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PREFACE

The study reported herein was conducted using funds provided by
the Operations Division, Gffice, Chief o Engineers (OCE), under the
guspices of the Investigation of Operations and Maintenance Techniques
(I08Y) program. Mr, Milt Millard was ille OCE Technical Monitor for this
work.

The study was conducted during the period August 1973 to April 1975
in the Hydraulics Taboratory of the U. S. Army Engineer Waterways Ex-
periment Statior (WES) under the general supervision of Messrs. H. B.
Simmons, Chie” of the Hydr wlics Laboratory; F. A. Herrmenn, Jr., Assis-
tant Chief of the nydraulics Laboratory; br. R. W. Whalin, Chiet ¢f the
Wave Dynamics Division; aad Mr. D. D. Davidson, Chief cf the Wave Re-
search Branch. The investigation vas conducted and this: report preparea
by Mr. A. W. 3arcia, Research Cceianographer, end CPT ¥, C. Perry, CE.

Directors of WES during this study and the preparation and publiica-
tion of this report were COL 5. 4., Hilt, CE, and COL John L. Canncn, CE.

Techrical Director was ¥r. F. R. Brown.

ey /
s wete & 1
e (3SR S
SRANAOUNCI" 3 :
JST AT L . :
L ‘
LISTRIBETION AVARMILT (775
wol AR mee ¥ 3 0
e {
ﬁ ' :

e E———— -~ oy ro—
- R R 3

A SN

RN Ao oo RN 0 s B M

L




COKRTENTS

PWACE s & & & & 0 & & & Vv * & 4+ & & » s 8 B & 2 e T 4z & & l

CONVERSION FACTURS, Y. S. CUSTOMARY TO MEIRIC (SI)
UK‘ITS 0{“ W&Rm.‘l}m L - L2 - . L] . L] » L L4 * . - * L4 L] . L -~ *

PART I: FURPOSE MJD SCOPE . . . v ¢ ¢ v b vt o o o o o & e o
PART II: SUMMARY OF PREVIOJUS INVESTIGATIONS . « . . . . , « o« &

sescription of Sediment Movement in the

: OFffShOi@ 2008 & v v v ¢ 5 o ¢ o o o o o o o 5 o s o o o 6
Descriptisi of Theories on the Movement of Sediment

Normal %0 the Shoreline . . . . . . =« ¢ s ¢ o v o o & 7T

P description of Theories on the Muvement of Sediment

Parallel to the Shoreline . . . . . . ¢ ¢ ¢ ¢ 0 o o o @ 9

4 PART III  OUTLINE .\ND DISCUSSION OF MSTHODOLOGY . ¢ v ¢ v o o & 12

. ‘ntroduction and Background . . . . . . ¢ 4 ¢ s o o o o o 12

3 Summary of Assupptions . . . « ¢ 4 ¢ 4t i e 0 e s e e . 13

outline Or !’!ch‘)d Develoment e & v ® 8 & 1 e & e e * e o lh

3 Descriptior of Longshore Velocity Field .. . . . . .. 25

PART IV: IMPLEMINTATION . . & & o v v v ¢ o o 0 o o o o o o o o 33

i PART V: MOUDEL VERIFICATION . &« v v ¢ ¢ ¢ v + 4 o o o o o o s o 39

Sourc2s and Quality of Input Data Used . . . . « . . « . . 39

H Results of Verification Computations . « « « « o ¢ o & & o« Ly

x Discussion of the Results of Verification . . . . . . . . ks

" PART VI: RECOMMENDATIONS . ¢ ¢ ¢ ¢ 4 ¢ ¢ o o « o o o o o o s @ L7

PART VII: CONCLUDING REMARKS . . . . « « ¢« « « & e v e e e e L9 \
4 REFEREMCES . v o 4 v o o v o o o .+ - e e e e e e e 52 |
g |
BIBLI%&‘\PHY - - . * L] L3 * - L] . L2 - * . * -* L2 » A\ d - - L] * - - . 58 g
APPENDI} A: HOTATION
't

f:

g

R a

Setememn o Y TR = e e e e i ——————————




LTI e A 01 s 0
.

[
WA, oo

Caid i o

»
o]

[l

CONVERSION FACTORS, U. S. CUSTOMARY TC METRIC (S1)
UHITS OF MEASUREMENT

U. S. customary units of measurement used in this repourt can be con-

verted to metric (SI) units as follows:

Multiply By To_Obtain
et 0.30L8 metres
miles (U. S. statute) 1.60934L kilometres
cubic yaras 0.76L45549 cubic metres
pounds (mess) per cubic foot 16.018546 kilograms per cubic metre
square feet per seccnd 0.09290304  square metres per second
degrees (angie) 0.017k5329 radians
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BEACH NOURISHMENT TECHNIQUES

A MEANS OF PREDICTING LITTORAL SEDIMENT TRANSPORT
SEAWARD OF THE BREAKER ZONE

PART I: PURPOSE AND SCOPE

1. One peans being considered for use in the artificial nourish-
ment of beaches is the artificiwi depcosition of sand seaward of the surf
zone. Suicers of this method requires that the deposited material be
Dlaced so trat it is entrained into the offshcre liztoral transport sys-
tes, with = favorable probability cf eventually being moved into the sur!
zone. Previous attempts to accomplish thisl’2 lace. the sediment on
the basis of grain-size distribution and the expected orbita’ velccities
of the wave regime, A later evaluat.ion3 of tne afcrementioned study
showed thet there was no appreciable movement of the deposite. material
over a perind of four years.

2. Ir the referenced reporis, the "Ejulstrom Jdiagram” was the
basis for determining the boundary cf eroding versus noneroding veloc-~
ities for a given rediment size. Although the Hjulstrom diagram is :se-
ful, it apparentty does not readily lend itself to a viable solution or
the problem formu) ved.

3. The obje: wve of the present stuay is to develop a r2thematical
model for cotaining < qurRniitative estimate % the amount of sediment
transported by longshore currents and a quajitati e est’mute of the
amount of radiment transported iuto the sur’ zone. The physical pro-
cesses go 'erning sediment mover nt within the surf{ zone are not well
understood which necessitates abundoning the search for a quantitative
estivate of sediment transport into the surf zone without additional
laboratery and field experiments. However, in an approximate f{ashion,
some conclusions can be reached reg:.~iing the effects of sediment trans-
ported into the surf zone. The most Javoravle situation (from the view-
point of teach nourishment) would be that a2ll artificially placed sedi-

ment move through the surf zone and deposit sa the beach. In practice,
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only & fraction of the artificially deposited material will be trans-
ported into the surf zone. Even if tiiis quantity does not directly
nourish the beach, at the very least it will help saturate the surf zone
with sediment and aid (at least tewnorarily' in retarding erosion of the
beach.

k. From the inception of this study it wus recognized that the
wave data would probably be the least relisvle input to the model, and a
reliahle verification of the model would probably require a comprehen-
sive field teosting program. This waz pointed out as early as 1952“ by
several investigators who concluded that any study of the movement of
sand by waves should be accomplished by dir-ect observations, elthough at
that tirc the means of doiag so hed not bee . sufficiently developed.
Sediment 4racing techniques have advanced co..siderably since 1952, and a
field verification of the model described in this report and other
models under development is being planned. In order to provide at least

a tentative orier of cagriitude verificstion, a wave hindcast was used in

the model to compute the amount of littoral transport zt Point Peder-
nales, California. The result of this comparison is discussed in Part V.
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PART II: SUMMARY OF PREVIOUS INVESTIGATIONS

Description of Sediment Movement in the Offshore Zone

5. Most sediment transport produced by gravity waves takes place
within the surf zome. Turbulence procduced by breaking waves is capable
of placing in motion all bottom materiul except for the largest boulders.
It is in the surf{ zone that the longshore curreni produced by waves
obliquely attacking the shore is most intense. Strong currents combined
with extreme agitation can carry a vast quantity of sediment.

6. Seaward of the breaker line, conditions are not as violent,
and the abiliy of gravity wavec to transport sediment is consideradly
reduced. In this region, wave motion can be adecuately described by
classical small-amplitude wave theory,s and the resulting sediment
transpor: can be examined in some detail.

7. Surface gravity waves start to be affected by or "feel” bottom
wnen ,hey enter a depth approximately equsal to one-half wavelength. How-
ever, it is not until they propagate into much shallower depths that ap-
preciable sedimen?. movement is produced. The depth at which this occurs
is difficult to deterzine due to the large number of variables involved.
From laboratory experiments, the relative effects of the various paran-
eters on the initiation, volume, and direction of sediment transport in
the offshore zone have been Gutlined.6 liumerous field observations in-
dicate depths at vwhich sediment movement is initiated, but all are depen-
dent on local conditions. Occasional sand movement at depths of 100 ft®
off Le Jolla, Californis, is reported in Refereuce 7. Observations at
Point Conception and Arguello, California, revealed that little or no
bottom sediment movement occurred at depths greater thar 60 ft and only
occasional movement in depths between 37 and 60 ?t.s Very nrecise mea-
surements of changes in sand levels on the shelf at La Jolla, California,
revealed that depth changes of 0.15 ft occurred at a depth of T0 ft.g

The occurrence of ripiles generated by oscillatory wave action at depths

® A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page 3.

A A

L)




of 150 £t of( La Jolla, California, was cbserved by scudba divers and
reported by Inman. 10

8. The mode of sediment moverent in the offshore zore is consid-
erably different from the surf zone. Early work by the Beach Erosioa

Bourdll (now the Coastal Engineering Research Center) shows that only in

the surf zone is there an sppreciable amount of sediment nmovement by sus-

peasion. In the offshore zcne, oace movement is initiated, sand moves
almost entirely as dbed load.

9. The direction of sediment transport in the offshore zone is

considered o De generally landward. In 98 percent of the laboratory ex-

periments in Reference 6, transport was observed in the landward direc
tion. nis coincides with results predicted by mass trunsport eguations

developed by Lonsuet-n;sgins.lz in general, these equations predict

&1

that under the influence of gravity waves there zre thin “ayers of water
which move gquickly landward at the swrface and bottoa wi h a siowed sea-
ward flow of water a: intermediate depths., CSince sedime'* lraznspeort in
the offshore cope is aimost all bed load, its corresponding movement
will be in the shoreward direction.

10, Even though there is a general landward movement of sediment
in the cffshore zone, this movement is significently affected by the
longshore c.rrent. Although describel z2¢ being primarily confined o
the surf :ane,l3"‘ the worxs of longuet-Higgins and 3:ewurd15
Thorntonlé show that a signiricant longshore current cun exist in the

« 2
offshore zone. Thornton = verified this by actual field measwrements of
longshere velocities sud sediment transport in the ofUshore one.
b}'

1l. 1In general, sedinme:. —ovezent gravity waves In the off-

shore zone can be lescribed as being initiated in relatively snallow

sater and moving primarily as bed load diagonaily to the shoreline under

the influence of both nmmss trensport and longshore curreats.

the Movement of Sediment
jormal to the Shoreline
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i2. Present theories on the motion of sediment normal to the

shoreline have evolved from the null-point theory, first proposcod by

W
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ol which states that there are two opposing Torces being

Corneglia,
applied to sediment on the bottom in the offshore zone. These are the
onshore wave drift caused by unclosed water particle orbits generated by

progressive waves anhu the offshore component of the gravitational force

produced by bottom slope. It is theorized that & point of equilibrium
exists between these forces separating onshore and offshore motion for
every size, shape, and density of sediment particle. The larger or
denser the sedirent particle, the closer to shore will be its null point.
Shoreward of the null point the par.icle will move onshore, while sea-
vward from the null point the particle will move offshore until it
reaches a point where no notion occurs at all.

13. Many recent investigators have concentrated on the nu.l-point
theory. Field studies at La Jolla, California, revealed that sediment
tends to decrease in size in the offshore direction.18 This suggestzs

that sediment is being sorted ty the intensity of the forces applied to

it and is allowed to establish its point of equilibrium or null point.

Laboratory experiments by Ippen and Eagleson19

and Ezgleson, Glenne, and
Dracup20 irdicate thut although a null point does exist for all sediment
sizes under ail wave conditions, the net sediment transport at the bed
is always in the shoreward direction. Johnson and Eaglesongl have
developed a means of estimating the onshore bed-load trunsport by using
these experimental results. In application of these methods to a sec-

ticn of beach in southern California they were able to predict an aver-

age annual onshore transport rate which at least appears reasonable,

]

although it cannot be verified.
14, Ocher investigators, however, telieve that sediment transport
in the offshore zone is entirely in the onshore directicn due to the

inequality ot onshore versus offshore wave-inducad orbital velocities in
13

AL A B L

the relation of wave advance over a shoaling bottom. Inman - indicates

wew o m

that the onshore mass transport of water by waves is continuous and is
offset by the occurrence of rip currents that carry the buildup of water
in the surf zone offshore sgain. The sediment transport corresponding
to such & circulation system would have sediment moving onshore as bed

load under the influence otf waves and carried offshore as suspended load
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in a rip current where it would ve sorted normal to the shore as the rip
current loses intensity. Field studie522’23 discount the effects of the
rip current as a return mechanism, These studies indicate that there is
general shoreward movement of sediment as bed load along the bottom with
the finer material being driven into suspension in the breaker zone and
carried offshore at middepths. This also is suggested experimentally
by Ippen and Eaglesonlg and Russell and Osorio.2h

15, Other investigations indicate that the transport of suspended
sediment may be more important in the offshore zone than previously sus-

pected, particularly in the process of sediment sorting.25-3l

However,
genevral net transport can still be assumed to be in the shoreward direc-
tion as bed load, despite the increased evidence of offshore movement of

saspended sediment.

Description of Theories on the Movement of Sediment
Parallel to the Shoreline

16. Galvin32

gives a comprehensive review of the theory and data
available in North America up to 1967 on longshore current velocities.
Nine papers are discussed containing twelve equations of which six can
be evaluated using available data. The difficulty in applying the equa-
tions discussed by Galvin rests with the fact that they give a mean
longshore velocity and one of the necessary requirements for accomplish~
ing the objective of this study is a means of cslculating a longshore
velocity field. This requirement results from the need to know the
derth at which a significant amount of the deposited material can rea-
sonably be expected to be entrained .anto the littoral current. Gole
et al. (personal communication) compared estimates of littoral drift
which were computed using three methods, listed below, with dredging
data obtained at the Port of Visakhapatnam on the east coast of India.
a. The Coastal Engineering Research Center's (CERC) formula.
b. The Putnam-Munk-Traylor formula.
c. Eagleson's formula.
While the Putnam-Munk-Traylor and Eagleson formulas boch gave results

that were within 20 percent of the measured drift, the amount computed

- e e r————————




using the CERC formula was in excess by a factor greater than four.
However, all these methods suffer the same form of deficiency as those
discussed by Galvin, i.e., the integrated gross trensport is computed.
17. The requirement for determination of the velocity field as a
function of distance from the shore (and therefore a function of the

water depth) leaves little choice in the basic manner by which the
longshore velocity profiie is computed. Most studies concerned with
this topic16’33’3h have used what shall be referred to hereinafter as

the radiastion stress approach, first discussed by Lcnguet-Higgins and N
15,35 34 :

Stewvart and Bowen. Development of the radiation stress spproach
will not be recounted here since it is discussed quite elcquently in the
above-referenced papers. A detailed discussion of the application of
this approach is contained in Part III.

18. Komar and Inman36

compared two models for determining litto-
ral sand transpcert with field measurements obtained at Silver Strand :
Beach, California, and E1 Moreno Beach, Baja, California. The first ¥
model is described as principally intuitive and attempts to correlate

the sand transport rate with the longshore component of energy flux

per unit length of beach. Komar has shown, however, that Equation 1 can
be developed under the basic assumption that the longshore rate of trans-
port of sand is equal to the longshore component of sediment carried
forward under the bore of the breaking wave. The second model was pro-

37

posed by Bagnol and is expressed as

Ie = K'(Fcn)b cos ub<V£>Um (1) | s

where

Ie = rate of transport of immersed weight of sand past section of
beach®

K' = dimensioniess factor of proportionality

E = wave energy density '
. |

Cn = wave group velocity

-

# For convenience, symbols and unusual abbreviations are listed and
defined in the Notation (Appendix A).

10
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2 longshore velocity of unspecified origin
U_ = maximum orbital velocity of waves

angle of wave crest at breaking with respect to the shoreline.

o

Komayr and Inman concluded that the models are equivalent if driving

forces of the longshore current other than those due to wave action from
an oblique direction are ignored.

11




OUTLINE AKD DISCUSSION OF METHODOLOGY

PART III:

Introduction and Background

19. The basic approach used in this investigation to obtain a
quantitative estimate of bed-load sediment transport in the offshore
zone was developed over a period of about 25 years by the late o
Prof. H. A. Einstein and his students at the University o’ California, T :
Berkeley. Most of this work has been summarized by Prof. Ein:?.tein.’4
Einstein's method evolved as an application to the wave-induced sediment
transport problem of the Einstein bed-load funci:ion,38 which had origi-
nally been developed to calculate sediment transport in streams. Al-
though bed-load movement due to flow in streams is unidirectional,
Einstein and his students thought that his theoretical relationships

could describe the sediment transport caused by waves. All of their ;_i
work in developing this apprcach was conducted as a series of laboratory '?, h
stud‘~s which substantiated the theoretical predictions. The first step o
was the description of the velocity distribution at the bed due to ) :
waves.39'h2 The mechanics of bed-load sediment moiion due to waves

was then described by l(alk‘anish3 and later modified by Abou-Seida.hh

Work on the mechanics of suspended sediment motion also has been under-

taken; however, the precise physical desc-iotion of this process is
still an open questinn and this work was not used in the present :
study.ks’l 5 T
20. The model used for this investigation will foliow the methods
of calculating ted-load transport described by Abou-Seida.hh It is as-
gumed thet sediment motion is initiated in the offshore zone by the
velocity produced at the bottom by waves. This sediment motion is

entirely oscillatory and causes no net movement since small-amplitude

wave theory is used. However, since sediment is in motion, it can be
acted upon by secondary currents that produce a net transport. These
secondary currents, such as longshore and mass traneport currents, are
not normally intense enough in the offshore zone to initiate sediment
motion; however, they can act upon sediment already in motion. 1In the

12
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present study, tuese secondary currents are described by the Longuet~
Higgins mass transport equation,12 as originally recommended by
Kalkanis,h3 and by the Longuet-Higgirs and Stewart radiation-stress anal-~

ysis of longshore currents.17

Summary of Assumptions

21. A variety of assumptions and limitations were necessary to
develop a practical method for the calculation of bed-load concentration:

a. The model developed by Kalkanish3 and Abou-Seidahh as-
sumes a horizontal bed. This assumption cannot be
precisely satisfied in the offshore zone; however, bottom
slopes are normally so gradual that the gravitational
forces exerted are extremely small compared with thoze
exerted by wave action.

jo

The sediment being moved can oe des~ribed by its mean
particle diameter. In most areas this is a valid assump~
tion since sediment sizes do not vary greatly in the off-
shore zone, and the standard deviation of most beach
sediment samples is small.

¢. Sediment particles are generally spherical in shape.

This assumption is satisfactory since beach sediment is
primarily quar“z grains that terd toward a spherical
shape after long exposure to abrasive action. Also, it
has been shown experimentully that the shape of sediment
particles is much less important than particle size under
most conditions of sediment transport.47

e

The model is only applicuble to clastic sediment. No
attempt was made to include the interparticle forces
characteristic or silt- or clay-sized particles. The
model may be of questionable accuracy when applied to
material in the very fine sand size range (3 to 4 ¢ or
0.125- to 0.063-mm diam). Fortunately, most sediment
found in the zone of interest is normally sand in the
fine-to-medium grain size ranges.

e. The model as presently designed considers only bed-load
sediment movement. Although some sediment is thrown
into suspension in the offshore zone, it is not consid-
ered to be a large enough quantity or the method of
describing it accurate enough to Justify an attempt to
include it.

f. Einstein's assumption is used (from his work with river
sediment transport38) that the bed layer is only two sed-
iment grain diameters thick. Although this assumption

13
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has been criticized by Brenninkmeyer as too restrictive,ha
it is believed thet Einstein's assumption is still the

best available for practical application at the present
time.

Se timent movenent cceurs only when cernditions in the
boundary layer cun be described as turbulent. Althcugh
this assumption is questioned by Komar and Miller,h9 who
proposed that movement can occur under laminar flow con-
ditions, the turbulent fiow criterion establisher oy
Kalkanish3 is used.

Qutline of Method Develcpment

22. As previously noted, the model outlined herein s essentially
that devecloped by Kalkanishj and modified by Abou~Seida.hh This brief

introduction is only » synopsis of the approach used and the conclusions
reached. The original work by Kulkenis or Abou-Seida should be con-
sulted if a morc thorough description of tne methodology is desired.

For a complete description of the development work that ied te this
medel, the summary by Einstein is :-.commended.4

a.

Description of bed motion due to waves. From small-
amplitude wave theory (sec Wiegel>V gnd many others), the
horizontal particle velocity due to oscillatory waves at

the ocean bottom immediately cutside the boundary layer
can be described by

i

V= T oinn (RRT sin (kx - wt) (2)

where

velocity

weve height
wave period

= yave number = 2r/L

depth below still-water lievel

X & ®x 93 @ <9
H

= distance in the direction of wave propagstion

4 = wave frequency = 2u/T
t = time

By rearrsnging terms, this can also be expressed as

1l
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ve {(?’)['és_m%"(ﬁf]} sin (kx - wt)

(we) sin (kx - wt)

v, sin {(kx - wt) (3)

where

a = maximum amplitude of horizontal water displace-
ment at the bottom

v, = maximum horizontal bottom velocity outside the
boundary layer

These two terms (a and v,) provide a reference from
which the velocity distribution within the boundary layer
can be calculated. The distribution of velocity within
the boundary layer is of the utmost importance because
all sand size particles at rest are contained in this
thin layer next to the bottom.

Velocity distributions within the oscillating boundary
layer:

(1) The velocity distribution within the laminar boundary
layer can be described by Stokes classic linearized
solution to the liavier-Stokes equations.sl Using the
terminology of Kalkanis, this is expressed as

-Boz
vsvosinwt-e

sin (wt - Boz)] (k)
where
BO = 1/8 = VYu/2v

é§ = boundery layer thickness as defined by
Schlichting52

v = kinematic viscosity
z = distance from the theoretical bhed

This solution has been extended to the cese of the
turhulent boundary layer by Kalkanis, by generalizing
the equation for the laminar velocity distribution
inco the form

vs= vogsin wt - fl(z) sin [ut - f2(z)]} (s5)
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Cumbining the two sine functions vectorially, the
result can be writter in the form

v = vo[l - 2fl(z) cos fa(z)

2 11/2

+ fl(z)J ein {wt - 0) (6)

where

- fl(z) sin f2(z)
6 = phase angl. = te.u 1o fl =Y cos f2(z)
i‘l(z) = velocity ampiitude function

f?(;z.) = phase shift function

Both f3(z) and f2(z) are experimentally deier-

mined functions #.hat take a different form Jepercing
on the type roughiess of the surface over which the
velocity profile is being produced. These empirical
functions were derived in laboratory experiments ror
a smooth bed and vith two- and three-dineﬂsiona.l
roughness and are summarized by Einstein.” For beds
composed of eaither sand or gravel, these functions '~

are expressed by

e - o.se-(133z/aﬁoe)

£,(z) = 0.5(8y)?/3 )

The roughness diameter (c) is assumed equal to the
mean sediment diamete:r (Dgg). TShese expressions
were obtained from experiments that coveredi the fol-
loving rsnges of values

0.0009 ft < € < 0.0453 ft

0.104 £t < a < 2.00 rt
0.169 < w < 5.82 .

Water viscosity (i.e. temperature and salinity) was
held fixed uring the experiments.

(2) As a caution, it must be mentionecd that not all :

16




c.

investigators agree that the tirnulent boundary layer
velocity profile can be descritc.. in this mapner. In
his review of the current ggate 31‘ ths art in bound-

ary layer rosearch, Teleki states that "there

is no sdequute theory for the mechanics of tuibulent

flow at this time." More specifically, Noda’* noted

that Ka'kanic' empirical description of the turbulent
velocity distribution vas not verified oy his experi-
mozial data.

Flow re=::ime tran:ition criteria. “‘nce it has buc: as-
sumed “hat sediment will begin to > :.ove only under .urbu-
lent ~snditions, criteria must be .;stabiished to deter-
mine what flow characteristics constituvte transition from
laninar to turbulent conditions. These criteria have
teen c¢z.avlished experimentally fr.w the work of Li,39
Manohar !l and Kalkanisl2 for the three types of bed
roughness mentioned prenously For beds <omposed of
sand and gravel, Abou-Seida’’ recommends a Reyuclds num-
ber criterion of

v, ,
Rc === 104 (8)

For all Reynoids num.er values greater than or equal to
this criteriorn, the flov regime is considered turbulent
and the smpirical velocity distribution previously de-
scrived is applicable. The criterion for the transition
frow laainar to turbulent flow conditions is the subject
of a continuing controversy. In his review of the
subject, Teleki’3 Zound a wide variatior in the Reynolds
nunber criteria tiaat descride this transition aud he
thought that nope were satisfactory. In particular,
Sleath criticizes this Reynolds number sriterion for
being tased on insufficient data.55

Motion of sediment due to wave motion:

(1) Once the velocity distribution within the turbulent
bounviary layer is known, the amount of sediment in
motion can be found by use of the bed-load equation
derived by Kalkanisd3 and extended by Abou-Seida.ld
This derivation follows the probebilistic procedure
developed by Einstein.38 Since a derivation of this
equation is rather lengthy, only tas most applicable
information will be descrited here. Zinstein pro-
vides a short synopsis of the derivation.l

(2) The bed-load equation establishes a <elation betweea
two nondimensional parameters that describe the fluid
system and the resulting sediment transport. The

7
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(3)

(%)

first of these, the flow intensity function is given

as
P, - £.\/&D
v = |[2—1 50) (9)

where

-«
]

flow intensity function

©
L

density of the sediment particle

density of the fluic

acceleration due to gravity

1]
[}

DSo = mean sediment diameter

The velocity vy is the mean unsteady velocity within
the boundary layer given by the equation for the tur-
bulent velocity distridution at a point 0.35 Dgg above
the theoretical bed. The velocity at this distance
was determined by Einstein and E1 Samni’® as best de-
scribing the 1ift forces on each sediment grain for
unidirectional flows. Whether this applies equally

as well for oscillatory motion has not yet been deter-
mined, dbut it is a reasonable assumption.

The second of these nondimensional equations is the
bed-load function given by

AR -

9z = oscillatory bed-load rate

where

Ys = unit dry weight of bed material

Thke relation between the flow intensity function and
the bed-load function is given by the bed-load equa-
tion (Abou-Seidal®)

dm dlwt

3/ =
AS 2 o0
1+ A% 1 2n
(0}
By, - )
(- 5
(1)
n/2 ‘o 2
-m~/2 .
+l [ e dnm d(wt)] (11)
-l

18
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where

m = a random variable that has a normal distri-
bution of 2ero mean and a standard devia-
tion of one

The terms A, B, and ng, are empirically derived
constants which best fit the theoretical curve to the
experimental data of Kalkanis and Abou-Seida (see
Figure 1). The best fit was obtained with values for
these terms of:

>

0"
o
W

w
]
oA
[»)

(5) The flow intensity function as expressed in the bed-
load equation has been modified by the following
expression to account for a particular physical
phenomenon:

Ve = EV (12)

The term £ 1is a cor.ection factor introduced by
Einstein3€ and commonly known as the "hiding factor.”
This factor was introduced to =ccount for the fact
that under turbulent flow conditions very small sedi-
ment particles ere partially or completely submerged
in the laminar sublayer where they are not zffected
by the velocity fluctuatizis in the {ully turbulent
zone. For the case of sscillatory motion, Abou-Seida
has aeternined this correction experimentally. ie
haes found that the correction is related to the paran-
eter D50/1.39 &% , where &% Is the thickness of
the laminar sublayer. ¥From dimensional considera-~
tions aad experimental results, Einstein and Li%0
found that the thickness of the laminar sublayer in
oscillatory flows can be exprassed as

§* = 2%’—"— (13)
o]

Using this expression, the parameter Dsy/1.39 &*

can be computed and the hiding factor can be deter-
mined from the plot of Abou-Seida's experimental

19
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(6)

(7

(8)

results (Figure 2) or mmerically as will be illus-
trated later.

Values of the bed-losd function froe the corrected
flow intensity function can be obtained by use of the
curve developed from experimental data (see Figure 1)
or by a numerical solutivn of the bed-load equation
that will be described later.

Whern. a value of the bed-load function is obtained, a
value of the oscillatory bed-load rate gy also can
be established. This represents the average amount
of sediment in motion due strictly to the oscillatory
wave action; qp 1is expressed in terms of the dry
weight of sediment in motion per unit of time per unit
width of beach normal to the directivn of wave prop-
agation. As such, qg represents no net sediment
transport.

Kalkanis¥3 obtained a value of net sediment transport
in the direction of the secondary current by first
reducing 4g t0 an average bed-load concentration
by develcping the follcwiang expression

q
C. =M —=2 (1k)

where
CB = average dbed-load concentiation
M = coefficient of proportionality
2D5g = thiciness of the bed layer (Einstein30)

v_ = average velocity at a distance Dsg
from the theoretical bed

In this expression, the average velocity is calcu-
lated from the eguation for the turbulent velocity
distributior at a distance of D5q from the theoret-
ical bed. The coefficient M has been theoreticaliy
evaluated by Xalkanis for small-amplitude waves to
have a value of 0.618. Abou-Seida found, however,
that for steep waves with short periods and wave-
lengths, the value of M must be larger to account
for the fact that acceleration effects ignored in
Einstein's original development of the bed-load equa-
tion can no longer be neglected. At first, it may
not seem logical that a correction for acceleration
effects should be applied to the resulting sedimer®
transport rather than to the flow intensity func-
tion. However, as Einstein has pointed out,h the

21
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acceleration force applies not only to the fixed sedi-
ment particles on the bed but to those in motion as
well.

(9) Using experimental data of his own in addition to

those of Vincent,?T Abou-Seida plotted values of M
against the parameter a/DSO , which he concluded was
an appropriate indicator of the acceleration effects
(Figure 3). This shows that for values of a/Dsg
less than about 300, the coefficient M increases
sharply as an irdication of increased acceleration
effects. For values of a/Dgy greater than 300,
values of M remain remarkably constant at about the
theoretical value of 0.618. For most conditions in
the offshore zone where small amplitude theory
applies, the theoretical value is satisfactory since
acceleration effects may be neglected.

e. Net bed-loed sediment transport:

RNty DI S RS

Y

o 1PN S E N bl

(1) The average concentration of bed-load material (Cg)

due to oscillatory wave action provides a measure of
the amount of sediment in motion. This is not a mea-
sure of sediment transport since it is due to the
periodic wave motion that develops no net movement
(within the approximations of the Airy wave theory).
However, since this material is already in motion, it
can be moved readily by any translatory cwrrert.

Such currents can be tidal, or, as is more prevalent
in the offshore zone, currents developed by wave
action such as the mass transport and longshore cur-
rents. By superposing such a current on the average
bed-load concentration, the resulting net sediment
transport can be expressed by the following equation

2qu

Q = CB[ U(z) dz (15)
o
where
QB = net bed-load sediment transport
U(z) = depth-devendent velocity function

This equation gives a nei rediment transport in the
direction of the velocity vector. Qp 1is expressed
as the dry weight of sediment transported per unit
time per unit length normal to the direction of the
veloeity vector.

(2) Kalkanis originally recommended that the mass trans-

port current as it is described by Longuet-Higgin512

23
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be applied as the translatory current to proluce net
sediment transport. As a matter of interest, it was
from this application of the mass transport velocity
to his laboratory experiments that Abou-Seida de~
veloped most of the correction factors to the bed-
load equation. By simply modifying the notation of
the Longuet-Higgins equation, Kalkanis expressed the
mass transport velocity as

2 -8 z -28 z
u(z) = -——§-£E§~—— ( -8 © cosBz+3 ° ) (16)
16 sinh® kh

Net sediment transport in the direction of wave prop-
agation can be calculated by using this expression in
conjunction with the equation for net trarsport.

Description of Longshore Velocity Field

23. The longshore velocity field is calculated from that described
58

by Longuet-Higgins. The assumptions inherent in this calculation are:
a. The longshore velocity field is stationary.
The beach is planar and of infinite length.

Velocity is independent of depth in the y direction but
return flow is allowed in the x direction.

&

jo
L]

e

Currents due to other than wave action (e.g., wind-
driven currents) are sufficiently small that their inter-
action with the wave regime is inconsequential.

Coriolis force i< neglected.

LaJ [

Sediment size is uniform over the beach.

Beach siope is sufficiently small so that the effects of
wave reflection are negligible.

Ly

Assumption (3) does not permit any return flow in the form of rip cur-
rents. Evidence indicates that the return of the mass flow due to wave
advance takes place at intermediate depths. This has been discussed in
detail on a theoretical basis by Longuet-Higgins.sg

24, No attempt was made during this study to directly verify the
validity of the radiation stress approach. Bowen conducted extensive

laboratory experiments and found good correlation between the predicted
and observed values of the water-surface setdown over the range of wave
heights and beach slopes tested.60 This agreement presumably infers

25
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that confidence can be placed in the velocity field obtained by this
method.

25. The basic equations used in this development are those which
appear in References 16 and 58. The equations of motion used in the
radiation stress approach are (see Figure U for definition of coordinate

system)

3 v =
Tt (ueh ax) - <By> =0 (17) -

vwhere
Ty = net stress in y direction
Mg = coefficient of horizontal eddy viscosity
<By = mean stress on bottonm

and, in shallow water

) . x - -

y X2 %

‘E Bapf(eh
vy~ 0

T

g

and

1/2v

(2,) = 2 gso (an) (19)

where S is a friction coefficient (see paragraph 26). The horizontal
eddy viscosity is calculated from

- 1/2
ug = N x(gh) (20)
where N is a coefficient of proportionality. From the expected maxi-
mum turbulent velocit'es and maximum mixing length Longuet-Higgins roa-
sons that
0 < N < 0.016

Assuming a constant beach slope

26
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where s = dh/éx .

P oax ax

vhere the values of p ,

n=2
X

Equation 17 cen then be rewritten as

3/2
5/2 av) A2y -rx

0

o= Np 181/2 g3/2

a = 2 oo gH/2%51/2

3/2,5/2 B2 %

e

r= E'Bapfs

The nondimensional variables

are introduced where vb

is defined as

v = § 8 (o)

From Equations 21 snd 22

where

P is a measure of the horizontal mixing.
at the breaker line (X = 1) are that both V and

imposed upon .

CANRCL S

Y s

x\/3N
P = (55

28

s sin @

0<X<1

l]<X<ow

s 0 <x< xb

x,b<x<u

q ,and r are given as

The boundary conditions

(21)

(22)

(23)

(25)

(26)

(21)
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3V/3X are continuous. The complete solution to Equetion 2F is

Py
lx +AX, 0<X<1
V= (28)
Py
Bzx ,l<x<.

where the values of A , P; s Py B

L 0 and B, are given by

2

S 2
2p

pl"%*(i%"%
/
p2=‘1’}‘('1%’%12 (30)

1/2

P2~ i (31)
B, = A B,=—=——A 3
1 p -0, 2 p-P

The nondimensional form of the velocity profile is obtained by substi-
tuting Equations 27, 29, 30, and 31 into Equation 28. Equations 24
and 25 are used to relate results of Equation 28 to the prototype
problem. Figure 5 shows a family of current profiles as a function of
the mixing parameter P . This figure illustrates the relative insensi-
tivity of the velocity profiles to the value of P (V varies less than
an order of magnitude with values of P over five orders of magnitude).
26. The calculation of typical values of the necessary parameters
is illustrated as follows. Several preliminary computations were made
using values of N such that 0.005 < N < C.15 . Results of these
calculations were examined, and it was concluded thut the system is rel-
atively insensitive to the values of N within the indicated range.
N wvas assigned the value of 0.0l for the computations made for this
study. An order of magnitude estimate of the Reynolds number was needed
to determine a value of the frictional coefficient S . Using the
values in Equation 45 of Longuet-Higgins’C

29
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The form of longshore current profiles as given by
ameter P .

Figure 5.
Equation 28 seguence of values of the mixing
Adapted from Longuet-Higginsd
(32)

2
R:m

e Wy

vhere
8= 0.k
2

g = 10 m/sec

h=2m
w = 0,8 radian/sec
ve= 1,3 x l().6 n2/sec
(33)

gives the result
< 106 -
Re %3 x 10 o(6)

The ebove values correspond to a wave with a S5-sec period and 2-m break-
The second parsmeter needed is the ratio a/¢ where ¢ is

ing height.
a typical value for a roughness element (for our purposes ¢ * 0.25 cm)
and a 1is the horizontal excursion of a water particle given by




(34)

thus, for this example,
vYi0 x 2
=5.6m

8 *™0.

and
2. 5.6 3
= 50035 2.2 x 10

Reading from Figure 6 (from Prandtl6l), these values correspond to a

Vo€ vs 10° 10¢ 10 [ Lol

0.0100 a’€e=
103
N v

0.0070 AN (N oo
SN N °q‘,: B
NG a/ € =CONST. » ‘o8 .-

0.00%0 B
s ‘\4§:::__ <J .

S * oz

s o

0.004C

0.0030 ?
1 .
SMOOTH 108

0.0020 \
g 0.001S
, > -—T V.G-’V
3 0.0010
108 10% 107 10* 10?

Values of the friction coefficient S for flow

- Figure 6.
: over rough plates (from Prandt16l)

friction coefficient S * 0,008 . If the parameters N, S, and &

are fixed, P is a function of the bottom slope.
27. To refract and shoal the deepwater waves, the governing equa-

i i e

Ly

tions are those typically used: o

A

1

sin a
sin “o (35)

mlom
1]

Snell's law
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Dispersion

relation = tanh = (36)
Congervation of H
energy flux ﬁ;-s =it (37)

where H, Z , and a are functions of x . From Thornton,16 if per-
colation is ignored, the energy dissipation due to friction is given by

£ 3
Ny A" S
e = 1% (sinh Kd) (38)

wvhere fm is obtained from

Y
L 4 an—i-x-0.08+an -2 (39)
hf' f r
W w
and
H 1
Ya * 2 5inh K4 (40)

Equation 39 is solved by an iterative procedure.

28. To summarize the procedure thus far: the deepwater wave
regime is refracted and shoaled into shallow water to the point of break-
ing, taking account of the effact of dissipation due to bottom friction.
Distance from shore, angle of breaking, and breaking wave height are
used to compute the longshore current profile, following the procedure
of Longuet-Higgins previously outlined. During the numerical shoaling
and refraction procedure, the values of water depth, wave height, wave-
length, and refraction angle are retained for use in computation of the
bed load.
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PART IV: IMPLEMENTATION

29. To obtain a measure of the distance rate of decrease of
velocity within the boundary layer, it was assumed the boundary layer

velocity profile is represented by the empirical formula (Schlichtingt’a)

1/n
U
- (% (k1)

vhere U_ is the Zluid velocity outside the boundary layer and n is
an integer determined by the magnitude of the Reynolds number. For
R ~10° (turbulent),

2\ 6
U=Uy(s (L2)

o\4
vwhere & is thickness of the doundary layer. Because of the difficulty
in determining this distance, it is usually taken as the distance above
the snlid boundary where the velocity reaches 99 percent of the velocity
of the weli~developed flow exterior to the boundary layer. This latter
thickness is denoted by &* (from Abou-Seidau) .

1100v
% = 2U. (,‘3)
and the boundary condition
U.
UG. =5-atz= s (L)

Combining Equations 42 and 43 and applying the boundary condition

p (uocw)
i
1 »
(5') = — {L5)
thence solving for § ,
25 x 1100v
5 = — (46)
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Figure T is a plot of the boundary layer thickness as a function of the
far-field fluid velocity. For the purposes of our discussion, U“ is
the longshore current velocity obtained using the radiation-stress ap-

proach. The velocity within the boundary layer is designated by U

T
where
1/6
3 - 0.352
Up = U-(é) » 8= (48)
It was decided to try the integrated mean value of UT R ﬁ& » in a

first attempt to compute the velocity within the turbulent boundasy
layer. Schlichting’ gives

U, = 0.79 U, (49)

for n =6 . Justification for this can be found by examining Figure 7
where it is evident that UT reaches a value of about 0.7U_ within
the first 1/10 or the boundary layer thickness.

30. Three types of information are needed to calculate an average
bed-load concentration. These are the characteristic wave parameters
(period, wavelength, height, and depth of water), the fluid character-
*stics (density and viscosity), and the sediment characteristics {den-
sity, mean pariicle diameter, and dry specific weight). The sediment
and water characteristics are known initially and wave parameters can t
calculated.

31. After the values of a few necessary parameters are obteined
(a and uo), the first step in the computation is to determine if the
requirement of turtulent flow conditions at the bed is satisfied. This
is simply accomplished by checking to see if the Reynolds number cri-

terion for turbulent conditions is saticsfied
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If this requirement is met, the next step is to calculate the average
velccity within the boundary layer at a distance of 0.35 Dso from the
theoretical bed. This is accomplished by using the follcwing modified
form of the turbulent velocity distribution equation and the recommended

forms of the velocity amplitude and phase shift functions.

Vg * vo[} - 2fl(a) cos fé(a) + fi(ai]l/a(%)

-(h6.55/a80)

fl(a) 0.5e

- 2/3 \
£ (a) = 0.248 (?oDso) (50)

From this result, the flow intensity function, V¥ , is calculated using

Equation 9. The hiding factor § must be determined from a statistical
evaluation of Abou-Seida's original data (Figuwre 2). Upon close exam-
ination of these data, four distinct groups of points weres observed. A
least-~-squares analysis was performed for each group. This provided the

following empirical estimate for the hiding factor:

&% = 550.0v

0 (51)
(o]
Dsg
X = —2—7 (52)
1.396
€ = 1.0 for X > 0.4230
g = 0.7315x°0- 334 ror 0.3230 > x > 0.2173
g = 0.3701x"%%99T o 62173 > x > 0.1379
£ = 0.0b07x" 2924 op X < 0.1379
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32. Once the hiding factor is found, the modified flow intensity
function is computed using Equation 12 and can then be used to solve the
bed-load equation. Abou—Seidahh integrated the right-hand side of the
bed-load equation by using the tables of the normal probability integral
in conjunction with

AC =
1+4A0 P
N
3 o,
— i:
P="x
By, 1
> 2 (cos ¢i)2 IS 2
p, = —=— f e /2 gp 4 L e /2 qn (53)
1
Yor By Yor
* 1

(c.s ¢i)2 o

To evaluate this set of equations, Abou-Seida set N equal to 9 so that
¢i represents the midpoint of one of the nine equal intervals dividing
the quarter of the cycle. For the presen! ipplication, a power series
solution is used to compute values of normal probabilities. A value of
90 is used for N in calculating the bed-load function.

33. The oscillatory bed load is given by

Pr 1 v
9 = Vg? - bp -g-;— (54)
50/
and the bed-load concentration is calculated from Equation 1k. ;; is
found by calculating the average velocity within the turbulent boundary
layer at a distance DSO. above the theoreti;;l bed. M is det:zmin&d
and Abou-Seida's ~ orig-
inel data in conjunction with the theoretical value derived by

from a least-squares evaluation of Vincent's

37
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Kalkanis.h3 This provides the following formulas for M :

a
Z == (55)
Dgg
M = 0.6180 for Z > 256.6333
M= 251.9ossz‘l°°83l‘ for 2 < 256.6333

With a value of the bed-load concentration CB , net transport can now
be calculated for any secondary current using Equation 15. For the
mass transport velocity, evaluation of Equation 15 can then be accom-~

plished by a simple integration of Equation 16.
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PART Vv: MODEL VERIFICATION

34. Verification of any model of coastal processes is extremely
difficult due to the scarcity of reliable and quantitative p.sototype
data. In this particular case, information on the onshore transport of
sediment is practically nonexistent. However, estimates of the net long-
shore transport of sediment are numerous and are based on long-term
studies that increase their averaged accuracy. It was therefore decided
to verify the present model by using it to calculate longshore transport
for a section of coast that has a relatively well-established sediment
budget together with reasonable estimates of longshore sediment trans-
port. Point Pedernsles, Celifornia, a rocky promontory located approxi-
mately 2 miles north of Point Arguello, was selected for the following

reasons:

a. The immediate offshore bathymetry, characteristics of the
bottom sediment, mechanisms of sediment transport in the
offshore zone, and sediment budget for this section of
coast have been well-documented.8:60,62

b. A deepwater wave hindcast station has been estabiished
immediately offshore from this location (34°30'N,
121°00'W) end is based on dats for three consecutive
vears--1956, 1957, and 1958 (National Marine
Consultants€3).

¢. Point Pederrales is a rocky headland that protrudes well
into the surf zone, thus effectively blocking any long-
shore ~ransport of sediment in the surf zone. This
creates a situation in which the limitation of the model
to the offshore zone does not prohibit its use in deter-
mination of the total longshore transport.

Sources and Quality of Input Data Used

Wave data

35. The wave data used for the computation of sediment transport
at Point Pedernales are those presented for Station 5, located at 34.5°N,
121.0°W, of the National Marine Consultants.63 The significant wave
heights tabulated in the hindcast were converted to root-mean-square
heights by dividing by the factor 1.k16 (cf. Longuet-Higginssg). It

is thought that the root-mean-square wave height was a more accurate
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measure of the energy of the wave regime than the significant wave
height, and this accuracy would be reflected in the computation of the
longshore transport. Since the coastline in this area runs in approxi-
mately a straight line from north-northeast to south-southwest, only
waves from diractions of north to southwest are converging on the study
area (Figure 8). Waves (combined sea and swell) from north and south-
west higher than 4 ft, the highest listed as 12 ft, occur a combined
total of less than one percent of the year and are therefore judged to
make an insignificent contribution to the net annual transport. Waves
from west-nurthwest are approximately normsl to the coast and although
they would produce an onshore transport of sediment, they would not con-
tribute to the total longshore transport. Therefore, cnly waves from
north-northwest, northwest, west, and west-southwest were used in the
longshore sediment transport computations.

36. By averaging wave directions into arcs of 22.5°, the hindcast
introduces the single most important source of error into the meodel.
The longshore velocity and it associated sediment transpeort are very
sensitive to the angle of wave incidence and the amount of error thus
introduced can be significant.

Fluid dsta

37. Basic physical properties of seawater were obtained for
nearby Avila Beach, California (National Ocean Survey6h), from daily
observations made at the tide recording station. The following annual

averages were used in the computations.

56.8°F = 13.8°C

Temperature (T)

Density (pw) = 1.0252

Salinity (S) = 33.6 %/oo

The value of salinity was converted to chlorinity by use of the empir-
ical relationship recommended by Sverdrup, Johnson, and Fleming.65‘p 51

Although more precise “ormulas have been developed, this simple relation

ko
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is sufficient for the present application. The resulting chlorinity

was:

Chlorinity (CL) = 18.6 ©/oo
From these data and the relationship developed by Miyake and Koizumi,66

the dynamic viscosity is:
- -2 .
u = 1.26(10"°) poise
Using the established average density, the kinematic viscosity is:
-2 _ -5 2
v = 1,23(10"°) stokes = 1.32(1077) ft°/sec

The value of viscosity used can be a source of minor error since vis-
cosity is sensitive to temperature and also veries with salinity. Er-
rors also can be introduced in areas with spatial variations in tempera-
ture, density, and salinity. Only slight variations of these parameter:
are present in the area under investigation.

38. Preliminary calculations with the model indicate that sedi-
ment transport increases with water temperature. This is similar to the

67 and by Taylor and Vanoni68 for unidirectional

trends found by Franco
flows. The model also indicates a substantial increase in the depth at
which sediment movement is initiated with increasing temperature. This
is logical since the increasing water temperature lowers the viscosity,
thus reducing the magnitude of the velocity necessary to induce turbu-
lent flow,

Bathymetric data

39. One of the assumptions presently contained in the model is

that the bathymetry is represented L2y a simple plane beach. Therefore,

60 and National Ocean Sur-

the data given by Trask8 and Bower and Inman,
vey Hydrographic Surveys H-5TW6, H-5Thl, and H-5799 were used to develop
an average offshore slope of 0.0184. Figure 9 illustrates the slope

used in the model &s compared with the actual slope off Point Pederncles

!42
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in the immediate offshore zone. The use of an averaged slope in this
area can be expected to result in a higher computed transport rate than
the use of the actual slope because Trask8 believes all sediment move-
ment in this area takes place in depths shallower than 60 ft.

Sediment data

40. The assumption that the model predicts the sediment trancport
on a beach of a constant uniform grain size coincides well with actual
field data available for Point Pedernales. Trask8 shows that for the
eritire offshore area shown in Figure 9, the mean grain size of all sedi-
ment samples taken varicd from only 146 to 153 microns; therefore, an
average grain size of 0.15 mm (or 4.92 x 1o'h ft) was used.

41. It was assumed that the sediment was predominantly quartz
sand with a density of 2.65. It was also assumed that the dry unit
weight of the sediment was 109 pcf as given by Terzaghi and Peck69 for
dense, uniform sand although values as low as 90 pef can be expected for

loose, uniform sand. The larger value was used becausé saturated fine-
grained sand tends to be densely packed.

Results of Verification Computations

h2. Using the model as presently developed, annual longshore
sediment transport volumes were calculated for every applicable combina-
tion of intervals of wave period, wave height, and incident angle with
all other conditions remaining constant. These values were theon totaled
for both upcoast and downcoast sediment transport, and the gross and net
transport was computed. Two separate computations were conducted in
this manner. The first computation considered all sediment transported
in the offshore zone (i.e., outside the breaker zone), while the second
considered only transport in the offshore zone in depths greater than
12 ft. This latter computation was conducted due to the precipitous
manner in which Point redernales drops into the Pacific Ocean, and its
general rocky nature. Analysis of the bathymetric data shouws only
depths of 18 and 12 ft in close proximity to the shore. The depth of
12 ft was arbitrarily established as the base of the rnocky promontory

nn
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and the beginning of the sediment-covered slope. Results of these com-
putations are shown below along with the longshore transport estimates
of Bowen and Inman6o for Surf, California, located 4 miles north of

Point Pedernales.

Longshore Transport Estimates for Point Pedernales (in lO3 yd3/yr)
Net
Upcoast Downcoast Gross Transport
Reference Transport Transport Transport Downcoast
Bowen and Inman6o 254 307 561 53
Model (all offshore
zone transport) 305 519 824 21k
Model (offshore zone
transport in depths
greater than 12 ft) 217 2Lko0 457 23

Discussion of the Results of Verification

43. The above tabulation shows that an approximate verification

1 B A i

was achieved when the results of the computations were considered in
relation to the assumptions made. Reliability of the data used for
verification is somewhat unknown 2lthough it is certainly as gocd as or
better then any other such data. The longshore transport estimates of
Bowen and Inman60 are based on calculations of the longshore component
of wave power. Although this method seems to work out quite well in the
overall sediment bucdget for this particular region of the California
coast, it is not based on observed prototype measurements; it is, how-
ever, the best information available.

4k, Computations made with the model, considering all longshore
transport in the offshore zone, show consistently high results relative
to the estimates of Bowen and Inman. This could be because no shallow-

water cutoff point for sediment transport was established for this com-

putation or it could be due to some of the assumptions inherent in the

method of calculation. It should be reemphasized that the model assumes

A

sediment is available for movenment.

LS. A much better estimate of the sediment transport is achieved

Wil i
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by restricting the transport to depths in excess of 12 ft; justification
for this restriction is based on the existence of the rock promontory.
Although smaller than the estimate of Bowen and Inman, the calculated
values for northerly and southerly transport are similarly proportioned.
Direction of the net drift is the same as for the estimate which in-
cludes movement in depths less than 12 ft; however, its relative magni~
tude is significantly reduced. This is primarily due to the fact that
the waves coming from the northwest and north-northwest are of rela-
tively low heights for most of the year, and will produce sediment
movement only in shallower depths. Waves from the west-southwest and
west are higher and produce sediment movement in deeper water. There-
fore, by establishing a 12-ft cutoff point as the shallowest depth at
vhich sediment can move around the promontory, waves from the west-

southwest and west produce a greater relative effect on the estimate.

L6




GA MR Al ot

it

PART VI: RECOMMENDATIGNS

46. Recommendations are of two general categories: those of a

general nature pertaining to the verification of the model and those
that are more specific pertaining to modifications of the model.

_&_.

With few exceptions, most sediment transport models in
the past have used previously existing wave data of un-
known or questionable reliability or gathered wave cata
on a "make-do" basis. Therefore, it is recommended that
a coordinated, well-planned program be undertaken to
gather wave data. For example, a concerted effort must
be made when designing and installing wave data instru-
mentation to ensure that it is capable of performing
properly during periods of extremely severe wave action,
since it is during these periods that the potential for
sediment movement is greatest., Concurrently, detailed
bathymetric surveys of the verification area should be
performed. In the event of a storm severe enough to
modify the morphology of the immediate area in a few days,
the usual sediment tracing techniques might prove inade-
quate to provide information on the movement of such
great amounts of sediment. One could then resort to a
poststorm survey to obtain a gross measure of the magri-
tude of the movement. Moreover, it is important that the
distribution of sediment sizes bec determined in order to
verify a model. This could be done in conjunction with a
bathymetric survey and also would provide valuable infor-
mation on the redistribution of sediment sizes in the
event of & severe storm. An array of current meters
should be installed. In addition to meters positioned to
determine current velocity as a function of distance fronm
shore, there should be at least one location near the
breaker zone where the vertical velocity distribution is
measured.

A list of recommended modifications in order of their
estimated overall importance that could be incorporated
in the model is as fcllows:

(1) The capability of modeling suspended material as
well as that iﬂ the bed load should be examined
(cf. MacDonald“6)

{2) Effects of using a specified distribution of sediment
sizes rather than assuning a descriptive mean grain
size should be evaluated. In addition, an attempt
should be made to determine the feasibility of ex-
tending the range of sediment sizes to which the
model can be applied.
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(3) Accuracy might be improved by modification of the
assumed forms of the velocity distridbutions in hoth
the laminar and turbulent boundary layers (cf.
Sleath55).

(4) A further evaluation of the applicability of the bed-

load function over a wid» range of conditions would
be desirable.

(5) The importance of' using nonlinear wave theory to cal-

culate the increase in wave height due to shoaling
should be evaluated (cf. JamesT0,T1),

L8




PART VII: CONCLUDING REMARKS

L7. The model as formulated is limited to transport seaward of
the breaker zone and has a number of simplifying assumptions and limita-
tions. It should be potentially valuable as a state-of-the-art engi-
neering tool to assist in the placement of beach nourishment material.
However, a comprehensive field verification should be performed prior to
general application. The importance of this verification cannot be over-
emphasized; a comprehensive and controlled data collection program could
serve to evaluate, not only the applicability of this model but future
ones as well, thereby permitting potential future cost reductions for
this type of study. The principal problem encountered in attempting to
evaluate applicability of sediment transport models is the lack of reli-
able prototype data for verification.

48. The tabulation on page 45 shows estimates of longshore sedi-
ment transport at Point Pedernales, California. The fosolute estimates
of the longshore transport predicted by the mcdel (for depths greater
+than 12 ft) are about 15 to 22 percent less than those of Bowen and
Inlnn6° and the ratios of the upcoast/downcoast transport are quite siz-
ilar (0.83 and 0.90). This implies that while further refinement and
calibration may be desirable, the physics of the model is fundsmentally
sound.

49, Figure 10 shovs the gross annual sediment transport predicted
by the model as a function of distance from shore and water depth; no
significant longshore transport occurs in depths greater than 50 ft.

The dashed portion of the curve indicates the zone where wave breaking
occurred; therefore, all or part of this region was the surf zone depend-
ing upon the existing wave condition. Figure 11 shows the net annual
sediment transport predicted by the model, again as a function of dis-
tance from shore and water depth. lote that at a depth of about 20 ft,
there is no net upcoast/downcoast movement indicated and that on an
annually averaged basis, material deposited st depths of 20 ft or less
can be expected to move downcoast, while material deposited at depths of
20 to 50 ft can be expected to move upcoast.

L9
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50. Because the wave climate determines the amount of energy

available to initiate sediment movement along any given stretch of beach,
the amount of sediment moved at & given location is dependent upon the
wave climate at that location. In other words, the wave energy avail-
able to move sediment is not propagated in the longshore direction. An
eroding beach, therefore, car be aided by depositing suitable material
offshore at a water depth where it will be entrained (and thus sacri-
ficed) rather than depositing the material directly on the beach and
having it eroded. There is the possibility, of course, that the depos-
ited material will be moved onshore opposite its placed locatoa but to
determine this quantitatively in a general location appears beyond the

present state of the art.
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APPENDIX A: NOTATION
Amplitude of horizontal displacement of water particle at
bottom due to wave sction

Bmpirically derived constants where best fit the theoretical
curve to the experimental data of Kalkanis and Abou-Seida

Mean stress on bottom

Average bed-load concentra‘*ion

Wave group velocity

Mean sediment diameter; 2D50 , thickness of bed layer
Wave energy density

Velocity amplitude function

Phase shift function

Acceleration due to gravity

Water depth below still-water level

Wave height

Rate of transport of immersed weight of sand past section of
beach

Wave number
Von Karman's constant
Dimensionless factor of proportionality

A random variable that has a normal distribution of zero mean
and a standard deviation of one

Coefficient of proportionality
Integer determined by the magnitude of the Reynolds number
Nondimensional constant; coefiicient of proportionality
Horizontal mixing coefficient
Oscillatory bed-load rate
Net bed-load concentration
Reynolds number
Slope
Friction coefficient
Time
Wave period
Parameter
Horizontal velocity
Maxinum orbital velocity of waves
Al
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Velocity within the boundary layer

Depth-dependent horizontal velocity

Horizontal fluid velocity outside boundary layer

Fluid velocity

Maximun horizontal bottom velocity outside boundary layer
Nondimensional variables

Longshore velocity

Average velocity at a distance DSo from theoretical bed
Mean unsteady velocity within boundary layer

Horizontal distance normal to shoreline

Horizontal distance parallel to shoreline

Vertical distance positive downward

Angle of wave crest with respect to shoreline; function of x
Angle of wave crest at breaking with respect to shoreline
Wave breaking coefficient

Reciprocal of boundary layer thickness

Unit drv weight of bed material

Thickness of the boundary layer

Laminar sublayer thickness

Roughness diameter

Bropirically derived constant which best fits the theoretical
curve to the experimental dati of Kalkanis and Abou-Seida

Phase angle

Dynamic viscosity
Coefficient of horizontal eddy viscosity
Kinematic viscosity

Hiding factor

Function of x

Dengity of fluid

Density of sediment
Density of seawater

liet stress in y direction
Angle

Bed-load function

Flow intensity function

Wave frequency A2
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