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ABSTRACT

\ " The surf zone properties and the on/offshore
sediment transport rate were studied. A non-dimensional surf
zone parameter was obtained by taking the ratio of natural
swash period to wave period. This parameter, in addition to
its wide application in describing the breaker types, was
pertinent to describing the flow patterns in surf zone and
defining the region of validity of the similarity solutions.
A similarity model was applied to describe the flow field
of breaking waves in surf zone. Laboratory results from

other investigators and those obtained in the present study

were used to test the validity of the proposed model. The
results showed that if the wave was of the spillingfgysé

and in the region of I >0.9 and d/db<?ﬁ.6, where I is the
surf zone parameter defined as I = ITHT'TIU_E , the similarity
solution was suitable. A numerical model was presented to
predict the on/offshore sediment transport rate. This model
wag based on a suspended load transport equation derived

through the application of flow field and sediment suspen-

sion in surf zone. Due to limited knowledge of sediment
suspension in surf zone, the present model is only able to

predict the offshore transport rate. Several numerical
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simulations were made to compare with the laboratory results

of the author's and other investigators'. Fair to good

agreement was observed.
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Surface contact area of uprushing fluid element
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Vertical profile of sediment concentration
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CHAPTER 1
INTRODUCTION

The surf zone properties and the on/offshore sedi-
ment transport process were closely examined in this study
to provide both theoretical and numerical predigtions of
breaking wave properties and sediment transport rate. The
surf zone propertiés studied included the surf zone para-
meter and the breaking wave similarity. These properties
were developed theoretically and calibrated with laboratory
data. The laboratory experiments conducted included water
elevation and mean horizontal velocity measurements of
breaking waves and the instantaneous suspended sediment
concentration measurements in surf zone. A numerical model
was then developed based on the theoretical background to

predict the on/offshore sediment transport rate.

In Chapter 2 a comprehensive review of all related
previous works were presented; these included surf zone
properties, on/offshore sediment transport process and a

review of laboratory measuring techniques.




o

The theoretical background was introduced in Chapter
3. A non-dimensional surf zone parameter was developed first
based on the swash mechanics of a single breaking wave. The
physical implications of this parameter and its role in
characterizing the breaking wave properties were discussed
in detail. The breaking wave similarity, including the
similar properties of waterlelevation and horizontal velo-
city, were developed based on the concept of harmoni;
transfer in shoaling waves. A sediment transport equation
was developed based on the derived velocity field and empi-
rical suspended sediment éoncentration. This transport
equation was then applied to a numerical model for on/off-

shore sediment transport rate prediction.

The procedures and arrangements of laboratory
experiments are discussed in Chapter 4. All tests were
conducted in the wave tank located in the Civil Engineering
Laboratory. Both plane and sand beaches were applied. There
were 2 sets of tests conducted, including 10 runs of break-
ing wave similarity measurement and 4 runs of suspended
sediment measurement. The air bubble releasing technique and
photographic method were applied for velocity measurement
and the Iowa Sediment Concentration Measuring System was

used for suspended sediment measurement.
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In Chapter 5 the results of analyzed laboratory data !
and the results of numerical prediction were presented. The
technique of Fourier Analysis was applied to analyze the
harmonic components of water elevation and horizontal
velocity. The author’'s results were compared with the data

from previous investigators and the region of applicability

of similarity property were discussed. Spectral analysis and
data averaging techniques were employed for suspended sedi- -
ment study. The correlation of sediment concentration and
breaking wave was studied based on the analyzed results of
suspended sediment concentration and corresponding breaking
wave property. Finally the simulated numerical results of
the on/offshore sediment transport model were compared with
the author's and the previous researchers' laboratory data.
Sensitivity analysis and prototype simulation of the

numerical model were also conducted.

Conclusions were presented in Chapter 6. It
concluded the findings and the physical importance of
theoretical, laboratory and numerical results of the surf
zone properties and the on/offshore sediment transport

process.

The measured water elevation and horizontal velocity
data were presented in Appendix A in non-dimensional form.

A theoretical analysis of the dynamics of air bubble in

A et 2t
Y d
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unsteady ‘wave field was presented in Appendix B to demon- . ?
strate the percentage error of the present velocity measur-
ing technique. Appendix C summarized the field and

laboratory results of suspended sediment concentration in

surf zone. Both theoretical prediction and laboratory wave
set-ups were shown in Appendix D. A list of'computer program

wasg presented in Appendix E.
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CHAPTER 2
LITERATURE REVIEW

The previous research works in the fields of surf
zone properties, on/offshore sediment transport, and
laboratory measuring techniques were reviewed. The resear-
chers who made important contributions were outlined anda
their findings were summarized. Among the research results,
many empirical and experimental conclusions were found to be
valuable towards the theoretical development of the present
study. The following sections discuss the literature review

in detail.

2.1 Surf Zone Properties

Due to the complicated nature of bgeaking wave
induced turbulence in surf zone, few analytical solutions
can be applied successfully in this region. However, many
previous empirical formula and laboratory results indicated
that there exist some important surf zone properties which
would lead to a better understanding of the flow field in
surf zone. The major surf zone properties include the flow

pattern, the surf zone parameter, and the breaking wave

-5
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similarity. These properties are discussed in detail in

the following sub-sections.

2.1.1 Flow Pattern in Surf Zone

The fluid flow in surf zone can be categorized into
three conditions based on the degree of interference among
breaking waves. Following Kemp (1968), the wave-beach
relationship can be classified into three categories:

(1) Swash Condition: The broken wave is able to

surge up to run up limit on beach and return as

backwash to the breaking point before the succ-

e

Q eeding wave had broken. The flow shoreward the
breaker is distinctly oscillatory.

(2) Transition Condition: The backwash wave can not
be completed before the next wave breaks. The

! condition involved interaction between the back-~

wash wave and the next uprush wave, resulting in
the interchange of water between the zones sea-

ward and shoreward of breakers.

Moo o dani o

(3) Surf Condition: The transition flow give way to
flow conditions in which successive lines of

breakers continuously spills water into the

‘«.,‘u‘v?ry?“',' ol

surf zone, producing a seaward return flow.

The sequence of flow conditions is illustrated in

Figure 2-1.
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The degree of interference among breaking waves is
also closely related to the flow pattern. Consider waves
breaking on a plane beach with constant slope. During swash
condition, the broken wave would complete its journey up to
the run up limit and return to breaking point before the
next wave breaks. There is no interference among breaking
waves. The mean seaward return flow is zero in this con-
dition.

As the period of incident wave gets shorter, the
number of breaking waves passing through a control section
would be more than unity. The interference beiween con-
secutive breaking waves results in an interchange of fluid
mass seaward and shoreward of the control sections in surf

zone.

2.1.2 Surf Zone Parameters

In the surf zone, a non-dimensional parameter,
a . combination of beach slope and incoming wave steepness
has been shown to be a governing factor of characterizing

breaking wave properties. A review of the previous related

works was made. The investigators who developed and applied

the surf zone parameter included Iribarren and Nogales,
Hunt, Bowen et. al., Galvin, and Battjes. The various forms
of the surf zone parameter proposed, how they were arrived

at, and the breaking wave properties characterized by this

parameter are summarized.

L Bres ode e e kAl A
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Iribarren and Nogales (1949) first used this

parameter to determine whether wave breaking would occur.
By applying the shallow water trochoidal theory for uniform,
progressive waves, the condition of incipient breaking can

be expressed as:
/
_é- Hc = Jc (2"')

where Hc is the incident wave height, 4, is the still water
depth, and "c" denotes the incipient breaking. The depth at

breaking was expressed as:
!
de = g Lc tank (2-2)

where Lc is the breaking wave length expressed as Lc= Tc gdc

and tandf is the beach slope, T, is the wave period.

Therefore,

1
de= 5 T [3de " Fane €2-3)
Elimination of d, between (2-1) and (2-3) gives

(T [ZF Awa), =47 z4)

Substituting L.=-§%; in (2-4) where Lg is the deep water

wave length and rearranging gives

e = (IT;'/H%_; )= Fm23 e
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The derivation given by Iribarren and Nogales sug-
gested that the incipient breaking of periodic waves
correspond to a critical value of the proposed surf zone

parameter defined in Equation (2-5).

Hunt (1959) suggested that the wave run-up height
is proportional to the surf zone parameter. By defining the
run-up height “R" as the maximum elevation of the waterline
above the undisturbed water level, he proposed the empirical
theory for the run-up height of waves breaking on a smooth

slope as:
L not
—C;gf'ﬂ = (‘i_tlf/":‘sr 3 al < ( %‘)& <23 (2"6)

where CD is a porosity factor, approximately 1 for solid

beaches, Ho is the deep water wave height, and Le is the
deep water wave length. This empirical formula was proved
to be in good agreement with the observed laboratory results

by Bowen et. al., (1968).

In addition to wave run-up, Bowen et. al. (1968)
further pointed out that the maximum set-up is also
governed by the surf zone parameter. The experimental
results summarized by them indicated that the mean of the
ratio of wave height to water depth in the surf zone ( )-" )
is a function of the surf zone parameter. Since the coeffi-

cient of proportionality of wave set-up is a function of‘i:,
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the maximum height of wave set-up is governed by the surf

zone parameter,

Galvin (1968, 1972) proposed that the transition
ranges of the main breaker types are also characterized by
the surf zone parameter. By introducing the "0ffshore E
Parameter”, *ﬁ%&,jaﬁu) » the transition values separating

the main breaker types were given:

Surging or Collapsing if He/(Lotafo) > 4.8
Plunging 1T aop< Moy, o) <48 (2-7) |
Spilling if Y Lo o) <007 1

The "Inshore Parameter", fﬁya?7€1bw() , presented

F by Galvin is not equivalent to the surf zone parameter.

f However, a re-analysis of Galvin's data in terms of

¥, =Ddfh,;, % by Battjes (1974) showed that the classi-
| ' fication of breaker types could be performed equally well

4 with ?b as with Galvin's inshore parameter. The following

approximate transition values were found:

Surging or Collapsing it fb 720
’ Plunging if s4< ¥F,<20 (2-8)
. Spilling if 5, <04
1
. Battjes (1974) re-derived this surf zone parameter

through dimensional analysis and summarized all breaking

wave properties characterized by this parameter. The
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derivation was based on the flow parameters of a periodic,

long-crested wave approaching a rigid, plane, impermeable

beach. The motion of this periodic wave on beach was deter-

mined by a dimensionless dependent variable as:
X=Ffw 1.2, a) @-9)
Lo Lo

where & is the beach slope angle, H is the incident wave
height at the toe of the beach slope, d is the still water
depth, Le¢ is the deep water wave length and Re is a typical

Reynolds Number.

For breaking waves, the values of Reynolds Number
and relative depth would not significantly affect the
resultant motion. Therefore, he concluded that for many
overall properties of breaking waves the dependent variables

were reduced to:

= F(5) a X=f(%) ¢2-10)
were ¥ 7AE W g

The characteristic values of the surf zone parameter corres-
ponding to the overall properties of breaking waves in surf
zone was summarized by him as shown in Table 2-1. Also,
Battjes suggested that E"was approximately proportional

to the number of wave lengths within surf zone.

In summary, the previously developed surf cone

parameters were arrived empirically or through physical

A S et




|

G

213-

Joyiny Aq popusuwooay satjaadoad TBUOTITPPY

(2ABM JUSDPTOUI/9ABM PO3OaTIoY) IUSTOTIFO0) UOTIDITIAY
3auoZz Jang Ul SaAeM JO Jaqunp

salq3vg Aq pauryag Jejsweded dUOZ Jang

e oo s oo

»
I
»N
%

831819 A}TIBTTWTIS Jans

MmoTJ LAxojeyrroso MOTJI AX03BINOXTO

90UaI9FASIUT 3ABM OU 90UBIaJIAFUT dABM UITY

queutwopaxd dn-unx aasm jueutwopaad dn-3as aaem

aAem 3utpuels aAeM aAtssaafoxd

- - - — - —— —— —

uoTl1o9TIoax uotydaosqe
7-01%8 -0t Xt . ot 5 0T ¢-01
1-0 -0 2-1 €-2 4-9
rAN 't 0o°t 8°0
WMMWMMMMW:ﬂmQMHHoo 3utduntd Butrrrtds
msﬁmwwmmumm llllllll furyeaaq
0'9 0'# 0°€ 0°2 0°t G0 T°0

o " e i R ey MR i Y . . . . T

1597 0N

5

Jojaweaed auoy Jang uo paseg sarjaadoxd asem Burieaag yo Laewumg T-2 9Iqe]

o N i

ARSI




il S

Sais b B

il

~14-

modeling. Although presented in different forms, this
parameter can be generalized as a ratio of the beach slope
to the square root of the incident wave steepness. The
breaking wave properties proved to be characterized by the
surf 2one parameter included the breaking wave criterion,
the breaker type, the relative importance of wave run-up
and set-up, the breaker height-to-depth ratio, the number
of waves in surf zone, and the reflection coefficient on

beach.

2.1.3 Breaking Wave Similarity

When a wave moves into shoaling water, it will grow
in wave height until the water depth is shallow enough to - {
initiation of breaking. The assumption made for a shoaling
wave is that there is no loss of energy and no reflection.
It is assumed that the wave period remains constant in water
of any depth, whereas the wave length, velocity and height
vary. A realistic wave form is better described by non-

linear wave theories. For a single frequency laboratory wave

shoaling on beach, its energy would be transformed from

primary to higher harmonics.

It was shown by Flick (1978) that the transfer is
well described by third order Stokes theory that conserves
energy flux as long as the local Ursell Number remains less
than 1. Depending upon the breaker type, more or less energy

relative to the primary is transferred to the higher

et Sl Mmoo deatmad
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harmonics in the shoaling process before breaking. The
amplitude dispersion among harmonics together with phase
lag due to differential shoaling of each harmonic component

result in a highly asymmetric wave form upon wave breaking.

After wave breaking, the broken wave at seaward

limit of surf zone remain asymmetric. This asymmetric
property is a result of relative importance of higher ha»r-
monic amplitude and the introduction of harmonic phase due

to wave breaking. The shape of a breaking wave is determined

by the relative harmonic amplitudes and harmonic phases.

Flick (1978) measured the breaking wave height and
made the harmonic analysis as well. It was shown that the
harmonic amplitudes as well as the spilling wave heights

decay at a constant rate with local water depth as shown in

Figure 2-2. The result of harmonic analysis by Flick implies

S audmes

that the non-dimensional ratio of breaking wave height to

local water depth is bearing a similar shape.

During shoaling process, the transfer of wave energy

to higher harmonic components also introduces an asymmetric

velocity profile. The corresponding asymmetric velocity
profile was evidenced by Iwagaki (1970) and Flick (1978) as

shown in Figures 2-3 and 2-4.

4 The bottom friction during breaking process plays :

an important role in energy dissipation. For higher harmonic i
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velocity components with high oscillating frequency, the

frictional dissipation is greater, resulting in less energy

content in the higher harmonics. The smaller contribution
of higher harmonic components results in a relatively more !
symmetric velocity profile than the corresponding wave
profile.

Laboratory and field observations by Flick (1978)

and Thornton (1976) both suggested that the shape of the
horizontal velocity profile is more symmetric than the shape
of the corresponding wave profile. Also, there exists a time

] lag between the velocity and wave profile.

2.2 On/offshore Sediment Transport

Sediment transport is the movement of sediment due

to the interactions of sediment with wave, current, tide,

|

wind and other causative forces in the surf zone. The
direction of the sediment movement can be alongshore or
on/offshore, which are known as longshore transport and

F on/offshore sediment transport, respectively. |

The knowledge of on/offshore sediment transport
criteria, transport mechanisms and modes, and the response
of various beach materials is essential for the under-
standing of transport process. Previous laboratory experi-
ments, field studies, and numerical models have provided
some qualitative as well as quantitative results and

empirical formula in describing the on/offshore transport
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process. These works are discussed in the following

sub-sections.

2.2.1 On/offshore Transport Criteria

It is well known that the seasonal variations cf
beach profiles are associated with seasonal variations in
wave climate. Specifically, the idealized winter or stom
profile is characterized by a mild foreshore slope and the
presence of an offshore sand bar. The idealized summer or
normal profile is of steeper foreshore slope and no offshore
bar is present. These typical summer and winter profiles
are illustrated in Figure 2-5. The transition of summer and
winter profiles indicates the transition of on/offshore

transport direction.

Laboratory measurements indicated that the wave
steepness transition between summer and winter profiles is
approximately 0.025. Field observations also suggested that
the variation of profiles are due to the seasonal changes in
deep water wave steepness defined as H,/I, . Saville (1957)
noted that for large scale tests, steepness smaller than
0.025 may result in a storm profile too. Iwagaki and Noda
(1962) found that the ratio of wave height to sand grain
size was also an important parameter. Dean (1973) related
the on/offshore transport criteria to both the deep water

wave steepness and the sediment falling velocity.
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In his transport model, Dean (1973) assumed that
the action of breaking waves is sufficient to place sand
into suspension over at least a portion of the water column.
After the suspension phase, and during the return of the
sediment particle to the bottom, the direction of net
horizontal displacement depends on whether the sand particle
is acted upon predominantly by onshore or offshore fluid
particle velocities. If, on the other hand, the fall time
is long compared to the wave period, the predominant sedi-
ment particle is directed offshore. The classification of
normal and storm profiles proposed by Dean is shown in
Figure 2-6. In an attempt to relate the on/offshore trans-
port criteria to the surf zone parameter Iw' the author also
compiled a similar normal and storm profiles classification
curve as shown in Figure 2-7, It can be seen that the surf
zone parameter also plays an important role in character-

izing the on/offshore transport criteria.

2.2,2 Modes and Mechanism of Transport

Sediment on beach can be moved on/offshore by bottom
friction due to wave induced bottom fluid particle velocity
and/or on/offshore currents. Once the sediment is.loosened
by fluid particle, it can be transported on or offsho;e in
the dominant force direction. This mode of sediment movement

is usually called bed load transport.

Eagleson et. al. (1963) proposed a "null point"
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Figure 2-6 Classification of Normal and Storm Beach
Profiles by Dean (1973)
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analysis which involved the estimation of 1lift, drag and
inertial forces on uniform sand size of spherical shape.

The null point represents a balance point between wave
forces and gravity. Shorewards of this point the sediments
move onshore whereas seaward of it sediment moves offshore.
This null point analysis renders no practical value, since

the particles are actually irregular in shape.

Another mechanism of wave induced sediment motion
can be explained by the asymmetric bottom shear stress due
to the asymmetric fluid velocity field. The net on/offshore
thrust would result in a net shoreward/seaward movement of

sediments.

Sediments can also be carried on/offshore by
currents as suspended load. This mode of transport includes
the dynamic processes of sediment entrainment and trans-
portation. The entrainment process requires force-producing
near bottom fluid velocities and accelerations in excess of
some threshold value, while transportation processes require
the sediment particle moves with the fluid. This process can
be approximated where the sediments are small enough to be
in the Stokes range of settling with settling velocity

Reynolds Number less than 1.

The major sediment carrying mechanism of suspended
load transport is nearshore current. It was pointed out by

Longuet ~Higgins (1953) and Ippen (1966) that when waves
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are approaching a straight and parallel shoreline, the
continuity of mass necessitates a vertical distribution of
mass transport foreward at the surface and near bottom,
return flow near mid-depth before wave breaking. There were
congiderable laboratory evidences supporting the two-dimen-
sional nearshore circulation model as illustrated in

Figure 2-8(a). In breaker zone, the two-dimensional flow
field can be described as oscillatory, transition and
circulatory conditions. During circulatory flow condition
the growing strength of near bottom return flow combined
with sediment suspension due to breaking turbulence results -

in suspended load in offshore direction.

In the field, the near-shore current field is never
restricted in two-dimensional. A longshore variation of
energy density and/or an irregular nearshore bottom topo-

graphy would induce high-energy concentrated rip currents.

Bowen (1969) developed a theoretical model using the
concept of radiation stress. A three-~dimensional nearshore
circulation model was proposed by Shepard and Inman (1$51)
as shown in Figure 2-8(b). It was emphasized that the rips
play a major role in carrying the suspended sediment further

out of the offshore submarine bar.

2.2.3 Beach Materials

Sediment transport is the combined result of flow

field in the nearshore region and the dynamic response of
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beach materials, therefore, the physical characteristics of
beach materials also play an important role in the sediment

transport process.

The properties of beach materials include their
size, density, shape, and permeability. Large materials such
as shingle and gravel is gradually rolled along the bottom.
Finer material such as sand can be moved by suspension. The
physical characteristics of sand important to its transport
process are the grain size distribution, the submerged
density in sea water, and the sphericity and roundness of
grains. These three properties can be combined into one
important physical parameter known as the particle falling

velocity .

Dean (1973) suggested that this parameter is vital
for on/offshore transport criteria. Sunamura and Horikawa
(1974) indicated that thzs ratio of sand size to wave length
is an important physical parameter controlling sand beach
transportation. Under the same deep water wave condition
and initial beach slope, their laboratory results showed
erogion for beach with fine grain size and accretion for

beach with coarse grain size.

2.2.4 Numerical Modeling

The knowledge of on/offshore transport rate as well
as the beach profile evolution is essential for predicting

the short term beach changes such as daily variation of

b e ke o e & e .. At [V OR N
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beach profile, the response under extreme wave condition,
and the time needed to recover the eroded foreshore berm
crest. It is also useful to other coastal engineering

problems including beach nourishment, seawall design, etc.

In an attempt to model the on/offshore sediment
transport process, the model developed should have the
following capabilities to be qualified as "good" models

(Dally and Dean, 1980) :

(1) Generate profiles of both the normal and storm
types depending on the wave conditions and
sediment characteristics.

(2) Predict the proper shape of these profiles;

i.e., (a) the normal profile should be monotonic

-

and concave upwards and (b) the bar of the

storm profile should have the proper spacing

and shape.

(3) Correctly predict the rate of profile evolution.

(4) Respond to changes in water level due to tides,
|

E _storm surges, or long-term fluctuations.

E (5) Approach an equilibrium if all the relevant

parameters are held constant.

There has been plenty of information published on
beach profiles, and a great number of studies undertaken to
predict the condition for bar formation and profile erosion

or accretion. However, there is still a lack of a good model
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for prediction of profile evolution and rates of shoreline
erosion, although there have been a few good models that
were developed for limited use which require both cali-
bration for each use and large data base for statistical

analysis.

Fox and Davis (1973) assumed an arbitrary form for
the beach profile and manipulated its coefficients empi-
rically to change the bottom with time. The model requires
substantial atmospheric data to calibrate and is extremely
site specific, although they achieved good results. Swart
(1974) developed a transport model which represents the
sediment movement from the inshore region to the offshore
region in a gross sense. The beach is divided into two
horizontal layers with continuity being satisfied between
the two. Suspended sediment transport is the dominant
mechahism and the model can be adapted to various wave and
sediment characteristics. Wang, Dalrymple and Shiau (1975)
modeled sediment transport by dividing the nearshore region
at the breaker line. Inside the surf zone, a gross longshore
transport is proportioned across the region with the shape
of the longshore current determined by Longuet-Higgins.
Outside the surf zone, transport is determined by super-
imposing an exponential sediment concentration profile onto
a mean flow profile, which gives good results for regions

far from the breaker line.
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Fleming and Hunt (1976), using both bed load and
suspended load mechanics, formulated a three-dimensional
transport model for a specific beach segment. Profile
changes were caused by deviations in the longshore current
much like the model by Wang et. al., (1975). Kana(1979)
measured sediment concentration under fully plunging
breakers on a stable monotonic beach. In the model, the
nearshore region is artificially divided into sections where
the transport is governed by different equations. The trans-
port inside surf zone is coupled to the transport calculated
Just outside the breaker line using Wang's model which is
valid only in regions far from the surf zone. The model L

does approach a state of equilibrium and is applicable to

various sediments and wave characteristics which makes it

attractive.

Winant, et. al. (1975) described the variability in

a beach profile by means of empirical eigenfunctions with

good results. However, the model is independent of wave and

sediment characteristics, and, because it is a statistical !

e TR

method it requires a large data base for any site of

interest used. Dean (1973) developed a heuristic model for q

BT Dt L

f the prediction of the presence or absence of bars which

. compared favorably with laboratory data. It does not

describe beach profile evolution but does propose a real-

igstic mechanism of suspended sediment transport in the surf
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‘zone.

Dally and Dean (1980) developed a realistically
based suspended sediment transport model for the surf zone
and the nearshore region. The horizontal velocities respon-
sible for sediment transport were found to be the first-

t order sinusoidal component and the second-order mean flow
developed from radiation stress considerations. An exponen-
tial concentration profile governed by turbulent and wave-
induced shear stress was developed and the net suspended

sediment flux was found by integrating the product of the

velocity and concentration profiles over depth. The results

kil

indicated reasonable quantitative and good qualitative

| agreement with experimental data.

§ 2.3 Review of laboratory Measuring Technigues

A review of the laboratory measuring experiences by

former researchers was found helpful due to the extensive
é laboratory work in this study. In the following sub-sections
| the experimental techniques and apparatus involving water
elevation, fluid velocity, and suspended sediment concen-

tration measurements are discussed.

‘ 2.3.1 Water Elevation Measurement

- In general, the surface water elevation measurement
includes the using of capacitance and resistance type wave
probe, pressure sensor and sonar gsystem wave gauge. The

pressure sensor and sonar system wave gauge are widely used
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in the field study. They are not frequently adapted in the

laboratory except for large wave tanks where big waves can

be generated.

The capacitance and resistance wave probes are very
commonly used in the wave flumes. The convenience of the
probe is that they are more sensitive to small surface
water disturbances, even in the capillary wave range. The
wave probe is usually a thin steel rod which does not

interfere the flow field significantly.

For surf zone measurement, some problems arise in
the accuracy of output from these two types of wave probes.
The turbulent water may splash on the wave probe causing an

irregular peak on the output voltage. Also, the capillary

force of water on probe will result in a mean water line
drift. To avoid these sources of error, the photographic
method offers a better solution, although it is more costly

and time consuming.

2.3.2 Velocity Measurement

Velocity measurement is more complicated than the
water elevation measurement, especially in the turbulent
flow. In general, there are five types of measuring tech-
niques being used with successful results. The instruments
include propeller current meters, photographic method, hot
film anemometers, ultrasonic doppler current meters and

laser anemometer.
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The propeller current meters are commonly used to
measure quasi-steady flows. There are some differences in
using them in the laboratory wave tanks because of its low
dynamic response to high fluctuations. Besides, they are
usually not very sensitive to low speed steady flow as

pointed out by Goda (1964),

With photographic methods, the water particle motion
can be clearly visualized with tracers such as neutrally
buoyant particles or hydrogen bubble. The water particle
velocity can be measured frame by frame with the aid of a

high speed movie camera and a slow motion movie projector.

Although the newly improved hot film and hot wire
anemometer can be operated in the water as well as in the
air, it is still a sophisticated instrument. Its inconvenien-
ces include frequent failure of probe head due to over-
heating, zero velocity drift due to fluid temperature change
and accumulation of dirty material on the sensor. It can not
detect the flow direction when the veiocity vector is in
the plane perpendicular to the hot film axis. The draw backs
also include the strong non-linearity in the correlation
between the flow speed and the output voltage when the flow
speed varies over a wide range and also the film is sensi-

tive to flows that are parallel to the film axis.

Ultrasonic doppler current meter and laser doppler

anemometers are most recently developed techniques.

hﬁ-‘*‘-—Mf‘““ -
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Researchers such as Tsuchiya and Yamaguchi (1972), Lee et.
al. (1974) had reported them as good instrument for periodic
and random waves velocity measurement. However, they are

still in a developing stage.

2.3.3 Suspended Sediment Measurement

Earlier researchers in the field of suspended sedi-
ment study were handicapped bythe lack of suitable measuring
equipment. Shinohara, Tsubaki and Yoshitaki (1958) 4id some
Pioneering work in this field. Using a syphon type sediment
sampler in a laboratory tank, they obtained a series of
measurements of vertical distribution of the mean sediment

concentration.

A very useful and simple technique for measuring
the suspended sediment concentration in water was introduced
by Hamm-ma and Horikawa (1963). By utilizing a light source
and light sensor placed at the two sides of a 10-cm wide
glass wall wave tank, they measured the mean concentration

and time-variztion of concentration in a wave period.

Hattori(1969) used an electrical resistance type
instrument to count the number of sediment particles passing
through a given section and from this he calculated the
suspended sediment concentrations. Bhattacharya (1971) used

an electro-optical instrument for in-situ measurements of

.sediment in suspension. The instrument was developed at the

Iowa Institute of Hydraulic Research and is called Iowa
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Sediment Concentration Measuring System ( ISCMS ).

Madtaan




CHAPTER 3

IR s

THEORETICAL FORMULATION

Two basic surf zone properties, the surf zone
parameter and the breaking wave similarity, were developed
theoretically in this chapter. The derivation of empirical
formula and their physical implications were discussed in
detail. Based on the theoretical background, a transport
equation was developed for use in the on/offshore sediment
transport model. Details of numerical modeling technique

L was also discussed.

3.1 Surf Zone Parameter

z Consider a single long-crested wave breaking on a
beach of constant slope; say, tan® , the cyclic breaking
process can be approximately divided into three stages as
illustrated in Figure 3-1. The developing stage include the
period when the wave begins incipient breaking at the crest
until it collapses on the beach in the vicinity of the water

: level unit. During this stage, the shape of the wave evolves
- from highly asymmetric curled form to a triangular form
with numerous white caps. Its potential energy is converted

into kinetic energy which in term is partially dissipated

| -37-
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as the remaining portion preserved to stage the uprush.

In the second stage, the flow surges up to its runup
limit similar to a solid element moving upslope while the
kinetic energy is being converted back to potential energy.
In the last stage, the flow washes down as a thin sheet to

the breaking point to complete the cycle. %

The time to complete each respective stage can be
estimated based upon a simple energy model shown in
Figure 3-2. This energy model is based on the premise that
the fluid element at the crest of the wave during breaking
remains at the crest and is the same element that reaches
the runup limit. This condition is clearly observed from

recorded slow-mction films,

If the kinetic energy of the fluid element at the
wave crest at the breaking point is assumed to be propor-
tional to the breaking height, say ,é/-/é , then the

kinetic energy in the developing stage can be expressed as
KE ) =% Hy 1(S21=5)x (3-1)

where S3; and Sy are the slopes of the total energy line and
potential energy line, respectively. The velocity of the

fluid element is

Vo (%) = ,fza? [BH t(s-S)x] (3-2)
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where $3-S, = B(£:;&)lwdand the corresponding time required
for the element traveling from the breaking point to the

water level limit is

%
Ay = ) ~F
_ AR | __m*
T R&-R) P 3B-3)

where iz and z are constants of proportionality as defined

in Figure 3-2.

During the uprush and downwash stages, the crest ]
element can be treated as a solid body moving on a sloped
plan. In such cases, we have the following relationship on

the basis of Newton's second law:

/
F Mg sinot - - Pf A 55— ViV —M—g;;'— (3~4)

where f is a frictional coefficient and As is the contact
# surface area; the "-" sign corresponds to the uprush

condition and the "+" sign the downwash case. If we let

M’ft( A, » the above equation simplifies to

F g Sink - ff I[IVI = ﬁ_’ '

where iﬂ is the thickness of the runup water sheet.

e —on .

T T
WINPT

The free swash period in the region between the
still water limit and the runup limit can be obtained by

Vi
integrating Equation 3-5 without the friction term,ff%&z‘ ’
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which yields,

.t" = fz"{_‘nd (3")

where F‘ js the initial uprushing velocity at the still
water limit. By letting -2"’2‘: and V's% , Equation (3-5)

can be non-dimensionalized as

-5{7'- -5 2=-AIVIV 7))

vd/ N
where /3;, ‘4iBJEﬂM¢(

Equation (3-7) can be integrated to obtain the

uprush and downwash periods which are, respectively,

= (2 F AofE) 72%%,",,; (3-8)

and

Kk
*+ H.
e 2B o BE) sl o)
where we assume S’ihatﬁfanal for mild beach slope and A/g is

a runup coefficient as shown in Figure 3-2.

Based upon Equations (3-3), (3-8), (3-9), the swash

period of a single wave can be determined:

=K fl? Fomat (3-%)
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IK"' -45?(3523-4527)
! A (k)

K= 2E n JF
Ky= z/% EXPLL- ﬁ’.;t)

Therefore, the natural swash period is found to be a func-

; __aﬁg;‘_.
tion of
b

To obtain the numerical results of natural swash

period, the friction coefficient ﬁ and the proportional
constants £ K, kg k; were evaluated. The friction coeffi-
cient, /S » by definition, is a function of the bottom
frictional factor, the initial uprushing velocity, the
fluid element thickness and the beach slope. For a typical
breaking wave, Vo = 8.0 fps, t, = 0.3 ft, sino(=0.05, and
assuming f = 0,06, the typical friction coefficient is 2.0.
To investigate the effect of bottom friction, Equation (3-7)
was integrated in the swashing region from Sea Water Level

to Uprush Limit. The equations obtained for analysis are:

Vi=t- & Zn (2/E £7) (3-11)
pra-da(ir3) EXPI-EX] (3

Uprush

[P N
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Downwash
V'=~{F twk [3F cdAnar )] (s13)
v'= 2 {1~ exp[- 4 271§ (3-4%)

The non-dimensional period, velocity, and distance are

defined as:
2= V=0 . ad X=2%,

where X.’V%u + Xmay is the maximum uprush distance and
(ﬁﬁ).qx is the downwash velocity at Sea Water Level. The
non-dimensional swash period, velocity and distance are
plotted against a wide range of the friction coefficient

as shown in Figure 3-3.

Figure 3-3 indicated that all three quantities are
decreasing with increasing vottom friction effect. Compared
with the Friction-free condition, the swash period of the
typical breaking wave (8 = 2.0 ) is reduced to 83%, the
downwashing velocity at Sea Water Level is reduced to 71%

and the maximum uprush distance is reduced to 69%. The

Eulerian swash velocities both without friction and with

P = 2,0 are shown in Figure 3-4., The fluctuating velocity

1 vectors at each station are assumed to be a cosine function.
It can be seen that the downwash velocity is lower in
strength than the uprush velocity if there is bottom
friction. The Lagrangian swash velocities for )G = 0 to 10

'
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are shown in Figure 3-5,

The proportional constants were evaluated based on
a typical plunging breaker. The constant .k; is 1.64 for the
typical wave height-to-depth ratio, # = 1.0, and the typical
crest elevation to height ratio is 0.75. The breaking wave

height to depth ratio is the average value of 12 typical

laboratory plunging breakers conducted on sand beach as

summarized on Table 3-1.

The proportional constants 4 and A3 are related

with the following equation:
b2 (T totfE - F b i fE) (58

This equationmds derived based on the uprushing equations

and the energy model shown in Figure 3-2.

The maximum runups on sand beach of 12 typical
pPlunging breakers are also shown On Table 3-1. The results

indicated that the average maximum runup to breaking wave

height ratio.Ag. is 1.40. Since the sand beach was well
compacted and fully saturated during experiment, the effect
of bottom percolation was neglected. Based on the definition
of friction coefficient and the knowledge of the propor-
tional constants, the swash coefficients in Equation (3-11)
were evaluated for /3 ranging from 0.1 to 2.5, which is the

maximum frictional range of plunging breaker.
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The numerical swash coefficients are shown on
Table 3-2 and plotted against ﬂ as shown in Figure 3-6. The
results indicate that with increasing bottom friction effect,

the uprushing period decreases and the downwasning period

increases, while the breaking period and the total natural
swashing period remain unchanged. The average swashing

1 constant, K, is 4.81. The numerical results imply that

the total natural swash period of a plunging breaker is
primarily a function of breaking wave height and beach

slope, if the bottom percolation effect can be neglected.

Having evaluated the swash coeffieients, we now

k _ define a non-dimensional surf zone parameter as the ratio
f of natural swash period to the incoming wave period (T)

i %

| L= KT F* Tt

This non-dimensional parameter is similar to Equation (2-10),
the general formula of previously proposed parameter, with

;

l the following relation:

;, Tu= 77 (E*F

| o 1= 77 5 @)

. where H is the wave height at the toe of sloping beach and

Hy is “"ne breaking wave height.

pos B S U N PR DU PP VUL




-31-

et ) <5

or /=% s\..a\%.:ﬂu&.\ g5 Z 2
by oo
~&m 15930N
L8 hg'h H8°H 29°Hh 08°Hh 6L°% 6Lt LLh 6L°h 6L 6L°h 18°H 8L'H A
€Lz 69'2z 49°2 29°'2 85°2Z H5'Z 05°C Sh'2 Ch'z In'z oy'z g€z €€'2 €y
HE'T SE°T 9€°T 6€°T In'T €4°T <41 0571 26T §S°T 95t 09°T 19°% s
og+ og' 18+ T1g° 1g* 28° @28 2 €8 €8 €8T €87 WG Ty
H9'T 29°T 09°T @S°T 95°T #§°T 26°T 05°T en'b 9#'l #w’l 2h'd o't X
05°z 0€'z ot*z 08'Ft 09°Ft of't oi°} 06°0 04°0 0G°0 O%°0 02°'0 0170 4
g1UaTOTFFo0) Ysems Z-€ 9TABL

LA




& .mw S3USTOTJJ90) YSeBMS 9-€ dand1yg

14 V14 gl 0l 50 100
I T _ T _ —] 0 w
(7% )  juayya0) bunjoasg — 01
() JuaIoI§207  ysnudn) — |
\ — 02
MV~J P
‘ -
(M) juadiyeo) ysomumog Joe
— 0
( %) JUBIDIHJB0D) YSDMS ]




-53-
The physical implication of Iw can be explained as

follows. The I is the surf zone interference index. When I,
is small, each individual wave will complete the swash cycle
with little or no interference from the successive waves. The
flow in swash zone is mainly oscillating and the breaker is
of the plunging type. When Iw increases, the degree of
interference from successive waves also increases; a circu-
latory motion is gradually developing which will result in
a return flow in the main water column; the breaking pheno-
menon gradually transforms from plunging to spilling. This

sequence of events was illustrated in Figure 2-1.

The number of breaking waves in surf zone is less
than unity for surging or collapsing breakers. When the
breaking waves increases more than unity, the breaker type
changes gradually from plunging to spilling. Therefore, by
setting N#= Tn/T =1.0, the transition value of I_ for pure
plunging is 0.21. The N* denotes the number of breaking
waves in surf zone. The transition value of plunging
breaker is equivalent to j;L = 1,92, based on Equation (3-17)
which is in the neighborhood of the transition value

suggested by Battjes ( Equation 2-8 ).

For Iw less than 0.21, the broken wive is able to
surge up the slope to the uprush limit and return as down-

wash to the breaking point before the next wave breaks. There

is no wave interference and energy loss is primarily due to
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bottom friction, if the percolation effect is neglegible.
For this Iw value, the breaking wave in surf zone is runup
dominant and a large portion of wave energy is reflected

resulting in a partial standing wave condition.

With the value of Iw increasing, the number of
breaking waves in surf zone increases proportionally. The
broken wave is not able to return to the breaking point
before the next wave breaks. The increasing wave inter-
ference causes greater energy gradient throughout surf zone
due to internal friction and successive breaking. The flow
is set-up predominant and a large portion of wave energy is

absorbed in surf zone with little reflection.

In addition to the breaking wave properties stated
j above, the Iw rlays an important role in characterizing the
breaking wave similarity which will be discussed in detail

in the following section.

3.2 Breaking Wave Similarity

For a wave train of single frequency shoaling on a
beach, a more or less energy is being transferred from the
primary wave component to its higher harmonics. The amplitude

dispersing among harmonics coupled with phase lags due to

’ differential shoaling of each harmonic component results

| in a highly asymetric wave form upon breaking.
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After breaking, as the wave travels further inshore,
the wave form tends to stabilize although it remains asymme-
trical. The conventional higher order wave theories are no ;
longer adequate to describe these asymmetrical wave forms. v
A variation would be the introduction of phase angles among
harmonic components such that the water surface fluctuation

is expressed as:
Pt)= & 2y 50 (not +87) (3-18)

where a  is the n*® harmonic amplitude, }5/ is the n*® har-

monic phase and ¢ is the fundamental frequency.

Equation (3-18) most certainly can be used to ;

prescribe the wave form of any particular set of breaking

waves. Yet, it serves little useful engineering purpose if
the solution can not be generalized. If we assume that
(1) Each harmonic amplitude is limited by the local
water depth, and,
(2) The phase velocity of each harmonic is also
depth limited,

then, we have,

An= o (d+17) (3-19)

and

G XL FE) 7 (3-20)

WIOR WECTIULINPY. NENES W
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where i is wave setup. Equation (3-18) can now be expressed
as:
“ » -
_Lﬂ__—.zogcm(na:f+;é,) (3-2/)
¢J4'2' =1
where 06.’3 are non-dimensional coefficients and ﬁ.’f are

constant phase angles. Thus, the wave profile remains similar

and its magnitude is affected only by local parameter (Gﬁﬁf ).

In shallow water, the horizontal fluid particle .

velocity can be described by Stokes' higher order theory as:
__cq) ‘
Ute) =———* (Kl suder toams) (2)
The depth averaged velocity term can be expressed as:
° cle) , L.f°
ay== Z//L‘)d;=' +3 ft?bzm&w
(3-23)
Recognizing that the contribution of the depth averaged
higher order terms is a mean return flow in the water column

as shown schematically in Figure 3-7, Equation (3-23)

becomes:

ui)= _c_%/i)_ - e (3-3%)

The fact of having a similarity solution of i{ﬁt} R
leads to the following similarity solution for /(%) :
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(tt+ e _ 2 ; -
%0+ ‘;é‘) =2 fy 50 Chot +%) (3-=)

where ﬂ» and # are constant coefficients.

Since C can be approximated by
C=% A p@+]) (-2¢)

we have

det) + _ = .
B ) T8 Pt h)

The solution for leg now depends only upon certain local

parameters d |, and &g . The similarity constantsC*efS,
ﬂ, , # , and the depth averaged mean return flow [/; wearkd ée

obtained experimentally as discussed in Chapters &4 and 5.

3.3 On/offshore Sediment Transport Model

The present work utilized a suspended sediment
transport model to simulate the beach profile evolution and
the rate of beach erosion. The horizontal sediment velocity,
expressed as a time mean term and a periodic term, was deve-
loped based on the similarity model of breaking wave in surf
zone presented in Section 3.2. The predominant sediment
suspension mechanism was assumed to be turbulent induced
shear stress. The sediment concentration equation used was

based on the results by previous researchers and was assumed
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to be composed of a time-mean term and a periodic term. The
net suspended sediment flux was found by integrating the
product of the suspended sediment horizontal velocity and

concentration over depth and time-averaged in a wave period.

Based on the derived transport equation, a numerical
model was developed to predict fhe foreshore slope evolution
as well as the erosion rate. To start the model, the initial
beach slope, water level, sediment characteristics and
breaking wave condition would have to be furnished. The
suspended sediment concentration coefficients were cali-

brated with both laboratory and field data.

3.3.1 Problem Formulation

Consider a vertical section of water in the surf
zone where sediment is entrained from the bottom by passing
breaking waves. The suspended sediment moves with the fluid
velocity in this section on or offshore till it falls down
on the bottom. The net suspended sediment flux past this
section can be found by integrating the product of the
horizontal fluid velocity and the sediment concentration

profile over depth, which can be expressed as:
Quet) = L" b (j.2) GCj.1)d5 (3-28)

where d is the water depth measured from sea water level

to bottom, 7 is the water elevation at wave crest,
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ux(z.t) is the horizontal sediment particle velocity, and
Cx(z.t) is the suspended sediment concentration. The coor-
dinate system and expressions of water depth are shown sche-

matically in Figure (3-8)

The suspended sediment transport equation is based
on the knowledge of fluid particle velocity and suspended
sediment concentration. Due to the great turbulence in surf
zone, the conventional linear and higher order wave theories
no longer apply in this region, neither does the suspended
sediment profiles developed for use in the offshore region.
In this model, both equations are based on the empirical

formula proposed by the author and the previous researchers.

In the following paragraphs the horizontal velocity,
suspended sediment concentration, transport equation and
continuity equation used in the transport model are

discussed.

HORIZONTAL VELOCITY

The horizontal velocity of the sediment particle,
once suspended in the water column by breaking waves, is
assumed to be the same as the fluid velocity. The horizontal
fluid velocity in surf zone was obtained based on the
similarity model for breaking waves in surf zone presented
in Section 3.2. Based on Equation (3-27), the velocity can

be expressed as:
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Uet)+ e = &
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SUSPENDED SEDIMENT CONCENTRATION

The suspended sediment concentration at a vertical

section of water column in surf zone is both time and height
dependent. Using the technique of separation of variables,

the suspended sediment equation can be expressed as:
Gutpt) = G ) Cet) (3-21)

where Cx(z) is the vertical profile of sediment concentration

and C(t) is a non-negative time function.

The time function is dependent on the rate of
dissipation and intensity of turbulence. As illustrated by
Dean {1977) in Figure 3-9, the turbulence intensity
of plunging breaker is high and periodic, while that of
spilling breaker is moderate and uniformly distributed.
Accordingly, the time function of sediment suspension by
breaking waves follows the same pattern, which can be

expressed by a Fourier Series:
= 435 o 3-30)
C)= ¢ (OHﬁégf-ZE— Sﬁn(ﬁvi'*éh{) (

where E; and bnf are Fourlier conatants, O is the funda-

mental frequency, 6& is the harmonic phase angle. Combining
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&lt)

(A) TURBULENCE ENERGY DENSITY, et(t)
FOR LARGE DECAY (PLUNGING)

A A VA VA VAN

0 =
0 t
(3) TURBULENCE ENERGY DENSITY, et(t)
FOR SMALL DECAY (SPILLING)

Figure 3-9 Turbulence Energy Density for Large and
Small Decay .
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Equations 3-29 and 3-30 yields

G(j;f)- a'_(;) (/-f"g by Sin (not + g,)) (3-31)

where C_(2) = Cx(z);E:. and b = b;'/ﬁg. For plunging
breakers, the sediment suspension is periodic with the
passing breaking waves as indicated by ISCMS test results
and the periodic term in Equation 3-31 is dominant. As the
breaker tyﬁe changes gradually to spilling, the sediment
suspension becomes more uniformly distributed in a wave i
cycle and the time averaged term becomes dominant. The
measurements of suspended sediment concentration in surf

zone supports this phenomenum as illustrated in Figure 3-10 i

and in Appendix D.

The time averaged vertical sediment concentration
profile is, based on the classical approach, a balance
between the sediment grain falling through a section due to
gravity and the grains transported upward due to turbulent

mixing and the concentration gradient, or,

3 \
Cxlf)ee =~€ —-a}’-‘- (3-32)
where & 1is the particle falling velocity and &€ 1is the

kinematic eddy viscosity. For open channel flow, Rouse (1949)

derived the concentration profile as:

G ) = G EXP[-&w(fim/ R[] (333)
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(A) PLUNGING WAVE CONDITION

0 ! | L
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-

(B) SPILLING WAVE CCNDITION

Figure 3-10 Averaged Instantaneous Suspended Sediment
Concentration in One Wave Cycle
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where Cm(x) is the sediment concentration measured at a
reference point from bottom, ﬂk is a proportion constant
controlling the shape of the profile.,/% is the bottom
shear velocity and 4&" is the coordinate of the reference
point. In this model, the reference concentration is assumed
to be proportional to the ratio of bottom shear velocity

and sediment falling velocity, or,
o = o L2 a0

where the sediment falling velocity is defined as:

w= 1/23 (y‘ ).%‘; @- 35)

where {; and 1’ are sediment and fluid densities respec-
tively, D50 is sediment median grain size , CD is particle
drag coefficient and Ck is a proportional constant control-

ling the sediment concentration.

For sediment suspended by breaking waves, both ﬂe
and qr’_é, has to be modified to accomodate the nature of
turbulence in the surf zone. In general, there are two
quantities which determine the amount of sediment entrained

into the water column:
(1) The wave-induced bottom shear stress,and
(2) The turbulence induced shear stress due to
breaking waves,

In surf zone, the second mechanism is dominant.
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Based on the derivation of Dally and Dean (1980),
the turbulence induced shear stress velocity can be

expressed as:

- -"ZA:,., ) E G f 4 -
7 =[Fam <t G

46551
where is the rate of energy dissipation per volume,

Considering steady conditions when averaging over a wave
period and utilizing small amplitude shallow water wave

relationship, Dean (1977) found that,

s g 01

where )"q and # is the breaking wave height to depth
ratio. Combining Equations (3-33), (3-34), (3-36), (3-37),
the time averaged suspended sediment concentration equation

can be expressed as:

G B sty (] ¢

The constants were calibrated with both laboratory and field

data measured in surf zone by numerous investigators

as summarized on Table 3-3.

Based on the data on Table 3-3, the average maximum

sediment concentration in surf zone is approximately




-68-~

Table 3-3 Summary of the maximum suspended sediment
concentration measured in the fields
and laboratories

Investigator C,(ppm) Zm/h Reference 1
Noda 1-10 0.07-0.1 14th JCCE
« |Shimada et al.| 1-10°%  [0.04-0.1 21st JCCE  (A)
E Irie et al. 1-10°  10.14-0.22 | 22nd JCCE
= |Fairchild 10°-10% - 13rd ICCE
Tanaka 102-10% | o.08 22nd JCCE (B)
Kana 103-10 [0.08-0.33 | 16tn ICCE !
Homa et al. 102-10% |0.014-0.05| 11st JCCE
Noda 5x102-102 10.03-0.1 1hth JCCE ;)
2 | Hosoi 10* 0.017 20th JCCE
x |Nakato et al. 10% 0.04 ASCE Vol.
sn‘ _ N | 103, WWl
x | Luruhara et ali 10 0.3 I 3rd JCCE
& |Hosoi et al. 10% 0.1 | 20th JCCE  (B) |
= Sawagaki 104 0.1 funpublished i
Notes:

(1) C_ is maximum suspended sediment concentration

) Z0 is height from the bottom where C was measured

) h™is water depth

) data in column (A) were measured in the offshore
region, (B) were measured in surf zone

) ICCE means Proceedings of the International
Conference on Coastal Engineering

) JCCE means Proceedings of the Japanese
Conference on Coastal Engineering

NN TN
o \n FLN

(
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ix1o“ ppm in the laboratory and 1x107 ppm in the field. The
median sand sizes observed were 0.2 mm and the average
beach slopes were 1/10 in the laboratory and 1/25 in the
field. The above average data were used to calibrate the
proportional constants in Equation (3-38). The constant Cg
was found to be approximately 1x1072 gram/cm3 for laboratory
condition and 2:1110'3 gram/cm3 for field condition. The
vertical profile constant & was also calibrated with
laboratory and field data measured in surf zone by Wang
(1979), Kurihara et. al. (1956), Tanaka (1975), and Sawaragi
(1979) . The calibrated results showed that 3% 2.5 for
laboratory condition and g = 1.0 for field condition. The
suspended sediment concentration and profile used in the
numerical model is shown in Figure 3-11. The measured data

are also shown in the figure.

TRANSPORT EQUATION

Combining Equations (3-27), (3-28), (3-21) and
time-averaging over one wave period, the suspended sediment
transport equation in a vertical water column can be

expressed as:
C () ==~ .[; ° c_,', cj)? # x/'_"'ft (—5—);4 0&9"5

(S a5nenot+s) -2, by Sintnoct +4)) (537)

i
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where ¢( ; denotes ’-;7“7 ( )dt » the time-mean quantity.

The first term in Equation (3-39) is the contribu-
tion of mean suspended sediment convected by the second and
higher order horizontal velocity, which was found to be
always in offshore direction. The second term in the equation
is the contribution of periodic sediment suspension convect-
ed on or offshore by the fluctuating first order horizontal

velocity.

For plunging breaker, the mean return flow strength
is weak and the sediment suspension is in phase with the
first order velocity. Therefore, the fluctuating term is
dominant and transport is onshore. As the breaker type
gradually changes to spilling, the periodic term of
suspended sediment becomes relatively unimportant
while the time mean term becomes dominant. Therefore, the
direction of sediment transport gradually reverses from
onshore to offshore. Since the present knowledge is limited
to the mean suspended sediment condition, the present
transport equation is only valid for spilling breaker
condition -with Iw>0.9. in which the periodic term can be
neglected and the transport direction is exclusively

offshore.

By integrating the transport equation cver water

depth, Equation (3-39) becomes:
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CONTINUITY EQUATION

Assuming straight and parallel bottom contour on

beach, a two-dimensional equation that governs the change

in water depth with time can be derived based on the conti-

nuity equation for solids as:

dE  _ l . 6
dx . B0 X (34

where the coordinate system is shown in Figure 3-12, 13 is |
the sediment density, and 7NP is the void ratio of sediment.
For quartz sand, 6 =2,65 gra\m/cm3 and $=O.h5. Combining
Equations (3-40) and (3-41) yields

st (04 exifee G2 ) (B 00

Equation (3-42) implies that the change in water
depth with time in surf zone, as well as the sediment
transport rate, are depth-controlled. Starting with steeper
initial slope, the beach erosion begins with higher rate.
As the beach slope becomes milder, the transport rate slows

down in water depth's 3/2 power. Theoretically, the winter

or storm profile would reach equilibrium as the beach
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slope in surf zone becomes flat ( -%30 )e

As the beach profile approaches equilibrium, both
-g-é- and -%} can be approximated by small censtants é,andéz.
Equation (3-42) can therefore be simplified to

2 2 = 4 (-43)

where A is the lump-sum constant defined as:

W

_ . Wt / . & i}
A= £L2 N 2% T (-44)

] Integration of Equation (3-43) yields

% - 7e = A 9(9§ (3 %)

Equation (3-45) implies that the near-equilibrium
beach profile is always concave upward with h being x's
2/3 power. This was proved to be the typical equilibrium
beach profile summarized by Dean (1977). Therefore, the

present model is consistent with the equilibrium shape.

Based on conservation of mass, the eroded sediment
E in surf zone is artificially deposited in the offshore
region seaward from breaking point. The offshore bar is

created asymmetric to the surf profile which is very

{ similar to the laboratory condition.
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3.3.2 NUMERICAL COMPUTATION

Due to the complexity of the governing equation, a

finite difference numerical model was utilized to evaluate
the beach evolution and erosion rate developed in Section
3.3.1. To compute the beach evolution, the surf zone was
divided into several small cells with equal width 4AX .
The change of water depth was computed in each cell every
n wave periods, or, At=NT . The bottom profile was
smoothed every'dt with a moving average subroutine

expressed as:

% = i+ +E R+ fign (3-46)

in order to simulate the natural smoothing mechanism due to

bottom shear stress. The cell width used were 2.5 cm for

laboratory beach simulation and 25 cm for field simulation.

The information required to start the model included
the breaking wave conditions ( Ae » Ty K, Mflﬂ'ﬁh),
the median sediment grain size ( Dgo ), and the initial

beach slope. The initial foreshore profile for each

numerical run was set in a concaved upward shape with
desired average initial slope. The wave set-up prediction

was based on the equations derived by Longuet-Higgins:

+ %

ok
5
ond Fu= H,d fﬁ-— (3-47)
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The total volume of sand eroded at time t was the
summation of the volume change in each cell within the
eroding period. The eroded material was located offshore
of the breaking point asymmetric to the surf zone profile
to simulate an offshore bar. During the numerical beach
evolution, the surf zone profile was always concave upward.
The model would stop automatically when the foreshore slope
is flat, indicating that equilibrium condition has reached.

A flow chart illustrating the numerical procedures is shown

in Figure 3-13.
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CHAPTER 4

LABORATORY EXPERIMENTS

Two sets of laboratory tests were conducted. The
first set of experiments was designed to obtain the simi-
larity constants and the mean return flow strength as
developed in Section 3.2. In the second set of experiment
the instantaneous suspended sediment concentration in surf

zone was measured for various wave ccnditions.

All laboratory experiments were conducted iﬁ the
wave tank located in the Civil Engineering laboratory. The
wave tank is 24 inches wide and 52 inches deep with an
overall length of 70 feet as shown in Figure 4-1. The por-
tion of wave tank under study was 50 feet in length from
the wave generator paddle to a plywood partition. The par-
tition was used to provide a vertical backing against which
a plywood plane beach or a sand beach could be formed and
was posioned in order that the major portion of the profile
could be viewed through the glass observation panel. Except
for the 20 feet long observation panel on the side of the

tank only, the tank is constructed of steel,

The Scotch Yoke type wave generator is powered by a

-78-
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1750 rpm, 7.5 Horse Power electric motor. The wave period is
varied by varying the angular velocity of the rotating drive
arm. The wave height is primarily a function of the rotating
drive arm offset but is also related to the wave period.
The steel wave paddle travels in a vertical plane on

rollers mounted horizontally on top of the wave tank.

Two types of beaches were used in the experiments.
The plane beach was made of plywood with 1 on 10 slope
and 15 feet horizontal length. The plywood beach face was
painted with polyurethane glass coating to reduce bottom
effect. The sand beach material used in the experi-
ments was graded construction sand with median diameter of
0.18 mm. The grain size distribution of the beach material
is shown in Figure 4-2, This beach material is predominantly

composed of quartz with a minor portion of dark minerals.

The experimental procedures and the arrangement of
tests are discussed for each set of tests. The apparatus
used in the present laboratory study is discussed in

Section 4.1.

4.1 Discussion of Apparatus

The apparatus used in the present laboratory studies
included the air bubble releasing device, the photographic

equipments and the sediment concentration measuring instru-

ments.




-81-

TeTdajep yoesg Lxojeioqe] Jo uoljnqriisidg 92TS utexn g-t aandty

)0

(ww) Jojdwbig

{0

Z0 b0

80 | (4

| 4 80l

or

N

Pap | @s400)

aulJ

wnipapy

854009

IS

ANVS

T13AVYHY

ybiapm Aq Jeuly Juddusy




AD-AL18 442

UNCI ARKEIFTFD

23

DELAWARE UNIV NEWARK DEPT OF CIVIL ENGINEERING F/6 8/8
SURF ZONE PROPERTIES AND ON/OFFSHORE SEDIMENT TRANSPORT. (V) !
JUN 52 W YANG: H WANG NODO]'O-!I-K-GZ’?




-82-
The air bubble releasing device included pitot tubes
and compressed air releasing system. The opening tips of the
pitot tubes ranged from 0.3 to 0.5 mm. Compressed air was
released from a high pressure steel tank through a rubber
tube. The size of the released air bubble in water can be
adjusted to a visible size by adjusting the releasing air
pressure. The sizes of air bubble in water ranged from 1.0 mm

to 1.5 mm during the tests.

The photographic equipments included a Paillard
Bowlex 16 mm movie camera equipped with close-up lenses. The
film shooting speed ranged from 12 to 62 frames per second.
Kodak Tri-X reversal 16 mm B&W movie film was used. The
motion pictures were analyzed with Model 224A photo-optical
Data Analyzer. The data analyzer is a 16mm movie projector
with variable film projecting speed ranging from 2 to 24
frames per second. Films can also be projected on the screen

frame by frame similar to a slide projector.

The Iowa Sediment Concentration Measuring System is
a complete system for measuring mean and statistical
properties of particle concentration in sediment suspensions.
The ISCMS probe consists of a gallium-arsenide light source,
0.062 inch long, 0.092 inch in diameter and a silicon
planar diode with approiimately the same dimensions. They
were mounted on supports with their axes co-lined and a

clear distance of 0.125 inch between them. The emmision




e s - e A P

I U,

-83-
spectrum of the light source was concentrated at 0.9 microns
where the light sensor is much wider, although it peaks at
approximately 0.9 microns. The optimum bias voltage of the
sensor is -20 to -5 volts, and thus it has a very large
output impedence which causes signal attenuation by the
cable connecting the transducer to the instrument. Different
calibration curves should be prepared for each sand sample.
The light attenuation is proportional to the sediment surface
area per unit volume of suspended material. These apparatus

are shown in Photo 1.

4.2 Water Elevation and Horizontal Velocity Measurement
The purpose of this set of experiments were to carli-

brate the similarity proportional constants developed in
section 3.2. A total of 10 runs were conducted in the wave
tank. The incident wave conditions were arranged such that
the breaker types gradually changed from plunging to spill-
ing, while the the flow patterns also varied from oscilla-
tory to circulatory. The wave periods were adjusted such
that they evenly distributed in between 1.0 second and 2.0
second. The breaking wave heights were also tested in a
wide range from 7.5 cm to 14.0 cm. The laboratory wave

conditions for the 10 runs are shown in Table 4-1.

In each run both water elevation and horizontal

fluid velocity were measured at various stations of differ-

ent water depths. The stations were pre-marked with yellow
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tape for the convenience of data reducing. The scaling grids
were also pre-marked on the glass panel with 10 cm equal
spacing. Measurements were made at stations 190, 210 and 230.
The distance between each station was 20 cm. The water level
was kept constant at 32 cm level in the wave tank and the
gstill water depths at the three stations were 3.0, 5.0 and
7.0 cm respectively. The measuring stations and water depths

are shown schematically in Figure 4-3.

The water elevations and horizontal fluid velocities
for each run were recorded on movie film at 1 to 3 stations
depending on the flow conditions in surf zone.The measuring
techniques and detailed procedure for water elevation and

horizontal fluid velocity testing are discussed in the

following sub-sections.

4.,2.,1 Water Elevation Measurement

The photographic method was used for water elevation
measurement. For each run the instantaneous water elevation
evolution were recorded on movie film at various stations.
The movie films were then projected on the engineering paper
which was taped on a flat wall. The water elevations were
marked frame by frame on the engineering paper and later
scaled to actual length. Water elevations were always

measured up to the solid water line while the white foam on

top of the wave crest was neglected.
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Due to a partial reflection effect on plane beach,
the measured water elevations were averaged over several
wave cycles to avoid blased data. Based on the preliminary
test runs, it was found that the instantaneous water ele-
vation measured for this study can be represented by
averaging the data over six wave cycles. The averaged water
elevations were non-dimensionalized by the local water depth
ha( d+ﬁ) ‘as presented in Appendix A. A total of 20 wave

elevations were measured for the 10 runs.

4.2.2 Horizontal Fluid Velocity Measurement
The air bubble releasing technique was applied in

this study. Pitot tubes were placed at various stations in
surf zone. The tip of pitot tube was placed approximately
0.5 mm above the plywood beach floor and approximately 2.0 cm
away from the glass observation panel. The purpose of this
arrangement was to minimize the effect of bottom and side

friction.

Due to the limited width of wave tank, the breaking
waves in surf zone was approximately straight and parallel.
Therefore, it is a reasonable assumption that both water
elevation and horizontal fluid velocity are uniformly
distributed across the beach, or, there is no lateral varia-
tion of flow field in surf zone. Consequently, the films
obtained through the glass panel would well represent the

flow at this section.
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The film shooting speed was adjusted such that

there would be 22 to 28 frames recorded in one wave cycle.
Since the wave periods studied ranged from 1.0 to 2.0 second,
the film shooting speed was adjusted from 14 frames per

second to 22 frames per second.

~ The principle of air-bubble measuring technique
is explained in the following paragraphs. As we release a
tiny air bubble through the tip of pitot tube, the bubble
in fluid would reach a terminal rising velocity shortly
after it emerged in the fluid. The constant rising speed
of the air bubble through water column of uniform stream .
would form a straight path line. If the air. bubble rising i

' velocity ( Uy ) were known, the flow rate of the uniform .

stream can be obtained by measuring the slope of the air

bubble in fluid. Let m be the slope of the air bubble line

© e e e P e

measured from the vertical cross-sectional line, the flow

speed would be mUb.

If the air bubbles were released continuously, the

consecutive rising air bubbles would form a straight line.
in a uniform.dtream-ag illustrated in Photo 2. For unsteady
£ flow, the bubble lines would be sweeping back and forth in

response to an oscillating flow field.

Assuming that the fluid flow is in Stoke's range,

that is, the air bubble moves as the same speed with fluid
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particle, the pathlines of air bubble would represent the

surrounding fluid flow.

A dynamic analysis of air bubble in unsteady wave
field was made to study the response of air bubble in
unsteady flow. Details of this analysis is presented in
Appendix B. It was found that , based on linear wave theory,
the error of measured fluid velocity using air bubble tech-
nique is less than 20% at still water level due to vertical
acceleration. It was also found that the released air bubble
in laboratory condition would reach terminal velocity in
approximately 0.04 second, which is 2 to 4% of the testing
wave periods. In theory, the released air bubbles would
travel less than 10% of the total water depth before reach-
ing the terminal velocity.

In surf zone where shallow water condition applies,
it is reasonable to make the following assumptions:
(1) The horizontal fluid velocity is uniformly
distributed over water depth,
(2) The vertical component of fluid velocity can
be neglected during measurement.
The instantaneous mean horizontal velocity is then the
product of the air bubble rising velocity and the slope of
bubble-line at that same instant. Figure 4-4 is  sample

bubble lines reduced from a test run. The approximate

|
1
5
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straight lines substantiated the validity of air bubble

releasing technique.

To obtain an instantaneous horizontal fluid velocity,
the movie films were projected frame by frame on the engi-
neering paper taped on wall. The air bubble line: in each
frame was traced on the engineering paper and the horizontal
velocity was reduced from the slope of the bubble line at
that instant. Velocities for six wave cycles were reduced
and averaged. The average velocities were non-dimensional-
ized by the local phase velocity ( Jﬂu+f) ) and presented
in Appendix A. A total of 20 velocity measurements were made

for the 10 runs.

4.3 Suspended Sediment Measurement -

The instantaneous suspended sediment concentrations
in surf zone were measured using Iowa Sediment Concentration
Measuring System (ISCMS). This instrument was applied
successfully in wave field of offshore region. Some 4iffi-

culties were confronted as it was applied in surf zone.

During the measurement in surf zone, dirt and other
impurities contained in beach sand were stirred in the fluid
and remained in suspension. The contaminated fluid intro-
duced higher concentration reading than the actual amount.
This kind of error can be minimized by constant washing of

beach sand. The zero reading in clear water kept changing
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from time to time due to the rise and fall of water temper-
ature. In consequence, zero readings had to be adjusted for

each set of measurement.

There were air bubble intrusion in the water column
due to wave breaking. The response of air bubbles in the
probe sensing column was extra light reflected on the light
sensor, causing a high frequency fluctuation superimposed on
the true concentration reading. This high frequency noise
was removed by using a built-in analog filter with time

constant 0.058 second (17.24 Hz).

The calibration curve of ISCMS output voltage vs.

sediment concentration was also obtained. During the cali-

q bration, sand sample from wave tank was put in a cylindrical
pyrex glass container with 8 inch diameter and 18 inch
height. An electric motor driven propeller was located
approximately 1 inch above the bottom of the container.

With adjusted motor speed and various amount of sand in the

container, the suspended sediment concentration also varied.

The ISCMS voltage reading was recorded at the same

time while suspended sediment sample was drained through a

side wall of container into the 50 ml sampler. Sediment
concentration was obtained by weighing the dry weight of
the sample. The sediment concentrations were plotted against

the corresponding ISCMS voltage reading as shown in FigureesS.
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The calibration curve indicated that a linear relationship
existed when the suspended sediment concentration was

greater than 20 gram/liter.

During wave tank measurement, both ISCMS probe and
the capacitance wave probe were located in parallel,
approximately 5 mm above sand bed. Synchronized sediment
concentration and water elevation outputs were recorded on
a two-channel HP chart recorder. The incident wave heights,
breaking wave heights and wave periods were also recorded.
A total of four runs were conducted. The arrangement of
wave conditions are summarized on Table 4-2. The measured

results are presented in Appendix C.
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CHAPTER 5
RESULTS

In this chapter the data analysis procedures and
the results are presented. The calibrated empirical formula
are applied in the on/offshore sediment transport model to
predict the beach profile evolution. Section 5.1 presents
the calibrated results of breaking wave similarity model.
The experimental data of previous researchers are analyzed
using the same procedures and compared with the present
results. The physical implication and the region of validity

of the similarity model are discussed. In Section 5.2 the

e e a ——

suspended sediment concentration data are analyzed using

spectral analysis and data averaging techniques. Physical
importance of the analyzed data is discussed while no
quantitative conclusions are made. Section 5.3 presents the
numerical results of on/offshore model developed in Section
3.3. Both beach profile evolutions and erosion rates are

a predicted for various wave and beach conditions. The

- numericzal results are compared with the laboratory results

of both the author and the previous researchers.

£ 5.1 Breaking Wave Similarity

-98-
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The 20 sets of laboratory water elevation and hori-

zontal fluid velocity data measured as shown in Appendix A
are analyzed. Detailed data analyzing procedures and results

are discussed in the following paragraphs.

In the first step, the local water depths, including
sea water level and wave set-up,were reduced from the movie

film together with the water elevation measurement. The

depths obtained at each station were used to non-dimension-
alize the measured water elevation and velocity data. Due to

the importance of total water depth for similarity model,

the measured set-ups at different wave conditions were
compared with the theoretical results by Longuet-Higgins

and Stewart (1963). Wave set-up values from Runs 5,6 and 7

were compared with the theoretical predictions as shown in
Figures D-1, D-2 and D-3 in Appendix D. The definition

; sketch, experimental results and the equations used for wave
| set-up prediction are also included in Appendix D. Since the

measured set-ups were in good agreement with Longuet-Higgins

3 prediction, it was applied in the on/offshore transport

model.

For similarity analysis, the harmonic amplitudes

and phase angles were obtained through Fourier Series analy-

N

S TN AR TR

y sis. The principle of Fourier Analysis is explained briefly
. as follows. In theory, any periodic function can be

expressed by the Fourier Series defined as:




-100~-
ftH= ot Z (Gncs2B1 +by sinaflt)

where f(t) is the periodic function, t is the independent

variable indicating time, T is the. 18t harmenic period and

ay, 2., bn are Fourier Coefficients defined as follows:

n
_ [T

a%-"t;fj: fdt

G = +,°:-j:’ fet) cos ZED 4 Jt

b= &[T forrsin -t 4t

These Fourier Coefficients can also be expressed in
numerical form as:

Qo "‘7%?{3? fenat) - at

- =0
B O~ 5 Fonat)cos(ZP-2)-at
b= 5% fnasin(3ZF-1)-at

n=o
where Meat=T and M is the data points in one wave cycle.
In this study the data points ranged from 22 to 27 depending

upon the wave period and film speed.

Baged on Equation (3-21), the non-dimensional water
elevation can be expressed as:
)

| .a’%). -goz,, sin (ot + %) (5-2)

BN AT AT A N NNy,
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The non-dimensional water elevations can also be expressed

in Fourier Series as:

(L 2 (an cos nat +bysinnod) (6-3)
(d¥1) et

Since the mean water level of each set of data was set at
d+i ,or, MWL=0, the time-mean Fourier Coefficient is zero
( a, = 0 ). To obtain the Fourier Coefficients of the non-
dimensional water elevation and velocity functions, data
points of these functions were digitized in a constant time
interval. The data points were then Fourier Transformed with
computer program for desired Fourier Coefficients. The
amplitude coefficients -and phase angles were determined

based on the trapezoid rule and Equations (5-2) and (5-3):

Kn=,l at+b (5-4)
% = fan.l—%'- 5-5)

The Fourier analysis of horizontal velocity was

based on Equation (3-27):

deht de  _ = fn sin (ot +W)  64)
Bpad(nl) =

éefore applying Fourier Analysis, the proportion constant

£ in Equation (5-6) was determined. Physically, the value

ﬂm is the phase velocity of breaking wave in surf

zone. The constant i varies with different types of breakers.
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For plunging breaker without interference of breaking waves

in surf zone and the ratio of Hb/d is high, a high & value

is expected. On the other hand, a low i value is expected
for spilling breaker, since breaking waves are interacting

with each other and the ratio of Hb/d is low.

In laboratory measurement, the phase velocity of the
breaking wave is the sum of maximum onshore horizontal
velocity and the mean return flow speed. The mean return
flow is just the numerical average of the horizontal velo-

city over one wave period, which is always in the offshore

direction. The experimental results of the mean return flow
strength and the constant ﬂ are shown in Figures 5-1 and
5-2 respectively. It appears that the mean return flow
strength increases with increasing Iw but gradually reaches
a constant in the spilling breaker region. The i value, on
the other hand, decreases with increasing I, Since 2 is
actually the ratio of wave celerity and ,,/’_a_.i_;’ , the
results are the consequence that spilling breakers travel

slower than plunging breakers.

The wave amplitude coefficients, &, , and wave phase
coefficients, é, , of the first five harmonics obtained for
the 10 runs are shown on Table 5-1. These values were plot-

ted against the surf zone parameter as shown in Figure 5-3.

The phase angles were adjusted so that #=0. These data are
quite scattered but the trend is clear. Both @ and f become
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constant when Iw becomes large. Since a large Iw corresponds
to a spilling breaker, the results seem to indicate a simi-
larity solutio, if exists, would be in the spilling breaker

region where Iw is larger than 0.9.

In the case of horizontal velocity, the amplitude
coefficients, ﬂ» , and phase coefficients, 3{; , are shown
on Table 5-2 and plotted against the parameter.Iw , shown in
Figure 5-4. The phase angles of horizontal velocity were
also adjusted so that'?e=0. These data reveal that the
similarity solution also yields reasonable approximations for
large Iw‘ In fact, the similarity approximations for velocity
seems to extend to regions of smaller Iw than the corres-
ponding region where the similarity solution of 7 becomes
valid, i.e., velocity profile approaches similar form as
early as the transition flow zone, whereas the surface
profile will not become similar until spilling breaker

condition is attained.

The experimental results of other researchers are
also analyzed with the same technique and compared with the
present data. Figure 5-5 plots the non-dimensional surface
variation for various experients. In there, data from
Svendsen et.al, (ISVA,1978) and Sakai and Iwagaki (1978) are
also shown. Both Svendsen‘’s and Sakai's data are well within
the spilling breaker region (Iw ranging from 1.12 to 2.27).

Their test conditions are listed in Table 5-3.
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Table 5-2 Velocity Harmonic Coefficient

. Amplitude Phase (1)
Stat ’
No. ation | Bl B2 B3| A4 05| s6] Y2| ¥3| ¥4

PB‘I 190 .56 025 01? 012 .04 004 -ool -006 -uO?

210 .5u u31 018 -10 .06 .04 -.04 010 007

PB-2 190 .70 | 43 .13 |.06].02 008 .11} .14] .15
210 .72 {. 40 |.12 |.05]|.02 |.02 | .04| 01| .08

PB‘B 190 076 '39 015 002 .01 -05 008 -17 003
210 «75 (.37 .11 {.02 { .03 |.01{ .05] .07| .41

PB-u 190 .90 02“ 011 006 .01 -04 001 -05 -.03
210 «76 {.29 | .14 | .08 [.O4 |.02]| .05] .00| .09

PB‘S 190 096 035 |06 007 .06 002 ‘21 t78 .90
210 «91 |.29 |.08 | .14 .09 | .05 .21 .99]1.03

230 «92 .25 (.05 .08 |.06|.04| .22] .90|1.14

PB-6 190 .86 .33 }.14 | .02 | ,004] ,02 | .14]| 01| .21
210 .86 |.29 |.07 |.04 |.02}|.009 .10| .00{1.11
230 +81 |.30 |.05 |.04 |.03|.02]| .07 +17(21.13
PB~? 190 61 | 42 }.15}.03}|.05).07| .04] 01| 4O

210 «85 [+29 |09 | .02 | .03 |{.01 | .09}{-.13| .99
230 .84 .32 |.03|.04].05].009 .12 .22| .19

PB-8 190 086 032 u03 005 006 002 -18 -27 091

2 PB-9 190 «83 .23 |.05[.05]|.02 |.O4 | 10| .19(1.24

; PB-10| 190 .78 |.25 | .04 | .06 |.02 |.05{ .19]-.30] .81
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Table 5-3 Test Conditions of Svendson's and
Sakai and Iwagaki's

3 4 SnlMAPO oS ... Al AR . S e e At 3 E i

~Lab. Conditions (ISVA) 1978
Run No. Breaking Wave Wave Period % 5
Height, H,(cm) T (sec) . tana ;
070703 L.12 1.43 1.50
070705 L.43 1.43 1.64
451015 5.25 2.22 1.12
]
451018 L.95 2.22 1.09
Saka wa i 8
Run No. Breaking Wave Wave Period H %
Height,Hy (cm) T (sec) '25572;;;;
3 2-2-2 9.4 1.24 1.58
s
L.’ 3"2'1 1105 1.2“ 2.27
&
{f’
4 i
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All the data sets seem to exhibit a gross similarity

PO WSV

feature. A closer examination of these profiles reveals that
the fine features of similarity vary for data sets obtained
by different investigators. These variations can best be
explained with the aid of Table 5-4 where the statistics

of the coefficients in the similarity solution are tabulated.

J R YRV

First of all, the standard deviations of the amplitude
coefficients are all very small (no more than 4% from the
mean), which means the similarity solution is good in the
region specified. On the other hand, the absolute value of

d'S are different. The present laboratory value and Sakai

and Iwagaki's values are very close. They both differ some-

what from ISVA's values. 3;

The relative importance of each harmonic component
can be assessed from the values listed under d/kd « For
instance, the fundamental component has a value of 0.4 to ]
0.5. The total contribution due to harmonics higher than
third is usually less than 20%. Interms of wave height, the

effect of these higher harmonics is insignificant because of

the phase shift. In terms of energy, their contributions are
even less. The relative importance of the first three har-
s monic components is quite consistent among the three sets of

. data.

The results of phase angle are somewhat unexpected.

‘ All the data show that the second harmonic leads the first

o o B - . . . *
. AT N~ 5 D AP AP o s . - . A = . - N N N [.‘
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Table 5-4 Statistics of Wave and Velocity Harmonics

AMPLITUDE HARMONICS

Source Amplitude (&) Phase (¢)

No.
Mean o |« /25 Mean O |Exps.

®1]0.30 |{0.038 | 0.41) 1 - -

Delaware|x2}0.17 |0.022 | 0.22| ¢2 |-0.13% |0.027] 9
a3[0.10 |0.011 [ 0.15[ ¢3 |-0.30m |0.22
®1]0.23 [0.035 | 0.47] ¢1 - -
ISVA |a20.11 {0.016 | 0.22| é2 |-0.14m {0.08 | 32

®310.07 |0.012 [ 0,14 ¢3 |-0.287 [0.14

Sakai |&(1[0.32 - 0.48] 41 - -
and [&X2]o0.15 - 0.23| 2 |-0.257w| - 2
Iwagaki |K3|0.09 - 0.13]| #3 |-0.4o" -
JYELOCITY HARMONICS
Source Amplitude (&) Phase (¥) No.
Exps.
Mean o ﬂ/gp Mean | o~

B1]0.81 |0.078 | 0.63] ¥1 - -
Delaware|#82/0.30 |0.054 |0.23|¥2 | 0.057" [0.09 8
$310.08 |0.043 |0.06]|¥3 | 0.077 |0.15

o- : standard deviation
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harmonic and the third harmonic leads both first and second.
One would expect the other way around as the higher harmo-
nics should have smaller phase velocities. The values of
phase coefficients are very close for the Delaware and ISVA
data. They both differ from Sakai and Iwagaki's value. This

point is further examined later.

Figure 5-6 presents the non-dimensional velocity
profiles. The statistics of velocity harmonics are also
tabulated in Table 5-4. In here, the fundamental component
lags the successive lower component as expected. However,
these phase lags are all very small. The combined effects
of dominant fundamental components and small phase shift
result in a more symmetric profile than that of wave forms.
The same kind of results have been obtained by Flick (1978)
and Iwagaki (1970). A tentative explanation has been offered
on the reasoning that the bottom and internal friction tend
to dampen the higher wave components at a faster rate. The
experimental data also show that the peak horizontal
velocity always lags the peak water surface variation such

as illustrated by an example in Figure 5-7.

Ag the wave. breaks on a slope, the motion appears
to be quite disorderly. When the breaking wave proceeds
upslope, it gradually regains its regular appearance. The
question is how far shoreward from the breaking point

can -the gimilarity solution ©be considered
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Figure 5-6 Non-dimensional Velocity Profiles
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NON-DIMENSIONAL QUANTITY

-
o
{

Figure 5-7 Comparison of Surface Profile and Velocity
Profile
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adequate. For this purpose, the phase angles are plotted
against the non-dimensional depth d/d, with d, the depth at
the breaking point. Four sets of data from different inves-
tigators are shown in Figure 5-8. In here, the phase coeffi-

cients are defined in terms of COSINE phase lag, i.e.,

q = = o Cas (na-i'-*f,.) 5-T)

n=|
The relationship between ;,, and % , which is defined as

the SINE phase lag, is

£, =0 + % (5-8)

These -phase coefficients are shown to vary slowly with d/db
and approach limits at % intervals when d/db—vo. Since
the profiles measured by Sakai and Iwagaki are near the
breaking point, the results in this figure explain why they
differ from that of the present experiment and that of ISVA;

both were carried out in the inner surf zone where d/65<0.?.

To utilize the similarity equations to describe the
breaking wave properties one must have knowledge of ﬁh and k
as appeared in Equation (5-6). At present, we are unable to
predict either. The experimental results of these quantities
are, however, shown in Figures 5-1 and 5-2 respectively. It
appears that the return flow strength increases with increa-
sing Iw but gradually reaches a constant in the spilling
breaking region. The k value, on the other hand, decreases

with increasing Iw. Since k is actually the ratio of wave

-l‘ G amd e
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celerity and,JgdL the results are the consequence that

spilling breakers travel slower than plunging breakers.

5.2 Suspended Sediment Concentration

Both spectral analysis and signal averaging tech-

niques were used in analyzing the measured suspended sedi-
ment data. The purpose of this analysis was to determine
statistically the correlation of breaking wave and the

corresponding sediment suspension.

A total of 1024 data points were digitized from the
strip charts of both wave height and sediment concentration
records of each run for spectral analysis. The time increment

between data points was set at 0.04 second, therefore, appro-

ximately 22-33 wave cycles were analyzed depending upon the
wave period of each run. Details of spectral analysis

procedures are well known and will not be discussed here.

The power zpectral of incident wave height, breaking
wave height and sediment concentration for the four runs are
presented in Appendix C. Based on the results of spectral
analysis, some important physical implications are discussed.
For all runs, the single and concentrated peak of incident
wave spectrum indicated a periodic, long crested wave. For
breaking wave spectrum, more peaks appeared at 2fc. 3fc. ey

where fc is the fundamental wave frequency. This result

substantiate the harmonic transfer process of shoaling waves




-
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as discussed in section 3.2. The sharp lowering of peak
amplitude with higher frequency component also
indicated that the contribution of higher wave harmonic
decreases quickly. There were also multiple peak in the
sediment concentration spectrum, indicating a multiple
suspension process exists in one wave cycle. The major
sediment suspension appeared to be corresponding to the
fundamental frequency fc and the secondary suspension corres-
ponding to ch. This phenomenum was more pronounced for
Plunging breaker as indicated by the results of Run 3. The
double peak sediment concentration spectra were also reported
by previous researchers such as Brenninkmeyer (1973) and
Thornton (1970). The secondary peak was reasoned to be the
backward movement of the same sediment cloud due to the

breaking wave suspension.

The measured instantaneous sediment concentrations
were a random process. In order to obtain a mean sediment
suspension formula, the signal averaging technique was used.
The analog ISCMS outputs up to 120 wave cycles were first
converted into digital data points with fixed sampling
interval At. The digital data were then averaged at each
instant of one wave cycle. The sampling interval was set at
0.01 second and the number of digital points ranged fron

125 to 190 in one wave cycle depending upon the wave period.

The results of averaged sediment concentrations over
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20, 40, 60, 80 wave cycles for spilling and plunging con-
ditions are shown in Figures 5-9 and 5-10 respectively. The
averaged curves became stable after averaging over

60 wave cycles. The curves stabilize faster in Figure 5-10,
indicating a more regular suspension process for plunging
breaker. The averaged concentration curves for 60 wave cycles
are presented in Appendix C, These average concentration

curves can be expressed as:

4 G , 9
- T = +2Z G sNCioA+ &) s-9)

where c0/2 is the mean concentration , cn is the harmonic

concentrations and @) is the phase angle.

It was found that the mean concentration term
is predominant for spilling breaker while the periodic
concentration term is predominant for plunging breaker. The
results of E;ax for each run are compared with the corres-
ponding breaking wave heights and spectral energies as
shown on Table 5-5. Due to the uncertainty of ISCMS applica-
tion in surf zone the measured and analyzed data were not

applied in the on/offshore sediment model.

5.3 On/offshore Sediment Transport Model

A computer program was developed to predict the
sediment transport rate. An outline of the computer program

is presented in Appendix E. A total of 11 numerical runs
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were conducted as summarized on Table 5-6. Three runs were

made to compare with the laboratory results conducted by the
authors, Sunamura and Horikawa (1974) and Saville (1957).
Six runs were made to demonstrate the effect of erosion rate
changes due to variations of breaking wave height, sediment
grain size, and beach slope. One run was made to simulate
the effect of profile change due to Sea Water Level change,
and one run was made to simulate the erosion process in

field condition.

Both predicted beach profile evolution and transport
rate were compared with the author's laboratory data as

shown in Figures 5-11 and 5-12. The results indicated that

for short term beach erosion, the transport model compared
f well with experimental data. Figure 5-12 showed that the

% numerical prediction was in good agreement with measured

| beach profile evolution in surf zone, although it was not
successful in predicting the shape of offshore bar. Since
the short term beach erosion is predominantly suspended
sediment transport within surf zone, the present numerical

p model is proved to be well representing this process.

Numerical runs were also made to simulate the labora-
E tory conditions of Sunamura and Horikawa (1974). The compa-

risons of beach profile evolution and erosion rate are shown
in Figures 543 and 544 respectively. The results indicated

that the present numerical model is in good agreement with
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laboratory data within 50 hour initial eroding period. The

numerical profile reached equilibrium by the end of this
period while the laboratory profile kept eroding upr to 160
hours. The reason for this deviationwas due to the fact that
the present model predicts only the offshore suspended sedi-
ment transport in surf zone (i.e. from breaking point to
shoreward limit of wave set-up) while the physical model
further included the the swash zone erosion which is mostly
bed load transport due to bottom shear stress. Since an
extreme long erosion period does not exist in reality, the

present numerical model is adequate for storm conditions.

The changes of erosion rate due to variation of
breaking wave height, sediment grain size and initial beach
slope are shown in Figures 15,16 and 17 respectively. The
results indicated that, by holding the rest of the initial
conditions unchanged, the beach erosion rate increased with
higher breaking wave, finer grain size and steeper initial
slope. The final eroded volume was greater for higher break-
ing wave due to the wider surf zone involved. A change of
wave period does not affect the erosion rate in the model.
The response of profile evolution due to change of water
level is demonstrated in Figure 18, The results showed that,
by addiné the still water level, the breaking point would be
shifted further onshore and more foreshore beach material

would be eroded.
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Two numerical runs were made to simulate the proto-

type wave and beach conditions. The first run was designed -

to simulate the large wave tank condition conducted by
Saville. Comparisons of beach profile evolution and erosion
rate are shown in Figures 5-19 and 5-20 respectively. The
results indicated fair agreement between the experimental
and predicted data. The lower predicted erosion rate is due
to the use of prototype suspended sediment constant, which
is probably too low for large wave tank condition. Figure
5-21 demonstrates the numerical erosion rates under labora-
tory and prototype conditions. the erosion rates were
non-dimensionalized by the eroded volume at equilibrium
condition. The results indicated a lower prototype erosion
rate, which is probably due to less suspended sediment

concentration in the field and the scale effect of physical

model in the laboratory.
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He =46 ft

T =133 sec
Dy = 2mm
tana=0.07

———  Lab Results
----- Numerical Prediction

(b} Erosion Time =50 hr

" Figure 5-19 Comparison of Beach Profile Evolution
with Saville's Results
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CHAPTER 6
CONCLUSIONS

Based on a swash model of breaking waves on constant
slope, a surf zone parameter was derived. This non-dimen-
sional parameter was defined as the ratio of the natural
swash period of a single long-crested wave breaking on a
constant slope to the incident wave period, or, Iw=?;%£:.
Physically, this parameter implied the number of breaking

waves in surf zone, and therefore, served as a wave inter-

ference index.

The surf zone parameter could be rearranged as the
ratio of the square root of breaking wave steepness to beach
slope. The new form was similar to the inverse of the
previously proposed parameter if the incidont wave height
was replaced by the breaking wave height. The surf zone
parameter derived from a theoretical basis offered an expla-
nation as to why this parameter is important to classify
the breaking wave properties. In addition, this parameter
characterized the flow field and defined the similarity
property in the surf zone., The derived transition values

from surging to plunging and from plunging to spilling

-140-
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breaker types were found to be consistent with Galvin's

laboratory results.

Assuming both the water surface variations and the
depth-averaged horizontal particle velocities in the surf
zone could be expressed by the summation of Fourier
components, similarity solutions were proposed in this
study. These solutions were based on a pair of rather
restrictive conditions, namely, both the amplitude and the
phase velocity of each harmonic component were depth
limited. The solutions, however, offered the advantage of
being simple and completely defined by a few local flow
parameters. Laboratory data from a number of investigators
including those obtained at the present study were used to

test the validity of the proposed solutions.

The results seem to suggest that the similarity
solution is not universally applicable. However, if the
wave is of the spilling type and is far inshore in the
inner breaker zone, the similarity solution become suitable
to describe the mean flow characteristics. These conditions
can be defined in terms of the surf zone parameter Iw and
the relative depth parameter d/db' The region of suita-
bility is found to be when I_>0.9 and d/db< 0.6. In this
region, both surface profile and horizontal velocity can be

adequately described by the first three harmonics. The
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velocity profile is found to be less asymmetric than the
surface profile. For surface profile, the higher harmonics
lead the lower ones whereas the contrary is true for the

velocity profile.

The results of analyzed suspended sediment concen-
tration data indicate two physical significances. The mul-
tiple peaks in the sediment concentration spectrum implies
that multiple suspension process exists in one wave cycle.
The peaks are more pronounced during spilling wave condition
resulting in the uniform distribution of sediment concen-
tration in one wave cycle. The averaged instantaneous
sediment concentration profile is periodic and is in phase
with the velocity profile for plunging breaker. The concen-
tration profile for spilling breaker is more uniformly
distributed with its peak lags the velocity peak. The
difference in sediment suspension pattern is found to be

the controlling factor of on/offshore transport direction.

As part of an attempt to simulate the on/offshore
transport phenomena in the nearshore region, the present
numerical model is successful in predicting the offshore
sediment transport both qualitatively and quantitatively.
Given any initial conditions including breaking wave
height, sediment grain size and beach slope, the model is
able to predict erosion rate and profile evolution in surf

zone provided that the breaker is of spilling type.
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A suspended sediment transport equation is applied
in the model. The transport equation is obtained by
coupling the horizontal particle velocity with the sus-
pended sediment concentration. Due to the limited knowledge
of sediment suspension in surf zone, the present model is
only able to predict the mean condition, which is the
offshore transport case. The model is highly depth-
controlled. The erosion rate reduces sharply as the beach
slope becomes milder. The equilibrium condition would be

reached as the beach slope in surf zone is flat.

- The numerical model can be applied to both labora-
tory and field conditions by using the proper proporfional
constants which are calibrated with either laboratory or
field data. The present model predictions are found to be
in good agreement with all laboratory results within 50
hour erosion period. Beyond this period, berm crest
erosion takes place due to eroded unstable foreshore slope.
This erosion process should be included in future model

study.

Although the present laboratory measuring tech-
niques offer sufficient engineering estimates of the flow
field in surf zone, a more sophisticated velocity measuring
technique is desirable for future study. The water elevation
and velocity measurements should be conducted for various

beach slopes and with both plane and sand beaches. More
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detailed laboratory investigation of sediment suspension

in surf zone is necessary for a complete on/offshore sedi-

ment transport model.
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APPENDIX A

WATER ELEVATION AND HORIZONTAL VELOCITY DATA
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APPENDIX B

DYNAMICS OF AIR BUBBLE IN UNSTEADY WAVE FIELD

The coordinate system for the equation of motion of
air bubble in fluid environment is defined as follows:
x-y coordinate for fluid field
§-% coordinate for air bubbles
The two coordinates are shown schematically in Figure B-1.
The vertical equation of motion of air bubble can

be expressed as:

{ .

L= Codplo (300" + R Wb vma (1)
4 v;\F‘ﬂéb.TAi) (E?V)

where ﬁ; is air density
ﬁ; is fluid density
'U; is air bubble volume
‘ /1; is the project area of air bubble
. Co is drag coefficient
M is the added mass of air bubble
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For a sphere shaped air bubble with diameter D, its volume,

project area and added mass can be expressed as:
B=21D’
’4P==7*.”D?.
"= 5 (o ‘#

Equation (g-1) is a non-linear second order differential

equation. Assuming that the flow field is in Stokes' range,

the non-linear term in Equation (B-1) can be simplified to:

GoAp o (I'-r'z)" = (o Ap loo 7‘7 ) 6=2)

where
41. = C‘DI?"?I

Substituting Equation (B-2) in Equation (B-1) and dividing

each term in the equation by Vp, Equation (B-1) becomes:
" v v oL "o,
Bl =4 G e ZhGpD
Tf (lo-12) (8-3)
Equation (B-3) can be rearranged to:
5 GHER]+ 5T =5l ] f%—%;s]
: tf iR (8-4)

e v ———
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Since ﬁ({& y Wwe can set [z =0. Dividing both sides of
Equation (B-4) with [2; yvields:

B3y = 3743 L +? (8-5)

For air bubble releasing from bottom, the initial condition

can be expressed as:
izza at #=o0

For a sinusoidal fluid particle velocity in the vertical

direction, we define

7’= Un Cos vt (8-6)

where z&: is the maximum amplitude of vertical velocity
W is the wave frequency

Integration of Equation (B-5) applying the initial condition

and Equation (B-6) yields:

. ~at
7=Uz[/-(/+—%%“—3’— U )]
1—%Veasw-t- ~Z4%— s it (g-p)

where Ub is the terminal rising velocity of air bubble

defined as UZ'-‘J%J-% and a=3 Cz’;l.

Equation (B-7) can be simplified to
. 243wt 3
Deti[i- (A0 JR)e]

(a%3a)"
+ A ’:3:,31‘“7 Y CS (WE+&) (8-8)
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where

- 2 &0
€= fan™ as+ v

The horizontal equation of motion of air bubble can

be expressed as:

AR Y7 d-§)2+1€a'bﬁ & +MalX~¥) c8-7)

Equation (B-9) can be simplified by assuming ﬁz /4

‘5"’5““5 3¥+3%x (&+0)
For a sinuscidal horizontal fluid partical velocity, we
define:

X = Uy Sinw ce-1r)

where &fm is the maximum amplitude of horizontal velocity.

The initial condition can be defined as:
g(0)=0 at t=o

Integration of Equation (B-10) applying the initial

condition and Equation (B-11) yields:

= U [ (a%367) +C2aw)’ snfWt+é )- ﬂw" e J(B-@

ANt W*

The analytical solutions of vertical and horizontal
air bubble velocities are discussed in the following

paragraphs:

_ o (&332 ey Wil
Letting 4 /5. a-m)’- , r

;*N; AQ"J&
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The vertical and horizontal air bubble velocities in

Equations (B.-8) and (B-12) becomes:
’i=U»['-(v+>—’,§’f) e 1+ KV Cos (wtte) (813
¥ = Un [otsin(wi+€) g€ %] (B-14)

For small air bubble,

a=3g;—" >0 and (LF=xo
e A 13 + 4 &P ~ |
)+ (4D*
_ 2% ¢d
P= TipE =2 a ,
[+ 3(49)° 88)

Therefore, for a small air bubble rising through calm water,

the vertical and horizontal velocities can be expressed as:
€ -a}
D=l (1-€ )

T=o

The traveling time of air bubble in calm water as a function

(8-16)

of the size factor "a" is illustrated graphically in

Figure B-2.
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For the present laboratory condition, the air bubble reached

terminal velocity in approximately 0.06 seconds.

For the case of air bubble in unsteady wave field,
the vertical and horizontal velocities of air bubbles after

they reached terminal velocities are:

»z.-:u.,fd YmCoS (Wi +é)

=l Vn SiN(WE+E) 6772

The numerical values of & and &€ are plotted against wave
period "T" for various "a" values as shown in Figure B-3. I%
can be seen that for longer wave period and/or small bubble
size, AR I ard €0 . The results imply that for
smaller bubble size and/or longer wave period, the better
the fluid particle velocity can be represented by air bubble

velocity.

In order to find the maximum error imposed during
the velocity measurement, a correction factor "CF" was
introduced. Referring to Figure B-4, the measured mean

horizontal velocity can be expressed as:

U =2anB [t +otUn cos @ ] (8-8)

where ¢= Nf"'é




Letting the maximum bubble line slope measured be m, the

bubble line slope at any instant in one wave cycle can be

expressed as "#MIB =msin ¢ and
qd 2t W g2 (817

Physically, for small phase error "g£", m $i71¢ is the true
horizontal velocity at that instant and %—% "47'3f is the
error introduced by vertical fluid velocity. The maximum

. . Um . . .
error imposed is then —;—-é% as shown in non-dimensional

form. The correction factor is defined as

CF= % H- 8-2)

The correction factor was plotted against different water
depths, wave heights and wave periods as shown in Figures
B-5 and B-6. The results indicated that at wave trough, CF
ranged from 0.3 to 0.4 for deep water condition, 0.2 to 0.3
for shallow water condition. For fluid particle velocity in
surf zone the error is further reduced due to weak vertical
fluid velocity. Therefore, the maximum error introduced
using air bubble velocity measuring technigue would be less

than 20%.
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APPENDIX C
WAVE AND SUSPENDED SEDIMENT SPECTRA AND CONCENTRATION DATA
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APPENDIX D

WAVE SET-UP ON PLANE BEACH-
THEORY AND LABORATORY DATA

A. Set-Up Equations
Based on Longuet-Higgins (1963), the set-up equation

can be expressed as:
ag -
) = I+ §K2 (o-1)

i = /i%% x +zb ' (p-2)

where Hb =K h for spilling breaker and h=d+;z' (see Fig.D=-1).

NT
- BREAKING Pol

ZJSWL

Figure D-1 Definition Sketch of Wave Set-up
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At breaking point, x=0, we have

Z= R

At still water level, X=Xy we have

o =inXo
% 74355 + %, >s)

'iiaraﬁ '---‘;£?!— , o, ;‘;.r-;;?ﬂbi:- (P a8)

% ~di ( Tty - 7img)e o [H50- K] sae)

oR, -For e Lirst appraximation, -8)
Fox Ao "5 (1= )
= 5KL oMy (1§55 o-6)

B. Laboratory Data

Three sets of laboratory wave set-up data were
reduced from the water elevation data, corresponding to
Run No. 5,6,7 in Table 4-1. The wave and beach conditions of
these three rung represent typical spilling breaker. The
measured set-ups are summarized in Table D-1 and compared
with the theoretical predictions shown in Figures D-2, D-3
and D4,
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APPENDIX E

NUMERICAL MODEL PROGRAM LISTING
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100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320

330
- 340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
310
520
530
540
S50
S560
570
580
590
600

FILE

CXkx
Ckkx
Chxx

Cx
Cx
Cx
Cxxx
Ckxx
Ckxkx

602

11

rJ

12
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SRESET FREE ﬁ
$SET AUTOBIND

6(MARRECSIZE=22)
DIMENSION C(20)sT(20)9yXP(20) i
COMMON X(2001)5Y(2001,20)sN
COMMON/BL/G+PIsF12
COMMON/B2/XBy TRy XWL sy AYO» XPL» YPL 1
COMMON/B3/IFL s IR» IWL » SWL yCKAP 1
COMMON/RBA/GSyPO» M
COMMON/BS /WML (2001920),Q(20)

INFUT NUMERICAL CONSTANTS

G=980.62

PI=3,1414

PI2=2.%P1

(38=2,65

P0=0.45 . :
G=GRAVITATIONAL ACCELERATINN (CM/SECK%XD) {
GS=SEDIMENT GRAIN DRENSITY (GRAM/CMXX3)
PO=SEDRIMENT FOROSITY

INFUT XY COORDINATE AND INITIAL SIOPE

DX=2.5

YMAX=60.

WRITE(H65602)

FORMAT(1X»*TYPE 1 FOR 1/10 SLP»2 FOR 1/15 SLFy
3 FOR 1/20 SLFP*)

REAN(S,/) ISLP

IF(ISLP.EQ.1) GO TN 1

IFCISLP.ER.2)Y GO TO 2

IF(ISLP.EQR.3) GO TO X

XMAX=600,

SUWL=30,

SLP=1./10.,

N=XMAX/DX

DO 11 I=1,N

Y(Is1)=YMAX~-0.8K(NXK(T=1))XKO.AAAT

GO 70 5

XMAX=700,

SWL=35.,

SLP=1./15.

N=XMAX /DX

0nQg 12 I=1,yN

Y(Is1)=YMAX=0,7%X(DXK(I-1))%kK. 56647

GO TO0 S

XMAX=800.

SWL=40,

SLP=1.,/20.

N=XMAX/DX

N rerCMEs T, S W
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610 DO 13 I=1,N
620 13 YC(Is1)=YMAX~0 6K(NXK(I-1))%XXK0,6667
630 5 CONTINUE
640 DO 14 I=1,N
4350 X(I+1)=X(I)+DX
660 1 Y(I»2)=Y(Iy1)

670 Cx YMAX=MAXIMUM BEACH ELEVATION (CM)

680 Cx SWL=SEA WATER LEVEL (CM)

690 Cx N=NUMBER OF DISTANCE INCREMENTS

700 Cxkxx

710 Cxxx INFUT WATER LEVELySEDIMENT SI7E, ERQSION TIME
720 Ckkx

730 15 WRITE(69604)

740 404 FORMATC(1Xy *RN» "» "DMs "+ "DTs*» "NDT» ")

750 READ(S»/IRNsDMs DT o NDT

740 Cx RN=RUN NUMBER. TF SWi. CHANGEDs RN ALSD CHANGE
770 Cx DM=MEDIAN GRAIN SIZE (MM)

780 Cx DT=DURATION OF TIME FOR REACH EVUN. (HOUR)

790 Cx NDT=NUMRER 0OF DT DESIRED

800 CxxXxx
810 Cxkk INFUT INCIFIENT WAVE INFORMATION
820 Cxxx
830 WRITE(S9606)
840 606 FORMAT(1Xs *HERs *s "Ry "» *FERY ")
850 READ(Sy/) HByDRYFER
860 CRAP=HR/DR
870 Cx HB=BREAKING WAVE HEIGHT AT BRFAKING FOINT (M)
880 Cx DB=WATER DEFTH AT BREAKING POINT (CM)
890 Cx PER=INCIDENT WAVE PERIOD (SECNANT
900 CxXx
910 Cxx%x COMPUTE RBEACH EVALUTION IN DTXNDT
920 CXXxX
230 YR1=SWL~DR
940 CALL XYCORD(1sXRBsYR1sIEy1)
950 DD 20 J=3sNDT+2
9260 Cx COMPUTE WAVE SET-~UP
70 J=d-1
& 280 CALL WAVSUP{(XB,AYBsAYCs XPLs.D
| 290 XPL=XR-XPL.
E 1000 XP(J)=XFL
4 1010 YE=YR1+AYH
L 1020 Cx% FIND N’TH INCREMENT AT SEA WATER LFVUFL
.4 1030 CALL XYCORDC(1sXWLsSWLyIRY D
- 1040 IWL=IR
’f 1050 Cx FIND N’TH INCREMENT AT RUN-UF LTMIT AND YFL
: 1060 CALL XYCORD(O»yXPLyYIRYIRYJ)
1070 YPL=YIR
1080 IFL=IR
1090 SUP={(YFPL--YR) /(DXX(IR-TFL))
1100 JaJ+l
1110 ng 25 I=IPLIR

e e ———
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1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
12490
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1540
1570
1580
1590
14600
1610
14620

23

30
Cx

20
Cx

608

6010

6030
6040
6050
6060

6070

6080

6085

6090
4100

40
Cx

510

70

40
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WML (I » J)=YPL~SUPXDXX(I~-IPL)

DO 30 I=IR+1sN

WML (IyJ)=SUWL

COMPUTE EROSION RATE IN DT

CALL REHEVO(JsNy DT DX FER)

T(1)=0.,

T(I)=(J=-2)%DT

CONTINUE

OUTPUT TO PRINTER OR PLOTTER
WRITE(6,608)

FORMAT(1X»"TYFE O FOR PRINT OQUTs 1 FOR PLAOTTER®")
READ(S,/) 1IN

IF(ID.EQ.1) GO TO 40

WRITE(4946010) RN

FORMAT (10X s "RUN NUMRER=",I3)
WRITE(46946020) HR

FORMAT(10X» "BREAKTNG WAVE HETGHT (CM)=*+FS,.1)
WRITE(46s6030) FER

FORMAT(10Xy "WAVE PERIDD (SECY="+F5.1)
WRITE(656040) SLP

FORMAT(10Xy *INTITIAL SLOPE="sFS5.2)
WRITE(H26050) IiM

FORMAT(10X» *MEDIIIAN GRAIN ST?F (MMI="+F5.2)
WRITE(6560A0) .
FORMAT(10Xs "ERONING TIMF(HOUR) "+ 2X s *ERONED UOL(CMﬁ
WRITF(&69A4070) ((T(I)sQC(I)) e =R« NITH+2)
FORMAT(2F20.2)

WRITEC(As /) (XP (D) e =2 NDTH2)

00 S0 A=2,NNDT+2

WRITE(SH9A080 T(D)
FORMATC/ /721X *FRONING TIMF="+T5.//}
WRITE(S626085) XP(.4-1)

FORMAT(1Xy "ERANING RTST.= *«F10.1+.//)
noe S0 K=IPLsIRY10

WRITE(&46586090) (X(T).I=K.K+9)
FORMAT(1X»*"X= "+10F7.1)

WRITE(A6100) (Y(Is DeI=K K+
FORMAT(1Xs"Y= *"+10F7.14/)

CONTINUE

CONTTNUE

OFTION FOAR SWL CHANGE

WRITE (466303

FORMAT(1Xs *TYPF O FOR STNAP. 1 FOR SW. CHANGF®*)
RFEAD(S, /) TSW

TF(TISW,.EN.0)Y AN TO AD

no 70 I=1sN

Y(Irt)=Y(Te D)

Y(I92)=Y (1)

CONTINUF

RO TO 1%

STOF
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15630 END
1640 CXXxX
1650 CxXxX : a
1660 SUBROUTTINE WAUSLIF(XRyAYRVAYO W XFL o ) S
1670 CXXxX
4 1680 CkkX
- 1690 Cx THIS SUEROUTINE COMPUTES WAUE SETUR TN SURF
1700 Cx AYR=SETIIF AT RREAKTNG PNINT (ARNUE SWl )
1710 0% AYO=SETUFP AT Sull (ARNUE &l ‘
1720 Cx XPL=X~CNRN. AT RUNUP | TMTT P
1730 COMMON X(2001).Y(2001420) S
1740 COMMAN/RI/TPE » TR TUI « SUWI +RKAP ¥
1750 CALL XYCORTI(O+XReYTRWTR. 1) 1
1760 NR=SWl.~YTR |
; 1770 NALI XYCORNCT o XTRN.GQW s TR 1)
] 1780 S=NR/(XB-XTRN) :
: 1790 AYR=QR(XB-XTRN) /(1 . 4OCKAPKXD/14.) ;
1800 AYO=AYRX (1 , -5  XKOCKAPXKD /1A YKL LA MKAPRED /144D
1 1810 1 K(S.XORKAPRRD /140D |
1820 ¥PL 2 (XR-XTRNIYXL(1 L +FXP L ~0 . AKX -2 IRS . XOCKAPXE? /140D
1830 RETURN
: 1840 END
f 1850 XXX
‘ 1860 CX¥x )
F 1870 SURROUTINF  REHFUN(. 1y Ny DT« TIXyFFR)
L 1880 Chkx
o 1890 Cxkx
| 1900 Cx  THIS SUBRNUTINE COMPUTES TRANSFNRT RATFS
L 1910 Cx ANDI REACH EUDLUTTON
, ! 1920 DIMENSTON TR(20012¢) v NY (2001 .70)
- 1930 COMMON X(2001)+Y{2801+20)
1940 NOMMON/RI/ZGyPTPT?
: 1950 COMMON/R2/XBoe YR YU s AYD « XPl « YRI
f 1960 COMMON/RIZTIPI « TRTW v QU «CKAP
, 1970 COMMON/RA/GR« PO DM |
ﬂ 1980 COMMNN/BS /WM (2001420 4R C20) |1
f 1990 £x TNFUT NUMRFR OF WAUF PERTANS FANH TTFRATTNAN f
: 2000 URITE(As412) .
w 2010 412 FARMAT(IX « *NN. NF WAUF PEFRTONS FANH TTFR.®*)
2020 RFEATI(Sy /) TN
P 2030 NTT=TNT (A0 KNT/ (PERXCTND )
L 2040 N0 10 T=1eN
. 2050 10 Y(Te)=Y(To.l=1)
g 2060 nn 15 T=1,TF1 -1
o 2070 15 WMl (Te.D=Y(Te. 1)
p 2080 Cx COMPUTE TRANSPORT FRUATTAN
2090 AF=1.
2100 rK=0.01
2110 Cl=0.75
2120 fN=1.5%
2130 UF=QRRT(A, XGX(TIM/10. 31X (RS~1 .Y/ (T XkCT1Y)

_ . . — - e e e g . e
e e b o R A
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21430
2150
2150
2170
2180
2190
2200
2210
2220
2230
2240
2230
2260
2270
2280
2290
2300
2310
2320
2330
2340
2350
2380
2370
2380
2390
2400
2410
2420
243X0
2440
2450
24460
2470
2480
24%0
2500
2810
2520
2530
2540
7550
2560
2570
2580
2590
2400
2610

20
Cx

30

Ckkx
Cxekxk

Caxx
Ckkx
Cx
Cx
Cx
Cx

10
20

40
50
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ACKH=(CKRCKAPKRNLIXGRXT .Y /(4 . RAF XUFXXD) }

nnt 20 K=1+NIT

nog 20 1=TFt +1«TR-1

ANHTI = (Y (T=1 . DD=Y(T4+1 .. )Y /(D %XN¥X)

TFCANHTI I F.0.) ATIH1=0.00001 .

ANHY = C (WM (THT o 13 =Y (T4 o I KKT .S~ (WMI (T=14.D f
“Y(T=1e.1))XKX1.5) :

AEXP=FYP (-2 . XAFXUF /SRR T (CKAPXRXANHT Y)

NACT e =0 .5KACKHK(T . ~AFXPYXK(ATIH?XATIHI YK (N TNXFFR)Y

QACH=QC.D+ENA(TH. 1Y

NY(Tey.D=NRC(T+.NDN/I(NYXKRK]K(T . ~PNI) L

YCTo.DI=YL(Te N)=-NI¥Y(Te.)

YCIPL o DI=YUTRI 414D

SEMONTH THE RFACH PRNOFTIF LISTNA HANNTNG WTNTIOW

CAlLL. SMONTHC.I

CONTTNLIF

SET P OFFSHNRE RAR ASYMMFETRTN TN RFACH PROFT! F

IRP=TR-TF| -1

N0 X0 T=1TRF

NNY=Y(TR=Te.l=1)=Y(TR=Te.1} .

Y(TR4+TI» J)=SY(TRET o .DI4NITIY i

CONTINUE

RETURN

END

SUBRRNDUTINE XYCDORTI(TNDSXTR+YTRTR. 1Y

THIS SURRNUTINE FINDS Y-LARD ATUFN X-CORN
ANDI VICF UFRSA ?
IF INN=0,GIVFN ¥X-CORN TN FTNN Y-CARD

IF TINTU=1GIUFN Y-NARN TN FTND Y-0ORM
COMMON X(2001)eYL(D2001 «20) 4N
IFCINRLER.1Y 6N TN 30

NN 10 T=1.N

IF((XTR-X(TY)Y.LF.0.Y GO TN 20
CAONTINUF

TR=T

YIR=Y(TR.1)

RETURN

DO 40 T=1,N

TFC(YTR-Y(T+ }Y.AF.0.Y [N TN S0
NONTTITNUF

TR=1

XIR=X(TR)

RETIRN

END

SIURROUTTNE SMONTH(. 1Y
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