old Japanese now Ohmi means the sea. While, the
meaning of the word »Biwa” is an old musical instrument of Japan, similar to the mandolin.
Lake Biwa, together with Mt. Fuji, has been a symbol of natural beauty for the Japanese, and
still attracts many sightseers every year. The lake has b;acn used largely as a water resource and
for recreation and tourism.

Some 460 streams of various sizes flow into the lake, but the Seta River is the only
natural outlet flowing from the southern end of the lake. The Seta is a tributary of the Yodo
River, which drains into the Seto Inland Sea of Japan at Osaka. In 1906, a dam was built at
Uji, the uppermost end of Seta to control Lake Biwa water level and the river flux.

The sediment of Lake Biwa basin consists of gravel, sand and clay, and is divided by
forty layers of volcanic ash, carried from volcanically active areas in western Japan. The lake
drainage basin is surrounded by mountain ranges about 1,000 m above sea level, and is 4.7
times as wide as the lake itself. The asymmetrical basin occupied by the lake };as steeper beach
profiles on the western margin than on the eastern margin, as a result the river deltas located on
the western margin are much narrower then these located on the eastern margin, (see Figure
3.7).

Among this large number of rivers flow into the lake, eight largest rivers are selected to

be investigated. These rivers have big drainage areas and consequently big deltaic areas. Five
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of the selected rivers located on the western margin of Lake Biwa, they are Ishida R., AdoR.,
Kamo R., Otani R. and Wani R., and three located on the eastern margin, they are Ane R.,

Inugami R, and Echi R., (see Figure 3.7).

3.3.1 Estimation of river sediment discharge

The water discharges of the selected rivers are analyzed from'thg twenty year recorded
data from the period 1961 to f1981'préscntcd by Local Office of the Miﬁistry of Construction,
Shiga Prefecture. From the disaster records of the Lake Biwa during the same period, the
annual averagé number of floods has been deduced indivic‘lually’ fbr each river. Using an
empirical relationship between sediment discharge from river and watér discharge proposed by
Local Government Office of Shiga Prefecture with the associated tables, the rates of sediment
input from the selected rivers have been estimated. Table 3.5 shows the estimated sediment

discharge rates for the selected rivers.

3.3.2 Sediment characteristics and beach profiles

The sediment size typically varies along the coast of river delta. This variation is caused
in part, by the influence of river ’s”ediment, and by th;. littoral drift. The coarser materials are
deposited in the vicinity of the river mouth area, while finer materials afc transported by
prevailing waves and currents, and deposited at a considerable distance from-the river mouth.
Shibano, Yamashita, Inoue, Tsuchiya (1985) sampled and analyzed the sediments along the
western beach of Lake Biwa. These sampling data are reanalyzed for the rii/er deltas on the
western margin of Lake Biwa in term of the medium sediment diameter, ds, '

Since river deltas in Lake Biwa wére fonﬁed some thousand years ago, their beach
profiles have been reached a stable shape which is so called equilibrium beach profile. Dean
(1977) proposed a relationship for equilibrium beach profile as:

2/3

h=AY (3.1

where h is the water depth, y is offshore coordinate (positive seaward), and A is shape
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parameter which has a dimension of length to a power 1/3. Moore (1982) showed that the
shape parameter A is correlated to the medium sediment diameter, dsy. He found that as the
sediment diameter increases, the beach slope becomes steeper. To verify this relationship the
beach profiles along the selected river deltas were measured using the available contour maps.
The analysis for each river individually will be shown in next portions.
(1) Ishida river S

The Ishida river discharges out to the lake at the upper northwest side of the lake. It has a
drainage area of about 53.6 km? supplying annually 10.7 x 105 m3 of sediment. The analysis
of the sediment samples shows that the medium sediment diameter, ds,, along the delta coast is
about 30 to 40 mm, which can be classified as a pebble or cobble. The beach profiles along the
shoreline of the Ishida river delta were measured in the direction perpendicular to the shoreline.
The longshore distance beiween the measuring beach pro‘ﬁlcs is about 100 m, see Figure 3.8.

The results of measured beach profiles compared with the equilibrium beach profile
formula are shown in Figure 3.9. A good agreement is seen between the measured and the
computed equilibrium beach profiles. The beach slope at the river mouth is steeper than the one
near the end of the river delta. The average beach slope changes from 1/20 - 1/ 10 up to water
depth of 5 mto 1/10 - 1/ 5 up to water depth of 20 m, deeper tha‘t 20 m the beach shop
becomes very steep. The measurements of beach slope are shown in Figure 3.10, in which B,
is the angle of beach slope up to 5 m water depth and [, is the angle of beach slope up to 20 m
water depth. The longshore variation in the value of By is small, which implies that the contour
lines up to 5 m are nearly parallel to the shoreline. While the value of B, varies along the delta
coast showing a bigger value at the river mouth and nearly constant one near the end of delta.
The average beach slope at the river mouth is about 1/5 while near the river sides it is about
1730. Figure 3.11 demonstrates the longshore variation of the medium sediment diameter, dsg,
and the shape parameter A. The results of medium sediment diameter, dso, show a scattering
with a range of 30 to 40 mm which can be classified as a pebble or cobble: The disagreement

between dsyand A is observed in this figure, this is probably because of the nature of Ishida
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Figure 3.8 Points of measurement ofbeéch proﬁkle’ along Ishidé Delta coast.
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Figure 3.9 Variation of beach profiles along Ishida Delta coast compared with Dean’s

relationship forequilibrium beach profile.
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delta coast, which is rocky. It is noted also that the shape parameter A has a large value at the
river mouth and small value near the sides, which agrees well with the above proposition that A
is proportional to beach slope.

(2) Adoriver

The Ado river is one of the biggest rivers, it flows into the lake at the upper part of
western margin. The drainage area of the Ado river is about 306.9 km?2 supplying annually
about 92.07 x 105 m3 of sediment. The number of sediment samples which is collected by
Shibano, Yamashita, Inoue and Tsuchiya (1985) is not enough to estimate the average
sediment size along the Ado delta coast. The beach profiles were measured at sections with
interval longshore distance of 100 m. The direction of measurements was perpendicularly to
the shoreline, see Figure 3.12.

The results of measured beach profiles computed with Dean’s expression for equilibrium
beach profile are shown in Figure 3.13. The beach slope up to 10 m water depth is about 17/
20-1/30andisabout 1/5-1/10 up to 20 m water depth. Deeper than 20 m the beach slope
becomes very steep. The longshore variation of beach slope is shown in Figure 3.14, where
the angles B, and B, represent the beach slope up to 10 m and 20 m water depths, respectively.
The results imply that the variation of the angle By is less than the variation of the angle 5. The
average beach slope at the river mouth is about 1/5 ankd near the sides of the ﬁver it is about
1/20. The number of sediment samples along Ado delta coast is not sufficient to ,show a clear
distribution of sediment size.

(3) Kamo river

The Kamo river is located southern of the Ado river and it has a drainage area of 43 km?2
supplying of 8.6 x 105 m3 of sediment annually. Figure 3.15 shows the location of the
measuring points of beach profile. The beach profiles were measured perpendicularly to the
shoreline. The results of the measurements of beach profile is shown in Figure 3.16, where the
curves represent Dean’s expression for equilibrium beach profile and the symbols represent the

measured values. A disagreement is seen between the measured and the computed beach
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figure 3.12  Points of measurement of beach profile along Ado Delta coast.
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Figure 3.13  Variation of beach profiles along Ado Dc]té coast compared with Dean’s

relationship for equilibrium beach profile.
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profiles, which implies that the beach profile of the Kamo river has not yet reached équilibrium
shape. In next subseétion, it will be shown that the position of the Kamo‘rivér,mouth has
changed over time history. | B k

The longshore variation of beach slope is show in Figure 3.17, Where‘thé angles B{ and
B, represent the beach slope up to 5 m and 10 m water depths, respectively. The general trend
shows that the angles B; and B, increase at the river mouth and decrease near the sides. The
average beach slope changes from about 1/ 10 at the river mouth to about 1/ 30 near the river
sides. No sediment samples are available at Kamo delta coast.
(4) Otani river

The delta of the Otani river is relatively small, with the drainage area of 6.8 km2. It is
located at the middle of the western margin of Lake Biwa. The annual dverage sediment
discharge is about 1.1 x 105 m3. The beach profiles were measured at sections with interval
longshore distance of 50 m, see Figure 3.18. The beach profiles were measured
perpendicularly to the shoreline. Figure 3.19 illustrates the comparison between the measured
beach profiles and the computed one by Dean’s expression for equilibrium beach profile. A
good agreement is seen between the measured and the computed beach profiles near the sides
of Otani delta, while loss agreement is seen between the measured and the computed beaéh
profiles near the river mouth. |

The correlation between the sediment size represented by dsq and the shape parameter A
is demonstrated in Figure 3.20. The sediment size on the left side of the Otani river, which is
about 1.5 to 2.5 mm, is relatively coarser than the sediment size on th‘e right side of the river
which is a fine sediment of 0.5 to 1.0 mm diameter. The measurements of beach slope
represented by the angles B and 3, for water depths up to 5 m and 15 m, respectively, are
shown in Figure 3.21. A small variation of the angles B and p, is observed near the sides of
Otani delta, while at the river mouth the changes of B, are larger than the changes of B;. The
average beach slope at the river mouth is about 1/5 and near the sides of the river it is about

1/20.
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(5) Wani river

The Wani river is located at the southwest side of the lake. The drainage area is about
15.5 km? supplying 3.1 x 105 m3 of sediment annually. The beach profiles were measured
every 100 m interval distancé along the Wani delta céast. The direction of measurements was
perpendicularly to the shoreline, see Figure 3.22. Thé comparison between the measured beach
profiles and the computed equilibrium profiles by Deaﬁ’s expression is shown ‘in Figure 3.23.
A favorable agreement is seen between the measured profiles and the computed one. Figure
3.24 shows the longshore distribution of sediment size, represented by dsq and the shape
parameter A. Scattering of dsq values indicate a disagreement with the shape parameter A. The
range of sediment size is of 0.5 to 2.5 mm. The changes of beach slope alongshore of Wani
delta are illustrated in Figure 3.25, where the angles B and B, represent the beach slope up to
10 m and 20 m water depth, respectively. Although, the measured beach slopes show scatt¢red
values, the general trends of the angles increase at the river mouth and decrease near the end
sides. The average beach slope at the river mouth is about.1/ 10 and near the river sides it is
about 1/30.
(6) Ane river

The Ane river is the largest river of Lake Biwa. It flows out into the lake at the northeast
side of the lake, with a drainage area of 369.0 km2 supplying about 110.7 x 105 m3 of
sediment annually. Figure 3.26 shows the location of the measuring points where the beach
profiles were measured perpendicularly to the shoreline. A good agreement between the
measured beach profiles and the computed equilibrium profiles by Dean’s expression is shown
in Figure 3.27. The longshore variation of beach slope, represented by the angles By and B,
for water depths up to 10 m and 30 m, respectively, are shown in Figure 3.28. The average
beach slope at the river mouth is about 1/10 and near the river end sides it is about 1/30. No

sediment samples are available at Ane delta coast.
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Figure 3.22  Points of measurement of beach profile along Wani Delta.coast.
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Figure 3.23  Variation of beach profiles along Wani Delta coast compared with Dean’s

relationship for equilibrium beach profile.
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Figure 3.26  Points of measurement of beach proﬁlé along Ane Delta coast.
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(7) Inugami river

The delta of the Inugami river is relatively small. The drainage area is about 104.7 km?
supplying annually about 25 x 105 m3 of sediment. The longshore distance interval between
measured beach profiles is about 100 m, where the beach profiles were measured perpendicular
to the shoreline, see Figure 3.29. The measurements results of beach profiles are shown in
Figure 3.30, where the estimated equilib‘riﬁm profiles by Dean’s expression are also shown in
the figure. The less agreement shown betwten the measured and the computed beach profiles is
not so good. The beach slope is vary along the Inugami delta coast with about 1 /60 at the river
mouth to about 1/ 75 near the end sides of the river.

(8) Echi river

The Echi river discharges out into the lake on the southeast side. The drainage area of the
river is about 202.3 km? supplying annually 50.6 x 105 m3 of sediment to the lake. The beach
profiles were measu‘red perpendicularly to the shoreline at interval alongshore of 100 m. The
location of the measuring points is shown in Figure 3.3[. The comparison between the
measured beach prbﬁles and the computed equilibrium profiles by Dean’s expression is
demonstrated in Figure 3.32. A good agreement is seen between the measured and the
computed beach profiles. The average beach slope at the river mouth is about 1/60 and near the
end sides of the river is about 1/100.

It is obvious from the investigation of beach profiles and shoreline changes of the
selected river delias around the Lake Biwa that :

(1) In general, the beach profiles of big river deltas have reached an equilibrium shape,
since the deltas have been formed long time ago. Therefore, Dean’s expression for equilibrium
beach profile shows a good agreement with the measured values, such as tﬁe Ishida R., Ado
R., Wani R., Ane R. ‘and Echi R.

(2) The beach profiles of relatively small river delta have not yet reached an equilibrium
shape, and therefore Dean’s expression shows a less agreement with the measured values,

such as the Otani R. and Inugami R.
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Figure 3.29  Points of measurement of beach profile along Inugami Delta coast.
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Figure 3.30  Variation of beach profile along Inugami Delta coast compared with Dean’s

relationship for equilibrium beach profile.
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Figure 3.31  Points of measurement of beach profile along Echi Delta coast.
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Figure 3.32 Variation of beach profile along Echi Delta coast compared with Dean’s

relationship for equilibrium beach profile.
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(3) In general, the average beach slope varies along the river delta beach, with a steeper

slope at the river mouth and milder one near the end sides of the river delta.

3.3.3 History of shorcliné change

The shoreline ch‘angesy are usually analyzed using the available maps, charts, aerial
photography and profile information. Figure 3.33 illustrates the shoreline changes along Ishida
delta, Otani delta, Wani delta, Ane delta, Inugami delta and Echi delta. From this figure it is
obvious that:

(1) The comparison between two surveys performed in 1893 and 1962 for Ishida delta
shows that the shoreline has slightly propagated in the north direction.

(2) The development of Otani delta during the period 1893 to 1957 indicates that the
shoreline near the river inouth has propagated at a faster rate than the shorciine at the end sides
of the river delta. .

(3) Comparison of two surveys performed in 1893 and 1956 of Wani delta shows that
the shoreline has slightly advanced in the north direction.

(4) The shoreline change of Ane delta of two surveys performed in 1893 and 1961 shows
that the shoreline has been advanced at a faster rate at the river mouth than near the end sides of
the river delta.

(5) The propagation of the shoreline of Inugami delta during the period 1983 to 1961
indicates that the delta has been advanced seaward with no change in river mdnh posifion.

(6) The configuration of Echi delta was analyzed using two surveys pérfonﬁed in 1893
and 1959. It is observed that the shoreline on the left side has advanced at a faster rate than the
right side. Asymmetric shape of delta is observed.

The historical development of Ado delta for the period 1690 to 1975 is illustrated in
Figure 3.34. It is observed that during the p(ropa\gali’on of the shoreline of the delta the river
mouth position has been propagated in a coﬁstant dircctién. The conﬁgura‘tion of Kamo Delta

was investigated and analyzed for a period 1893 to 1982. The shoreline changes are shown in
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Figure 3.33  Shoreline changes along the river delta areas of Ishida River, Otani River, Wani

River, Ane River, Inugami River, and Echi River.
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Figure 3.35 Historical changes in shoreline of Kamo River Delta, (after Tsuchiya et al.,

1985).
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Figure 3.35, it is observed that the position of the river mouth was changed during the

“ propagation of the delta shoreline.

3.3.4 Wave climate

Climatically Lake Biwa basin can be subdivided into two parts, a northern half down to
about the Echi river, and a southern half which resembles the Inland sea regions. In winter a
’:%’strong northwest monsoon blows over the northern half, giving gray, overcast, snowy
weather, typical of Japan sea coast iﬁ this season. While, over the southern half the
precipitation is not much more than half what it is over the northern half. The predominémt
wind direction is changeable during the year. In winter the predominant direction is NNW
while in summer it is SE. Table 3.6 shows monthly record of predominant wind direction,
during the period Qf 1921-1950, observed at Ibuki mountain, located on the northeast side with
1377 m height above sea level and at Hikone, located near Inugami river on the eastern side of
Lake Biwa.

Waves are observed at three locations around the Lake Biwa; 1) at Haginohama beach,
located in the middle of the western side of Lake Biwa, 2) at Nagahama Wave Observation,
located near Ane river at eastern side of the lake, and 3) at Hikone Ais:;i Wave Observation,
located in the middle between the }f‘nugami river and the Echi river. The annual changes in
maximum significant wave heights at Haginohama beach during the period 1950 through 1981,
and its associated wave period and wind direction are shown in Figure 3.36. Figure 3.37
demonstrates the annual changes in maximum significant wave hcyights at Haginohama beach
during the period 1950 through 1981 c]assiﬁed by wind directions. The maximum significant
wave height, periods, and wind directions during the storms between March and November
1975 observed at Hikone Aisei Wave Observation are presented in Table 3.7. Figure 3.38
illustrates the changes in significant wave height at Hikone Aisei and Nagahama Wave
Observations during the period 1895 through 1975. From the above records it is noted that the

significant wave height is about 0.5 to 1.5 m and wave period is about 4 sec.
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Table 3.6 Monthly recorded of predominant wind direction in Lake Biwa.

month
location

Tbaki NNW |NNW |NNW| NNW| NNW| SE | SE | SE | SE | NNW|NNW|NNW
Hikone Nw [ Nw [nwnw | N | NN sE] N NnwNw | s

1 2 3 4 5 6 7 g. 9 100 o1 12

Table 3.7 Maximum significant wave height, period and wind direction during the storms.

date time Hy; Ty wind dir.
' (m) (sec)
3.21 14:00 0.719 3.24 NW
3.24 1:00 1.217 3.00 NNW
3.25 13:26 0.575 2.60 NNW
4.03 3:00 0.870 2.67 NW
4.08 23:00 1.108 3.00 N
10.05 13:00 0.915 3.19 NNW
10.05 14:00 0.906 3.40 NNW
10.05 15:00 0.898 3.33 N
10.05 16:00 1.146 3.80 N
10.05 17:00 1.100 .17 N
10.05 18:00 1.010 3.66 N
10.08 13:00 0.781 3.04 NW
10.08 | 20:00 | 0.540 2.67 NNW
10.09 16:00 | 0.441 2.35 N
10.10 15:00 0.512 2.67 NNW
10.13 2:00 0.497 2.58 NW
10.13 18:00 0.591 2.56 w
10.14 16:00 0.614 2.67 NW
10.15 3:00 0.874 3.30
10.21 19:00 0.788 3.21 N
10.25 9:00 0.745 2.94 | NNW
10.25 16:00 0.736 2.95 N
10.26 17:00 0.483 2.40 NV
10.30 | 10:00 1122 365 | NNW
10.30 13:00 0.996 3.45 NNW
11.02 19:00 0.607 3.18 NNW
11.03 8:00 0.650 3.09 N
11.03 17:00 0.965 3.47 NNW
11.09 13:00 1.256 3.81 NNW
11.10 0:00 0.864 3.15 N
.11 17:00 0.483 2.40 NW
119 20:00 0.999 3.65 NNW
11.20 0:00 0.938 3.50 NNW
11.23 22:00 0.862 317 NW
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Figure 3.36  Annual changes in maximum significant wave height and period, and there

1

direction, observed at Haginohama.
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Figure 3.37 Annual changes in maximum significant wave height classified by wind

direction at Haginohama.
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Figure 3.38  Annual changes in signiﬁcam wave height observed at Hikone Aisei and

Nagahama wave observation.
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3.4.2 Previous analytical work of one-line theory

-1 Pelnard-Considére {1956) was the first to employ mathematical modeling as a-method
of describing shoreline evolution. He introduced the so-call "One-Line” theory and verified
its applicability with laboratory experiments. He then derived analytical solutions of diffusion
type equation for.three different boundary conditions: the shoreline evolution updrift of a
groin (with and without bypassing) and. the release of an instantaneous plane source of sand
on the beach.-

Grijm (1961) studied formation of the river delta. In the longshore sediment transport
equation discussed in his article, the rate of longshore sediment transport was assumed to be
proportional to twice the incident breaking wave angle to the shoreline. Only solutions which
were similar in shape during the course of time are discussed. Two different analytical
solutions are presented: one for which both the incident breaking wave angle and the
shoreline orientation angle are small and one for which the wave angle is small in comparison
with theshorcliné orientation. The governing equations (longshore sediment transport and
continuity of sediment transport) are expressed in polar coordinates and solved numerically.
Grijm (1964) further developed this technique and presented a wide range of delta
formations.

Le Méhauté and Brebner (1961) discussed solutions for shoreline change at groins,
with and without bypassing of sand, and the effect of sudden dumping of material at a given
point. Most of the solutions were previously derived by Peinard-Considére (1956), but they
are more prccisely presented in Le Méhauté and Brebner’s work, -especially regarding
-geometric aspects of the shoreline change. The decay of an oscillatihg shoreline and the
equilibrium shape of the shoreline between two headlands are treated.

. Bakker and Edelman (1964) treated the shape of river delta by modifying the equation
of longshore sediment transport rate to allow for an analytical treatment without linearization.

Their solutions are more or less similar to Grijm. Komar (1973) also presented numerically
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solutions of defta growth under highly simplified conditions.

Bakker (1968) extended the one-liné theory to include two lines to describe beach
planform change. The beach profile is divided into two parts, one relating to shoreline
movement and one to movement of'an offshore contour. The two lines in the model are
represented by a system of two differential equations which are coupled through a term
describing cross-shore transport. According to Bakker (1968), the cross-shore transport rate
depends on the steepness of the beach profile; a steep'profile implies offshore sand transport;
and a gently sloping profile implies onshore sand transport. The analytical solutions of the
two-line theory are not included in the present study.

Tsuchiya (1973) derived analytical solutions for predicting shoreline changes around
river mouths. By expressing the sediment input from a river by Dirac’s delta function, he
could produced a modified model for the one-line theory. Tsuchiya and Yasuda (1979)
further extended the analytical solutions for predicting shoreline changes around groin‘and
river delta by introducing a new formulation for the rate of longshore sediment transport. In
this study an extension of this*formulation is'made to include the non-uniformity of the
longshore sediment transport. They also discussed analytical solutions for shoreline chariges
for a groin of finite length, in which a part of longshore sediment transport is entrapped, and
for a river delta, of which the rate of sediment input from a river is varied.

Le Méhauté and Soldate {1979) ‘presented a brief ]ite’ratufesur’veybn the subject of
mathematical modeling of shoreline evolution. Analytical solutions of the linéarized equation
of shoreline change are discussed along with the dispersion of sediment in a rectangular
beach fill. A numerical'-model is derived which includes the variation in sea level, wave
refraction and diffraction, riﬁ currents, and the effects of coastal structures in connection with
long-term shoreline evolution. ‘

The most complete summary of analytical solutions to the sediment transport equation
has been made by Walton and Chiu (1979). Two derivations of the continuty equation of

sediment transport are presented. The differences between these two approaches, which both
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arrive at the diffusion type equations, are that one approach uses the Coastal Enginéering
Research Center (CERC) formula for describing the longshore sediment transp:o\rt'rate by
wave action and the other uses the formula derived by Dean (1973) based on the assumption
that the majority of sediment transport occurs as suspended load. Consequently, most
analytical solutions appearing in the literature were presented by Walton and Chiu (1979).
Additional solutions mainly concern beach nourishment in connection with various shoreline
shapes. New solutions derived by Walton and Chiu (1979) treat beach {ill in a triangular
shape, a rectangular gap in a beach, and a semi-infinite rectangular fill. Dean (1984_) gives a
brief survey of some solutions applicable to beach nourishment calculations, especially in the
form of characteristic- quantities describing loss 'perCeﬁ'tage‘s.‘Ohe«solution describes the
shoreline change between two groins initially filled with sand.

Recently, Hanson and Larson (1987) proposed an analytical solution and two different
numerical formulations. A comparison between these two solutions has bBeen made baé.ed on
the capabilities and limitations of each method through the study of shoreline evolution fora
simple shoreline / structure configuration under idealized wave conditions.

. -In summary, the assumptions which comprise the one-line are giVCﬁas follows; ;I'):-T‘,h'e‘
beach profile moves parallel to itself, 2) Longshore sediment transport takes p]kaé‘e;uhikformly
over the beach profile down to the limited depth of littoral drift, hy, 3) Details of nearshore .
circulation are neglected and 4) thck ]ong§hore sgdiment rate is prdpoﬁional to the breaking

wave properties.

3.5 Analytical Solutions of River Delta Formation

In the previous section the fundamentals of one-line theory were discussed. The
fundamental assumption of the theory, which is that the beach profile does not change, is

limited when it is applied to predicate the shoreline evolution of river deltas, especially for a

river-dominated delta type. However, the shoreline evolution of the river delta can be
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predicted analytically with the aid of the one-line theory, which gives a rapidly and
economically estimation of shoreline cvolution with a reasonable accuracy. In this section the
effect of beach slope variation along the delta coast on the configuration of river deltas is
considered. The analytical solutions proposed in this section are derived either from Carslaw
and Jaeger (1956) solution or by the Laplace transform technique. The details of each

solution is discussed in the following subsections.

3.5.1 Basic equations

The two basic equations for the prediction of shoreline changes are given as; tﬁ‘e
continuity equation of sediment transport for long'time variation and an expression for the
total rate of longshore sediment transport.

) Continuity equation of sediment transport

Iwagaki (1966) considered a control volume of sediment and formulated a mass balance
during.an infinitesimal interval of time-to derive-an equation-of continuity of sediment
transport. For long-time variation, Tsuchiya (1973, 1978) modified this equation by
expressing the sediment input from a river by Dirac’s delta function and considering the
concept of one-line theory. The continuity equation of sediment transport is finally expressed
as:

0y, +‘ 1 6 Qx 1

- (t) 8(x~x_) (3.2)
at “”k)hk ox Bhk QR X~ X, \

in which y, is the shoreline position, x is the longshore direction, t is the time, X is the
correction factor for the pore space of beach sediment (approjdmately 0.4 for most beach
deposits), hy is the limited depth of sediment motion, Qy is the total rate of longshore
sediment transport, and 8(x — x,) is the delta function defined by Dirac for sediment source
from a river Qg (t) at x=x,. In order to solve Eq. (3.2) it is necessary to specify an

expression for predicting the total rate of longshore sediment transport, Q.
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(2) Longshore sediment transport rate

In Chapter 2, a new theory for the non-uniformity of longshore currents and the
non-uniformity of the total rate of longshore sediment transport is presented. The expression

for the total rate of longshore sediment transport is rewritten, Eq. (2.68), as:
e ; : ;
_ 0 2
Q = (IR FIN T, o (33)

in which the function I(R,Fr) includes the effect of wave properties and some effects of

sediment size. The non-uniform longshore current U, is given by Eq. (2.48) as:

9 2y, O 212 VG, o -
@ ou (U)o 5o (UIhg ) + of —="Uphy f(x) | (3.4)
and
Yoo, , 9Oy
f(x)~ﬁghb{sm20zb_2cos o, —(-3?_(5[31_ 6[32
. . Ohy o oo, et
+ 6[53 sin ozb) e 2[53 l?b sin 2qb —6—;} (3.5)

in which the coefficients o and Bj, i= 1, 2, 3, are the integration coefficients expressed in
detail in Chapter 2. Now we have a set of simultaneous equations, Egs. (3.2),'(3.3) "and
(3.4) which are the basic equations for the evolution of shoreline changes of a river delta.
The next subsections deal with the solutions of these equations with various initial and

boundary conditions.

3.5.2 Linearization of longshore sediment transport rate

The total rate of longshore sediment transport expressed by Eq. (3.3) is proportional to
the breaking wave height and to the non-uniform longshore current velocity Uo. In order to
obtain a closed-form solution of shoreline change a simple formulation for the total rate of
longshore sediment transport must be applied. The linearization of the total rate of longshore

sediment transport is made by neglecting the nonlinear terms in Eq. (3.4) to arrive at:
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. 2 | e
Q= C (IR FIE [ah, sinze, | (3.6)

o 5ncy f
. . - o 3.7
in which C £V f, | ‘(’ )

Equation (3.6) is implicitly proportional to twice the incident breaking wave angle to the
shoreline and to breaking wave height. For beaches with mild slopés, it can be éa{ely
assumed that small changes in the orientation of the shoreline produce small changes in the
breaking wave angles. Also,small shoreline changes produce small changes in the breaking
wave height. Under these assumption the total rate of longshore sediment transport can be

expressed by Taylor series and approximated to the first order as:
6 Qx 0 Qx
=Q +— - o - +
QX Q, 5 (oeb ozbe) 3T {hb, hbo) ............. (3.8)
“bo ; bo .
in which Q, denotes the total rate of longshore sediment transport at the initial wave
conditions presented by the su%é‘cﬁpt,(). Withreferencé to the above assumptions, the small

changes in the breaking wave éng]e and height can be expressed mathematically as:

and -,
Aby =AM Ay Rt R R 1y e

Introducing Egs. (3.8), (3.9) and (3.10) to Eq. (3.2), the following equaﬁbn fs deriveidnéusﬁ: '

9y, 0y, 62y0 , ,
5t " fiax & S G()8(x=-x) o G1)
where
0Q
Am X : , ,
e = ( ), : ~ (3.12)
C(1-)h, Oy iy,
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(3.13)

£ = ( -)
2 (1-2)hy 00y O
~qR(t)=—“—-—1———QR(t) o * N R L)

Equation (3.11) is identical to the one-dimensional equation described as a linear partial
differential equation. The coefficient €, which has the dimensions of length squared over
time, is interpreted as a diffusion coefficient. While the coefficient €, having the dimension
of length over tixﬁe, is interpreted as the traveling speed of shoreline‘towards the longshore
direction. In Eq. (3.12) it is clearly seen that the coefficient €, is proportional to the change in
beach slope, denoted by Am: Thus, the coefficient'e; can not be ignored when the beach
slope is changeable along the delta coast, as in the case of river-dominated delta type where
the beach slope at the river mouth is steeper than the beach slope at the end sides of the river.

In fact, the one-line theory assumption of a béach profile which moves parallel to itself
is limited when itisapplied to the formation of a ﬁifer delta of a river-dominated type, where
the beach slope at the river mouth is much steeper than the beach slope at the end side of river
delta. Moreover, the coefficient €; causes an asymmetrical configuration of the river delta
when obliquely incident waves approach the beach. The degree of the asymmetrical
configuration of the river delta increases with the inéreasing of the incident wave angle. On
the contrary, when the shoreline gently changes along the delta coast and thé waves approach
the beach normally, the coefficient €, becomes very small and can be neglected. In other
words, when a river delta is categorized as a wave-dominated type, the coefficient €, is very
small and Eq. (3.11) will reduce fo a diffusion type equaiion which has a symmetrical
solution for the evolution of the river delta. The linear pa‘rtial differentiél equation pr’es'ent’ed

by Eq. (3.11) can be transformed to the diffusion type equation by substimtion ‘

2
y. =z exp[-——~—€1 X - S t] (3.15)
o %o :
2&2 492 ‘ '

into Eq. (3.11), to show
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azo a Zo £ £2 N

—— =g +q,(t)8(x-x )cxp[—_‘—x + 1 'l] (3.16)

ot 2 R 0 2 4 ‘ ‘
dx g &

.. By specifying initial and boundary conditions in the areas which fepresent conditions
prevailing in a specific shoreline evolution situation, the corresponding analytical solutions
are directly applicable. Carslaw and Jaeger (1956) provided many solutions of the diffusion
type equation. The analytical solutions discussed here-are d'eriv‘ed either from Carslaw and
Jaeger or by direct applying the Laplace transform tcchnfquc. The details of each solution is

described in the following subsections.

3.5.3 General formal solution of river delta formation

‘The basic differential equation tossolve is Eq. (3:11), together with theassociated initial
and boundary cenditions. An infinitely long beach exposed to waves of constant properties is
assumed. If the river mouth is small in comparison to the area into which it is discharging
sediment, the river discharge may be approximated-as a point source. Also, if the shoreline
shape at time t= 0 is described by a function f(x), thus the general formal solution of river

delta formation-can be expressed-{according to, Carslaw and Jaeger,: 1959) as:

S q, (t)8(xx,) (x-x.) £ &
z,(x,t)= ! J R "% [f[——wg——n+~3—x——f*(t*‘f)}}dt (3.17)
} 2‘/'5227[ 0 (t-t) 482(t_t) ‘282 ’ 482
and - :
€ £2 ,
yo(x,t) =20~(x,t) exp [—1—— X - i t] fort>0and -o0 <x<oo (3.18)
2¢ 4¢
2 2

where the shoreline position, denoted by y,, is a function of x and t. The quantity t' is a
dummy integration variable. Consequently, the configuration of the shoreline of river delta
can be determined if Eq. (3.17) is evaluated. The simplifying analytical solutions for various
river delta configurations are derive mostly from using Eq. (3.17) as well as Laplace

transform technique.
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3.5.4 Configuration of river delta of infinite length

Since the wave is assumed normally incident the configuration of river delta will Bc
symmetrical with respect to the point source. If the river delta is exposed to a strong wave
field, wave-dominated, the shoreline will be change gently along the delta coast. Therefore
the coefficient €, becomes very small and can be neglgcted. When the fivcr scdimént

discharge is constant being 9g,, the solution derived from Eq. (3.17) is given as:

t XX

Yo (X, 1) =hy g, — ierfc [——~——3~] for t>0and-® <x<o  (3.19)
> 2 /et :
2 2

where ierfc denotes the integral of the complementary error function erfe which is

expressed as:

o0

ierfc w = J erf € dt : s e G o (3.20)
®

In Figure 3.39 the solution to Eq. (3.19) is illustrated. The shoreline position is
normalized by the limiting depth of littoral drift, hy, and the ratio hy 9z, /€,, while the
longshore distance is normalized by hy. Since the configuration of river delta is symmetric,
only half of the delta shape is presented in Figure 3.39. The quantity used to nonﬁalize lhe

shoreline position is expressed as:

h, q Q
ko RO (3.21)

£ (an/aozb)a

2
bo

This quantity can be interpreted as a ratio between sediment discharge from the river
and the derivative of longshore sediment transport rate to the breaking wave angle. The time
required for the delta to reach a certain distance y, from the original shoreline position is

calculated from the following relationship:

t
y,(t)=h, q — for t>0 and (x-x_.)=0 (3.22)
0 k 7ro - 0
2

121



Shoreline position (yo/ hy €,/ hy qpy)

0 T T T : I‘
o 0.5 i 1.5 2

Longshore distance (x/ hk)

Figure 3.39  Shoreline evolution of symmetrical configuration of infinite length.
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Figure 3.40  Time variation of shoreline position at the center of a river of infinite length.
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Equation (3.22) is illustrated in the nondimensional diagram of Figure 3.40. For a
specific wave climate, the above relation implies that an increase in the river sediment

discharge has a propottional effect on the growth of the delta according to the following

relation:
Yor _ 9xor (3.23)
Yoz 9ro2

Here, the indices 1 and 2 refer to two different river sediment discharge conditions exposed

to the same wave climate.

3.5.‘5 Canﬁguration of river delta of finite river mouth

If the river mouth has a finite width in comparison to the area into which it is
discharging sediment, an approximation by a point source is no longer accurate. Instead of
supplying sediment to the beach via the delta function, the continuity equation of sediment
transport will be applied twice, once over the river mouth where 9y is assumed a uniformly
distributed along the river mouth of a length 2a, and once outside the river mouth where g,

is no longer been considered. Mathematically, the situation is expressed as:

Oy 0y

01 _ 01 _
31 € 52 Aros asxs a (3.24)

and
y)

0y, 0y

02 _ S 2 ; |xi> a (325)
ot 2 5.2

Since the configuration is symmetric with respect to the center of the river mouth, only
half of the problem domain will be treated. The boundary conditions are no sediment
transport through the center of the river (symmetry), and the beach must be continuous at all
times between the two areas. Furthermore, the shoreline is unaffected by the river sediment

discharge as x approaches infinity. According to Carslaw and Jaeger (1959), the solution is
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2

for 1>0 and O=|x|sa

(3.27)

The function ferfe, the it ﬁegmi f:af ;he (:ux'r' slementary error function, is defined in Eq.

gration. The n exponent represents n time

integrations of the con GERATY error funet he {ollowing recurrence rf*i tion holds for
i s
Loon -2 -t
Intefow = ofe w -26] erfc 1 oo (3.28)
The solution to Bgs (3,267 and (3,27} s ilustemted in Figure 3,41 where the shoreline

posiiion s normaiize

inierpreted as a

ratio berween river . iris quantity is

o

SRy 5’“&%‘9(&1 ans

(3.29)

denotes the effect of wave

naliced b shoreline position y,. From this figure it

2 Upo /"W which implies

et piver-doiinated, the delt ¢ becomes sharp with a

2} on the contrary, as the ratlo Oy, /W, becomes smaller

&

e gradiont, §f
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Figure 3.41  Shoreline evolution of symmetrical configuration of river delta of finite river

mouth.
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Figure 3.42 Relationship between a longshore distance B, where shoreline position is half of
maximum value at the center of river mouth, and ratio between river sediment

discharge and wave power.
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the delta wﬂl be classified as wave-dominated type and the delta plane shape will be gently ;
mild w1th a small shoreline gradient, |6y0/6x| and 3) fora spcc1ﬁc ratio Qg /WE, the
distance B decreases with increasing the time t, which implies that the rate of deposited

sediment around the river mouth increases with time.

3.5.6 Asymmetric configuration of river delta

In the previous analytical solutions the waves always approach the delta coast hémany; .
and therefore’ the éonﬁgumtions of river delta are always symmetricai. When the waves
approach the delta coast obliquely, the expected shape of the delta will be :aSymmy'etri‘c.‘
Consider the case where a river mouth with finite width, the continuity equation of sediment

transport in the full form of Eq. (3.11) is applied as:

aym ayox 0 Yo1
= = -g P +€2 — t Gy —asSx<a (3.30)
‘ 0x
and
oy oy o v - ; : ;
02 _ 02 02 | ' RS
ot 81 ox sz P ! I‘x!> a ‘ ‘ ; ‘(3'31)
, X7 , L
with the initial condition
Yoo %,0) =1y, (x,0) (3.32)
and the boundary conditions
6y02
yoz - 0’ 6x - 0 ; at x - oo (3.33)
oy Jy

The problem consists of two coupled partial differential equations with appropriate
initial and boundary conditions. By introducing the expression given by Eq. (3.15), Egs.

(3.30) and (3.31) will be transformed to the diffusion type equations and are expressed as:
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and the boundary conditions
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In order to solve the problem with the appropriate initial and boundary conditions, the
Laplace transform technique is applied. This technique is powerful for solving linear partial
differential equations. It allows the target partial differential equation in the transformed plane
to be uséd for solving one-dimensional problems in space. B‘y using the Laplace transfomi‘

technique, ordinary linear differential equations are obtained as :

2

dwW i € ; N
21 —- i "ﬁ/’l = S— qRO exp [— S ] ; —asxsa (340)

dx C2 E2/4 2 2 82 g o .

92(5"‘ 1/4¢)
dw, ~
- =~ W. =0: |x]>a (3.41)

2 2

dx g

where the function W denotes the Laplace transformed function of zg, and 1, 2 refer to

the two applied areas. The function W is defined by the operation :

o

W-Liz) [ (x,0¢ " a (342)
0

The boundary conditions are transformed as;
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W2 =0, 7% =: 0; at X ~,>_°<’3  (3.43)
oW, oW,
Wl = W2 5 ox = '—6—;— i at‘,’X = a (3.44)
The general solution for the ordinary linear differential equations is
xR ~xR o €

W, =C e +C,e + - RO ex~p[~ -2—1— ] ; —asx=a (3.45)
; > ¢
(S - 81 /4 €2 ) 2

W,=D,e +D,e [x| >a (3.46)

where R = (3.47)

The coefficients Cy, C;, Dj and D, must be determined from the boundary conditions Egs.
(3.43) and (3.44), and they are in general, functions of the parameter s. To obtain a solution
in the time domain, Eqs (3.45) and (3.46) must be inverse transforms. This can be
accomplished using tables of known transforms (see, for example,' Abramowitz(’ and Stegun

1972; and Kreyszig, 1983). The solution to Egs. (3.35) and (3.36) is then performed as:

1- 21k ( ) 21 erfe (—X )
Zx/ ,/st
2
2¢
£ g2 +—-—xerfc( X2 ) 3.48)
zOl(x t) qRO texp[~';x+;g~t] 82 2 /Ezt (
2

28 £
—mxmfc( )exp(——l—a)

E:2 2.0¢t 81
i 2

for t>0 and 0<|x|=sa , and
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02 ) =2y, [ e 4g ] 2 2\ gt
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£
-— i erfc( Jexp (-—Lta)
82 2 €t 2

for t>0 and |x‘l>a,

in which the function jerfc represents the integral of the complementary error function and
the superactipt nurmber denotes the number of integration. An expression is given by Eq. .
(3.29) for n time integrations of the complementary error function. Substitution of Eq.

(3.16) into Eqs. (3.48) and (3.49), the solution to Eqgs. (3.30) and (3.31) is obtained as:

e oG
xp[2—~ | Fi(x,t); -o<x=-a
. : o

5 g ; :
exp[;ix} F (x,t); -asx=0
€

2
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2¢ ‘ :
2
where
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The solution to Eq. (3.50) is illustrated in Figure 3.43, in which the non-dimensional

quantity describing the shoreline position is defined by:

€
y = !o 2
0 a 2a Ao

(3.53)

The asymmetric shape of the delta is clearly seen in this figure. The non-dimensional quantity
describing the effect of beach slope chénge and oblique wave incident on the configuration
of river delta is defined according to. €,a/c,. Figure 3.44 demonstrates the effect of the
quantity €,a/, on the configuration of river delta. It is clearly seen that the configuration of
river delta becomes asymmetric when €,a%k, is greater than zero. The degree of asymmetrical
configuration of the river delta becomes highly significant as the quantity €,a/t, increases,
which implies that as the incident wave angle increases, the asymmetrical configuration of
the river delta becomes significantly remarkable. Also, it is obvious from Figure 3.44 that the

shoreline gradient, |0y,/0x], becomes larger with increasing €,;a/¢, which means that
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increasing the rate of beach slope change along the river delta causes the shape of river delta
to be sharply formed.

The effect of the quantity Sxa/cv2 on the growth of delta at the center of the river mouth
is shown in Figure 3.45. From this figure it is obvious that; 1) the shoreline position at the
center of the river mouth increases w1th increasing €a/€,, and 2) as €;a/g, increases, the

rate of delta growth at the center of the river mouth becomes nearly constant.
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Figure 3.45  Effect of quantity €, a/¢, on the time variation of shoreline position at the

center of river mouth.
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3.6 Experimental Study-on Formation Process of River Deltas: . -

The formation process of river deltas is controlled by the interaction between two main
forces; river sediment discharge and wave power. If the rate of sediment deposition from the
river is greater than the rate of sediment removal by the longshore currents, the formation
process of river delta will take place. In contrast with that, if the rate of sediment deposition -
from the river is less than the rate of sediment removal by the longshore currents, beach
erosion occurs-and reduction of river delta will be remarkable. ’

The time scale for beach change of river deltas is on order of 100 years, therefore the.
seasonal changes of beach profile shape and shoreline positions during severe storms will not
be considered when studying the process of formation of river deltas. In fact, the beach
profile often returns to its pre-storm shape in a short time, after the storm has passed,
typically on order of weeks. In contrast, imbalances inthe longshore sediment transport rate
cause a more gradual and permanent change in the beach plainform.

The main objectives of this experimental study are, to demonstrate the process of
formation of river deltas, to .determine the change of beach profiles along the shoreline of
river delta, to verify the relationship between shoreline position and cross-sectional area of -
beach profile, and finally to study effect of oblique wave incident on the symmetrical

configuration of the river delta, and on the formation process of river deltas.

3.6.1 Methods of modeling a river sediment discharge

In the hydraulic experiments modeling of river sediment discharge is not an easy task.
Before the experiments on river delta formation can be carried out, the alternative methods for
modeling a river sediment discharge should be examined, showing the advantage and
disadvantage of every method. Finally, the most appropriate modeling method must be
determined. There are three main methods to model river sediment discharge. One method

deals with supplying water and sediment by using a channel, the other two methods deal with
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supplying a dry sediment as a point source and as a line source. The details of.each method
are discussed as follows:

(1) Method of supplying water and sediment

In trying to copy nature, where the actual river-flows out water carrying sediment, the
most appropriate method ‘is to construct'a-channel in which the water is pumped with
sediment and discharged into the wave basin. To have clear understanding of this method,
many factors must be considered, with discussing the effect of each factor on the formation
process of river deltas and on the experimental conditions. These factors:are summarized as
follows:

1) Effect of stream velocity: In a case of high stream velocity the sediment is discharged and

deposited out of the surf zone where the effect of longshore current is minor; resulting in

formation of curved bars propagated backward by time to'connect the initial shoreline: The

configuration of this river delia is mainly due to'river action, while the incoming waves will
cause a shifting of the deformed shape to the right or to the left depending on the direction of
the incident waves. Accordingly, itis implied that due to the strong water discharge, the river

delta shape is so far called a fan shape river delta, and therefore, the scale and position of the

alluvial fan are very unstable and severely change with time. On the contraryin a case of low

velocity the sediment is deposited near the upper most end of a channel, resulting in closing

a channel and no more sediment is assistance to form a river delta shape. So that, there is a-
critical range for the stream velocity in which, the stream velocity is able to carry sediment

and deposit it within the surf zone:

2) Effect of additional water from river: It is clearly shown that the velocity of the discharged

water affects the formation process of river delta, which should be taken into consideration
when this method is considered. Another factor that should not be ignored the additional

amount of water entering the wave basin which strongly affects the characteristics of the

incoming waves via changing the waterlevel in the wave basin. The solution to this problem

is quite easy, just by discharging the same amount of water in order to keep a constant water
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level in the basin.

3). Characteristics of sediment particles and rate of river sediment discharge: A sediment

particle under the action: of flowing water takes either a state of repose or a movement in

accordance with the degree of fluid force to the resistant-force of the particle. In'a moving:
state, which is classified as either suspension or traction such as rolling, sliding and saltating,
the sediment particle movement is determined by the critical shear velocity u%., which

corresponds to the threshold condition of sediment movement. Generally, ux¢ can be

predicted by Shield’s diagram. The sediment particle diameter is proportional to critical shear

velocity and falling velocity. The particles whose falling velocities are smaller than the-critical

shear velocities will be kept in suspension, the other particles whose falling velocities are:
Jarger than the critical shear velocities will be deposited onto the channel bed.

The rate of sediment discharge can be controlled by using a sediment feeding system
with a motor controlling device. If the rate of sediment discharge islarger than the rate of the
sediment removal by wave action, the sediment will deposit at the river mouth and will-
accelerate the stream velocity causing a deposition of sediment on the channel bed behind the
river mouth..On the contrary, if the rate of sediment discharge is smaller than the rate of
sediment removal by wave action, no delta is formed and all sediment particles are carried
away.

(2) Methods of supplying drv sediment

Since the sediment discharge from the river is responsible for building up a delta, and
in order to avoid the effect of water discharge on the process of formation of river delta, we
will consider the use of a dry sediment supplement. Although, it may be easy to- model a river:
via dry sediment, rather than using water and sediment, some problems appear. Generally,
there are two methods to model river sediment discharge using dry sediment only, they are:
the point source method and the line source method. In both methods, the motor controlled
sediment feeding is used to supply sediment at a constant rate. The main different between

the two methods is the way of distributing the sediment over the deltaic area. The detail of
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these two methods is discussed in next subsections.

1) First method (Supplying sediment as a point source): As‘indicated by the name of the
method, the sediment is:supplied at a single point, which agrees with the assumption that the
river mouth width is very small compared with the finite length of the shoreline. Now, some
questions arise, these questions are summarized as follows; 1) where is the best position for
the point source ? and why ?, 2) which is better, to fix the position of point source or to

move it, as the shoreline propagates ? and why ?, and finally 3) if it is moving, what is the

rate of that movement 7.

- For the first question, there are three possible positions for the point source, these
positions ére: 1) at the shoreline, 2) within sur{ zone and 3) outside surf zone. The choice of
point source to be located at the shoreline makes the sediment accumulate resulting in the:
formation of a small hill. This is because, at the shoreline the longshore current velocity too
weak to carry the sediment away. From the fact that the longshore currents are stronger
inside the surf zone, the point source must be located within the surfzone. Ifthe point'source’
is.chosen to be outside the surf zone, the longshore currents are enabled to carry the sediment
particles; sufficiently. As a result, a longshore bar will form. Generally speaking, it'is
therefore suggested, that the position of the point sotirce to be at the location of the maximum
value of longshore sediment transport, which is just shoreward of the breaker line.

Generally, when a river delta shoreline is formed-and propagates seaward, the breaker
line moves seaward in a similar way. Therefore, the answer for the second and third
questions is to méve the position of the point source seaward at the same rate as the
propagation of the shoreline of river delta. The rule of thumb is to keep the position of the
point source at the location of maximum longshore sediment transport, which is just
shoreward the breaker line.

(2) Second method (Supplying sediment as a line source): From the point of view of the
shape of the cross-shore distribution of longshore sediment transport, which reaches a

maximum value shoreward the breaker line, a line source method is proposed. The line
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" source consists of holes of different diameters, in which the sediment is discharged over the
surfzone in distribution shape similar to distribution shape of longshore sediment transport.
Although it is a good idea, the distribution shape of the longshore sediment transport must be
considered, which is mainly predicted by the oblique incident waves. Additionally, around
the river mouth the longshore sediment becomes non-uniform. Thus, it is believed that the’
point source method is easier to-apply than the line source method, and it givesa reasonable
accuracy for the measurements.

~From the above description of the different methods of modeling river sediment
discharge, the following points are drawn:

(1) The river sediment is only responsible for building up a delta, therefore the method
of supplying water ‘with sediment will ' be excluded, and consider only the methods of
supplying dry sediment.

(2) The assumption that the river mouth is very small compared with the infinite length
of the shoreline gives the point source method an advanced step over the line source method.

(3) When the line source method is used, the rate of river sediment discharge will be
relafed to the rate of longshore sediment transport, while it should be an independent
parameter. Instead the point source method gives a reasonable ‘accuracy for ‘the
measurements.

From the above mentioned points, we decided to use the point source method for
modeling the river sediment discharge. Finally, we want to mention that the experiments
were carried out to verify the applicability of the point source method for modeling the river

sediment discharge.

3.6.2 Experimental procedure
The experiments were performed in the fan-shaped wave basin (semicircular part :
r=17.5 m ; rectangular part : 35x10 m) of Ujigawa Hydraulics Laboratory, Disaster

Prevention Research Institute, Kyoto University. A smooth concrete beach was constructed
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with a slope of 1:10. The beach was roughed by bonding light weight aggregate, the same
material as the one whose used for modeling river sediment discharge, on to'the smooth:
concrete. The wave guide walls, which are composed of smooth steel plates; were installed .
in the normal to.the wave generator. The smooth steel plates were chosen such-that the
amplitude of refracted waves was expected to be minimal, see Figure 3.46.

:...On the land side, a sediment feeder machine with a controlling speed motor was set. .
about 1.0 m from the initial shoreline, see Figure 3.46. The light weight-aggregate material .-
was.chosen to model the river sediment discharge, this material is very sensitive tothe Wave
action and has a low friction coefficient. The controlling speed motor wasused to discharge
sediment at a constant rate into-the wave basin. Two smooth-asbestos:pipes: of different
diameters were connected-to the sediment feeder machine at the output:opening in order to
carry the sediment to the desire position of the point source. The small diameter pipe -
smoothly slides"’inside the large diameter one allowing no sediment particles to fall between
them. Thus, this system gives a {ree and accurate adjustment for the position of the point
source. Measurements of sediment discharge rate were performed: 1) at the beginning of the
experiments, and 2) at every 10.min interval time during the experiments, then the rate of
sediment discharge was calculated as the average value of the measured sediment ratios.:

Measurements of shoreline positions were made at 10 min intervals along the delta at 13-
stations. (50 cm interval distance), see Figure 3.46. At the end of each experiment; beach
profiles as well as shoreline changes were measured every 10 cminterval distance along the -
delta. The measurements of beach profiles were made by an acoustic sensor mounted-on a-
carriage, controlled by a personal computer. The measured profiles were transformed to--
digital data and recorded using a low frequency digitizer device. The formation process of
river delta was observed by taking photographs every 10 minutes interval time with a 35 mm -
automatic camera. The camera was mounted at a height of 5 - 7 m-above the water surface.

The camera suspension system allows the camera to be accurately positioned and leveled.
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On the wave basin side, measurements of wave heights in the constant depth part were
made using capacitance type wave gauges. While on the sloping part, the measurements were
made using a wave gauge mounted foﬁ akc;yayrrikage controlled by apersonal computer. The
angles of incoming wagze incidence were measured in the constant depth part by measuring
the angles of inclination of the wave gk‘e‘nekrator tc‘>’ the Eeach. Srﬁi’e'll’s‘ law érid linear wave
theory were used to estimate the angles of wave incidence at the breaker line. The longshore

currents were visually observed by using colored paper tracers.

3.6.3 Experimental results

Six experiments were performed, (see Table 3.8), fora still water depth iﬁ the constant
depth part of 30 cm, a wave height of 2.0 cm and a period of‘O.‘8 sec. The incoming waves
were normally incident during the experiments series A and series B, while they wereg oblique

incident during experiments C-1and D-1; with 7.5° and 15°, respec(ively.

Table 3.8 Experimental conditions of river delta formation process.

Exp. Qr Run time ‘ a,

No. cm?/ sec (min) (deg.)
Series A

A-1 7.06 50 0

A-2 7.06 30 0
Series B '

B-1 15.80 30

B-2 8.12 30
Series C

C-1 11.0 90 7.5
Series D

D-1 11.0 180 15.0
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The experimental results are as follows :

(1) General description of river delta formation process

Once the sediment feeder machiné supplies sediment to the wave basin, the sediment
particles spread along the coast by the e”ffect‘ of the longshore current. Also, a small delta is
being to form on the fixed bed andﬁropagates seaward with the nearly the same rate as the
front line of delta, which rhéans that the beach profile is moving in pérallel to itself. The
position of point source is moved seaward just behind the breaker point, therefore the
supplying sediment particles are redistributed along the river delta by the effect of longshore
currents.

1t is observed that sediment particles deposit first around the river mouth then move to
considerable distances from the river mouth till they deposit at the initial shoreline, forming a
new shoreline. During that time other sediment particles deposit at the river mouth and once
more move to considerable distances from the river mouth till they deposit at the initial
shoreline and another shoreline will be formed, and so on. Finally, a series of layers appears,
each layer represents a complete evolution of shoreline cycle in the formation process of river
delta. |

(2) Characteristics of growth of river delta

Figures 3.47 and 3.48 show the behaviors of the growth of river delta in experiments
series A and B, respectively. During the experiments, the shoreline positions were measured
at every 10 min and 50 cm intervals. At the end of each run, the wave generator was stopped
and the shoreline positions as well as the beach profiles were measured’every 10 cm interval
distance in the longshore direction.

Since the rate of sediment discharge was kept constant and relatively small, Qg = 7.0
cm?¥/sec, during the experiments A-1 and A-2, the measured shoreline positions shown in
Figure 3.47 at t=50 min and t=80 min, respectively, are been parallel to each other. Also, the
configuration of the shoreline of river delta by these experiments is gently curved. In series

B, the rate of sediment discharge was relatively high, Qgg= 15.0 cm¥sec in Run B-1 and
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reduced by half in Run B-2. Therefore, the measured shoreline positions shown in Figure
3.48 at t=30 min and t=60 min are not perfect parallel. Moreover, much §cdimént éaﬁicles
were deposited around the point source than near the end of the deita. As a result, the
conﬁgutatlon of the shoreline of river delta becomes sharply curved.

(3) Symmetrical shape of river delta

It is expected under a condmon of normal wave incidenf that the configuration of river
delta is symmetric. To verify this phenomenon in the laboratory, measured data of shoreline
positions on the left and right sides of the delta were plotted on one side. The results are
shown in Figure 3.49 for Run A-1 and Run A-2, and in Figure 3.50 for Run B-1 and Run
B-2, respectively. The black symbols represent the measured data on the left side, whereas
the measured data on the right side are represented by the white symbols. The symmetrical
configuration of the river delta is satisfied in these figures. With oblique wave incident, an
asymmetrical shape of river delta is expected. Both sides of river delta are named as a upcoast
side and a downcoast side, with respect to the wave direction. The upcoast side is defined as
the side of river delta which is directly affected by the wave. While, the downcoast side
defined as the side of river delta where the wave effect is indirect. Figures 3.51 and 3.52
illustrate the measured data of shoreline positions in Run C-1 and Run D-1 where the angles
of wave incident are 7.5° and 15.0°, respectively. The black symbols represent the measured
data at the upcoast side, whereas the measured data at the downcoast side are represénted by
the white symbols. The asymmetrical shape of river delta is verified by these figures.

In general, oblique waves generate strong longshore currents, consequently, most of
the river sediment discharge is moved in the bredominant direction of littoral drift and
deposited on the downcoast side. Therefore, the growth rate of the shoreline on the
downcoast side is faster than the growth rate of the shoreline on the upcoast side.

(4) Effect of longshore currents on configuration of river delta

When waves approach a straight beach with an oblique angle, the component of wave

power parallel tothe shoreline generates the longshore currents. Therefore, in the case of
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normal wave incident, theoretically, no longshore currents exist. When we consider river
discharging on a straight beach where the incoming waves are normally incident, initially, ho
longshoré currents exist, but as the delta forms causing variations in space and time of thé
shoreline orientation, |0y,/0x|, current are established due to changes in the n;aarshore
bathymetry. Furthermore, due to depth refraction, even when the offshore wave c]imate is
constant, the longshore current will generate and will vary alohg the delta. This longshore
current carries the river sediment paniéles and redistributes them along the delta to form a
new river delta shoreline which is gently curved in a case of wave-dominated delta type, and
sharply curved in a case of river-dominated delta type. Once more, this new river delta
shoreline will affect the nearshore bathymetry, and another longshore current will generated.
A more realistic description of a real beach requires the incorporation of this wave-bottom
interaction, which is call a feedback mechanism, that the configuration of river delta is
affected by the nearshore bathymetry. Because waves are coming normal to the shoreline, the
configuration of .delta will be symmetric with respect to the river mouth and generated
longshore cusrrents will move along the both sides of the river delta.

Considering the case of obliquely incident waves with a river discharging on a straight
beach. Initially, a uniform longshore current is generated by waves along the beach. Once the
river delta starts to forin an additional current will be generated, this current will move along
the river delta in both directions. Mathematically, this additional current generated by the"
effect Qf formation of river delta reduces the longshore current generated by waves at the
upcoast side and increases it at the downcoast side. As a result, the upcoast side of river delta
will have a weak longshore current, and the downcoast side will have a strong longshoreV
current. Consequently, most of the river sediment discharge move in the direction of the
strong current and deposit on the downcoast side. At the upcoast side of river delta a small
amount of river sediment discharge forms a delta and reduces the longshore current until
reaching a dynamic equilibrium shape where the incoming waves approach the shoreline on

that side at nearly a right angle. Thus, an asymmetrical shape of the river delta will form, (see
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Figures 3.51 and 3.52).
(5) Time variation of shore]iné‘g;ositions

Figures 3.53 énd 3.54 show the time variation of the shoreline positions for
experimental series A and series B. Since the configuration of the river delta:is symmetric
with réSpect to the river mouth, half of the f)roblcm will be consider. In these figures seven
idealized sections are selected, see Figure 3.46, t‘o illustrate the time variation of shoreline
positions. From these figures it is noted that: |

(1) In general, the shoreline position, y,, increases with increasin‘g‘ tiinc,{ t. For a short
time t, the shoreline position at the center of the river mouth, represented by section 0,
increases rapidly, while shoreline position at the end of the delta, represented by section 6,
increases in a more slowly. At the other in between sections, the shoreline positions vary
between rapid and slower changes. k

(2) The relation between shoreline position, y,, and time, t, becomes linear after a long
time t. In other word, the rate of propagation of the shoreline position along the river delta
becomes constant.

(6) Variation of beach profile and beach slope along a delta coast

The beach profiles were measured along the river delta at every 10 cm interval distance
by using acoustic sensor mounted on carriage controlled by a personal computer. Since the
configuration of river delta, in experiments series A and series B, is symmetric with respect
to the river mouth, only half the delta will be considered. in order to demonstrate the
varjation of beach profiles along the river delta, seven idealized sections are sclected, (see
Figure 3.46). The measured beach profiles along the river delta for experimental Run A-2,
t=80 min, for the selected sections is illustrated by Figure 3.55. From this figure it is noted
that the longshore variation of beach profiles are small. In fact this is, so far, true when the
wave power is relatively stronger than the rate of river sediment discharge, or in other words,
when the delta is categorized as a wave-dominated type, as in experimental series A, and also

when the configuration of the shoreline of the river delta is gently curved. In this case the
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longshore variation of beach slope becomes also small, which can be assumed constant as
shown in Figure 3.56. At the end of the river delta the fixed bed roughness causes a sudden
change in the beach slope, which can be consider as the cxper/iymc‘ntal error.

In experimental series B, the réte of river scdimemidisc"harge 15 rel‘atively predominant,
or the delta can be categorized to a river~domi’natekd’ fyjje. Therefére the measured beach
profiles for Run B-1, t=30 min, are varied along the river delta as shown in Figure 3.57.
From this figure it is obvious that the variation of beach profile along the river delté is lérge.
Figure 3.58 demonstrates the variation éf beach slope along the river delta for Run B-2
represented by a black symbol, and Run B-1" represented by a white symbol, respectively. It
is obvious from this figure that; 1) in Run B-1, the beach slope around the river mouth is
steeper than the beach slope at the end side of the river delta, where the configuration of river
delta was also sharply curved, and 2) when the rate of river sediment discharge was reduced
by half in Run B-2, the configuration of the shoreline of the river delta is changed, it
becomes more gently curved, and therefore the variation of beach slope along the river delta
became (more or less) small.

From Figure 3.55 to Figure 3.58 it can be inferred that:

(1) For a wave-dominated delta, the variations of the beach profile along the river delta
are very small with a mild beach slope, also the configuration of the Shoreline of the river
delta is gently curved.

(2) Fora river~domink‘ated delta, the conﬁgumtiori of the shoreline of the delta is sharply
curved, and the beach profiles are varied along the delta with a steeper béach slope at the river
mouth and miidef one near the end side of the river delta.

(7) Relationship between cross-sectional area and shoreline position

Based on the assumption of one-line theory, that the beach profile moves in parallel to
itself, the cross-sectional area of the beach profile is proportional to the shoreline change. The
relationship is linear, in which the gradient of the straight line is equal to the limited depth hy,

mathematically it is written as:
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Ay, i - (3.54) -

To illustrate this relationship, mgasured data of shoreline po‘sitibnjs are plotted against
the equivalent measured data of cross~scctioﬁa1 area of beach proyﬁlcs.yTh’e data are shoWn in
Figures 3.59, 3.60, and 3.61 for experiments series A, sérics B, and Ruh C-1and Run D-1,
respectively. The functional relationship of cross-sectional area of beach profile and shoreline
position showé scattering values. However the general trend is linear. This scattering‘
behavior is believed to be correlated to the non-unifermity of longshore currents. |

In Figure 3.59, it is obvious thét the measured data for Run A-2 are to be continuous to
the measured data for Run A—l, which is expected since the rate of sediment discharge was
kept constant during the experiments. While, in Figure 3.60, the measured data for Run B-2
are plotied above the measured data for Run B-1, moreover, the measured data fluctuate
around the mean vah‘ics"whiie %he},} are incréaéing lineér]yA This béhévior iﬁ the measured data
of this figure is probably due to the non-uniformity of sediment transport. Figure 3.61
illustrates the relationship between A and y, for Run C-1 and Run D-1 where the oblique
angles are 7.5° and 159, respectively, Although the measured data are scattered, the general
trend is linear. Tﬁus, it can argue that the oblique angles of incoming waves have no effect on

the relationship between A and y,.
3.7 Applications of Analytical Solutions of River Delta Formation

The analytical solutions for shoreline evolution of river delta are used to describe and to
understand the physical phenomenon controlling the configuration of river deltas. Therefore,
two applications for the analytical solutions are discussed in the next subsections. In first
one, the analytical solutions are applied to the experimental study cases A-1 and A-2 in which
the rate of sediment input from the river is small, and the delta can be classified as a
wave-dominated type. The second application is.a prototype study in which the major river

deltas in Lake Biwa are investigated. The river deltas in Lake Biwa are classified as
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river-dominated type, since the river discharge is predominant and wave power is minimal.

The results are straightforward.

3.7.1 Application of analytical solutions to experimental study

The measurements of shoreline evolution of a river delta for exﬁerimental runs A-1 and
A-2 are comparéd with the analytical solution given by Eq (3.19), the results are shown in
Figure 3.62. It is seen, that the evolution of the shkoryeli,ne near the river mouth is well
predicted. However, near the end side of the river less agreement between the measured and
computed shoreline position is observed. This is due to the ef] fect of the bed roughness which
causes the measured shoreline to rapidly decrease.

Figure 3.63 shows the time variation of measured shoreline positions at the measuring
sections comparéd with the analytical solution. As prcv’iou”sly mentioned a good prcdiction
between the measured and the computed shoreline is observed for the measuring sections
near the river mouth. At the end side of the river, represenied by section 6, the evolution of

shoreline by analytical solution is overestimated.

3.7.2 Applications of analytical solutions to river deltas in Lake Biwa

The river deltas in Lake Biwa are classified as river-dominated types, since the river
discharge is predominant and wave power is minimal. Therefore, the effect of beach slope
variation plays an essential role in the process of formaktion. Using the wave data and bottom
topography information described in the section 3.3, the wave conditions for each river are
calculated. The signiﬁcant wave height and period are 0.75 m and 3.0 sec, respectively.
Table 3.9 presents the field conditions of the major river deltas in Lake Biwa. Since the river
deltas in Lake Biwa were formed a long time ago, say some million years ago, it is very
difficult to estimate the original basin of the river delta. In addition, the lake basin has been
formed due to geological activities as well as the hydrological effects. All these factors make

the determination of the initial shoreline for river delta formation impossible.
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Table 3.9  Field conditions of major river deltas in Lake Biwa.

River Name Hp, o €,/6, x 103
(m) | (deg.) (m)
Ishida 0.840 10 3.102
Ado 0.880 5 3.027
Kamo 0.825 5 4.244
Otani 0.863 5 5.834
Wane 0.825 5 2.876
Ane 0.830 5 1.334
Inugami 0.770 5 2.912
Echi 0.770 20 3.200

Fortunately, the experimental results as well as the analytical solu’tion show that after
sufficiently long time, the rate of shoreline evolution becomes constant, therefore any datum
line can be selected as a base for the measurements. Then the analytical solution are used to
estimate the shoreline evolution after a sufficiently long time. Finally, the computed
shorelines are adapted to the measured ones. Figuré 3.64 shows the comparison results
between measured and computed shoreline positions of the selected river in Lake Biwa. In
general, the analytical solution give a better prediction for evolution of shorelines of the deltas
of the Kamo, Otani, Wani and Echi rivers. However, less agreement is shown between the
measured and the computed shorelines of the deltas of the Ishida, Ado, Ane and Inugami
rivers.

It is indicated that the analytical solution potentially overestimates the shoreline
evolution of river deltas in Lake Biwa, since the analytical solution is unable to account for
bottom changes and wave refraction. Also the linearization of the continuity equation of
sediment transport by the assumption that the shoreline orientation is small, causes a greater
error in the overestimation of shoreline evolution. Therefore the one-line theory is limited to
estimate the shoreline evolution of a river-dominated delta type. Instead, numerical solution

must be used. However, with the aid of the one-line theory, the physical phenomenon
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controlling the shoreline evolution of river delta could be interpreted. Moreover, the one-line

theory produces only small errors for the shoreline evolution of a wave-dominated delta.
3.8 Conclusions

The formation proceés of river deltas was investigated analytically and experimentally.
The general configuration of the river deltas depends on-the r_é]ative importance of the
deposited river sediment and the transported one by the action of waves and tidal currents.
The river deltas are mainly categorized as: 1) ’river‘-dorninated type in which the river
discharge is predominant and wave energy is minimal, 2) wave-dominated type which
represents higher wave energy situations, and tidal-dominated type where the tidal currents
are impinging on coastal waters near river deltas cause river discharged sediments to be
transported and dispersed along the coast at considerable distances from the river mouth. A
modified version of a ternary diagram proposed by Galloway (1975) and Wright (1985) was
adapted.

The physical description of the river delta formation was studied by investigating two
field cases: the Nile Delta coast in Egypt and the major river deltas in Lake Biwa, Japan. The
geographical and topographical investigation of these sets has been made. The main
conclusions dmwn from this investigation are:

(1) Most of the river sediment discharge are carried during the flood seasons as
suspended load. These sediments are responsible for building up the river deltas.

(2) Since the river deltas have been formed long time ago, the beach profiles have
reached an equilibrium shape. Therefore Dean’s expression for equilibrium beach profile can
be applied with reasonable accuracy.

(3) In general, the average beach slope varies along the river delta beach, with a steeper
slope at the river mouth and milder one near the end sides of the river delta.

(4) The sediment size typically varies along the coast of river delta, in which the coarser
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materials are deposited in the vicinity of the river mouth area, while the finer materials are
transported by prevailing waves and currents and deposited at a considerable distance from
the river mouth.

The analytical solutions of shoreline evolution of river delta were derived from
simplified the basic equations using the concept of one-line theory. From the results of the
analytical solutjons, the following conclusions can be drawn regarding the reliability of the
the solutions: |

(1) The assumption of the one-line theory, that the beach profile moves in parallel to
itself is limited when it is applied to the formation of the river delta of a river-dominated type,
where the beach slope change along the river-delta as, at the river mouth the beach slope is
steeper than the beach slope near the end sides of the delta.

(2) The obliquely incident waves produce an asymmetrical configuration of the river
delta. The degree of asymmetric increases as the angle of the incoming wave increases.

(3) For wave-dominated delta type, the shoreline gradient,|0y/0x|, is very small, while
in the river-dominated delta type, the shoreline gradient is relatively larger.

z4) As the ratio Qry/W increases, the distance B decreases. The distance B is defined
as a longshore distance from the center of the river mouth where the shoreline position is half
the shoreline position at the river mouth. In other words, as the ratio Qpy/Wg increases the
delta shape becomes narrower until the delta can be classified as river-dominated type.

(5) On the contrary, as the ratio Qgy/Wg becomes smaller the delta approaches the
wave-dominated type and the delta plane shape will be gentle with a small shoreline gradient,
|0y o/Oxl.

(6) For a specific ratio Qgro/Wg, the distance B decreases with increasing the time t,
which implies that the rate of deposited sediment around the river mouth increases by time.

An experimental study on the formation process of river deltas was carried out and the
important factors affected the formation process were discussed. The methods of modeling a

river sediment discharge were examined, showing the advantage and disadvantage of every
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method. Since the river mouth width is.very small compared with the finite length of the
shoreline, we decided to use the point source method for modeling the river sediment
discharge. Additionally, the point source technique is easier to apply than the other methods
and it gives a reasonable accuracy for the measurements. The fol]ow’ing conclusions can be
drawn from the experimental study:

(1) During the formation process the river delta consists of a series of layers, each layer
represents a complete evolution of shoreline cycle.:

(2) For wave-dominated delta type, the shoreline of river delta propagates with nearly
same rate as the propagation of the front line of the delta. Therefore, one-line theory can be
used to describe long term variations in shoreline configuration of river deltas. Oppositely,
for river-dominated delta type, the shoreline of the delta propagates with a faster rate than the
front line of the delta.

(3) For wave-dominated delta type, the longshore variation of beach slope is very small
with a gently mild beach profile. The shoreline gradient is gently change resulting gently
curved of river delta shape. In the contrary, for river--'ominated delta type, beach slopeis
remarkable varied along the delta coast with steeper beach slope at the river mouth and milder
one at the .end sides of the delta. The shoreline gradient, |0y /0x|, is steeply varied resulting
in sharply curved shape of delta.

-./(4) The interaction between the configuration of river delta and the longshore currents is
belong to the so-call feedback mechanism, in which the configuration of river delta affects
and affected by the longshore currents.

(5) The longshore currents affect on the symmetrical shape of river delta. Undernormal
wave incident, the configuration of delta is symmetric with respect to the center of the river.
The configuration of delta will be changed to asymmetric shape when incoming waves are:
obliquely incident.

(6) With asymmetrical configuration of river delta, the longshore currents at the

downcoast side are stronger than the longshore currents at the upcoast side. As a result much
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sediment are moving and depositing at the -lowncoast side than at the upcoast side. -

(7) The cross-sectional area of beach profile ‘of river delta is proportional to the
shoreline position. The relationship is nearly linear with a gradient equal to the limited depth
of littoral drift, hy. ‘

In comparing of the analytical solutions for shoreline evolution of river aeltas with the
experimental measurements of delta formation and the major rfiverdeltas‘in Lake Biwa,
favorable agreement is found. For wave-dominated delta type, the analytical solutions can
predict the shoreline evolution with a high level of accuracy. While, less accuracy is

considerable for evolution of shoreline changes of river-dominated delta type.
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Chapter 4 BEACH EROSION DUE TO RIVER DELTA
'REDUCTION AND ITS CONTROL.

4.1 Introduction

Man’s intervention with coastal processes takes many forms. However, the most
serious, large scale and long term coastal erosion results from the construction of dams
which block the river sediment supplied to the coast. This loss of sediment may have a
catastrophic effects along the coastal line of a river delta. Many investigations have been
performed on the erosion of the river delta mainly around the river mouth where navigation
can be hindered by problems such as erosion of the river mouth , deposition-of the sediment
in the estuarine, and closing of the navigation channels. Most of these investigations have
been focused on protection methods of river mouths from wave and current actions by the
construction artificial structures such as jetties or seawalls. However these structures
interrupt the littoral drift and produce a dramatic change in the shoreline; accretion occurs on
the upcoast side of the structure, and erosion occurs on the downcoast side.

Because of the previous methods of beach erosion control failed to prevent or even
reduce the beach erosion, many coastal engineers are being advised to let nature takes its
courses. Silvester (1979) states the methodology for beach erosion control as ” How to copy
nature ”. Nature always adapts the beach profiles which are in an equilibrium shape, in which
the incident wave energy is dissipated without causing a significant net beach profile change.
Also, nature forms beautiful stable sandy beaches between reefs or };eadlands. These beaches:
will be in static equilibrium when no further beach recession occurs, no littoral current exists,

no sediment deposition beyond the downcoast headland occurs, or when waves are breaking
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simultaneously along the shoreline.

The aim of this Chapter is to investigate the rcduct‘ion‘ i)t’ocess of river deltas and to
study the methodology of beach erosion control, through the investigation of the stable beach
configuration. Firstly, an experimental study was carried out. The main purpose of this
experiment is to study the reduction process of river deltas due a decrease or lack of sediment
input from the river. Secondly, a theory of formation of stable sandy beaches is‘derived. The
derivation of this theory is based on the formulation of non-uniform longshore sediment
transport presented in Chapter 2 together with the aid of one-line theory. Next, an application
of the theory is made to the stable sandy beaches at Amanohashidate beach, which is located
in Miyazu Bay, northern part of Kyoto Prefecture, Japan. In the last portion of this chapter, '
the methodology of beach erosion control is investigated with a brief dééériptidn of the
previous and new methods for beach erosion control. A new proposal is made f<;r" beach
erosion control around the river deltas. This proposal is based on Tsuchiyé’s ‘ideal
methodology for beach erosion coymml and the concept of configuration of stable beaches.
Two ideal examples are presented for controlling beach erosion around syﬁimetfi‘cal and

asymmetrical river delta configurations.
4.2 Experimental Study on Reduction Process of River Delia

The protection of beach-against erosibn is one of the important problems which coastal
engineers must face, especially near the river mouth and adjacent coasts. In order to prevent
erosion of the river delta coast, it'is important to study the process of river delta reduction
(erosion), which is very difficult to investigate it in the field coast. Therefore laboratory
experiments must be relied upon. By hydraulic experiments it is p'ossiblc to simulate a
hundred year prototype phenomenon in only few hours in laboratory by controlling the

experimental conditions and measurements. Beach erosion mainly occurs due to the
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predommant longshore currents which carry the sedlment alongshorc When the longshorc
current dose not ex1st in other words when waves approach the beach ina normal dlrectxon
fora sufﬁcxently long tlme, the beach proﬁles wxll be in ethbnum condmon ’

'The basic idea is that the beach proﬁle in its equi]ibrium‘ condition dissipatcs incident
energy without 51gn1ﬁcant net change in shape. Dean (1977) denved an analytlcal exprcsswn
for the equilibrium beach profile shape based on the concept of constant wave energy
dissipation per unit water volume. The main objectives of this experimental study are to
investigated the reduction process of river deltas, to cxaming the time variation of the
shoreline positions and the rate of beach erosion, and finally to Vcrify the relationship

between shoreline position and cross-sectional area of the reduced beach profile.

4.2.1 Experimental procedure

The experiments were performed in the fan-shaped wave basin of Ujigawa Hydraulics
Laboratory, Disaster Prevention Research Institute, Kyoto University. The in‘it‘ia] shorelines
and beach profiles in these experiments were the final shorelines’/kz’xod’ib’each proﬁles of the
experiments on the formation process of river delta presenied in Chapter'3’ (series A and B).
The expenmems were halted once the longshore current died away and onIy the on- offshore
movement exist. To verify this condition color tracers were used and the tra_;ectones were
observed. . |

Measurements of shoreline changes were made at every 5 min interval during the ﬁkrst
30 min of the experiment, this interval was then increased as equilibﬁum conditions were
approached, which is determined by tracing the movements of color paper tracers Which
should be only in the on-offshore direction. The measurements of shoreline chémges were
made along the delta coast at 13 idealized sections at 50 cm intervals, see Figure 3.46. At the
end each experiment, beach profiles as well as shoreline changes were measured at 10 cm

intervals along the delta. The beach profiles measurements were made by an acoustic sensor
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mounted on a movable camage controlled by a pexsonal computer

The reductlon process of river delta was observed by takmg photographs at 5 min
’mtervals durmg the ﬁrst 30 min of the experlment this mterval was then mcreased as
equilibrium conditions were approached. Measurements of wave height in theyconstant depth
part of the basin were made using capacitance type wave gauges. While on the sloping part,
the rrleasurements were made using a wave gauge mounted on a movable carriage controlled

by a personal computer.

4.2.2 Experimental results

Two experiments were performed, A-3 and B-3, for a still water depth in the constant
depth part of’30 cm, a wave height of 2.0 cm and a wave period of 0.8 sec. The incoming
waves were normally incident during the experiments. The experimental results are given as
follows:

(1) General description of nver delta reducnon DIOCESS

The reductxon process of the river delta is significantly different from the formation
process of the river delta. During the experiment it was observed that:

(1) In general the shoreline of the river delta significantly erode while the front line of
the delta retreats shoreward at a very slow rate. This phenomenon occurs because the
breaking Wave energy more strongly affects the shoreline of delta than on the front line of the
delta which is located out side the surf zone.

(2) The sediments move alongshore from the river mouth area and deposit at the end
sides of the river delta, as at result, a nearly straight shorelineis formed nearly at the middl}c
of deltaic area.

3) Thc rate of longshore sediment transport decreases as the shoreline becomes nearly
straight. The on-offshore sediment movement becomes predominant, and therefore an

equilibrium beach profile is formed.
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(2) Characteristic of reduction of river delta e

Figures 4.1 and 4.2 show the behaviors”(')f river delta reduction for experiments A-3 and
B-3. The shoreline of the delta rapidly changes to a nearly s;traight one, with erosion at the
center of river delta and d"‘ep"osition‘:at the end sides of the river dc,lkt;a'.‘y,It‘:is. noted that the new
shoreline position in Figure 4.1 is shoreward the shoreline position in'Figure 4.2’, that is
because the total sediment volume for experiment A-3 was smaller than the total sediment

volume for experiment B-3, while the wave conditions were same in both experiments.

(3) Time variation of shoreline positions

The time variation of the shoreline positions for experiments A-3 and B-3, is shown in
Figures 4.3 and 4.4, respectively. From these figures it is noted that; 1) the shoreline
position at the center of the river delta decreases significantly with increasing time t, while the
shoreline position at the end of river delta increases with increasing time t, and 2) the
physical process of erosion at center of the river delta and accretion at the end sides of the
river delta occurs for a short time of about 30 min, following by a nearly constant shoreline
position.

(4) Equilibrium beach profiles

The beach profiles were measured every 10 cm interval along the shoreline. The
measurements reveal that the beach profiles along the river delta are neaﬂy similar in shape.
Figures 4.5 and 4.6 illustrate the different between the shape of the beach profiles in the
formation and reduction processes. Since the configuration of river del‘té is symmetry with
respect to the center of the river kdelta, only seven idealized sections in one side are presented
in these figures, in which section 0 denotes the measured profile at the center of the river
delta and section 6 denotes the measured profile at the end side of the river delta. From these
figures it is noted that the curvature of the profile shape changes from a divergent mode shape
to convergent one. This convergent mode shape absorbs and dissipates the incoming wave

energy without significant net change in the beach profile shape. Therefore, the beach is
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believed to be in equilibrium condition.

.(5) Relationship between shorelinc}'/'bOSiﬁon and cross-sectional area
The cross-sectional area of the beach ’proﬁlc; was measured at every 10 cm interval
along the shoreline, and plotted versus the measured shoreline position. The results are
shown in Figures 4.7 and 4.8 fof experiment A-3 and B-3 rcspectively, combined with the
experimental results of the formation process of river delta ﬁresented in Chapter 3. From
these figures it is noted that the relationship between the cross-sectional area and the shoreline
position is nearly linear, like the formation process of river delta, but the gradient of the
relation in‘ the reduction process is larger than the gradient of the relation in the formation

process.
4.3 A Theory of Formation of Stable Beaches

Many methods have been used previously to reduce or prevent beach erosion, but few
have worked satisfactory. It is commonly observed that the construction of breakwaters for
harbors and groins extended out of the surf zone has a harmful effect by intercepting the
littoral drift. Although, the use of groins and seawalls has been shown to promote erosion,
relatively little progress has been made in recént years resulting in the construction of large
and more impressive groins and seawalls. However, in explaining the reasons for these new
installations no explanation is often given for either the failure of the previous construction or
for the new feature working any better. However, the reason appears to be very simple, in
fact all these methods are working against nature. The most effective method of controlling
beach erosion is to let nature takes its courses, and to learn how to duplicate nature.

It is commonly accepted that the formation of a shoreline between two headlands under
obliquely incident waves is the most stable beach generated by nature (Silvester, 1974). The

configuration of the stable beach has received various names in the literature, such as
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half-heart bay (Silvester, 1960), crenelate shaped bays (Ho, 1971, Silvester and Ho, 1972),
§piral beaches (LeBlond, 1972), curved-or hooked beaches (Rea and -Komar, 1975),
headland bay beaches (' LeBlond, 1979), or zeta bays andpockefbeaches (Silvester,
Tsuchiya and Shibano, 1980). Some authors have equated the offshore breakwater concept
to that of headland control, {(e.g. Dally and Pope, 1986, Loveless, 1986, and'Pope and Dean,
1986). This is unfortunately not true because the principles of ‘each concept are quite
different. With the former, where long offshore breakwaters are placed parallel to the shore
with a small spacing in between, there is little length of beach-available to the waves. It has
been said that a system of offshore breakwaters is used to prevent cross-shore and longshore
sediment movements rather than to form a beach behind the breakwater. Nevertheless,
erosion occurs.on the beach at the maximum recession of the shoreline'in between. In the
case of headland comrovl, the stability of the beach is left to nature, where restored land

remains in position with added benefit of beautiful beaches for recreation.

4.3.1 Literature review

Since Lewis (1938) pointed out a relation between the configuration of shoreline and
predominant wave direction, the study of the configuration of beaches formed behind
offshore structures has been the subject of considerable coastal engineering work. Sauvage,
Marc and Vincent (1954) analyzed the equilibrium shapes of these coastal formations, they
showed that the shape of t‘he‘beach was markedly elliptical. Yasso (1965) measured and
analyzed the shape of many natural bays and concluded that they, or portions-of them at least,
followed a logarithmic spirals. Johnson (1965) also investigated and examined the Yasso
results and found that there are significant distribution of sediment alongshore the stable
beach.

Silvester (1970) extensively investigated the configuration of stable sandy beaches for a

number of beaches in the world and concluded that the configuration of the beach between
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headlands consists of three distinct zones; an arc behind the upcoast headland; a stretch which
is logarithmic spiral in shape, and a straight stretch which extends downcoast towards the
next headland. Applying these conclusions, Silvester and Ho (1972) used the logarithmic
spiral approach Vfor'the stabilizétion of artificial reclaimed land in Singapore through the
concept of headland control. Silvester has attempted to proselytize the coastal engineering
community to this concept for many years (Silvester, 1976, 1978) without much success,
probably due to the difficulty of utilizing the logarithmic spiral pattern.

Rea and Komar (1975) developed a numerical model for evolution-of spiral beaches
behind a rocky headland. Dean (1978) presented a method for calculating the equilibiium
shape of stable beaches. In his method the bathymetry is considered stable when the wave
front is tangent everywhere to the local bottom contours. The calculation was carried out for
relatively narrow openings with normal and oblique wave, the shape of the beach was
markedly semi-circular.

In Japan, beach erosion is one of the serious problems, since the Japanese Islands are
faced on the open sea and are always attacked by severe waves. Mashima (1961) studied
bays within limited bodies of water, such as Tokyo Bay, in which he derived vectors of
wave energy, accounting for wind velocities, duration and fetch. These formed half ellipse
whose major axes were related to the shape of the bay. Mashima (1973) investigated
theoretically the stable configuration of sandy beaches taking into consideration the wave
energy distributions. Toyoshima (1976) investigated a field case, Kaike coast on Japan Sea,
for configuration of sandy beaches behind the offshore breakwaters. He proposed a design
system for the offshore breakwaters.

Tsuchiya (1978) proposed the methods of prediction and prevention of beach erosion
from the view point of mechanics of sediment transport by fluid motion. He described some
comments on beach erosion control for new applicable methods such as headland control

which based on the intensive functions of natural sandy beaches in wave dissipation.
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Tsuchiya, Silvester and Shibano (1979) proposed two kinds of equilibrium beaches, static
equilibrium, in which no longshore sediment transport exists along the beach and dynamic
equilibrium, where the longshore sediment transport exists along the beach. Recently,
Tsuchiya (1982) proposed an ideal methodqlbgy for beach erosion control from view point
of controlling the total rate of longshore sediment transport. For this purpose a new
formulation of the total rate of 1ongshofc ‘sediméﬁt lraknsport is made. He established the
practical methods to contrbl the total rate of longshore sediment transport and explained two
typical, but ideal examples for beach erosion control by this methodology. The first example
is for beach erosion due to decrease of sediment input from the river. By Figure 4.9, he
explained the ideal methodology for beach erosion control, in whigh Figure 4.9(a) shows the
situation when the sediment input from the river is reduced from Qg to Q’g. Thus, beach
erosion is advanced on the downcoast of the river delta, the lift-side coast of the river as
shown in Figure 4.9(a). From the view point of controlling the t‘otal rate of longshore
sediment transport, the rate of longshore sediment transport must be reduced along the
downcoast of the river‘ delta according to the decreased sediment input from the river. A
possible solution of this problem is depicted a shown in Figure 4.9(b), in which a series of
headlands is inserted at suitable angles and distances to make the total sediment transport rate
decreases according to the decreased sediment input from the river. The second example is
for beach erosion due to the lack of sediment sources. The solution for such beach erosion is
proposed by this methodology as shown in Figure 4.10, in which a series of headlands
(Silvester, 1976) or offshore breakwaters (Toyoshima, 1976) is employed to make the total
rate of longshore sediment transport vanish.

More recently, Hsu, Silvester and Xia (1987) showed that the configuration of stable
beach usirig the logarithmic spiral does not follow the complete boundary of the beach. They
found that the logarithmic spiral is not an effective method for defining curvature of the stable

beach and hence they proposed a new computerized method named "Parabolic Form”, in
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which a polynomial equation derived empirically from best fitting of model studies and

observation data of prototype bays in Australia known to be in static equilibrium conditions.

4.3.2 Analytical solution .fo‘rlconﬁguration of stable beaches

The aim of this portion is to develop an analytical solution for the shoreline
configuration of the stable beaches, rather than using the empirical methods which fail to give
a good prediction for the stable beaches unless some coefficients are adapted for each model
study. Tsuchiya, Silvester and Shibano (1979) stated that the stable beach is either in a static
equilibriurh, when no longshore sediment transport exists along the beach, or in a dynamic
equilibrium, when the longshore sediment transport exists in Which the rate of longshore
sediment transport is constant along the beach. In other words, the stable beach is in a static
equilibrium when the shoreline at the downcoast is parallel to the wave crests approaching the
‘coast from offshore. And it is in dynamic equilibrium when the angle between the shoreline
at downcoaét and the control line of headlands is smaller than the incident angle of incoming
waves. Figure 4.11 shows a schematic diagrarﬁ for the definition of static and dynamic
equilibrium beaches, in which oy, is the incident angle of the incoming waves, Py, is the angle
between the control line of head}ands and the shoreline at downcoast, L is the distance
between headlands, and y,,,,,, is the maximum recession of the shoreline from the control
line of the headlands. The geometry of these equilibrium beaches are shown in Figure 4.12.
This figure describes that the rate of the indentation y,..,/L for the static equilibrium
beach is practically given by the function in which a/By, is equal to one as shown by the
solid curve (Silvester, 1976), but for the dynamic equilibrium beach the indentation . /L
may be practically given by a function in which ap/By is greater than one as also shown in
Figure 4.11.

In order to predict, theoretically, the configuration of stable beaches, two basic

equations are used; the continuity equation of sediment transport and a specific equation for
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predxctmg total rate of ]ongshore scdxment transport In Chaptcr 2 a new formulatton of total
rate of non-uniform longshore sedlment transport was denved ThlS formula is used in thts
portion to develop an analyt1ca1 solutxon for the shorelmc conﬁguxatlon of the stable sandy

beaches.

(1) Continuity equation of sediment transport

Iwagaki (1966) used a prismatic element to derive an equation of the continuity of
sediment transport for long-term beach chét]ges, which was modified ‘by’:Tsuchiya
(1973,1978) for the one-line theory expressed as:

dy, . 1 6Qy
ot oD ¢

- o . X
(1-2) hk o ‘
in which y is the shoreline position? A is the corr’ect’ion factor forthe pore ‘spa’ce of beach
sodiment (ap;ﬁtoximately 0.4 for most boach dcposits), hy is tho lixtlited depth for scdtment
trénsport étld Qx is the‘ total rate oflongshore sediment transport Equation (4 1) stétes
exp11c1t1y that the non-uniformity ofthe rate of longshore scdlment tramSport 6 Qx/a X, is
mversely proportlonal to the evolution of shoreline changc and that for a posxtlvc 0 Qx/ 6 X
value shorelme erosion wxll occur, contrarily, for a negative 0 Qx/ 0x value the shore]me
will accrcte In order to solve Eq (4.1) we have to specify an cquatlon for prcdxctmg a total
rate of longshore sedxment transport.

(2) Total rate of longshore sediment transport

In Chapter 2 the details of the theory of non-uniform longshore currént have been
presented together with an evaluation of the expression for the total rate of non-uniform
longshore sediment transport. The expression of the total rate of non-uniform lorthltore
sediment transport, Eq. (2.68) is expressed as: |

C p
Q = = (=) I(RF ) by U, (4.2)

in which the function I(R,Fr) includes the cffect of wave properties and some effects of
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sedtment size. In the ﬁeld thxs functton becomes nearly constant whrle in the laboratory the
functmn is strongly affected by thc sedxment size as wel] as thc wave propertxcs The

non- umform longshore current veloc1ty U is given by, Eq (2. 41) as:

?——t(UOhi)wLozz—g;(Uzhéha Y(;fchOhb=f(x) @3
where
v | 9y, o L,
f(x)— gh {stOzb 2 cos’ o T~(SBI—6ﬁ2~+ 6B35inab) @
9 hy ooy RNt AR
ErE -2B hbsmIZOz —5;—}

Now, we have a set of simultaneous equations E’qs.‘ 4.1y, (4.2;);ar1d (4.3) which are
the basic equations for the evolution of any shoreline. The initial and boundary condrtrons
should be spec:ﬁed for every case of snoretfne evolution. In the case of stable beach, the
shoreline charge will be steady, i.¢. the derivative with respect to tzme w111 be equal to Zero,
mathematically exprcssed as, 3/0t = 0. Su’ostxtutxon into Eq (4 1) !eads to, Qx bemg
constant Wthh 1mphes that if Qx is equal to zero the beach wi I bf: ina statrc equrhbrmm,

: and 1fo is greater th'm zero the beach will be in dynamrc equxhbnum The solutxon now is
pendmg evaluation of the total rate of Iongshore sediment transport A small change in the
ortentatlon of the shorelme causes a small change in the 1nc1dent wave angle mathematxcally

expressed as:

dy d Oy d* y
Aoy X or = e (4.5)

Introducing the concept of the one-line theory, which assumes that the beach profile moves in
parallel to itself, with substituting Eqgs. (4.1) and (4.5) into Eq. (4.3) through Eq. (4.2), one

can obtain an ordinary linear differential equation as:
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dy dy_ . ; , ,
4+ 4 > =d o | o (4.6)
1 dx 2 iy
dx
where
1 ‘ ‘ ‘ S
4 - 2m - | @
tancy, b ;
2m — o
" G 11T, ) BNCE

in which m is the beach slope, and Gx is the ratio between the longshore sediment transport
rate along the stable beach and the uniform longshore sediment transport rate along a straight
infinite beach. Equation (4.6) is the general equation for evolution the plane shape of the

stable beach, with setting boundary conditions y, = 0 at x = 0 and at-x = L the solution is

given as:

y d d l-exp(—-(x/L)d L)

J:i(f)+.&exp(dlL){ ! } (4.9)

L 4 ¢ | 1-exp(d L)
2m L

where d L= -2 (4.10)
tan ot hy ; )

d, _ '
and a—l- = [vax] tan Oy ; 4.11)

In Equation (4.9), two parametric quantities control the conﬁgufation of the $table
beach, they are; d; L which represents a ratio of distance between headlands, L, to breaker
depth hy, and d,/ d, which represents a rate of longshore sediment transport aiong the stable
beach. The parametric investigation for the effect of the quantities L/ hy, and Gx on the
configuration of stable beach is illustrated in Figures 4.13 and 4.14 respectively. In order to
investigate the effect of one parameter on the configuration of stable beach, the other
parameters must be fixed. Form this purpose the value 6,( is selected to be equal zero in

Figure 4.13, which represents a case of statically stable beaches. In Figure 4.14 the value of
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L/hy, is selected to be equal 150 from a practical view point. Selected other values for L /
hg, will lead to the same configuration but with some different values. From these figures it is
noted that:

(1) The general configuration of the stable beach follows that of a logarithmic spiral
behind the upcoast headland connected with a straight stretch which extends downcoast
towards the next headland.

(2) The recession of stable beach increases with increasing L./ hy, and decreasing 6x-

(3) The position of maximum shoreline recession moves upcoast toward the headland
as the L./hy, increases.

{4) The decrcasing of 6x does not affect the distance from the upcoast headland to the
position of maximum shoreline recession, that can be verified mathematically from
differentiation of Eq. (4.9) with respect to x and equating it to zero. The result given as:

: d L
X, = m[ ’ } 4.12)
L Yomax d L I-exp(-d L)

From Eq. (4.12) it is clear that the distance from upcoast headland the location of maximum
shoreline recession is proportional to L /hy. This relationship is illustrated in Figure 4.15.
It is observed that the position of the maximum shoreline recession moves in the upcoast
headland of a rate which decreases with increasing values of L/hy. In Figure 4.16 the
incident wave angle is plotted versus the ratio yynay /L for different valves of L/hy, where

ax is equal zero, which represents the case of statically stable beach. From this figure it is
obvious that ; 1) yomax /L increases with increasing atp, 2) yomax/ L increases with

increasing L./ hy, and 3) the curves become flatter as the incident wave angle o, increases
and L/ hy, decreases. This indicates that the ratio yy,,,/ L tends to be a constant value with a
small ratio of L/ hyy ,and to be independent of the incident waves. In other words, as the
distance between the headlands becomes smaller, the headland control concept changes to the

offshore breakwater control concept , thus the configuration of the shoreline behind them will
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be similar to a tombolo, and the maximum recession of the shoreline will be dependent on the
geometry of the offshore breakwaters with a minor effect on the incident wavekaxigl'e.

Similar curves for yo,, / L versus oy, for different values of Qy are plotted in Figure
4.17 where L/ hy, is equal to 150. It is noted from the figure that the decreasing value of Qx
causes an increase in the ratié Yomax/ L- To estimate the rate of longshore sediment transport
within the stable beach for giver values of o, and By Eq. (4.11) is used.The relationship
between Qy and the ratio oy, By is plotted in Figure 4.18 for various .L/hb values. In this
figure it is indicated that éx increases nonlinearly with increasing oy, /Bt,. The effect of the
ratio L/hy, on the relationship between (—)x and a, /P, becomes unaffected as the value of
L/hy, increases. The applicability of the analytical solution is examined with the laboratory
and field data. The result is shown in Figure 4.19, in which the solid curves represent the
analytical solution for static equilibrium beach and the dotted curve indicates the Silvester’s

empirical curve for static equilibrium beach.
4.4 Application of Stable Beach Concept to Amanohashidate Beach

One of the successful coastal project in J'épan is sand bypassing at Amanohashidate,
where nature has formed a beautiful stable beaches between the artificial inclined groins.
Amanohashidate beach is located in Miyazu Bay, northern part of Kyoto Prefecture and has
been famous as one of the most beautiful Iéndscapes in Japan. The meaning of
”Amanohashidate” is a Bridge to the heaven, where a long narrow landscape is surrounding
by water in both sides, Figure 4.20.

A brief description of an investigation conducted from 1956 to 1989 is given in this
portion which aims to develop an understanding of the shoreline changes taking place in this
area. In addition, the analytical solutions are used to simulate development of stable beaches

between the groins. The field data was previously presented in Yajima, Yezono, Yauchi and
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Yamada (1982), where the near’s'hore'sediment transport and current pattern as well as
shoreline change at the site up to 1981, are also presented. New topographical surveying
maps prepared in 1989 are used to improve the data on the shoreline change at the site. Since
1951, 15m 1bng groins have been constructed at a spacing of 50 m in longshore direction,
in order to prevent beach erosion. The beach etosion, however, could not be stopped by
these small scaled groins. Then, large scaled groins With a length of 30 m and spacing of 200
m, were installed since 1971. Due to the constructién ‘:oft/hese groins, the land was reclaimed

and stabilized with the’addéd benefit of beautiful stable beaches.

4.4.1 Bottom topograph}/’ k

Some information about the bottom topography at Amanohashidate beach can be
obtained by studying the topographical maps. Figure‘4.21‘ s‘hows the change of shoreline
position along the Amanohashidate beach since 1970 to 1989. It is seen that new land has
accumulated and added utility to the natural landscape. Figure 4.22 shows the accretion and ’
erosion areas from comparison of two topographical maps surveyed in Feb. 1981 and Nov.
1989. It is seen that the changes in bottom topography are remarkable in the area less than
3.0 m"Water depth. Thus, the area of sediment movement is limited to the place whcré deptﬁ

is less than 3 m.

4.4.2 Sediment size distribution

Yajima, Yezono, Yauchi and Yamada (1982) collected and analyzed the sediment size
along the Amanohashidate beach. The sediment used to from the stable beaches of
Amanohashidate is imported from Ejiri beach, 3.6 km long from Amanohashidate, by
longshore currents under the action of waves from Japan sea with a predominant SW wave
direction. The sediment samples were collected at horizontal normal to shoreline spacing of

one meter, up to a depth of 10 m. The sediment size distributions results and specific gravity

202



6861 “"AON Ul pakaaing
1861 “dog ur pakoatng

0L6T “Tey uT pakaaing

‘OB3 g 9IBPTYSLHOURWY T8 SUT[aIOYs Jo safuey)

————y
0¢i o0t 0§ 0

IIVOoSs

17" % 203813

203



"8§T "ON UT0a3 prv 07 "oN utosd usamiag AydeiSodor woxoq jo sagduey) 77'b aiadig

1861 Qo urpakoAlng .

6861 “AON UT pakoalng ———

puago]

00¥ 06 € 00¢€ 0S¢ 00z 0G1
T T T T T T T T T T T T T T T T T T T T T T T T T T T

00t

204



of there samples are shown in Table 4.1. The sediment medium diameter dg, ranges between

0.1 mm and 0.2 mm, and it becomes smaller with increasing water depth.

Table 4.1 Characteristics of bed material at Amanohashidate beach.

Water depth(m) | 1.0 | 2.0 3.0 140 |50 |60 7.0 8.0 | 9.0 10.0 | 11.0

dgo mmp 0.36 | 0.11 |0.17 }0.15]0.21] 0.10 {0.18] 0.11 | 0.12 ] 0.089]0.095

Spcific gravitly 2,671 2.686 -1 2.662

4.4.3 Wave climate

Waves have been observed in Hioki port, north part of Miyazu bay, Figure 4.20, by
using an ultrasonic type wave gauge at the water depth of 8. m, and in Amanohashidate by
using a pressure type wave gauge at the water depth of 9 m Ih’é ‘signiﬁcant wave height and
period at Hioki port are 0.8 m - 1.5 m and 7 sec, respect‘i‘\;‘ély. The predominant wave
direction is in southwest. The refraction diagrams have been used to estimate the refraction

coefficients and incident wave angles along the Amanohashidate beach.

4.4.4 Beach profiles

The general bottom configuration of the stable beach presents a characteristic that makes
it different from the typical pattern of open beach. Four stable beaches along the
Amanohashidate were selected. The beach profiles were measured along each stable beach at
20 m intervals, the beach profiles were measured perpendicularly to the shoreline. Figure
4.23 prcsenté the location of the selected stable beaches by referring to the groin numbers

shown in the general layout of Figure 4.21. The numbers shown in Figure 4.23 indicate the
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measured beach profile sections. The results of the beach profile measurement are shown in
Figures 4.24 to 4.27. These figures show siﬁilar results in that the b’éach; slopes on the
upcoast side of the groin are gentle, and they become steeper to;;vards the dencoast side of
the groin. Up to a water depth of 1.5 m, the contour lines are nearly parz;llel to the shoreline
with an average slope of 1/10. For water depth deeper than 2 m up to 6 m the beach slope is

varied between 1/20 on the upcoast side of the groin to 1/5 on the downcoast side.

4.4.5 Prediction of shoreline changes

The shoreline changes along the Amanchashidate beach are measured from a
topographical map prepared in 1989. By knowing the wave properties along the beach, and
the tangential angle B, on downcoast side the analytical solution, presented in Eq. (4.9), for
a stable beach can be applied. The results of the comparison between the theoretical curves
and the measured data of shoreline change are presented in Figures 4.28, 4.29 and 4.30.
These figures have been categorized based on the ratio of a/Bt,. From these figures it is
obvious that the theoretical curves fits the measured data well on the downcoast side of the
groin. However, less agreement between the theoretical curves and the measured data is seen
on the upcoast groin side where the wave diffraction effects are strong. An improved
prediction can be made if the numerical solution is introduced with a feedback mechanism. In
these figures the ratio of &, By, is always greater than 1.0 which indicates that the béaches
still in dynamic equilibrium stage. Figure 4.31 illustrates the comparison between the
analytical solution and the measured data of maximum recession of shoreline,yg ..
normalized by L, plotted versus the incident wave angle ay,. In this figure the ratio L/hy, is
calculated, for each group of oy, By, based on the estimated rate of sand bypass along

Amanohashidate coast to be 4,000 m¥/y.
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Figure 4.24 Variation of beach profiles along a stable beach between grain No. 11 and

groin No. 15.
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Figure 4.25 Variation of beach profiles along a stable beach between groinNo. 28 and
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Figure 4.26 Variation of beach profiles along a stable beach between groinNo. 39 and

groin No. 45.
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Figure 4.27 Variation of beach profiles along a stable beach between groinNo. 45 and
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4.5 Methodology for Beach Erosion Control

Recently, beach erosion has been remarkable in many counties in the world. It is very
important for studying beach erosion control to know first the causes of beach erosion. The
main causes of beach erosion were classified by Tsuchiya (1987) as:

(1) Reducing sediment sources, which is mainly due to decreasing of sediment input
from rivers. The decreasing of sediment input affects directly beach erosion, especially in the
vicinity of the river mouth. This effect can be remarkable in the retreat of the river delta.

(2) Change in natural forces such as changes in the sea climate due to typhoons and
monsoons. Recently, changes in mean sea level have been recognizéd by some investigators
(e.g. Pugh and Faull, 1983).

(3) Change in sea bottom due to earthquakes and ground layers movements. It may
directly affect beach erosion as well as sea climate. Beside these main causes, there are other
additional causes such as intercept the littoral drift by coastal structures and changes in waves

characteristics due to reflection from breakwaters.

4.5.1 Previous methods for beach crosion control

The previous methods of beach erosion control, such as seawalls, groins and offshore
breakwaters have not worked effectively in the long-term. This is because all these structure
work against nature and p:oduce erosion in the vicinity of the structures and downcoast from
them. The concept of using seawalls for beach erosion was introduced around 1950, when
the coastal engineers were thinking that the seawalls were the answer to control beach
erosion, because the reflected waves were sent out to sea, and never to be seen again. In fact,
the incident and reflected waves are not just two progressive waves, but they interact to form
a short crested waves with very complex water particle motions, which accelerate the rate of

sediment transport and cause the beach slopes in front of the seawalls to become steeper.
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Furthermore, this may cause the failure of the structure.

" 'Groins are generally built at right angles to the shore, and usually extended beyond the'
surf zone. They were constructed to intercept the littoral drift and hence form a beach to the
tip of the groin. During storm wave, a strong littoral current is generated toward the upcoast
groin. This is deflected seaward as-a rip current and carries sediment to a-deeper-depths.:
When swell wave returns, this sediment will be carried to the next groin. Thus, using groins
can not stop the littoral drift and therefore they promote beach erosion.

The offshore breakwaters are placed paraliel to the shore with small spacing between.
This little opening available for waves to form tombolo behind the structure, but erosion will
occur at the far end beach between the structures. Brunn (1972) stated in his lecture at the
13th Coastal Engineering Conference that, "Water shall not be compelled by any fortse
(force) or it will return that fortse onto you™. This means that the more powerful man acts on
nature the more nature reacts upon man’s ambitions. So that man should not act against

nature, but check the reaction of nature (Tsuchiya, 1987).

4.5.2 New methods for beach crésion control

Recently, many coastal engineers are being advised to let nature takes its courses.
Nature always adapts the beach between reefs or natural headlands, to minimize the littoral
drift and to form a beautiful stable shape for sandy beach. Silvester:(1979) states the
methodology of beach erosion control in his paper as "How to copy nature”. Tsuchiya
(1987) proposed new methods for beach erosion control and beach preservation which are
generally being applied in the field. He summarized these methods as:

(1) To avoid offshore sediment drift by making beach slopes as mild as possible for
reducing reflected waves by the beaches. The number of structures for beach preservation
even for preventing nourished sediment from offshore drift should also be reduced. It should

be expected to form sandy beaches naturally.
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(2) To conserve the continuity of sediment drift. When the sediment sources-change or:
disappear beach erosion will take place. In this case, essentially, sand bypassing should be
carried out at once to-conserve the continuity of sediment drift.

When sediment input from river decreases, the rate of longshore sediment transport
should be reduced for:the same order: To reduce the total rate of sediment transport,:
practically, two ways which would be suitable from the expression proposedin Chapter 2 for
the total rate of sediment transport. The first is to reduce the breaker depth by either changing.
bottom topography or constructing submerged breakwaters or offshore breakwaters. The
second is to reduce the breaking wave angle by changing either the bottom topography orthe

inclination of the shoreline to be parallel to the predominant wave crests.

4.5.3 Beach erosion conirol of river delta

“One of the major problems of coastlines is the decrease of sedimentinput from the
river. Severe erosion generally takes place at the river mouth. To controi the reduction of the
river delta two methods are considered. First, to increase the sediment input from the rver. A
direct sand bypassing may be considered from the river basin to the coast: This method
would be most effective for beach erosion control, but it be difficult. Secondly, to reduce or
prevent longshore sediment transport by forming a series of stable beaches.

Based on Tsuchiya's ideal methodology for beach erosion control of river delta’ shown
in Figure 4.9, in which the sediment input from the river is reduced, the second solutionis
recommended. Two ideal examples can be presented for controlling beach erosion of river
deltas. The first is for beach erosion control of symmetrical river delta configuration, where
the predominant waves are normally incident. The second example is for beach erosion
control of asymmetrical river delta configuration, where predominant waves are obliquely
incident. Suppose that a river flows into the sea in which the predominant waves are

normally incident as shown in Figure 4.32, the configuration of the delta is symmetric. The
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sediment input from the river was Qg and has recently been reduced to Q’g, therefore severe
beach erosion occurs on both sides of the river delta, especially at the vicinity of the river
mouth. Based on Tsuchiya’s ideal methodology for beach erosion control and the theory of
formation of stable sandy beaches, the solution is depicted as'shown in Figure 4.32(b), in
which a series of headlands is constructed on both sides of the river delta at suitable angles
and distances. A:s_a result, a series of dynamically stable beaches is naturally formed.

Figure 4.33(b) demonstrates the situation for asymmetrical river-delta configuration
when the sediment input from the river reduces from Qg to Qg, thcre’fore severe beach
erosion occurs on the downcoast side of the river delta. The solution as stated before is to
construct a series of headlands in order to form a series of dynamicé]ly stable beaches as
shown in Figure 4.33(b). The upcoast side of the river delta may be suffer¢d from a local,
small scale béach erosion since the main sediment transport is moving with the direction of

littoral drift towards the downcoast side as shown in Figure 4.33(a).
4.6 Conclusions

In this chapter the reduction process of river delta due to decrease or lack of sediment
input from the river was experimentally investigated. A theory of formation of stable sandy
beaches was derived based on the formulation of non-uniform longshore sediment transport
associated with the aid of one-line theory. Through the investigation of the methodology of
beach erosion control, a new proposal is made for beach erosion control of river delta. This
proposal is based on Tsuchiya’s ideal methodology for beach erosion control and the theory
of formation of stable sandy beaches. From the experimental study on the reduction process
of river delta, the following conclusions are given as:

(1) The reduction of formation processes are significantly different. For the reduction

process, the shoreline of the delta is rapidly eroded while the front line of delta retreats at a
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very slow rate. For the formation process, both of the shoreline and the front line of the delta
propagate at the same rate, they are almost parallel.

(2) After a sufficient long time tf\e beach profile reaches an stable shape which called
the equilibrium beach profile.

(3) With the equilibrium beach profile, the rate of longshofe sediment transport
becomes very small and unaffected to change the shoreline, while the on-offshore movement
becomeskk predominant.

(4) Likely the formation process of river delta, the cross-sectional area of the reduced
beach profile is correlated linearly to the shoreline change. The gradient of the relation in the
reduction process is larger than the gradient of the relation in the foﬁﬁation‘proccss.

A theory of formation of stable beaches was derived by the foxmulétion of non-uniform
longshore sediment transpori associated with the aid of the one-line theory. Applicability of
this thepry was examined by use the field data of stable beaches at Amanohashidate beach.
As a conclusion based on the comparison of prototype data and anafyticai solution, the
anélytical solution provides a goéd estimation for the shoreline cohyf}iguration of stable
bedches.' However, if the analytical solution could introduce the efféct of diffraction, the
result may provide the best overall results. Still, it would be possible to make an even more
accurate prediction of the shoreline change. Possible future improvements which can made to
include- the longshore wave height variation, wave diffraction pattern and more other
parameters.

The methods of controlling or preventing the coastal areas from beach erosion were
investigatcd by introducing the previous and new methods for beach erosion control. Since
the previous methods of beach erosion control failed to prevent or even reduce the beach
erosion, we should allow nature takes its courses. Nature always forms the beach between
reefs or natural headlands to minimize littoral drift and to form a beautiful stable shape for

sandy beaches. A new proposal was made for controlling the beach erosion around the river
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delta which 'is ‘based of Tsuchiya's ideal methodology and the theory of formation of stable
sandy beaches. Two ideal examples were presented for controlling-beach erosion-around
symmetrical and asymmetrical river delta configurations.. By :constructing a series of  :
headlands at the areas where severe beach erosion occurs, a series of stable beaches is
formed and a new.land reclaimed from the sea will add benefit of beautiful stable beaches for -

recreation.
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Chapter 5 CONCLUSIONS

The formation and reduction processes of river deltas, and their control have been
inveétigated in this study. A new formulation of non-uniform 'Iongshoré currents and the
associated longshore sediment transport has been derived based on introducing of the concept
of boundary layer theory. This formula of non-uniform longshore sediméni transport rate has
been employed with the aid of the one-line theory to develop anaiytiéal solutions for
evolution of the shorelines of the river delta and to derive a theory of formation of stable
sandy beaches. Three experimental studies were carried out, 1) on the similarity of velocity
profiles of non-uniform longshore currents, 2) on the formation process of river deltas and 3)
on the reduction process of river deltas. The methodology for beach erosion control due to
the reduction process of river deltas has been studied. A new proposal is made for beach
erosion control of river deltas based on Tsuchiya’s ideal methodology for beach erosion
control and the concept of formation of siable sandy beaches. Two ideal examples were
presented for controﬂing beach erosion of ‘symmetrical and asymmetrical river delta
configurations from the view point of mechanism of longshore sediment transport. The
following conclusions can be drawn from this'study as follows:

In Chapter 2, the concept of boundary layer theory is introduced to the nearshore region
based on the similarity process between the flow motion within the boundary layer and the
nearshore currents within the surf zone. The boundary layer theory is authorized by two
essential assumptions; they are the velocity profiles of longshore currents are similar and
wave set-up is independent of longshore direction. Employing these assumptions the
nearshore currents equations could be simplified to arrive a new equation of non-uniform
longshore currents. This equation is similar to the boundary layer integral equation and
contains integration coefficients which depend only on the velocity profiles of longshore

currents. Therefore, an experimental study on the similarity of velocity profiles in
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non-uniform longshore currents was carried out. The experimental results reveal that the

coefficients which appeared in the new equation of non-uniform longshore currents-are not
functions of longshore direction nor time. The comparison of:the new equation of"
non-uniform longshore currents with detailed laboratory measurements indicates that the

similarity of the velocity profiles is very satisfactory.

Tsuchiya andYasuda’s formula for estimating of the total rate of longshore sediment
transport is‘extended to include the non-uniform terms. The general equation of the total rate
of longshore sediment transport is then formulated.. This new formulation of non-uniform
longshore current includes the effects of sediment size, beach slope and bed roughness, and
has been verified with the field and laboratory data plotted in the well known Komar’s figure.
With this formula, the CERC empirical formula could be modified.

In Chapter 3, the physical description of river delta formation has-beeninvestigated
through studying two field cases; the Nile Delta coast, Egypt, and the major river deltas in
Lake Biwa, Japan. The formulation of non-uniform Iongshore sediment transport has been
employed with the aid of the one-line theory-to derive a general formal solution of river delta
formation. This formal solution takes into account the effect of longshore variation of beach
slope. Forvarious initial and boundary conditions, several analytical solutions for evolution
of the shorelines of river deltas have been derived. The formation process of river delta has
been also studied experimentally. The main-conclusions drawn from the experimental study
on the formation process of river deltas are: 1) For wave-dominated delta type, the longshore
variation of beach slope is very small with a gently mild beach profile. The shoreline gradient
in the longshore direction is gradually change resulting in gently curved of river delta shape.
In the contrary, for river-dominated delta type, beach slope is remarkably varied along the
river delta with steeper beach slope at the river mouth and milder one at the end sides of the
river delta, resulting in sharply curved shape of river delta. 2) When prédominam waves are
obliquely incident, the configuration of delta will be asymmetric. With asymmetrical
configuration of river delta, the longshore currents on the downcoast side are stronger than

the longshore currents on the upcoast side. As a result much sediment are moving and
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depositing on the downcoast side than on the upcoast side.

+In.comparing of the analytical solutions for shoreline evolution of river deltas with,the ;
experimental measurements of delta formation and the major river deltas:in Lake Biwa,:
favorable agreement was found. For wave-dominated delta type, the analytical solutions can :
predict the shoreline evolution with a high level of accuracy. While, less accuracy was.
considerable for evolution-of shoreline changes of river-dominated delta type.... - -

+:vIn-Chapter 4, the reduction process of river delta due to-decrease or lack of sediment -
input from the river was experimentally investigated. The experiment reveals that the -
reduction process is significantly different frem the formation process. In the reduction .
process, the shoreline of river delta significantly is eroded in a very short time, while the
front line of the delta retreated shoreward at a very slow rate. After a sufficient Jong time the
beach profile reaches:an stable shape.which called ‘equilibrivm beach pmﬁie,;‘wheré ‘the
longshore sediment transport is not exist anywhere.

A theory-of formation of stable:sandy beaches was established by-employing the new.
formu’iationyof non-uniform longshore sediment transport rate with-the aid of one-line theory.
The applicability of the theory of formation of stable sandy beaches was examined using data
of stable beaches at Amanohashidate beach, Japan. From the comparison.of measured and
calculated date of stable beaches, it is concluded that this theory provides a good estimation
for the .configuration-of the shoreline of stable beaches.

-~ One of the principle goal of this study is to control beach erosion of the river delta,
which occurs due to decrease or lack of sediment.input from the river. The methodology for
beach erosion control was investigated by introducing the previous and new methods for
beach erosion control. The preyious methods of beach erosion control, such as seawalls,
groins and offshore breakwaters, failed to control the beach erosion; oppositely these
structures promote beach erosion. Tsuchiya established his ideal methodology for beach
erosion conirol from the view point of controlling the total rate of longshore sediment-
transport. By introducing his methodology and the theory of formation of stable sandy .

beaches, a new propesal is made for controlling beach erosion of the river deltas. Two ideal
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examples were presented for controlling beach ercsion of symmetrical and asymmetrical river
delta configurations. In order to control beach erosion of symmetrical river delta
configuration from the view point of mechanism of longshore sediment transport where the
sediments input from the river move and deposit on both sides of river delta, a series of
headlands is constructed on both sides of river delta at suitable angles and spacings. The
theory of formation of stable sandy beaches is used to determine the suitable angles and
distances of the headlands. For asymmetrical river delta configuration, beach erosion often
occurs on the downcoast side of the river delta, in which most of sediments input from the
river move and deposit on this side. Therefore, a series of headlands is constructed on the
downcoast side of the river delta. Consequently, a series of stable beaches is naturally
formed with reclaiming a new land from the sea and adding benefit of beautiful sandy
beaches.

Finally, in future the extension of the present study should be directed towards the
practical applications of the new concept of formation of stable beaches to control beach
erosion of river deltas. Since the bases of this concept were already established, it is still
possible to make even more better understanding and more better controlling of beach

erosion, which can be made in the near future.
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