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ABSTRACT

The process of sand being moved parallel to the coast by wave and current action is called longshore

(sediment) transport. Knowledge oflongshore transport is essential for the design of breakwaters at

harbour entrances, for navigation channels and for calculating the amount of dredging they require,

for beach improvement schemes and for the determination of the stability of inlets and estuaries.

Different aspects oflongshore transport have been investigated, namely, (1) analysis offield data, (2)

evaluation oflongshore transport formulae and (3) the development of the wave power approach as

an alternative method to calculate longshore transport.

In the development of a better understanding oflongshore sediment transport, the following has been

done for the first time: (1) a comprehensive data set has been compiled covering almost a full range

of conditions occurring on natural beaches; and (2) virtually all longshore transport formulae have

been evaluated against this extensive data set. A new improved method, the applied wave power

approach, has been developed and extensively calibrated against the same data set. Based on this

evaluation, guidelines are now available for design engineers as to which are the best bulk and

detailed predictors oflongshore sediment transport. These are respectively, the recalibrated Kamphuis

formula and the applied wave power approach.

Another useful first, is the derivation of confidence intervals for a longshore transport formula,

showing what accuracy can be obtained and that accurate predictions are now possible. In addition,

it has now been determined what the minimum required measurement period should be and what the

most cost-effective way is for obtaining the true long-term mean net longshore transport rate at a

particular site.
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SAMEVA TTING (Abstract in Afrikaans)

LANGSSTRANDSESED~ENTVERVOER:AANGEWENDE
GOLFDRYWINGSBENADERING, VELDDATA-ONTLEDING EN

BEOORDELING VAN FORMULES

Die proses waarvolgens sand ewewydig aan die kus deur golf- en stroomwerking vervoer word, word

langsstrandse (sediment-) vervoer oflangsvervoer genoem. Kennis van langsvervoer is noodsaaklik

vir die ontwerp van golfbrekers by hawe-ingange, navigasiekanale en vir die berekening van die

hoeveelheid baggerwerk daarvoor benodig, strandverbeteringskemas en vir die bepaling van die

stabiliteit van inlate en getyriviere.

Verskillende aspekte van langsvervoer is ondersoek, naarnlik, (1) die ontleding van velddata, (2) die

beoordeling van langsvervoerformules en (3) die ontwikkeling van die golfdrywingsbenadering as 'n

altematiewe metode om langsvervoer mee te bereken ..

Tydens die ontwikkeling van 'n beter begrip van langsstrandse sedimentvervoer is die volgende vir

die eerste keer gedoen: (1) 'n omvattende datastel is versamel wat bykans aIle toestande wat aan

natuurlike strande voorkom, dek; en (2) feitlik aile langsvervoerformules is teen hierdie uitgebreide

datastel beoordeel. 'n Nuwe verbeterde metode, die aangewende golfdrywingsbenadering, is

ontwikkel en omvattend teen dieselfde datastel geyk. Gebaseer op hierdie beoordeling, is riglyne nou

vir ontwerp-ingenieurs beskikbaar rakende watter totaal- en detail-iangsvervoervoorspellers die beste

is. Dit is onderskeidelik die hergeykte Kamphuisformule en die aangewende golfdrywingsbenadering.

Nog 'n nuttige eerste is die afleiding van betroubaarheidsgrense vir 'n langsvervoerformule, wat wys

watter akkuraatheid nou haalbaar is en dat noukeurige voorspellings nou moontlik is. Verder is dit

nou vasgestel wat die vereiste meettydperk behoort te wees en wat die mees koste-effektiewe manier

is waarop die ware langtermyn-gemiddelde netto langsvervoertempo by 'n spesifieke terrein verkry

kan word.
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density of water
density of the sediment grains
standard error of estimate
standard error of estimate for formula i
shear stress
shear stress at the bed of the river
critical bed shear stress
shear stress at the seabed

=
=
=

=

=
=

=

=
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1. INTRODUCTION

1.1 General

The process whereby sediment is moved parallel to the coastline by wave and current action, is called longshore

sediment transport, or longshore transport. The bottom material or sediment, is stirred up (suspended) by wave

action. In the nearshore zone, breaking waves suspend most of the transported sediment. Considerably less

sediment is suspended outside the surf zone. Waves approaching the coastline obliquely generate longshore

currents. In addition, other mechanisms such as tidal variation, wind and a longshore variation in (wave)

breaker height can also generate longshore currents. These currents transport the sediment which has been

stirred up by the waves, alongshore. The longshore transport rate, or littoral drift, is the rate at which sediment

is moved parallel to the coast in the littoral zone. It is expressed as a volume per time; that is, in m3/s or

m3/year.

Knowledge of longshore sediment transport is essential for the design of breakwaters at harbour and marina

entrances, for navigation channels and their dredging requirements, for beach improvement schemes

incorporating groynes, for detached breakwaters and beach fill, as well as for the determination of the stability

of inlets and estuaries. Sometimes the economic viability of these projects depends primarily on the siltation

and therefore the longshore transport rate. It is therefore of paramount importance that this quantity can be

determined accurately.

How are longshore transport rates usually determined? Normally a wave refraction study is conducted to

calculate a nearshore wave climate at a number oflocations in the particular study area. This climate is then

used to compute the longshore transport for each wave condition at a specific location in the study area. Waves

and currents can cause longshore transport in either of two directions at a location: up- or downcoast.

Therefore a convention for the longshore transport direction is (arbitrarily) chosen. Positive and negative

transport represent, for example, up- and downcoast transports respectively. By adding up all the transport

rates caused by the different wave conditions in the upcoast direction, the total upcoast longshore transport rate

(Sup)is obtained. The total down coast transport rate (Sdown)is determined in a similar way. The gross and net

longshore transport rates at a specific location (Sgrossand Snet)are then determined as follows:

Sgross = I Sup I + I Sdown I

and

The sign of Snetthen indicates the net longshore transport direction. This process is then repeated for the other

locations in the study area.

Longshore transport formulae can be classified as either bulk or detailed formulae (Swart and Fleming, 1980).

For the bulk formulae, a single longshore transport rate is obtained for each wave condition. This means that

all the sand (total load) that is moved per time parallel to the coastline at different depths past a line

perpendicular to the beach (the location), is estimated. Although it is known that more sand is transported in
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the surf zone than outside it, no information about the distribution of the transport is given by bulk formulae.

On the other hand, detailed formulae (or predictors) provide information on the transport rate at different

depths at each location. The local longshore transport rate is the transport rate at the particular depth. Each

of these local transport rates is multiplied by the cross-shore (horizontal) distance that it represents to obtain

the local transport product. These local transport products are then added up to acquire the total (integrated)

transport rate at the specific location (or line perpendicular to the beach). By dividing the local transport

product at each depth by the total transport rate, the so-called cross-shore distribution of the longshore

transport is obtained. Normally a depth increment is chosen and calculations are done at depths which are

multiples of this depth increment. These calculations usually involve the determination of the dimensions of

bed forms (if any), the local bed roughness, the local shear stress on the bed, the local longshore current

velocity and the local longshore transport rate (s, where i is the number of the point on the line perpendicular

to the beach). The longshore (or total) transport rate is then acquired by integration normal to the shore as

described above. This rate can then be compared to the answers obtained with bulk formulae.

If at all possible, the transport rates computed in the study area should be compared with transport rates

measured nearby; for example, accretion at an adjacent harbour as proposed by US Army, Corps of Engineers

(1984). It is even better to calibrate the prediction methodes) with data at the same site as was done by

Laubscher et al. (1991) and Coppoolse and Schoonees (1991). Sometimes, however, no measurements are

available. In such instances it is customary to calculate the longshore transport regime at a number oflocations

in the study area and to compare the transport pattern with trends obtained from beach surveys and aerial

photographs. For example, if the net longshore transport increases from one location to the next and the

direction remains the same, it means that erosion has to take place between the two locations in order to achieve

a larger longshore transport rate. This erosion is usually either revealed as a retreating coastline or a denuded

rocky beach. Schoonees and Barwell (1991) resorted to such an approach in analysing beach erosion at

Waenhuiskrans in South Africa.

Even if the formula which is used to compute the longshore transport is perfect, the results may not mean much

unless the wave conditions are representative for the particular study area. Rossouw (1989) has concluded that

for South African conditions, recordings over at least five years are required to obtain a representative annual

wave climate. Laubscher et at. (1991) and Coppoolse and Schoonees (1991) have clearly illustrated the effect

of a varying annual wave climate on the yearly predicted net longshore transport rate at Richards Bay. They

found large variations in the annual net longshore transport rate, including a few reversals in the direction of

the net rate.

Although numerous formulae that have been developed over the last sixty years are available to compute

longshore transport rates, experience has shown that predictions from different formulae can easily vary by

orders of magnitude. This causes a problem for the design engineer who usually requires an accurate

assessment of the average annual longshore transport rate at a site. He is faced with the following questions:

• Which answer(s) is (are) the most accurate? / Which fonnula(e) is (are) the best?

• Do the formulae have a sound theoretical basis? / What theoretical approaches have been used in

deriving the formulae?

• Have the formulae been calibrated against a wide range of data or for conditions similar to those at
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the particular site?

• How accurate are these calibration data?

• What is the most cost-effective way of obtaining the true long-term net longshore transport rate at the

site?

Schoonees (1997) evaluated the theoretical bases and the ranges of the data for a number oflongshore transport

formulae. It is valuable to know the ranges of applicability of the formulae. However, no testing against data

was performed other than that by the original authors.

The well-known longshore transport formula from the Shore Protection Manual (SPM formula; US Army,

Corps of Engineers, 1984) has, for example, been validated against only 41 field data points. Surely, more

data must be available in the literature. It is therefore also important to compile and objectively evaluate

available field data on longshore transport and to test the accuracy of existing longshore transport formulae

against a common and comprehensive field data set. The best formula might then also be improved by

calibrating it against the comprehensive data set. Guidance on the above questions can then be given which

would be very valuable to all engineers practising in the coastal engineering field.

Formulae for the prediction of longshore transport rates can only be as a good as the data on which they are

based. Although this is especially true for empirical methods, even the most sophisticated formula requires

verification. In this study only field data of longshore transport rates are used. Laboratory data usually

contain scale effects. Furthermore, the ultimate aim is to use formulae to predict longshore transport rates in

the field, not in the laboratory. The basic philosophy in this thesis is that if a formula has been validated

successfully against field data covering a wide range of conditions, then it can be used with confidence to

predict longshore transport rates at other similar sites. Emphasis is therefore placed on verification, for,

without it, the results of even sophisticated formulae can be meaningless.

In order to obtain the true long-term mean net longshore transport rate at a site, it is necessary to know the

annual variation in the net transport rates. This annual variation can be determined either by computing the

longshore transport rates with a reliable formula from wave data spanning a number of years, or by measuring

the longshore transport over a number of years. In the latter case, it must be known over how many years

measurements should be done. This aspect (the required measurement period) will be determined. However,

sometimes it may not be possible to take measurements for this required period (for example, time and cost

limitations). An alternative question that needs to be resolved, is what is the range within which the long-term

mean net transport rate can vary if measurements are done over a shorter than recommended period. This issue

will also be addressed. While comparing the two ways of obtaining the true long-term mean net transport rate

(predictions or measurements), another question arises: What is the most cost-effective way of obtaining the

true long-term mean net longshore transport rate? An answer to this question will be given.

Although numerous investigations have been undertaken since Munch-Petersen published the first longshore

transport formula in 1933 (Munch-Petersen, 1933), the above questions have remained unanswered until now.

The main reasons for this are the inaccuracy in the predictions and the lack of guidance in the choice of the best

formulae. In addition, most formulae have been verified against only a limited range of data.
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One aspect of this thesis on longshore sediment transport is derived from the successful concept of defining and

predicting fluvial sediment loads in terms of the applied stream power (Rooseboom, 1974, 1992) and by the

possibility of extending this concept to nearshore coastal conditions. (Power refers to work done per unit time;

that is, the energy dissipation per unit time). Furthermore the applied stream power approach has been shown

to be fundamentally sound (Rooseboom, 1974, 1992).

Rooseboom (1974, 1992) derived the theory which was subsequently applied by Miilke (1981) and Rooseboom

and Mulke (1982) to investigate incipient motion and ways of controlling erosion on steep slopes (e.g. railway

cuttings). Another application of the theory is the prediction of the maximum scour in rivers during floods

(Rooseboom and Le Grange, 1992). The question which then comes to mind is, how successfully can

longshore transport be described in terms of the applied wave power approach compared with the success of

determining the fluvial transport by means of the applied stream power approach? Although it is generally

accepted that sediment transport in the sea is more complex than sediment transport in unidirectional flow, it

is reasonable to assume that the same basic concepts should hold. An important aim of this thesis is therefore

to develop the concept of predicting longshore transport in terms of the applied wave power approach and to

evaluate the success (or failure) thereof. The approach followed was to formulate a robust model, realizing

that improvements to various aspects could be incorporated at a later stage. However, such improvements will

necessarily complicate the method.

The terms "stream power" and "wave power" which will be defined in Chapter 5, will only be used in this

thesis if the power per unit volume is meant. Otherwise, the term "the product of the shear stress and the

velocity" will be used.

Another important aspect in studying longshore transport at a site is the effect of rocky areas. This effect is

mainly twofold, namely:

• the rocky areas limit the availability of sediment to be transported

• usually the local bottom roughness is considerably increased. This is augmented by individual rocks

inducing wave breaking, thereby dissipating wave energy.

If rocky areas are present at a site, the potential longshore transport rates (that is, the rate if adequate sediment

is available) are normally computed. The real transport rates are then estimated on the basis of the extent of

the rocky areas. This approach has, for example, been followed in the design of a small-craft harbour at

Gordons Bay, South Africa (CSIR, 1990). However, in this thesis it has been assumed that no rocky areas are

present and that an average annual long-term wave climate is known. It should be noted here that a sandy bed

under wave action will change in form (profile) and develop different bed forms such as ripples and dunes,

thereby also limiting the capacity of sediment transport. This effect is taken into account.

Only particulate (non-cohesive) sediment has been considered. The range considered in this thesis includes

sand bigger than about 0, 100 rom up to pebbles and shingle. Although the emphasis is on the transport of sand,

guidance is also given on the prediction of the longshore transport of coarse material in terms of the applied

wave power approach. In addition, as longshore sediment transport in the vicinity of the surf zone is the

subject of this thesis, typical water depths vary from 0 m to 10m or up to about 2 to 3 times the significant
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breaker height. Ithas been assumed that wave action and wave-generated longshore currents dominate, as will

be discussed in Chapter 3. The purpose of this study is also to predict the time-averaged longshore transport

rate per wave condition and not to consider short-term fluctuations in the transport.

1.2 Objectives

To summarize then, the main aims of this thesis are, with regard to each of the following aspects:

Field data

• to compile a really comprehensive database containing field data on (measured) longshore transport

rates and the associated parameters; for example, wave characteristics. Most conditions encountered

on natural beaches all over the world should be covered.

• to evaluate the quality of the available field data objectively by employing a method developed in this

study.

• to determine the measurement period required to obtain an accurate long-term mean net longshore

transport rate at a site. In addition, guidance must be given on how to obtain in the most cost-effective

way, this long-term mean net longshore transport rate.

Evaluation oj the longshore transport Jormulae

• to compile a large number of longshore transport formulae (including the commonly used ones) from

the literature and classify them into different types offormulae based upon their different approaches.

• to describe briefly the characteristics and theoretical bases of these existing longshore transport

formulae.

• to evaluate the existing longshore transport formulae against the comprehensive database.

• to identify the most accurate existing longshore transport formulae by using objective measures to

compare the predicted with the measured transport rates. Both bulk and detailed predictors must be

considered.

• to improve the best existing longshore transport formula by recalibrating it against the comprehensive

database.

Applied wave power approach

• to develop the applied wave power approach to predict longshore transport rates. The aim is to develop

a detailed predictor using a process-based, fundamentally sound, yet robust approach.

• to validate the predictions of the applied wave power approach against the (same) comprehensive

database. In addition, the accuracy of the applied wave power approach will be compared with the

accuracy of the existing longshore transport formulae.
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• to determine whether the applied wave power approach is a promising method to predict the longshore

transport of coarse material.

Apart from deriving and testing a new method to predict longshore transport, the study will resolve the dilemma

of the design engineer because the most accurate existing longshore transport formulae will be identified.

Guidance will be given on the required measurement period and the most cost-effective way of obtaining the

true long-term mean net longshore transport rate at a site.

1.3 Layout of the Thesis

The layout of this thesis is as follows: the next chapter (Chapter 2) deals with the field data analysis. This is

followed by a discussion of the existing longshore transport formulae in Chapter 3. Using the results of

Chapters 2 and 3, the existing longshore transport formulae are evaluated against the data in Chapter 4. The

development of the applied wave power approach to predict longshore transport rates is treated in Chapter 5.

The thesis ends with a summary, conclusions and recommendations (Chapter 6).
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2. FIELD DATA ANALYSIS

2.1 General

This chapter consists of two parts: firstly, an in-depth review of the available field data database for longshore

transport; and secondly, an analysis of annual net longshore transport rates to obtain the long-term average

longshore transport rate at a particular site.

The review of the available field data was performed to determine the accuracy of the data. These data

consist of simultaneous measurements of the longshore transport rate and wave and sediment characteristics

at a variety of sites. The accuracy of longshore transport predictions by means of existing longshore transport

formulae (described in Chapter 4) and the wave power related formula derived in Chapter 5 are tested against

these data. In turn, these verified formulae and a representative wave climate must be available to predict

longshore transport rates (including the long-term net rate) accurately at a particular site. The full data review

was published in Coastal Engineering (Schoonees and Theron, 1993) and is attached as Appendix A. One of

the aims of this chapter is to extract the most important findings of this review with regard to the compilation

and nature of the data (the field data database) and the evaluation of the quality of the data. These two aspects

are treated in Section 2.2.

In Section 2.3 the annual variation in the net longshore transport rate is investigated with the aim of

determining for what length of time measurements should be taken at a particular site in order to obtain a

reliable mean net longshore transport rate. This time period will be determined by analysing available time

series of net longshore transport rates at three sites. Guidance will also be given on the possible variation in

the estimated long-term net rate if measurements are conducted over a shorter than recommended period. A

discussion will be presented on what is the most cost-effective way to obtain the long-term mean net longshore

transport at a site. Both measurements and predictions will be considered. The complete analysis, contained

in Schoonees (2000), was published in Coastal Engineering and was attached as Appendix B. This paper is

summarized in Section 2.3.

The main findings of the field data analysis are presented in Section 2.4.

2.2 Review of Longshore Transport Database

2.2.1 Field data database

A literature search was undertaken to collect field data on longshore transport. Only field data are evaluated

because laboratory investigations contain possible scale effects andlor use regular waves. Furthermore, the

ultimate aim of this study is to be able to predict longshore transport accurately in the field (Komar, 1988).

This search yielded a large number of data sets for both bulk and local transport rates, far in excess of the 41

data points used by US Army, Corps of Engineers (1984). Altogether 273 data sets were collected for bulk

transport rates. The data originated from a large variety of sites around the world.
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The transport rates were determined by measuring accretion and erosion rates adjacent to coastal structures

and at sand spits, by using sand tracers and by different kinds of samplers and traps. Wave conditions were

determined by a variety of methods ranging in sophistication from visual estimates, to wave hindcasting to the

use of recorders such as pressure transducers.

Most of the data were obtained during mild wave conditions for fine to medium sand. Data are especially

lacking for:

longshore transport rate (S) >
significant breaker height (Hbs) >
median grain size (D50) >

beach slope (tanu) >

0,2 x 106m3 / year (0,0634 m3/s)

1,8 m

0,6mm

0,06 (= 1 / 14)

A serious consequence of this lack of data is that longshore transport formulae are calibrated almost

exclusively against data for mild conditions whereas, in the case of an average annual longshore transport

budget, a few storms usually make the major contribution to the total sediment transport. Inother words, the

most important predictions for which the formulae are used, are for conditions outside the calibration range

of the formulae. It is therefore strongly recommended that data be collected in these ranges.

2.2.2 Data evaluation

Method

A point rating system was devised to compare different data sets with regard to the most important parameters

for longshore transport. Points were allocated to a data set according to the quality of the data of the six

physical parameters deemed most appropriate (important) in determining longshore transport rates. These

parameters and the relative importance ("weighting") allocated to the parameters were:

• longshore transport rate 40

• wave height 20

• wave period 10

• wave direction (angle of incidence) 20

• beach profile (bottom) slope 5

• grain size _2

100

The data sets were further evaluated with respect to each parameter in terms of three sub-divisions namely:

• method by which the data were determined for a specific parameter

• accuracy with which the data were determined or measured

• representativeness of the data
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The data sets were each given a score out of a total of 10 points in terms of each of these sub-divisions with

respect to each specific parameter. The details of the allocation of points can be found in Appendix A (in both

the paper and in a table in Section A2).

The scores for the sub-divisions were added and after the relative weighting of the parameters had been applied,

the total points were converted to give a total score out of 100.

Results

The results of evaluating the overall quality of the longshore transport data are presented in Table 2.1 (tables

with numbers can be found after the text; tables without numbers are generally referred to only locally) and

Figure 2.1. (Some references are listed more than once because the specific data sets contained in that

reference differ in quality.) The data were sorted according to the final point rating.

Discussion

Based on the evaluation, the data sets were divided into three categories, namely, lower, middle and higher

categories. Most of the data sets fell in the middle category which exhibited a very gradual increase in the

overall accuracy of the data (Figure 2.1). Distinguishing between short- and long-term bulk transport data

yielded similar trends in the accuracy of the data.

It was found that the evaluation was done reasonably objectively and consistently within the limitations of

evaluating the accuracy of measurements (Schoonees and Theron, 1993 - Appendix A). A limited sensitivity

study indicated that the data evaluation was not overly sensitive to the weighting allocated to the different

parameters.

It is recommended that longshore transport formulae be tested against these data, covering as many different

conditions and different sites as possible.

,I

It is already known that it is difficult to measure longshore transport rates, and the parameters that influence

them, accurately. This is supported by the fact that the highest score achieved in the evaluation was only 71%.

It is recommended that multiple measurements of the transport rate be made simultaneously using different

techniques in order to be able to estimate the random error involved in the data and to demonstrate the

consistency of the measurements.

2.3 Annual Variation in the Net Longshore Transport

2.3.1 Sites and available data

The three sites where time series data of the net longshore transport rates are available, are located on the east

(Indian Ocean) coast of South Africa. These are: Durban Bight, the sand trap of the Port of Durban, and the

beaches around the Port of Richards Bay. For comparative purposes, the data for Nouakchott, Mauritania

from Shi-Leng and Teh-Fu (1987) are also given.
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2.3.2 Analysis method

Both a running and a floating mean net longshore transport rate were used in the analysis of the time series

of the net longshore transport rates as will be discussed below.

The running mean net transport rate is calculated as follows: the first point is the mean rate over 1 year; the

second point is the mean rate of the first 2 years; the third point is average of the first 3 years; and so on. A

factor (f), being the running mean rate divided by the long-term mean net longshore transport rate, was plotted

against time for each of the three sites. The advantage of plotting this factor, instead of just the running mean

rate, against time, is that it is known that the factor will tend towards unity. It is then easy to see over how

many years the running average needs to be taken to ensure that a certain variation is not exceeded.

Due to cost limitations, it is usually not possible also to measure the longshore transport over the required

number of years. Guidance is therefore needed on how much a shorter-term average can deviate from the long-

term average rate. A floating average was used for this purpose. The floating average is computed over a

specified number of years. For example, the floating average over 3 years is calculated as follows: the first

mean value is the average of the first, second and third net rates, the second mean value is the average of the

second, third and fourth net rates, the third mean value is the average of the third, fourth and fifth net rates,

etcetera. As for the running mean, the floating mean is divided by the long-term mean rate to obtain a factor

(fc)which will tend towards unity over time. Confidence bands based on the data can then be drawn in on a

plot of this factor versus the period over which the floating mean was computed. Therefore, for a certain

confidence level, the factors can be obtained within which the estimate of the long-term rate will fall if

measurements are taken during a period shorter than the recommended period.

2.3.3 Results

The factor (f..) or ratio of the running mean net longshore transport divided by the long-term mean net longshore

transport, is plotted versus time in Figure 2.2.

Figure 2.3 shows the variation in the factor (fc) of the floating mean longshore transport divided by the long-

term mean transport rate versus the period over which the averaging was done. The Richards Bay data set,

which is the longest data set and shows the most variation, has been used.

Four confidence bands (95%, 80%, 20% and 5%) were determined based on the occurrence of the above-

mentioned factor fc. The 95% limit indicates that 95% of the values of fc will exceed the given value for the

particular period over which the averaging was done. The data points showing the position of these four

confidence limits (which were determined by means of linear interpolation) are also plotted in Figure 2.3.

Smooth curves were drawn through these points. Table 2.2, in which the values of fc are tabulated,

summarizes the confidence limits.
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2.3.4 Conclusions and recommendations

Based on data from three sites on the South African east coast, it was found that measurements of the longshore

transport rates should be conducted continuously for 5 years to 8 years in order to obtain an accurate value

(within 10%) of the long-term mean net longshore transport rate. It was also found that the order (sequence)

in which the net longshore transport rates occur is not critical as long as the required measurement period is

adhered to. In other words, it does not matter whether the measurements start at a time when the net longshore

transport rates are low or high.

Four confidence bands (95%, 80%, 20% and 5%) were determined for the factor fr, the floating mean net

longshore transport/long-term mean net transport, for different measurement periods (Table 2.2). This table

can be used to estimate the long-term net transport rate if measurements were done over a shorter period than

the 5 years to 8 years recommended above. That is, if measurements cover only, for example, a 2 year period,

the values of fc in Table 2.2 can be applied to determine the range in which the true long-term mean net

transport rate will fall for a given confidence band.

For example, if measurements which were taken continuously over two years, yielded a mean net longshore

transport rate of300 000 m3/year, it would mean that the long-term mean net rate can vary as follows by using

Table 2.2:

With a confidence of 90% (between 5% and 95%): from -0,05x300 000 =
-15000 m3/year to 2,20x300 000 = 660 000 m3/year.

Although the above conclusions are derived from data originating from specific sites, it is reasonable to expect

that the conclusions are more widely applicable, especially for exposed sites (such as the three South African

sites considered here). For protected sites, the above results are most probably conservative. It is

recommended that the above analysis be repeated for protected and partly protected coasts when data become

available.

; Jr

It is also recommended that an accurate assessment of the long-term mean net longshore transport rate at a site

can best be made cost-effectively by doing limited site-specific measurements, calibrating the best longshore

transport formula (Schoonees and Theron, 1996) for the particular site, and predicting the transport rates using

a representative wave climate. Measurements can be made using a variety of methods as described in

Schoonees and Theron (1993). If possible these predictions should be augmented by comparing the net rate

with the net rates from nearby sites.

2.4 Main Findings

For the first time in coastal engineering, a really comprehensive database has been compiled containing field

data on longshore transport rates. Virtually all conditions encountered on natural beaches are covered and the

data were collected on beaches from many different sites from around the world. Specific conditions were

identified for which data still need to be collected. A point rating system was devised and applied to evaluate

the quality of the available data objectively. It is recommended that multiple measurements ofthe transport rate
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be made simultaneously using different techniques in order to be able to estimate the random error involved

in the data and to evaluate the consistency of the measurements.

It was found for exposed sites that measurements of the longshore transport rates should be conducted

continuously for 5 years to 8 years in order to obtain an accurate value (within 10 %) of the true long-term

mean net longshore transport rate. A table was compiled to estimate the range inwhich the true long-term mean

net transport rate will fall for a given confidence band if measurements were done over a shorter period than

the recommended 5 years to 8 years. An accurate assessment of the long-term mean net longshore transport

rate at a site can best be made cost-effectively by doing limited site-specific measurements, calibrating the best

longshore transport formula (Schoonees and Theron, 1996) for the particular site, and predicting the transport

rates using a representative wave climate.
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3. EXISTING LONGSHORE TRANSPORT FORMULAE

3.1 General

The coastal engineer is faced with a multitude options regarding the choice of the best longshore transport

formula. The theoretical bases of these methods vary considerably, as do the complexity of the formulations

and the extent of calibrations. How can the formulations which are the best in general or for a particular

application be determined? Surely the proof of the pudding is in the eating; that is, the predictions must be

accurate over a wide range of conditions. However, the best formula(e) must have a sound theoretical basis.

For this purpose, the different theoretical bases of the formulae are discussed in this chapter.

The chapter starts (Section 3.2) with a brief description of the history of the development of longshore transport

formulae. In Section 3.3 a new classification is presented for longshore transport formulae. This classification

relies on the theoretical bases of the formulae. Section 3.4 is a description of each of the types of formulae.

Details of the formulae (including improvements to the formulae and the way in which they were applied) can

be found in Appendix C. The chapter ends with a brief review (Section 3.6).

3.2 BriefHistory

MUnch-Petersen (1933, 1936, 1938) was apparently the first researcher to propose a longshore transport

formula - see also Knapps (1938) and Slomianko (1960). He related the longshore transport rate exclusively

to the characteristics of the wind which generated the waves because of a lack of wave data and measuring

equipment - see also Johnson (1953) and Sayao and Kamphuis (1983).

, ,

Subsequent investigations included mobile bed model studies by Krumbein (1944), Saville (1950), Shay and

Johnson (1951) and Savage (1959, 1962) (in the United States of America). Some prototype measurements

were reported by Caldwell (1950, 1956), Watts (1953) and Johnson (1953, 1957). In 1947 the Scripps

Institute of Oceanography proposed a longshore transport formula (Scripps Institute of Oceanography, 1947

and Sayao and Kamphuis, 1983). Early theoretical work was carried out by Bagnold (1963) and Inman and

Bagnold (1963).

Similar developments were taking place in Japan. Iwagaki and Sawaragi (1962) quoted studies by Sawaragi

and Murakami (1957) in which a longshore transport formula based on energy considerations was derived and

calibrated with prototype data collected at Miyazu Beach, Akaishi Strait. Mashima (1958, 1960) discussed

littoral drift in general. Adachi et al. (1959) and Shiraishi (1959) also conducted field studies. Horikawa

(1978) gave details of early formulae proposed by Ijima et al. (1960), Ichikawa et al. (1961) and Ijima et al.
(1964). Shinohara et al. (1958) conducted a model study of littoral drift.

In France, Sauvage de Saint Marc and Vincent (1954) measured longshore transport in a model basin. Other

early French publications are Larras (1957, 1961). Field studies have been carried out since 1947 (Delorme,

1981 and Sireyjol, 1964). In Britain, Russell (1960) and in the Netherlands, Svasek and Engel (1960)

developed tracer techniques to determine the longshore transport rates. Spring (1920) reported on the sediment

problems at Madras harbour (India) while Manohar (1957) investigated sand transport at south Indian ports.
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In Germany, Wyrtki (1953) was one of the first investigators to study longshore transport.

Since these early studies, interest in the prediction oflongshore transport has grown considerably, possibly also

stimulated by an increase in coastal, shipping and port development.

In the next section, a classification of existing longshore transport formulae will be presented whereafter the

main characteristics of each type of formula will be briefly discussed.

3.3 Classification

A number of different classifications of longshore transport formulae have been proposed. On the one hand,

there are the classifications of Sayao and Kamphuis (1983) who distinguished between the wave energy flux

approach and the steady flow modification approach. On the other hand, Bailard (1984) noted two types,

namely, energetics-based and traction-based models. In this study and in Schoonees (1997) the formulae were

classified according to the following approaches:

(a) An energetics or energy flux approach. (Following Longuet-Higgins (1972), some researchers refer

to this category as radiation stress predictors, for example, Vitale, 1981);

(b) The shear stress or modified steady flow approach;

(c) An approach using the product of the shear stress and the longshore current velocity (including using

the Shields parameter). (As mentioned in the Introduction, the terminology of wave power per unit

area will not be used.)

(d) Applying dimensional analysis;
.(e) Combining the predictions of the suspended concentration and the longshore current velocity;

(f) Empirical methods.

As with virtually all classifications, ambiguity persists if a formula contains elements of more than one

approach. In such cases, the formula was classified according to the approach which was considered to be

dominant.

In the subsequent section, each formula, whether a detailed or bulk predictor, is listed in chronological order

under its relevant approach. The main characteristics of each type of formula are then described.

3.4 Description of the Types of Formulae

3.4.1 General

Previous reviews oflongshore transport formulae include Sayao and Kamphuis (1983) and Bodge (1986). The

latter concentrated mainly on detailed predictors. Schoonees (1997) evaluated some longshore transport

formulae in detail by examining the theory and the data on which they were based.

The available longshore transport formulae (and how they were applied) are presented in Appendix C and

Schoonees (1997). The two longshore transport formulae by Hallermeier (1982) were improved significantly,
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while the range for the Bonnefille and Pemecker (1967) methods was extended by extrapolation (Schoonees,

1997). Table 3.1 lists all the formulae per category. It also contains the abbreviations of the formulae as used

subsequently on the figures showing their prediction capabilities.

3.4.2 Energetics (energy flux) approach

Most of the 21 formulae in this category (Table 3.1) are adaptations of the Shore Protection Manual (=SPM)

formula (US Army, Corps of Engineers, 1984):

(3.1)

=
longshore transport rate (m3/year)

wave energy flux factor using the significant wave height in the calculation (Longuet-

Higgins, 1972 proposed using rather the product of the radiation stress component

and the wave celerity (=Pt..), because these are meaningful quantities)

coefficient

frequency of occurrence of the wave condition

where S =

=
=

Generally speaking, the formulae in this category can be represented by:

"'1S = K.Pu f (3.2)

= exponent

Mostly, K in these formulae is not a constant as in the SPM formula, but a function of amongst others, the

median grain size (or fall velocity), the surf similarity parameter (Battjes, 1974), the wave incidence angle, the

friction factor, the wave period, the beach slope and the sediment density. Although the value of'm, is usually

assumed to be unity, its value ranges from 0,79 to 1,07 (Schoonees, 1997).

Eighteen of the methods in this category are bulk predictors and only three provide detailed transport rates

(Table 3.1).

When examining Equation (3.2), it can be deduced that what is essentially assumed in this category is that a

certain energy flux is available at the breakerline to transport sediment. Following Bailard (1985), K can be
regarded as an efficiency factor of the "wave-current machine" transporting the sediment. In most cases, no

attention is given to the processes in the surf zone and how energy is dissipated.

3.4.3 Shear stress (modified steady flow) approach

The methods in this category (Table 3.1) vary considerably, namely, from simple to complicated formulations.

For this reason, it is not possible to give one general equation summarizing the different formulae. These
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formulae are usually dependent on the formulae for sediment transport in rivers which have been adapted for

use in the sea.

The early river formulae which were adapted are the Kalinske and Brown (Rouse, 1950) and the Frijlink (1952)

methods. Following an evaluation to determine the best formulae for sediment transport in rivers, the attention

focussed on the Ackers and White, and Engelund and Hansen methods (Swart and Fleming, 1980). Essentially,

the adaptation usually involves introducing the average bed shear stress due to combined wave current action

instead of the bed shear stress due to current action alone. Bijker's (1967) adaptation along these lines

constituted a breakthrough because it became possible for the first time to calculate the local longshore

transport rate and thus the distribution of the longshore transport across the surf zone and beyond.

In this category the emphasis is clearly on detailed predictors because eight of the nine formulae can be

classified as such (Table 3.1).

3.4.4 Approach using the product of the shear stress and current velocity

Typically the formulation can be represented here by:

(3.3)

with v =
"t =
"tc =
m2 =
C) =

longshore current velocity

bed shear stress

critical bed shear stress

exponent being either 1,0 or 1,1

coefficient depending on, for example, the sediment density, median grain size (or fall

velocity) and the density of sea water

Most of the four formulae in this group (Table 3.1) contain an incipient motion criterion (being "tc). Three of

the four methods provide detailed longshore transport predictions.

3.4.5 Approach using dimensional analysis

Here the longshore sediment transport rate is related to groups of variables determined by dimensional analysis.

A single general equation cannot be formulated because of the different groupings of the variables. The

formulations listed in Table 3.1, although containing quite a number of variables, are simple and easy to use.

All three formulae in this group are bulk predictors.

3.4.6 Approach using the suspended sediment concentration and the longshore current velocity

Five methods correspond to this classification (Table 3.1). They vary considerably and as such, cannot be

represented by a single general formula. Of these methods, three are bulk predictors which have reasonably
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simple formulations. Extensive integration (that is, over the depth and across the surf zone) is required for

these detailed predictors.

3.4.7 Empirical formulae

These formulae have been derived from data. The earlier French formulae (derived from 1954 to 1967), are

based mainly on laboratory data while the more recent formulae have been calibrated against field data.

Despite the variability in these formulae, they are all simple expressions which are easy to use. Of the nine

methods classified as having an empirical basis (Table 3.1), seven are bulk predictors.

3.4.8 Conclusion

By far the majority of researchers favour the energetics or energy flux approach; the shear stress (or modified

steady flow / Shield number) and empirical approaches are the second most popular approaches. The most

recent studies, however, use the product of the shear stress and current velocity, dimensional analysis and

empirical approaches.

3.5 Summary

The historical development oflongshore transport formulae (since 1933) has been briefly described. In total,

51 longshore transport formulae have been compiled from the literature. A new process-based classification

system for longshore transport formulae has been devised and applied by analysing the theoretical bases of

almost all existing longshore transport formulae. The characteristics of the different types of formulae are

described in this chapter while the individual formulae are summarised in Appendix C. These 51 formulae can

now be tested against the field data.
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4. EVALUATION OF THE LONGSHORE TRANSPORT FORMULAE

4.1 General

Section 4.2 provides background by describing briefly and evaluating previous longshore transport formulae.

The testing of the existing formulae in this section implies that the predicted longshore transport rates can be

compared with the measured rates as will be discussed further on (Section 4.4). The input data are, however,

lacking certain parameters of the grain size distribution. Therefore it is necessary, firstly, to derive typical

grain size relationships (Section 4.3). Thereafter, the method of comparing the predicted and measured rates

is discussed (Section 4.4), followed by ranges of the field data (Section 4.5).

Then follows the evaluation of the existing longshore transport formulae against the field data (Section 4.6).

Conclusions on the accuracy of the formulae are drawn and recommendations are given. The so-called

"package deal approach" advocated by Swart and Fleming (1980), as well as variations of it, are also tested

in this section. Briefly, the aim of the investigation is to determine whether the mean or median of the

predictions by the best formulae can be used to obtain an improved prediction. Finally, the best formula is

recalibrated to improve it and guidelines are given on its usage.

4.2 Previous Studies

Van de Graaff and Van Overeem (1979) compared the Bijker, Engelund, Hansen and Swart and two versions

of the Ackers and White formulae against the SPM formula. They assumed that the SPM formula gives a

fairly reliable prediction because it is based on a number of prototype measurements. Willis (1980), however,

is of the opinion that the SPM formula is not a reasonable standard by which to judge other methods and

pointed out that the SPM formula has been extrapolated far beyond the range of the data on which it is based.

In addition, both Van de Graaffand Van Overeem (1979) and Willis (1980) warn that the grain size, beach

slope and bed roughness should not be varied independently of one other. Because of these objections and

because it is has been shown in Schoonees and Theron (1994) that the SPM formula is indeed not a reliable

yardstick, the conclusions by Van de Graaffand Van Overeem (1979) on the accuracy of these formulae are

questionable.

As part of the Canadian Coastal Sediment Study, Fleming etal. (1984, 1986a and b) evaluated nine longshore

transport formulae. These were three adaptations of the Ackers and White formula, the SPM, the Engelund,

Hansen and Swart, Fleming, Nielsen and two forerunners of the eventual Kamphuis, Davies, Nairn and Sayao

formula (Fleming et al., 1986b and Kamphuis et al., 1986). The two forerunners outperformed the SPM

formula (all three are bulk predictors) when compared to data of two storms at Pointe Sapin (Kooistra and

Kamphuis, 1984). (This is in accordance to the results of Schoonees (1997». By using the same data, the

Nielsen formula proved to be the best detailed predictor evaluated, although some anomalies were found in the

trend of the bed roughness with varying grain size and wave height.

Kamphuis et al. (1986) tested the SPM, Bijker, Ackers, White and Willis formulae and their own method

against 38 prototype data points. Their own formula outperformed the others and also showed good agreement

with an additional event, namely, at Pointe Sapin (Kooistra and Kamphuis, 1984).
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In conclusion then, it is apparent that only a small number of longshore transport formulae have been tested

against a limited database. A need therefore exists for an assessment of virtually all the longshore transport

formulae against a comprehensive database. This has been done as discussed further in this chapter.

4.3 Typical Grain Size Relationships

In order to be able to test the calculated longshore transport rates against the measured rates, different grain

size characteristics are required such as D35 and D9Q. (D, is the grain size that exceeds i % of the sample by

mass). Very few of the references on longshore transport data, however, report grain sizes other than the

median grain size. To overcome this, typical grain size relationships were derived, based on grain size data

for sand collected along the South African coastline.

The results of the grain size analysis are given in Appendix D. The relationships found between DIO and D50,

DI6 and Dso, etc. exhibit remarkably low scatter (Appendix D) with a mean coefficient of determination (R2)
of 0,969. These relationships are not necessarily representative of the grain size distributions of the bottom

material at the field sites around the world where prototype data have been collected (Chapter 2). However,

it is felt that it is reasonable to use these relationships, especially in the light of the good fit. Where the grain

size distributions have been reported, they have been used (Appendix D).

4.4 Method of Testing

The only correct standard by which to judge the accuracy of the predicted longshore transport rates (and

therefore the respective transport formulae) is by comparing the predictions with measured rates. As has been

shown above, another formula (in this case the SPM formula) is not a suitable yardstick. Neither can it, for

example, be assumed that the median value of a number of predicted transport rates is the correct transport

rate. Figure 4.1 illustrates this principle: in Figure 4.1a it can be seen that the measured transport rate is indeed

close to the median of the six predicted rates. In this particular case, the median would be a reasonable estimate

ofthe true transport rate. However, in Figure 4.1 b, it can clearly be seen that the median of the predicted values

is not a good estimate of the measured transport rate. In this last figure only one of the predictions is really

close to the true, measured transport rate. It is therefore clear that the median of the predictions cannot be used

as a measure for the accuracy of the transport formulae. Neither can the range of the data be extended by

performing some simulations and then make conclusions about the accuracy of the longshore transport

formulae. This is because the true longshore transport rates are unknown for the simulated cases.

The accuracy of the predictions and formulae have in the analysis that follows, been tested against measured

data and not against any estimates of what the true transport rates could be.

The results of the testing of the formulae will be presented in a number of ways in order to facilitate

interpretation. These are:

• A plot of the predicted longshore transport rates (Sp) versus the measured rates (Sm).

• The standard error of estimate (a) was calculated (Kamphuis, et af., 1986):
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[
( I S I S )2] O,S" og p,J - og m,J

(J = :Et=l n - 1

(n = number of data points)

(4.1)
• The discrepancy ratio (rJ (Van Rijn, 1984) and its distribution were determined.

= (4.2)

A histogram of the percentage occurrence versus rd gives this distribution.

• The residuals (e) were computed and plotted against S, to check whether there is a systematic trend

in the residuals, or not.

(4.3)

On the plot of the predicted transport rates versus the measured rate, the line of perfect agreement was drawn

in. The closer the points lie to this line, the better the predictions. Clearly, a good formula must predict

transport rates well over the full range of the data. Because the standard error of estimate both evaluates and

totals a function of the discrepancy between the predicted and measured longshore transport rates (Equation

4.1), it is logical that the smaller a is, the better the predictions.

Following Van Rijn (1984), it was determined what percentage of the predictions had discrepancy ratios

between 0,5 and 2,0 and within the range 0,25 to 4,0. Naturally, the assumption is that the higher the

percentage of the predictions having smaller discrepancy ratios (in the above-mentioned ranges), the better the

formula. The choice of these ranges (for example, 0,5 to 2,0) is based to some extent on the large variations

found in measurements and predictions of sediment transport rates. Local longshore transport rates for low

to medium waves in the surf zone are accurate within a factor 2 (Kraus et al., 1989). Outside the surf zone,

the ratio (0 between the higher transport rate/lower rate, was on average 8,3 (Appendix I).

The residual ej = Sm,j- Sp,jwill be negative if a formula overpredicts (and positive for a transport rate that is

too low). Thus, if the scatter lies predominantly below e, = 0, then the formula tends to overpredict. Keeping

in mind that e, = 0 represents perfect agreement, it is clear that the smaller the scatter of the residuals, the better

the predictions. It should also be noted that the plot of the residuals should show no trend if the particular

formula (theory) represents the processes properly. If a trend is present, it means that a certain process(es)

is(are) simulated inadequately or not at all.

Missing data, apart from the grain size parameters, presented a problem. Wherever possible, the gaps were

filled by calculating the values. For example, if the energy flux factor (Pis) is given as well as the significant

breaker wave height <HtJ and the peak wave period (Tp) it is possible to compute the wave incidence angle at

the breakerline.
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4.5 Field Data

From the field data compiled and reviewed by Schoonees and Theron (1993) (Chapter 2 above) a data set,

called Data Set I, was extracted. The sources of Data Set I are listed in Schoonees and Theron (1994) (see
Appendix E). Data Set 1 contains 123 data points, consisting of data possessing all the required parameters.

In order to test the existing formulae, Data Set I was also used to enable a comparison to be made of the

accuracy of the applied wave power method with the existing formulae.

It is important to note that the data ranges of the particular Data Set I are:

0,058 < fIt,.(m) < 3,400

2,32 < T, (s) < 16,60

0,30 < 8b (0) < 35,00
0,0070 (=11142,9) < beach slope < 0,1380 (=117,2)
0,154 < n, (mm) < 15,000
600 < S (m3/year) < 14793000
(8b = wave incidence angle at the breakerline)

From the above values it is clear that the data ranges of this data set are quite wide. Most conditions

encountered on natural beaches are covered and the data were collected on beaches from a variety of sites from

around the world. The wide ranges of the data lend credibility to the conclusions drawn in the comparison of

the predictions of the existing formulae with the measured transport rates.

4.6 Evaluating Existing Formulae

4.6.1 General

The full evaluation of the existing formulae is presented in Schoonees (1997). Presented here is an extract of

the most important findings from this evaluation. Fifty-one existing formulae which are listed in Table 3.1,
were tested against Data Set I. Plots of the predicted longshore transport rates versus the measured rates were

prepared for each formula. Furthermore, the standard error of estimate, the distribution of the discrepancy

ratios and the residuals were determined for each formula.

4.6.2 Results

Tables 4.1 and 4.2 summarize the findings of the testing with the presentation of the standard error of estimate

and the percentage occurrence of the discrepancy ratio per formula. An extract from Table 4.1 was made to

list the fifteen best formulae for the particular data set used, based on the standard error of estimate. The

following table was obtained:
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1 37 Kamphuis 0,413 123 Dimensional
analvsis

Bulk

2 20 Van Hijum, Pilarczyk and
Chadwick

0,417 123 Energetics
(energy flux)

Bulk

3

4

51 Van der Meer

46 Larras, Bonnefille and
Pernecker 2

0,447

0,504

123 Fmnirioal

66 Empirical

Bulk

Bulk

5

6

3 SPM, Kamphuis and
Readshaw

43 Sauvage de Saint Marc,
Vincent and Larras, 1

0,515

0,530

123 Energetics
(energy flux)

89 Empirical

Bulk

Bulk

7

8

15 Hou, Lee and Lin, 2

16 Hallermeier, 1

0,561

0,563

123 Energetics
(energy flux)

123 Energetics
(energy flux)

Bulk

Bulk

9 14 Hou, Lee and Lin, 1 0,569 123 Energetics
(energy flux)

Bulk

10 7 Caldwell 0,579 123 Energetics
(energy flux)

Bulk

11

12

35 Kamphuis, Davies, Nairn
and Sayao

45 Larras, Bonnefille and
Pernecker 1

0,599

0,601

119 Dimensional
analvsis

109 Empirical

Bulk

Bulk

13 25 Engelund, Hansen and
Swart

0,611 123 Shear stress
(modified
steady flow)

Detail

14 40 Tsuchiya 0,619 123 Suspended
sediment
concentration
and longshore
current velocity

Bulk

15 47 Kraus, Isobe, Igarashi,
Sasaki and Horikawa

0,625

.. Type of formula is either a bulk or a detailed predictor.

123 Empirical Bulk

Figures 4.2a, 4.2b, 4.2c to 4.8c contain the results of the comparison of the seven best formulae (according

to a) with the measured data. (These seven formulae will be encountered later on.) The figures with postscripts

"a" show the predicted longshore transport rates (Sp) versus the measured rates (Sm). Postscript "b" indicates

the graphs showing the residuals (ei)versus the predicted transport rates. Similarly, postscript "c" distinguishes

the histograms of the discrepancy ratios. Table 3.1 contains the names and abbreviations of the formulae
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which were applied to the figures. Note that in these figures:

ml\3/yr means m3/yr;

lE+OO is 10°=1;

lE+02 is 102; and

lE4 designates 104, etc.

If the five best formulae are chosen from Table 4.2 according to the highest percentage of the discrepancy ratio

(rJ between 0,5 and 2, the following order is obtained:

3 51 Van der Meer

4 43 Sauvage de Saint Marc, Vincent and Larras, 57,3
I

5 8 Manohar 56,9
16 Hallermeier, 1 (as improved in Appendix C) 56,9

4.6.3 Discussion of the results

Best measure of the accuracy of the formulae

Since the ranking of formulae in terms of accuracy is dependent on the measure (for example, 0) used, it is

relevant to examine which measure is the most appropriate. The graphs of the predicted versus the measured

transport rates are most suitable for seeing the scatter of the predictions and in a way, for seeing whether the

trends in the predictions are correct (for example, do the predictions follow the line of perfect agreement or do

they have a different slope). The same applies to the plots of residuals where the emphasis is especially on

trends. However, these types of graphs do not allow for a quantitative comparison as is illustrated by the

difficulty of seeing from Figures 4.2a and 4.3a that the Kamphuis formula is superior to the Van Hijum,

Pilarczyk and Chadwick formula.

Both the relative standard error of estimate (0) and the percentage occurrence of the discrepancy ratio (rJ in

a certain range provide a quantitative measure. However, it was found that using the percentage of the

predictions where rd is between 0,25 and 4, is misleading. The reason for this is that the range of 0,25 to 4 is

too wide. Formulae, especially those that underpredicted consistently, obtained percentages of 100% yet the
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graphs for the predicted versus measured transport rates revealed the inadequacy of the formulae. It was found

that both a and the percentage of predictions with rdvalues in the range 0,5 to 2 could be used. However, a
is a better yardstick to use if the purpose for determining the longshore transport budget at a site is taken into

account. The reason for this is that a single badly predicted transport rate can greatly distort the acquired

budget. This will be best reflected in a because its value will be greatly affected while at the same time, the

percentage of'r, can still be very high. Thus, a is preferred as the measure.

The most accurate predictor: the Kamphuis formula

From the first of the above two tables which list the existing longshore formulae according to their accuracies

based on a, it was found that the Kamphuis formula produced the best results for this particular data set.

However, it could be argued that, with minor recalibration, any other formula exhibiting less scatter, could

achieve better results than the Kamphuis formula. This scatter need not necessarily be around the line of

perfect agreement between predicted and measured longshore transport rates. Inspection of all these graphs

revealed (Schoonees, 1997) that this is not the case. One can possibly argue further that the Kamphuis formula

has been calibrated against most of the data in this particular data set and that is why it performs well. In fact,

the Kamphuis formula used none of the 123 data points in this data set. Interestingly, the Kamphuis formula

was completely calibrated on data collected in a physical sediment model and verified with field data. This

indicates that, provided that a physical model is properly designed and the simulation is carefully done, scale

effects can be controlled to acceptably low levels.

It is reasonable to assume that the Kamphuis formula will also perform well, and most probably better than

all the other formulae, when applied to other data sets. In this regard, it is important to note that the data

ranges of the particular data set (Data Set I) used above are quite wide (Section 4.5). Most conditions

encountered on natural beaches are covered, which gives credibility to the conclusions drawn in this comparison

with data.

It is hypothesised that the Kamphuis formula achieved the best results because it contains all the most

important parameters, yet is very simple to use. By including fewer parameters, a lower degree of inaccuracy

("noise") is introduced into the prediction by, for example, measurement errors.

Although the Kamphuis formula does not have an incipient motion criterion, it fared well over the full range

of the data (which include low transport rates of amongst others, coarse sediment).

Other reliable formulae

By using a as the measure, the best three formulae are the:
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• Kamphuis formula

• Van Hijum, Pilarczyk and Chadwick formula

• Van der Meer formula

The latter two formulae are like the Kamphuis formula, simple and easy to use. Again, a lower degree of

inaccuracy is or can be introduced by using only the most important input parameters.

When comparing the sequence of the formulae in the table based on the percentage predictions with rdbetween

0,5 and 2, with the sequence of the formulae according to the standard error of estimate in the previous ranking,

three of the same five formulae are present (except the Kamphuis and Larras, Bonnefille and Pemecker,

2 methods). The sixth formula on the previous table (Sauvage de Saint Marc, Vincent and Larras, 1) is now

ranked number four. The order is, however, somewhat different. It is interesting to note that these two French

formulae were published in the 1950s and 1960s; however, they could not be applied to all the data points

because the input conditions were outside their ranges of applicability. Note that the SPM, Kamphuis and

Readshaw formula, although having the top ranking according to rd,tends to underpredict high transport rates

(Figure 4.6a). This confirms that a is a better measure than rd, to determine the accuracy of the formulae. At

present, the accuracy achievable for the best formula is such that only about 65% of the predictions have rd

values between 0,5 and 2. Ample room for improvement therefore exists.

Most of the 15 best formulae (according to a) fall in the "Energetics (energy flux)" and "Empirical" categories.

This is partly due to the fact that the former category ("Energetics") is the most popular approach. The

categories "Shear stress x longshore current velocity", "Shear stress (modified steady flow)" and "Suspended

sediment concentration and longshore current velocity" did not fare very well. However, it must be kept in

mind that the classification of certain formulae was sometimes ambiguous.

Most accurate detailed predictors

In the tables above which rank the most accurate formulae, there is only one detailed predictor, namely, the

Engelund, Hansen and Swart method. It can be argued that detailed predictors should not be compared directly

with bulk formulae. The detailed predictors are usually more prone to inaccuracies of various input

parameters. Moreover, the fact that the bulk predictors are more accurate could merely indicate the inadequacy

of the models for calculating the longshore current velocity (D H Swart, pers. comm., 1995). In order to

compare the detailed predictors among themselves, the following table was compiled:
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25 Engelund, Hansen and Swart 123 0,611

2 38 Fleming 123 0,684

3 31 Watanabe 123 0,707

4 27 Ackers, White, Swart and Lenhoff 123 0,750

5 18 Bailard 123 0,753

Figures 4.9a to 4 .12c show the performances of the four best existing detailed formulae.

From the above table, it can be seen that the Engelund, Hansen and Swart formula performed the best (0 =
0,611), followed by Fleming (0 = 0,684), according to the standard error of estimate. Taking the percentage

occurrence of the discrepancy ratio between 0,5 and 2 as the guideline, the Fleming formula with 56, I% leads,

while the Engelund, Hansen and Swart method (50,4%) comes second. Roughly speaking, about 50% of the

predictions by the five best detailed predictors have discrepancy ratios between 0,5 and 2. There is, therefore,

vast room for improvement.

Of the five best detailed formulae, two (Engelund, Hansen and Swart and Watanabe predictors) can be

classified as relatively simple. As for the bulk formulae, their accuracy is improved by including fewer

variables. However, logically, all the significant variables must be included in the formulation if it is to be

accurate. The Ackers, White, Swart and Lenhoff formula requires by far the most computations.

It is hypothesized that the results which show that bulk predictors are at present more accurate indicate that

profile variations impact on detailed predictors far more seriously. These profile variations are caused by

changes in cross-shore transport due to variations in the wave conditions. The correct choice of a

representative beach profile which determines the energy dissipation, is therefore very important for detailed

predictors. However, comparing detailed predictors among themselves is realistic because the choice of beach

profile is consistent. However, beach profile changes caused by cross-shore sediment transport, impact on the

wave energy dissipation and hence, on the longshore transport. It is therefore preferable that beach profile

changes due to cross-shore transport be calculated interactively with the longshore transport. That is, beach

profile changes are first computed for a certain time step followed by longshore transport calculations. This

series of computations of profile changes and longshore transport is then repeated for the duration of the

particular wave condition.

Detailed predictors can be validated by comparing the predicted local longshore transport rates with measured

rates for both inside and outside the surf zone. Measuring the longshore current velocity eliminates the possible
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inaccuracy which is introduced by computing the velocity, and which in turn will affect the accuracy of the

particular formula. As discussed in Sections 5.5.4 and 5.6.4, only limited data are available. It is

recommended that such measurements be undertaken.

Another factor which could influence the accuracy of detailed predictors, is the depth interval chosen. That

is, the local longshore transport is computed at depths 0,1 x depth increment, 2 x depth increment and so on

before integrating the transport across the surf zone and beyond. Fleming et al. (1986a and b) recommended

0,250 m or smaller steps; in this study 0,125 m was used. Thus the integration can contribute to the inaccuracy

of detailed predictors.

4.6.4 Testing the package deal approach

It is common practice to compare the predictions from different longshore transport formulae when computing

the annual longshore transport regime at a site. Swart and Fleming (1980) advocated the use of a so-called

package deal approach because it was then unknown which formulae were the best. In this approach, the

highest and lowest transport rates predicted by six formulae were ignored and the median of the remaining

values was determined. An advantage of the package deal approach is that it limits or eliminates the influence

of rapidly varying formulae, especially when extrapolating formulae beyond their calibration ranges. Clearly

the ideal situation is to know which formula is the best over the full ranges of possible conditions experienced

on natural beaches.

The question then remains whether better results can be achieved with this package deal approach or in a

related way. Three approaches were tried, namely: first, by considering the median of the predictions by the

five best formulae; second, the mean of the three middle values after discarding the highest and lowest

predictions and third, a weighted mean transport of the five predictions. The weighting was done according

to 1/a as follows:

Sweighted mean =
Sial + Sj02 + Si03 + S/04 + S/OS
(1/01 + 1/02 + 1/03 + 1/04 + 1/05)

(4.4)

where Si = transport rate according to formula i (i = I, 2, 3, 4, 5)

standard error of estimate of formula i

The five best formulae which are also based on all (123 in this instance) data points were chosen.

These formulae are:

Kamphuis

Van Hijum, Pilarczyk and Chadwick
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Van der Meer

SPM, Kamphuis and Readshaw

Hou, Lee and Lin, 2

The following table contains the results:

Mean of middle 3 18

Weighted mean of 5 predictions 0,426

Figures 4.13 to 4.15 show the predicted versus the measured longshore transport rates for these three

approaches. From these figures it is obvious that there is very little difference between these three package deal

approaches since their 0 values range only from 0,418 to 0,426. Taking the "mean of the middle three

predictions" is marginally better than the other two approaches. The best formula (the Kamphuis method) on

its own is better (0 = 0,413) than the best of the package deal approaches (0 = 0,418). Even the second best

formula, the Van Hijum, Pilarczyk and Chadwick method, on its own (0 = 0,417) fares slightly better than the

best of the package deal approaches (0 = 0,418).

Figure 4.16 shows the variation in the transport rates predicted by the five best formulae. It can be seen that

these predictions are reasonably consistent; that is, the individual formulae do not yield excessive outliers.

It can therefore be concluded that none of the package deal approaches yields better answers than the best

formula (the Kamphuis method) and as such, is not worth pursuing if the above-mentioned five best formulae

are used within the wide data ranges of Data Set 1. This result is not totally unexpected: adding results of

lesser accuracy to the Kamphuis formula is likely to decrease the overall accuracy. Another reason for this

lies most probably in the consistency of the five best formulae. It can be argued that the package deal

approaches could be preferable ifless reliable formulae are applied which tend to deviate. This is, however,

not recommended. It is proposed to use the Kamphuis formula alone (in its recalibrated form as given in the

next section), for data falling within the data range given above. For data outside this wide range, it is

proposed to examine the transport rates predicted by the five best formulae and use engineering judgement.

Most probably it would be best also to apply the recalibrated Kamphuis formula alone to data outside the

range; however, depending on the consistency of the predictions, it may be advantageous to use the package

deal approach (the mean of the middle three predictions) if deviations are prevalent among the transport rates.

The reason for this recommendation is that the Kamphuis formula, which was calibrated against physical model

data, has shown that it extrapolates well as indicated by it being the best formula tested against field data. It

is therefore reasonable to expect that it will also extrapolate well to beyond the data ranges of Data Set 1.
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4.6.5 Recalibration of the Kamphuis formula

The recalibration of the Kamphuis formula is described in detail in Schoonees and Theron (1996) which is

reproduced as Appendix F. Only the most important aspects are covered here.

The Kamphuis formula can be rewritten:

S (31557600.1,3.10-3)(ps / (p, - p».XKamphuis

41025 (Ps / (Ps - p».XKamphuis

41025 ZKamphuis

(m3/year)

(4.5)

with ZKamphuis =
___I__p_) (p / T.) L~·2S H~ (lana. )O.7S
(I-p)(p.f -

. (1/DSo>°.2S(sin 26Jo.6

(See Appendix F for definitions of these variables.)

Equation (4.5), the original Kamphuis formula, is plotted on linear scales in Figures 4.17a and b. Note that

Figure 4.17b shows the detail of Figure 4.l7a for ZKamphuis values up to 100 (instead of350).

The 80%, 90% and 95% confidence intervals using the t distribution (according to Walpole and Myers, 1978)

for the predicted responses of the original Kamphuis formula are also shown in Figures 4.17a and b. The

curves (confidence intervals) shown in Figures 4.17a and b, which may appear straight at a first glance, are,

in fact, not straight. These curves have been plotted over the range of Data Set 1 and therefore have not been

extrapolated. Also note the distorted scales of Figures 4.17a and b. Despite the fact that the Kamphuis

formula is the best of the 51 formulae tested, it is immediately apparent that the confidence intervals are very

wide. For example, at an 80% confidence level, the predicted transport rate for ZKamphuis= 14,2 varies between

-690000 m3/year and + 1885000 m3/year (predicted response = +580000 m3/year) - Figure 4.17h. It should

be noted that the confidence intervals shown in Figures 4 .17a and b are based on all the data over the full range

of ZKamphuis' However, inspection of these figures clearly shows that the scatter of the data increases at higher

zKamphuis values. The preferred approach would therefore be to determine separately the confidence intervals

for various zKamphuis intervals; for example, for zKamphuis 5: 12 and for zKamphuis > 12 (Figures 4.17a and b). From

Figure 4.17b, it is clear that the scatter is limited for zKamphuis 5: 12, and as such, the confidence intervals will

be much narrower. Note that the coefficient of determination (R2) is 0,688, meaning that about 69% of the

variance is explained by the original Kamphuis formula.

Two approaches were employed to improve the calibration of the Kamphuis formula, namely:
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• Linear regression and taking cognizance of outliers and ensuring a good fit over the full range of the

data.

• Minimizing the standard error of estimate by choosing the right coefficient (instead of 41 025 in

Equation (4.5».

The following two relationships were obtained, namely:

s 38 900 z Kamphuis

(m3/year)

(which gives the same answers as

S = 63 433 x Kamphuis

in Appendix F, provided Ps = 2 650 kg/m" and p = 1 025 kg/m').

= (4.6)

and

s 30 700 z Kamphuis

(m3/year)

(which gives the same answers as

S = 50 000 X Kamphuis

(4.7)

in Appendix F, provided P. = 2650 kg/m' and p = 1 025 kg/m').

Figures 4.18a to 4.19b present respectively the confidence intervals for the future predicted responses of

Equations (4.6) and (4.7) using the tdistribution according to Walpole and Myers (1978). As for the original

Kamphuis formula, the confidence intervals in Figures 4.18a to 4.19b have been determined for all the data.

Although the confidence intervals are still wide, they are similar and wider respectively compared with the

intervals for the original Kamphuis formula. For comparative purposes, at an 80% confidence level and for

z Kamphuis = 14,2 the values are:

Equation (4.6): -780000 m3/yearto + 1 880000 m3/year

(Predicted response = 550 000 m3/year)

Equation (4.7): -1 090000 m3/year to + 1 960000 m3/year

(Predicted response = 440000 m3/year)

These confidence intervals can be presented in terms of a transport factor such that it is easier to generalize

the results. The transport factor is defined as a ratio, namely, the transport rate at the limit of the confidence

interval divided by the predicted transport rate (response). For example, for Equation (4.6) with XKamphuis =

8,7, the transport factors at an 80% confidence level for the upper and lower limits are (+ I 880 000 / 550 000)

= 3,4 and (-780 000 / 550000) = -1,4 respectively. Rooseboom (1992) found that for river catchments the
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transport factor calculated for sediment yield decreased with increasing size (area) of the river catchment. A

similar pattern can be expected for the longshore transport predicted by the recalibrated Kamphuis formula,

except that the sediment yield from a river catchment cannot be negative while the longshore transport rate can

be negative.

Figure 4.20, which has a hyperbolic form, shows that the transport factor does indeed decrease with increasing

ZKamphuisover the range of the data (the transport factor has not been extrapolated beyond the range of the data).

Furthermore, the upper and lower limit curves are symmetrical around a transport factor of 1 (which

corresponds with the predicted response). Roughly, for ZKamphuis~ 85, the upper and lower transport factors (for

an 80% confidence interval) are between 1,4 and 0,6. The ratio of the transport factor of the upper limit

divided by the transport factor of the lower limit for ZKamphuis= 85 (80% confidence interval) = 1,4/0,6 = 2,3.

This ratio, which is not very high, reduces with increasing ZKamphuisvalues. (Note that this ratio is equal to the

transport rate at the upper limit of the confidence interval divided by the rate at the lower limit of the confidence

interval.) The following table summarizes these ratios (of the transport factors for the upper limit divided by

the transport factor for the lower limit) for typical zKamphuisvalues as shown in Figure 4.20.

~~~iC)~f*~~~~~~~~~~~lifu1t~~~~~~!#~~~~~II
: ~()~Z~~d~ijij¢~~~iWt~~~1 ~$~~~Wn~~~~~i~t~~~J

85 2,4 4,3

127 1,8 2,5

170 1,6 2,0

212 1,4 1,8

255 1,4 1,6

283 1,3 1 6(1),

(1) This value is shown on Figure 4.20.

The ratios at ZKamphuis= 283 for the 80% and 95% confidence intervals are 1,3and 1,6 respectively. Comparing

these values with a variation of a factor 2, it is clear that the transport factors for predictions with the

recalibrated Kamphuis formula are very good for high ZKamphuisvalues. For lower values of zKamphuisthe ratios

are 1,8 and 2,5 for 80% and 95% confidence limits respectively. The transport factors for predictions in this

range are good.

It may be asked how serious the higher transport- factors that are found for low zKamphuisvalues (Figure 4.20)

are. They are not too serious because a very small value times a larger transport factor is still small. As most

of the longshore transport at a site is caused by a few high wave conditions, the longshore sediment transport

budget at the site will not be affected too much. In fact, Seymour and Castel (1985) investigated the episodicity

of the longshore transport at seven sites along the United States west coast. They found that almost half of the
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gross transport occurs during only 10% of the time. A higher transport factor in the predicted response for low

wave conditions is therefore not too important. Rather, the high rates should be predicted well.

The situation at Richards Bay was chosen to illustrate the accuracy achieved with the recalibrated Kamphuis

formula. A brief site description is given in Appendix B while Figure 6 (Appendix B) shows the measured

versus predicted longshore transport rates at Richards Bay. The four data points (Figure 6 in Appendix B) can,

however, not be plotted directly on Figure 4.20. This is because the four data points are the cumulative total

transport during the particular year whilst Figure 4.20 is valid for individual wave conditions only. Despite

this, ZKamphuis values were computed for typical Richards Bay wave conditions. The typical values chosen

(CSIR, 1994 and Laubscher et al., 1991), were: peak wave period = 12 s, wave incidence angle at the

breakerline = 3°, and median grain size = 0,30 mm. A range of significant breaker heights from 1,5 m (the

median height) to 4,0 m (the I in I year significant height is about 4,2 m; CSIR, 1994) was used. The

corresponding ZKamphuis values were then calculated:

1,5

2,0

3,0

4,0

44,2

78,5

176,5

313,8

Comparing these ZKamphuis values with the x axis of Figure 4.20, it is clear that these values fallon the part of

the graph where the transport factor is the lowest. In fact, the ratio of the upper and lower limit transport

factors is between:

about 1,3 and 2,4 (80% confidence interval)

and from

about 1,6 to 4,4 (95% confidence interval)

by using Figure 4.20 and the table with the transport factors on page 4.14. It can therefore be concluded that,

for Richards Bay, the predictions of the longshore transport rate per wave condition, are within a factor 2 (on

average about 1,8) for an 80% confidence limit.

The variables contributing to the longshore transport rate have been ordered in such a manner in Data Set I

that the transport rate is always positive. It can therefore be argued that physically the range of transport rates

at say the 80% or 95% confidence intervals cannot drop below zero. The fact that it happens is partly

attributable to using data in the entire range to calculate the confidence intervals.

Inspection of Figures 4 .18a and b reveals that because of the increased scatter for ZKamphuis values higher than

12, it is preferable that the confidence intervals be derived for zKamphuis s 12 and ZKamphuis >12. Considering also
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the number of data points in each sub-range of ZKamphuis , it was decided to determine the confidence intervals

for three sub-ranges:

(1) ZKamphuis :$; 6

(2) 6 < ZKamphuis s 12

(3) ZKamphuis> 12

Figures 4.21a and b (Figure 4.21b shows the detail of Figure 4.21a) illustrate the confidence intervals for the

three sub-ranges for the recalibrated Kamphuis formula (S = 38 900 ZKamphuis). As expected, these figures

depict considerably narrower confidence intervals for the first two sub-ranges (ZKamphuis s 12) because of the

reduced scatter in the data (Figure 4.21 a and b) compared with the third sub-range. These narrower confidence

intervals appear to be contradictory to the higher transport factors found for low ZKamphuis values. However,

Figures 4.18a and b illustrate the slowly varying width of the confidence intervals around the predicted

response, whilst the predicted response rapidly increases with increasing ZKamphuis values. The result is therefore

that the transport factor decreases with increasing ZKamphuis values because the width of the confidence interval

is divided by an ever increasing predicted response as depicted in the table below.

The following table presents typical values from the three confidence intervals of each of the ZKamphuis sub-ranges

given in Figures 4.21a and b:

3,5

9,4

147,8

140000

370000

5750000

9000

6000

1860000

260000

730000

9630000

251000

724000

7770000

28,9

121,7

5,2

1,79

1,96

1,35

This table shows that although the scatter for the third sub-range is the largest (7 770 000 m3/year), its ratio

of the upper limitllower limit is the lowest (5,2) of the three sub-ranges as illustrated in Figures 4.21a. On the

other hand, the ratio of the width of the confidence interval (95% in this example) and the predicted transport

rate is of similar magnitude: 1,35 to 1,96, say 1,5 to 2,0. This can be regarded as a handy rule of thumb.

The standard errors of estimate for Equations (4.6) and (4.7) show a small improvement compared with the

original Kamphuis formula:
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Original
Kam huis

0,413

2

S = 41 025 z Kamphuis

0,405Equation (4.6) S = 38 900 z Kamphuis

Equation (4.7) S = 30 700 Z Kamphuis 0,387 6

Equations (4.6) and (4.7) are therefore slight improvements of the original Kamphuis formula. Whether to use

Equation (4.6) or Equation (4.7) needs to be resolved. Equation (4.6) is the best relationship based on linear

regression, while Equation (4.7) has the smallest standard error of estimate. It is recommended (Appendix F)

that Equation (4.6) be applied at sites where the significant wave heights normally exceed about 0,3 m and

where the sediment grain size is usually less than 1 mm, that is, at partly protected and exposed sites. Only

at sites where very calm conditions prevail and/or where the sediment size is coarse, is Equation (4.7) expected

to yield better answers.

4.7 Conclusions

In all previous studies only a small number of longshore transport formulae have been tested against very

limited data. For the first time, virtually all (51) longshore transport formulae have been tested against a really

comprehensive database. Two of the four different measures used were found to be the best with which to judge

the accuracy of a formula. These are (i), the plot of the predicted transport rates versus the measured rates

combined with (ii), the standard error of estimate.

The Kamphuis formula, a bulk predictor, was found to perform the best of the 51 formulae tested. This

formula, which performed well over the full range of the data, was reca1ibrated and slightly improved. For

specific conditions, two different versions of the recalibrated Kamphuis formula were determined (Equations

(4.6) and (4.7». Accurate predictions are now possible. Another first, is the derivation of confidence intervals

have been derived for a longshore transport formula (Figures 4.18a to 4.19b and 4.21a and b). Figure 4.20

presents, for the reca1ibrated Kamphuis formula, these confidence intervals in terms of a transport factor. For

medium to high wave conditions (the most important conditions when determining the longshore transport

budget at a site), the transport factor is smaller than 1,6 (at an 80% confidence interval).

It was found that the Engelund, Hansen and Swart method is the most accurate of the existing detailed

predictors.
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None of the package deal approaches (using five of the best longshore transport formulae) yields better answers

within the wide ranges of Data Set I than the best formula (the Karnphuis method). Because of the consistency

in the predictions of the recalibrated Karnpshuis formula, there is no need for a package deal approach within

the present data range. For data outside this wide range, it is proposed to examine the transport rates predicted

by the five best formulae and use engineering judgement. Most probably it would be the best also to apply the

recalibrated Karnphuis formula alone because it had been shown to extrapolate well.

Stellenbosch University http://scholar.sun.ac.za



5.1

5. APPLIED WAVE POWER CONCEPT

5.1 General

Definitions

The terms "stream" and "wave power" are used in different contexts in the literature. It is therefore

appropriate to define clearly what is meant by these terms, especially as the wave power concept is further

developed in this thesis. Bagnold (1966) derived the available stream power as follows: The rate of energy

supply per unit length of a stream is the rate at which potential energy is transformed into kinetic energy as the

water descends under gravity down a slope of i.. Therefore:

available stream power per unit length of a stream = pgQrir

where p

g
o,

=
density of water

gravitational acceleration

discharge of the streamand =

The mean available power supply to the column of water per unit bed area (Pc) is

P = available stream power
C flow width

pgQ,ir
flow width

but Qr AVr
with A = cross-sectional area

= (flow width) d

.. Qr = (flow width) d Vr

Vr = mean current velocity

and 'tb = pgd~

where d = water depth

and 'tb = shear stress at the bed

Thus, by substitution

Pc = 'tbvr
Note that the units of P, which is per unit area, are kg/s'. On the other hand, Rooseboom (1974, 1992) used

the stream power per unit volume as presented in Section 5.2 Therefore in this case the units are kg/tm.s').

Aim

A detailed longshore transport formula based on the applied wave power approach will be derived in this

chapter. The derivation will be done by treating the transport inside the surf zone separately from the transport

outside the surf zone. The results will thus provide expressions for the local longshore transport rate

(dependent on, amongst others, the water depth) in each of these zones. Essentially, the mean (time and depth-

averaged) suspended sediment concentration will be derived in terms of the applied wave power approach. The
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sediment concentration (including the bedload concentration) is in tum combined with the mean (time and

depth-averaged) longshore current velocity to give the local longshore transport rate.

It will be recalled from Chapter 4 that the best existing detail predictor, the Engelund, Hansen and Swart

method, obtained a standard error of estimate (a) of 0,611 (Table 4.1) when tested against the comprehensive

Data Set 1. In order to be successful, the applied wave power approach should attain a lower or similar value

of a when tested against the same data set. It will be shown that this has been achieved.

Methodology

In order to adapt the applied stream power approach in fluvial hydraulics for use in the sea, it is necessary to

understand the essence of the applied stream power approach. An explanation of this approach will therefore

be presented in Section 5.2. Thereafter the adaptation of the applied stream power approach to the situation

in the sea will be treated. The general approach in relating the longshore transport (in the sea) to the applied

wave power concept is explained in Section 5.3. Results from previous studies are presented in support of the

philosophy adopted. The basic formulations of the local longshore transport rate in the two regions (inside and

outside the surf zone) will be given. However, certain assumptions underlie these formulations. The

implications and validity of these assumptions will be discussed.

Because sediment concentration data are used in the calibration, it is relevant to analyse their consistency and

accuracy (Section 5.4). In Sections 5.5 and 5.6 the theory is derived which enables the local longshore

transport rate outside and inside the surf zone to be computed. This theory is then calibrated against both

concentration data and measured local transport rates. The theory is then calibrated further (validated) against

the comprehensive field data set of bulk (total) transport rates.

The following flow diagram explains the development of the longshore transport formula in terms of the applied

wave power concept and the layout of Chapter 5 (the numbers given are the relevant section numbers):

• Variation over depth of:

- applied stream power

- power made available by a fluid element

• Suspended sediment concentration in terms of the applied stream power.

• Previous studies

• Philosophy

• Basic formulations

• Underlying assumptions
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• Database
• Consistency of concentration measurements.

~..5 ~~~~!~~~ii~~t~t~~~~~~~*~~~t~i~~~~~~~"f-*~h~'. I .
• Theory
• Calibration of the mean concentration.

• Calibration of the local longshore transport rate .

• Derivation of the wave power equations.

• Distribution of a coefficient a4, relating the transport rate to the type of wave breaking

• Effect of beach profile variations caused by cross-shore transport.

• Calibration.

• Final results.

..::;;:::::::::: ... :::::::::::::::.::.::;:.:.:::::.:::;:::::::::::.::::: .. ::::.:::::::::::::::::::::::::::::::::::.:::::::::::::::::::::::::.::::::::::::::::::::::::::::::::::'::::::::::::::::::::::::: ..::.:::::::::::;::.: ..::;:::::::::: ....

:~.~:~~~~J,~~~~~~~~t~~~~~~~1~~~~~~~!~~:$~t-t~~~~m

• Equations

1
'"'''''''''''''' :;:;:;:':;,:;:;":'::; """""""""'"'''''' ,,,.,.,., r.: .. ,",,., ,"', ,.,,''''''''',.,,,.,''',,., -. ,''"'''''''.'~~i':,~:m~~9~~¢~~q9~r()~f~tt~~t~~f~:~: H u ~ ••• ~,... ,f.n:: U::! .::~.:...

5.2 Stream Power Concept

This section is a summary of the work by Rooseboom (1974, 1992, 1998) on the stream power approach. At

the end of the section, the concept of applied wave power derived from the concept of stream power is

explained. The derived concept will be used further to determine a method for computing the longshore

transport. The development of the applied wave power concept and the rest of Chapter 5 are work by the

author.
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In an attempt to obtain a clearer understanding of the mechanics of steady, uniform flow in an open channel,

Rooseboom (1974, 1992, 1998) developed the concept of stream power. He deduced that apart from the laws

of conservation of mass, energy and momentum, an additional law, namely, the law of conservation of power

is applicable (Rooseboom, 1992). This law provides insight into sedimenttransporting processes. Rooseboom

(1974, 1992) derived the velocity distributions for laminar and turbulent flows from first principles and in

doing so, determined theoretically the values of the coefficients usually found in present semi-empirical

relationships (for example, the Von Karman coefficient). He also considered the balance of stream power in

one-dimensional, open channel, steady flow as follows:

Consider the movement of a small fluid element with dimensions LlXr ,Llz and unit width as in Figure 5.la.

(The x, axis is along the channel bed while z is measured from the bed upwards.) If it is assumed that this

element moves with a mean velocity of'v, and the shear stress is 1: at the centre of the element, then the velocity

and shear stress vary as shown in Figure 5.1 a.

The power deficit for the element is the difference in the work done per unit time on the upper and lower

surfaces of the element. Therefore the stream power deficit

(~d~
~z)

dvr ~z ~xr= + vr + -
dz dz 2

ds
~z)

dvr ~z ~xr~ - v - -
dz r dz 2

= ~
dv;

+ v dt 1 ~xr'~z
dz rdy

:. stream power deficit per unit volume

dv d~
= ~_r + v-

dz r dz

However, by considering the flow resistance in terms of shear stresses (Rooseboom, 1974, 1992, 1998), it can

be shown that

T = pg(d-z)ir

(If z = 0, the shear stress at the bottom is obtained as given in Section 5.1)

dT .:. - = -pg~dz r

Substituting then the stream power deficit per unit volume

dv
T __

r - pgirvrdz
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The first term in this equation represents the stream power applied per unit volume to deform a fluid element

or to maintain motion.

From Section 5.1 it will be recalled that the available stream power per unit length of a stream

= pgQA

pgdXr dzirvr by using Qr = AVr

Therefore the available stream power per unit volume is pgi.v.. The second term in the above-mentioned

equation thus represents the amount of power (per unit volume) made available by the element.

dv
Figure 5.lb shows the variation of the functions 't _r and pgi.v; From this figure it is evident that for the

dz
majority of elevations above the bed there is a considerable difference between the value of these functions.

On the other hand, the areas enclosed by the two graphs in Figure 5.1 b should be equal in order to satisfy the

principle of the conservation of power (Rooseboom, 1974, 1992, 1998). This proves to be valid for both

laminar and turbulent flows.

Rooseboom (1974, 1992) postulated that whenever alternative modes of flow exist, that mode which requires

the least amount of stream power will be followed. Therefore it can be stated that fluid flowing over movable

material will not transport such material unless this results in a decrease in the amount of stream power which

is being applied. Alternatively, if two modes of structural yielding exist, yielding will take place according to

that mode which offers the least resistance (Rooseboom, 1974, 1992). Where flow takes place over movable

material and the relatively large amount of stream power required to maintain motion along the bed becomes

greater than that which would be required to deform the bed, the stream will begin to transport the bed material

rather than persist in its existing mode of flow.

In applying the stream power concept to sediment transport in unidirectional flow, Rooseboom (1974, 1992)

firstly determined incipient bed movement conditions. He then proceeded to derive the variation of the

suspended sediment concentration over depth from first principles. In doing so he obtained two expressions

(which he equated) for the stream power. The first expression is that the power necessary to change the

sediment concentration of a fluid element at any stage is equal to the rate of change of the kinetic energy of the

sediment within the element over time. The second expression is based on the average amount of power which

is necessary to maintain the suspension by means of the centrifugal acceleration of the sediment particles. The

result is the following differential equation:

dC = (l!!_{iit. w/u.) ( d.dz )
C 12 z(d- z)

(5.1)

where c = sediment concentration

w = sediment fall velocity

d = water depth

u. = shear velocity
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This equation by Rooseboom is identical to the one derived by Rouse (1937) using diffusion theory except for

the factor = 10/12 = 0,833. The solution of Equation (5.1) is similar to the Rouse equation if the exponent

0,833e1 is used instead of e} (e} = ,fiit W/U.) . The solution of Equation (5.1) is:

.£. = {(d- z) _a_}-I
Ca z (d-a)

(5.2)

where CB = (reference) sediment concentration at z = a (a = distance above the bed)

The ratio w/u. can be shown to represent the ratio of the power required to suspend particles to the power being

applied by the moving fluid.

Equation (5.2) is equivalent to (Rooseboom, 1974, 1992):

(5.3)=

(
dv ]-1't; at z=a

Based on data of measured values given in Chien (1954), Rooseboom (1974, 1992) showed that 0,833el fits

the data better than e I (Figure 5.lc). The solution of Equation (5.1) can be given in words as: the

concentration at any elevation is proportional to the applied stream power raised to the power 0,833eh where

e1 = {iii wlu •. Rooseboom (1975, 1992) proceeded to use this relationship in determining the total

sediment load in river flow. (This concludes the summary of the work by Rooseboom.)

In the case of wave-driven sediment transport, the same concept will be used; that is, the concentration (here

the mean concentration will be used) is proportional to the applied wave power raised to the power e) (= a, w/u.
where al is a coefficient). Clearly, the shear velocity will now have to be evaluated in terms of the wave

friction factor which is dependent on the wave and sediment characteristics.

5.3 General Approach for the Applied Wave Power Concept

5.3.1 Background

Inthis section previous studies employing the stream and wave power concept are reviewed and the philosophy
of representing longshore transport in terms of the applied wave power is given. This is followed by the basic
formulations that will be developed further in Sections 5.5 and 5.6 for the local longshore transport both outside

and inside the surf zone. However, certain assumptions underlie these formulations. The validity of these

assumptions will be discussed in the rest of this section.

Stellenbosch University http://scholar.sun.ac.za



5.7

5.3.2 Previous studies

In the past, a number of studies have been conducted on the relationship between sediment transport and the
product of the shear stress and the current velocity. Bagnold (1963, 1966) developed the concept of

comparing a river or stream to a machine having specific efficiencies in transporting bedload and suspended

load. In doing so, Bagnold found that the bedload sediment transport rate (in terms of the immersed weight)

is proportional to the time-averaged rate of energy dissipation per area of the stream. Inman and Bagnold

(1963) applied the same concept in the sea and averaged, using a control volume, to estimate the totallongshore

sediment transport rate past a given section of beach. Bailard (1981, 1982, 1984) re-examined the Bagnold

(1966) concept and derived a sediment transport model for a plane, sloping beach based on the following

assumption: the instantaneous sediment transport rate is directly proportional and reacts immediately to the

instantaneous energy dissipation rate per unit bed area. Komar (1977) also related the local longshore transport

rate to the product of the shear stress and the current velocity. Later, Watanabe (1985) used a somewhat

different formulation successfully, namely, relating the local sediment transport rate to the product of the excess

shear stress (above the critical shear stress) and the current velocity.

A different approach has been followed in which the sediment transport was related to the power per unit
volume. As shown in Section 5.2, Rooseboom (1974) found for river flow that the suspended sediment

concentration is proportional to the applied stream power raised to a power of 0,833 e., Dean (1977) analysed

numerous beach profiles and found that the depth along a profile is usually a function of the distance from the

shoreline raised to a power 0,67. Dean then theoretically showed that the form of the beach profile is consistent

with uniform wave energy dissipation per unit volume. Moore (1982) developed a numerical model for

simulating beach profile changes using a transport equation for the cross-shore sand movement in which the

transport rate was proportional to the wave energy dissipation rate per unit volume. Similarly, Kriebel and

Dean (1984) assumed that the cross-shore sand transport rate was proportional to the excess energy dissipation

rate per unit volume, that is, the difference between the actual and the equilibrium values of the energy

dissipation rate per unit volume (Schoonees and Theron, 1995). Kriebel and Dean obtained good results when

modelling beach profile changes caused by storms (Schoonees and Theron, 1995). Larson and Kraus (1989)

found that the net cross-shore transport rate showed good correlation with the energy dissipation rate per unit

volume, better than the correlation with the energy dissipation rate per unit area.

Considering the above literature, it is clear that sediment transport has successfully been related to either the

power per unit volume or the product of the shear stress and the current velocity. Furthermore, as noted above,

Larson and Kraus (1989) found good correlation between the net cross-shore transport rate and the energy

dissipation rate per unit volume. It is also a fact that the cross-shore transport rate is a function of the

suspended sediment concentration coupled with the cross-shore flow. This then means that the suspended

sediment concentration is related to the energy dissipation rate per unit volume. It is therefore logical to relate

the suspended sediment concentration to the energy dissipation rate per unit volume. This deduction of relating

the concentration to the energy dissipation rate per unit volume is also intuitively appealing. Surely, if sufficient

energy is expended during a given period, sediment will be suspended.
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When considering longshore transport rather than cross-shore transport, the concept to be considered is that the

suspended sediment (related to the energy dissipation rate per unit volume) will be transported alongshore by

the longshore current. The local longshore transport rate is then the product of the local suspended sediment

concentration (including the bedload concentration) and the local longshore current velocity. This concept is

in essence partly similar to the basic approach that has been widely used by, for example, Bijker (1967) and

Swart (1976b): wave action mobilizes sediment which is transported alongshore by the longshore current.

5.3.3 Philosophy

As explained in Section 5.3.2, in the approach being followed here, the key process of sediment suspension is

fundamentally modelled in terms of the energy dissipation rate per unit volume (the applied wave power). This

approach is motivated by the analogy of stream power successfully applied in fluvial hydraulics as explained

in Section 5.2. The local longshore transport rate is then the product of the local suspended sediment

concentration and the local longshore current velocity. In even further support of this method, Miilke (1981)

has shown that the final product of the stream power approach (river flow) can be adapted and applied to

determine the initiation of severe erosion along a steep slope by unidirectional flow. Furthermore, Bailard

(1981, 1982) used the product of the shear stress and the current velocity by Bagnold (1966) in an analogous

way, in the sea. Bailard obtained reasonable success.

The method of employing the applied wave power concept in this way is to start with the proven fundamental

concept of the suspended sediment concentration being a function of the energy dissipation rate per unit volume.

This concept is built up from the most basic approach whereafter it progressively increases in complexity whilst

still fundamentally modelling the appropriate coastal processes correctly. If the method shows promise, more

elaborate refinements can be added at any stage (though some of the promising elaborations will not form part

of this thesis).

A possible alternative method of using the applied wave power concept is the purely "mathematical" method.

This implies the mathematical derivation of the applied wave power. A starting point can be to use the

continuity principle and Newton's second law to derive the velocity and shear stress variations over the water

depth (for cross-shore and longshore flow) both inside and outside the surf zone. However, because water

motion in the sea is a combination of oscillatory and unidirectional flow, the method for the sea is considerably

more complex than for rivers. Despite being reasonably simple in essence, the mathematics involved in the

treatment of stream power are already cumbersome. Therefore, in order to keep the mathematics manageable,

a number of simplifying assumptions will have to be made in deriving the wave power from first principles.

For example, in the sea the bottom shear stress is a function of, among others, the wave friction factor

(Section 5.5.1) which is in tum dependent on the bottom roughness, wave characteristics and water depth. The

factors influencing the bottom roughness include the sediment grain size. In contrast, the equation for the shear

stress distribution in river flow is relatively simple (Section 5.2). Making these simplifying assumptions is

likely to result in an oversimplification of the processes, thus causing in the coastal processes to be represented

in a way not true to reality. The attractiveness of a method to compute the longshore transport is neither the

length of the equations nor the complexity of the mathematics involved, but lies in having a sound theoretical

basis and in the quality of its predictions. Likewise, the evaluation of the longshore transport formulae
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(Chapter 4) has conclusively shown that the simpler formulae which have a sound theoretical basis generally

provide the best predictions. For these reasons the fundamental method as explained above has been chosen.

In order to derive the longshore sediment transport rate in terms of the applied wave power, different

formulations are required inside and outside the surf zone respectively, as the processes differ. Inside the surf

zone, wave breaking is the dominant mechanism in suspending sediment. Outside the surf zone, energy is

primarily dissipated by bottom friction. The derivation of formulae for these two zones is treated separately

in the following sections. In each of these two zones, the local longshore transport rates at different depths can

be computed with the newly derived formulae. These rates have to be integrated across the surf zone and

beyond. In this way, the bulk (total rate across the shore) transport rate for the particular wave condition is

determined.

Emphasis is placed on the calibration of the formulae. The reason for this is simply to obtain formulae which

can be used with confidence under a wide variety of conditions. Associated with this emphasis on calibration,

is the importance of the accuracy and reliability of the data, as it is highly unlikely, if not impossible, to obtain

calibrated formulae which are more accurate than the data on which they are based.

5.3.4 Basic formulations

By analogy with the stream power concept and based on the findings from previous studies mentioned above,

it was assumed that the mean sediment concentration (Cgem)over the water depth (d) and over time at the

particular position (inside or outside the surf zone) is proportional to the wave power (or the energy dissipation

per time and per unit volume) raised to the power ej. That is:

(5.4)

where D = energy dissipation per unit area of the sea bottom

exponent

function of the sediment fall velocity (w) and the bottom shear velocity (u.)
=
=
= a.w/u, (a, = dimensionless coefficient which was found to be

0,833{iii = 2,089 by Rooseboom (1974, 1992) for river flow.)

The bottom shear velocity u, is a function of the bottom shear stress and therefore, among other things, also

of the bed roughness and orbital motion as will be presented later on.

Cscm = (5.5)

with ~ =

and subscript "gem" denotes a mean value over depth and over time.
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In the simplest form then, the local time-averaged longshore transport rate (s.) is:

s,I = (5.6)

where Vgem = local longshore current velocity averaged over the depth

and dimensionless calibration coefficient (if Cgemis in m3/m3
)

A double calibration is possible by determining a2 in Equation (5.5) using totally independent concentration data

and then using the result to obtain a, in Equation (5.6). Obtaining a3 in this manner is done by using local

longshore transport data. The potential advantage of this approach is twofold, namely:

• Because of the rather limited local longshore transport data, the formulae are tested against the

relatively wider concentration database that is currently available. A more representative result based

on more degrees of freedom is thus achieved.

• The adequacy of both the assumptions inherent in Equations (5.5) and (5.6) and their validity are tested

separately.

In addition, a direct calibration was carried out. By eliminating Cgemfrom Equation (5.5) and (5.6), the

following relationship is obtained:

(5.7)

calibration coefficient (units: (m.s3/kgt' )
Therefore a, can be determined directly with local longshore transport data.

The final and most important calibration is, however, against the extensive database for bulk longshore

transport rates that is presented in Chapter 2 and used in Chapter 4.

The same basic formulations (Equations (5.5) to (5.7» were used both outside and inside the surf zone;

however, the energy dissipation per time and volume and the shear velocity were evaluated differently with

respect to each zone.

5.3.5 Underlying aspects

The following underlying aspects are treated briefly:

• Wave-current interaction.

• Representing the local longshore transport rate by the product of the time-averaged concentration and

the time-averaged longshore current velocity.

• Distributions of the concentration and longshore current velocity over the depth.
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• Implications of not using non-linear wave theory.

• Expressing the longshore transport solely as suspended load compared with both bedload and

suspended load.

• Effect of beach profile variations caused by cross-shore sediment transport.

Wave-current interaction

The presence of strong currents in addition to waves affects not only the longshore current velocity, but also

influences the orbital motion and thus the bottom roughness and the shear velocity. Furthermore, the energy

dissipation due to bottom friction is changed. Wave-current interaction therefore plays a role in determining

D, u- and vsem.

In the derivation that follows, it has been assumed that wave-driven currents predominate. If tidal or wind-

driven currents are important, energy dissipation due to breaking and bottom friction (while also taking wave-

current interaction into account) can be computed by methods such as those of O'Connor and Y00 (1987, 1988).

Because the ripple dimensions and thus the bottom roughness and friction factor are also affected, the value of

the exponent e, will also change. It is therefore possible to explicitly include wave-current interaction in the

method. This inclusion is, however, outside the scope of the thesis. One can, however, argue that wave-current

interaction is to some extent implicitly allowed for in the model. This is because the calibration data include the

effects of wave-current interaction, especially in the surf zone where strong currents are sometimes found. It

therefore depends whether the data have been obtained at sites where tidal or wind-driven currents are

important. Both local and bulk longshore transport data have been used in the calibration of the method. For

the local longshore transport data only, the ranges of the measured longshore current velocity, are as follows:

Inside the surf zone: 0,01 m/s to 0,53 m/s

Outside the surf zone: 0,02 m/s to 0,08 m/s

For the bulk longshore transport data, the ranges of longshore current velocities were considerably higher

(although these velocities were predicted and not measured). From these ranges of the longshore current

velocities, it can be seen that moderate to reasonably strong currents are included in the data for inside the surf

zone; however, generally speaking, the currents are low outside the surf zone. Limited wave-current interaction

is therefore included for transport inside the surf zone.

Despite this implicit inclusion of (limited) wave-current interaction, the method must be considered applicable

only at sites where wave-driven currents predominate.

Longshore transport in terms of the mean concentration and mean velocity over time

It may be asked whether the basic approach is correct of assuming that the time-averaged local longshore

transport rate can be represented by Csem'vgcm. It is well-known that both the concentration (C) and the
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longshore current velocity (v) vary considerably over time. Therefore if peaks of these variables coincide

(showing so-called coupling), it means that

1. ftCvdt=(C.v) .,.C 'V
tog.", gil'" gil'" (5.8)

where t = time

Since s, = JCvd dt ,it is clear that if C and v are correlated, then the local longshore transport (sJ cannot

be represented by Cgem.vgem.If this is the case, both the time variations ofC and v have to be known together

with their phase difference in order to perform the integration of Equation (5.8).

A number of studies have been conducted to investigate the relationships between (C.v)gemand Cgem.Vgemand

between (C.u)gemand Cgem.Ugem(u is the cross-shore current velocity) as a function oftime (Sternberg et al.,
1984; Jaffe et al., 1984; Hanes and Vincent, 1987; Beach and Sternberg, 1992; and Jaffe and Sallenger, 1992).

Using detailed measurements at four sites during, amongst other conditions, storms, the researchers found

conclusively that C and v are uncorrelated but that there is a coupling between C and u. (Steetzel (1993),

however, presented an argument for presenting the cross-shore transport rate by Cgem.Ugem.)Figures 5.2 and

5.3 illustrate the results of the measurements. Note that in Figure 5.2 a low (approximately zero) suspended-

sediment flux coupling indicates no correlation between C and v. Figure 5.3 (plot B) shows that Cgem. Vgem=
(C.v)gem'

It can therefore be concluded that the local longshore transport rate can be represented by Cgem.vgemas a good

first approximation.

Distributions of the concentration and longshore current velocity over the depth

Apart from the representation of the concentration and longshore current velocity by their respective time-

averaged values, the variations of the concentration and the longshore current velocity over depth should be

considered. It is therefore relevant to briefly review the distributions of C and v over the depth. In numerous

studies it has been found that the time-averaged concentration is distributed exponentially over the depth (for

example, Nielsen, 1979, 1984; Sternberg et al., 1984 and Schoonees, 1990).

In Appendix G it is shown from measurements and from theory that the time-averaged longshore current

velocity is almost constant throughout the water depth. Therefore, assuming v = Vgemis well justified. Using

Cgemdoes not allow adequately for the variation of C over the depth. However, applying Cgemremains the

simplest approach as explained previously and is expected nevertheless to give reasonable results.

It can therefore be concluded that vgemprovides an adequate representation of v over the depth. The calibration

and verification of the method will show whether it is sufficiently accurate to use Cgem.
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Non-linear wave theory

Since all the waves under consideration are in shallow water, the question can be asked whether non-linear wave

theory should not rather be used. Such a theory would change (and possibly improve) the predictions of the

orbital motion, the bottom roughness, the shear velocity and the energy dissipation per time and volume. If the

longshore current velocity is computed, the prediction thereof will also be affected. However, the calibration

and verification of the above-mentioned parameters were accomplished with the aid of linear wave theory. If

non-linear wave theory is applied, then the calibration of these parameters should be repeated. Therefore, in

order to be consistent and because it is simpler to use, linear wave theory was applied throughout. If the validity

of the method of applied wave power is proved, then it will be possible to investigate the use of non-linear wave

theory later.

Total load versus bedload and suspended load

The differentiation between bedload and suspended load is considered somewhat artificial, with the former being

a special case of the latter. Following Nielsen (1979) and Rooseboom (1992), it has therefore been assumed

that all sediment is carried in suspension. The so-called bedload layer is therefore considered as a zone in which

a high concentration of suspended sediment occurs.

If the exponent e, (in Equations (5.2), (5.3) and (5.5) for example) is small, the sediment concentration varies

very little with depth and an almost homogenous suspension is present (Rooseboom, 1992). For high e, values

virtually all sediment will be found close to the bed and only so-called bedload transport occurs (Rooseboom,

1992). The suspension theory therefore accounts for both extremes, namely, a homogenous suspension and only

bedload. At the same time, intermediate cases are also covered. It is therefore reasonable to relate the total load

to the mechanism of suspension. Furthermore, Rooseboom and Mulke (1982) have shown for stream flow that

incipient motion criteria could be established by means of suspension theory even though the transport is almost

purely bedload just after the start of motion.

Effect of beach profile variations caused by cross-shore sediment transport

It is well-known that offshore sediment transport is usually a swift process whereby a beach is usually eroded

near the water-line during a storm. The sand is transported seawards and deposited to form an underwater bar

in deeper water on which the storm waves break. When the sea calms down again, sand is slowly transported

back to the beach, thus re-establishing approximately the original beach profile if no net loss of sand has

occurred. If a wave condition persists long enough, an equilibrium beach profile is formed. On such a profile,

there are no significant net changes in the form of the profile. Various studies have proved the equilibrium beach

profile concept; for example, Nayak (1970), Swart (1974), Dean (1977) and Larson and Kraus (1989).

Related to the equilibrium beach profile concept, Larson and Kraus (1989) found a rapid decay over time in

the net cross-shore transport rate. This finding is based on measurements during 33 experiments in large waves

tanks. This decay corresponds to the fact that the cross-shore transport rate is related to the extent of difference
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between the existing profile and the equilibrium profile (Swart, 1974). An initial large difference between these

profiles will cause the profile to adapt reasonably quickly. When the difference becomes small, the change

towards the equilibrium profile will take place much more slowly.

Based on the beach profile variations that are caused by cross-shore transport, it is hypothesized that the local

longshore transport rates will change over time because of these beach profile variations. In order to

substantiate this hypothesis, limited modelling with a cross-shore sediment transport and morphological model,

Sbeach by Larson and Kraus (1989), was used to simulate typical beach profile changes. This model has a

sound theoretical basis and is well verified against field data (Schoonees and Theron, 1995). The following

output from the Sbeach model was used: the variation over time of the water depth and the local wave height.

This output was then employed to calculate separately the parameter called the energy dissipation per unit

volume and time raised to the power e, (= (Db,Bid)"1). According to Equation (5.7), this parameter is directly

related to the local longshore transport rate. Three different areas were identified in the modelling along the

beach profile, namely, (1) an area where significant erosion occurred, (2) an area along the beach profile

characterised by low deposition, and (3) an area where high deposition (crest ofa sand bar) occurred. Itwas

found in all these areas that the parameter (Db,BJ/d)eI, representing the local longshore transport rate, varied over

time. After initial larger variations, an equilibrium value of the parameter was established. In the second area

it was found that only minor changes occurred. Clearly, this is to be expected in Area (2) because both the water

depth and the local wave height changed only very slightly over time.

It is customary in computing longshore transport to assume that the beach profile does not change during the

period that a particular wave condition occurs. The above analysis, however, clearly shows that the local

longshore transport rate will vary over time because of beach profile changes. It is therefore important to take

into account this variation over time in the longshore transport rate. This aspect will be addressed later.

5.4 Choice and Consistency of the Concentration Data

Because independent concentration data are employed in the calibration, it is important to consider briefly the

accuracy and reliability ofthese data. This is done in this section and thereafter the theory for both outside and

inside the surf zone is developed.

Van Rijn (1991) compiled a comprehensive database on sand concentration profiles through the water depth.

From this database all data collected in the field as well as in prototype-sized flumes were chosen for

calibration. The advantage of this approach is that possible scale effects are virtually eliminated. On the other

hand, it is more difficult to measure accurately in the field (see for example, Derks and Stive, 1984; Schoonees,

1990 and Coppoolse et al., 1992). In addition, the input variables cannot be controlled. However, it was felt,

concerning the longshore transport data (Schoonees and Theron, 1993 - Appendix A) that the most important

consideration was to be able to predict sediment concentrations accurately in the field. Data obtained in wave

tunnels were excluded because the effects of vertical accelerations and wave breaking are not produced.
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A wide variety of conditions are covered by the data in the database. Apart from non-breaking waves (outside

the surf zone), spilling, spilling/plunging and plunging breaking waves (inside the surf zone) are included. For

the laboratory data from large flume tests, mostly irregular wave spectra of the Pierson-Moskowitz type were

used. However, irregular waves with a Jonswap spectrum and regular waves were also generated in these tests.

Detailed information regarding the wave heights (the significant wave height was used unless otherwise stated),

wave periods, water depths, grain sizes, different bed forms, et cetera is given where the calibrations are

described.

Data from the following authors were used as given by Van Rijn (1991):

Nielsen (1984)

Vellinga (1984)

Vessem for Project Geomor, Rijkswaterstaat, The Netherlands (Van Rijn, 1991)

Roelvink (1987)

Steetzel (1987)

Van Rijn (1989)

Dette and Uliczka (1986, 1986a)

Details regarding these investigations are given in Van Rijn (1991) together with the original references and will

not be repeated here. In Appendix H, one of the methods used by Van Rijn to extrapolate concentration

measurements to the bed in order to determine a mean concentration, is described. The results of this method

were used in the present study.

It is important to note that no data points of the selected recordings (as explained above) were left out simply

because they did not fit the model(s) that were calibrated.

Nielsen (1984) repeatedly measured sediment concentrations in the field, while Dette and Uliczka (1986) did

so ina big wave flume in Hannover. Both these sets of data are analysed in Appendix H. Itwas found that the

factor (fJ, being the maximum concentration/minimum concentration at a particular elevation, varied between

1,4 and 19,9 with an average value of3,2. This means that even if a particular theoretical model is perfect, its

accuracy in calibration against these data can be accurate only within an average factor (fc) of 3,2.

InAppendix H various reasons are given for these large variations in measured concentrations. One of the most

important reasons is the sampling interval which is believed to be too short. Typically, the sampling interval

is from 3,5 minutes to 15 minutes. Arguments are presented in Appendix H which indicate that the interval

should be not less than 30 minutes and preferably an hour or longer.

The consistency of the concentration measurements (on average within a factor of 3,2) must be kept in mind

when the calibration of the applied wave power approach is carried out. Outliers deviating from the calibration

curve can be expected because an outlier is found even in the limited number of repetitive measurements

(fable HI in Appendix H). This finding is confirmed in Figures 5.4 and 5.5 which show a spread in the data
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in the calibration of the method by Steetzel (1993) at Delft University of Technology. Steetzel (1993) developed

a method to compute cross-shore sediment transport in terms of the concentrations. Outliers are evident in his

subsequent comparison of the measured and calculated bottom reference concentrations (Figures 5.6 and 5.7).

Despite the spread in the concentration data, Steetzel showed that his cross-shore transport model predicts the

beach response reasonably accurately.

5.5 Local Longshore Transport Rate Outside the Surf Zone

5.5.1 General

Equations (5.5), (5.6) and (5.7) will be used to calibrate coefficients a, to a, for transport outside the surfzone.

The energy dissipation caused by bottom friction will be applied. The theory for predicting the energy

dissipation and the calibrations of the mean concentration and local transport rate is developed.

5.5.2 Theory

After defining the wave power, the equations for the shear and fall velocities are presented.

By using the wave energy equation for steady state conditions, the energy dissipation per unit time and unit

volume for a turbulent boundary layer (Horikawa, 1988; O'Connor and Yoo, 1988) is given by:

1 aF
d ax

= 2 3-pf..uold
31t '" . (5.9)

where = energy dissipation per unit time and area due to bottom friction

The mean sediment concentration over depth (and time) is then

Cgem = a2 (Drl dyJ (5.10)
with

and
= a.w/u,

calibration coefficients

In the same way, Equation (5.7) can be applied with D = Dr being the appropriate energy dissipation per unit

time and area.

To obtain u, in the exponent e, in Equations (5.4) and (5.5) the following approach was used:

(5.11)
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where to = bottom shear stress

= (5.12)

and = Jonsson wave friction factor

= exp {-5,98 + 5,21(a/rrO,19} for a/r>I,57 (5.13)

0,30

(Swart, 1974)

for a, Ir s 1,57

Here r = bed roughness which was determined with the Van Rijn (1989) method

orbital amplitude on the bottom=

= H (5.14)
2sinh(27td/L)

Also = orbital velocity on the bed

7tH (5.15)

The fall velocity (w) was evaluated using the method by Fromme (1977).

5.5.3 Calibration of the mean concentration

The values of the coefficients a, and a2 in Equation (5.5) are determined here in the calibration of the mean

concentration. Firstly, the ranges of the data are given, then the curve fitting is shown and the relationship for

the mean concentration is given.

The ranges of the data outside the surf zone were as follows:

0,20 ~ H, (m) s 1,55

4,6 s T, (s) s 16,6

1,10 s d (m) s 3,00

0,110 s D50 (mm) :5: 0,500

0,0111 s Cgem (x 10-3 m3/m3
) s 0,3400

0,095 s Hsld :5: 0,589

The data therefore cover a reasonably wide range.
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Appendix H presents the detailed calibration. A summary of the calibration follows. By using Marquart's

maximum neighbourhood method (Daniel and Wood, 1980), the optimal value of 1,16 was found for a.. To

improve the fit, the variation of a2 as a function of the local surf similarity parameter, the factor H,fL, and H,ld,

was investigated (H, = His = local significant wave height). The best result was obtained by the latter factor

(~/d). Although the scatter is still large (Figure 5.8), a line was fitted through the data giving:

a2= 0,15.10-3 (H, /d) (5.16)

Figure 5.9 illustrates the measured versus the predicted mean concentrations in which

egan = 0, 15.10-3 rn, /d) ro, /d)I,16wlu. (5.17)

This figure (note the linear scales) shows that despite some scatter, this equation can predict the mean

concentrations reasonably well over quite a wide range of conditions. The dotted lines indicate 0,5 and 2 times

the measured mean concentration. Most of the points fall within this range. However, recalling from

Section 5.4 that on average the accuracy of the data is within a factor of3,2, and comparing the variations in

Figures 5.9 and 5.7, the predictions are actually quite good.

5.5.4 Calibration of the local longshore transport rate

The calibration involves the determination of relationships for coefficients a, and a, in Equations (5.6) and (5.7)

to obtain the local longshore transport rate outside the surf zone. Firstly, the selection of the data employed is

discussed. This is followed by a list of the ranges of the data. Finally, the relationship for a, is presented.

In selecting data for calibration purposes, it was surprising to find that few data are available which met the

following criteria:

• Both the suspended and bedload were locally measured outside the surf zone.

• The local longshore current velocity was measured outside the surf zone near the measurement position

(this is to limit inaccuracies due to current prediction).

The latter criterion ruled out the data by Mangor et al. (1984) and Kraus et al. (1989). The data by Rosati et
al. (1991) and White (1987) are the best according to Schoonees and Theron (1993). However, Rosati et al.
concentrated their efforts inside the surf zone with the result that only very few data points outside the surf zone

were available and only at their Ludington site. Because considerable effort would be needed to extract the data

of Rosati et al. which would yield only a few points, it was decided to use only the data by White (1987). It

should be noted that White's (1987) data received a score of 50% from Schoonees and Theron (1993) which
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is within their "middle" data quality category. Because of the scarcity of data outside the surf zone, it is

recommended that more measurements be conducted there.

White (1987) used red and green tracer sand to simultaneously measure the longshore transport rates. The

accuracy of the White (1987) data set analysed in Appendix I must be kept in mind when considering the

calibration. It was found that the mean factor between the higher and lower transport rates (from the red and

green tracer) was 8,3 (Appendix I).

By using Equation (5.17) the factor Cgcmv.d.was calculated and plotted as depicted in Figure 5.10. Outliers

can be seen; the main one being data point 11 Aug '80 # 1 (with the high transport rate) which was shown to

be inaccurate (Appendix I). This point was therefore disregarded in the calibration. Calibration was carried

out and when the predicted longshore transport rates were plotted versus the measured rates, it was found that

the low rates were well predicted. However, the higher rates which cause most of the transport, were badly

predicted. It was thus concluded that the data of lower accuracy (generally speaking those representing low

rates) contributed significantly to the calibration. Consequently, it was decided to select only the data points

of which the percentage difference between the green and red tracers is less or equal to 100%. Altogether 12

points remained. It would of course be better to impose a stricter criterion such as 50% or even 25%.

However, too few points would then be retained (Table II in Appendix I); for example, only 6 points remain

if 50% is chosen.

The data ranges of these 12 points are as follows:

0,42 s ~(m) s 1,13

7,70 s T, (s) s 22,70

2,30 s d(m) s 5,00

0,177 s Dso (mm) s 0,250

0,02 s s, (xlO·9m2/s) s 35,34

0,162 s ~/d s 0,396

Figure 5.11 illustrates the relationship between Cgem v.d. and s, where Equation (5.17) was used to compute

Cp. Again some scatter is apparent.

It can be argued that a, could be a function of either the wave steepness (H, /L, which is an important parameter

in cross-shore sediment transport), the local wave agitation as represented by H, /d or the local surf similarity

parameter (as defined in Equation (5.45) in Section 5.6.4). Clearly, the higher the local wave height is, the

higher the wave agitation H, /d will be and the higher the local transport should be. On the other hand, the local

surf similarity parameter contains both the beach slope and the local wave steepness.
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When tested against the data, it was found that the wave agitation parameter H, /d gave the most accurate

representation of a, (Figure 5.12). The reason for this is that ~ /d directly determines the wave agitation and

thus the local transport rate as explained above. From Figure 5.12 it can be seen that the data lie between

HJd = 0,16 and 0,40, with a single point between about H, /d = 0,27 and 0,40. Clearly the trend of a,
increasing with higher values of H, /d, is correct as explained above. This trend is supported by the data point

at H,/ d = 0,40. Inaddition, further calibration is carried out later (Section 5.6) against the comprehensive bulk

data set which does contain data in this If. /d range. It can therefore be concluded that the single data point at

If. /d = 0,40 in the local transport data does not impede the calibration.

The best-fit curve was adjusted slightly to prevent a3 from being negative in the region around If. /d = 0,22
(Figure 5.12). Attention should also be paid to the wider range of'H, /d values, that is, less than 0,16 and from

about 0,40 to the breakerline (say 0,70 or 0,80). As data in these areas are lacking, it is proposed to keep a,
constant for low H, /d values because it is highly unlikely that a, will increase in this region. Extrapolating the

curve to the breakerline produced reasonable results. The value of a, will increase by a factor of 6,8 when

extrapolating from Hid = 0,4 to the breakerline. This increase is reasonable because Nielsen (1979, 1984)
found an approximately ten- to twentyfold increase in the sediment concentrations under non-breaking and

breaking waves which had the same wave height. The following relationships are therefore adopted:

a3 = 2 x 10-3 for H/d s 0,16

= [678,9(H/d)2 - 289,9(H,Id) + 31,0]x 10-3

for 0,16< Hjd ~0,7 or 0,8 (the breakerliney

(5.18)

The local longshore transport beyond the surf zone is then given by:

(5.19)

Figure 5.13 shows the predicted versus measured transport rates. The broken lines represent the predicted rate

= 0,5 (or 2) times the measured rate. It can be seen that the higher rates are reasonably well predicted.

However, some overprediction at low rates is evident. As explained before, the accuracy of especially the data

points having low transport rates, is suspect. If the accuracy of the data is taken into account, the fit is

reasonably good.

In Figure 5.14 the correlation between the predicted and measured transport rates of White's original 21 data

points can be seen. (The broken lines have the same meaning as in Figure 5.13.) Apart from the one outlier

(that is, the data point of 11 Aug '80 # 1which has been shown to be unrealistic), the agreement is reasonable.

Calibration against the independent large data set containing the bulk longshore transport rates (Chapter 4) is

carried out in the next section (Section 5.6) in conjunction with the longshore transport inside the surf zone.
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5.6 Local Longshore Transport Rate Inside the Surf Zone

5.6.1 General

In Section 5.6 an expression is derived and comprehensively calibrated for the local longshore transport rate

inside the surf zone. The section starts with the derivation of different equations to compute the energy

dissipation caused by wave breaking. After taking into account the results of an initial calibration, the

distribution of the coefficient a, (in Equation (5.7) for inside the surf zone) is treated in detail. Different possible

distributions are postulated and subsequently tested against data. Allowance for the effect of beach profile

variations caused by cross-shore transport is discussed next. Full calibration and optimization is carried out for

the different distributions of the coefficient a4. Thereafter the final results are presented, showing the accuracy

of the predictions.

5.6.2 Derivation of the Wave Power Equations

Background

Four different methods were used to compute the energy dissipation per unit area due to wave breaking (Db).

Three of these were used as given by the original authors, namely, Dean (1977), Battjes and Janssen (1978)-

abbreviated to BJ, usually as a subscript - and Morfett (1990). The fourth method was derived here based on

the equation given by Dally for the variation in wave height across the surf zone (Dally et al., 1984) as will be

shown below. The four methods are discussed below.

The Dean method

Dean (1977) explained the concave shape of beach profiles by considering the energy dissipation per unit time

and volume in the surf zone under equilibrium wave conditions. Later on, Kriebel and Dean (1984) and

Kriebel (1990) developed a cross-shore sediment transport model in which Dean's derivation was also applied

(see also Schoonees and Theron, 1995). Kriebel calibrated his model successfully and obtained quite accurate

predictions of beach profile behaviour. Dean's derivation is as follows:

loF
d Bx

(5.20)

where x = horizontal distance measured from the still water line seawards

F = energy flux

= EIlw Cc (5.21)

with E = 0,125 pglf (5.22)

n, = 0,5 {I + (4rcd/L)/(sinh 4rcd/L)}

H = wave height
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L = local wavelength

wave celerityand =

Assuming shallow water and linear wave theory, then

= 1
(gd)o.5

(5.23)

(5.24)and =

Equations (5.22), (5.23) and (5.24) in (5.21) yield:

F = 0,125 pgl.5 dO.5 If (5.25)

Assuming spilling breaking:

H = yd (5.26)

with Y = breaker index

= 0,78 (Dean, 1977).

Substituting Equation (5.26) in Equation (5.55) and then differentiating Equation (5.20), the result is:

(5.27)

If a uniform beach slope is assumed such that dd/dx = tann then

_i_ pgl,5 y2 dO,s tan«
16

(5.28)

This equation was then used in conjunction with Equations (5.5) and (5.7).

The Battjes and Janssen model

Battjes and Janssen (1978) used the analogy of energy loss in a hydraulic jump to determine the energy

dissipation of a broken wave. Later Battjes and Stive (1985) extensively calibrated the Battjes and Janssen

model which predicts the wave height distribution through the surf zone. Battjes and Stive obtained accurate

results.

Battjes and Janssen derived the following expression:

(5.29)

where aB] = calibration constant

= 1 (Battjes and Stive, 1985)
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and

Q

n,
= ratio of broken waves to the total number of waves at the particular position

maximum wave height possible in the specific water depth considered

= o,gg_!:_tanh( 21th._1_)
21t L 0,88

(5.30)

with h local water depth including wave set-up or set-down

Battjes and Stive (1985) gave an expression for y based on the deep-water wave steepness; however, in the data

available in this study (e.g. Van Rijn, 1991), the deep-water wave height which is used to compute the wave

steepness is unknown. Therefore an average breaker index y of 0,7 was used (Battjes, 1974).

To obtain Q, Battjes and Janssen (1978) assumed a Rayleigh distribution for the wave heights and acquired the

following expression:

l-Q
-lnQ (5.31)

where I-I,_ = root-mean-square wave height

This leads to

1- Q + (H,.,,./H,,YlnQ = 0 (5.32)

which has to be solved iteratively taking into account that f\m. = H. / 12 (US Army, Corps of Engineers,

1984).

Equation (5.29) is then applied (with D = Db) in conjunction with Equations (5.5) and (5.7).

Derivation based on the approach by Dally et al. (J 985)

Like Battjes and Janssen (1978), Dally et al. (1985) also used the analogy of energy loss in a hydraulic jump

to determine the energy dissipation of a broken wave, although in a different form. Dally et al. derived the

following equations (Equations (5.33) to (5.38» for wave height variation across a surf zone which has a

uniform beach slope:

For Kltana '" 2,5:
H = local wave height

HJ(dldbfllaDU-o,s . (1+uJ - uD(dldb)2f'S= (5.33)
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with aD = Kr' ( d'r (5.34)
tan« (2,5 - Kltana) Hb

K = calibration coefficient (5.35)

= 0,15 (Dally et al., 1985)
and r = calibration coefficient (5.36)

= 0,40 (Dally et al., 1985)
<it, = depth at the breakerline

Hb = breaker height

(5.37)

For Kltana = 2,5:

where PD = 2,5 r2(d/Hb)2 (5.38)

The above equations by Dally et al. (1985), however, present the wave height through the surf zone. In the

derivation which follows, it is shown how Db can be obtained by using these Dally et al. (1985) equations.

Firstly, either Equation (5.33) or (5.37) is substituted (whichever is applicable) in Equation (5.25) to acquire

F. This equation is then differentiated to obtain aF / axD which is substituted in Equation (5.20) to obtain Db'

Differentiating Equation (5.25) yields

aF
(5.39)

Expressions for aH / a Xo and ad / axo are required to be able to compute aF / axo from Equation (5.39).

Furthermore, the relationship between aF / ax and aF / axo needs to be established.

Assuming a uniform beach slope and remembering that Xo is measured landwards from the breakerline in the

Dally et al. (1985) notation:

d = <it, - Xo tana

ad -tan a.. =
aXD
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To obtain aH ,Equations (5.33) and (5.37) are differentiated:
aXD

For Kltana ". 2,5:

a
aH = 0,5Hb[(dldbf'taD4-0,5.(1 +UJ-UD(dldb)2jo,S •
xD

{(1+ UrXd1d,fWlll.-l,S • (K/t;mu - 0,5) . (1Idb) ad - 2u D(dldb) (1Idb) ad}
ax ax

(5.40)

For Kltana = 2,5:

aH = (H Id )[1- AJn(dld )]0,5. ad
aXD b b t-' b ax

- (H A 12d )[1 - AJn(dld )]-0,5. adbt-'U b t-' b ax
(5.41)

But to be consistent with the definition ofx which is measured from the still-water line seawards, it is noted that

xn = ~ - x

:. aXn -Ox

aF aF.. ax aXD

which must be used in conjunction with Equation (5.39).

The energy dissipation per unit time and area is then found from Equations (5.39) and (5.20) and used together

with Equations (5.5) and (5.7). Note that the breaker height (Hg) is required in this formulation. However, in

the concentration data bank (Van Rijn, 1991) only the local wave height is given. To circumvent this problem,

1\was computed from either Equation (5.33) or (5.37), whichever is applicable.

The Morfett method

10deriving his own longshore transport model, Morfett (1990) adapted the expression given by O'Connor and

Yoo (1987) for the energy dissipation by wave breaking. The result was:

(5.42)
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where

o 33 ( ) 3 (_lI ) 2Cd _ K (tan a) , 21C _IU.l_s 1
( B)- D g t, L . {tanh(2trd/L)}5

(5.43)

with Kn = 1,3
and T z = zero-crossing wave period.

Equation (5.42) is then used together with Equations (5.5) and (5.7).

5.6.3 Results of the initial calibration

An initial calibration was carried out to determine the value of the coefficient a) (in Equation 5.5), to determine

which method gives the best results when the energy dissipation per unit time and volume is calculated and also

whether the use of coefficient a, is preferable to using coefficient a3 (in Equations (5.6) and (5.7». Details of

the initial calibration are described in Appendix H. The results of the initial calibration are presented below.

Of the four methods tested against concentration data, the Battjes and Janssen approach was found to be best

for predicting the energy dissipation due to wave breaking. Marquart's maximum neighbourhood method (Daniel

and Wood, 1980)was then used to optimize the values of a, while using the Battjes and Janssen approach and

the Van Rijn (1991) database for sediment concentrations. Thus the value of coefficient a, was found to be

1,94.

According to Schoonees and Theron (1993) (Chapter 2), the best measurements of the local longshore transport

rate (s.) were made by Kraus et al. (1982). These data which scored 63%, fell in the "higher" data quality

category ofSchoonees and Theron (1993). Features which enhanced the data of Kraus et al. (1982) werethat

measurements were carried out at four widely varying beaches (for example, Hirono beach), and that the local

longshore current velocity was measured. Although this data set contains only 15 data points, it was chosen for

the initial calibration because of its better quality. The local significant wave height was calculated from the

measured breaker height with the Dally et al. (1985) method.

It was found that using coefficient a, produced better results than coefficient a3. The advantage of a3 is that it

contains the intermediate calibration of a, and a2 in Cgern (Equations (5.5) and (5.6». This is unfortunately also

its drawback since it inherits the scatter/noise in the concentration data. This result of a, giving better results

than a, was confirmed during the initial calibration against the large bulk longshore sediment transport data set.

It was also concluded that it is better to use the Swart and Fleming (1980) method than the Komar (1975)
method for calculating the longshore current velocities (= vx) when the present method is tested against the bulk

longshore transport data.

Since it is known that breaker type (that is, spilling, plunging, collapsing and surging) heavily influences the

concentration of suspended sediment (Kana, 1976, 1977, 1978, 1979), it is logical to assume that a, is a

function of the breaker type. The relationship between a, and the breaker type is determined in the next section.
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5.6.4 Distribution of the coefficient 84

General

Before the distribution of coefficient a, in terms of the breaker type can be determined and verified (as proposed

by Kamphuis, personal conununication, 1998), it is necessary to describe the different types of wave breaking

and the energy dissipation associated with each type. In addition, the local longshore transport data by Kraus

et al. (1982) will also be analysed. These three aspects, namely, types of wave breaking, analysis of the local

longshore transport data, and the distribution of a, in terms of the wave breaking, are dealt with in the rest of

this section.

Types of wave breaking

Galvin (1968) and Battjes (1974) are among the researchers who have studied wave breaking. The main wave

breaker types are: spilling, plunging, collapsing and surging breakers (Figure 5.15a and b).

Battjes (1974) describes spilling and plunging breakers as follows:

In plunging breakers the crest becomes strongly asynunetric; it curls over, enclosing an air

pocket, after which it impinges on the trough water ahead. It imparts some forward momentum

to this trough water, entraining air and generating turbulence in the process. The water motion

in the impact area is not at all wave-like in appearance. However, some distance shoreward

from this area a travelling bore is formed, carrying the relatively small wave momentum and

energy which is left after the plunge. With increasing wave steepness and for decreasing slope

angle the crest of a plunging breaker becomes less asynunetric, and the forward-projected jet

of water from the crest becomes less and less pronounced. Its point of impact moves closer to

the point of detachment, that is, it moves from the trough to the sloping face of the breaker;

the violence of the impact thereby decreases. The enclosed air pocket diminishes in size, and

for sufficiently steep waves and gentle slopes the air pocket and the jet of water emanating

from the crest are no longer identifiable. One then speaks of spilling breakers. The wave form

as a whole in these breakers is fairly stable, since the zone of instability is confined to the crest

region. The wave-energy dissipation takes place much more gradually than in plunging

breakers.

In collapsing breakers, the breaking occurs over the lower half of the wave. Although bubbles and foam are

present, there is usually no splash-up (Galvin, 1968 and U S Army, Corps of Engineers, 1984). In contrast, a

wave which slides up and down the slope with minor air entrainment at the base only (little or no bubble

production), is a surging breaker (Galvin, 1968 and U S Army, Corps of Engineers, 1984).

The importance oflarge-scale vortices (containing large numbers of air bubbles) in wave breaking in suspending

sediment has been studied by various investigators, namely, Nadaoka and Kondoh (1982), Nielsen (1984) and
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Nadaoka et al. (1988). Air rising through the water column creates an upward flow of water, thereby assisting

the entrainment of sediment from the bottom. Nielsen (1984) presented a photograph showing a sediment-laden

water jet rising above the general water level because of plunging breaking. Other evidence was also presented

by these investigators to substantiate their conclusion of the important role played by air bubbles associated

with wave breaking on suspending sediment.

The main breaker types of spilling, plunging, collapsing and surging occur in this order as the beach slope

(tan a) increases andlor the wave steepness decreases. Although there is a gradual transition from one breaker

type to another, Battjes (1974) has shown that the surf similarity parameter or Iribarren number at breaking

(~b) can be used to classify the breaker type. The equation is:

~ = tan~
b (Hb/L)O,5

(5.44)

Lo= deep-water wavelength

Battjes (1974) gives the following classification:

Spilling breakers:

Plunging breakers:

Collapsing and surging breakers:

~b < 0,4
0,4 < ~b < 2,0

~b > 2,0

A maximum value of 8,5 for the surf similarity parameter at breaking was found in the data used by Battjes

(1974).

It was considered that it would be more advantageous to link coefficient a, to the local wave breaking rather

than to assume that the surf similarity parameter at the breakerline characterises the breaking throughout the

surf zone. The local surf similarity parameter, is defined as follows:

(5.45)

where ~=His= local significant wave height

By assuming that His= Y . Hbs (Y = breaker index) which is a reasonable assumption, it is possible to relate

the local surf similarity parameter to the surf similarity parameter at breaking. From Equations (5.44) and

(5.45) it is found that

~i = ~b / yO.5 (5.46)
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By using Equation (5.46) and assuming typical values of the breaker index between 0,7 and 1,0 (Battjes, 1974),

the corresponding classification of the wave breaker type in terms of the local surf similarity parameter is as

follows:

Spilling breakers:

Plunging breakers:

Collapsing and surging breakers:

~i < 0,5

0,5 < ~i < 2,3

~i > 2,3

A probable maximum value of the local surf similarity parameter is about 10.

Values of a" as portrayed by the local transport data

. Figure 5.l6 shows the distribution of the data points when plotting a, against the Kraus et al. (1982) local

longshore transport data. These points illustrate the form of the curve: a gradual increase in a, as the local surf

similarity parameter increases to about 0,5 followed by a drastic increase to ~i = 1,0. Thereafter, the reverse

is true: a sudden decrease of up to ~i = 1,4 followed by a slow decrease.

The two data points around ~i = 1,5 represent the points from Hirono Beach where surging breakers occurred

according to Kraus et al. (1982). The two values of a, should indeed be very low considering the very low

degree of turbulence associated with surging breaking. However, the local surf similarity parameter should

have values for these two data points that exceed about 2,3 to be in the range of collapsing and surging

breaking. These two data points should therefore, according to breaker type theory, lie further towards the right
of the figure.

Two other points, potentially outliers, immediately catch the eye in Figure 5.16. The first value, at ~i = 0,37,

is conclusively shown in Appendix J to be an outlier (and therefore incorrect). It is also clear from Figure 5.16

that the highest point (at about ~i = 0,94) represents the complete range of values from about ~i =0,65 to 1,4.

The curve fitted through this data point (the one with highest peak in Figure 5.16) is therefore completely

defined by one single point in this range. Clearly, if this point is incorrect, the predictions in this range will also

be incorrect. For this reason three other curves were also fitted as shown in Figure 5.16. All these curves were

determined based on the measured values. However, when these curves were used and the accuracy of the

method evaluated against the large bulk data set (Data Set 1), poor results were obtained. The standard error

of estimate (0) exceeded 1,3 for all these curves. Furthermore, it was found that for ~i between 0,4 and 1,2,

the transport rates were overpredicted while underpredictions occurred in the range of ~i between 1,5 and 1,9.

These over- and underpredictions substantiate the view that the peak of the a, curve is expected to be between

~i = 1,5 and 2,3 for strongly plunging breakers, and not at 0,94 as indicated by the single data point.

It was also found that, in order to predict bulk longshore transport rates accurately for a wide variety of

conditions, the applied wave power approach needed to be evaluated against the large bulk data set and not only

against the limited local longshore transport rates. (The local longshore transport data and the curves shown

in Figure 5.J6are therefore notusedfurther in the calibration.) These poor results (of 0> 1,3 for the curves
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in Figure 5.16) clearly point to the fact that a more fundamental approach is required in determining the

distribution of a4. This approach is outlined below.

Distributions of coefficient a4

Plausible arguments based on physical processes are presented to determine possible distributions of coefficient

a, in terms of the local surf similarity parameter. As breaking changes from spilling to plunging, the turbulence

associated with the breaking also increases. If the breaking changes from plunging to collapsing and surging,

the turbulence will decrease rapidly to lower levels than would be the case for spilling breaking. Associated with

the turbulence is the air entrainment during breaking. Bubble entrainment is initially at a medium level during

spilling breaking and changes to high and very high during plunging breaking as has been found by Nadaoka

and Kondoh (1982), Nielsen (1984) and Nadaoka et al. (1988). However, low to very low air entrainment is

found in collapsing and surging breakers (Galvin, 1968 and U S Army, Corps of Engineers, 1984).

Comprehensive measurements by Kana (1978) and Fairchild (1977) indicate a drastic increase in the suspended

sediment concentrations under plunging breaking compared with spilling breaking. In fact, Kana (1978) found

that the sediment concentration increased between 3,5 to 6,8 times when the wave breaking changed from

spilling to plunging breaking. Based on these results he concludes that plunging breaking suspends an order of

magnitude more sand than spilling breaking. Analysis of the data given by Fairchild (1977) shows about a

fivefold increase in the sediment concentration with the change from spilling to plunging breaking. Using these

values as a rough guide, it is therefore reasonable to assume that the value of a, must increase by about the

same ratio as the suspended sediment concentration when the breaking changes from spilling to plunging.

Synthesizing the information presented in the above studies on types of wave breaking, air entrainment and

measurements of suspended sediment concentrations, the following can be concluded about the distribution of

Coefficient a,will rapidly increase as the type of breaking changes from spilling to plunging. This increase can

be by a factor of about 4 or 5, but up to about 10. This increase of a, is also substantiated by the local

longshore transport data of Kraus et al. (1982). The coefficient a, will very rapidly decrease when wave

breaking changes from plunging to collapsing and surging. The value of a, will be less for collapsing and

surging breaking compared with spilling breaking.

Based on these conclusions, a possible distribution of a, (called the Type A curve) is a symmetric curve with

smooth yet rapid changes in the value of coefficient a, in the transitional areas between the different breaker

types (that is, where ~i = 0,5 and 2,3). Another curve of a, (Type B) can be deduced which is similar to the

previous one (the Type A curve), except that it has a flat top between ~i =0,5 and 2,3, indicating a saturation

point for the entrainment of air during plunging breaking. In addition, the flat top indicates that only a limited

volume of water can be enclosed during plunging breaking. The third possible curve (Type C) is asymmetric:
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because of a rapid increase in the turbulence from spilling to plunging breaking, there is a rapid increase in the

value of coefficient a, between ~i = 0,5 and 2,3. However, the value of a, decreases extremely rapidly when

the wave breaking changes from plunging to collapsing and surging breaking (at about ~i =2,3). For spilling

breaking, the values of a, are very similar for the Type C curve compared with the Type A curve.

These three distributions are depicted in Figure 5.17. Inorder to distinguish the three distributions visually, they

. have been given descriptive names, namely:

Type A: Hillock

B: Table Mountain

C: Mountain peak

With only the limited number of values for a, (as portrayed by the limited local longshore transport data), it

was found to be difficult to obtain the correct numerical values for the three types of curves presented above.

In order to facilitate the calibration of these three curves to the bulk data set (Data Set 1), two additional

(empirical) distributions of a, were determined. These are a constant a, and a stepwise function (Figure 5.18).

The stepwise function was determined from the data in order that the three types of curves (A, B and C) could

be fitted through the stepwise function to ensure that the curves would approximately predict the correct

numerical values. Clearly, if a, is constant, it means that the coefficient a, is not dependent on the type of

breaking. If it is therefore found in the calibration that the most accurate predictions are obtained with a

constant value of a4, it means that this theory is incorrect. On the other hand, if it is found from the calibration

that either a Type A, B or C curve fits the data well, it will substantiate the physical arguments for the

distribution of a, presented above. Another use of the constant a, function is to prove that, when allowing for

the effect of beach profile variations caused by cross-shore transport, the predictions will be more accurate as

will be explained below.

The calibration of the a, distributions is described in Section 5.6.6.

5.6.5 Effect of beach profile variations caused by cross-shore transport

In Section 5.3 it has been shown that the local longshore transport rate will vary over time because of beach

profile changes. If the existing beach profile is far from the equilibrium profile, the incoming waves will initially

cause a high energy dissipation per unit volume and time at certain locations along the profile. This in tum will

cause high suspended sediment concentrations locally with the result that the beach profile will initially adapt

relatively quickly. Essentially, the energy dissipation per unit volume and time will be limited because of these

beach profile variations.

The fact that the energy dissipation per unit volume and time is limited, will be simulated in order to account
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for the beach profile changes caused by cross-shore sediment transport. Clearly, the accuracy of the predictions

must confirm the success, or otherwise, of allowing for beach profile variation by limiting the energy dissipation

per unit volume and time.

Based on physical processes, it has now been proven that the energy dissipation per unit volume and time should

be limited. The question now is the extent (or the numerical values) of this limitation. The suspended sediment

concentration data provided some guidelines; however, to ensure that the results will be widely applicable, a

wide range of numerical values were tested by using various relationships (curves).

The method that was employed to allow for the effect of beach profile variations is as follows:

• A number of different curves were tested for limiting the energy dissipation per unit volume and time.

• For each of these curves, a constant a, distribution was used. The optimal (constant) value of a, for
each of the curves was then determined by using the bulk data set (Data Set 1).

• The process was repeated without allowing for the beach profile changes by not limiting the energy

dissipation per unit volume and time and also by using a constant a, distribution. The optimal value

of a, for this case was also obtained.

The effect of allowing for the beach profile changes does not include the influence of the distribution of

coefficient a, because constant a, values were used in each case. In this way, the effect of the beach profile

changes could be singled out and a consistent comparison could be carried out.

Figure 5.19 shows the different curves that were used to limit the parameter Po representing the energy

dissipation per unit volume and time raised to the power e..

(5.47)

This parameter Po is directly proportional to the local longshore transport rate (Equation 5.7). These curves

were chosen to cover a feasible, yet wide range of values.

The optimization process which was followed to determine the best constant a, value for each curve was: a

value was chosen for a, which was used to predict the longshore transport rates for Data Set 1. Based on the

predicted rates, the standard error of estimate (a) was computed. Different constant values of a, were also

chosen and the corresponding standard errors of estimate were calculated. The different values of the standard

error were then plotted, which enabled the optimal constant value a, to be found. Curve (i) (Figure 5.19)

produced the best results, namely the lowest standard error, which is 0,713 for Curve (i) (Figure 5.20).
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Mathematically, the limitation of the parameter Po(and thereby allowing for beach profile changes) was treated

as follows (Figure 5.19):

(5.48)

where Po= original (Db,B/d) cI (that is, without taking into account the beach profile variations)

PI= (Db.s/d)CI including the effect of beach profile variations

Cgem,o=original Cgem(straight line in Figure 5.19)

Cgem,I=Csemas limited by Curve (i), thereby accounting for the effect of beach profile variations

Alternatively

(5.49)

where fl = factor to allow for the effect of beach profile variations

= (0,20 In Po + 0,28 )1 (0,06. Po) if Po> 13,29

=1 if Po s 13,29 (5.50)

The factor fl is plotted in Figure 5.21.

If no allowance is made for the beach profile changes and a constant a, is used, the optimal standard error of

estimate (0) found is 1,079. Comparing this standard error (1,079) with the corresponding standard error of

estimate after allowing for beach profile changes (0,713), it is clear that considerably better (about 34%better)

predictions are obtained. This drastic improvement in the accuracy of the predictions confirms the importance

of allowing for the effects of beach profile variations.

5.6.6 Calibration

General

This section which deals with the calibration of the applied wave power approach, consists of a description of

the method used in the calibration, determining the stepwise distribution of a4, fitting the three distributions

(Types A, B and C, that is, the Hillock, Table Mountain and Mountain peak curves) and the optimization of

the distribution (Type A, B or C) that produced the best predictions.
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Method used in the calibration of the stepwise distribution of a,

The calibration method can be described as follows:

• The range of values of the local surf similarity parameter (0 to 10) were divided up into different zones

(Zones (i), (ii) ... ). Ineach of these zones the optimal value of the coefficient a, (being constant over the

zone) was determined.

• Iteration 1

• Iteration 2

• Iteration 3:

Step I: Typical initial values of a, were assumed for each of the zones mentioned

above. While keeping the values of all but the first zone constant, it was

possible to vary the value of a, in Zone (i). Each time the value of a, was
changed, the bulk longshore transport rates were predicted for all the data

points in Data Set 1 and the standard error of estimate could be calculated.

The value of a, which produced the lowest standard error of estimate, was

taken to be the best constant a, value for Zone (i).

Step 2: Iteration 1, Step 2: The best constant value of'a, for Zone (i) (found in Stepl

above) was used together with the initially chosen values for Zones (iii),

(iv) ... to optimize the value of a, in Zone (ii). As for Zone (i), the best

constant a, for Zone (ii) is the a, which produces the lowest standard error of

estimate.

Step 3 and further: The best constant value of a, for Zone (iii) was determined

in a similar manner as for Zones (i) and (ii). The process

was repeated for the other zones.

Step I: All the best values obtained during Iteration 1 for Zones (ii), (iii) ...were

assumed as input values while the new best value for Zone (i) was again

determined.

Step 2 and further: The best values of a, for Zones (ii), (iii) ... were obtained in

a similar manner as was done during Iteration 1.

The process was repeated until the new best values of a, for each of the zones did not

differ significantly from the old best values of a4.

The method used later to optimize the best of the three distributions (either Type A, B or C), was very similar

to the above method as will be described further below.
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Stepwise a, distribution

Two different aspects were mainly considered when the range of values of the local surf similarity parameter

was divided into different zones. These two aspects are: (1) the different zones should roughly correspond to

the different breaker types; and (2) the distribution of the values of the local surf similarity parameter in the

whole of Data Set I.

Figure 5.22 shows the distribution of the local surf similarity parameter for all the data points at all different

cross-shore positions in Data Set 1 (12230 points). It can be seen from this graph that the majority of the

values fall between °and I, although there are still a significant number of values between 1 and 2. This is to

be expected because these values correspond to spilling and plunging breaking (Section 5.6.4) which are by far

the most commonly occurring breaker types found on natural beaches.

The division of the range of the local surf similarity parameter is:

Zone (i): ° s ~i ~ 0,5

(ii): 0,5 < ~i ~ 1,5

(iii): 1,5 < ~i ~ 2,3

(iv): ~i > 2,3

Figure 5.23 illustrates the optimization process in fmding the best value for a, in Zone (i). This figure shows

that there is a drastic improvement in the accuracy achieved between the predictions using the a, values of

Iteration 1 compared with Iteration 2. However, the accuracy of the predictions is the same when using the a,

values ofIteration 2 and the values oflteration 3. Two iterations were therefore sufficient to obtain optimized

results.

The optimized stepwise distribution of a, (Figure 5.18) is as follows:

(i) ° to 0,5 22

(ii) 0,5 to 1,5 310

(iii) 1,5 to 2,3 2100

(iv) 2,3 to 10 20

The standard error of estimate (a) for the optimized stepwise distribution of a, is 0,453 (Figure 5.23). Recalling

from Chapter 4 that the previous best detailed longshore transport predictor has a a ofO,611, it is clear that

a significant improvement (about 26%) has been obtained. Inaddition, the standard error of estimate for the

optimized stepwise distribution (=0,453) is considerably better than the corresponding value for a constant a,

(=0,713); this therefore confirms the theory that a, is in fact dependent on the breaker type.
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Having successfully calibrated the stepwise distribution of a4, it was conceived to divide up the range of the

local surf similarity parameter into a large number of different zones. If enough zones are investigated and the

value of a, can be optimized for each of these zones, then it may be possible to determine the optimized

distribution of a, directly from all the data points of the comprehensive Data Set 1. This concept ofhaving many

different zones was applied. Itwas found that the method worked only if a maximum of three to five different

zones was chosen. Ifmore zones are chosen, then the curves of the standard error of estimate versus the chosen

value of a, (curves like those in Figure 5.23) become very flat without distinct inflexion points. The reasons for

the flat curves include the numerical characteristics of the method and the distribution of the values of the local

surf similarity parameter as illustrated in Figure 5.22.

Types A, Band C distributions of a4

An advantage of having the optimized stepwise a, distribution is that near optimal values of the three

theoretical distributions of a4, namely, Types A, B and C (the Hillock, Table Mountain and Mountain peak

distributions) could easily be obtained. Figure 5.24 shows not only the stepwise a, distribution but also the three

theoretical distributions that were fitted around the stepwise distribution. The fitting process was conducted so

that the step values of the stepwise distribution would be approximately average values (in each zone) for each

of the three theoretical curves (Figure 5.24). From this figure it can be seen that the largest difference in the

value of a, given by the three theoretical distributions, occurs in the region where the local surf similarity

parameter is between 1,5 and 3. In contrast, it has been shown that for the available data, most of the local

values of the local surf similarity parameter lie between the 0 and 1 (Figure 5.22).

The question can be asked why the value of a, in the stepwise distribution changes rapidly from 2 100 to 20

(x 10-6) at a value of 2,3 of the local surf similarity parameter (Figure 5.24). The answer lies in the sudden

change in the turbulence intensity produced by plunging breaking compared with virtually no turbulence found

during collapsing and surging breaking. Inaddition, air entrainment plays an important role by causing extreme

vertical flows (air lift) during plunging breaking while almost no air is entrained during collapsing and surging

breaking (Section 5.6.4). Furthermore, measurements ofthe suspended sediment concentrations show a drastic

increase in the concentration for plunging breaking compared with spilling breaking (which produces

considerably more turbulence than collapsing breaking).

Considering then the sudden change in the value of a, from plunging to collapsing breaking, it is clear that the

applied wave power approach is sensitive to small uncertainties in the value of the local surf similarity

parameter around 2,3 (Figure 5.24). Fortunately this concern is not too serious because collapsing breaking

is not commonly found on natural sandy beaches. This fact is supported by the extensive data (12 230 points)

in Data Set 1 which show that few data points lie in the interval ~i > 2,3 (Figure 5.22).
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The standard error of estimate is as follows for the different types of curves shown in Figure 5.24:

A: Hillock
B: Table Mountain
C: Mountain peak

0,760
0,756
0,508

By comparing the values of the standard error of estimate in the table above, it is clear that the Type C curve
(Mountain peak) is by far the most accurate of the three types of curves. However, the accuracy of the Types
A and B curves (Hillock and Table Mountain) is comparable. However, because Type C (Mountain peak) curve
predicts so much more accurately than Types A and B curves, it was decided to optimize only the Type C
(Mountain peak) curve. The accuracy of the Type C curve (0= 0,508) is somewhat worse than the optimized
stepwise distribution of a..(a= 0,453)~ however, it should be possible to achieve comparable accuracy with the
Mountain peak curve once it has been optimized.

Optimization of the Type C (Mountain peak) curve

The method used for the optimization of the Mountain peak curve was similar to the method used to determine
the stepwise distribution of a...However, instead of choosing constant a, values in different zones, the vertical
positions of Points Z, Y and X (Figure 5 .25a) were varied in turn, equations fitted through these points and the
positions optimized. Ina similar way, the positions of Points U, V and W were also optimized. Points U, V
and W are located at different values of the local surf similarity parameter to Points Z, Y and X (Figures 5.25a
and b).

Figure 5.26 illustrates the optimization of Point U during the optimization of the Mountain peak curve with
Points U, V andW. InFigure 5.18 the optimized Mountain peak curve using Points U, V and W is shown.

The following values for the standard error of estimate were found for the two versions of the Mountain peak

curve:

Z, YandX

U, VandW

0,467
0,457

::;:;::;:;::;;:::;:::::.::' ....

H····. ":.::." ~!~eg~~~~:~~i,~i!~~~~~··:::H; En: :: ~~~~~~~~~~ri9fi~~i,m~~~(~}', .

From the values of the standard error of estimate for the two versions of the Mountain peak curve given in the
table above, is it clear that the version of the curve using Points U, V and W is more accurate than the version
using Points Z, Y and X. In addition, the accuracy of the Mountain peak curve using Points U, V and W is
almost the same as the value for the stepwise distribution of a, (0= 0,453). In fact, the difference in accuracy
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is less than 1%. Since the Mountain peak curve using Points U, V and W has virtually the same accuracy as

the stepwise distribution of a4, and because the Mountain peak curve is based on sound physical arguments,

it is recommended that this distribution of a, be used.

The equations of the Mountain peak distribution using Points U, V and Ware as follows:

110 X 10-6~i if 0 s ~i ~0,4

= (660 ~i - 220) X 10-6 if 0,4 < ~i ~ 1,0

= (1151,11 ~i - 1071,11) X 10-6 if 1,0 < ~i s 2,3

= (-15896,3 ~i+38965,8)x 10-6 if 2,3 <~i s 2,45

= if ~i > 2,45 (5.51)

The local longshore transport rate is then
(5.52)

where Vgem = vx (applying the Swart and Fleming (1980) method)

5.6.7 Final results

Accuracy of the applied wave power approach against al/ the data of Data Set 1

The predicted longshore transport rates versus the measured longshore transport rates for the applied wave

power approach (optimized Mountain peak curve using U, V and W) are shown in Figure 5.27. It can be seen

on this figure that, although there is still scatter, the transport rates are well predicted over the full range of the

conditions covered in Data Set I. When comparing the scatter present in Figure 5.27 with similar figures for

the best bulk predictors in existence (Figures 4.2a, 4.3a and 4.4a), it is clear that the scatter is of the same

order. With the standard error of estimate being 0,457 for the applied wave power approach, it can be seen from

Table 4.1 that the applied wave power approach is the fourth best longshore transport predictor of the 52

formulae tested in total (Chapter 4).

Comparing the applied wave power approach with the other detailed longshore transport predictors, it can be

seen that the applied wave power approach is by far the most accurate of the detailed transport predictors

evaluated. In fact, the applied wave power approach is 25% more accurate than the second best detailed

longshore transport predictor (the Engelund, Hansen and Swart method) which has a standard error of estimate

of 0,611.

Stellenbosch University http://scholar.sun.ac.za



5.39

The distribution of the discrepancy ratios (= predicted transport rate / measured transport rate) for the applied

wave power approach is shown in Figure 5.28. This figure illustrates that most of the discrepancy ratios are

less than or equal to one. About 44%of the predictions with the applied wave power approach have discrepancy

ratios of between 0,5 and 2.

Reasons for the success of the applied wave power approach

The success of the applied wave power approach in predicting longshore transport can be ascribed to the

following:

• the approach has a sound theoretical basis

• all the significant physical processes are adequately represented

• the approach does not contain inappropriate assumptions

• inaccuracies ("noise") are not introduced by the incorporation of physical processes of minor

importance

• well verified methods have been applied to provide the required input on, for example, the wave height

decay through the surf zone, bed roughness and the longshore current velocity.

Longshore transport of coarse material

Interestingly, the applied wave power approach predicts the transport of coarse material (median grain size from

I mm up to 15 rnm) reasonably well (Figure 5.29), despite the fact that the recorded rates is these instances

varied between 1 490 m3/year and I 310 000 m3/year with a median value of about 8100 m3/year. (Note that

the broken lines on Figure 5.29 indicate 0,5 and 2 times the measured transport rate, while the solid line is the

line of perfect agreement between the predicted and measured rates).

The average discrepancy ratio is 2,5, which indicates a tendency for overprediction. This is, however, to be

expected because the applied wave power approach presently does not include an incipient motion criterion. The

effect of including an incipient motion criterion will be that the low transport rates will be predicted much more

accurately while, at the same time, the higher transport rates will be hardly influenced. The fact that the high

transport rate is well predicted while the low transport rates are overpredicted (Figure 5.29), confirms that an

incipient motion criterion will improve the accuracy of the predictions.

It can be concluded that the applied wave power approach is at least sufficiently accurate to be able to give

order of magnitude estimates of the transport of coarse material (with D50 between I mm and 15mm). However,
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caution is necessary because of the few (8) data points and because of the tendency for overprediction. It is

recommended that the accuracy ofthe method be tested against more data from coarse material having a wider

range, after incorporating an incipient motion criterion. Only then can the method be used with confidence for

design purposes in the specialized cases where coarse material is transported.

5.7 Flow Chart and Equations Recommended for the Applied Wave Power Approach

The following flow chart summarizes schematically the method recommended for determining longshore

transport with the applied wave power approach:

1
Wave and sediment characteristics (H.. T...
0•• 0,., and the fall velocity (w) available
across the surf zone and beyond.

2
Choose a depth interval and determine the
local depths.

3
Compute the bottom shear Velocity (11.) and
w/u •.

4
Calculate the longshore current velocity
(vx) with the Swart and Fleming (1980)
method.

Calculate the local long-
shore transport inside the
surf zone.

Integrate the longshore
transport across the surf
zone and beyond.
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The detail of some of the above items is given below (the numbers correspond to the numbers in the flow chart):

• fw= exp {-5,98 + 5,21 (a, I r)-o,J9} for a, Ir > 1,57

= 0,30 for ~ Ir s 1,57 (Swart, 1974)

'to = 0,5 f w pUo
2

u, = (r, I p)O,5

(Eq. 5.13)

(Eq. 5.12)

(Eq.5.11)

• Determine the orbital velocity (u.) and amplitude (a.) on the bottom according to linear

wave theory (Eq. (5.15) and 5.l4».

• Calculate the bed forms (if any) and the bed roughness with the Van Rijn (1989) method.

•
•
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• Calculate a4,BJ

~i = tan«
(HI I Lo)O,5

a4,BJ = 110 x 10-6~i if 0 ~ ~i ~0,4
= (660 ~i - 220) x 10-6 if04<~.~1, 1

= (1151, 11 ~i - 1071, 11) x 10-6 if 1 < ~i s 2,3

= (-15896,3 ~i + 38965,8) X 10-6 if 2,3 < ~i s 2,45,.
= 20 X 10-6 if ~i > 2,45

• Compute the local longshore transport rate (s.)

5.42

• Determine e, = 1,94 w/u.

• Compute the energy dissipation per unit time and area (Db) following Battjes and Janssen

(1978),

H = 0 88 _!:_ tanh (21th . __:1_)
'" ' 21t L 0,88

(Eq.5.30)

Qfrom

1 - Q + (Hnm I Hm)2In Q = 0

Db,BJ= 0,25cxBJQpgHm2 / r,
(Eq. 5.32)

(Eq.5.29)

• Allow for the effect of beach profile variations:

Po = (Db,BJ/ d)·1

P1 = ~ Po
with fl = 1 if Po s 13,29

= (0,20 In Po + 0,28) I (0,06 Po) if Po > 13,29 (Eq. 5.50)

(Eq.5.47)

(Eq. 5.49)

(Eq.5.45)

(Eq.5.51)

= (Eq.5.52)s,
where a,
with vsem

= a4,BJ
vx. (Longshore current velocity using the Swart and Fleming

(1980) method)
=
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•
•

Determine e, = 1,16 w/u.

Calculate the energy dissipation per unit time and volume (Dr Id)
2 3

Df Id = 3n vr»; I d
Compute a, = 2,0 x 10-3 for H, Id s 0,16

= [678,9 (H, Id)2 -289,9 (H, Id) + 31] x 10-3

for 0,16 < H, Id s 0,7 or 0,8

(Eq.5.9)

•

(Eq.5.18)

Obtain the depth- and time-averaged concentration (Cgem)

Cgcm= 0,15.10-3 ~ Id)(Dr/d)I.16w/u.

• Determine the local longshore transport rate (s.)

•
(Eq.5.17)

= (Eq.5.19)

with Vgem

From the above, it is clear that the applied wave power approach properly takes into account all the significant

processes and that application of the approach is convenient.

5.8 Recommendations for Further Work

By relating the sediment concentration to ('t dv) -. (see for example, Equation 5.3) at different elevations

above the bottom, the vertical distribution of J7e concentration can be determined. In combination with the

distribution of the longshore current velocity (Appendix G) it is possible to derive the vertical distribution for

the local longshore transport rate. It is recommended that this be done for further refinement of the approach.

If the variation in applied wave power per volume over time is known, it is also possible theoretically to

determine the fluctuation of the local longshore transport rate over time which is useful in some instances.

It is recommended that a bulk longshore transport formula be derived based on the applied wave power

approach. This can be done by integration, yielding a formula which is even more convenient to apply. It would

also be advantageous to investigate the prediction of sediment transport in situations where strong tidal and

wind-driven currents occur because the applied wave power approach should also perform well in this instance.

Cross-shore sediment transport and its associated beach profile variations (including tidal fluctuations) should

bemodelled interactively with longshore transport to obtain more accurate longshore transport rates. Although

computationally intensive, it is recommended that interactive modelling be investigated and developed further.
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To achieve an even better calibration it is important to obtain more data on local longshore transport rates for

plunging to surging breakers, that is, (referring to Figure 5.16) for values of the local surf similarity parameter

between 0,6 and 1,4. Data are sorely needed for high concentrations and high (Db,fB] / d)", values, as well as

for the region outside the surf zone (Section 5.5). It is important that the longshore current velocity be

measured when obtaining these data so as to minimize the potential inaccuracy in the local transport rate due

to the prediction of the longshore current velocity.

It is recommended that the accuracy of the applied wave power approach be validated against more data for

coarse material having a wider range, after incorporating an incipient motion criterion. Such validation would

allow an even wider application (from very fine sand to rock) of the approach.

5.9 Conclusion

The theory for the prediction of the longshore transport in terms of the applied wave power approach has been

developed based on the principles of wave phenomena such as breaking. This approach resulted in a detailed

predictor which accounts for the different processes inside and outside the surf zone. The applied wave power

approach has been successfully calibrated against a comprehensive database containing bulk longshore

transport rates. Of the 52 longshore transport formulae tested, the applied wave power approach was found to

be the fourth best. The wave power approach is by far the best detailed longshore transport predictor (25%

more accurate than the second best predictor). Based on the theory, calibration and performance, it can be

concluded that the applied wave power approach is successful in predicting longshore transport rates. The main

reasons for the success of the applied wave power approach are: (1) it has a sound theoretical basis; (2) it does

not have inappropriate assumptions; and (3) it takes into account all the significant physical processes.
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6. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1 General

A study was undertaken on different aspects of longshore sediment transport. These aspects are the analysis

of field data, evaluation of existing longshore transport formulae and the development and validation of the

applied wave power approach in order to predict longshore transport rates.

The aims of the field data analysis were to compile a comprehensive database, to evaluate the quality of the

available field data objectively and to determine the measurement period required to obtain an accurate long-

term mean net longshore transport rate at a site. Guidance is required on how to obtain in the most cost-

effective way, this long-term mean net longshore transport rate. The objectives of the evaluation of the

longshore transport formulae were to compile a large number of formulae and to evaluate these formulae

against the comprehensive database. From this evaluation it was possible to identify and to improve the most

accurate longshore transport formula. The aims of the applied wave power approach were to develop a detailed

predictor using a fundamentally sound, yet robust approach and to validate the predictions against the

comprehensive database. In addition, the accuracy of the applied wave power approach had to be compared

with the accuracy of the existing longshore transport formulae.

6.2 Field Data Analysis

. General

The field data analysis consisted of two parts: firstly, a review of the available field data for longshore

transport; and secondly, an analysis of the annual variation in the net longshore transport rate.

Review of the available field data

For the first time in coastal engineering, a really comprehensive database has been compiled containing field

data on longshore transport rates. A data set, called Data Set I, was extracted from the database. Virtually all

conditions encountered on natural beaches are covered in this data set. The data were collected on beaches from

many different sites from around the world. This wide range of conditions give credibility to the conclusions

drawn in the evaluation of the formulae presented in Section 6.4.

Most of the longshore transport data from around the world were obtained during mild wave conditions for fine

to medium sand. Data are especially lacking for transport rates exceeding 200 000 m3/year, significant wave

heights higher than 1,8 m, sediment grain sizes coarser than 0,6 mm, and beach slopes steeper than 0,06

(=1114). This means that longshore transport formulae are calibrated almost exclusively against data for mild

conditions. As a result, the most important predictions for which the formulae are used, are for conditions

outside their calibration range. It is therefore strongly recommended that data be collected in the above-

mentioned ranges.
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A point rating system was devised whereby the quality of all the available data could be assessed objectively.

The data sets were divided into three categories, namely, the lower, middle and higher categories. The highest

score achieved in the evaluation was only 71%, thus reflecting the difficulty of measuring the longshore

transport accurately. It is recommended that multiple measurements of the transport rate be made

simultaneously, in order to be able to estimate the random error contained in the data and to demonstrate the

consistency of the measurements.

Annual variation in the net longshore transport rate

Based on data from three sites on the South African east coast, it is recommended that measurements of the

longshore transport rates should be conducted for 5 years to 8 years in order to obtain an accurate value (within

10%) of the long-term mean net longshore transport rate (Figure 2.2). It was also found that the order in which

the net longshore transport rate occurs (for example, a few years of high net rates), is not critical as long as

the required measurement period is adhered to.

Four confidence bands (95%,80%,20% and 5%) were determined for the factor (floating mean net longshore

transport/long-term mean net transport), for different measurement periods (Figure 2.3 and Table 2.2). This

table can be used to estimate the range of possible long-term net transport rates if measurements were done

over a shorter period than the 5 years to 8 years recommended above.

Although the above conclusions are derived from data originating from specific sites, it is reasonable to expect

that the conclusions are more widely applicable, especially for exposed sites. For protected sites, the above

results are most probably conservative.

It is recommended that an accurate assessment of the long-term mean net transport rate at a site can best be

made cost-effectively by combining calculations and measurements. It is proposed that limited site-specific

measurements be made, that the best longshore transport formula (the improved Kamphuis formula- see below)

be calibrated for the particular site and then be used to predict the longshore transport rates by using a

representative wave climate. If possible, these predictions should be augmented by comparing the net rate with

the known net rates from nearby sites.

6.3 Existing Longshore Transport Formulae

The historical development of longshore transport formulae (since 1933) has been briefly described. In total,

51 longshore transport formulae have been compiled from the literature. A new process-based classification

system for longshore transport formulae has been devised and applied by analysing the theoretical bases of

almost all existing longshore transport formulae. The characteristics of the different types of formulae have

been presented in Chapter 3 while the individual formulae have been summarised in Appendix C.

6.4 Evaluation of the Existing Longshore Transport Formulae

In all previous studies only a small number of longshore transport formulae have been tested against very

limited data. For the first time, virtually all (51) longshore transport formulae have been tested against a really
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comprehensive database. Two of the four different measures used, were found to be the best measures with

which to judge the accuracy of a formula. These are (I), the plot of the predicted transport rates versus the

measured rates combined with (2), the standard error of estimate.

The Kamphuis formula, a bulk predictor, was found to perform the best of the 52 formulae (51 existing

formulae plus the applied wave power approach) when tested against Data Set 1. Because of the wide ranges

of this data set, it is reasonable to assume that the Kamphuis formula will perform best for most other sites too.

It is hypothesised that the Kamphuis formula performed the best because it contains all the most important

parameters. By including fewer parameters, a lower degree of inaccuracy is introduced into the prediction.

The Van Hijum, Pilarczyk and Chadwick and the Van der Meer formulae are rated second and third

respectively. Figures 5.8a, 5.9a and 5.10a illustrate the fit of the predicted transport rates against the

measured rates for the three best formulae.

The best longshore transport formula was recalibrated to improve its predictions. Two approaches were used

to recalibrate the Kamphuis formula (Equations (4.6) and (4.7», yielding the following two relationships:

S = 38900 ZKamphuis

(m3/year)

and

S = 30 700 ZKamphuis

(m3/year)

(4.6)

(4.7)

For obtaining bulk longshore transport rates, it is recommended that Equation (4.6) be applied at sites where

the significant wave heights normally exceed about 0,3 m and where the sediment grain size is usually less than

1 mm; that is, at partly protected and exposed sites. Only at sites where very calm conditions prevail and/or

where the sediment size is coarse, is Equation (4.7) expected to yield better results. A slight improvement of

2% in the standard error of estimate in the predicted transport rates was obtained by the recalibration.

Another first, is the derivation of confidence intervals for a longshore transport formula (Figure 4 .18a - 4.19b

and 4.21a and b). Accurate predictions are now possible. Figure 4.20 presents, for the recalibrated Kamphuis

formula, these confidence intervals in terms of a transport factor. For medium to high wave conditions (the

most important conditions when determining the longshore transport budget at a site), the transport factor is

smaller than 1,6 at an 80% confidence interval.

The best existing detailed predictor is the Engelund, Hansen and Swart formula which is only number 13 of

the 15 best formulae when considering the existing bulk and detailed formulae together. It can be argued that

detailed predictors should not be compared directly with bulk formulae. The detailed predictors are usually

more susceptible to inaccuracies resulting from the larger number of input parameters normally required.

When comparing the detailed predictors among themselves, it was found that the applied wave power approach,

the Engelund, Hansen and Swart formula and the Fleming formula are the first, second and third most accurate

formulae respectively. It is believed that the results which show that bulk predictors are at present more

accurate, indicate that beach profile variations impact on detailed predictors far more seriously than on bulk
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predictors. These profile variations are caused by changes in cross-shore transport due to variations in the

wave conditions. It is therefore preferable that beach profile changes due to cross-shore transport be calculated

interactively with the longshore transport.

The so-called package deal approach (analysing the variation in the predictions of the longshore transport by

different formulae) was tested by using the five of the best formulae. The best single formula (the Kamphuis

method) on its own is better than the best of the package deal approaches. It can therefore be concluded that

none of the package deal approaches yields better answers than the best formula on its own (the Kamphuis

method) within the wide data ranges of Data Set 1. For data outside this wide range, it is proposed to examine

the transport rates predicted by the five best formulae and use engineering judgement. Most probably it would

be best also to apply the recalibrated Kamphuis formula alone to data outside the range; however, depending

on the consistency of the predictions, it may be advantageous to use the package deal approach (the mean of

the middle three predictions) if deviations are prevalent among the transport rates. The reason for this

recommendation is that the Kamphuis formula, which was calibrated against physical model data, has shown

that it extrapolates well as indicated by it being the best formula tested against field data. It is therefore

reasonable to expect that it will also extrapolate well to beyond the data ranges of Data Set 1.

6.5 Applied Wave Power Concept

General

The stream power concept developed and applied successfully by Rooseboom (1974, 1992), for river flow has

been adapted for use in the sea. The applied wave power principle was used both inside and outside the surf

zone in order to obtain expressions for the local longshore transport rate at any particular location in these two

regions. These rates were integrated across the surf zone and beyond to obtain the bulk rate. Although the

method which was derived here, is valid only for strong wave action and weak currents, it can be adapted for

strong currents.

In developing the applied wave power approach, it was assumed that the time- and depth-averaged sediment

concentration at a particular position is proportional to the energy dissipation per unit time and volume raised

to a power e.. Exponent el is a function of a coefficient at> the fall velocity of the sediment and the bottom

shear of velocity.

Initial calibration was carried out by using suspended sediment concentration data in the regions inside and

outside the surf zone. Therefore the quality of the concentration data was assessed. It was found that the ratio

between the maximum and minimum concentration can be expected to be about 3,2 on average for repetitive

measurements.

Outside the surf zone

Outside the surf zone, it was found that the mean concentration can be given by:

(5.17)
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Figure 5.9 shows that a reasonable fit is obtained.

The data by White (1987) based on simultaneously measured red and green tracer movement were used.

Analysis of the data revealed that the mean factor f (= higher transport ratellower transport rate) was 8,3.

Eventually 12 (of the initial 21) data points of this data set were used. For each of the 12 data points, the

percentage difference between the transport rates which were measured separately with the red and the green

tracers, was below 100%. The data ranges are given in Section 5.5.4 and the method is summarized in

Section 5.7. The local longshore transport rate is then:

Sj = a3 egem • vgem • d

with coefficient a, defined by Equation (5.18).
(5.19)

The predicted versus the measured local transport rates are plotted in Figure 5.13 for the eventual 12 points

and in Figure 5.14 for the original 21 points. The fit in Figures 5.13 and 5.14 is quite good, considering the

accuracy of the data.

Inside the surf zone

The derivation of different equations to compute the energy dissipation caused by wave breaking, led to the

testing offour of these methods against data. These data have reasonably wide ranges. The approach using the

Battjes and Janssen (1978) method yielded the best results. An initial calibration showed, among other things,

that the best value for coefficient a) was 1,94 and that, for inside the surf zone, coefficient a, gave better results

than coefficient a3. Therefore the local transport rate is:

(5.7)

It was shown that the local longshore transport rate will vary over time because of beach profile changes

resulting from cross-shore sediment transport. If the existing beach profile is far from the equilibrium profile,

the incoming waves will initially cause high energy dissipation per volume and time at certain locations along

the profile. This in tum, will locally result in high suspended sediment concentrations with the result that the

beach profile will initially adapt rather quickly. Essentially the energy dissipation per volume and time will be

limited because of these beach profile variations. Figure 5.21 shows the factor that was derived to allow for

these beach profile changes. Mathematically it means

PJ=fJ. Po
where P0= (Db,B/d)")

(5.49)

(5.47)

Employing this factor improved the accuracy of the predictions significantly, thus confirming the importance

of allowing for the effects of beach profile variations.

The mechanics of wave breaking were investigated for the different breaker types, namely, spilling, plunging,

collapsing and surging breaking. The local wave breaking was categorised by the local surf similarity

parameter. It was postulated that different distributions of a, (as a function of the local surf similarity
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parameter) can be either of three types of distributions (called Types A, B and C). Physically plausible

arguments were presented for each of these types. In addition, a step-wise function for a,was determined from

Data Set 1 (the comprehensive data set of bulk longshore transport rates) in order that the three types of curves

could be fitted through the step-wise function to ensure that curves will predict the correct numerical values.

A numerical method requiring several iterations, was employed for this purpose.

Itwas found that the Type C (called the Mountain peak curve) was the most accurate. This type of curve was

therefore optimized in two different ways. Figure 5.26 shows the best of the optimized curves while the

relationship for a, is given by Equation (5.51). The local longshore transport rate inside the surf zone is then

(5.52)

Final results

The applied wave power approach to compute the longshore sediment transport rate is summarised in

Section 5.7.

The predicted longshore transport rates versus the measured longshore transport rates for the applied wave

power approach are shown in Figure 5.27. With the standard of error of estimate being 0,457 for the applied

wave power approach, it means that this approach is the fourth best longshore transport predictor of the 52
formulae tested.

"

The applied wave power approach is by far the most accurate of the detailed transport predictors evaluated.

In fact, this approach is 25% more accurate than the second best detailed longshore transport predictor (the

Engelund, Hansen and Swart method) which has a standard error of estimate of 0,611. It is therefore

recommended that the applied wave power approach be used if the local longshore transport rates are required

(for obtaining the cross-shore distribution of the longshore transport). The total transport rate integrated across

the surf zone and acquired using the applied wave power approach could be adjusted (scaled) according to the

prediction with the recalibrated Kamphuis formula.

It was found that the applied wave power approach is at least sufficiently accurate to be able to give order of

magnitude estimates of the transport of coarse material (with D50between I mm and 15mm). However, caution

is necessary because of the few (8) data points and because of the tendency for overprediction. It is

recommended that the accuracy of this method be tested against more data from coarse material having a wider

range, after incorporating an incipient motion criterion. Only then can the method be used with confidence for

design purposes where coarse material is transported.

It is recommended that a bulk longshore transport formula be derived based on the applied wave power

approach, in addition to the detailed predictor presented above. This approach could be adapted to determine

the vertical distribution of the local longshore transport rate; this should be investigated.

Stellenbosch University http://scholar.sun.ac.za



6.7

6.6 Miscellaneous Findings

Only limited data are available for high concentrations inside (plunging to surging breakers) and outside the

surf zone where the longshore current velocity has also been measured. It is therefore recommended that such

detailed concentration and transport measurements be undertaken in order to validate detailed predictors.

Based on measurements and theory, it was found that the longshore current velocity is almost constant over

depth (Appendix G). This fact was used in the derivation of the applied wave power approach.

The variations in repeated sediment concentration measurements can be drastically reduced by increasing the

sampling period to at least 30 minutes (preferably an hour or longer). Thus, it is recommended that

sampling/measuring of the local longshore transport should also be done over at least half an hour and

preferably an hour or longer in order to improve the accuracy of short-term measurements.

Typical sediment grain size relationships were derived expressing 010, 016, 025, 035, D6(h D65, 075, 084, and

090 in terms of the median grain size (050) - see Appendix O. Very good correlations (mean R2 = 0,97) were

obtained. These relationships are very useful if the grain size parameters other than the median grain size are

not available.

6.7 Final Conclusion

Inthe development of a better understanding of longshore sediment transport, the following has been done for

the first time: (1) a comprehensive data set have been compiled covering almost a full range of conditions

occurring on natural beaches; and (2) virtually all longshore transport formulae have been evaluated against

such an extensive data set. A new improved method, the applied wave power approach, has been developed

and extensively calibrated against the same data set. Based on this evaluation, guidelines are now available for

design engineers as to which are the best bulk and detailed predictors of longshore sediment transport. These

are respectively, the recalibrated Kamphuis formula and the applied wave power approach.

Another useful first, is the derivation of confidence intervals for a longshore transport formula, showing that

accurate predictions can now be obtained. Inaddition, it has been determined what the required measurement

period should be and what the most cost-effective way are for obtaining the true long-term mean net longshore

transport rate at a particular site.
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TABLE 2.1: LONGSHORE TRANSPORT DATA EVALUATION
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Bulk transport rates

12 Bijker (1968)
4 Adachi et al. (1959)
10 Fairchild (1977)
3 Ishihara et al. (1958)
10 Fairchild (1977)
2 Watts (1953)
1 Caldwell (1956)

17 Kana (1977)
25 Nicholls and Wright (1991)
6 Delorme (1981)
5 Moore and Cole (1960)
8 Sireyjol (1964)
9 Castanho (1966)
9 Castanho (1966)

20 Knoth and Nummedal (1977)
30 Laubscher eta!' (1989, 1991)
18 Brunoetal. (1981)
19 Chang and Wang (1978)
27 Mangor et al. (1981)
31 Kraus et al. (1989)
14 Duane and James (1980)
29 Bodge (1986)
15 Hou et al. (1980)
16 Lee (1975)
22 Kana and Ward (1980)
29 Bodge (1986)
33 Chadwick (1989)
11 Sato and Tanaka (1966)
32 Voitsekhovich (1986)
34 Hou (1988)
35 Cavigliaetal.(1991)
28 Kooistra and Kamphuis (1984)
33 Chadwick (1989)
7 Sato (1962)

29 Bodge (1986)
13 Komar and Inman (1970)
24 Dean et al. (1982, 1987)
26 Kraus et al. (1982)
21 Inman et al. (1980)
18 Brunoetal. (1981)
23 Gable (1981)
28 Kooistra and Kamphuis (1984)

Abidjan
Miyazu
Ventnor
North Akashi, Miyazu
Nags Head
South Lake Worth
Anaheim Bay
Price Inlet
South England
North Africa
Cape Thompson
Cotonou
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Bull Island
Richards Bay
Channel Islands Harbor, 1
Santa Rosa Island
Danish North Sea
Duck
Point Mugu
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Taichung Harbour
Lake Michigan
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Port Kashima
Black Sea
North-west Taiwan
Mar del Plata
Pointe Sapin NOV4
Shoreham, MI-M5
Fukue, Atsumi
Duck, 4
EI Moreno, Silver Strand
Rudee Inlet
Japan
Torrey Pines
Channel Islands Harbor, 2
Leadbetter Beach
Pointe Sap in, OCT25
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55
55
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56
56
57
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58
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63
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67
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Local transport rates

2 Downing (1984)
1 Sawaragi and Deguchi (1978)
1 Sawaragi and Deguchi (1978)
6 White (1987)
7 Kraus et al. (1988, 1989)
4 Mangor et al.(I984)
5 Bodge (1986)
5 Bodge (1986)
5 Bodge (1986)
3 Kraus et al. (1982)

Twin Harbors Beach
Isonoura
Matsubo
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Japan
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TABLE 2.2: CONFIDENCE BANDS OF THE FACTOR, FLOATING MEAN NET
LONGSHORE TRANSPORT I TRUE LONG-TERM MEAN NET TRANSPORT
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0,28
1,70

0,44
1,60

0,32
1,84

0,48
1,51

0,62
1,25

-0,37
2,40

-0,05
2,20

0,17
2,03

0,41
1,70

0,55
1,38

0,74
1,13

80
20

0,52
1,51

0,58
1,46

0,63
1,37

0,68
1,28

0,70
1,18
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Figure 4.Gb: Residuals versus the predicted longshore transport rates for the
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Figure 5.1a: Velocity and shear stress variation across a small
fluid element

(After Rooseboom, 1974)

Figure 5.1b: Variation over depth of the stream power applied' per
unit volume and the amount of power made available
by the element.
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ABSTRACf

Schoonees, 1.S. and Theron, A.K., 1993. Review of the fie1d-data base for longshore sediment trans-
port. Coastal Eng., 19: 1-25.

A literature search was undertaken to collect field data on longshore sediment transport. This yielded
a large number of data sets (273 points for bulk transport rates) from a variety of sites around the
world. Data are especially lacking for transport rates exceeding 0.2 X 106 m 3/year, significant wave
heights higher than 1.8 rn, sediment grain sizes coarser than 0.6 mm and beach slopes steeper than
0.06 ( = 1/14). A point rating system was devised whereby the quality of the data could be assessed.
The recording method and the accuracy thereof as well as the representativeness of the data were
taken into account. It was found that the evaluation was done reasonably objectively and consistently.
The data were divided into three categories. The highest score achieved in the evaluation was only
71% thus reflecting the difficulty of measuring longshore transport accurately. It is recommended that
longshore transport formulae be calibrated against the data in the higher category (60% and better)
and then be tested against all the other data. This will ensure that the formulae will be tested in as
many different conditions and sites as possible without the lower quality data contributing to the
calibration constants.

INTRODUCTION

General

Knowledge of longshore sediment transport is essential for the design of
breakwaters at harbour entrances, navigation channels and dredging require-
ments, beach improvement schemes incorporating groynes, detached break-
waters and beach fill as well as for the determination of the stability of inlets
and estuaries.
Formulae for the prediction of longshore transport rates can only be as good

Correspondence to: 1.S. Schoonees, Division of Earth, Marine and Atmospheric Science and
Technology, CSIR, P.O. Box 320, 7600 Stellenbosch, South Africa. I

0378-3839/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved.
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as the data on which they are based. Although this is especially true for em-
pirical methods, even the most sophisticated formula requires verification. It
is therefore of utmost importance to realise the limitations of the data.
Another important consideration is that, in order for a formula to be uni-

versally applicable, it should be verified under as many as possible different
conditions and at different sites. The aim of this paper is therefore, firstly, to
compile such a longshore sediment transport data base by listing all the rele-
vant references and, secondly, to evaluate the quality of the data contained in
these publications.
The data considered in this paper are only for particulate (non-cohesive)

sediment (including sand, gravel and shingle) being transported alongshore
from the swash zone across the surf zone to deep water. Both bulk (total rate
across the shore) and local transport rates are considered. However, cases
where only bedload or suspended load was measured are only included if the
measurements were used to determine the total transport rate (for example
Downing, 1984). Data sets are excluded where simultaneous wave and trans-
port data are not available as in the case of Johnson (1957). Only field data
are evaluated because of possible scale effects in laboratory investigations and/
or because regular waves were used. Furthermore, the ultimate aim is to be
able to predict longshore transport accurately in the field (Komar, 1988).
The data are not meant to provide average long-term data at (a) specific

site (s ). It is rather assumed that if a longshore transport formula is capable
of accurately predicting transport rates for the data sets given herein, it can
be used with reasonable confidence at similar sites to determine the long-term
longshore sediment budget if representative wave and other input parameters
are available. It would of course be even better to have site-specific calibra-
tion data before calculating average long-term transport rates.
It is well known that it is extremely difficult to measure sediment transport

rates and the associated wave and current parameters accurately, especially
in the surf zone. This will be illustrated in the evaluation of the data.

Previous studies

Das (1971) compiled laboratory and field data. He also summarized,
among others, the site characteristics and the measuring techniques used by
the earlier American investigators Watts (1953) , Caldwell (1 956), Moore
and Cole (1960) and Komar (1969). Dean (1978) not only compiled but
also evaluated the longshore transport data considering the measuring tech-
niques used and investigating the variation of the dimensionless coefficient
K in the SPM longshore transport formula (Komar, 1988):

I=KPls
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where I is the immersed-weight transport rate and Pis is the longshore energy
flux factor.
One of Dean's conclusions was that the variability in the K values is quite

large and that it is not known whether this is due to recording errors or to true
variation in the factor K. In the present evaluation, only recording errors are
addressed so as not to assume in effect a theoretical basis for any longshore
transport formula.
Greer and Madsen ( 1978) provide a detailed critical review of the data sets

collected by Watts (1953), Caldwell (1956) and Komar (1969). After giving
a set of criteria to be adhered to, they concluded that the data "by Watts
(1953) and Caldwell (1956) are of questionable quality" (the values of Pis

could be off by factors of 5 and to respectively). To darken the picture fur-
ther, they found "that several of the basic assumptions underlying the use of
tracers in sediment transport studies appear to have been violated" by Komar
(1969).
Walton and Chiu (1979) and Bruno et al. (1981) list the methods of ob-

taining the data in the earlier studies. Bruno et al. also commented (mostly)
on the accuracy of the sand tracer tests by Komar (1969), stating that the
transport rate was probably overestimated due to the way the shore-parallel
tracer displacement was determined from sediment samples taken close to
the top of the seabed and because the thickness of the moving sediment layer
was expected to increase in time.

More recently, Kamphuis et al. (1986) tabulated data from 9 field studies
and Morfett (1990) briefly reviewed the longshore transport data base (in-
cluding a number of newer studies such as Inman et al., 1980, and Kraus et
al., 1982) concentrating on how accurately the variables were determined.
Although deficiencies were noted, no firm conclusions were drawn in these
studies regarding the overall accuracy of the data sets.
To conclude then, only Greer and Madsen (1978) provide an in-depth

analysis of the accuracy of the data. Unfortunately, they could only review a
few of the earlier studies.

FIELD-DATA BASE

Sources

Tables 1 (bulk transport rates) and 2 (local transport rates) summarize
the field data available to the authors. As can be seen from these tables, the
data were collected at a wide variety of sites around the world, yielding a large
number of points of which 273 points give bulk transport rates. This is con-
siderably more than the 41 data points used in the Shore Protection Manual
by US Army, Corps of Engineers (1984). ,
A number of other field studies were also carried out where the longshore



co
0.
VI
cr:

4

C"Oo <lJ
0. ....
VI :::lC VI

'" "".... <lJ
f- E

VIc:o._ (3
Zoo.

>.
..0

N

'"0-
U-.o-
;!: '" VI"00':::

Z3 :::-~

<=
.c
u

'"<lJ.0

or- 00

J.S. SCHOONEES AND A.K. THERON

"0
<lJ
..0.;::
u
VI
OJ
"0

oc

"0
OJ
.0·c
u
VI
OJ
"0

oc

.~
VI
OJ
"0
OJ

E
:::l
VI
VI

'"

"'0
OJ
.0.;::
u
VI
OJ
"0

sc

....
OJ
Ug

00 o

!!l
VIo
0.
<A
OJ
(3
Q.

....
OJ

0.
E
'"VI

00 '"N

'".::e
~ '"~U
"::..c:
OJ '5
.~ 0etC/)



REVIEW OFTHE FIELD-DATA BASE FOR LONGSHORE SEDIMENT TRANSPORT

00

"0.,
.D·c
o
'".,
"0

'0c

"0.,
~
o
'"OJ
"0

'0c

"0
OJ
.D·c
o
'"OJ
"0

'0c

"0.,
.D·c
u
'".,
"0

'0c

"0.,
e
OJ

'".Do
;>-.-

'" '".... :l.... '"'" .->

"0.,
~
u
'"OJ
"0

'0e

0.e

00

.....,
0.
E
'"'"

....
OJ
Us

"0.,
.D·c
o
'"OJ
"0

'0c

E
:l

C

....
OJ
ue

00

"0c
'"3
"3
c:o
..c
to
Z

o
N <'I

r-I
<'I

M
<'I

0-
"0 0-c-"'~
'" -=..co 011..c: ·c
.~ ~z

'"<'I 00
N

"0
OJ:g
U
'"OJ-a
'0
c

-ae
~
'"0)E
'0c

e
0<:1 0)

"'E
0) '"o U
0.0)
o .;
'0 0
..c E
0.

'-.,
E
'"e
"'

co-g_
'"
'"OJ
0.
E
'"'"

00

'"c
e
'"o

00
00
0-

0)

.s
000-
.- 0-
>
'"u

:l
o
J:

5



6

1::-0o ..,
Po ....
VI :lc: VI
c<S c<S.... ..,
!- E

VI

C
0,- ·0
ZOPo

c:
.9
13
.3

c<S~ _ ci
01i!Z

;>..
.D

;>..
.D
-0..,....
:l
VI

'"..,E

......,
-0
c:
:l
o
VI

6
-8..,

c:..,
>·00
'0c:

c:..,
>·00
'0c:

..,
00
:l
c<S
00

~
:l
VI
VI

~
Po

00 o
N

1.S. SCHOONEES AND A.K. THERON

-0
~
:l
VI
c<S..,
E
'0c:

eoi!! ..,
VI E
.., c<S
- Uo .,Po ._
o >
- 0_g E
Po

00 v
00



REVIEW OF THE FIELD-DATA BASEFOR LONGSHORE SEDIMENT TRANSPORT 7

transport rate was determined together with wave and beach characteristics;
unfortunately, most of the values of the variables are not given in the refer-
ences. These studies include Iwagalci and Sawaragi (1962), Bonnefille and
Pemecker (1967), Walton (1978), Swart and Fleming (1980), Maruyama
et al. (1982) and Katoh et al. (1985). Although the data collected by Rosati
et al. (1991 ) were discussed in their paper the report listing the complete data
was not yet published and was therefore not evaluated.

Measuring techniques

Various methods were used to measure both the sediment transport rates
and the wave characteristics (Tables 1 and 2). Sediment transport rates were
obtained by measuring:

- accretion at a breakwater/groyne
- accretion plus bypassing
- erosion downdrift of a barrier
- growth of a spit;

and by the use of:

- tracers
- samplers
- gravel traps.

It is important to note whether the transport rate was determined over the
long term (monthly and longer) or the short term (hourly or daily). The
advantage of long-term data (typically accretion at a breakwater) is that the
measured transport rates should be less variable (Dean, 1978), most proba-
bly because of natural smoothing of the data. The disadvantage is, however,
that wave conditions change during a longer recording period. Furthermore,
because this type of data usually is accretion or erosion adjacent to a break-
water, the structure influences the wave and current fields in its vicinity (Greer
and Madsen, 1978 and Komar, 1988). On the other hand, wave conditions
are usually more constant during shorter recording periods (Dean, 1978).
Another important consideration is the accuracy of the survey methods

(Table 1) used to obtain the data for the calculation of volume differences.
The seaward limit of the profiles, spacing of profiles, accuracy of the datum
level, etc. are all factors to be taken into account.
Wave conditions were determined by a variety of methods ranging in so-

phistication from visual estimates, to wave hindcasting to the use of recorders
such as pressure transducers (Table 1). Because of the sensitivity of long-
shore transport formulae to the wave incidence angle, the technique used to
measure it is of particular interest; unfortunately, it is also one of the most
difficult variables to measure accurately. Typical methods include visual es-
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timates, the use of radar, aerial photography, hindcasting and an array of wave
recorders (Table 1).
Additional factors influencing the accuracy of the data include, among oth-

ers, the determination of the sediment grain sizes and the measurement of the .
nearshore currents.

Range of the data

When verifying the general validity of longshore transport formulae, it is
important to know the range of the data used. For this reason, the distribu-
tions of the measured transport rates (S), significant breaker wave heights
(HbS)' peak wave periods (Tp), wave incidence angles at the breaker line (8b)'
median grain sizes (D50) and the beach slope in the surf zone (tan a) are
plotted in Figs. 1a and b, and 2 to 6. In the case of the bulk transport rates,
the units are m3jyear (l m3jyear = 3.15576 X 107 m3js). If the recording
period was less than one year, it was assumed that the conditions persisted
for a year thus making large rates possible. For data collected over the long
term (monthly and longer), the maximum Hbs, Tp and 8bwere selected.
From Figs. 1a and b it is immediately apparent that almost all measured.

transport rates are less than 2 X 106 m3jyear (0.0634 m3js) and of these,
most are less than 0.1 X 106 m3jyear (0.0317 m3js). The reason for this is
obvious: predominantly lower waves occur and it is easier to measure during
these conditions.
This trend can also be seen for the breaker height in Fig. 2 where few waves

higher than 1.8 m were recorded. Here a larger variation in Tp values can be
seen in Fig. 3. A bimodal distribution is evident with peaks at about 5 sand
12 s, which most probably is indicative of wind waves and swell. Despite this,
wave periods lower than 8 s occur more frequently. Few data sets contain 8b
values exceeding 160 (Fig. 4). Typically the most common situation is small
angles (50 or 100). Angles were apparently often reported to the nearest 50.
If the intervals in Fig. 4 are reduced to 10

, pronounced local maxima are shown
at 50, 100, 150,200 and 300 thus substantiating the above conclusion.
Most measurements were done on beaches with fine sand and especially in

the range 0.20 mm to 0.25 mm (Fig. 5). Virtually no data were collected on
beaches with sediment grain sizes between 0.6 mm and 15 mm. Realising the
relation between grain size and beach slope, it is logical to expect that most of
the data were collected on beaches with flat slopes; as is evident from Fig. 6,
almost all the slopes fall between 0.01 (= 1j 100) and 0.07 (= 1j 14).
Bearing in mind that usually a few storms contribute to almost all the long-

shore transport at a site, it is critical that longshore transport formulae be
verified against such conditions. In most cases this was not done except per-
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haps where the long-term accretion adjacent to a structure was monitored.
Data are especially lacking for

S>0.2x 1()6m3/year (0.0634 m3/s)

u;» 1.8m

Dso>0.6 mm

tano » 0.06 (=1/14)
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DATA EVALUATION

Method

A point-rating system was devised so that data sets could be compared with
respect to overall quality of the data and suitability for testing longshore
transport formulae. Keeping in mind the interdependence of the various
physical factors that influence longshore transport rates, as well as the relative
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importance of these factors, a point-rating system was compiled for the eval-
uation of the data sets relative to each other. This system is based on the
point-rating systems developed previously for the comparative evaluation of
the beach suitability of different beaches (CSIR, 1976, 1987; Schoonees and
Bartels, 1991 ). Points were allocated to a data set according to the quality of
the data of the six physical parameters deemed most appropriate (impor-
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tant) in determining longshore transport rates. These parameters and the rel-
ati ve importance ("weighting") allocated to the parameters were:

* longshore transport rate 40
* wave height 20
* wave period 10
* wave direction (angle of incidence) 20
* beach profile (bottom) slope 5
* sediment size _5

Total 100

The data sets were further evaluated with respect to each parameter in terms
of three sub-divisions namely:

- method by which the data were determined for a specific parameter
- accuracy with which the data were determined or measured
- representativeness of the data

The data sets were each given a score out of a total of 10 points in terms of
each of these sub-divisions with respect to each specific parameter.
The scores for the sub-divisions were added and after the relative weighting

of the parameters had been applied, the total points were converted to give a
total score out of 100.
Table 3 gives a hypothetical example of how this method was used to assess

the quality ofthe data. Both authors did the evaluation independently in or-
der to be able to judge the objectivity and consistency of the method.
Itmust be noted that full descriptions of how data were measured or deter-
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TABLE 3

Longshore transport data evaluation

Parameter Weighting Sub-division Max. points Points ofhyp. ref.

total total

Transport rate 40 method 10 40 6 23
accuracy 10 5
representativeness 10 6

Wave height 20 method 10 20 6 12
accuracy 10 6
represen ta ti veness 10 6

Wave period 10 method 10 10 6 6
accuracy 10 6
representativeness 10 6

Wave angle 20 method 10 20 5 10
accuracy 10 5
representativeness 10 5

Beach slope 5 method 10 5 7 4
accuracy 10 8
representativeness 10 7

Grain size 5 method 10 5 6 4
accuracy 10 8
representativeness 10 7

Total score 100 58

mined are not given in all the references. If the data for a specific parameter
were given without description of how the data were obtained, the data set
was given a score of 5 for that parameter. Although this may seem a bit arbi-
trary, it is felt that this is the most "fair" score that can be given under the
circumstances. If a specific parameter was not measured or the data could not
be determined from the information given in the reference, the data set was
given a score of 0 for that parameter.
It must be stressed that this system primarily rates data sets relative to each

other and with respect to longshore transport data, and that data sets receiv-
ing a lower score than the rest of the data sets, may nevertheless be quite
usable, especially in respect of other parameters.
The parameters chosen and the relative weighting applied to these param-

eters will of course influence the evaluation and are debatable, but neverthe-
less the authors believe that based on current knowledge, the system/gives a
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fair method of evaluating longshore transport data as objectively as possible.
A limited sensitivity analysis (described in the section "Discussion" below)
has also been done to evaluate the effect of different weightings. It must, how-
ever, be kept in mind that the data are evaluated with regard to their suitabil-
ity to predict total longshore transport rates. For example, if measured sus-
pended sediment concentrations were extrapolated up to the sea bottom and
then integrated through the water column to estimate the local longshore
transport rate, the total score could be low. However, that does not necessarily
mean that the accuracy of the measured sediment concentrations is poor.

Criteria

The most basic question concerning the measurements is: What exactly
(transport rate or wave characteristic, etc.) was measured? (Nielsen, 1984),
or alternatively, Was the total (real) transport rate (or wave characteristic,
etc.) measured?
Based on the criteria set by Greer and Madsen (1978), Duane and James

( 1980), Bruno et al. (1981) and Madsen (1987) among others, points were
allocated for each technique for measuring the transport rate to be given un-
der the sub-division Method. To evaluate how representative the measured
transport rate was, aspects such as the following were taken into account:

- Was it a total trap?
- Was only bedload or suspended load measured?
- Was the transport determined over the long term?
- Was the coverage considered to be adequate if samplers or traps were used?
- Did an offshore breakwater possibly contribute to overtrapping of

sediment?

Similarly, the acquisition of the wave characteristics was evaluated giving,
firstly, points for the method (lowest for assumed data, then hindcasted data
and highest for accurately measured data). Secondly, aspects pertaining to
the representativeness of the data included: .

- Was it measured directly opposite the site?
- Was it recorded in deep water and then refracted in towards the shoreline?
- Were distributions or spectra of the wave characteristics given?
- Were the recordings done over the short or long term?

For beach slope, the following were taken into account: the spacing of sur-
vey lines, their seaward limit, their datum level and whether both beach and
nearshore surveys were done and if so, whether they overlapped.
Adequate spatial and temporal coverage of the beach and nearshore zone
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TABLE 4

Longshore transport data evaluation

No. reference location & data set total

Bulk transport rates
[2 Bijker ( 1968) Abidjan 19
4 Adachi et al. (1959) Miyazu 24
[0 Fairchild ( 1977) Ventnor 36
3 Ishihara et al. (1958) North Akashi, Miyazu 37
10 Fairchild ( 1977) Nags Head 37
2 Walts (1953) South Lake Worth 42

Caldwell ( 1956) Anaheim Bay 46
17 Kana (1977) Price Inlet 48
25 Nicholls and Wright (1991 ) South England 48
6 Delorme ( 1981 ) North Africa 49
5 Moore and Cole ( 1960 ) Cape Thompson 50
8 Sireyjol (1964) Cotonou 51
9 Castanho ( 1966) Aveiro 52
9 Castanho ( 1966 ) Lobito 52

20 Knoth and Nummedal ( 1977) Bull Island 52
30 Laubscher et al. (I989, 1991 ) Richards Bay 54
18 Bruno et al. (1981) Channel Islands Harbor, 1 55
19 Chang and Wang ( 1978) Santa Rosa Island 55
27 Mangor et al. ( 1984 ) Danish North Sea 55
31 Kraus et al. (1989) Duck 55
14 Duane and James (I 980) Point Mugu 56
29 Bodge ( 1986) Duck, 2 56
15 Hou et al. ( 1980) Taichung Harbour 57
16 Lee (1975) Lake Michigan 57
22 Kana and Ward (1980) Duck 57
29 Bodge ( 1986) DucIc, 3 57
33 Chadwick: ( 1989) Shoreham, M6, M7 57
11 Sato and Tanaka (1966) Port Kashima 5&
32 Viotsekhovich ( 1986) Black Sea 58
34 Hou (1988) North West Taiwan 58
35 Caviglia et al. (1991 ) Mar del Plata 58
28 Kooistra and Kamphuis (1984) Pointe Sapin NOV4 60
33 Chadwick ( 1989) Shoreham, M1-M5 60
7 Sato (1962) Fukue, Atsumi 61

29 Bodge ( 1986) Duck, 4 61
13 Komar and Inman (1970) EI Moreno, Silver Strand 62
24 Dean et al. (1982, 1987) Rudee Inlet 63
26 Kraus et al. (1982) Japan 63
21 Inman et al. ( 1980) Torrey Pines 64
18 Bruno et al. (1081) Channel Islands Harbor, 2 67
23 Gable ( 1981 ) Leadbetter Beach 68
28 Kooistra and Kamphuis ( 1984) Pointe Sapin, OCT25 71

Local transport rates
2 Downing Twin Harbors Beach 44

Sawaragi and Deguchi lsonoura 47
1 Sawaragi and Deguchi Matsubo 49
6 White et al. Torrey Pines, SIO 50
7 Kraus et al. Duck 55
4 Mangoret al. Danish North Sea 56
5 Bodge Duck, 2 56
5 Bodge Duck, 3 57
5 Bodge Duck, 4 61
3 Kraus et al. Japan 63
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by sediment sampling were the primary factors for evaluating the sediment
characteristics.

For all the Accuracy sub-divisions, a subjective rating out of 10 was given.

Results

The results of evaluating the overall quality of the longshore transport data
are presented in Table 4 and Fig. 7. (Some references are listed more than
once because the specific data sets contained in that reference differ in qual-
ity.) The data were sorted according to the final point rating (that is, the
mean of the total score given by the two authors).

DISCUSSION

From Fig. 7, three categories of data can be distinguished for the bulk trans-
port rates. Cut-off points were essentially arbitrarily chosen to be scores of
50% and 60%. It is clear from this graph that the majority of data sets fall in
the middle category and that there is a very gradual increase in the point rat-
ing (accuracy) in this category. The largest gradients occur in the lower cate-
gory and right at the top end of the higher category. The transition between
the categories at both cut-off points is also gradual. From Table 4 and Fig. 7
it is clear that fewer studies yielding local transport rates were conducted. In
addition, the range in the total scores are much less for the local rates (from
a lowest score of 44% to a maximum score of 63%, being 19 percentage points)
compared with 52 percentage points for the bulk rates (Table 4).

Inspection of Table 4 reveals that the poorer data sets are generally from
the older references or from those where the purpose of the exercise was not
necessarily to obtain good longshore transport data (for example, Nicholls
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and Wright, 1991 ). However, this does not necessarily mean that older data
sets are of poorer quality as can be seen from the Komar ( 1969) data falling
in the higher category. With the development of better measurement tech-
niques and equipment it is not surprising that most of the data sets in the
higher category originated in recent years.

In interpreting the results, it must be borne in mind that a score of 0 points
was given if a particular parameter was not measured or reported. For exam-
ple, Kraus et al. (1989) did not measure the wave incidence angle because
they conducted their exercise in the feeder current of a rip current. However,
they measured the longshore current velocity. It can therefore be argued that
their data are accurate because the incidence angle is usually only applied to
predict the longshore current velocity. Table 5 lists the studies where one or
more of the parameters were either not measured or not reported.
Greer and Madsen (1978) recommended that the data by Watts (1953)

and Caldwell (1956) should be "excluded from establishing empirical sedi-
ment transport relationships" and that the data by Komar ( 1969) should not
be "too heavily relied upon". The results of this review agree reasonably well
with the former recommendation (because both the earlier studies fall in the
lower category). Greer and Madsen based their recommendation concerning
Komar's data mainly on the following arguments: ( 1) The lack of stationarity
of the transporting system during the experiments at EI Moreno beach; (2)
The uncertainty about whether or not sufficient time was allowed between
injection and sampling to ensure that equilibrium transport of tracer was
reached during the exercise at Silver Strand Beach; and (3) the ambiquity in
determining the thickness of the moving layer of sediment. Considering the
extensive procedure followed by Kraus (1985) and Kraus et al. (1982) and
the direct influence of this thickness on the transport rate, the third reason
can be regarded as being the most important. Despite the fact that the pro-
posed evaluation procedure is primarily comparative in nature, it is believed

TABLE 5

Studies with incomplete data listings

Reference Parameter(s) either not
measured or not reported

- Watts (1953)
Adachi et al. (1959)
Delorme ( 1981 )
Castanho ( 1966 )
Fairchild ( 1977)
Kraus et al. ( 1989)
Sawaragi and Deguchi ( 1978)
Downing ( 1984)
White ( 1987)

tan a
Dso and wave height
tan a
Dso
e;
(Jb •
~
(Jb •
(Jb •

·do contain detailed current measurements.
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that some importance can be attached to the absolute value of the scores (the
Komar, 1969 data got a score of 62%; Table 4). Normally, a score of 80% or
higher is regarded as being good. It can therefore be argued that the cut-off
point for the higher cateogry should be 80% or rather another category say,
an excellent category should be established. That would mean that no data
points fall in this category (Table 4). It can thus be concluded that the data
of Komar (1969) have deficiences (which corresponds to the conclusion by
Greer and Madsen, 1978) but still are amongst the best data sets available.
The individual scores allocated by the two authors were analyzed in order

to assess the consistency and objectivity of the method. The mean difference
in the total scores was +0.6 (out of 100) and the standard deviation 2.6 (out
of 100). It can therefore be provisionally concluded that there was very little
systematic difference between the scores given by the two authors. At the same
time, the objectivity of the method is acceptable taking into account the sub-
jecti vity of estimating the accuracy of measurements.

As the weightings allocated to the different parameters are somewhat arbi-
trary, a limited sensitivity analysis was carried out. The weighting given to
the longshore transport rate and to the wave direction were changed by plus
.or minus 10 points in both cases in order to assess what effect this would have
on the data evaluation. These two parameters ~ere chosen because the trans-
port rate is the single most important parameter; and the wave direction was
selected because it is also relatively important and because it is usually the
most difficult parameter to measure accurately. Changing the weighting of the
other parameters would have less effect on the data evaluation. The results of
the sensitivity analysis are shown in Table 6. From the table it can be seen
that the average changes in total scores are relatively small. Furthermore, the
changes in category are all due to data sets moving from just below (or above)
to just above (or below) the arbitarily chosen category cut-off points. The

TABLE 6

Sensitivity analysis (on weighting of parameters)

Parameter Change in
weighting

Absolute change in total score of
particular sets"

No. of data sets
moving from
one category+"
to the nextmax. ave. std. dev.

Longshore transport +10 2 0.69 0.89
rate (S) -10 2 0.76 1.02

Wave direction (8) +10 5 1.19 1.34
-10 6 1.60 1.61

2

3
4

·The absolute change is given out of 100; that is, for an absolute change of 2, the total score moved,
for example, from 54% to 56% or from 54% to 52%.
"Category refers to either the lower, middle or higher category (Figs. 7 and 8).
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conclusion is that the data evaluation is not overly sensitive to the weightings
allocated to the different parameters. Keeping in mind that the data evalua-
tion is of a comparative nature and that the aim is mainly to place the data
sets in one of three main categories, the evaluation procedure is considered to
be valid and meets the objective .
. The data were evaluated only with regard to what was considered to be the
most important parameters for longshore transport. Others factors like breaker
type, the variation in the composition and grading of the bed material (and
thus in settling velocity; see Nielsen, 1979, for example), porosity and spe-
cific gravity of the bed material, the effect of nearshore cell circulation (ex-
cept for rip currents), tidal influence, the effect of cross-shore sediment trans-
port, etc. were not included in the evaluation.
Separating the short- from the long-term bulk transport rates yielded Table

7 and Fig. 8. The trend in the accuracy of the data is very similar for both
types of bulk rates, except that more short-term data sets have a ranking in
the higher categories while more of the long-term data sets are in the lower
category.
It is important that the random error in the measurement of the transport

rates and therefore the consistency of the data, be determined. This can be
done by using two or more samplers at essentially the same recording position
(Kraus et al., 1989), by using different colours of sand tracer and/ or different
sampling strategies (spatial or temporal) (Chang and Wang, 1978; Inman et
al., 1980; White, 1987), using more than one temporary groyne along a long
straight beach or by combining more than one method; for example, a sand
tracer test (using one or more colours of sand tracer) and/or using streamer
traps combined with measuring the accretion next to a temporary groyne.

In the latter case, it could of course also be argued that the difference be-
tween two estimates will be due to the methods used as well as because of the
random nature of the transport processes.
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TABLE 7

EvaLuation of short- and Long-term buLk transport data

No. reference Location & data set 101al%

Long-term rates
12 Bijker ( 1968) Abidjan 19
4 Adachi et al. (1959) Miyazu 24
2 Watts ( 1953) South Lake Worth 42
I Caldwell ( 1956) Anaheim Bay 46
6 Delorme ( 1981 ) North Africa 49
8 Sireyjol ( 1964 ) Cotonou 51
9 Castanho ( 1966 ) Aveiro 52
9 Castanho ( 1966 ) Lobito 52

30 Laubscher et al. ( 1989, 1991 ) Richards Bay 54
18 Bruno et al. ( 1981 ) Channel Islands Harbor, I 55
27 Mangor et al. ( 1984) Danish North Sea 55
15 Hou et al. (1980) Taichung Harbour 57
II Sato and Tanaka ( 1966) Port Kashima 58
34 Hou (1988) North West Taiwan 58
35 Caviglia et al. ( 1991 ) Mar del Plata 58
7 Sato(1962) Fukue, Atsumi 61

24 Dean et al. (1982, 1987) Rudee Inlet 63
18 Bruno et al. ( 1081 ) Channel Islands Harbor, 2 67
23 Gable ( 1981 ) Leadbetter Beach 68

Short-term rates
10 Fairchild ( 1977) Ventnor 36
3 Ishihara et al. ( 1958) North Akashi, Miyazu 37
10 Fairchild ( 1977) Nags Head 37
17 Kana (1977) Price Inlet 48
25 Nicholls and Wright ( 1991 ) South England 48
5 Moore and Cole ( 1960) Cape Thompson 50

20 Knoth and Nummedal (1977) Bull IsLand 52
19 Chang and Wang ( 1978) Santa Rosa Island 55
31 Kraus et al. (1989) Duck 55
14 Duane and James ( 1980) Point Mugu 56
29 Bodge ( 1986) Duck,2 56
L6 Lee(L975) Lake Michigan 57
22 Kana and Ward ( L980) Duck 57
29 Bodge ( L986) Duck,3 57
33 Chadwick (1989) Shoreham, M6, M7 57
32 Viotsekhovich ( 1986) BLackSea 58
28 Kooistra and Kamphuis ( 1984 ) Pointe Sapin NOV4 60
33 Chadwick ( L989) Shoreham, M 1-M5 60
29 Bodge (1986) Duck,4 61
13 Komar and Inman ( 1970) EI Moreno, Silver Strand 62
26 Kraus et al. ( 1982) Japan 63
21 Inman et al. (1980) Torrey Pines 64
28 Kooistra and Kamphuis ( 1984 ) Pointe Sapin, OCT25 71
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CONCLUSIONS AND RECOMMENDA nONS

A literature search was undertaken to collect field data on longshore trans-
port. This yielded a large number of data sets for both bulk and local transport
rates, far in excess of the 41 data points used by US Army, Corps of Engineers
( 1984). Altogether 273 data sets were collected for bulk transport rates. The
data originated from a large variety of sites from around the world.
The transport rates were determined by measuring accretion and erosion

rates adjacent to coastal structures and at sand spits, by using sand tracers
and by different kinds of samplers and traps.
Most of the data were obtained during mild wave conditions for fine to

medium sand. Data are especially lacking for:

S>0.2x 106m3/year (0.0634 m3/s)

u;» 1.8 m

Dso>0.6 mm

tana>O.06 (=1/14)

A serious consequence of this lack of data is that longshore transport for-
mulae are calibrated almost exclusively against data for mild conditions while,
in the case of an average annual longshore transport budget, a few storms
usually contribute by far the most to the total sediment transport. In other
words, the most important predictions for which the formulae are used, are
for conditions outside their calibration range. It is therefore strongly recom-
mended that data be collected in these ranges.
A point rating system was devised to compare different data sets with re-

gard to the most important parameters for longshore transport. It was found
that the evaluation was done reasonably objectively and consistently within
the limitations of evaluating the accuracy of measurements. A limited sensi-
tivity study indicated that the data evaluation was not overly sensitive to the
weightings allocated to the different parameters.
The data sets were divided, based on the evaluation, into three categories,

namely, the lower, middle and higher categories. Most of the data sets fall in
the middle category which exhibits a very gradual increase in the overall ac-
curacy of the data. Distinguishing between short- and long-term bulk trans-
port data yielded similar trends in the accuracy of the data. It is recom-
mended that longshore transport formulae first be calibrated against the data
in the higher category only and then be tested against all the other data. This
will ensure that the formulae will be tested under as many different condi-
tions and at different sites as possible without the lower quality data contrib-
uting to the calibration constants. Preferably only data having a score of 80%
or more should be used for calibration. However, until such data are avail-
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able, the data sets in the higher category will have to suffice. The goodness of
fit to the data should then be interpreted with due cognisance of the accuracy
rating of the data sets, taking Table 5 into account. This table shows what
parameter (s) in some references are either not measured or not reported
which could have influenced the rating.

It is already known that it is difficult to measure longshore transport rates,
and the parameters that influence them, accurately. This is supported by the
fact that the highest score achieved in the evaluation was only 71%. It is rec-
ommended that multiple measurements of the transport rate be made simul-
taneously in order to be able to estimate the random error involved in the
data and to demonstrate the consistency of the measurements.
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Abstract

The annual variation in the net longshore sediment transport rates at three South African and at
one North African site is investigated. The net rates at these sites, given in the first table, show
large variations. It was found that measurements of longshore transport rates should be conducted
continuously for 5-8 years in order to obtain an accurate value (within 10%) of the true long-term
mean net longshore transport rate. A second table was drawn up, which can be applied to
determine the range in which the true mean rate will fall if measurements were done over a shorter
period than the recommended 5-8 years. It is reasonable to expect that the conclusions are widely
applicable, especially for exposed sites. It is recommended that an accurate assessment of the
long-term mean net longshore transport rate at a site can best be made cost-effectively by doing
limited site-specific measurements, calibrating the best longshore transport formula for the
particular site, and predicting the transport rates using a representative wave climate. © 2000
Elsevier Science B.V. All rights reserved.

Keywords: Longshore sediment transport; Annual variations; Long-term mean transport rates; Richards Bay;
Durban; Nouakchott

1. Introduction

Longshore sediment transport forms an integral part of the input required for the
determination of dredging requirements at a port entrance. Detailed knowledge of the
longshore transport is also necessary for the assessment of the beach evolution caused
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by the construction of breakwaters at harbour entrances or beach improvement schemes
incorporating groynes, detached breakwaters and beach-fill. Longshore transport also
plays an important role in the stability of inlets and estuaries. Normally, an average net
longshore transport rate is used to determine the dredging requirements or the beach
evolution at a particular site. This is usually followed by a sensitivity analysis to see
what the effect would be if the true net longshore transport is considerably higher or
lower than the assumed average rate, or even if a reversal in the transport direction
would occur. This average rate is an estimate of the true long-term net longshore
transport rate at the site.

In order to obtain the true long-term mean net longshore transport rate at a site, it is
necessary to assess the annual variation in the net transport rates. This annual variation
can be determined either by computing the longshore transport rates with a reliable
formula from wave data spanning a number of years, or by measuring continuously the
longshore transport over a number of years. In both cases, it must be known over how
many consecutive years either the computations or the measurements should be done.
This aspect (the required measurement period) will be determined based on the data
from three sites on the South African coast. However, sometimes, it may not be possible
to take measurements for this required period (e.g., due to time and cost limitations). An
alternative question that needs to be resolved is: Within what range can the long-term
mean net transport rate vary if measurements are done over a shorter-than-recommended
period? This issue will also be addressed in this paper. While comparing the two ways
of obtaining the true long-term mean net transport rate (predictions or measurements),
another question arises: What is the most cost-effective way of obtaining the true
long-term mean net longshore transport rate? An answer to this question will be given,
again based on data from the three sites.

Previous work on the variation in longshore transport rates focused mainly on daily to
monthly transport rates and their temporal fluctuations. Seymour and Castel (1985)
analysed the daily transport rates at seven sites and determined statistics from them. Raw
(1993) presented weekly to monthly transport rates at the Port of Durban determined
from volumetric differences (calculated from surveys). In addition, he investigated the
annual variation in the net longshore transport rates over a period of 7 years. In a study
by Shi-Leng and Teh-Fu (1987), a longshore sediment transport formula (the Bijker,
1967 method) was calibrated against short-term measurements at Nouakchott, Maurita-
nia (Fig. 1) on the Atlantic coast. This formula was then used, based on wave data, to
calculate the net longshore sediment transport rates for 7 consecutive years (the data are
listed in Shi-Leng and Teh-Fu, 1987). They found a definite variation in the annual
transport, such that the ratio of the maximum of the mean value of the annual transport
is 1.31, and the ratio of maximum to minimum is 1.89. They also showed that the annual
net longshore transport rate follows the Gumbel distribution for their site. However,
from all available literature, it appears that very little has been done on the length of
time for which measurements should be taken continuously to ensure an accurate
long-term mean net transport rate.

The sites, where time series data are available, are briefly described below. This
description is followed by an explanation of the analysis method. Thereafter, the results
of the analysis of the time series will be presented and discussed. The paper concludes
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with a recommendation regarding the required period for determining the long-term net
longshore transport rate. In addition, the range is given within which the true long-term
mean net transport can vary if a shorter-than-recommended period has to suffice. The
most cost-effective way of obtaining the true long-term mean net longshore transport
rate is also determined.

2. Site characteristics and available data

2.1. General

The three sites, where time series data of the net longshore transport rates were
available, are located on the east (Indian Ocean) coast of South Africa (Fig. 1). These
are: Durban Bight, the sand trap of the Port of Durban, and the beaches around the Port
of Richards Bay. For comparative purposes, the data for Nouakchott, Mauritania from
Shi-Leng and Teh-Fu (1987) are also given.

2.2. Durban Bight

It is along the Durban Bight that the main bathing beaches of Durban are situated.
The Durban Bight stretches from the entrance of the Port of Durban (between the south
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and north breakwaters) in the south up to the mouth of the Mgeni River in the north
(Fig. 2). (The river mouth is located just north of Survey Station A shown in Fig. 2.)

The dominantly northbound net longshore transport is interrupted by the breakwaters
and entrance channel of the Port of Durban, and virtually all of this transport accumu-
lates in and around the sand trap immediately south of the breakwaters (Fig. 3a and b).
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Fig. 2. Durban Bight reference map (from CSIR. 1996).
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A trailing suction hopper dredger removes the sand from the sand trap and pumps the
sand into a hopper just north of the north breakwater (the hopper is not shown in Fig. 2).
Bypassing and beach nourishment are achieved by pumping the sand from the hopper
along the beaches of the Durban Bight. The longshore transport potential along the
Durban Bight is lower than the potential transport south of the harbour entrance,
partially because of the protection against wave action offered by the breakwaters (the
dominant deep-sea waves are from the south).

Monthly beach surveys have been done along the Durban Bight by using standard,
accurate land surveying methods. Annual volumetric net loss rates were calculated from
these surveys, representing the beach above chart datum. (Chart datum, which is
approximately mean low-water spring tide level, is 0.90 m below mean sea level.) The
volumes of sand bypassed are accurately determined in the hopper and are taken into
account in assessing the net loss rates. These net loss rates are not equivalent to the net
longshore transport rates. However, the loss rates are directly related to the longshore
transport rates because longshore transport is the main mechanism for removing sand
from the Durban Bight. It has been established that there is no major net long-term
cross-shore transport of sand. Furthermore, it can be argued that the cross-shore losses
are reasonably consistent from year to year because bypassing is conducted consistently.
In any event, it is not the absolute values of the loss rates that are important in this
analysis, but the variation in time of rates that were determined in a consistent manner.

The net loss rates that cover a lO-year period (Table 1) were taken from CSIR
(1996). Fig. 4 illustrates the yearly variation in the net loss rates. Considerable variation
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Fig. 4. Annual variation in the net longshore transport rate.
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in these rates is apparent from this figure. The long-term mean rate is 300,000 m3/year
with loss rates ranging between 90,000 and 820,000 m3/year (Table I).

More information about the bypassing operation, wave and sediment characteristics,
tidal information, etc., can be obtained from Laubscher et al. (1990) and CSIR (1996).

2.3. Sand trap at the Port of Durban

As mentioned above, the net northbound longshore transport accumulates in the sand
trap just south of the south breakwater of the Port of Durban (Fig. 3a and b). A
hydrographic survey of the sand trap is carried out roughly every 2 weeks (Raw, 1993).
Fig. 3b shows the spacing of the survey lines. The vertical accuracy of the surveys is of
the order of 30 em (Raw, 1993). Volumetric differences between surveys were com-
puted and summed to obtain the net longshore transport rates for each year between
1986 and 1992. The annual variations in these rates (Table 1) can be seen in Fig. 4. Less
variation is apparent in the sand trap data compared with the values for the Durban
Bight (Fig. 4). The long-term average longshore transport rate for the sand trap is
500,000 m3/year (minimum value = 36O,(}()() m3/year; maximum value = 620,(}()()
m3/year; Table 1). Raw (1993) presented more detailed information on sand accumula-
tion in the sand trap.

2.4. Richards Bay

The Port of Richards Bay (Fig. 5) was constructed on a sandy coast. Comprehensive
monitoring has been undertaken, such as beach and hydrographic surveys, wave
recordings by means of a Waverider and a clinometer (graded telescope), tide recordings
and sediment grain size analyses. Fig. 5 shows the main beaches adjacent to the harbour,
namely:

Southern beach
Near-northern beach
Far-northern beach

From Survey Stations TS2- TS 17
Between TN2 and TN 10
From TN 10 to beyond TN 18

Sand is dredged by a trailing suction hopper dredger from south of the harbour
entrance and pumped onto the near-northern beach. As at Durban, the net longshore
transport is usually towards the northeast.

Volumetric differences were computed from the annual beach and hydrographic
surveys. By taking into account the volumes of material dredged, it was possible to
calibrate a few longshore transport formulae (Coppoolse and Schoonees, 1991; Laub-
scher et al., 1991). The measured wave characteristics were used in this calibration
together with a detailed refraction analysis. The Kamphuis (1990) formula fared the
best. Fig. 6 shows the calibration which was carried out for the southern beach. Note
that the coefficient of determination (R2) is equal to 0.86, which means that the formula
accounts for 86% of the variation. This high percentage is very good for sediment
transport predictions.
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Fig. 6. Calibration of the Kamphuis formula using Richards Bay data.

Predicted longshore transport rate (x1000 m:JIyear)

Refraction results were also obtained for the near- and far-northern beaches and
smoothened (averaged) for the specific beach, as was done for the southern beach. Each
measured wave condition was then refracted out to deep sea, followed by refraction
towards the particular beach. The calibrated Kamphuis formula was then employed to
predict the longshore transport rate for each wave condition at each of the three beaches
(CSIR, 1994). These rates were summed to obtain the net longshore transport rate for
each year at each of the three beaches. Fig. 7 illustrates the variation in the net longshore
transport rate over the 14 years from 1979/1980 to 1992/1993. Large differences in the
net longshore transport rates are apparent from year to year in tbis figure. Reversals in
the net longshore transport directions occurred a number of times on the southern beach
and twice on the far-northern beach. The reasons for the frequent reversal in the net
transport direction along the southern beach are the change in its orientation because of
dredge spoil being pumped onto the beach (mostly in the 1970s) and shifts in the
deep-sea wave direction. For the purpose of the analysis, the results for the three
Richards Bay beaches were combined (Table I), giving a long-term net north-eastbound
longshore transport of 850,000 m) /year. The net rates vary from - 420,000 to
2,120,000 m) /year (Table 1).

Detailed information about the site can be found in Swart (1981), CSIR (1989, 1994),
Coppoolse and Schoonees (1991) and Laubscher et al. (1991). These references include
descriptions of the wave recordings, tidal levels, refraction results, sediment grain sizes
and the calibration of the longshore transport formula.



1.S. Schoonees / Coastal Engineering 40 (2000) 141-160 lSI

4000

1:: 1500o
a.
~ 1000
I!..
I!! 500
o.c
~ 0c
.!i!
U -500
z

Lagend
3500

~ Southern beach

--A- Near-northem beach
~
: 3000
~

!'IE 2500
Q
Q
Q 2000

-1000

1976 1980 1984 1988 1992 1996
Time (years)

Fig. 7. Annual variation in the net longshore transport rate at Richards Bay.

2.5. Nouakchott

The data for Nouakchott from Shi-Leng and Teh-Fu (1987) are also contained in
Table 1. The mean net longshore transport rate is 1,000,000 m3/year with the rates
varying between 690,000 and 1,310,000 m3/year (Table 1).

3. Analysis method

The variation in the net longshore transport rate over time is characterised by two
variables, namely, the standard deviation and the coefficient of variation. The coefficient
of variation is defined as the standard deviation divided by the mean. These two
variables are preferred above the ratio of the maximum rate to the minimum rate
because they are the standard way in statistics of representing variation. In addition, if
some of the net transport rates are negative (as for Richards Bay; Table 1), then the
value of the abovementioned ratio is misleading. Both running and floating mean net
longshore transport rates were used, as will be discussed below.

The running mean net transport rate is calculated as follows: the first point is the
mean rate over 1 year; the second point is the mean rate of the first 2 years; the third
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point is average of the first 3 years; and so on. A factor (f,), being the running mean
rate divided by the long-term mean net longshore transport rate, was plotted against time
for each of the three sites. The advantage of plotting this factor, instead of just the
running mean rate against time, is that it is known that the factor will tend towards
unity. It is then easy to see over how many years the running average needs to be taken
to ensure a variation of say, 20%, above and below the net long-term average rate. In
this example, the required number of years over which the mean should be computed
(say tl) will be when the value of this factor (f,) is consistently between 0.8 and 1.2.
Measurements should therefore be done for tl years in this example to ensure an
accuracy of 20% in the long-term value of the net longshore transport rate.

Another area of inquiry is the sequence of years during which consecutive measure-
ments are taken. If, e.g., measurements are taken for 3 years at a site for a new port, and
these happen to be 3 years with low net transport rates, the answer (mean net rate) will
be too low. This could have severe cost implications if the dredging requirements for the
port are underpredicted. To address this problem, the effect of the sequence of years on
the final answer was also investigated.

However, due to cost limitations, it is usually not possible also to measure the
longshore transport over the required number of years. Guidance is therefore needed on
how much a shorter-term average can deviate from the long-term average rate. A
floating average was used for this purpose. The floating average is computed over a
specified number of years. For example, the floating average over 3 years is calculated
as follows: the first mean value is the average of the first, second and third net rates; the
second mean value is the average of the second, third and fourth net rates; the third
mean value is the average of the third, fourth and fifth net rates, etc. A characteristic of
this method is the fewer data points obtained if averaging is done over longer periods.
For example, if averaging is done over 10 years, and 14 years of data are available, five
data points (floating mean rates) are obtained. As for the running mean, the floating
mean is divided by the long-term mean rate to obtain a factor (ff) that will tend towards
unity. Confidence bands based on the data can then be drawn in on a plot of this factor
vs. the period over which the floating mean was computed. Therefore, for a certain
confidence level, the factors can be obtained within which the estimate of the long-term
rate will fall if measurements are taken during a period shorter than the recommended
period.

4. Results and discussion

4.1. Variation in the net longshore transport rates

Fig. 4 shows the variation in the net longshore transport rates at the four sites
(Durban Bight, Durban sand trap, Richards Bay and Nouakchott). The largest variations
occur at Richards Bay and the Durban Bight; however, significant annual variation is
evident for the Durban sand trap. Since all three South African sites are situated within
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300 krn of each other along an exposed coastline subject to roughly the same weather
systems, reasonably similar variations in the annual rates at the three sites are to be
expected. The smaller variation for the Durban sand trap data can be attributed to the
following causes:

o The survey area at the sand trap does not cover the beach and nearshore area to its
south, i.e., the area between the sand trap and the beach (Fig. 3b). This means that
appreciable accretion can, e.g., occur there without it being reflected in the volumetric
differences calculated for the sand trap. This area is important because it is well-known
that most longshore transports occur within the surf zone. Despite this, very little sand
eventually bypasses the sand trap and the adjacent beach and nearshore area as
maintenance dredging of the entrance channel is not normally required.

o The side slopes of the sand trap are also not included in the survey area (Raw,
1993). As with the above condition, all sand is not accounted for in the volume
calculation.

o It is unlikely that sand in the sand trap and in the lee of the breakwaters of the port
will be transported southwards in the case of southbound longshore transport. This is
because of the protection offered by the breakwaters and because sand is not easily
transported up the slope and out of the sand trap. In contrast, the breakwaters at
Richards Bay virtually do not affect the results there because long stretches of beach are
included in the volumetric computations and not only a strip in the lee of the
breakwaters as at the Durban sand trap.

o It is expected that the variation in the longshore transport arriving at the sand trap
will be more than the variation in the accumulated volumes of sand in the sand trap,
which are recorded by surveys roughly every 2 weeks. This is mostly because it is not
possible to dredge the exact rate of sand as it arrives at the sand trap because of storms.
The trapping of sand and the dredging of it thus, in effect, smoothen out some of the
variation in the longshore transport.

Because the Durban sand trap data cover a shorter period than the other two South
African sites, it can be argued that only a period with smaller variation in the net
longshore transport rates is covered. However, this is not the case. Investigating the
same period, 1986-1992, for the Durban Bight data as for the Durban sand trap data, it
is found that the coefficient of variation was between 0.77 and 0.93 for the Durban
Bight compared with 0.19 for the Durban sand trap. (The value 0.77 is obtained for the
period 1985/1986 to 1991/1992 while 0.93 is calculated from 1986/1987 to
1992/1993; Table 1. The calculation of the coefficient of variation for these two periods
is done because the respective periods for the Durban Bight and Durban sand trap do not
coincide exactly.) Therefore, it is clear that the Durban sand trap data do not cover a
period with smaller-than-normal variations in the net longshore transport rate. On the
other hand, it could be that the Durban Bight variation is somewhat too large because
the loss rates are dependent on when the surveys were done. That is, if a survey were
done immediately after a storm, the loss rate from the beach would be higher than if the
survey was conducted before the storm.

Comparing the annual variation in the net longshore sediment transport rate for the
three South African (Indian Ocean) sites with the variation at Nouakchott on the Atlantic
coast (Shi-Leng and Teh-Fu, 1987), it is clear that the variation at Nouakchott is larger
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than the variation at the Durban sand trap, but lower than the variations found at the
Durban Bight and at Richards Bay (Fig. 4 and Table 1). The values of the coefficient of
variation are 0.19, 0.21, 0.73 and 0.88 for the Durban sand trap, Nouakchott, Durban
Bight and Richards Bay, respectively. Although Shi-Leng and Teh-Fu (1987) give some
information about the Nouakchott site, which is apparently along an exposed coastline
on the west coast of north Africa, it is not possible to do a more detailed comparison.

4.2. Required measurement period

The factor (fr) or ratio of the running mean net longshore transport divided by the
long-term mean net longshore transport is plotted vs. time in Fig. 8 (S = longshore
transport rate in this figure and in Figs. 9 and 10). Note that the long-term mean net
longshore transport is the mean of the net longshore transport rates over the maximum
number of years of data that are available, i.e., 10, 14 and 7 years, respectively, for the
Durban Bight, Richards Bay and Durban sand trap data.

From Fig. 8, it can be seen that the factor fr varies from about 0.3 to just over l.6 for
the data of the three sites. It is also clear that the Richards Bay and Durban Bight data
exhibit the largest variations (as discussed above), while the Durban sand trap values
show a slowly increasing trend towards unity.
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Fig. 8 also shows that the running mean needs to be computed, respectively, over 4,5
and 8 years at the Durban Bight, Durban sand trap and Richards Bay for the running
mean to be within 10% of the long-term mean net longshore transport rate. That is, the
factor Ie will vary consistently between 0.9 and 1.1 in Fig. 8 after this number of years.
A comparison of these periods (4-8 years) with the following corresponding periods in
related fields is interesting. Rossouw (1989) found that wave measurements have to be
done for 5 years or longer to be representative of the long-term wave climate. For fluvial
sediment transport, Rooseboom (1992) concluded that a record of the sediment load of a
river should be kept for 6 years or longer to yield a reliable estimate of the long-term
mean load. This agreement of the required measurement period is interesting.

It is therefore recommended that the required measurement period to obtain an
accurate long-term mean rate for exposed sites is from 5 to 8 years for a deviation of
within 10% from the long-term mean. Although this recommendation is derived from
three data sets only, it is believed to be more widely applicable because it agrees with
the required recording period of 5 years for the wave climate. It is reasonable to expect
that, for protected beaches, the required measurement period will also be 5-8 years or
less because the wave attack is usually limited to a narrower range of wave directions
compared with exposed sites.

The effect of the sequence in which the net longshore transport rates were obtained
was also investigated. This is important because it is normally not known whether a
cycle of high or low rates will be encountered during measurement.
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The Richards Bay data were chosen for this investigation because the site yielded a
data span over the longest period (14 years) and with large annual variations. A random
number generator was used to alter the sequence in which the net transport rates
occurred. The underlying assumption is therefore that the net transport rates are
statistically independent. This is most probably not true, because weather patterns (and
therefore wave patterns) can be distinguished over medium (5-10 years) and long terms
(more than 10 years). However, maximum variations from year to year can be expected
if independence is assumed. The effect on the required measurement period will
therefore most probably be maximised.

Fig. 9 shows the factor (fr' running mean rate/long-term mean rate) vs. time for the
real (original) data for Richards Bay as in Fig. 8, together with three cases in which the
order (sequence) of the net transport rates was varied in a random way. From Fig. 9, it
can be seen that the required measurement period generally lies between 8 and 9 years
in order to ensure that the deviation from the long-term mean is less than or equal to
10%. It can therefore be concluded that the sequence in which the net longshore
transport rates at Richards Bay occur is not critical as long as the continuous required
measurement period is adhered to. It is reasonable to assume that this finding is
applicable to other sites as well (and/or that the finding is conservative) because of the
large variations in net longshore transport rates found in Richards Bay.
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4.3. Deviation of long-term mean transport rate from the short-term mean rate

Fig. 10 shows the variation in the factor (f;) of the floating mean longshore transport
divided by the long-term mean transport rate vs. the period over which the averaging
was done. It should be recalled that the Richards Bay data set, which is the longest data
set and shows the most variation, has been used. The data points fall within an
approximately triangular area and are roughly symmetrical around 1.0. This is to be
expected because the range of the values of the abovementioned factor should decrease
as the period over which the averaging is done increases. Furthermore, because the net
longshore transport rate can be negative, the data points will not be truncated where the
factor is zero, as is the case for the sediment yield from river catchments (which cannot
be less than zero; Rooseboom, 1992).

Four confidence bands (95%, 80%, 20% and 5%) were determined based on the
occurrence of factor, fr. The 95% limit indicates that 95% of the values of ff will
exceed the given value for the particular period over which the averaging was done. The
data points showing the position of these four confidence limits (which were determined
by means of linear interpolation) are also plotted in Fig. 10. Smooth lines were drawn
through these points. Table 2, in which the values of ff are tabulated, summarizes the
confidence limits.

For example, if measurements, which were taken continuously over 2 years, yielded a
mean net longshore transport rate of 300,000 m3/year, it would mean that the long-term
mean net rate can vary as follows by using Table 2:
With a confidence of 90% (between 5% and 95%): from - 0.05 X 300,000 = - 15,000
rrr' /year to 2.20 X 300,000 = 660,000 rrr' /year. This variation in the long-term net
longshore transport rate will then have to be taken into account, as, e.g., in predicting
accretion next to harbour breakwaters.
The values of the factor (ft) tabulated in Table 2 are, strictly speaking, only

applicable to the specific site. However, because Richards Bay lies on an exposed coast
where large variations in the longshore transport regime occur (Fig. 7), it is believed that
these values of ff are more widely applicable. Engineering judgement is required to
estimate how conservative these factors would be for protected coasts where the wave
attack is usually limited to a narrower range of wave directions than that which occurs at
Richards Bay. It is recommended that the above analysis be repeated for protected and
partly protected coasts when data become available.

Table 2
Confidence bands of the factor, floating mean net longshore transport/true long-term mean net transport
(Richards Bay data)

Confidence Period (years) over which the mean was computed
limit(%) 2 3 4 5 6 7 8

95 -0.37 -0.05 0.17 0.32 0.41 0.48 0.55 0.62
5 2.40 2.20 2.03 1.84 1.70 1.51 1.38 1.25

80 0.28 0.44 0.52 0.58 0.63 0.68 0.70 0.74
20 1.70 1.60 1.51 1.46 1.37 1.28 1.18 1.13
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4.4. General discussion

An accurate assessment of the long-term mean net longshore transport rate at a site
can be made in a number of ways (called options), as follows:

(1) The long-term mean net longshore transport rate may be known for nearby sites
from long-term records. By inference, the long-term net rate at the new site can be
determined. This can be done by comparing the wave climates, sand grain sizes,
coastline orientations, beach and nearshore profiles, etc., of the particular site with the
nearby sites.

(2) Measurements can be conducted over a 5-8 year period or over a shorter period
and by using the values of If (floating mean rate/long-term mean rate) in Table 2 as
explained above. Typical methods for doing these measurements are described in
Schoonees and Theron (1993). Apart from the high costs involved in doing these
measurements, such a long period is normally unacceptable for clients who commission
this type of study.

(3) A representative wave climate can be used together with a well-calibrated
longshore transport formula (Schoonees and Theron, 1996) to predict the long-term
mean net transport rate.

(4) Limited site-specific measurements (e.g., by using short-term impoundment
(Bodge, 1986) or other methods (Schoonees and Theron, 1993) can be made to calibrate
a longshore transport formula (Schoonees and Theron, 1996) for the particular site. The
calibrated formula can then be used with confidence in association with representative
wave data to predict the long-term mean net rate.

In determining the average sediment yield of a river (or fluvial sediment transport),
use has been made of almost continuous suspended sediment concentration measure-
ments at a representative location (Rooseboom, 1992). In the sea, however, the cost of
almost continuous concentration measurements is prohibitive. In addition, the zones of
maximum concentration and transport shift all the time owing to changes in tidal levels,
beach profiles, and wave heights. This means that the measuring point(s) (location) will
have to shift continuously in order to measure within the zones where the maximum
concentrations and transport occur. These zones are themselves difficult to determine
before measurements are conducted.

It is recommended that the abovementioned option (4) (limited measurements,
calibration and prediction) be carried out, possibly augmented by option (1) (inference
of net rate from nearby sites). This is believed to be the most cost-effective method of
determining the long-term mean net longshore transport rate.

The question may be asked: How many years of volume observations will it take to
give a better estimate of the long-term mean transport rate than an estimate based on
comprehensive wave data and the best longshore transport formula? Clearly, the answer
will be the same number of years provided that the accuracies of the volume observa-
tions (the first method) and sediment transport predictions (the second method) are
similar, assuming that the periods covered by both methods are equally representative of
the long-term conditions. The factors that influence the accuracy of these methods
include the accuracy of the following: the volume differences calculated from hydro-
graphic surveys, the determination of dredged volumes, the measurement of wave
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characteristics (especially the wave direction), and the longshore sediment transport
formula used. Either of the two methods may be significantly more accurate in a specific
instance, but this will have to be assessed in each case. In any event, a larger database
than contained in this paper would be required to reach a firm conclusion.

S. Conclusions and recommendations

Based on data from three sites on the South African east coast, it was found that
measurements of the longshore transport rates should be conducted continuously for 5-8
years in order to obtain an accurate value (within 10%) of the long-term mean net
longshore transport rate. It was also found that the order (sequence) in which the net
longshore transport rates occur is not critical as long as the required measurement period
is adhered to. In other words, it does not matter whether the measurements start at a time
when the net longshore transport rates are low or high.

Four confidence bands (95%, 80%, 20% and 5%) were determined for the factor If'
the floating mean net longshore transport/long-term mean net transport, for different
measurement periods (Table 2). This table can be used to estimate the long-term net
transport rate if measurements were done over a shorter period than the 5-8 years
recommended above. That is, if measurements cover only, e.g., a 2-year period, the
values of If in Table 2 can be applied to determine the range in which the true
long-term mean net transport rate will fall for a given confidence band.

Although the above conclusions are derived from data originating from specific sites,
it is reasonable to expect that the conclusions are more widely applicable, especially for
exposed sites (such as the three South African sites considered here). For protected sites,
the above results are most probably conservative. It is recommended that the above
analysis be repeated for protected and partly protected coasts when data become
available.

It is also recommended that an accurate assessment of the long-term mean net
longshore transport rate at a site can best be made cost-effectively by doing limited
site-specific measurements, calibrating the best longshore transport formula (Schoonees
and Theron, 1996) for the particular site, and predicting the transport rates using a
representative wave climate. Measurements can be made using a variety of methods as
described in Schoonees and Theron (1993). If possible, these predictions should be
augmented by comparing the net rate with the net rates from nearby sites.
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APPENDIXC

LONGSHORE TRANSPORT FORMULAE

C.l General

This appendix contains a summary of the available longshore transport formulae and how they were used. For
brevity sake, not all the equations are given - the original references have to be consulted. However, sometimes
the original references are not explicit and assumptions had to be made - these are presented. In other cases,
curve fitting was required in order to program the methods. The two longshore transport formulae by
Hallermeier (1982) were improved significantly while the range for the Larras, Bonnefille and Pemecker, 2
methods were extended by extrapolation.

The formulae are summarized per category as given in Chapter 2.

C.2 Energetics (Energy Flux) Approach

One of the earliest formulae and perhaps the best-known method, the SPM formula (SPM = Shore Protection
Manual) is given in US Army, Corps of Engineers (1984):

s = K} Pul
(m3/year)

(Cl)

where K} = 1289 (m4/ (W.year) for prototype conditions
578 for model data (Willis and Price, 1975 and Das, 1972)=

=
wave energy flux factor using the significant wave height in the calculation (W/m).
frequency of occurrence

Pis
and f

=

Development of the SPM formula was done, among others, by Scripps Institute of Oceanography (1947),

Watts (1953), Caldwell (1956), Inman and Bagnold (1963), Komar (1969), Komar and Inman (1970) and

Komar (1983).

Swart (1976a) adapted the coefficient K} = 1289 to be a function of the median grain size (Dso). His version

of the SPM formula is

(C2)

where = 1876 log., (0,00146 / D5O)

(D5O in m)

Kamphuis and Readshaw (1978) and Vitale (1981) investigated whether K1 is a function of the surf similarity

parameter (or Iribarren number) ~brms:



where tan a

C.2

~brml =
tane

(H / L ,0,5
brms oJ

= bottom slope in the surf zone

root-mean-square breaker height=

HI» I f2. (Hbs = significant breaker height)

= deep-water wavelength

It was decided to use the relationship proposed by Kamphuis and Readshaw (1978) and Readshaw (1979),

namely:

~'

with Q. (kg/s) =

and S =

where p

P.
and 31557600 =

=
0,7~brml for 0,4 ~brml <1,4
(say for ~brml < 1,4)
1,24 for ~brmlt ~ 1,4

~' Pls/2g

31 557 600 Q
It
f

(l-p) Pit
(C3)

= porosity of the sediment (assumed to be 0,4 for sand)

density of the sediment (usually 2650 kg/m' for sand)

number of seconds in one year

=

Bailard (1981) generalized the Bagnold (1963, 1966) energetics-based stream model. After integrating the

local time-averaged longshore transport rate, Bailard (1984) obtained the following alternative equation for

KJ, (called K3) valid for both model and prototype applications:

where w =
ll",t, =

and y =
=

~ = 0,05 + 2,6 sin2 28 b + 0,007 u"", I w

fall velocity of the sediment grains

0,5 y (g rlt,)O.5

breaker index

0,8

Bailard (1985) adds another term to the above equation namely, 0,0096 tan a. However, choosing a very high

value of tan a ofO,2, it is clear that the estimated maximum value of this term is about 0,0019. For tan ex=
0,04 a typical value, the term is only 0,00038. Because its contribution to K3 is negligible, this term was

omitted. Furthermore,
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immersed weight longshore transport rate

andS =
31 557600 11,/

(p. - p) g (1 - p) (C4)

Like the original SPM formula, the above variations to the SPM formula are bulk predictors. Svasek and

Bakker (see Bakker, 1969, 1971 and Bakker et al., 1971) and Komar (1977) devised methods to calculate the

distribution of the longshore transport across the surf zone. The method by Komar has been used. He assumed

that the local transport rate is proportional to the local product of the shear stress and the current velocity

caused, firstly by only the wave orbital motion and secondly, by both the orbital motion and longshore velocity.

Furthermore, he supposed that all the longshore transport occurs in the surf zone. He then calibrated the two

formulations to obtain the same total transport rate (integrated across the surf zone) as for the SPM formula.

The formulation applied here is the second formulation as given by Equation (19) in Komar (1977). The

formula consists of a lengthy set of expressions utilizing the longshore current distribution by Komar (1975).

Watts (1953) empirically related the longshore transport rate to the wave energy flux factor. The Watts

formula in SI units is:

S = 2223 / p~.9 (C5)

Similarly, Caldwell (1956) obtained his formula (given here in SI units):

(C6)

Manohar (1962) correlate the transport rate not only to the wave energy flux factor, but also to the grain size

(assumed here to be the median grain size) and the relative density of the material to be transported. He

obtained (in SI units):

(C7)

Pyshkin et al. (1965) presented their equation, namely, the Pyshkin-Maksimtchouk-Zaitz formula:

(ca)

where n, = mean sediment grain size

deep-water significant wave height=
and subscript 0 denotes deep-water characteristics
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It has been assumed that D; = D50• In the computations an equivalent lfoe and 80e have been used instead of

Hos and 80, Parallel contours (and Snell's law) were assumed which made it possible to calculate lfoe (a

significant wave height) and 80e from Rbs and 8b. This formula can also be given in terms of Pj;

Castanho (1966) considered bedload and suspended load separately and determined the energy dissipated by

both spilling and plunging breakers (Sayao and Kamphuis, 1983 and Schoonees, 1997). The Castanho

formula, using solitary wave theory, is:

where P,

"

s = 31 557 600 SC P, f
(C9)

(ps - p) g (1 - p) tan 0

=

= angle of repose of the sediment

fraction of the available energy flux=

The variable s, is a function of the breaker type and A, (A, Hb tan ex 1
& • In the latter equation

t., cf tan 8b

cr =

=

with fDw =

and Ch =

=

roughness coefficient

fDw/8 glC2
h

Darcy-Weisbach friction factor

Chezy friction coefficient

1810glo (12d/r) according to Swart (1976b). Swart's method to evaluate the bottom

roughness r in terms of the ripple characteristics (if any) was used in determining C,

and thus Cr.

To distinguish between spilling and plunging breakers, the method by Galvin (1968) was applied.

For spilling breakers and a rectangular longshore current velocity distribution through the surf zone

where e

with v

= a velocity ratio

= longshore current velocity
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and = wave celerity at the breakerline

e is obtained from

3,44~

(choose the positive root as the solution for e).

For plunging breakers, Castanho gives

1,290 ~ = e2 I (1,3 - e)

(In the process blm = 0,75 and C, = 1,3 - in Castanho's notation - have been used). The expressions for e and

s, given by Sayao and Kamphuis (1983) for plunging breakers are incorrect.

The formula by Dean (1973) is given by

S = GjPu (C10)

where G in metric units (Schoonees, 1997) is:

G
2,9278.107 K. (yl 2)o.s Hbo;S tan ~ cos 6b

CUI gO.s P (P. / P - 1) (1 - p) w

where y
CLH =

breaker index (Ht>/db)

bottom friction coefficient by Longuet-Higgens (1970).

Dean (1973) obtained a preliminary value for K4 (= 0,00196) by equating his formula with the early version

(1966) of the SPM formula at a specific point. The newer version of the SPM formula (U. S. Army, Corps of

Engineers, 1984) predicts 82,5 % higher transport rates than before (Sayao and Kamphuis, 1983) because only

prototype data were considered in its derivation. Consequently, the new rough estimate of'K, for the case given

by Dean (1973), is 0,00358. This value has been used for K;

Walton and Chiu (1979a) presented the following formula for the bulk transport rate:

where x, = 4,24 for prototype cases

= 2,82 for model applications

and
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x = y(1 - Kwc) tana (e" sin 2 a" + e, Lit cos a,,)
I; 2 tan e W Tp

where Kwc =
y2 (3 - 2 sin2 6b)

8 + y 2 (3 - 2 sin2 eb)

= friction factor by Jonsson (I966)

bedload efficiency factor

suspended load efficiency factor

=
es =

Walton and Chiu used the following values:

= 0,02; tane = 0,63; and y = 0,8

Then

s 31 557 600 II f
(p, - p) g (1 - p) (C11)

To determine e, Walton and Chiu used the graph of ~ versus the velocity by Bagnold (1966). The velocity

is supposed to be half of the longshore current velocity at the breaker line (Vb) as is implied in the text. Curve

fitting which was done to program the relationship, yielded:

= exp ( m In ( Vb 12) + c)
0,3048

where m = 0,039 - 61,90 D50

-2,003 - 0,03 In (1 000 Dso)and c =
with D50 in m and Vb in mls.

In order to calculate es, the vertical sediment mixing coefficient (Es), the bottom reference concentration (Co)

and the mean concentration over depth (Cm) are needed. Walton and Chiu (1979a) gave an expression for E.

in terms of the wave height and water depth. It has been assumed that the wave height equal to (HtJ2) and a

depth of half of <it, should be used. Their equation in metric units are

e = 8 547 10-4 (H 12)2.S gO.s 1 (O 5 d )• ,. b. ' b

Walton and Chiu (1979a) gave only a graph (their Figure 4.10) to determine Co in terms of among others, the
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wave height and water depth (variables H and d). They did not give an indication of where H and d should be

evaluated. However, Walton and Chiu (1979b) stated that mean values of these variables across the surf zone

should be used. Consequently, HtJ2 and dJ2 have been used for Hand d. The equation for Cowas determined

to be (from their graph)

Co = 4,196 . 10-4 (H2 g / w2 d) - 1,071

with H = HtJ2 and d = dJ2

Similarly, d = dJ2 in the following equation for Cm:

Finally,

16 C", w (p, - p) Tp
e, = -----------:....--

5p, y2 n L cos a (1 - Kw,) tane

where according to Walton and Chiu (l979b), n, L and a are the respective values at the breakerline.

Walton and Chiu (1979a) also derived a relationship for the local immersed weight longshore transport rate (i.):

(C12)

where v = local longshore current velocity

X = x/Xb

with x = horizontal distance from the shoreline (still-water level).

x, = surf-zone width.

(~, e" Y, tane, fw, w and Kwc are the same as for the bulk transport rate). In the second term in Eq. (C12), it

has been assumed that a = ab in cos ab• To derive equations for v, Walton and Chiu (l979a) followed the

general approach by Longuet-Higgens (1970) but also took wave set-up into account. These are not repeated

here; the relevant equations are (4.98), (4.100), (4.102) to (4.106) and (4.108) in Walton and Chiu (1979a).

However, there is a typing error in their Eq. (4.108):
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V = Vb ( !~X-2,5) for 1 < X :S:..,

and not v= Vb ( :~ X - 2.5)

The first Hou, Lee and Lin (1980) formula is

and

s =
31 557 600 IlJ

(C13)
(p. - p) (1 - p) g

It has been assumed that the mean wave period used by Hou et al. (1980) is equal to TZ' the zero-crossing wave

period. Their second formula is (in mks units):

I = 0 3428 f P 1,0695
12' lnru

and

s =
31 557 600 . III

(P. - p) (1 - p) g
I

(C14)

Hallermeier (1982) derived two expressions for the total immersed weight longshore transport rate, namely,

based on "bedload" (denoted by subscript AB) and "wave thrust" (denoted by subscript AW) considerations.

Generally speaking, his relationships are:

where lAP is either lAB or lAW.

and m and n are coefficients.

Again s= 31 577 600 II f
(P. - p) (1 - p) g.

(CI5)
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(
D P 10,5 (21t sin a 1'AB = P g (1 - p) H;,5 (1 + Ra)3 so . e B
P s - P Tp tan (X

with d, =

He =

ee =

s, =

=

where L,

an empirical maximum water depth for intense agitation of a sandy bed

incident wave height according to linear wave shoaling at depth (de). (Significant

wave height and T p were used.)

wave direction at depth de

reflection coefficient

0,1 L. tan2 a;

H. cos a. 0,1 ~;

= wavelength at depth de

surf similarity parameter evaluated at depth de.=

= tan a;

(H cos a / L )0,5• ••

B = 3 z-o.s { cosl•s as l (4z0.6 - 4) + 15 sin2 as (1 - Z-0.2) J + z0,6 }

and z is the following factor:

z = d.IHe

An iterative procedure based on Equations (A2) and (A3) ofHallermeier (1982) was used to calculate d; He

and t;

For the second formula

lAW = Pis

Based on 57 laboratory tests which complied with certain criteria, Hallermeier then determined values for m

and n for both lAB and lAW' The exponent n was found to be almost constant but m varied with ~e. Hallermeier,

however, did not attempt to relate m to ~e. When this was done (in this study), significant improvements were

found. The relationships obtained, were:
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"Bedload" considerations (lAB):

n = 0,79

m= 1,008~

R2 improved from 0,49 to 0,83

"Wave thrust" consideration o.,»
n = 0,93

m = 0,314 ~ + 0,044

R2 increased from 0,87 to 0,95

(R2 = coefficient of determination; values of n as given by Hallermeier).

Figures CIa and b show how the equations fit the data.

Bailard (1981, 1985) also developed a local longshore transport model; see under the SPM formula for his

version for the bulk sediment transport rate. He simplified the formula for the local longshore current velocity

given by Ostendorf and Madsen (1979) and used the values ofO,60 and 1,25 for the velocity moments U·3 and

u"5 respectively (Bailard, 1982). The relevant expressions for the longshore current velocity are Equations 13

to 21 in Bailard (1985). His Equation (22), a long and complicated formula, gives the local immersed weight

transport rate.

Chadwick (1989) measured shingle transport in the field and presented three longshore transport predictors.

His first formula is:

s 31 557 600 K6 (PlrM6 - Po )
(P. - p) g (I - p)

(C16)

with ~=
and Po =

0,0384

threshold value ofPlnns

12,2=
The second expression, an adaptation of the work by Van Hijum and Pilarczyk (1982) is:

Q2 = 0,0013 g Dio Til W (W - 8,3) sin e,

(m3/s)

where <6 is the longshore transport rate; no transport ifW < 8,3.

Therefore S = 31 557600 fQ2 (CI7)

For the third expression, Chadwick (1989) modified the work by Brampton and Motyka (1984) to obtain:
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0,0696

If 8, 1 D~bs ~ 1, no transport occurs.

Again S = 31557600 fQ3 (CI8)

C.3 Shear Stress (Modified Steady Flow) Approach

Iwagaki and Sawaragi (1962) adapted the Kalinske - Brown bedload formula (Rouse, 1950) and obtained the

the following equation for the total and bulk longshore transport rate:

8,583108 H2I3 (tan a) 4/3 rl/6 cos () P 1,5S = . b.r z b Is

g5/3 (p s - p) 1,5 Dfo5 (sin 2 (}b) 116 L~5
(CI9)

having assumed Hbs = H'as (as Iwagaki and Sawaragi did; H'os = equivalent unrefracted deep-water significant

wave height) and that the median grain size (D50)= mean grain size.)

Bijker (1967) modified the bedload formula by Frijlink (1952) by introducing the average bed shear stress due

to combined wave and current action instead of the bed shear stress because of current action alone. He gave

the local bedload rate (Sbi) as:

5 D v s" (s= so exp
hi C

11

2 )-0,27 (P, - p) Dso CII

where ~ = ripple coefficient

= (Ct/CD90)I,5

and CD90 = 18 log 10 (12d/D90);

uo = maximum orbital velocity at the bed according to linear theory

and ~BK = coefficient with two values, namely, ~1 and ~2

~1 = 0,0575 c, (Bijker 1967, 1971a and b)

and ~2 = c, (fw /(2g»O,5 (Swart, 1976b)

Similarly, two values of the bottom roughness r have been used to obtain Chi and Ch2. For ChI>r = 2,5 D50

according to Nielsen (1979) and for Ch2, the method by Swart (1976b) has been applied for r in:
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CIt = 18 log10 (12 d/r)

Komar's (1975) longshore current velocity model with Crn = 0,0175 (= friction factor by Longuet-Higgens,

1970) was utilized to compute the longshore current velocity v.

Bijker (1967) proceeded by utilizing the Einstein approach to get the local suspended load rate (ss;):

(C20)

where I( and 12 are the Einstein integrals. These were numerically integrated to minimize calculation errors by

following the approach by Nakato (1984).

Thus the total, local longshore transport rate (St;) is:

or = 31 557 600 f (Sbi + ssJ

Swart (1976b) adapted the England and Hansen (1967) formula in a manner similar to Bijker modifying

Frijlink's equation. The Engelund, Hansen and Swart formula for the total, local longshore transport rate thus

obtained, is (Swart and Fleming, 1980):

s =It

0,05 V Cit (t~ / p)2 pi
g2.S Dso (PI - p)

(C21)

with'twc = bed shear stress due to waves and current (Bijker, 1967)

;2 and C,were applied as for the Bijkerformula using the bottom roughness r from the Swart (1976b) method.

C, is recalculated at each depth and not just at the breakerline. The longshore current velocity from the Komar

(1975) approach was used in which CLH = 0,0175.
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Swart (1976b), Willis (1978, 1979), Van de Graaffand Van Overeem (1979) and Swart and Fleming (1980)

presented different versions of how the Ackers and White (1973) formula for fluvial sediment transport can be

adapted for oscillatory flow. Two of these, the Willis method and the Swart and Lenhoffversion (Swart and

Fleming, 1980) will be used.

The Ackers, White and Willis formula for total, local longshore transport is given in Willis (1979) neatly

summarized as a lengthy series of equations which is not repeated here. The equation for the calibration

coefficient (We) is (Willis, 1979):

»: = 0,04141 Dgr + 0,20354

where Dgr = dimensionless grain size

The longshore current velocity computed with the Komar (1975) method (CLH = 0,0175) was used.

The Ackers, White, Swart and Lenhoff formula which gives the total, local longshore transport rate, is

described in Swart and Fleming (1980). The main aspects are the following (Swart and Fleming, 1980):

• An instantaneous mobility number and efficiency term are calculated and averaged over one wave

period.

• Vector addition of the instantaneous velocity and shear stress at the bed is carried out.

• A new critical mobility number was determined (see also Lenhoff, 1982).

The extensive set of equations given in Swart and Fleming (1980) is not repeated here. The longshore current

velocity by the same authors was applied.

Sawaragi and Deguchi (1978) related the total local longshore sediment transport rate to a factor F, called the

"non-dimensional force of the sediment transport". F is related to the excess shear stress as follows:

F=
(p.lp- 1) g Dso

(Note: In the definition ofF in Sawaragi and Deguchi (1978) the density factor pjp is incorrect. The version

in their Figure 14 is correct as confirmed by Horikawa, 1988).

where u. = shear velocity

{T.Jp)o.s=
with T.m = bottom shear stress
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= {( }

o.s
'tym

ubm =
0,5 fwP U2bm

"the maximum water particle velocity by waves" (Sawaragi and Deguchi, 1978)

and'tym =

= { g (d + H)}o.s H / (2d)

= critical bottom shear stress as given by Iwagaki in 1956 for sediment movement in

open channels. His empirical set of equations is contained in Sawaragi and Deguchi

(1978); it is important to note that Dso in these equations must be in em, thus

necessitating transforming u-, to mks units as well.

It has been assumed that no refraction takes place in the surf zone so that the wave incidence angle is B,
everywhere in the surf zone.

Sawaragi and Deguchi (1978) used the Riedel eta/. (1972) method to determine fw(=2fy; fyused by Sawaragi

and Deguchi):

= 0,25 (ajr)-o·n for 0,1 < ajr s 25

amplitude of the orbital excursion at the bed obtained from linear theory.

(4.44)

with a"

To eliminate an iterative solution to the Riedel et al. (1972) equation for ao /r>25, a curve was fitted through

points obtained from it. A very good fit resulted (Figure C2) in the expression:

low = 0,1 exp {-1,443 + 4,616 (ao / rfO.217S}

for ajr > 25

Sawaragi and Deguchi do not specify how to determine the bottom roughness r. This variable was assumed

to be equal to 2,5 Dso (Nielsen, 1979).

The longshore transport rate (q) is then given by:

= v Dso 86 F3•7 for F ~ 0,3
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= V 050 23 F4
•
5 for

31557600 fq

F < 0,3 (C22)

and s =
(m3/year per m)

This local rate is integrated across the surf zone and beyond.

Sawaragi and Deguchi (1978) applied the longshore current velocity as predicted by the Longuet-Higgens

(1970) method with a lateral mixing factor P = 0,4, CLH = 0,01 and (X = 0,41 and using the significant breaker

wave height as the wave height parameter.

Madsen (1978) gave a total, local longshore transport rate based on the Shields number as:

q = 1 7 D (
t; )3 S

, W SO Ub V
g (P, / P - 1) Dso

where u, = "maximum orbital velocity associated with the wave motion as a function of distance

from the shore" (Madsen, 1978)

= 0,4 (gd)o.s

= friction factor

= 0,02

Then s, = 31 557 600 f q (m3/year per m), which is integrated across the surf zone and beyond.

(C23)

It was assumed that the representative grain size is 05°' Furthermore, as in the example calculations by

Madsen, the breakerline corresponding to the root-mean-square wave height was used. He assumed that no

longshore transport occurs outside the surf zone because he integrates only from the shoreline up to the

breakerline and then compared the calculated value to the total, bulk transport rate measured. The Longuet-

Higgins (1970) longshore current velocity method is employed with a lateral mixing factor P of 0,25.

Ostendorf and Madsen (1979) proposed a "linear longshore sediment transport model" based on their "linear

longshore current model." They assumed that the transport rate is a function of the Shields number. IfQ (kg/s)

is their total bulk longshore transport rate then

s = 31 557 600 Q f
(1 - p) P, (C24)
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Q can be calculated from a long series of equations such as their Equations (4-60), (4-61), (4-72), (4-74), (4-

75). Ostendorf and Madsen (1979) found that their calibration constant' = 660 which fitted laboratory data

reasonably. Because field data are overpredicted by a factor 5 (Ostendorf and Madsen, 1979),' = 660/5 = 132

was used. In addition, their AI was taken to be 1, thus assuming no shore-normal groyne. The wave

characteristics at the breakerline read into the computer program were refracted out to 20 m water depth using

Snell's law whereafter a new breakerline was determined using the empirical breaking criterion combined with

non-linear wave theory by Ostendorf and Madsen (1979). The bottom roughness was taken as Dso in

accordance with Ostendorf and Madsen. Their linear longshore current velocity model represented by their

Equations (3-76), (4-37) and (4-49), was used.

C.4 Approach Using the Product ofthe Shear Stress and the Longshore Current Velocity

Watanabe (1985), Watanabe et al. in Horikawa (1988) and Watanabe et al. (1991) treated sediment transport

due to wave and current action by considering transport by waves (in the direction of the waves) and by a mean

current. The latter, can be regarded as being the longshore transport (Horikawa, 1988) if the mean current is

assumed to be the longshore current velocity. The Watanabe formula for total, local transport is:

and s, = 31557600 f'q,

(m3/year per m)

0,5 for model applications (Watanabe, 1985).

(C25)

with Ac =
= 2,0 for prototype cases (Watanabe et al., 1991)

= maximum shear stress at the bottom

and fwevaluated by means of the Tanaka and Shuto (1981) method and taking the bottom roughness r = D5O•

= critical shear stress

° in the surf zone=
= (P. - p) g D50 We tanh' (K, (x - Xb) /~)

outside the surf zone

and K.: =

"'e =
OL =

1,0

factor different for fine to coarse sand

represents the thickness of the oscillatory boundary layerwhere

and assuming D50 is the relevant grain size. The bulk transport rate is obtained by integrating the local rate

across the surf zone and beyond.

Badge (1986) was particularly interested in the cross-shore distribution of the longshore sediment transport.

He evaluated a number of total , local transport models by comparing these against his field and laboratory data.
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The Bodge formula require considerable computations as is described in detail in Chapter 9 in Bodge (1986).

It is necessary to calculate the profile characteristics (such as x.n), the wave set-up and set-down, the slope of

the mean water level and ofWdo.5, the cross-shore variation of wave height and the longshore current velocity

(Bodge, 1986). The most important relationships are his Equations (9.13), (9.14) and (9.27) to (9.30). (Note:

the d contained in his Equation (9.13) should be omitted; it is a typing error). The following values were used

in the computations:

y =
Cf =
k3 =

=
=

0,8

0,10 (Bodge gave a range ofO,05 to 0,15)

coefficient in his Equation (9.28)

0,057 s for model applications

0,48 s for prototype cases (Bodge, 1986)

In addition, the equation for A given by Dean (1987) has been modified to be in rnks units:

A 0,5082 WO.44

The equations for the longshore current velocity (v) given by Bodge are only valid if x, < Xb' Outside this

range, that is, x.n >%, one has a planar beach slope. In these cases, the Komar (1975) method has been used

for v with CLH = 0,0175.

Finally, it should be noted that Bodge assumed that all longshore transport occurs only in the surf zone.

Kraus et al. (1988) analysed sediment transport measurements taken in a cross-flow tank by Katori et al (1984)

and data from the SUPERDUCK experiment. Following Katori et ai, the Kraus, Gingerich and Rosati total,

local formula 3 is:

with <I>

and

'tm

= 31557600 <I> w D50 f (C26)

= "dimensionless flow power"

= 085 SI,I
, "

=
p [ (p. - p) g Dso I P]I.S

=

where u, is calculated with the local root-mean-square wave height according to linear theory.
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In order to compute fw with the explicit formula by Swart (1974), it was assumed that the bottom roughness

is equal to 2,5 D50 (Engelund and Hansen, 1967 and Nielsen, 1979). The Komar (1975) method with CUI=

0,0175 was used for the longshore current velocity. Integration was done across the surf zone and beyond to

obtain the bulk transport rate.

Morfett (1990) derived a bulk longshore transport formula for both sand and gravel by considering the

"virtual" wave power. The expression is:

I. = 10500 P. D.

and P. = P (sin 8b)O,75

P = "virtual" wave power

= p!'S g-O,133 (P, - pro,s UO,7S

(C27)

with P+
3 3= P (u+ - u+c,)

and u, = dissipation velocity

= (DrIp )0,333

Dr = total rate of energy dissipation per unit area

= DB+DF

where subscript B denotes "due to wave breaking" and subscript F is "due to bed shear stress"

= critical dissipation velocity

Morfett (1990) used:

DF = pCwUo3

where his C; = sc from O'Connor and Yoo (1988) (Morfett, pers. comm., 1990) as determined in the latter

reference. He adapted the equation by O'Connor and Yoo (1987) to obtain

=

with CbDdetermined from Equation (5) in Morfett (1990) with the factors KD= 1,3 and m = 0,33 and his TD

= T,where there are no currents (Morfett, pers. comm., 1990).

Morfett distinguished between sand and gravel to determine incipient motion criteria and l4a-. For the gravel

he gives a simple expression (it was assumed that D50 > 2 mm for gravel according to US Army, Corps of

Engineers, 1984). To determine the equivalent value for sand, he (Morfett, pers. comrn, 1990) proposed the

bottom roughness stipulated by Van Rijn (1989), using the relationships for the Shield curve by Van Rijn
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(1984) and the drag coefficient (CD) by Morsi and Alexander (1972). (It was assumed that CD = 0,488 for

Reynolds numbers greater than 50000.)

C.5 Approach Using Dimensional Analysis

The Kamphuis, Davies, Nairn and Sayao (1986) bulk formula is given by:

Q = 1,28 tan ax Hi/ sin 2 eb / Dso

with Q = longshore transport rate in kg/s

beach slope, defined by dJxb

Thus S = 31 557 600 Q
P, (1 - p)

(C28)

Sanchez-Arcilla et al. (1988) also used dimensional analysis and derived the following expressions (the

Sanchez-Areilla, Vidaor and Pous bulk formula):

II = 0 5 (.P - p) A 1:0,5222 1O-0,1901I~ H2,S sin 2 e g 1,5 (SC - Sc )
'. • .. b. b' h her

and S =
31 557 600 II f

(P. - p) g ( 1 - p)
(C29)

where according to Sanchez-Arcilla, pers. comm., (1990) :

= coefficient = 4,88 . 10-3

a version of the Shields parameter=
= P tIm / (p, D50)

The exponent of ~ is 0,5222, not 0,5 and

c = 0,4419, not 0,44 as in Sanchez-Arcilla et al. (1988)

Furthermore, 0,5 is included as a factor on the right hand side of Equation (C29)

and the exponent of 10 is -0,1908~, not -8~ as appeared in Sanchez-Arcilla et al. (1988).

The critical Shields parameter, Shcr, = 12,77 (~ is the surf similarity parameter or Iribarren number). It has

been supposed that the significant wave height should be used.

Kamphuis (1990, 1991) presented the results of extensive model tests and calibrated a formula against these

data and then tested it also against published field data. This resulted in:
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(Q is the underwater mass transport rate in kg/s)

and S = 31 557 600 fQ
( 1 - P )(P

1
- p)

(C30)

D.6 Approach Using the Suspended Sediment Concentration and the Longshore Current Velocity

Fleming (Fleming and Hunt (1976), Fleming (1977) and Swart and Fleming (1980» developed a total, local

longshore transport formula by integrating the product of the suspended sediment concentration (C) and

longshore current velocity (v) over depth. He gave the following equations:

C(z) = 0,52 { Co / 0,52).d:r· for 0 s z ~ z.

C = CD exp { J_ { 1 - ( z / z. )0.75 ) } for z. < z ~ d

where Co = bottom reference concentration

= small specified height above the bed.

The variation with distance from the bed of the longshore current velocity was assumed to be:

v(z) = (8/7) V (zJd)ln

Fleming presented equations for Co, 1m and z; The longshore current velocity by Swart and Fleming (1980)

has been used.

In a similar development, Swart and Fleming (1980) applied the formulation of Nielsen et al. (1978) for the

concentration together with their own longshore current velocity model (as explained for the Fleming formula)

to get the Nielsen formula. The concentration is given by:

C ( z ) = CD ( 1 / ( 1 + a V) )l/Y

with V = (variance ofw) / w~

and Wso = fall velocity of the median grain size
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parameter including the eddy diffusivity

Nielsen et al. (1978) and Nielsen (1979, 1985) gave expressions for Co. Integration over the depth and across

the surf zone and beyond was conducted.

Tsuchiya (1982) presented a bulk longshore transport formula:

s = C1 (p / P.) IT d;'S gO.S sin 2 6b (m3/s)T

where C) = 5 1t ~ aT / (16fw)

and ~ = 0,2

fw = 0,3

aT = i; Hb• / (2 Tp g db1•S)

For prototype conditions:

IT
Therefore

= 0,3

S = 31 557 600 f ST (C31)

It has been assumed that the significant wave height and the peak wave period are the relevant wave

characteristics.

Voitsekhovich (1986) presented his bulk formula in terms of the mean concentration and mean longshore

current velocity in the surf zone:

Q =

with kb =
Vmean =
Cmean =
We =

(kg/s)

factor to incorporate bedload = 1,2

mean longshore current velocity in the surf zone

mean concentration in the surf zone

cross-sectional area of the transport zone which extends up to a depth d, (d, is

typically 1 to 1,5 db).

S = 31 557 600 Q f
( 1 - P ) p. (C32)

Voitsekhovich gave the following equations for vmean , Cmean and We:
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vmean
33,3 H; sin 2 eb
T2 (g d )0.5
If _4"

where He the characteristic wave height corresponding to a 10 % occurrence in the

wave height distribution

= 1,072 Hoo (assuming a Rayleigh distribution)

=

mean depth from the shoreline to depth d,

= 0,5 d, if a planar beach is considered

where d, = 0,09 Y 4

Further Cmean =
0,5 . 10-4 e Hc2 ( 1 + sin 2 eb )

d T (g D )0.5_4" If so

where e = 1,65 . 103 kg/rrr' (Voitsekhovich, 1986)

=
0,4 . 10-2 g d" Tz

2

kw tan a y2
(assuming a planar beach)

with lew = a profile factor

= dj(2d.ne..J

= 1 if a planar beach is considered

It has been assumed that the mean wave period is equal to T z-

Deigaard et al. (1986) derived a detailed model for predicting the longshore transport rate. The Deigaard,

Fredsee and Hedegaard formula applied here is their schematized version as given by:

(grain volume/s)

where f (6'> - sin { 2 6. [ 1 - 0,4 ;; ( 1 - :;) l}

with eo in degrees
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and Qs,max =

with <Do =

and Po = 2,79 + 0,069ln (II" / La)

-1,67 (1,46 + 0,187ln (II" / La) - W.)2

W / (g D50 )0,5w. =

For H, and 80 the equivalent deep-water wave characteristics Rae (a significant wave height) and 8ce were used

(determined from Hils and 8b and assuming Snell's law).

Finally,

s = 31 557 600 . f .Q,
( 1 - p)

(C33)

C.7 Empirical Formulae

The formula by Sauvage de Saint Marc, Vincent and Larras is based on early work by Sauvage de Saint

Marc and Vincent (1954) and Larras (1957, 1961) - see also Delorme (1981). This formula is (Schoonees,

1997):

31 557 600 KIO g H;' T,,! ( 6)s=
(H", / LJ

(C34)

where KIO = a dimensionless factor dependent on the grain size and the nature of the waves.

Has = deep-water significant wave height

f(8) = sin (781/4) for 815< 25°

where 815 = wave incidence angle at 15 m water depth

Two values for KIO have been used, namely, by Delorme (1981):

KIO = 1,8 . 10-6 Ds~o.s for 0,2 mm < Dso < 1,0 mm

(assuming that Dso (in m) is the representative grain size).

and KIO = 4. 10-6 for 0,15 mm < D50< 0,5 mm

Hoe has been used instead of Has (Hoe was determined by assuming Snell's law together with Hils and 8b).
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Larras and Bonnefille (1965), Larras (1966) and Bonnefille and Pemecker (1967) also investigated longshore

transport. The Larras, Bonnefille and Pernecker formula is:

K fH3

S = 11 0# f (6,)
T,

(C35)

having supposed ~ is the relevant deep-water wave height and T, is the wave period to be used.

Two versions of the formula have been progranuned, namely, firstly that due to Larras (1966) and, secondly,

the version by Bonnefille and Pemecker (1967). Larras (1966) gave:

[
35 . 10

6
D 1"K = 000175' so

11 ' 1012 D4 + 2so

where n =
(D50 is in m and Ha./Lo is dimensionless).

and sin (78014)

According to Bonnefille and Pemecker (1967), Kll can be found from a series of graphs provided that the grain

size and the deep-water wave steepness are known. These graphs can be closely approximated (Figure C3a to

h) by an equation of the form

[ (log (1000D ) _b]2]
Kll '"' (clDsJ exp - 0,5 10 a so

where a, b and c have the following values:

1UL" a b c

0,01 0,356 0,140 1,956. 10-3

0,02 0,373 0,160 0,459 _10-3

0,03 0,373 0,177 0,207 . 10-3

0,04 0,342 0,143 0,128 _ 10-3

0,05 0,359 0,185 0,078 _ 10-3

0,06 0,361 0,189 0,056 . 10-3

0,07 0,353 0,178 0,039. 10-3

0,08· 0,360 0,201 0,290. 10-4
0,09· 0,360 0,196 0,200. 10-4
0,10· 0,360 0,200 0,143 . 10-4

0,11· 0,360 0,191 0,913 . 10-5

0,12· 0,360 0,196 0,667 . 10-5

• extrapolated values - see Figure C3a
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In addition, (HalLo) in prototype applications must be multiplied by 2,75 to obtain the corresponding

<Ho/Lo)rnodel(Bonnefille and Pemecker, 1967) to be used in the above equation for KII. Also

Hoe was used instead of Hj, (Hoe was calculated by assuming Snell's law and using Hbs and 8b).

The Kraus, Isobe, Igarashi, Sasaki and Horikawa bulk formula (Kraus et al., 1982) is:

14990 H;. vIII"all fs= ------
tan a

(C36)

where Vrnean = mean longshore current velocity in the surf zone

and the constant 14990 = (31 557600.3,8 . 10-4) I 0,8 where the breaker index was supposed to be equal to

0,8 as Kraus et al. (1982) did.

It was assumed the Vmeanis equal to the longshore current velocity at the mid-surf position (vrn)according to

Komar (1975):

with u =..

Kraus et al. (1988) derived three empirical formulae based on longshore transport measurements taken during

the DUCK85 and SUPERDUCK experiments. The first of the Kraus, Gingerich and Rosati formulae, is a

bulk predictor:

1: = 2,7 (R - R,:)

whereR = the discharge parameter

= Vmean HbrmsXbrms

Rc =
width of the surf zone with the breakerline determined where Hbrmsbreaks.

3,9 ml/s

where ~ =

and

s= 31 557 600 II
(C37)

(PI - p) g (1 - p)
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Again Vmean = Vm according to Komar (1975) as was also done by Kraus et al. (1988).

The second and third formulae give total, local immersed weight longshore transport rates which have to be

integrated to obtain bulk transport rates, namely,

2a : = 2 . 10-4 [ pg H,.".. v ( 1 + 20 ':) - 770 1 (kg/s per m)

where Hnns = the local root-mean-square wave height

and dH
dx

= local cross-shore gradient in wave height

and2b = 1,5.w-+gH_ v( 1 + 20 ': + 1,8 ~ ) - 2400 1 (kg/s per m)

with s,

sjv
= standard deviation of the longshore current velocity over an averaging interval.

0,20 (assumed based on the mean of the two measured values of 0,02 and 0,37 given

by Kraus et aI., 1988).

=

dHldx was found by differentiating the empirical expression by Anderson and Fredsee (1983) for the cross-

shore variation ofH through the surf zone:

(
-0 1l(x - X»)HId = 0,5 + 0,3 exp , b

Xb tan e)

=
distance from the (still-water) shoreline

width of the surf zone.

where x =

Van der Meer (1990) reanalysed the model results obtained by Van Hijum and Pilarczyk (1982) on shingle

beaches and used the wave characteristics at the breakerline as the relevant parameters. He also adapted the

SPM formula to extend the range of the formula to sandy beaches. His expressions are:

For = Hbl I ( (PI I P - 1) D...so) > 50

(C38a)

For 10 s Py s 50:
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(C38b)

ForPy< 10:

No equation available (later Van der Meer and Veldsman, 1992 produce an equation in this range; it

was, however, not used)

where 119919 = 0,0038.31557600

Co = wave celerity in deep water

= (gTp) / (21t)

37 869 = 0,0012 . 31 557 600

and Dn50

with Mso

= (Mso/ Ps)1/3

= median mass of the grains

(no transport occurs if lIt,. coso.s8b / Dn50 is less than 11)

It has been assumed that Equation (C38b) is valid for P, = 10 and P, = 50.

c.s Formulae Excluded from the Analysis

Apart from some early versions of the SPM formula that have been superseded and excluded (for example,

Savage, 1962 and Das, 1972), the following models were not included:

(1) Bajorunas (1960, 1970) - 2 formulae

(2) Edelman (1963) - 2 formulae

(3) Ijima, Sato, Aono and Ishi (in Horikawa, 1978)

(4) Ijima, Sato and Tanaka (in Horikawa, 1978) - 2 formulae

(5) Ichikawa, Ochiai, Tomita and Murobuse (in Horikawa, 1978)

(6) Tsuchiya (1982), the local longshore sediment transport rate

(7) McDougal and Hudspeth (1983) - 2 formulae

(8) Deigaard et al (1986) - the detailed, local formula

(9) Morfett (1991)

(10) Oelerich (1990)

Schoonees (1997) critically evaluated the formulae numbered (1) to (5) above. He found that in the formulae

by Bajorunas (1960, 1970), the objectivity of the choice of certain parameters in the derivation can be seriously
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questioned. These formulae should therefore not be used. Inthe case of the Edelman expressions, it was found

that one constant lacks a numerical value; furthermore, the expressions are almost similar to the SPM formula.

Castanho (1966) used some of the Edelman concepts in the derivation of his equation (which is included).

Schoonees (1997) also showed that the Japanese formulations (numbers (3) - (5) above) generally apply to

specific sites only because they were derived for sites with steep beach slopes, very coarse sediment and low

waves. He therefore cautioned against using these equations in a general manner.

The formulation for local longshore transport by Tsuchiya (1982) is incomplete and can thus not be

implemented.

The formulae numbered (7) to (10) above, require extensive computations in order to apply them. In addition,

most of the elements of the approach contained in McDougal and Hudspeth (1983) are present in a number of

the models that were included.
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APPENDIXD

TYPICAL GRAIN SIZE DISTRIBUTIONS

0.1 Introduction

Predictions of sand concentrations, longshore, cross-shore and aeolian sand transport rates require knowledge

of not only the median grain size (D50),but also of other grain size characteristics such as for example, D35and

D90 (D, is the grain size that exceeds i% of the sample by mass). Usually, parameters such as the bed

roughness, friction factors, fall velocity and transport calibration coefficients are determined using the grain

size as input.

In a comprehensive compilation of field data on longshore sediment transport rates, Schoonees and Theron

(1993) found that for virtually all the available data, only the median grain sizes are available. In order to

utilize these data, it is therefore necessary to derive typical grain size relationships so that the other grain size

characteristics (for example, D35)can be calculated from the median grain size.

0.2 Method

The grain size data that were available for the South African coastline were compiled and stored in a databank.

Data points were chosen and extracted from a databank while keeping the following criteria in mind:

• Sand from a large number of sites along the whole South African coastline should be used to ensure

a representative sample.

• The range of the median grain size should be roughly from 0,1 mm to 1,0 mm (100 microns to 1 000

microns). This range was chosen because the D50of sandy beaches normally lies between these limits.

• Samples must have been collected from beaches (the databank also contains the results from samples

taken in estuaries, dunes and boreholes).

A sample from 33 sites which conforms to the above criteria was thus randomly selected from the data. At 4

sites, the 025, D60 and D75 values were not available.

The grain sizes, obtained from analyses in a settling tube calibrated to give equivalent sieve grain sizes, were

tabulated and plotted. The relationship between the grain size and settling velocity used in the analysis

(Schoonees, unpublished work) is:

(D1)

where Wi

and A

B

= settling velocity corresponding to D,

2,973 . 10-2

4,173. 10-3
=
=
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C 6,738. 10-5

[(B2 - 4A (C-DJ)O.5- B] 12A

=
=

D.3 Results

(D2)

The median grain sizes used in the analysis vary from 0,144 mm to 1,206 mm, thus covering the required

range. Figure D 1 to D9 show that linear relationships exist between DIOand D50,D16 and Dso, etc. Linear
regression being

yielded the following results:

= (a D50+ b) 1106 (D3)

010 0,563 22,598 0,920
016 0,675 7,560 0,946

D25 0,823 -10,126 0,981

D35 0,921 -18,062 0,982
060 1,092 - 3,553 0,998

D65 1,219 -29,821 0,992

D75 1,335 -40,222 0,987
084 1,495 -50,096 0,970
090 1,656 -65,143 0,948

Mean R2 0,969

where R2 = coefficient of determination

For example, DIOcorresponding to a Dso of 0,4 mm is:

= {0,563 x 106(0,4 x 10-3)+ 22,598} 1 106

= 248 X 10-6m

= 0,248 mm or 248 micron

D.4 Discussion

It is clear from these figures and the values ofR2 above, that there are good correlations between DIOand Dso,

D16and Dso. etc. Note that the one outlier in the case ofD60, D65,D75,D84and D90has been neglected for the

regression. The sand of this beach (Macassar Beach) has a bimodal distribution.

Although these relationships are not necessarily universally applicable, it is felt that they provide good first
estimates ofOlO, D16,D25,D35,06Q, D6S, D75,D84, 090 ifDso is known, especially in the light of the high values
of the coefficient of determination and the wide variety of beaches from which the sand was selected. It is
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therefore reasonable to use these relationships. Of course, where the grain size distributions ahve been reported
(Sato, 1962; Fairchild, 1973, 1977; Duane and James, 1980; Nicholls, 1985; Nicholls and Wright, 1991)they
were used. These grain size distributions are contained in the following table:

Sato (1962) Fukue Coast, 1,40 2,35 2,80 3,50 4,10 4,50 5,50 7,30 10,10
Atsumi Bay

Fairchild (1972, 1977) Ventnor 0,164 0,176 0,190 0,200 0,206 0,214 0,241 0,261 0,314

Nags Head 0,235 0,250 0,268 0,290 0,305 0,332 0,388 0,451 0,610

Duane and James (1980) Point Mugu 0,115 0,130 0,140 0,154 0,170 0,180 0,197 0,205 0,242

Nicholls (1985); Solent Beach 23,3 32,8 36,3 42,3 45,5 53,5 60,0 65,0 84,5

Nicholls and Wright (1991) Hurst Castle Spit 28,0 30,0 32,0 34,0 36,0 37,0 42,0 43,0 46,0
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ABSTRACT
The ability to predict the time-averged longshore sediment transport rate accurately
is essential for many coastal engineering applications. Because the longshore
transport formula in the Shore Protection Manual (SPM; US Army, Corps of
Engineers, 1984) is possibly the most widely used, it is important to know its
accuracy. The aim of this paper is therefore to investigate the accuracy and
applicability of this formula (the SPM formula): In addition, a number of variations
to this formula are presented; these are also tested against a comprehensive data set.
Finally, the SPM formula is re-calibrated and guidance is given regarding the use of
this formula for coarse bed material.

INTRODUCTION
The ability to predict the time-averaged longshore sediment transport rate accurately
is essential for the design of breakwaters at harbour entrances, navigation channels
and dredging requirements, beach improvement schemes incorporating groynes,
detached breakwaters and beach fill as well as for the determination of the stability
of inlets and estuaries.

Because the longshore transport formula in the Shore Protection Manual (SPM; US
Army, Corps of Engineers, 1984) is possibly the most widely used, it is important to
know its accuracy. The aim of this paper is therefore to investigate the accuracy and
applicability of this formula (the SPM formula). In addition, a number of variations
to this formula have been presented; these will also be tested against a
comprehensive data set. Finally, the SPM formula is re-calibrated and guidance is
given regarding the use of this formula for coarse bed material.

• Research Engineers, CSlR, POBox 320, Stellenbosch, 7599, South Africa
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The data considered in this paper are only for particulate (non-cohesive) sediment
(including sand, gravel and shingle) being transported alongshore from the swash
zone across the surf zone to deep water. Only bulk (total rate across the shore) and
not local transport rates are considered. These bulk rates include both the bedload
and suspended load. Only field data are used because of possible scale effects in
laboratory investigations and/or because regular waves were used. Furthermore, the
ultimate aim is to be able to predict longshore transport accurately in the field
(Komar, 1988).

The data are not meant to provide average long-term data at (a) specific site(s). It is
rather assumed that if a longshore transport formula is capable of accurately
predicting transport rates for the data sets given herein, it can be used with
reasonableconfidence at similar sites to determine the long-term longshore sediment
budget if representative wave and other input parameters are available. It would of
course be even better to have site-specific calibration data before calculating average
long-term transport rates.

Previous studies where a few longshore transport formulae have been tested against
data are Swart (1976), Fleming et al. (1986) and Kamphuis et al. (1986). Schoonees
(1994) evaluated 51 formulae against an extensive data base. This paper reports the
findingsof the above-mentioned study with regard to the SPM formula and variations
thereof. Two of the most important papers on the development of the SPM formula
are Komar and Inman (1970) and Komar (1988). The latter study in which the
dependency of the SPM formula on sediment grain size, beach slope and wave
steepness was investigated, is partially revised here with a bigger data base.

DATA
Schoonees and Theron (1993) compiled and reviewed almost all the available field
data on longshore transport. They used a point rating system to assess the quality of
the data in detail. Two data sets, namely Data Sets 1 and 2, were extracted from the
data contained in Schoonees and Theron (1993) together with their point ratings.

Data Set 1 containing 123 data points, consists of data where all the required
parameters are available. Table 1 summarizes this data set and gives the point ratings
in percentages according to Schoonees and Theron (1993). Data Set 2 includes Data
Set 1 and contains other measurements totalling 240 data points. These other
measurements are usually where only values of the energy flux factor, the longshore
transport rate and the median grain size are available. Table 2 lists the sources of
Data Set 2.

It is important to note that the data ranges of the particular Data Set 1 are:
0,058 < Hbs(m) < 3,400
2,32 < r, (s) < 16,60
0,30 < e, (0) < 35,00
0,0070 (=11142,9) < beach slope < 0,1380 (=1/7,2)
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0,154
600

<
<

Dso (mm)
S (m3/year)

<
<

15,000
14793 000

From the above values it is clear that the data ranges of this data set (and therefore
also Data Set 2) are quite wide. Most conditions encountered on natural beaches are
covered and the data were collected on beaches from a variety of sites from around
the world. These give credibility to the conclusions drawn in this comparison with
data.

FORMULAE
One of the earliest longshore transport formulae and perhaps the best-known method,
the SPM formula (SPM = Shore Protection Manual) is given in US Army, Corps of
Engineers (1984):

(m 31Yt?

where

with E

p
g
n,

and

and

= 1289 (m4/(W.yr) for prototype beaches

= wave energy flux factor using the significant wave
height in the calculation. (W1m)

Eb nb Cb sin 8b cos 8b=

= wave energy density
2p gH bs I 8

density of sea water (kg/rrr')
gravitational acceleration (m/s')
significant breaker wave height (m)

0,5 (1 + (4nd/LJ/(slnh 4ndb ILJ)

=

=
=

=
=

= breaker depth (m)
wavelength at the breaker line (m)
wave celerity at the breaker line (rn/s)

o., IT p)

peak wave period
wave incidence angle at the breaker line

=
=

=

=
=

An alternative formulation of the SPM is:
I = KJ>ls

= eylr
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with I
Pir

immersed weight longshore transport rate
energy flux factor using the root-mean square breaker
height
0,5 (0,78) = 0,39 if the significant breaker height is
used in Pis
0,78 if the root-mean-square breaker height (Hbtms)is
used in Pir

where

=

Development of the SPM formula was done, among others, by the Scripps Institute
of Oceanography (1947), Watts (1953), Caldwell (1956), Inman and Bagnold
(1963), Komar (1969), Komar and Inman (1970) and Komar (1988).

Swart (1976) adapted the coefficient K, = 1289 to be a function of the median grain
size (Dso). His version of the SPM formula which appears to differ from the SPM
formula given above because of several implications, is

(m 3/yr)

where = 1876 log 10 (0,00146 / Dso)
(Dso in m)

This equation together with a relationship proposed by Bruno et al (1981) will be
shown later. Komar (1988) maintained that there is no significant relationship
between K, and Dso. This issue will be discussed further based on all the data.

Kamphuis and Readshaw (1978) and Vitale (1981) investigated whether K, is a
function of the surf similarity parameter (or Iribarren number) ~b:

~ tana
(H b""S/ Lo)0.5

where tan a = bottom slope in the surf zone

Hbs I IiHbrms =
= deep-sea wavelength

Vitale (1981) used a mean wave height (measured in relatively deep water) instead
ofHmns. To prevent the need for calculation of the wave height at the breaker line,
it was decided to use the relationship proposed by Kamphuis and Readshaw (1978)
and Readshaw (1979), namely:

~' =
0,7 l;b for 0,4 <l;b < 1,4

(say for ~ < 1 ,4)
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1,24 for ~b ~ 1,4

with Qs (kg/s) = ~'PIs / 2g

31 557 600 Os

(1 -p) Ps

porosity of the sediment (assumed to be 0,4 for sand)
density of the sediment (usually 2650 kg/rrr' for sand)
number of seconds in one year

(m3Iyr)and s

where p
P.

and 31 557 600

=
=
=

Bailard (1981) generalized the Bagnold (1963, 1966) energetics-based stream
model. After integrating the local time-averaged longshore transport rate, Bailard
(1984) obtained the following alternative equation for Kl> (called K3) valid for both
model and prototype applications:

K3 • 0,05. 2,6 sin2 28b • 0,007 umb I w

wherew
~b

and r

= fall velocity of the sediment grains
0,5 r (g db)O,s
breaker index = 0,8

=
=

Bailard (1985) adds another term the equation for K3 namely, 0,0096 tan a.
However, choosing a very high value of the beach slope (tana) of 0,2, it is clear that
the estimated maximum value of this term is about 0,0019. For tana = 0,04, a typical
value, the term is only 0,00038. Because its contribution to K, is negligible, this term
was omitted. Furthermore:

I • o.s K3 Pis

and S = 31 557 600 I

(Ps - p) 9 (1 - p)
(m 3lyr)

Watts (1953) empirically related the longshore transport rate to the wave energy flux
factor. The Watts formula in SI units is:

s . 2223 pO•9
Is

Similarly, Caldwell (1956) obtained his formula (given here in SI units):

S • 2505 P~,8 (m 3lyr)
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EVALUATION OF FORMULAE

Method of Testing
The results of the testing of the formulae will be presented in a number of ways in
order to facilitate interpretation. These are:

* A plot of the predicted longshore transport rates (Sp) versus the measured
rates (Sm).
The relative standard error of estimate (a) was calculated (Kamphuis, et al,
1986):

n [( log Sp j - log Sm , ; ) 2] 0,5
0- Li•1 n - 1

*

where n = number of data points
I = number of the particular data point
The discrepancy ratio' (rd) (Van Rijn, 1984) and
determined.

* its distribution were

rd,i =

A histogram of the percentage occurrence versus rdgives this distribution.

(The residuals (e,= Sm,i- Sp,J were computed and plotted against S, to check whether
there is a systematic trend in the residuals, or not - these are not shown. Refer to
Schoonees (I994».

Results
Table 3 lists the relativestandarderror of estimate (a) and the percentage occurrence
of the discrepancy ration (rJ within certain limits for the formulae. For example, the
percentage of the predicted transport rates for which the discrepancy ratio falls
between 0,5 and 2 or between 0,25 and 4 can be read from this table.

Figures 1 and 2 show the predicted longshore transport rates (Sp) versus the
measured rates (S.J for the SPM and the SPM, Kamphuis and Readshaw formulae
respectively. The histogram of the discrepancy ratios for the SPM, Kamphuis and
Readshaw formula is contained in Figure 3. Refer to Schoonees (1994)·for similar
figures of the other formulae. Note that in these figures m"3/yr means m3/yr.

Discussion
A first impression when examining Figures 1 and 2 and Table 3 is that considerable
scatter exists in the predicted longshore transport rates. Based on this particular data
set, the SPM, Kamphuis and Readshaw formula gives the best answer of the six
formulae over the full range of measured longshore transport rates (0=0,515; rd
between 0,5 and 2: 65,0%). Even so this formula tends to underpredict high
transport rates (Figure2). This is an area of concern because at a particular site, most
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of the longshore transport occurs during a few storms so that it is important to predict
high transport rates accurately.

It is interesting to note that the SPM formula, perhaps the best known and most used
predictor, does not fare very well. Although one can argue that its poor performance
at low transport rates (Figure 1) can be attributed to a lack of an incipient motion
criterion, it is still clear that it over-predicts in the range 1,5 x 104 m3/year to
1,5 x 106 m3/year. What is, however, comforting is that for high transport rates (>
1,5 x 106 m3/year) the SPM predicts transport rates accurately. That is, for the few
data points in this range. However, two of the oldest formulae, namely, the Caldwell
and Watts methods, also do not have an incipient motion criterion but both appear
to be more accurate than the SPM and the SPM and Swart formulae (compare
0=0,579 (Caldwell) and 0,685 (Watts) to 0,708 (SPM) and 0,720 (SPM and Swart».
In fact, adapting the SPM formula for grain size (SPM and Swart method) caused a
slight decrease in the accuracy of the predictions. The similar answers of these two
predictors can, however, merely indicate that most of the data points were collected
for grain sizes between 0,2 mm to 0,4 mm as indeed found by Schoonees and Theron
(1993). In this grain size range the SPM and Swart formula gives very similar
answers to the SPM formula.

It is interesting to note that the original SPM, Kamphuis and Readshaw formula was
only calibrated against laboratory data and therefore no field data of Data Set 1were
used in its derivation. The second-best formula (Caldwell's) only used a few of the
data points, especially when compared to the 41 points of Data Set 1 included in the
calibration of the SPM formula.

FURTHER CALmRA TION OF THE SPM FORMULA
One can argue that the SPM formula is not applicable for coarse-grained sediment
which are included in Data Set 1. In addition, the data points for which only Sand
Pisare available, should also be used. .

Figure 4 shows the data in Data Set 2 with a distinction being made between fine -
(Dso< 1mm) and coarse-grained (Dso > 1mm) sediment. It is clear from this figure
that except for some minor overlap, two different populations of points are apparent.
For the fine-grained sediment (206 data points) the best fit relationship is:

1= 0,20 Pis
(R2 = coefficient of determination = 0,72)

(1)

Considerable scatter is evident. If the recommendation by Schoonees and Theron
(1993) is followed whereby only data in their higher category (point rating 60% and
better) is used (Tables 1 and 2), 46 data points are retained. Figure 5 illustrates the
result while the equation is:

1= 0,41 Pis (R2 = 0,77) (2)
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or 1= 0,82 Pir (i.e. K = 0,82)

Unfortunately, the scatter is not significantly reduced and the range of PJsvalues is
much smaller. In comparing Equations 1 and 2, it is clear that the elimination of the
lower quality data, more than doubled the value of K, K, = 0,82 is an increase of
the value of 0, 57 proposed by Komar (1988) based on 70 of the data points in Data
Set 1. The value in the original formula is 0,78 which is derived from 41 data points
(US Army, Corps of Engineers, 1984). Kraus et at. (1982) found K = 0,58 based on
their data and those of Komar (1969), which are. 25 data points. It would of course
be even better to have site-specific calibration data before calculating longshore
transport rates. The foregoing illustrates the great uncertainties involved in using the
SPM formula and in view of this we recommend that the SPM, Kamphuis and
Readshaw formula preferably be used.

Both Swart (1976) and Bruno et at. (1981) presented relationships between K, and
Dso. Figure 6 shows these relationships together with the data having median grain
sizes below or equal to 1 mm. From this figure it is clear that a single relationship
between K, and Dso will not explain all the scatter shown in Figures 4 and 6. The
same applies if the settling velocity instead of the median grain size is used.
Although this correlates with the finding of Komar (1988), the authors believe that
a longshore transport formula must contain either Dso or the settling velocity. It is
also evident from Figure 6 that neither of the relationships by Swart and Bruno et al
are generally valid. The relationship by Bruno et at. (1981) almost forms an upper
envelope to the values.

Returning to Figure 4, a very approximate line through the coarse-grained sediment
IS:

1= 0,01 Pis (3)

Because of the considerable scatter in the data and the very low R2, this equation
should only be used to obtain a rough order of magnitude of the longshore transport
rate. For these coarse-grained data as well, no single relationship between K. and Dso
(figure not shown) will explain all the scatter shown in Figure 4. Clearly, further
work is required. For example, an incipient motion criterion (see e.g. Chadwick,
1989, Brampton and Motyka, 1984 and Van Hijum and Pilarczyk, 1982) is necessary.

CONCLUSIONS
The data ranges of Data Sets 1 and 2 are quite wide and as such, cover most·
conditions encountered on natural beaches.

Of the six formulae (SPM formula and variations thereof), tested against Data Set 1,
the SPM, Kamphuis and Readshaw method fared the best. The standard error of
estimate for this method was 0,515 while 65,0010 of the time, the discrepancy ratio (rd)
fell between 0,5 and 2.
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By using only the data from Data Set 2 that fall in the higher (better) category of
Schoonees and Theron (1993) - 46 data points -, the best fit relationship for sand
(Dso < 1 mm) is:

= 0,41 Pis = 0,77)

Unfortunately, significant scatter is still evident (Figure 5). It was also found that no
single relationship between K, and the median grain size (or the settling velocity)
will explain all the scatter in the data. In view of the uncertainties involved in using
the SPM formula it is recommended that the SPM, Kamphuis and Readshaw formula
.preferably be used.

For coarse grained sediment (Dso > 1 mm) 34 data points were available which
. yielded an approximate relationship:

I = = 0,11)

Because of the considerable scatter evident in Figure 4 and very low R2, this equation
should only be used to obtain an order of magnitude of the transport. Again, no
single relationship between K, and the median grain size (or settling velocity) will
explain all the scatter in the data:
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TABLE 1: DATA SET 1

Data Reference(s) Location No of Point rating
set no. points (%)

1 Caldwell (1956) Anaheim Bay California 5 46

2 Watts (1952) South Lake Worth 3 42

4 Adachi et 01 (1959) Miyazu Japan 8 24

5 Moore and Cole (1960) Cape Thompson Alaska 1 50

6 Delorme (1981) North & Central Africa 5 49

8 Sireyjol (1964) Cotonou Benin 1 51

9 Castanho (1966) Lobito Angola 2 52

10 Fairchild (1977) Ventnor (NJ) 2 36
Nags Head (NC) 37

12 Bijker (1968) Ivory Coast Abidjan 1 19

13 Komar and Inman (1970) El Moreno & Silver Strand 11 62

14 Duane and James (1980) Point Mugu California 1 56

16 Lee (1975) Lake Michigan 8 57

17 Kana (1977) Price Inlet South Carolina 25 48

18 Bruno et 01 (1981) Channel Islands Harbour 18 55,67

21 Inman et 01 (1980) Torrey Pines California 2 64

22 Kana and Ward (1980) Duck North Carolina 2 57

23 Gable (1981) Leadbetter 9 68
Dean et 01 (1982) Santa Barbara

28 Kooistra and Kamphuis Pointe Sapin Canada 2 60,71
(1984)

29 Bodge (1986) Duck North Carolina 8 56,57,61

32 Voitsekhovich (1986) Ros. Pri. Kin. Black Sea 39 58

33 Chadwick (1989) Shoreham Sussex England 7 57,60
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TABLE 2: DATA SET 2

Data Set 1 plus the following data:

Data Reference(s) Location No of Point rating
set no. points (%)
3 Ishihara et al (1958) North Akashi IO 37

Miyazu 7

7 Sato (1962) Fukue, Atsurni Japan 5 61

11 Sato and Tanaka (1966) Port Kashima Japan 2 58

15 Hou et al (1980) Taichung Harbour Taiwan 4 57

19 Chang and Wang (1978) Santo Rosa Island 35 55
Wang and Chang (1978) (Bayside)

20 Knoth and Nurnmedal North Bull Island 5 52
(1977)

24 Dean et al (1987) Rudee inlet Virginia 3 63

25 Nicholls and Wright Southern England 6 48
(1991 ) H. Bury Long Beach

Hurst Castle Spit

26 Kraus et al (1982) Shi. Hir. Aji. Oar. Japan 12 63

30 Laubscheret al (1989) Richards Bay South Africa 5 54

34 Hou (1988) Lin-Kou Northwest Taiwan 1 58

TABLE 3: RELATIVE STANDARD ERROR OF ESTIMATE (0) AND
PERCENTAGE OCCURRENCE OF THE DISCREPANCY
RAnos (rd) FOR EACH FORMULA

NUMBER 0 PERCENTAGE OCCURRENCE
NAME OF FORMULA OF DATA OF rd BETWEEN:

POINTS
0,5 and 2 0,25 and 4

SPM 119 0,708 42,0 58,0
SPM and Swart 119 0,720 42,0 58,0
SPM, Kamphuis and Readshaw 123 0,515 65,0 95,1
SPM and Bailard (bulk transport rate) 119 0,741 46,2 66,7
Watts 123 0,685 42,2 65,0
Caldwell 123 0,579 56,1 75,6
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The individual contributions by the two authors are as follows:
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evaluation of longshore transport formulae
testing of the package deal approach
recalibration of the Kamphuis formula
confidence intervals for the Kamphuis formula
writing the first draft of the paper and editing it

AKTheron

editing the paper
presenting the paper at the conference

F.2 Correction

Note that an error was made in this paper in the application of the original Kamphuis formula. This error
has been corrected in the thesis (Section 4.6.5). The effect of this error is that the original Kamphuis
formula performed better and that the recalibration of this formula only slightly improved (by 2%) its
accuracy.

My apologies to Prof Bill Kamphuis.



IMPROVEMENT OF THE MOST ACCURATE LONGSHORE TRANSPORT
FORMULA

by
J S Schoonees 1 and A K Theron 1

ABSTRACT
The ability to predict the longshore sediment transport rate accurately is
essential for many coastal engineering applications. Because of the existance
of a large number of existing longshore transport formulae, it is important to
know which formula to use/apply. Thus, the most universally applicable
formula was identified and tested against a comprehensive data set. This
formula (Kamphuis formula) was also re-calibrated and guidance is given
regarding its use.

INTRODUCTION
The ability to predict the time-averaged longshore sediment transport rate
accurately is essential for the design of breakwaters at harbour entrances,
navigation channels and their dredging requirements, beach improvement
schemes incorporating groynes, detached breakwaters and beach fill as well
as for the determination of the stability of inlets and estuary mouths.

Because of the large number of existing longshore transport formula it is
important to know which formula to apply in practice. The aim of this paper is
therefore to identify the most universally applicable formula and to test this
formula against a comprehensive field data database. Finally, this formula is
re-calibrated and guidance is given regarding its use.

The data considered in this paper are only for particulate (non-cohesive)
sediment (including sand, gravel and shingle) being transported alongshore
from the swash zone across the surf zone to deep water. Bulk (total rate
calculated perpendicular to the shoreline) as well as local (at a specific point)

1Research Engineers, CSIR, POBox 320, Stellenbosch, 7599, South Africa
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point) transport rates are considered. These bulk rates include both the
bedload and the suspended load. Only field data are used because laboratory
investigations often contain possible scale effects and/or use regular waves.
Furthermore, the ultimate aim is to be able to predict longshore transport
accurately in the field (Komar, 1988).

It is assumed that if a longshore transport formula is capable of predicting
transport rates accurately for the wide ranging data sets described herein, it
can be used with reasonable confidence at similar sites to determine the long-
term longshore sediment transport budget if representative wave and other
input parameter data are available. It would of course be preferable to have
site-specific calibration data before calculating average long-term transport
rates at a specific site.

Previous studies where longshore transport formulae have been tested against
data include Swart (1976), Fleming et al. (1986) and Kamphuis et al. (1986).
These studies entailed a relatively small number of formulae and limited data.
Schoonees (1996) evaluated 52 formulae against an extensive data base.
This paper reports some of the findings of the above-mentioned study, with
specific regard to the Karnphuis formula (Kamphuis, 1991).

FIELD DATA ANALYSIS
Schoonees and Theron (1993) compiled and reviewed almost all the available
field data on longshore transport (as recorded up to 1993).

The data were collected at a wide variety of sites around the world, yielding a
large number of data-points, of which 273 points give bulk transport rates.
(This is considerably more than the 41· data points used in the Shore
Protection Manual by US Army, Corps of Engineers, 1984). Included in the
database are also 184 points which give local transport rates.

A point rating system was devised whereby the quality of the data could be
assessed. The recording method and the accuracy thereof as well as the
representativeness of the data were taken into account. It was found that this
evaluation was done reasonably objectively and consistently (Schoonees and
Theron, 1993).

According to this evaluation, the data sets were assigned to three categories,
namely, the lower, middle and higher quality categories. Most of the data sets
fell in the middle category which exhibited a very gradual increase in the
overall accuracy of the data within this category. Distinguishing between
short- and long-term bulk transport data yielded similar trends in the accuracy
of the data. The highest score achieved in the data evaluation was only 71%,
thus reflecting the difficulty of measuring longshore transport accurately.

2 Schoonees



EVALUATION OF LONGSHORE TRANSPORT FORMULAE
The method used in this study to evaluate the longshore transport formulae,
was to compare the predicted longshore transport rates to the measured rates
and to calculate the relative standard error of estimate (0). (For a definition
of 0, see Schoonees and Theron (1994». The lower 0 is, the better the
predictions by the particular formula. In addition the residuals (ei = measured
transport rate - predicted rate) and the distribution of the discrepancy ratio
(rd = predicted/measured rate) were also determined. (The residuals were
plotted against the predicted rates to check whether there are systematic
trends in the residuals - these are not shown here (Schoonees, 1996». The
longshore transport formulae were also tested under as many different
conditions and at as many sites as possible.

From the above-mentioned field data database, Data Set 1 containing 123
points was extracted (see Schoonees and Theron, 1994 for a full description
of Data Set 1).. In Data Set 1 all the parameters required for testing the
transport formulae are available. This same data set was used to evaluate
existing longshore transport formulae as well as a newly derived formula
(Schoonees, 1996) based on the applied wave power concept.

It is important to note that the data ranges of Data Set 1 are:

0,058 < Hbs(significant breaker height, m) < 3,400
2,32 < T, (peak wave period, s) < 16,60
0,30 < 8b (breaking wave angle, 0) < 35,00
0,007 (=1/143) < beach slope < 0,138 (=117,2)
0,154 < D50(median grain size, mm) < 15,000
600 < S (longshore transport rate, m3/year) < 14793 000

From the above values it is clear that the data ranges of this data set are quite
wide. Most conditions encountered on natural beaches are covered and the
data were collected on beaches from a variety of sites from around the world.
These factors give credibility to the conclusions drawn in this comparison of
predicted versus measured transport rates.

In total, 52 different longshore transport formulae were evaluated (Schoonees,
1996). These formulae were classified into different categories with regard to
the theories on which they are based. The following three formulae were
found to be the most accurate as tested against Data Set 1:
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1 Kamphuis (1991) 0,393 Dimensional
analysis

2 Van Hijum, Pilarczyk 0,417 Energetics
and Chadwick (1989) (energy flux)

3 Van der Meer (1990) 0,447 Empirical

These formulae are all bulk (total rate) as opposed to detailed predictors.
Figures 1, 2 and 3 illustrate the fit of the predicted transport rates against the
measured rates (log-log scales).

The formulae were also ranked according to the highest percentage of
discrepancy ratios (rd) between 0,5 and 2 (i.e. under or over prediction by a
factor of 2; rd= 1 indicates perfect agreement). A similar ranking of the "best"
five formulae was found. However, it was found that a provides a beUer way
to judge the accuracy of a formula than using the percentage of rd between 0,5
and 2. This is because, when applying a transport formula to determine a
longshore transport budget at a site, a single badly predicted transport rate
can distort the calculated budget greatly. At the same time, however, the
above-mentioned percentage of rd can still be very high compared to a which
would be affected greatly by a single badly predicted rate. Therefore a is a
better yardstick.

Dimensional analysis incorporating all relevant variables ensured that the
Kamphuis formula contains the most important parameters. The three top
formulae (Kamphuis; Van Hijum, Pilarczyk and Chadwick and Van der Meer)
are relatively simple. These "simpler" methods performed well probably
because a lower degree of inaccuracy is or can be introduced by having fewer
(but all the most important) parameters. It is very difficult to acquire accurate
input data; and the more parameters incorporated in a formula, the more input
data is required (thereby potentially increasing the noise).

It is common practice to compare the predictions from different longshore
transport formulae when computing the annual longshore transport regime at
a site. Swart and Fleming (1980) advocated the use of a so-called package
deal approach. In this approach, the highest and lowest transport rates
predicted by six formulae were ignored and the median of the remaining values
was determined. The question then remains whether better results can be
achieved by means of this or a related method. Three approaches were tried
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(Schoonees, 1996). Firstly, by considering the median of the predictions by
the five best formulae; secondly, by determining the mean of the three middle
values after discarding the highest and lowest predictions; and thirdly, by
computing a weighted mean transport of the five predictions. The variation in
the transport rates predided by the five best formulae was investigated. It was
found (Schoonees, 1996) that these predidions are reasonably consistent; that
is, the individual formulae do not yield excessive outliers. It can therefore be
concluded that none of the package deal approaches yield better answers than
the best formula (the Kamphuis method) and as such , are not worth pursuing
if the above-mentioned five best formulae are used. The reason for this
probably lies in the consistency (reliability) of the five best formulae.

RECALIBRA TION OF THE KAMPHUIS FORMULA
The Kamphuis formula can be written as follows:

=

(31 557 600.1.3.10-3) xKamphuis

41 024,88 xKamphuis (m3Iyr)
(1)

s =

x. -- - 1. . (pIT) L 1,25 H2 (tana )0,75
Kamphuis - (1 _ p) ps p 0 bs K (2)

. (1IDso)0,25(sin 28b)0,6

where p = porosity
ps = density of the sediment grains
p = density of sea water
Lo = deep-water wavelength
tan ak = beach slope to the breaker line

See Kamphuis (1991) for a more comprehensive definition of all the
parameters.

Equation (1), the original Kamphuis formula, is plotted on linear scales in
Figure 4a and b. Note that Figure 4b shows the detail of Figure 4a for >%.mphuis

values up to 80 (instead of 200). The 80%, 90% and 95% confidence intervals
for the predicted responses of the original Kamphuis formula are also shown
in Figures 4a and b. Despite the fad that the Kamphuis formula fares the best
of the 52 formulae tested, it is immediately apparent that the confidence
intervals are very wide. For example, at the 80% confidence level, the
predicted transport rate for ><t<amphuis = 8,7 varies between -1 290 000 m3/year
and + 2 004 000 m3/year (predided rate = +357 000 m3/year) - Figure 4b. The
coefficient of determination (R2) is 0,284.
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Illustrated in Figure 5 is the best-fit straight line through all the data (called
SKamphuisrecalibrated, 1):

s = 88 248 + 61 892 xKamphuis (m3/year) (3)

If Equation (3) is used, it is evident that the lowest transport rate that can be
predicted, is 88 248 m3/year, which is when ><t<amphuis = o. This is clearly
unacceptable, because the transport rate must be zero if Xt<amphuis= O.
Furthermore, it can be seen from Figure 4a that there are three main outliers
(which fall beyond the 95% confidence limit) and that Equation (3) fits the
higher transport rates better than the original Kamphuis formula. Therefore,
disregarding the three main outliers and fitting the line through the origin, the
following equation is found:

s = 75 549 XKamphuis (m3/year) (4)

This relationship, SKamphuisrecalibrated 2, is shown in Figure Sa and b (the latter
Figure 5b again presents the detail of Figure Sa). Although this formula fits the
high transport rates well, it over predicts Significantly for Xt<amphuisvalues below
10 (Figure 5b). This is caused by two influential points where transport rates
higher than 3 x 106m3/year were measured (Figures Sa and b). (Remember
that the three main outliers, although shown, have not been used in this
regression).

To eliminate this problem all the data points (123) were again considered to
yield the third regression line, the SKamphuisrecalibrated, 3:

s = 63 433 xKamphuis (m 3/year) (5)

This formula fits the data reasonably well over the whole range (Figures 5a
and b). It gives virtually the same answers at high Xt<amphuisvalues than the first
recalibrated formula Equation (3). It also fits the data at lower transport rates
quite well. R2 is 0,620 and thus Equation (5) explains 62% of the variance in
the data (which is a 118% improvement compared with Equation (1 ».
However, the standard error of estimate (0) for this formulation is 0,405, which
is slightly poorer than the 0,393 of the original Kamphuis equation. The
reasons for this apparent contradiction are:
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• The least squares approach (Equations (3), (4) and (5» minimizes
I. (S m,i -S P,i)2 while the standard error of estimate (0) uses
(log S p,i - log S m,i f (Subscripts m and p denote "measured" and
"predicted" respectively while i is the number of the data point).

• The effect of a few data points with high transport rates act as influential
points in the least squares approach. On the other hand, the number
of data points at low transport rates play an important role in the value
of the standard error of estimate (0).

To investigate the effect of such low rates on the standard error of estimate,
certain data points below a cut-off transport rate were temporarily disregarded
and a re-calculated. The result was the following:

0 123 0,405 0,393

5000 115 0,392 0,393

10000 106 0,368 0,380

25000 103 0,365 0,383

50000 87 0,324 0,377

100000 68 0,299 0,374

These values have been plotted in Figure 6. It is clear from the above table
that except when very low transport rates of less than 5 000 m3/year are
included, Equation (5) is superior to the original Kamphuis formulation. Figure
6 shows that the original Kamphuis formula is relatively insensitive to the cut-
off transport rate. On the other hand, the standard error of estimate decreases
significantly (to only 0,299 compared to 0,374 of the original formula, which is
a 20% improvement) for Equation (5), if the cut-off transport rate increases.
If a cut-off rate of 50 000 m3/year is applied, 0 reduces from 0,377 to 0,324, a
14% improvement. This finding is important because relatively few storm
conditions at any site usually contribute the major part of the longshore
sediment transport budget. It is therefore important that the higher transport
rates are predicted accurately.

In order to obtain an indication of which wave conditions would cause such
cut-off transport rates, the following typical values were chosen:
T, = 10s, 8b = 2°, D50 = 0,3 mm and tana = 1125 (= 0,04). It was also assumed
that these wave conditions will occur throughout the year.
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Using the original Kamphuis formula, the longshore transport was then
computed for a range of wave heights:

0,1 2007

0,3 18067

0,5 50187

0,7 98366

For this particular (typical) case, it is clear that relatively low wave heights of
about D,S m and 0,7 m will already cause transport rates of about
50 000 m3/yearand 100 000 m3/yearrespectively. For these cut-off rates, the
standard errors of estimate are 0,299 and 0,324 respectively (Figure 6).
Equation (5) is therefore judged to be "good-.

Instead of using the least squares approach, the question may also be asked:
What value of K will cause the minimum standard error of estimate (0) when
using al/ the data points? That is, Kin:

s = KxKamphUis (m 3/year) (6)

Computations with different K values yielded the following:
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30000 0,438

41 025 0,393
(Equation (1»

45000 0,388

48000 0,387

49000 0,387

50000 0,387

55000 0,391

64433 0,405
(Equation (5»

70000 0,420

These data have been plotted in Figure 7. From this figure it is evident that
the minimum standard error of estimate(s) is 0,387. It can also be seen that
a is not very sensitive with regard to the value of K near the turning point:
a = 0,387 even if K varies from 48 000 to 50000. Taking the accuracy of
predicted transport rates during storms into account, the preferred (rounded
off) equation is:

S
with R2

= 50000 Xt<amphuis (m3/year)
0,397

(7)
=

FINAL RECOMMENDATIONS
The least squares as weuas the minimum standard error of estimate
approaches were used to recalibrate the Kamphuis formula, yielding Equations
(5) and (7) respectively. Finally the recommended procedure for calculating
longshore sediment transport is as follows:

For obtaining bulk longshore transport rates, it is recommended that
Equation (5) be applied at sites where the significant wave heights normally
exceed say, 0,3 m and where the sediment grain size is usually less than
1 mm; that is, at partially protected and exposed sites (i.e. relatively high
transport rates). Only at sites where very calm conditions prevail and/or where
the sediment is coarse, is Equation (7) expected to yield better answers. The
considerably higher R2 for Equation (5) compared with the corresponding value
for Equation (7) supports the preference for Equation (5). A significant
improvement of 118% according to R2 and up to 20% in a in the predicted
transport rates was obtained.
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APPENDIXG

VERTICAL DISTRIBUTION OF THE TIME-AVERAGED
LONGSHORE CURRENT VELOCITY

Gl General

To examine the vertical distribution of the time-averaged longshore current velocity(v), it is necessary to
consider both measurements and theoretical evidence.

G2 Measurements

Meadows (1976) measured the longshore current in the surf zone in Lake Michigan with ducted impeller
flowmeters. He found that v is almost constant over the water depth (Figure G 1). In addition, fluctuations
in v occurred within a period coincident with the wave period and a long period (about 80 s).

Isobe (1983) (as discussed in Horikawa, 1988), measured current velocities in the field with
electromagnetic current meters in and beyond the surf zone. Averaging was done over 20 minutes and
between 2 and 5 instruments were used at a specific measuring position. Irrespective of the current
magnitude, an almost constant velocity through the water depth was found (Figure G2).

In the laboratory, Mizuguchi and Horikawa (1978) (as quoted in Visser, 1991), Kim et al. (1986) and
Visser (1991) all found that v is virtually uniform over the depth - Figures G3 and G4. Visser (1991)
showed in his experiments which were carefully carried out, that although the longshore current velocity
is somewhat higher near the water surface, the distribution of v is not logarithmic as is the case in open

channel flow .

G.3 Theoretical Evidence and Previous Assumptions

Fleming and Hunt (1976), Fleming (1977) and Swart and Fleming (1980) assumed for the sake of
simplicity a one-seventh power rule for the vertical variation of v:

8v
v(z) = -' (z/ d)117

7

where v(z) = longshore current velocity at a height z above the bottom
longshore current velocity at the water surface
water depth

=
and d =

Svendsen and Lorentz (1989) determined theoretically the three-dimensional velocity variation over depth
in combined undertow and longshore currents. They concluded that v is not logarithmically distributed but
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that the variation of v over depth is modest. Furthermore they state that a uniform velocity over depth
would be much closer to reality than a logarithmic profile.

Nairn (1990), however, in analogy to open channel flow assumed a logarithmic vertical distribution:

v(z) = 2,5 u. In (30 zlr)

where u,

r

= friction velocity using the O'Connor and Yoo (1988) method
bed roughness=

Dong and Anastasiou (1991) found in a numerical model of longshore currents generated by
monochromatic waves on a plane beach, that outside the surf zone, v is uniform over depth. Inside the surf
zone, they predicted that v is somewhat higher at the water surface. Generally speaking, however, they
concluded that the longshore current does not vary considerably over the water depth.

Therefore theoretical investigations (apart from arbitrary assumptions) also indicate a near constant
longshore current velocity over the depth.

G.4 Conclusion

Based on measurements and theoretical evidence, it is clear that the longshore current velocity is almost
constant throughout the water depth. That is, from the top of the boundary layer to the water surface.
Taking v = Vgem is therefore a very good assumption.
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APPENDIXH

SEDIMENT CONCENTRATIONS: EXTRAPOLATION METHOD,
CONSISTENCY OF THE DATA AND DETAILED CALIBRATIONS

H.1 Extrapolation Method

Van Rijn (1991) described three possible methods to extrapolate the concentration measurements (profile) to
the bed in order to determine a mean sediment concentration. (The bed is taken to be situated half the bedform
height below the crest of the bed form - Figure HI). Methods 1 and 2 give respectively a lower and an upper
limit (Van Rijn, 1991). On the other hand, Method 3 (which was used in this thesis) gives a realistic estimate
because it uses an exponential extrapolation and it is known that the concentration is distributed exponentially
through the depth. Van Rijn (1991) explains Method 3 as follows:

"The sediment concentrations between the bed and the first measuring point are represented by (Figure HI):

(H1)

in which:
Z = height above bed

coefficients.A,B =

The A and B coefficients are determined by a linear regression method applying the measured concentrations
of the first three measuring points above the bed, as follows:

(k=J,2or3)

Applying Equation (HI), the sediment concentrations are computed in 50 (equidistant) points between the bed
(defined at z = 0 m) and the first measuring point (z = z.). The maximum concentration is assumed to be
1590 kg/rrr',

The depth-integrated suspended sediment load (Ls3) is computed as:

Ls3 = L~l0,5 tc, + Ct_1)(Zt - zi-l)

in which:

= sediment concentration at height z, above bed
total number of points (including extrapolated values)".=
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The mean time-averaged concentration over the depth (Cgem) is then:

(H2)

(d = water depth)

H.2 Consistency of the Sediment Concentration Data

Nielsen (1984) measured sediment concentrations repeatedly in the field and Dette and U1iczka (1986)
measured the same in the big wave flume in Hannover. The data from these consistency runs are given and
analysed in Table HI. Figures H2 to H4 illustrate these repeated concentration measurements as well as two
other examples (Figure H5). (In these latter two examples the concentrations were not measured at exactly the
same heights above the bed and could therefore not be included in Table HI).

From Table HI it is evident that the percentage variation (= 100 times the standard deviation/mean
concentration) ranges from 12,9%to 148,7% with a mean value of38,5%. For the field data of Nielsen (1984)
there is apparently no significant change in the percentage variation over the depth. The opposite is true for
the laboratory data of Dette and Uliczka (1986): the accuracy increases with the elevation above the bed.
However, the data are too limited to draw firm conclusions about the trends with height above the bed. The
factor (fc) = maximum concentration/minimum concentration at a particular elevation varies between about
1,4 and 19,9 with an average value of approximately 3,2 (Table HI). It can therefore be concluded that an
error band of about 38,5%exists around the mean measured concentrations; or, the ratio between the maximum
and minimum concentration can be expected to be on average approximately 3,2. This means that even if a
particular theoretical model is perfect, it can only be calibrated against these data to be accurate within an
average factor of 3,2.

Naturally the question now arises as to what are the reasons for these large variations in measured
concentrations. These reasons can be summarized as:

• A certain length of record (sampling interval) is required to obtain a proper time-averaged
concentration. In a study undertaken in a wave (water) tunnel, Nakato (1974) found that he had to
sample over about 100 cycles to obtain a reasonably steady average concentration. For commonly
occurring waves in the field, this means the following:

5
10
12
15
20

8,3
16,7
20,0
25,0
33,3

Because wave breaking in the surf zone causes larger variations in concentrations than in Nakato's
wave tunnel data, the above-mentioned sampling intervals should be regarded as minimum values.
However, Nielsen (1984) typically sampled over 3,5 minutes. Schoonees (1990) compared
concentrations taken over an hour with concentrations from samples which were pumped over 10
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minutes to 15 minutes. The former data exhibited much less scatter. It is therefore recommended that
the sampling interval should not be less than 30 minutes (preferably an hour or longer). This
recommendation resulted in a significant improvement in the consistency of concentration
measurements during a subsequent field exercise (CSIR, 1995).

• Nielsen (1984) attributed the large difference in concentration profiles (Figure H5) to temporal
variations in the bottom configuration. He showed that there is almost no change in water motion
(Figure H6). Whilst the concentrations varied considerably (Figure H5), Bosman and Steetzel (1986)
and Nielsen (1979) also showed that the concentration profile differs above the crests or troughs of
bedforms and that averaging is required for consistent results.

• Another important factor is that beach profile changes take place as environmental conditions vary.
In this process the bed armours itself (for example, by forming sand bars) until an equilibrium profile
is attained. Dette and Uliczka (1986) found even after the profile had reached equilibrium, that the
profile shape fluctuated around this equilibrium profile and that the location of each breaker influences
the concentration in a random way.

• If different methods are used to measure the concentrations (as was done to obtain the data in Van
Rijn, 1991), then the efficiency (Bosman, 1982) and the disturbance of the flow among others, may
differ from instrument to instrument.

• Another source of inaccuracy is the extrapolation of the concentration profile to the bed because the
mean concentration is dependent on this procedure.

H.3 Initial Calibration of the Mean Concentration (Inside the Surf Zone) for the Applied Wave
Power Method

General

(H3)

As explained in Chapter 5, the model which will be calibrated is:
time- and depth-averaged sediment concentration
energy dissipation per unit time and area due to wave breaking
water depth

and el = a. w/u.
with a, and ~ being calibration coefficients.

where Cgem =
Db =
d =

w = sediment fall velocity
shear velocityu. =

Initially it was assumed that a, = 2,089. This means that the value of a, is identical in the surf zone as in river
flow. Figures H7 to HI0 shows the results of the Dean, Battjes and Janssen, Dally et al. and Morfett methods,

respectively. When comparing these figures, the following can be seen:
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• Considerable scatter is evident on all these figures. However, the method by Battjes and Janssen
appears to be the most promising and it was felt that the value of a, should be optimized for this
method.

• Figures H7, H9 and HI0 contain considerably fewer data points than in Figure H8. This is because
the methods by Dean, Dally et al. and Morfett requires the beach slope. Unfortunately the database
by Van Rijn (1991) only gives the local bottom slope around the location where the measurement was
done. Some of the original references give the general beach slope (or a beach profile) in the surf zone
and the required slope can thus be obtained. Not all the original references could be found, thus
limiting the number of data points. In addition, for the derivation based on the Dally et al. (1985)
approach, Equations (5.33) or (5.37) - see Chapter 5 - in a few cases either not produced a solution
for the breaker height or gave an unrealistic answer (e.g. the local wave height in the surf zone is
higher than the breaker height).

• The outliers in Figures H7 and H9 are points 754, 755 and 758 where Dette and Uliczka (1986)
measured concentrations under regular waves. For regular waves it was assumed in these figures that
the significant wave height for irregular waves was equivalent to the mean wave height for regular
waves. Because the root-mean-square wave height <Hnns) represents the energy of the wave spectrum
and the mean wave height likewise for regular waves, it can be argued they are equivalent. Since ~

= Ii H'm.., it was tested whether better correlations could be obtained with H,= Ii (mean wave

height). This approach resulted in a reduction in the scatter as shown in Figures H7 and H9; however,
it was not a significant improvement. This idea was therefore not pursued further.

Testing whether the concentration is related to the difference between Db and the energy dissipation under
equilibrium conditions

Because Kriebel and Dean (1984) and Kriebel (1990) related the cross-shore transport rate to a factor (Db-

Deq)and obtained reasonably good predictions, it was decided to test the following similar hypothesis:

(H4)

with n, = wave energy dissipation per unit area under equilibrium conditions. That is, if the
beach profile is concave (Dean, 1977) : y = Ax°.67

= (H5)

and Db is computed from Equation (5.28) in Chapter 5.

where y =
x =
A =
Y =

=

vertical co-ordinate of the profile
horizontal co-ordinate of the profile (runs from the still-water line seawards)
constant depending on the sediment grain size or fall velocity
breaker index
significant breaker height/depth at the breaker line

Figure Hll illustrates the results: considerable scatter is apparent. This approach was therefore not pursued
further.



H.5

Optimizing a, and a:zfor the Battjes and Janssen method

Marquart's maximum neighbourhood method (Daniel and Wood, 1980) was used to optimize the values of a,
and a2. Figure H12 shows the results ifall the data points are retained. Because it appears that three outliers
are present (numbers 147, 588 and 592) which contribute significantly to the scatter, the calibration was
repeated without these three points. The following equation with 33 degrees of freedom was found:

C = 0047'10-3(D Id)1,94WIU.
~m' b,BJ (H6)

Figure H13 illustrates that a reasonably good fit is obtained with a, = 1,94. Compared with Figure H12, the
higher concentrations are also predicted better (Figure H13).

The ranges of the data are reasonably wide as can be seen from the following:

0,45 < II. (m) < 2,20
4,1 < T, (s) < 18,5
0,78 < d (m) < 3,4
0,170 < Dso (mm) < 0,330
0,0085 < Cgem (xlO-3m3/m3) < 1,4074

The data were also collected from seven different investigations at a variety of sites and as such, are reasonably
representative of a wide range of conditions.

Kamphuis (1995) found differences in a comparison between two- and three-dimensional (3D) beach profiles.
He attributed the differences to local turbulence induced by the head-on collision of the incoming breaking wave
with the down-rush from the previous wave for the 2D case. In the 3D tests, this phenomenon is much less
pronounced. It can therefore be argued that only field data should be considered. Another possible reason for
using only field data, is to eliminate the effect of using only regular waves (instead of wave spectra).

If only field data on suspended sediment concentrations are used, the equation for Cgen! (Figure H14) is:
Cgen! = 0,060.10-3 (Db,BJI d)I,94w/u. (H7)

H.4 Detailed Calibration of the Mean Concentration (Outside the Surf Zone) for the Applied Wave
Power Method

General

As explained in Chapter 5, the model which will be calibrated is:

(H8)

where e, = a, w/u.
with al and ~ two calibration coefficients.

Initial calibration and assessment of the accuracy of two outliers

Again the data compiled by Van Rijn (1991) were used - see Section 5.4, Initially the ripple dimensions were
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computed with the Van Rijn (1991) method and a, = 2,089 (as for river flow) was assumed. By using the
.measured ripple dimensions only minor changes in (Dr Idyl were found. This indicates in a qualitative way
that the Van Rijn (1991) method is accurate. Henceforth measured ripple dimensions were used if available.
Ifnot, the Van Rijn (1991) method was applied.

Figure H15 shows the results (above each point its number (or id) is given). From this figure it is apparent that
there is considerable scatter. The two main outliers are Points 8 and 51, both from Nielsen (1984).
Fortunately, Nielsen measured at virtually the same positions and during almost the same conditions a number
of times (Nielsen, 1984). Points 6 to 8 and 48 to 54 were done in this way. Points 7 and 8 and 49 and 51
especially can be directly compared:

0,44 0,62 0,49

9,7 9,8 12,4 11,8

1,42 1,29 1,22 1,21

0,150 0,150 0,080 0,075

0,500 0,500 0,600 0,500

0,2406 0,6660 0,0597 0,8036

Note the similarity in the wave and seabed conditions as given in the table above. This is also the case for
Points 6 to 8 and 48 to 54 as presented by Nielsen (1984). Despite the similarity, the values of Cgem vary
considerably, namely from 0,2406 to 0,6660 for Points 7 and 8 (a factor of 2,8) and between 0,0597 and
0,8036 (a factor of 13,5) for Points 49 and 51. From Figure H15 it can be seen that the mean concentrations
of Points 6 and 7 and Points 48 to 54 (excluding 51) are similar despite some scatter. It can therefore be
concluded that the accuracy of Points 51 and 8 is highly questionable. What then are the causes for their
inaccuracy? As discussed above and in Section 5.4, it is hypothesised that the sampling period is too short
considering the temporal variation in sediment concentrations due to small changes in the bed configuration.
Measurement error can also not be ruled out totally. Consequently, Points 51 and 8 were left out in the

calibration that follows.

Data ranges

The ranges of the data consisting of 47 remaining data points outside the surf zone were as follows:

0,20 s Hs(m) s 1,55

4,6 s T, (s) s 16,6

1,10 ~ d(m) s 3,00

0,110 s D50 (mrn) s 0,500

0,0111 ~ Cgem(x 10-3m3/m3
) s 0,3400

0,095 ~ HJd s 0,589

'The data therefore covers a reasonably wide range.
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Final calibration

If the value of a, is also optimized, the following equation is found (Figure HI6):

C = ° 051 10-3(D /d)I,16w/u*
gem " f (3.49)

However, in order to improve the fit, it was investigated whether a2was a function of the local surf similarity
parameter, or the factor H. /L, or the factor H. /d. The best result was obtained by the H. /d factor. Although
the scatter is still large (Figure 5.8), a line was fitted through the data giving:

~ = 0,15.10-3 (H. /d) (HIO)

Figure 5.9 illustrates the measured versus the predicted mean concentrations in which

Cgem = 0,15,10-3 (H. /d) (DC/d)I,16wiu. (3.51)

This figure (note the linear scales) shows that despite some scatter, this equation can predict the mean
concentrations reasonably well over quite a wide range of conditions.
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instantaneous sediment concentrations (C). For the first 3 minutes,
the area around the sediment detector was much more active than
during the last half of the record. There is no corresponding change
in the water motion, so the change must be due to subtle changes in
the megaripple topography.
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APPENDIX I

ACCURACY OF THE WHITE (1987) DATA SET ON LOCAL
LONGSHORE TRANSPORT RATES OUTSIDE THE SURF ZONE

1.1 Accuracy of the Whole Data Set

White (1987) measured the local transport rates simultaneously with green and red tracers at two beaches,
namely, the Scripps Institute of Oceanography and Torrey Pines beaches. Although he focused his attention
mainly on cross-shore transport, some 25 data points on longshore transport were obtained (Table 11). Most
of the time, sheet flow conditions with a small suspended load were encountered. This will thus be a severe
test for the theoretical model used. Although the green and red tracers were not placed at exactly the same
locations (3 m apart) it was close to each other. Hence the results from the different tracers can be used to
judge the accuracy of the data. Both the percentage difference between the results from the two tracers and
the factor f = higher transport ratellower transport rate are given. The mean percentage difference is 67% and
the mean f= 8,3 which indicate that the accuracy of the data is not very high. This is substantiated by:

• For 4 data points the sand and water is moving in different directions. These points were subsequently
disregarded, thus leaving 21 data points.

• On a few occasions the transport is in different directions according the two tracers (Table 11). This
happened especially at low rates.

• The red tracer usually yielded a higher transport rate than that obtained from the green tracer (Table
11).

1.2 Accuracy of Data Point 11August '80 #1

In the calibration (Chapter 5) it was found that there are two outliers, one of which is data point 11August '80
# 1. From Table II it can be seen that conditions are almost identical for data points 11 Aug '80 # 1 to 6. Yet
the mean transport varied between -0,02 and -152,10 dynes/(cm.s). The high reading is the point 11 Aug '80
# 1; for the other 5 points the mean transport rate was between -0,02 and -7,10 dynes/(cm.s). The reasons for

this are the following:

The transport rates from the green and red tracers were both high, namely, -125,0 dynes/(cm.s) and -179,1
dynes/( cm.s) - Table 11). Therefore measurement error is highly unlikely. Furthermore, the placement method
of using a dual cylindrical container prevented the tracer from being transported unnaturally in suspension.
A possible explanation is that the tracer was placed just before a group of extremely high waves in the wave
spectrum reached the site. The placing method still deposits the tracer in a small pile on the bottom. If the pile
is initially flattened by smaller waves, the tracer acts as part of the natural sea bottom. However, if a group
of high waves reached the tracer immediately after deployment, spurious transport could have occurred. The
fact that the first measurement point of a series of six, exhibits this very large transport rates, supports this

explanation. Therefore the data point 11 Aug '80 # 1 was ignored.

No valid reasons could be found for leaving the other outlier out and thus it was retained.
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APPENDIXJ

ACCURACY OF ONE DATA POINT OF THE KRAUS ET AL. (1982)
DATA SET ON LOCAL LONGSHORE TRANSPORT INSIDE

THE SURF ZONE

The data point under consideration is the outlier (in Figure 5.16) located at ~i = 0,37, which was obtained at

Ajigaura Beach in 1979 with sampling done after 120 minutes (Table 3 in Kraus et al. (1982)).

Kraus et al. (1981) provide additional information about the same data set contained in Kraus et al. (1982).

Of specific interest is a bathymetric map of the Ajigaura beach site (depicted in Figure 3 in Kraus etal. (1981)).

Figure Jl shows the beach profile through the points where sand samples were taken. It can be seen from this

figure that the beach is generally flat and even (beach slope is about 1/47) in the surf zone except for a steeper

slope near the shoreline. No distinct sand bar is present in the surf zone.

Figure Jl also illustrates the cross-shore distribution of the local longshore transport rate. When moving

shorewards from the breaker line, the measured local longshore transport rate initially decreases rapidly. This

is to be expected because the most intense breaking and turbulence are usually found at the breakerline.

Normally this decreasing trend in the local transport rate continues towards the shoreline unless a sand bar is

present. A secondary peak in the local longshore transport is generally found at the shoreline on a steep beach.

However, the outlier which is roughly in the middle of the surf zone (denoted by "reported value" on Figure J1),

is considerably higher than the other two measured transport rates despite the absence of a pronounced sand

bar. It is unlikely that this high measured value is correct.

It was estimated that the measured transport rate should have been between 40 x 10-6m2/s and 80 x 10-6m2/s.

The value midway between these two values namely, 60 x 10-6m2/s, is also shown (as "expected value") on

Figure J 1. If 60 x 10-6m2/s is assumed to be correct value, then the corresponding a, value for this outlier will

be about 390 x 10-6. The data point will therefore plot in a realistic position just above the curve (solid line)

in Figure 5.16.

Based on the morphology of the surf zone at Ajigaura Beach (as represented by the beach profile) and typical

wave breaking, it is concluded that the measured transport rate denoted by "reported value" in Figure Jl, is
incorrect.
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