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INTRODUCTION

The sediment movement in the l1ittoral zone occurs
in the form of bed load (material rolled and pushed
along the bottom by shear stress) and suspended load
(material maintained in suspension by action of waves
and currents). The present paper is concerned with
studlies through both the fleld and laboratory inves-
tigations intended to determine the concentration
patterns of suspended sediment due to action of sur-
face waves. The distribution patterns of suspended
sediment sampled at an open coast were highly intere-
sting in relation to functional and structural design
of the cooling water intake system for the atomic
power plant now being under constructlon at the Paci-
fic Ocean coast of Tokal, Ibaragi Prefecture, Japan.

As far as the authors are concerned, the clear
relationship between hydraulic conditions, such as
height and period of waves, water depth, water tem-
perature, etc., and sediment characteristics has not
yet been established, although a number of researches
have been conducted in the laboratory and in the fileld.
Main of them are as follows:

In Japan: (1) Field observations at Tomekomail coast
conducted by the staff of Hokkaldo
Uhivegsity (Refs. 1, 2, 3, 4, 5, 6
and 7),

(2) BExperimental study at Kyushu University
(Refs. 8 and 9),

(3) Field observations at Katase and Kama-
kura beaches, Kanagawa Prefecture
(Refs. 10, 11 and 12), and at Tokai
coast, Ibaragl Prefecture (Refs. 13,

1% and 15), both conducted by the staff
of the Coastal Engineering Laboratory,
University of Tokyo, and

(4) Field observations at Niigata coast,

Niigata Prefecture (Refs. 16 and 17).
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In the United States: Field observations (Ref. 18)
and laboratory investigations (Refs.
19 and 20) at the Beach Erosion Board,
Corps of Engineers, U. S. Army.

The present investigation consists of the field
studies at Tokal and Nligata ccasts and the laboratory
studies at the Coastal Engineering Laboratory, Univer-
sity of Tokyo. In the field, two types of sampling
device have been used, one consisting of instantaneous
sampling of sediment suspended in water and the other
of cumulative sampling by use of a bamboo staff which
is held upright in various depths of water for a
period of several days. The latter type was original-
ly developed by the researchers at Hokkaido University.
In the laboratory studies both syphon tubes and bamboo
models were used in a two dimensional wave flume. In
parallel to these empirical procedures, a theoretical
consideration has been performed on the basis of se-
veral assumptions in order to analyze the results of
field and laboratory investigations.

THEORETICAL CONSIDERATION

According to visual observations through the
glassed wall of the wave flume, sand particles spread
over the bottom are moved back and forth by the osci-
llatory motion of water and.gradually form sand rip-
ples having a particular dimension corresponding to
the types of waves. The turbulence of the fluid is
originally restricted to a very thin layer in the
vicinity of the flat bottom, but is greatly magnified
with formation of sand ripples. The vortices deve-
loped in the troughs of sand ripples travel upward,
imparting a strong turbulence to almost the entire
depth from bottom to surface and carrying with them
concentration of bottom sediment. It is therefore
realized that sand ripples may have an important effect
on the mechanics of suspended sediment subjected to
wave action.

We will now assume a two-dimenslonal turbulent
fluid, and proceed to formulate a theoretical distri-
bution pattern of suspended sediment. Taking the
horizontal coordinate, x, in the direction of wave
propagation and the vertical coordinate, z, upward
from the still water level, the equation of sediment
concentration is given by the well-known expression:
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where wo is the fall velocity of a sand particle, m
the concentration of suspended sediment, and £

a coefficlent of eddy viscosity. In analogy to the
classical theory of turbulence, we will assume the
following relationship for the value of ¢ ,

= pp|2W
&= Fhoz

in which b and u are the minor radius of an orbit
and the horizontal velocity component of water parti-

cle, respectively, in the presence of oscillatory mo-
tion by waves; and B3 1is considered to be practically

constant. As a first approximation, 4% , vertical

displacement of water surface above stlll water level,
b and U may be expressed as:

(2)
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where H. L and T are wave height, wave length and wave
period, respectively, at the water depth d. Now, we
will further assume the following expression for m:

m =m)- § 1+ Fsm2(fx - 51) | @

Introducing Eqs. (2), (&), (5) and (7) into Eq. (1)
and taking a time average over a cycle of wave period
T, we have the differential equation:
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Integration of Bq. (8) by considering the boundary
condition at the surface and the relationship m = my
at z = -a, reduces to

z
n _ 8on

Rewriting Eq. (9), we arrive at the final expression:
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If the values of ol and m, at ng are determined expe-
rimentally, the concentrat?on of suspended sediment

at an arbitrary level can be calculated by using Eq.
(10) for variable conditions of H, L, T, 4 and wo.

The term wg 1s closely related to sediment characte-
ristics, namely grain diameter, and also the tempera-
ture of fluid.

FIELD OBSERVATIONS

In the fleld observations conducted at the beaches
of Katase, Kamakura and Tokai, it was 1mpossible to
derive a generalized pattern of suspended sediment in
terms of absolute quantity. It was due mainly to
failure of adequate measurement of waves during the
period of observation, although abundant data on the
amount of suspended sediment were made available by
bamboo samplers. However, the later phase of investi-
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gation included the wave measurement done with specieal
care simultaneously with the sediment sampling opera-
tion. A pressure-type self-contained wave gauge was
installed on the sea bottom at the depth of about 10 m
below the mean sea level, about 500 m offshore, in the
field observation at the Tokai coast.

A horizontal-type instantaneous sampler, capacity
being 1.5 {, was devised for direct measurement of
vertical distribution of sediment concentration, but
it proved unfeasible due mainly to the difficulty of
operation under rough sea conditions.

A cumulative bamboo sampler enables to determine
a cunmulative load of suspended sediment, but there
exist several uncertainties as to the function of this
type of sampler. They are: (1) What is the relation-
ship between the cumulative amount of sediment collec-
ted by this sampler and the actual concentration of
sediment? (2) What governs the effectiveness of se-
diment trapping mechanism by this sampler<? In spite
of such difficulties the authors have found so far
this sampling device most preferable for use in the
field observations. In order to clarify the saild
uncertainties of a bamboo sampler, a comparison test
was necessary by using model samplers in a laboratory
flume.

LABORATORY INVESTIGATIONS

The wave flume used for the comparison test is
two-dimensional, 24k m long, 0.8 m deep and 1.0 m wide.
Two types of sand, 175 p and 100 p in medium diemeter,
Ma, were used. The suspended sediment was sampled,
instantaneously, with a simple device of syphon tube,
6 mm I.D., which was equipped with a T-shaped suction
mouth, and, cumulatively, with a plastic cylinder,

2.5 cm I.D. and 9 cm high, with a pair of openings
of 1 gm diameter on the opposite sides. (Figs. 1, 2
and 3

The temperature of water was carefully measured,
since it may affect fluld viscosity and hence the
suspended concentration, as suggested by Fairchild
(Ref. 20), although the temperature effect seemed in-
significant in the range of our experiment. The bottom
level was difficult to define because of the presence
of sand ripples. For the sake of convenlence, we have
used the original smooth bottom as the reference level
for each run of experiment.
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Figure 1. Vertical distribution curve of suspended
sediment concentration (Coastal Enginee-
ring Laboratory, University of Tokyo).
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Figure 2. Vertical distribution curve of suspended
sediment concentration (Coastal Enginee-~
ring Laboratory, University of Tokyo).
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Figure 3. Vertical distribution curve of suspended
sediment, cumulative amount by a bamboo

model.
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Figure 4. Relationship between W and up/c.
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Table 1. Calculated values of «.
(1) Laboratory (syphon tube, instantaneous)
et bovioa [bopen| | =
H(em) |T(sec) |d(dm)
16.5 [1.30 30 |o0.2 | 1.9x18%|3.2x15° | 1%
0.3 | 2.8x183
0.k l+.9x163
16.5 |1.30 3 |o0.2| 7.6x15° 9.5%16° | 100
0.3 9.2x163
0.5 |11.1x15°
1.0 |10.3%15°
(2) Field (bamboo sampler, cumulative, Tokal)
Welont| Pavioa| Depen| “ «
B | T d
(m) (sec) (m)
1.09 6.2 %.8 |0.21 | 1.3x18° |1.6 X18°
0.28 1.5x1'63
0.30 | 1.6x10°
0.43 1.7x1c')3
0.58 1.7x15°
0.73 | 1.9x10°
1.06 | 6.2 7.8 | 0.22 2.1x10" |2.3x18"
0.31 | 2.1X10
0.4 2.2x16LF
0.52 2.6x10"
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ANALYSIS OF DATA

The concentration of suspended sediment tends to
increase distinctly from water surface to bottom. The
increase is especially pronounced near the bottom,
producing a distribution curve with the shape of * \_ ",
as previously pointed out by Fukushima et al (Ref. 1).
One of the most reslistic explanation of this fact
may be that the sand particles are picked up and main-
tained in suspension by the vortices formed in the
ripple troughs and separated upward following the pro-
pagation of surface waves. The detalled mechamism of
the above processes being still unknown, the existence
of a fully developed turbulence has been agssumed in
the theoretical treatment as mentioned in the previous
section. The vertical distribution curve of sediment
amount trapped by a bamboo sampler is completely simi-
lar to that of the actual sediment concentration. 1In
the following analysis the value at n = 0.1 will be
consistently taken as the reference in view of the
fact that almost all the data include the measured
values of M or q at the elevation of 10 % of the
total water depth above the bottom.

CALCULATED VALUE OF ol

The value of ol for each level is calculated,
as listed in part in Table 1, by using the theoretical
relationship. Reviewing the above result, it is recog-
nized that o seems to vary slightly with the value of
n depending upon hydraulic and sedimentary conditions.
For the sake of simplicity, we will use the mean value,
ol 4 in the following discussions.

Figure 4 shows the variation of oA in relation to
the variation of nondimensional term of UM , where
Uy 1s a meximum orbital velocity in the vieinity of
the bottom and ¢ the celerity of waves. The data
obtained both in the field (Tokai and Niigata coasts)
and in the laboratory have a consistent tendency in
the graph in spite of scattering of data.

mg AND ‘g

In order to determine quantitatively the concen-
tration pattern of suspended sediments, we must know
the value of mg. Fig, 5 shows that mg is closely
related with the value of up. But the field data
(Tokai coast) deviate from and run parallel to the
laboratory data which include that of Fairchild of the
Beach Erosion Board. A possible reason for this pro-
nounced discrepancy can be found in the difference of
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Figure 7. Relationship between q, and uy.
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data processing. Since the wave in the field would
tend to fluctuate as shown in Fig. 6, we have used the
mean values of significant wave height and period,

HY and T)% , respectively. On the other hand, the
laboratory waves are very simple and their heights and
periods are uniquely determined. The solid lines drawn
in the figure may be applied to the present problem

of fine sediment, although the grain size seems to have
some effect on the relationship between uy, and fij.

In the same manner, the relationship between Gg
and uy is given in Fig. 7. The plotting of these data
is completely similar to that in Fig. 5. From these
figures the value of G, is correlated with the value
of mg by using the intermedlate parameter sy &s shown
in Pig. 8. The agreement of the two curves, one from
the field and the other from laboratory measurements,
is rather surprisingly well. Practically, it is ex-
tremely difficult to conduct an instantaneous sampling
of suspended sediment under rough sea conditions,
while the cumulative sampling with a bamboo sampler is
less affected by sea conditions. From such a point of
view, the authors believe that the correlation curve
presented here may have a practical value in inter-
preting the data obtained by a bamboo sampler in terms
of the equivalent sediment concentration.

COMPARISON OF DATA WITH ANALYTICAL VALUES

As a result of the analysis which has been des-
cribed above, a concentration patter of suspended
sediment can be determired after some numerical com-
putation for given conditions of H, T, 4, My and
temperature of water. Several examples of comparison
between measured data and analytical values are given
in FPigs. 9 and 10. Generally speaking, the agreement
is satisfactory for engineering purposes.

The discussions so far presented have proved use-
ful in determining the adequate height of the mouth of
an intake pipe for the cooling water system of the
atomic power plant at Tokai, Japan. Analyzing a long-
term recording of wave height and period at the Tokal
coast, the authors could estimate the moderate combi-
nation of significant wave characteristics in the
rough sea conditions in the water of 8 m depth where
the intake unit will be placed. The wave conditions
are as follows. (Table 2§

The median diameter of bottom sediment has been
assumed to be 250 p. The value of X for such a
large value of up/c, as shown in Table 2, cannot be
determined accurately from Fig. 4. Hence, the authors
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Figure 9. Comparison between analytical curve and
measured data (laboratory).
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Figure 10. Comparison between analytical curve and
measured data (field).
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Figure 11. Analytical vertical distribution curves
of suspended sediment concentration for
variable wave conditions.
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have chosen a unique value of 0.01 for X for all con-
ditions considered. The results of computation are
shown in Fig. 11, from which the following observation
maey be drawn.

(1) Up to about 2 m above the bottom the concentration
of suspended sediment is considerably high.

(2) Above this level the congentration is rather uni-
form, and may reach 102 to 10% p.p.m. depending upon
the conditions of waves.

Therefore, it was recommended to set the mouth of
the intake pipe beyond 2 m above the bottom.

Table 2
Wave Height Wave Period Um /¢

inm in sec
g.s 12.0 0.263

.5 12.0 0.252
b.5 10.0 0.265
3.5 10.0 0.206
3.5 800 0.200

SOME RELATED CONSIDERATIONS

In the foregoing sections the phenomena of sus-
pended sediment due to oscillatory wave motion have
been treated in a very simplified form. However, the
authors realize that the actual phenomens are so com-
plicated that further analysis is necessary in order
to complete the treatment. 1In fact, we have neglected
the presence of sand ripples in the analytical proce-~
dure, since it is almost impossible at the present
moment to treat the problem of a sand ripple in an
analytical manner.

SAND RIPPLES

The authors have conducted a separate study on
the behaviors of a sand ripple which will be described
briefly in the accounts to follow. It has been repea-
tedly stressed in the previous sections that the sand
riprles have an important role on the occurrence of
suspended concentration. It is from recognition of
this fact that the authors are interested in the for-
mation and stabilized configuration of sand ripples
which appear on the bottom of sediment materials.
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Bagnold conducted his original study on this sub=-
ject by using an oscillating plate in still water with
variable size and specific gravity of sediment materi-
als. (Ref. 21) Manohar did his extensive studies with
a similar device at the University of California, in-
troducing valuable conclusions on the behaviors of
sand ripples, especially on formation, development and
disappearance. (Ref. 22) On the other hand, Scott
presented laboratory data on the characteristics of
sand ripples, which were formed on the sloping bed due
to a surface wave (Ref. 23). While these studies were
accomplished in the laboratories, Inman carried out a
unique field observation. (Ref.2L)

Three questions may be ralsed as to the signifi-
cant aspects of a sand ripple.

(1) What conditions may give rise to sand ripples?

(2) What are the stabilized configuration of sand
ripples?

(3) What conditions may cause sand ripples to dis-
appear?

The authors will confine themselves mainly to the
second question. It is well known that the shape of
sand ripoles formed by an oscillatory wave motion is
almost symmetrical, different from the asymmetrical
ripoles formed by a uni-directional current. There-
fore, the shape of the oscillatory sand ripple may
well be expressed simply by its rise, % » and pitch,

We will consider some elementary factors which
may affect the shape of sand ripples, namely:

uy ¢ horizontal component of maximum orbital ve-
locity in the vicinity of bed,

do ¢ horizontal displacement of water particle
in the vicinity of bed,

Mg ¢ medium diameter of bed material,

wo ¢ fall velocity of sediment,

Vv ¢ kinematic viscosity of fluid, and

© ¢ temperature of fluid.

As f(wy, Mg, © ) = 0, the following relation-
ship may be gntroduced by dimensional analysis,

¢(3F F o ke B -0 ay
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in which —§> and —— are the relative pitch and rela-
tive rise of a sand ripple, resvectively, with respect
to the horizontal displacement of particle in the vi-
cinity of bed, and %&-is the steepness of ripple.
Other terms are MUmd’snd wefd , the Reynolds numbers
related to the oscillatory motion and the sediment
material, respectively.

Prior to an analysis of available data, extensive
references have been made to the existing knowledge on
the characteristics of wake which is developed behind
a circular cylinder in order to utilize an analogy
between the wake and formation of a vortex in the rip-
ple trough. (Refs. 25, 26 and 27) In the wake pheno=-
menon the periodical formation and separation of vor-
tices has been noticed and studied experimentally by
many authors. The shedding frequency of the wake is
usually expressed in terms of the dimensionaless
Strouhal number 8 = n 4/U,, where n is the shedding
frequency (from one side of the cylinder), 4 the
cylinder diameter and U, the free-stream velocity. As
a result of experiments, it is known that the Strouhal
number is a function of the Reynolds number Uod,
which may approach a constant in the range of Earge
Reynolds number.

Assuming n =5%£ y @ = 271 and Uo = up, the
Strouhal number in our case may be expressed as fol-

lows: -
2T X2 -
S.—'Tll 47_TUm 4 do

On the other hand, the Reynolds number may be expres=-

seds R _ 2Um
¢ v

qu exist Se of some definite relationship bet~
ween —— is suggested by the above discus-~
sions. On the other hand, it may be possible to con-
sider that the space between the successive ripple
crests is occupied by a single vortex formed behind a
ripple crest. The size of the vortex must be a func-
tion of Reynolds number U=l similarly to the vortex
size of a wake behind a pluff body. Hence, the au%hors
expected the existence of a relationship between —=-
and —%7 y and attempted to verify this assumption %y
using the data of Imman (field), and Scott (laboratory)
and the authors (laboratory) as shown in Fig. 12.

The result 1s consistent to a surprising degree, and
further intimates that the maximum steepness of a

sand ripple seems to be about 0.23 which is approxi=-
mately equal to 1/2 tan <# s Where q; being the angle
of repose of fine sand in water.
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In the next step, a relationship among three
other terms in Eq. (11), i.e. de , Unde gnd Weld
was investigated by using the same data as shown in
Fig. 13. From this figure, it may be recognized that
the parameter of MeMd or My can be introduced in the
relationship between 4¢ and dxde if more data for
relatively coarse sand could be plotted in the same
figure. The lower 1limit of 4= must be 1.0 as pre-
viously pointed out by Inman.”>

According to the above results, the ripple dimen-
sions, A and p , of fine sand (300 p ) Mg > 100 u)
can be definitely determined for various combinations
of wave characteristics, water depth and water tem-
perature in the limited range of the plotted data.

In the above treatment the values of uy, and do
were calculated through a first approximation of the
osclllatory wave theorg, and the value of |y was esti-
mated to be 1.00 x 10-2 cm2/sec.

In the previous sections which have dealt with sus-
pended sediment, both the field and laboratory data
were used on the same basis neglecting the scale effect.
However, the scale effect must be expected to some ex-
tent in view of the following considerations. As
pointed out previously, the sand ripples have an im-
portant role on the suspended sediment, but the simi-
larity between prototype and model of ripple dimensions
is not realized in Figs. 12 and 13, i.e. the sand rip-
ples are relatively exaggerated in the model.

The authors are inclined to assume that the data
by Bagnold and Manohar result from an experimental
procedure which may not fully represent the oscilla-
ting motion by surface waves. Therefore, they have
not been used in our analysis on the characteristic
discussion of oscillatory sand ripples. The data of
Manohar plotted on the graphs in a similar way to
Figs. 12 and 13 show a falrly large scatter alt@gugh
they too agree with the upper limits of or —7%—
versus -é%— or the Reynolds number, respectively. At
the presént moment, the authors feel to share the view
of Vincent (Ref. 28) who admits a distinct discrepancy
between the motions near the bed produced by an oscil-
lating bed and by progressive surface wave.

Another point which must be mentioned 1s the fact
that the measured pitch of sand ripples produced by a
single train of waves 1s not unique but varies over a
wide range as shown in Fig. 14. Despite scatter, the
curve may be considered to represent a normal distri-
bution, hence it may be allowed to take an arithmetic
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mean as a representative pitch of the measured samples.
The rise also fluctuates to almost the same degree.

VERTICAL DISTRIBUTION OF GRAIN SIZE OF SUSPENDED
SEDIMENT

In the foregoing treatment the grain size of sus-
pended particles has been assumed for the sake of
approximation to be uniform from water surface to bot-
tom. However, as would be expected quite naturally,
the grain size tends to decrease gradually upwards
owing to the sorting action of turbulence in water.
This tendency is clearly shown in Fig. 15, which is
based on the data obtained at the Tokal coast. Beyond
a certain level above the bottom the grain size is
practically uniform. The data from the Niigata coast,
which give a similar trend, also show that the grain
size of suspended sediment at rough sea conditions is
larger than that found at calm, even though the bottom
sediment is the same. (Fig. 163 Qur assumption of a
uniform grain diameter for suspended sediment seems
therefore substantlially realistic, although it is not
correct to assume that the grain diameter of suspended
sediment is equal to that of the bottom sediment.

ADDITIONAL REMARK

Fig. 17 shows three examples of cumulative plot-
ting of suspended concentration, each representing a
different positions of sampling with regard to distance
from shoreline and level from the bottom. These data
were obtained with an instantaneous horizontal sampler
(Fujiki type) at Ojoin, Niigata (Ref. 17) during Decem-
ber, 1957 to March, 1958. The highest concentration
occurs invariably at a bar crest.

The authors have been carrying out a long-term
project on the dispersion processes of a free vortex
separated from the ripple trough. A minute baffle
shaped either triangular or inverted-T is placed on
the bottom of a two-dimensional wave flume and the
effect of the baffle rise on the dispersion process is
studied by visual observation or photograph. Fig. 18
shows an example in which the upper limit & of vortex
dispersion was compared with that normally observed
with natural sand ripples. Observation was facilitated
by using aluminium powder or potassium permaniif?te
particles, The relationship between —§ and al , the
Reynolds number with respect to the ripple rise, is
fairly consistent and shows that the limiting range of
vortex dispersion approaches the water surface as the
wave slize increases. This suggests that a layer of
characteristic turbulence occurs near the bed which is
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Figure 14. Scatter of ripple pitches found by a
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Figure 15. Vertical distribution of medium diameter
of suspended sediment (Tokal coast, Japan).
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Figure 16. Vertical distribution of medium diameter
of suspended sediment (Niigata coast,
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Figure 17. Cumulative occurrence curves of suspended
sediment concentration at three different
positions (Niigata coast, Japan).
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Figure 19. Sample record of suspended sediment con-
centration varying in time with passing
phases of progressive wave (Coastal Engi-
neering Laboratory, University of Tokyo).
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acted upon by a relatively small wave, while it grows
toward the surface as the wave size increases. There-
fore, the assumption of a fully developed turbulence
in the body of water which was made in our theoretical
treatment should be interpreted to represent rough sea
conditions.

Most difficulties in our subject seem to arise
from inadequacy of available means of instrumentation.
The authors have attempted to develop a device which
may enable a continuous recording of suspended concen-
tration which in fact fluctuates following the passage
of a wave. Fig. 19 gives one of the preliminary data
obtained by using the newly developed model, which
works on photoelectric principle with a pick-up unit
equipped with a phototransistor element. This instru-
ment is still not fully satisfactory, and must be
improved further. According to our measurement, the
variation of concentration is much more complicated
than has been expected in our theoretical treatment.
At any rate the success of recording the actual varia-
tion of suspended sediment concentration encourages
the authors to advance further with the present study.

CONCLUSIONS

In this paper the authors summarized the main
results of their studies concerning the suspended
sediment due to wave action. The data in the field
and laboratories were utilized to determine the charac-
teristies of several unknown factors, such as ol ,
fia and @4 , which appear in the theory presented here.
The agreement between the analytical and measured curves
of vertical distribution of suspended sediment concen-
tration is quite satisfactory for the engineering pur-
poses.

In addition to the above, some other data were
presented in order to clarify the actual phenomena and
to discuss a similarity between prototype and model.
In particular, the relationships, ¢(x, I, -k Uuke W).o
as proposed in Figs. 12 and 13, are of praétical value
to compare the results of field and laboratory studies
concerning the bottom sediment movement due to oscil-
latory wave action. Finally, a continuous recording
of the variation of concentration due to progressive
wave was shown in Fig. 19, which was made possible by
our latest model developed at the Coastal Engineering

Laboratory, University of Tokyo.
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