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ABSTRACT

Suspended sediment concentration was measured in 235 breaking waves on

undeveloped beaches near Price Inlet, South Carolina, U.S.A., using port-

able in situ bulk water samplers. The purpose of the study was to deter-

PAMRB ¥ .

mine what factors control the distribution of suspended sediment in the

Rl e

breaker zone. As many as 10 instantaneous 2-liter water volumes were ob-

tained in each wave for a total of 1500 samples. Concentrations of sus-

] pended sediment were determined at fixed intervals of 10, 30, 60 and 100 cm

R e R e S S S

Q above the bed for various surf zone positions relative to the breakpoint.
E The majority of waves sampled during 22 days in June and July, 1977 were
relatively long crested, smooth, spilling to plunging in form, with breaker
heights ranging from 20 to 150 cm. The beaches Sampled are gently sloping
(mean beach slope = (0.015), fine-grained (mean grain size = 0.18 mm) and
densely compacted with an absence of small scale bed forms.

Suspended sediment in the breaker zone is composed of two fractions;...
S vo lractions

- - . - . e®e@* - " ¢ ® e ® © S Becr v
.o . e .-

a continuous wash load mode above 60 cm from the bed and an intermittent

mode of coarse bed material entrained to lower levels during certain wave

conditions. Mean concentration decreases exponentially above the bed to

YA ST NP

approximately the 60 cm elevation, then maintains a generally constant

level up to the water surface. Suspended sediment concentration at the

; study sites ranged over 3 orders of magnitude up to approximately 10 grams
per liter.

The principal factor controlling suspended sediment concentration at
a point in the breaker zone is breaker type. Plunging waves typically en-
train one order more sediment than spilling breakers. Breaker type for
these data can be reasonably quantified as a continuous variable on the

basis of relative wave height, db/Hb. Plunging waves near Price Inlet

occur at db/Hb < 0.89; whereas spilling waves generally break at db/}-lb

> 1.10. Mean concentration increases with decreasing db/Hb according to

e T T L S TR
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or

Loglo(SSIO) = 17.4 - 1.7 dp/Hp,
where SS10 is suspended sediment concentration at 10 cm above the bed.
This theorized model accounts for almost 60% of the variation in mean
concentiution by dp/Hp.

Secondary controlling factors of concentration also include dis-
tance relative to the wave breakpcint, beach slope and wave height.
Mean suspended sediment in the breaker zone reaches a maximum several
meters landward of the breaker line peaking more sharply in plunging
than in spilling waves. For the range of slopes in the present study
(.004-.040) , mean concentration increases according to the model:

LoglO(SSlO) = .22 + 14.5 m,
where m is dimensionless beach slope.

The relation between wave height and concentration depends on
breaker type. There is little or no dependency of concentration on
'yégg_pgiggt for spilling waves....However, for plumging waves, suspended : -« -
sediment concentration at a point decreases with increasing wave height.

For the present data collected under moderate swell conditions,
suspended sediment concentration is independent of wave period, long-
shore current velocity, wind velocity and any breaker type parameter
involving wave steepness (Hp/Lj).

Although the amount of variation in mean concentration accounted
for only ranges up to 65%, these data support the notion that sediment
suspension in the surf zone is statistically predictable. The import-
ance of breaker type on concentration suggests that transport of sand

in the surf zone is less dependent on wave height and wave steepness

than on relative wave height, db/Hb.
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INTRODUCTION
In June and July, 1977, a study was conducted at two beach sites
near Price Inlet, South Carolina to determine the amount of suspended

sediment occurring in the breaker zone under moderate swell conditionms.

The purpose of this experiment was to obtain fundamental information

on sand suspension in breaking waves in order to construct a predictive
model of sediment concentration. While these data provide the nucleus

for a first order model, they represent rather limited conditions with

regard to wave type, wave height, beach slope, and sediment grain size

and bed compaction.

The principal hypothesis that was tested can be summed up as
follows:

Is the entrainment of sand in breaking waves a random
process as variable as the turbulence field in the surf
zone -- or is it predictable to some degree on the basis
of certain easily measured wave parameters?

To test this, an unique portable water sampling device was designed,

and field techniques were developed for obtaining suspended sediment

samples directly in breaking waves up to 150 cm high (Figure 1).

Figure 1. Obtaining samples of suspended sediment in a 110 cm high
plunging breaker using portable in situ bulk water samplers (see
Fig. 4).




The data base for the present experiment includes over 1500 sus-

pended sediment samples collected in 235 individual breakers covering
a normal range of swell conditions typical to the South Carolina coast.
In addition, numerous wave process and beach profile observations were
obtained. Field techniques were basically the same as those applied
by Kana (1976a) in an earlier study, but several changes were made to
improve control over positioning of the samplers, measurement of wave
parameters and photography of the sampling. The experimental design
entailed selecting a well defined breaking wave, positioning all sus-
pended sediment samples with respect to the breakpoint and the bed,
photographing the wave as it progressed toward shore and measuring

the corresponding wave process parameters. The data was evaluated by
statistically testing individual and mean values of suspended sediment

concentration (dependent variable) against process and location pazram-

eters (independent variables).
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METHODS FOR MEASURING SUSPENDED SEDIMENT

Several techniques have been used to measure suspended sediment con-
centration in breaking waves. There are three basic methods: 1) pump
systems for obtaining a time-integrated sample of water and sediment
(Watts, 1953; Fairchild, 1972; and Coakley, et al., 1978); 2) in situ
collecting traps for obtaining relatively instantaneous bulk water
samples (Kana, 1976b; Inman, 1977); and 3) indirect measures which re-
late turbidity to light attenuation, back scatter of light, or gamma
absorption (Hom-ma, et al., 1965; Hattori, 1969; Horikawa and Wata-
nabe, 1970; Kennedy and Locher, 1972; Basinski and Lewandowski, 1974;
and Brenninkmeyer, 1976a). Examples of several systems are shown in
Figures 2 and 3. Of the indirect monitors of turbidity, only Brennink-
meyer's has been designed for use in the surf zone. There are certain
disadvantages to any of these techniques, most important of which is
the influence of the sampling apparatus on the flow field. According
to Inman‘(l977), any device which remains fixed to the bed, or utilizes
a supporting structure or pier, is likely to monitor artificially-in-
duced suspensions.
Direct vs. Indirect Measurement

Pump samplers and in situ bulk water samplers have the advantage
of providing a direct sample of suspended sediment which can be used
for multiple laboratory analyses. However, they only provide a
sample for one instant, or a short period, in time, making it diffi-
cult to construct a time series of turbidity changes.

The pump samplers used by Watts (i953) and Fairchild (1972) re-

quired a pier for support and provided one time-averaged water sample

per run. In general, pumping times ranged from 45 seconds to 3

o ol oo




2a. Tractor mounted, pump sampler
on a pier (From Fairchild, 1977;
, Fig. 5).

A

Figure 2. Examples of direct suspended
sediment concentration sampling dev-
ices used in studies in waves. ’ TR -

2b. Portable, in situ bulk wa-

ter sampler which "cores" the
water column to provide mult-
iple serial samples (photo
courtesy of D.L. Inman,
Scripps).

A8 R AN N Y

3b. The Iowa Sediment Concen-
4 tration Measuring System

- = - (ISCMS). Electro-optical
3a. Almometer, an array of photo- probes used to detect tem-

electric detectors to measure poral changes in suspended

turbidity (From Brenninkmeyer, sediment in the laboratory
g 1976b; Fig. 1) (From Locher, et al., 1977;
‘ Fig. 2).

Figure 3. Examples of indirect suspended sediment concentration
measuring devices used in studies in waves.
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minutes making it possible to measure a mean concentration at a single

point. More recently, Coakley, et al., (1978) have reported develop-
ment of a computerized '"robot'" sled system for pumping and retaining
up to 30 time-integrated samples at pre-programmed positions in the surf
zone. These systems have the distinct advantage of remote operation,
but do not isolate the effect of a single wave or detect rapid short
period bursts of sand from the bed.

Indirect monitors of concentration, such as the almometer (Bren-
ninkmeyer, 1976a), have the advantage of providing detailed time
series information on turbidity changes, but most of these devices are
difficult to calibrate for field use. They are generally of two types:

photoelectric (e.g. Homa-ma, et al., 1965; Brenninkmeyer, 1976a), in

which turbidity fluctuations cause voltage changes which are detected
by photo cells and related to a calibration curve to determine concen-

trations; or electro-optical (e.g. Kennedy and Locher, 1972) in which

actual particle counts between two closely spaced probes are measured
and related to the flow field to determine concentration. Calibration
of these devices is done in the lab, but in field use, such external

conditions as cloud cover, air entrainment in breaking waves, and the

presence of varying amounts of organic matter in the water column, af- |
fect turbidity and, therefore, the output of these devices. Also, in |
some cases, the threshold for detecting sediment bursts from the bed
is significantly higher than the typical concentrations found in the
surf zone. For example, the concentrations reported by Watts (1953)
for a California beach and Kana (1976a) for South Carolina are typi-
cally less than 5 grams per liter (g/l), whereas the threshold for

detection of suspended sediment by the almometer is calibrated at

5-10 g/1 (Brenninkmeyer, 1976a).
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Sampling Problems in the Surf Zone

The main considerations for sampling suspensions in the surf zone
are considered to be the following:

1) The concentration will depend on a combination of continuous
suspension wash load of fine grained particles and an intermittent
suspension of coarse bed material. Of these two components, the inter-
mittent suspension is of greater interest and uncertainty.

2) Samples must be collected with respect to elevation above
the bed where the intermittent suspension mode originates.

3) Suspended sediment will fluctuate rapidly with the wave
period, and bursts of sand from the bed will generally be of short
duration.

With these criteria in mind, a portable sampler was designed to
collect multiple, relatively instantaneous bulk water samples for de-
termining suspended sediment and isolating the effect of an individual
wave on sand entrainment. It was designed to operate simply and at

a reasonable cost.

The Simultaneous Water Sampler

The apparatus used in the present study collects several closely
spaced simultaneous water samples in a vertical array above the bed
(Kana, 1976b). It consists of a 2 meter-long mounting pole, support
brackets and several 2-liter cast acrylic bottles closed off by hinged
doors (Fig. 4). A spring loaded trigger assembly which holds each
bottle door is mounted to the support pole. At the base of the
trigger is a footpad which can be pushed up to open the trigger and

simultaneously release all bottle doors.
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Figure 4. Apparatus used to collect
water samples in the surf zone. A
2 m-long pole supporting several 2
liter bottles is emplaced verti-
cally in the surf zone. When thrust
into the bed, a footpad moves the
rigger assembly up, simultaneously
tripping each bottle. Top two bot-
tles are rigged for sampling. Bot-
tom bottles are in the tripped
position

To ready the sampler for use, the operator opens the bottle
doors and attaches them to a trigger assembly on the mounting pole,
similar to rigging a Van Dorn-type water sampler. Then as the bottles
are held open, the device is carried into the surf zone and positioned
vertically above the bed until the sampling instant. At the desired
sampling time, the apparatus is thrust into the bed, forcing the trig-
ger open and allowing the bottles to shut simultaneously, trapping
each sample.

The device has a relatively fast response time of less than one-
half second, remaining off the bed until the sampling instant. Tests
have shown that the collecting bottles are drawn shut before sediment
thrown up by the apparatus reaches each sampling position. The typi-
cal array of samples collected in this study were centered at 10, 30,

60 and 100 cm above the bed. Because of the relatively broad, stubby
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shape of each collecting bottle, the lowermost sample obtains sediment
suspended between 4 and 16 cm above the bottom. Positioning of each
sample is constant with respect to the bed, making it possible to

achieve consistency in the results.

BSRGTAE CE R s 0 B b

The main advantages of this device are its portability, effi-
§ ciency and cost. But it has the disadvantage of requiring an operator
in the surf zone. The sampler is obviously inappropriate for high

energy wave environments; however, it has been used for almost all

wave conditions found on the South Carolina coast. Wave heights
sampled ranged up to 160 cm, including waves generated during a
moderate local storm.

Every suspended sediment sampler or meter used, to date, has its
limitations. According to Inman (1977), the best way of overcoming
present sampling problems is to deploy turbidity meters in combina-
tion with portable in situ bulk samplers activated by swimmers. This !

would provide a physical sample to check the calibration of the meters.
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: : The task of coordinating the two measurement techniques, however, is
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formidable and requires more control and expense than is presently

warranted. Our understanding of the causes of suspended sediment varia-
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tion is limited and would be best served by additional detailed field

studies at sites differing in wave climate and beach morphology from

West Coast or East Coast beaches. Direct samples of suspended sedi-
ment are needed to insure reliability of the data and allow quantifi-
cation of the effect of wave processes on concentration. The tech-

niques applied in this experiment offer a less than ideal, but effi-

cient and inexpensive way of study suspended sediment in moderate
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wave conditions.
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PREVIOUS RESULTS ' -
It is generally recognized from laboratory studies, that in os-

cillatory flow, suspended sediment concentration decreases exponentially

above the bed (Hattori, 1971; Kennedy and Locher, 1972; and MacDonald,

1977). Field measurements in the surf zone by Kana (1976a) and Inman
p (1977) (Figs. 5 and 6) tend to confirm this relation. A relatively con-
stant suspension wash load of fine-grained particles exists throughout
the water column in the nearshore. However, in the breaker and swash
zones, intermittent suspensions of relatively coarse bed material are
thrown up by waves to cause the observed vertical distribution of con-

centration. The frequency and magnitude of these intermittent suspen-

sions are of primary interest because of their importance in the trans-

| port of sand on beaches. In general, the timing of bursts of sediment

from the bed corresponds to the time of wave breaking, with some delay
as the particles lag behind the water motion (Hattori, 1969; Brennink-
meyer, 1976b).
Laboratory and Theoretical Studies

Most of our knowledge of the mechanics of sediment suspension under 1
oscillatory flow and breaking waves is semi-quantitative, based on
laboratory experiments performed under controlled conditions. Signifi-
cant research has been conducted at the University of Iowa, Institute
of Hydraulic Research (e.g. Kennedy and Locher, 1972; Locher et al.,
1976; and Nakato, et al., 1977), University of California, Berkeley,
Hydraulic Engineering Laboratory (e.g. Das, 1971 and MacDonald, 1977)
and the University of Tokyo, Department of Civil Engineering (e.g.
Hom-ma, et al., 1965; Hattori, 1969Y; and Horikawa and Watanabe, 1970).
For the most part, these experiments deal with sediment suspension

under non-breaking progressive or standing waves.
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SUSPENDED SEDIMENT DISTRIBUTION IN BREAKING WAVES. PRICE INLET §C
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Figure 5. Mean concentration by
elevation above bed for approx.
450 suspended sediment samples
obtained using the in situ bulk
water sampler in Fig. 4 (From
Kana, 1976a).
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Figure 6. Distribution of suspend-
ed sediment at 10, 60 and 90 cm
above the bed measured using the
in situ bulk water sampler shown
in Fig 13c (From Inman, 1977).

The results from the Iowa group are illustrative of some of the

problems involved in measuring sediment suspensions in oscillatory

flow. Using small electro-optical probes for measuring turbidity,

hot-wire anemometers for obtaining current velocity profiles and a

computer data control system for signal averaging to obtain mean,

periodic and random concentration and velocity components, Nakato,

et al., (1977) were able to identify the suspended sediment distribu-

tion over rippled beds under non-breaking waves. They found that sus-

pensions were proportionately higher over the crest of ripples than

over the troughs. They also reported that a signal averaged concentra-

tion at any position near the bed has four prominent peaks during the

wave cycle, originating from the movement past a fixed point of sedi-

ment held in suspension by the eddy produced in the lee of each rip-

ple during each half cycle of wave motion. Yet, despite the sophis-

tication of their experiments, they admit to having difficulty in deter-

mining the reference concentration needed by engineers to formulate
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predictive models of sediment transport.

MacDonald (1977), using an oscillating flume, was the most recent
investigator to find that mean sediment concentration decreases expo-
nentially above the bed, more or less in agreement with Hattori (1971).
Unfortunately, there has been no emphasis on laboratory studies of sedi-
ment entrainment in breaking waves.

Perhaps the most helpful laboratory experiment for the present
study is one by Miller (1976), in which air entrainment, not suspended
sediment concentration, was measured in breaking and non-breaking os-
cillatory waves. Miller (1976) photographed various types of breaking
waves in the wave tank in order to contour the distribution of air
bubble concentration. An example of his results is shown in Figure 7.
Note that plunging waves, which tend to break more violently, entrain
air all the way to the bed; whereas spilling waves break gradually,
confining the air entrainment to the surface. This indicates that
the turbulence field is significantly different between these two basic
wave types, and, by inference, their capacity to entrain sediment from

the bed should differ markedly. In agreement with the above, Fuhrboter
(1970) also concluded that plunging breakers dissipate their energy over
a narrower portion of the surf zone than spilling breakers, as indicated
by the distribution of air bubbles.

The laboratory studies mentioned above bring up some important
points with respect to the design of the present study. First, it is
likely that an exponential decay of concentration above the bottom
will occur in breakers, making it imperative that positioning rela-

tive to the bed is consistent from one sample to another. A change
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Figure 7. Cross-sectional contour diagrams of bubble concentration in
plunging (A) and spilling (B) breakers. Numbers represent percentage
estimate of the number of 1 mm scale units containing one or more bub-
bles (on a scale of 1 to 10). A 5 means 507 of the scale units con-
tain bubbles, a 10 represents 100% bubble concentration. Note that
bubbles penetrate to the bed in plunging waves, but remain close to
the surface in spillers. This suggests more turbulence reaches the
bed in plunging waves, contributing to the observed higher concentra-
tions of suspended sediment for this breaker type (Miller, 1976).

in elevation of a few centimeters may cause a significant change in the
concentration. Secondly, the amount of sediment entrained will depend
on the turbulence field. This will be affected not only by the total
wave energy available, but by the type of breaker. Finally, if the

suspensions in the field are periodic, sampling consistency with res-

pect to passage of the wave will be required.




Field Measurements

Very few workers have directly measured suspended sediment concen-
tration in the surf zone. Watts (1953) and Fairchild (1972, 1977)
used pump samplers from ocean piers; while, more recently, Coakley
et al. (1978) used a bottom sled with preprogrammed submersible pump
and collecting system. Each of these techniques provides time-averaged
water samples from which sediment is extracted to determine the mean
concentration of suspended sediment during the sampling interval. Watts
and Fairchild generally collected a 40 gallon sample by pumping for
approximately 3 minutes; whereas Coakley's apparatus pumps 2 liter samples
in approximately 45 seconds.

Of these studies, the most detailed results are reported in Fair-
child (1977), in an updated version of an earlier paper (Fairchild, 1972).
Working from ocean piers at Ventnor, New Jersey and Nags Head, North Caro-
lina, he collected over 700 time-averaged water samples in 1964 and 1965
seaward and landward of the breaker zone, using the tractor mounted
pump sampler shown in Figure 3. Fairchild, Sampling in waves from 40 to
120 cm high, obtained concentration values ranging over 3 orders of magni-
tude to a maximum of 4.0 parts per thousand. The sampler intake was
vaired between 8 cm and 75 cm above the bed.

Despite a great amount of scatter in the data (Fig. 8), Fairchild
isolated several trends, including:

1. Suspended sediment increases slightly with breaker height;

2. Concentration decreases away from the breakpoint in both the
seaward and landward direction;

3. Concentration decreases with elevation above the bed; and

4. Suspended sediment is more variable in low waves than high.
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Figure 8a. Scatter plot of suspended sediment
concentration (C /oo) vs. elevation above the
bed (E - ft) for pump samples collected from
an ocean pier at Ventnor, N.J. on 21 May 1965
(From Fairchild, 1977; Fig. 18).
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Figure 8b. General lack of relation between suspended sediment
(C 9/00) and significant wave height (HS) for samples collected
at Ventnor, N.J. (From Fairchild, 1977; Fig. 23).
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Brenninkmeyer (1973) developed the almometer at the University
of Southern California and has used it at Pt. Mugu, California and
the Massachusetts and Georgia coasts to obtain detailed time series
of turbidity fluctuations in the surf zone. The principle conclu-

sions of his studies indicate that:

1) The zone of maximum suspension occurs near the still water level

(the elevation the sea would maintain in the absence of wave action);

2) Suspensions of sand more than 15 cm above the bed are rare in
the outer surf zone and appear to be influenced by the stage of the
tide and the elevation of the ground water table;

3) Bursts of sediment from the bed or "sand fountains" are in-
frequent and have durations of the order 2 to 10 seconds, apparent-
ly as a function of the phase of incident waves; and

4) The elevation of the bed may change by up to 6 cm during the
passage of a single breaker (Breaninkmeyer, 1974, 1976b).

Figure 9 shows a characteristic time series of concentration levels
versus elevation above the bed from Brenninkmeyer's (1976b) study.
At Point Mugu, California, Brenninkmeyer observed two principal fre-
quencies of occurrence of sand bursts on the upper beach face. As
shown in Figure 10, one is at 15 s apparently corresponding to the
incident wave period, and another is at 21 s, possibly occurring due
to constructive interference of shorter period wave trains.

Loenard and Brenninkmeyer (1978) have used the almometer during

storm conditions at Nauset Beach, Massachusetts and, not unexpectedly,

concluded that: 1) during storms, sediment suspensions are more pre-
valent; and 2) the frequency of movement decreases with elevation

above the bed and in a seaward direction from the beach. They also
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Figure 9. Example two minute record of turbidity fluctuations by ele-
vation obtained from the almometer shown in Figure 3b. The solid
line represents a constant value of 375 gm/l, and the dotted line is
40 gm/1. Record #1 (lower) is in the breaker zone; #2 is in the mid-
surf zone; and #3 is in the swash zone near the still water level.
Note: 1) Suspended sediment concentrations are highest in the swash
zone; 2) bursts of high concentration are less frequent in the break-
er zone; and 3) the gradient in concentration is generally steepest
in the breaker zone (From Brenninkmeyer, 1976b; Fig. 14).
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Figure 10. Frequency of occurrence spectrum of sand
bursts on the upper beachface at Pt. Mugu, Calif.,
using the almometer. Dominant frequency of 15 s
corresponds approximately to the incident wave
period. The second mode may be due to constructive
interference of shorter period waves (From Brennink-
meyer, 1976b; Fig. 7).




observed concentration inversions, which occur due to the shearing

of tabular clouds of sediment moving in the upper layers. This produces

a reverse gradient of higher concentration overlying a zone of lower
concentration.

The almometer provides the best information to date on the time

— e ———

series of suspended sediment under field conditions. It suffers from
imprecision of calibration and a high threshold of detection, but is

an excellent device for obtaining remote information on the semi-quanti-
tative aspects of sediment suspension.

The field measurements of Kana (1976a; 1977) and Inman (1977)
were obtained from in situ bulk water samplers (Figs. 5 and 6).
Kana's data includes approximately 700 concentration determinations
obtained from serial arrays of water samples., The means plotted in
Figure 5 represent the portion of data collected between 1 and 3 m
landward of the breaker line (449 samples) and are divided according
to breaker type (based on a visual wave classification). Kana's
(1976a) data indicate that plunging waves entrain almost one order
more sediment than spilling breakers. Although the data reported by
Inman (1977) are minimal being based on relatively few samples, they
appear to verify the exponential decay in concentration above the bed,

Despite limitations in all the studies mentioned, these previous

experiments provide a starting base for the present study.
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STUDY AREA

The field measurements for the present study were obtained at two
beach stations (BU2 and CAl), each approximately 2 km from Price In-
let, on Bulls Island and Capers Island, South Carolina (Figs. 11-14).
This portion of the South Carolina coast is under the influence of
dominant waves from the northeast, causing net longshore transport to
the south (estimated rate is 1.2 - 1.5 x 105 m3/yr; Kana, 1977).
Wave energy is moderate with breaker heights ranging from 20 to 160 cm
under non-storm conditions, with a mean of 60 cm.

The beaches at these two sites are composed of well-sorted,
fine sand (mean diameter = 0.22 mm) and are gently sloping and rela-
tively featureless (mean beach face slope = 0.018). During average
swell conditions, the surf zone is approximately 50 meters wide, but
due to the mean tide range of 1.5 meters, a much wider portion of the
beach face is periodically exposed to the impact of breaking waves.
The bed in the active surf zone is tightly compacted and rarely ex-
hibits small scale bedforms. Slope changes along the beach face are
minor and generally controlled by the formation of low amplitude
ridges or bars parallel to shore. Figures 15 and 16 show represen-
tative beach profiles for each station measured by the Emery (1961)
technique.

Sediment grain size along the profile can change significantly

due to the presence of varying amounts of shell debris. For example,

a series of size frequency curves for bottom sediments along profile
BU2 (Fig. 17) show variations in sorting and mean grain sizes. Finest,
best-sorted sediments are located at the middle of the berm (l17a) and
outer ridge (17f); coarser, more variable sediments containing shells

are found at the step (17c) and along the runnel (l7e).
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Figure 11. The study area located northeast of Charleston, South
Carolina, U.S.A. Suspended sediment samples were collected at
stations located along two undeveloped beaches near Price Inlet

(arrows).
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Figure 13. Oblique IR aerial photo of Bulls Island, looking
northeast. Net sediment transport is southeast at 1.3 x
10° m3/yr. (Kana, 1977).

Figure 14. Oblique IR aeri-
al photo of Capers Island
looking southeast. Note
erosion of antecedent
beach ridges which has
left a forest of drift-
wood along portions of
the beach.
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Figure 15. Beach profiles at station BU2 on 12 June (upper)
and 7 July 1977 (lower) during the 1 month field experiment.
The small amplitude ridge shown on the top profile was gone
by 7 July.
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Figure 16. Profiles at station CAl on 14 June and 9 July 1977,
showing a generally featureless profile. Small amplitude
ripples or bed forms are essentially absent at both stations.
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Figure l17a-g. Size frequency curves for bottom sediments along profile BU2
calculated from settling velocities. Sample locations are given in Fig,
17g in terms of a reference distance (e.g. 30-1 which corresponds to
grain size distribution in Fig. 17c, labeled "BU2 +30-1 High Tide Step")
where the distance is measured in meters from a benchmark on land. . Note,
finest, best-sorted sediments are located at the middle of the berm (17a)
and outer ridge (17f); whereas coarser, more variable sediments containing
shells are found at the step (17¢) and along the runnel (17e).
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EXPERIMENTAL DESIGN

Introduction

Most of the field data reported herein were collected during 22
sampling days in June and July 1977. Additional data collected in
1975 were used to expand the section on size analysis. Since the
intent of the experiment was to isolate the effect of individual
waves on sediment entrainment, an attempt was made to conduct the
sampling under "ideal" swell conditions to facilitate identification
and typing of the waves and reduce the variability due to extermal
parameters such as local wind stress. Generally, at these beach
sites, waves are more ''classically" formed and long crested in the
morning before the diurnal seabreeze is established. As onshore wind
velocity increases, wave crests become shorter and more irregular,
making it difficult to distinguish the breakpoint.

The beaches at these two sites were chosen for the experiment
because their profiles are generally featureless, small scale bed-
forms are essentially nonexistent, and they are away from any arti-
ficial structures which may influence turbidity.

The field experiment was designed to select particular waves,
then simultaneously sample suspended sediment, measure wave pro-
cess parameters and record sampling positions with respect to the
beach profile, and photograph the sampling sequence. A 4 to 6 man
field team was required to coordinate all of these functions.

A range was established at each experiment site and periodically

surveyed to the low tide breaker line to calculate the beach slope at

each sampling point. Fiberglass stakes were set throughout the surf
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zone as reference points for sampling location and wave position. In
addition, they provided convenient ranges to monitor longshore cur-
rents at the surface by means of slightly buoyant floats. Each sus-
pended sediment sample was positioned relative to: 1) the bed, by
means of the sampling apparatus; 2) a bench mark on land, by means of
the reference stakes; 3) the wave breakpoint, by measuring the dis-
tance seaward or landward of each array; and 4) the time of passage
of each wave sampled. Figure 18 is a sketch of a typical sampling

arrangement.
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Figure 18. Sketch of the sampling arrangement showing samplers
in place. Operators stood downdrift from sample point holding ;
apparatus above bed until sampling instant. Range markers pro- 1
vided reference marks to locate sampling positions, measure
longshore current velocity and distances from the breakpoint.
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Suspended Sediment Measurements

Suspended sediment samples were collected and recorded by ARRAY.
An array consists of all samples trapped simultaneously by one sampl-
ing apparatus. In most instances, the number of samples per array
was 3, located at 10, 30 and 60 cm above the bed. As many as three
arrays, with up to 10 water samples, were collected in each wave to
for a SERIES. Thus, cataloguing each sample run, a SERIES designat-
ing the wave selected for sampling was recorded. Each SERIES con-
tained from 1 to 3 individual vertical ARRAYS, and each ARRAY con-
tained from 1 to 5 water samples. Samples were classified by their
position in the ARRAY. The lowermost sample centered at 10 cm
above the bed was designated 5S10; the one at 30 cm was SS30, and
so on through SS60, and SS100.

The samplers are 'rigged" for operation according to the water
depths. When small waves are sampled, only the lowermost bottles
are mounted to the support pole. Figure 19 shows the bottle doors
being cocked for sampling on the beach. Rigged samplers are then
carried into the surf by each operator (Fig. 20).

Positioning in the surf is determined with respect to the mean
breaker line, using reference stakes as guides. Similar to a surfer
positioning himself to ride a wave, each operator positions the
sampler at a predetermined distance from the breaker line. In
general, the seaward-most operator controls the positioning and
spacing between arrays and selects the wave. A fourth person is
positioned downdrift and slightly landward of each operator to take
a rapid sequence of photographs of the wave sampled. Additional

personnel are positioned to measure the breaker height, wave period

e
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Figure 19. Photo of simultaneous water samplers being rigged for
operation at station Cal. Collecting bottle doors are held open
by the trigger assembly (see also Fig. 4).

Figure 20. Photo of simultaneous water sampler ready for sampling
5 positions above the bed. Total weight with 4 empty bottles is
10.5 kg.
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and surface longshore current velocity.

Based on tests conducted during earlier field experiments, it was
determined that the most consistent results are obtained when the op-
erator stands downdrift of the sampler, faces alongshore, and holds
the apparatus away from his body in a vertical position several centi-
meters above the bed. At the desired sampling instant, the operator
steps forward thrusting the device away from his body and into the
bed. As the footpad at the heel of the sampler depresses on striking
the bed, each water bottle closes automatically.

For this experiment, each array was collected approximately 2
seconds after passage of the wave bore by the sampler. Results from
Kana (1977) and Brenninkmeyer (1976b) indicate that, in general, the
maximum concentration at a point occurs after the passage of a wave.
Thus, the intent of this procedure was to sample at the probable time
of maximum concentration. With three operators, it was possible to
follow one wave toward shore and, to some extent, determine the change
in concentration across the surf zone.

Approximately 35 waves were sampled with multiple arrays position-
ed along individual wave crests in order to determine the range of va-
riability of concentration at analogous positions in the breaker.
Closest spacing of the samplers was 3 meters.

A typical photographic sequence of the sampling procedure is
shown in Figure 21. Appendix A contains a photo atlas of some of
the waves sampled categorized by breaker type and height.

After the water samples are trapped in each collecting bottle,
the apparatus is carried ashore for transfer of the suspended sedi-

ment samples to holding jars. The photo sequence in Figure 22 shows
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Figure 21. Four successive photographs
of one of the breaking waves sampled
at 3 positions inside the surf zone.
Arrays of suspended sediment samples
taken 3 m, 7 m, and 10 m landward of
the breakpoint. Concentrations are
listed below.

A. Wave beginning to break 3 m seaward
of sampler operator #1. Hp = 90 cm;
d=95cm; T=8s; V=0 cm/s;

m = 0.011; breaker type: spilling;
Time = 0 s.

B. Wave fully broken, bore at Opera-
tor i#1l.
Bore height = 70 cm; Depth under
bore = 90 cm; Time ~ 1 s.

Cc. Bore approaching operator i#2.
Bore height = 60 cm; Depth = 65
cm; Time ~ 2% s.

Just before sampling instant
array #1 (seawardmost).

D. Bore at operator #3.
Bore height = 55 cm; Depth =
60 cm; Time ~ 4 s.
Just before sampling instant
Array #2.

Results:

Array # Elev. above bed Conc. (gm/l)

(cm)
1 60 .135
30 .256
10 .329
2 30 .261
10 .234
3 30 .170
10 w23k

.~'aﬂ' N FIrD o o



1

Figure 22a. Array of 5 samples ready for transfer to 2 1.
Nalgene holding jars. Sampler bottles are calibrated to

measure volume collected.

R e ot

Figure 22b. Individual samples are opened into a large

plastic funnel inserted in a holding jar.

Figure 22c. Sampler bottle is rinsed into the jars with
distilled or deionized water to remove any particulates

left on the bottle.
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the method of transfer. Each collecting bottle has a calibrated scale
mounted along the side for measuring volume directly in the field.
This eliminates the normal transfer into graduated cylinders before
filtering. After the volume is measured and recorded, each sample is
emptied through a large funnel into a 2-1, Nalgene wide/mouth jar,

then rinsed with distilled water to remove any remaining sediment.

The jars are stored in a custom built cart then pulled 2 miles along

the beach and ferried to a nearby lab for analysis (Fig. 23.),

Figure 23. Custom beach cart designed by D. Domeracki used to haul
samples and equipment 2 miles down the beach for ferrying to a
nearby lab. Brackets at the sides hold sampler poles, profile
rods, range markers. Along the open beach, sand is hard-packed,
making it relatively easy for 1 person to haul the 200 + kg
weight. This is not the case, however, near the inlet where
the sand is almost thixatropic.

The number of samples collected each day was restricted by the
number of holding jars available and stamina of the operators to pull
the load down the beach. Generally, 75 to 100 samples were collected
massing up to 250 kg, including samplers and support equipment.

The following surf parameters were measured for each sample

array:
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1. Breaker height (Hb) and water depth at breaking (d) - visually,

by means of a graduate staff held in place at the breakpoint and checked

by scaling photographs taken during sampling. Limit of error + 10 cm.

2. Bore height and depth under bore at each sample array - by the
same method listed above.

3. Breaker type - qualitatively, by visual observations in the
field, verified by photos taken while sampling and checked against
various breaker-type parameters (e.g. Galvin, 1968; Battjes, 1974).

4. Wave period (T) - by averaging the time of travel between the
wave crest prior to, and the crest following, the wave sampled.

Limit of error + 1 second.

5. Surface longshore current velocity and direction at mid-surf
position (V) - by timing the travel of small floats between range
markers set 10 m apart in the alongshore direction.

6. Breaker angle (ab) - visually, by means of a protractor,
sighting the acute angle between wave crest and shoreline. Limit of
error + 2 degrees.

7. Wind velocity and direction - by means of a hand-held anemo-

meter.

Beach Surveying, Sample Positioning and Identification

Beach profiles at each station were measured approximately every
5 days during the experiment to provide information on average beach
slope (m) and local slopes (s) at each sample array. Arrays were
positioned along the profile with respect to distance seaward of a
shore benchmark and distance seaward or landward of the wave break-
point. Sample time with respect to passage of the bore by each ar-

ray was estimated to the nearest second.
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Other variables recorded included:

1. Station, date and time;

2. Tide from prediction tables;

3. Operator for each array; and

4, Orientation of the series of arrays (either perpendicular
or parallel to wave crests).

An example data sheet including reduced concentration data is

given in Figure 24.
Using up to 3 samplers in each wave, over 230 individual waves

were sampled during the experiment, yielding approximately 1500 con-

centration values, Of these, over 1000 samples were collected at the

lowermost positions 10 and 30 cm above the bed,

Table 1 summarizes the range of surf conditions and number of
samples collected by wave type and wave height.
Laboratory Procedures

Suspended sediment samples. - In the lab, samples were filtered,

using standard filtering apparatus and techniques to retain the sus-
pended sediment. The filtering system used consisted of a Millepore
vacuum pump, ballast jug and several manifolds of Millepore filter-
ing flasks (Figures 25 and 26). Up to 20 samples could be filtered
at the same time. Millepore 1.2u, 45 mm diameter cellulose filters
were used and stored in locking petri dishes.

Since suspended sediment concentrations can be high in the surf
zone, it is necessary to preweigh the filter together with the petri
dish to allow for overflow of sediment on the filter. In cases where
concentration exceeds 5 g/l, several weighed petri dishes and filters

may be required to retain all of the sample. This is easily accom-
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Figure 24. Example field data form.

Table 1. Distribution of samples by wave height and breaker type.

Breaker height | Breaker Type - # Waves Sampled |#Vertical arrays of*
Hb (cm) Spilling | Spill/Plunge | Plunging, susp. sediment samples
0-35 5 4 2 29
35-45 7 1 3 32
45-55 15 2 5 56
55-65 12 4 1 46
65-75 15 8 10 92
75-85 29 6 7 118
85-95 13 11 18 115
95-105 8 9 5 63
105-115 10 3 2 45
115-125 6 2 1 27
125-160 11 0 0 33
Totals 131 50 54 656

* 3 vertical arrays of 1 to 4 samples each were collected in each wave
to yield a total of approximately 1500 concentration values.
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‘Figure 25. Sketch of the filtering apparatus with the
three principal components. Use of several manifolds
allowed 20 samples to be processed simultaneously.
Filtering times for 2-1, samples ranged from 1 hour to
4 days.

Figure 26. Photo of filtering set up in a temporary field
laboratory located at Price Inlet. Rubber "policeman" in
Walter J. Sexton's right hand is used to wipe sediment
down rim of filtering flasks.




plished by spooning out the excess sediment from the filter flask and
transferring it to a second filter. The combined weights of sediment
on the two filters are calculated to determine concentration.
Filtered samples were rinsed 3 times with distilled water to re-~
move salt, then stored for shipment to the Department of Geology.
The final laboratory analysis entailed drying the filters and sedi-
ment at 70°C, then weighing the petri dish, sediment and filter. All
concentrations were determined as a weight per unit volume (grams/
liter).

Size analysis of suspended sediment. - Approximately 140 samples

from the present experiment were analyzed for size distribution us-
ing the Hydraulic Equivalent Sediment Analyzer (HESA) developed by
Anan (1972) for the Coastal Research Division, Department of Geology.
An additional 75 suspended sediment and 45 beach samples collected

in a 1975 experiment were analyzed to augment these data. Grain size
frequencies were computed and graphed by a Hewlett Packard 9825A mini-
computer and 9872A plotter interfaced with the HESA.

Various sample masses were tested to determine the reproduce-
ability of the system. It was found that a 2-3 gram sample was op-
timal producing almost identical curves for a given sample and means
within 2 tenths of a phi unit. Samples of 1 gram varied as much as
one-half phi unit. Since most of the suspended sediment samples had
relatively low concentrations, only those samples containing at
least 1 gram could be sized. Representative frequency plots are

given in the section on results.
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Computer Coding the Data

The entire data set for this experiment was coded for statistical

analysis on the IBM 370/168 computer at the Unive£sity of South Caro-
lina. The principle data set included all suspended sediment, wave
process, location and slope information. A second data set was used
for size statistics.

The data were keypunched onto IBM cards, then transferred to in-
ternal mass storage on the master disk for more convenient use. Sta-
tistical analyses were performed by the preprogrammed Statistical
Analysis System (SAS76) and the Statistical Package for the Sogial
Sciences (SPSS). After considerable experimentation, it was found
that the SAS76 system was more convenient to use.

Most of the data plots presented in the next chapter were gen-
erated by the computer, then redrafted to a more presentable format.

Each sample array is listed as an observation. A typic;l ob-
servation has 32 variables, including sample identifiers, corres-
ponding wave process values, and suspended sediment concentrations
at each reference level. Twelve additional variables are computer
generated from the field data, including log transformations of con-
centration and breaker type parameters.

Appendix B contains a listing of computer variable names, a

sample SAS76 program, and a data printout for selected observations

and variables.




"
!
i
{
1
i

e

Rejection of Data

A prerequisite to any statistical analysis is the determination
of sample distribution. The principle variables were tested for nor-
mal distribution by means of normal probability plots. Examples for
the independent variables wave height, wave period, ratio db/Hb, long-
shore current velocity, wind velocity, and beach.slope are given in
Figure 27. Note that each of the data points represents multiple ob-
servations. In general, it can be seen that each variable is approxi-
mately normally distributed. Beach slope shows, perhaps, the poorest
fit. Relatively few outliers (circled on each graph) occur in each
sample population.

The dependent variables of suspended sediment concentration
(Ss10, SS30, SS60 and SS100) were similarly tested, but found to be
non-normally distributed. Therefore, various transformations were
performed to determine if some function of concentration is normally
distributed. A test against the Loglo of concentration yielded a
reasonable fit to the normal probability plot and, consequently,
this transformation was used in the following analyses. Figure 28
gives cummulative frequency curves for SS10 and SS30 plotted on a
log scale. A similar relation exists for SS60 and SS100 (not shown).
Note concentrations decrease with elevation above the bed and have
the widest range of values at the lowermost sample (SS10).

For the present analysis, certain observations were rejected
on the basis of the following criteria:

1. Sample array was obtained seaward of the breakpoint or more

than 12 m landward of the breakpoint. This was to limit the data to

a narrower portion of the surf zone directly influenced by the pri-~
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Figure 27. Normal probability distribution for the independent vari-
ables wave height (a), wave period (b), ratio db/Hb (C), longshore

current velocity (d), wind velocity (e), and beach slope (f).
data point represents multiple observations.
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Figure 28. Normal probability plot of suspended sediment concen-
tration for all samples collected 10 cm (SS10) and 30 cm (SS30)
above the bed, irrespective of breaker types. Similar distri-
butions occur for the log transformations of SS60 and SS100.

mary wave sampled and have less influence from preceding or succeed-
ing waves.

2. Array was incomplete due to malfunction of the sampler or
premature closure of the bottles.

3. Sample was contaminated or improperly filtered.

Number 1, above, was the main cause of rejection. The last two
were generally noted in the field and rejected before complete analy-
sis was performed. The number of usable samples, based on the above

criteria, are given in Table 2.

Table 2. Number of samples coded and retained.

Sample position Total coded Total retained % retained
SS10 559 405 123
SS30 456 343 75.2
SS60 262 175 66.8
SS100 14 11 78.6
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RESULTS AND DISCUSSION OF THE DATA

Introduction

This section contains a reasonably detailed description of the
data from the present experiment. Since it would be impractical to
include scatter diagramé of every independent variable against sus-
pended sediment, an attempt is made to sort the data by the parame-
ters most likely to control concentration. Data sortiug was first
accomplished by separating samples into the natural categories by
elevation above the bed. Next, breaker type parameters were tested
against concentration to sort the data into subsets, and finally,
the independent variables (wave process and location parameters) -
were tested against concentration for each subset.

Based on previous results and the inherent variability of surf
zone suspensions, the tack employed herein was to sort the data by
the independent variables (e.g. wave parameters), determine mean
values for the dependent variables (SS10, SS30, etc.), then test
the correlation of means against each parameter. By grouping in-
stantaneous suspended sediment samples collected under similar con-
ditions (e.g. with respect to wave height), it is possible to inter-

pret much of the variability observed. Where mean values plotted on

the following diagrams represent more than 6 observations, the limits

to + 1 standard deviation are indicated.
Overall Means

Values of suspended sediment concentration were naturally divided
by sample elevation above the bed (SS10, SS30, SS60 and SS100). Simi-
lar to an earlier experiment (Kana, 1977), the data were sorted ac-

cording to breaker type determined visually in the field using Gal-

vin's classification (Fig. 29). Examples of the principle wave types
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breakpoint. In general, as beach
slope increases, breaker type
varies from spilling to surging SWL

(From Galvin, 1972). Collapsing

SwL

sampled are given in Figure 30. Galvin's classification actually rep-

resents certain members of a continuous spectrum of breaker types.
Along South Carolina beaches, spilling and plunging waves are most
common, but an intermediate type is often observed which exhibits
characteristics of each type. For example, viewing along a breaking
wave crest, one often sees portions of a wave spilling early, then a
section plunging closer to shore (Fig. 30b). In some cases, the per-
centage of the wave spilling or plunging can be estimated and coded
appropriately (e.g. 50/50 for 50% spilling and 50% plunging). Waves
that were not clearly spilling or plunging were designated under the
category, TRANSITION. Non-breaking waves were<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>