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SUMMARY

The settling properties of sea bed sediments were investigated experimentally to clarify the
mechanism and process of the formation of tideland. The settling phenomenen of the sea bed
sediments was considered to be affected by the type of sediments, the concentration of suspended
sediments (SS), the salinity and the physio-chemical composition of sea water.

In this paper the settling and deposition of the sea bed sediments in the quiescenti sea water
were examined in the laboratory. The sea bed sediments and sea water tested were collected on
the near shore region in the Ariake sea.

According to the experiment, the settling curve and settling velocity were affected signifi-
cantly by the type of the sediment and sediment concentration, while being not much affected by
the salinity in the range of 1.7%-7.5%. The flocculation and the hindered settling were considered
to play an important role in the settling of sea bed sediments. Furthermore the relationship
between interface settling velocities and particle sizes were expressed by a power-law equation.

Key word: deposition, flocculation, hindered settling, sea water, sediment, segregation, settling
velocity, suspended sediments (S5)

INTRODUCTION

The most characteristic features of the shallow sea region are exhibited by cohesive
sediment spreading over the region close to shore. At low tide, vast tidelands are exposed
along the coastal and regions close to shore. The tideland sediments are suspended by
current and wave agitation. The suspended sediment of transported by tidal waters and
drain systems has commonly gone through physical, chemical, and biological processes
such as flocculation, settling, deposition, consolidation, scour resuspension, and decomposi-
tion. Since these multi~dependency relationships have complicated structures, a clear
explanation has not been given, but there have considerable practical importance 2% %

In intense sea water conditions, the transpert process of sea bed sediments is cyclic. In
calm sea conditions, the current velocity reduces sufficiently to allow for settlement, thus
the transported sediments deposit and accumulate on the sea bottom. This results in the
gradual acceleration of tidelands growth.

The growth of tidelands leads to a number consequences both favorable and unfavor-
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able. These positive consequences include movement of organic matter, provision of
nutrients, control of water quality, maintenance of a drain system, and preservation of the
balance of the aquatic ecosystem. . Negative consequences include the accumulation of
pollutants and the siltation of harbor entrance, all of which are affected by transport
circulation in the shallow sea region. Therefore, the nature of settling and recognition of
the settling properties of sea bed sediment is of great practical and theoretical importance
to comprehend deposition state and resuspension behaviour in hydraulic and coastal
engineering.

Many attempts have been made to provide theoretical approximations, and a great
deal of attention has been given to developing and comparing formulae for settling
properties such as Kynch’s and Two-phase flow Theory et al®®” Measurement of
laboratory experiments have been reported by Work & Kohler®, Michaels & Bolgar?, and
Been'®. However, the settling properties are believed to be affected by a number of
complicated factors, such as the type and size of sediment, the concentration of S8, the
salinity, and the physio-chemical composition of sea water. These properties make it
difficult to present the relationships among the characteristics of flow, the settling velocity,
and the particle size. Thus, a reliable clarification of the settling phenomenon of sea bed
sediments has not been made at present.

Therefore, in these experiments the settling properties of sea bed sediment at rest in
sea water was investigated in the laboratory. The results obtained are discussed to present
the relationships among settling velocity, sediment particle size, and concentration of
suspended sediments.

EXPERIMENT

The sea water on the estuary or bay greatly fluctuate according to the role of water
current and wind. Water current velocity shows a range from zero at slack water to high
during the intermediate periods on the shallow sea area. The sea bed sediments undergo
a physio- chemical process involving suspension, transport, settling, resuspension, deposi-
tion, scouring, and decomposition. These relationships are plotted in Fig.l. The settling
and deposition of sea bed sediments during high or low tide are considered to be predomi-
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Fig. 1 General model structure of physio-chemical process.
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narnt.

The purpose of the experiments, settling in idealized and controlled conditions, was to
quantitatively measure the flow and transport characteristics of bed sediments in a shallow
sea area. Their values in solving engineering problems depend on how well they represent
the state of materials in the field When  used with the field conditions taken into
consideration, the laboratory test methods can be very valuable. ‘

SAMPLE.- Fig. 2 shows the bottom topography and location of sampling stations in
the Ariake sea. The depth of sea water is takes into account mean depth at the high tide.
Sea bed sediment from station A was obtained beneath the water with a dredger. The
other three station samples of the top Scm of sediment (for physio-chemical and sediment
size analysis) and surface sea water were taken. The predominant materials from Station
A on the estuary region were the sand and silt materials. Those of the other three stations
(B, C, and D) were predominantly silt material. All of them were collected in the near
shore region with a mean depth of 200cm in the Ariake sea.

Saga C,

® : Sampling Station
B Observation Tower

Chikugo R.

Siota R.

Mum. :Depth{m)

Fig. 2 Bottom topography and location of sampling sta-
tions in the Ariake sea.

Table 1  Physical characteristic and sediment size distribution

Sample Gs | @(%) |Sand | Sit |Clay | Die | Dso | Das | D | LL | PL | 1L
A 2.60} 56.63169.9114.7|15.4 61 149| 253 187 32.2 e
B 2.601305.11| €6.2168.4|31.4 0 18 44 311106 152.0110.6
C 2.631271.33| 6.2]69.5]|30.3 1 23 61 41 (110 151.1710.9
D 2.601310.65| 0.8|61.7|37.5 0 14 46 291106 149.6110.1

Gq: Gravity, w (%): Water content, Sand (%), Silt(%), Clay (%), Dis(um): 16% of the
particles are smaller than that size, Dy, (um): Middle particle size, Dy, (um): 84% of the
particles are smaller than that size, D, (um): Mean parcicle size, L.L: Liquid limit, P. L:
Plastic limit, I. L(%): Ignition loss
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Fig. 3 Bed sediment size distribution.

The distribution curves of bed sediment size are plotted in Fig. 3. A summary of their
physio-chemical characteristics and the distribution of bed sediment size is shown in Table
1. The curves of sea bed sediments along the estuary and near shore region show not
uniform but different distribution respectively. As for the distribution of bed sediment and
the physio-chemical characteristics, station B, C, and D have shown similar features, while
station A showed different characteristics. Significant differences are due to geological
reasons and the flow characteristic on the deposition surface. In order to investigate
representative properties in the future, we focused our attention primarily on station A and
C sediments. The experimental values are summarized in Table 2.

APPARATUS.- A schematic drawing of the settling column is shown in Fig. 4(a).
The settling column, with the measuring device built as a trial, consists of a cylindrical
acrylic column 200cm long with an inside diameter of 10cm. Sampling taps were prepared
on the outside wall of the settling column at given points (at distances of 5cm, 15¢m, 30cm,
70cm, 110cm, 150cm, and 199cm from the bottom of the settling column).

PROCEDURE.- A detailed description of the experimental procedure is available as

Table 2+ Experimental values

Soil weight Salinit Water Tem.

Sample @ o) gravity | PH | cO
A 300 4.4 1.036 7.5 20
B 300 4.4 1.036 7.5 20
Cc-1 100 4.2 1.035 7.5 20
c-2 300 1.7 1.017 7.5 20
c-3 300 3.0 1.025 7.5 20
C-4 300 4.4 1.036 7.5 20
C-5 300 5.9 1.041 7.5 20
Cc-6 300 7.5 1.060 7.5 20
c-7 500 4.2 1.035 7.5 20
D 300 4.4 1.036 7.5 20
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Fig. 4 Schematic drawing of settling column-settling curve-concentration profile.

follows; Four sea bed sediments were sampled from specific stations in the Ariake sea
basin. Sampled sediments were natural-air-dried and sieved through a 0.425mm sieve to
get rid of second source particles, trash, and other materials. Next, sea water with
preselected salinity was added to the sieved-sample which prepared the unit weight of
sediments. These mixtures were well stirred for an hour in a Maruto Blender. Next, we
poured the agitated sample into a container filled with controlled water. The sample was
mixed for 5 minutes by hand just before being poured into the settling column. The
experiment started as the mean concentration of SS was determined. The top of the
settling column was opened to introduce dispersion mixture. In making the run, the sample
was poured into the settling column. A series of settling tests was run twice for each
concentration. For one, the movement of an interfacial plane between the solid and water
- was read and a photograph taken at a specified time. For the other, small samples of
mixture were extracted by a sampling tap, which is located on the outside wall of the
settling column at a given height. In these experiments, the final settling state was defined
as the time after 7200 minutes had elapsed. The particle size analysis for extracted
samples was conducted by the Micronphoto Sizer and Centrifuge Methods, and the concen-
tration of SS measured by the Filtration Method. Careful handling was required in
conducting the particle size analysis because the flocculated sample requires as little
disturbance and damage as possible to analyze particle size accurately. Sedimentation
data were obtained in a 20°C constant temperature room.
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ANALYSIS OF EXPERIMENTAL RESULTS,
SETTLING CURVE.- The settling process was studied by observation of the infer-
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face changes as well as the amount of concentration. The interface reading was taken
continuously until the final settling was virtually complete. The settling tests were run on
natural-air-dried sediments at three unit weight of dried-sediments (ranging from 100g
-500g) and four salinities (ranging from approx. 1.7-7.5% Nacl) with fixed height, 200cm.
For all of the tests, because of the frequency of the readings and regularity of the interface
settling, the settling velocity was determined by plotting the height of interface at a certain
time. The one-dimensional settling phenomenon progressed as described in Fig. 4. The
typical settling curve illustrated by Fig. 4(b) shows the process of settling and deposition.

As time passes, on -the upper part, the supernatant water fraction increases and
interface falls at a constant speed, while on the other, the deposition of sediments increases
toward a specific settling volume. These relationships are represented by two lines. The
upper line, which begins to decline with a constant settling velocity, indicates a plane of
interface settling in the initial stage. The lower line represents a depositional plane of the
sediments on the bottom of the settling column. Two lines join near the end point of the
constant settling period, and join after the settling velocity is rapidly reduced. These
represent consolidation periods. To easily understand the constant settling period, the
experimental results are expressed by semilogarithmic plots, as in Fig. 5 to 7. Fig. 5 shows
four settling curves concerning four sediments, in which the initial salinity and unit weight
of solids is held constant. Fig. 6 illustrates the settling height-time behavior compared to
the relationship of slopes on the three settling curves of station C sediment. Fig. 7 presents
four curves which have different initial salinities for the settling of station C sediment.
These expressions would not be represented by any relationship commonly available to
consolidation periods.

In usual consolidation period, the relationships were obtained by logarithmic plots as
Fig. 8 to 10. The relationship between interface height and time shows that the slope
changes rapidly with the lapse of time and then reaches inflection point. Thereafter a
gentle slope line results. This behavior refers to a steep slope part as a constant settling
period in the early part of settling and to a gentle slope part as a consolidation period in
the latter part of settling, respectively. There is no theoretical equation, but any empirical
equation such as the 3 or 4 order of polynomial equation can be used;

y=ao+ax'+ axtt o+ anx” 1

in which ¥ is interface height (cm), x is the elapsed time (min), » is the order of
regression, and 4, » are empirical parameters. The values of the two empirical parameters
{(a and n) obtained by regression analysis for each samples are presented in Table 3, which
include the functional relationships and the values for correlation coefficients.

SETTLING VELOCITY OF INTERFACE SETTLEMENT.- Generally, the equation
of settling velocity is obtained by the slope of the height-time curve at any point. Empirical
relations for sea bed sediments were plotted as log settling velocity against log elapsed
time in Fig. 11 to 13. In all of the cases, all initial settling and accumulating velocities
maintain constant settling and accumulating rates within initially finite time. This
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Table 3 Relationships between interface height and time.

Settling Part
Sample Height (y=x/y) vs. Time(z=x)
7 o [#4] az as a4 Y
A 3 ~8.06 0.19) 9.38x10°® -9.38x 1071 - 0.99
B 4 -4.03 0.05] 5.54X107® ~1.64 X108 1.35 X107 0.99
C-1 4 ~16.82 0.251 8.79X10°% ~3.00x10"® 2.65X10~1? 0.99
C-2 4 -3.77 0.06] 3.01X10°° -6.39X10° 4.26 X107 0.99
C-3 4 -4.00 0.05 | 2.75X10°® ~5.79 X107 3.83x 10718 0.99
C-4 4 -6.62 0.11 ) 2.15X10° ~7.96X107° 7.28x10°18 0.99
C-5 4 ~3.89 0.05] 1.68x10°® -2.03%X10"° 6.68X107° 0.99
C-6 3 -4.52 0.06 1.29X10°° -G.78 X 1010 - 0.99
C-7 4 -2.59 0.03] 1.35X10°3 -2.02X107° 9.65 X107 0.99
D 4 -6.80 0.10 2.71X10°® -8.33x10° 6.99x10° 0.99
Accumulating Part
Sample Height (y=x/y) vs. Time{xr=2x)
4 as a1 az a3 s Y
A 4 -1.48 0.16 ) 3.42x10°° -8.12X107° 5.92x 1071 0.99
B 4 5.58 0.03| 7.66x107® -2.22X1078 1.82 X107 0.99
C-1 4 10.01 0.151 1.89X10°* -6.20x10"% 5.41 X107 0.99
Cc-2 4 8.05 0.03 ] 5.44X10°° -1.23x10-® 8.62X16718 0.99
C-3 4 8.69 0.02] 4.75X10°8 -1.04 %1078 7.23X10713 0.99
C-4 4 1.71 0.08 1 4.76X1078 -1.60>x10"® 1.42X107% 0.99
C-5 4 10.54 0.02| 3.82x10°® -6.91xX10°° 4.17x1073 0.99
C-6 4 11.85 0.02 1 3.59x10° ~5.76X10°° 3.19%x 103 0.99
C-7 4 10.94 1 0.003} 3.17X10°° ~-65.18X10°° 3.96%x107® 0.99
D 4 2.93 0.07 ] 5.02X10°° ~-1.48x10® 1.22X10-12 0.99

shows a horizontally constant linear mode as constant settling and accumulating rate
at logarithmic plot. When more time elapses, the settling and accumulating velocity
reaches an inflection point, and thereafter interface settling and accumulating velocity
gradually decreases with the lapse of time. The shape of the interface settling or ac-
cumulating velocity-time curves suggest that the settling and accumulating velocity is a
polynomial equation as a function of time. For the Ariake sea bed sediments, the settling
and accumulating velocity were found to be correlated with time, the relations being given
by

y:ag+a1x’+azxz+-"+anx" . (2)

in which y is the velocity of interface settling and accumulation (cm/min), x is the
elapsed time (min), and ¢, # are empirical parameters as functions of salinity as well as
concentration of SS. These functions for experimental conditions and values for correla-
tion coefficients are tabulated (Table 4).
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RELATIONSHIP BETWEEN BSET-
TLING VELOCITY AND POROSITY.- From the two-phase flow view point, sedimenta-
tion in the settling column is considered relative motion. With regard to solids, it was
continuously deposited on the bottom of the column to form a bed of loose structure, which
gradually consolidated as a-result of the weight of the accumulated solids, thus porosity
decreased as time passed. Contrary to solids, water leaves the bed through the pore spaces
and later as the settling velocity progressively decreases. Then, the water eliminated by
compression is expelled via a much smaller line, and thereafter supernatent flow slowly
stops, after which no further water flow occurs.  Since the variation of porosity seems to
be an important factor in explaining the two-phase flow, we considered that porosity and
settling velocity are closely related. Therefore, the relationship is shown from the log of
porosity against log of settling velocity. Fig. 14 shows that interface settling velocity is
linearly correlated to porosity with an r of 0.97. The relationship lines were expressed as

y=explax?+bx+c) (3)

in which y is the interface settling velocity (cm/sec), x is porosity (%), and 4, b, and
¢ are empirical constants. The relationship of settling velocity and porosity has been
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Table 4 Relationships between settling or accumulating velocity of interface and

time,
Settling Part
Sample Settling velocity {(y=log y) vs. Time (z=log x)

n Qo ay [£5] as aa as 4

A 5 ~0.753 ] —9.082 8.987 | —2.778 0.336] —0.014| 0.95
B 5 -1.188 7 —0.174 0.237 0.063 | —0.032 0.0024] 0.95
C-1 4 —3.365 1.088 0.855 1 —0.307 0.021 -1 0.95
C-2 4 —2.884 0.367 0.911 —0.273 0.018 -1 0.95
C-3 4 —0.476 | —2.169 1.596 | —0.329 0.018 — 1 0.96
C-4 4 0.295 ¢ —2.777 2.101 ] —0.462 0.028 —1 0.95
C-5 4 —~1.568 | —2.067 1.8451 —0.401 0.024 — 1 0.97
C-6 4 —-1.279 | —2.410 1.9631 —0.417 0.025 — 1 0.97
Cc-7 4 —0.256 | —3.604 2.148 1 —0.401 0.022 — 1 0.96
D 4 —4 858 1.799 0.687 | —0.278 0.020 — 1 0.96

Accumulating Part
Sample Accumulating velocity {y=log y) vs. Time (z=log x)

n Qo ai asz as 24 as b4

A 4 —1.222| —1.535 0.8991 —0.205 0.013 1 0.96
B 5 0.958 ) ~1.859 ] —0.234 0.3121 —0.061 0.00341 0.90
C-1 4 —~3.089 —2.173 1.444 1 —0.287 0.016 —1 0.96
C-2 4 ~2.0671 —1.365 0.829 —0.163 0.009 ~1 0.91
Cc-3 4 —2.066 ] —0.723 0.335 ] —0.055 0.0016 — 1 0.93
C-4 4 —1.462 ] —2.938 1.746 1 —0.340 0.019 — 1 0.95
C-5 4 —2.512 | —1.426 0.936{ —0.185 0.010 — i 0.93
C-6 4 —4.402 | —1.329 1.163 | —0.235 0.013 — 1 0.83
Cc-7 4 —3.346 | —1.094 0.991| -—0.207 0.012 —1 0.91
D 5 0.114] —1.723) —0.089 0.270 | —0.059 0.00351 0.96

~ proved a good linear relationship; the results are correlated by a single line. ‘A summary
of the experimental values is given in Table 5.

The initial interface height, z, falls to some final height, z;, at some final time, #, which
was defined as after 7200 minutes had elapsed. The final settling volume, s,=2/z, is
considered the ratio of the final height and initial height. According to the experiment, the
relationship of the final settling volume and the concentration is plotted on the double
logarithmic scale in Fig. 15. The results are correlated by a curvature line with the
equation

y=azr’*+bx+c ‘ (4)

where y is the final settling volume, x is the initial concentration (mg/1), and ¢, b, and
¢ are experimental constant. The experimental values are shown as Table 6.
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Table 5  Relationships between interface settling
velocity and porosity.

Settling velocity (¥) vs. Porosity (z)
Station
a b c ¥
A —0.007181 1.56573 — 83.011 0.97
B —0.022106 4.57617 —236.656 0.97
C —{.,053947 10.38870 —499.5%4 0.97
D —0.022007 4.50000 —229.594 0.98

Table 6  Relationships between final settling
volume and initial concentration.

final Settling volume(y) vs. concentration(x)

a b c ¥
5.531X10°% | 7.461X10°° 2.79143 0.99

CONCENTRATION PROFILE MEASUREMENTS FOR SEA BED SEDIMENTS.-
To elucidate settling process, experimental investigation, i.e. a series of concentration
profiles are obtained using the SS filtration method, was done to make a quantitative
evaluation. It has been developed to describe the variation of $S concentrations against the
time and height in settling column. Fig. 16 (for station A sediment) and 17 (for station C
sediment) respectively, are a schematic comparison of the consequence of height against
concentration profiles of the settling and consolidation period. Concentration profiles of
station A and C respectively, are shown in chart form. These data are typical of moderate
concentrations of SS with settling velocities. The variation of concentration decreases
with rising height, except the bottom side in an essentially linear fashion. To show a
detailed relationship with the station C sediment, Fig. 18 {a) and 18 (b) show the concentra-
tion profiles during the 360 minutes with an initial concentration of 11,500 mg/] and 4,150
mg/l respectively. Fig. 19 (a) (for station A sediment) and 19 (b) (for station C sediment
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respectively, show the variation of concentration at. a given time and height (Co=
20,000mg/1 and 11,500mg/1 respectively).

As is clear from the relationship curve of the time~concentration-height, the settling
and consolidation period are characterized by the relative movement of solids and water.
Cohesive sea bed sediments , which are subject to surface electrochemical forces because
of their various components and small size, tend to group into clusters of flocs. At the
beginning of the experiment, the distribution of concentration is uniform at every height.
As time goes by, the flocs joined together and coalesced to form extended networks. Also,
this structure of networks changes with time. The flocculation period is thought to be
finished early, but it affects settling velocity. At this time, the settling rates are restricted
and the flocs networks closely packed forming an interfacial plane at the top of the
dispersion. The local concentration decreases with an increase in height; an upper part
gradually decreases concentration, a central part uniformly maintains constant concentra-
tion, and a bottom part accordingly decreases concentration. This is caused by the bedding
down of flocs and the squeezing out of water. Whereas the flocs of the bottom part are
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forced and compressed by the weight of the overlying flocs, the supernatent is isolated in
the upper part. Thereafter, the movement of the interface begins slowly downward. As
more time goes by, the interface settling rate decreases with increasing retardation. The
water is eliminated by porosity and vertical drainage wells from a bed. Given enough time,
the concentration increased remarkably near the bottom (such as 5cm height) and the
water was displaced by compression and overburden weight. If the time elapsed too close
to the final settling state, the settling abruptly stopped, after which no further consolidation
occurs. The following became clear after the experiment continued: first, the relationships
between SS and water are shown in the hindered settling effects. Second, the concentration
profile of the bottom part is obtained for the path by a number of flocs layers of various
thickness which occurs over time. For the near shore region of Ariake sea (especially
station A and C), the mean concentration (mg/l) of settled sediment at Scm height in the
settling column is given by

y=avt+axr'+axit - +ax” (0<t<360 min) in minutes {5)

where y is mean concentration (mg/l), z and ¢ are elapsed time (min), and # is the
order of polynominal. The experimental values are shown in Table 7.

SEGREGATION OF PARTICLE SIZES DURING SETTLEMENT.- To investigate
flocculation, one of the most important process of settling, a suitable experimental method
is required. The major factors affecting flocculation could be: segregation of particle sizes,
similarity of particle size distribution, and variation of average particle size, which are
attributed to the differential settling of different size distribution. A representative sample
was extracted through the wall of the settling column, and the particle size gnalysis of
samples obtained at a given height and time was performed.

Our first attempt to determine segregation of particle sizes and similarity of particle
size distribution was to use the particle size analysis. This method helps to understand the
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influence of those factors described above.

The experimental results account for the

particle behavior of initial concentration (Co=11,500mg/1) in station C sediment. A
detailed comparison of the particle size distributions with the height at a given time are
shown in Fig. 20 (a) to 20 {f). During the initial settling period such as shown on Fig. 20
(a), the particle size distribution indicates similar settling features at every height.
Consequently, there is not very much change. The distribution confirmed that the mixture
concentration should be almost the same at all points, but should not yet develop settling.
Fig. 20 (b) and 20 (¢) describe that after 15 and 30 minutes respectively, the particles

Table 7 Relationships between mean concentration and time.
Mean concentration (y=y) vs. Time (z=log )
Station
7 o ay az a3 Q4 Y
A 4 9202.69 227552 —192736 51644 —4332.25 0.98
C 4 11351.6 230976 — 199840 54496 —4554.5 0.98
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increasé in size and the curves of distribution themselves shift downwards. This is due to
the solids of the mixture becoming gradually flocculated at the particle surface, and
becoming large and heavy. Thus, the settling of sand-size as well as coarse-silt size
particles was drawing to an end. These are ascribed to the results of the variation of self
-weight. The coarse silt-size and sand-size as well as clay-size does not change with the
height very much, but fine silt-size does. It paraphrases that the most of the change in the
distribution occurs in the fine silt-size range, the equivalent size of about 5-20um. The
' deposition profile of the bottom part being composed of a number of layers of various
particle sizes is explained in terms of the segregation of particle sizes. At the bottom part,
the coarse-size particles, aggregated heavy particles, and large particles are settled, with
the result that the thickness increases sequentially. The results are very closely related to
the accumulation plane of the settling curve in Fig. 5 to 10. As time 'goes by , the
experiments show that after the elapse of 60 and 120 minutes respectively (Fig. 20 (d) and
20 (e)), the upper part curves shifting upwards, whereas the lower part curves downwards.
This trend is due to the significant proportion of the aggregated sand size and coarse silt
size particles which are settled in the bottom, so that the 55 concentration as well as the
particle size decreases stepwise with in increasing height and time. Fig. 20 (f) shows that
after 360 minutes, the concentration of SS increased markedly near the bottom, such as
5em height, while in the upper and middle part gradually decreased with the lapse of time,
and then reached nearly zero. The obvious conclusion was that reaching a certain point
(within the passage of 30 minutes), the coarse silt-size as well as sand-size particles
segregated and settled on the bottom but the fine silt-size and clay-size consistently
carried on a stepwise variation, except the bottom part. The various relationships
characterizing the segregation as well as similarity of particle size are found in the
experimental results. Subsequently, one of the factors affecting flocculation shall be
considered variation of average particle size. Using the experimental values for station C
sediment (Co=11,500mg/1), the time and

average particle size relationships in Fig. 21

was obtained N
The average particle size varies widely 5 .

with the lapse of time. In the beginning of a :i

period {(such as from 0 min to 15 minutes), & ir §

the average particle size varies consistently é oL |

at every height but thereafter changes g

remarkably. ‘It is believed the effect of the %ﬂ g - N

concentration variation appeared settling < ;j lg -

state. When the height was increased and 1Ho: doem

time passed, the average particle size is o L 444

1
reduced significantly. The flocculation of sea o 80 12; 180( ?49) 300 360
. . ime min
bed sediments plays an important role in
Fig-21 Variations of average particle
size with time for station C sedi-

segregation and deposition state of particle ment.

understanding the relationships among the
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size, the fluidity of the sea bed sediment, and the settling characteristics.

SETTLING VELOCITY.- In order to deduce the settling velocity equation, let us take
x, ¥, and z axis respectively in the direction of wave propagation, perpendicular to the x
axis in a horizontal plane, and vertically upward from the quiescent water level. The
fundamental transport equation for the concentration of SS is expressed as

9C oC ac 0 oC 0 oC
S TuEs Vo +{w— wg) (Dx )+ y(Dy—a;H 73—5(1)5—8—5 (6)

in which C is the mean concentration of SS (mg/1), ws is the settling velocity of SS,
and D, Dy, and D: are the diffusion coefficients in the z, ¥, and z directions respectively.

In order to simplify conditions, the particle size of sea bed sediments throughout the
near shore region of the shallow sea distributes itself uniformly. Thus, we assume the
motion of water depth is uniform and the flow motion in the settling column is one
~dimensional, u =v=w =0, and D; Dy, and D: are negligibly small, as a result, all deriva-
tives with respect to x, v, and z (except wg) are zero. Then the distribution of concentra-
tion in a one-dimensional flow is governed to a good approximation by the following
settling equation;

%-g- = e %‘ZC‘ ‘ ' 7 v

By integrating the equation with respect to C we obtain
wsC=-2 [“Caz (8)
€ at Jo

To compute the settling velocity profile, it is necessary to obtain the variation of the
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concentration during the course of time. We have mentioned this in accordance with Fig.
16 to 19 already given. The relationships between the settling velocity and the concentra-
tion were expressed as a function of time at a given height in Fig. 22(a) to 22(b). In Fig.
22(a), we assume that the settling velocity is proportional to the instantaneous time rate
of change of the height i.e. wy=dz/dt. Fig. 22(b) introduces the idea that the settling
velocity was derived by the use of equation (8), and the experimental results were plotted
as the log settling velocity against log concentration. The interpretation of the resulting
settling velocity-concentration data yielded a description of the variation of the concentra-
tion at given height and an expression for the settling velocity with the passage of time. It
turns out that the settling velocity decreases with increasing concentration at the initial
stage, and thereafter the settling velocity of the bottom part decreases rapidly as concen-
tration increases. On the other hand, the settling velocity of the middle and the upper part
attains constant value and varies slowly. One of the reasons affecting it could be consid-
ered hindered settling, which increases with the increase of the SS concentrations, the
dispersion rate of sea bed sediments, and the strength of the attractive force between
particles. The settling velocity increases as the height increases at a given time; in the
upper and middle part, settling velocity increases with height, whereas in the bottom part,
it decreases significantly.

RELATIONSHIPS BETWEEN SETTLING VELOCITY AND PARTICLE SIZE.-
The settling velocity was obtained by timing the movement of the interface settling, i.e., the
ratio of varied height to varied time. For the particle size analysis, sand-size particles
were measured by the sieve method, and both silt and clay-size particles were measured by
the hvdrometer method. It was obtained referring to Fig. 3 in the last section. The
relationships between settling velocity and particle size shown in Fig. 23 indicate that the
settling velocity increased with an increase in particle size. An almost linear relation is
obtained when the relationship is plotted on
logarithmic scale. The relationship for these

curves were described by the following. 10! sELIRRRRLLY [ELRLL EUL  L
= F :
wi = 0.549D""  sample A \f - ]
wi = 0.101D0"7  sample B g : |
w = 0.263D%"  sample C ®) S
wi = 0.142D%  sample D é o 5
. E :
where w; is the settling velocity of inter- “g B s i
face (cm/min) and D is particle size (cm). n B Sumple B
It can be observed that the relationship i erits
among the curves of sampling stations show 10 i(r5! 4 ““11”0%‘ "“”1‘:)_3' ‘”“lllé‘z,’ . ““111:)_1
the settling velocity in aggregates many Particle size ( cm)

times larger than the settling velocity of an Fig. 23 Relationship between settling

isolated particle. This would have small size velocity and particle size.
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particles changing in size as flocculation from a point of view described later, such as in
Fig. 20, and it obviously could mean that most of the change in the particle size distribution
occurs in the smaller particles. This is presumably a result of high flocculation in this size
fraction. ’

CONCLUSIONS

This paper is concerned with settling properties in the settling column and showing the results of
using an experimental laboratory for sea bed sediments in the Ariake sea. The results revealed the
following settling properties of sea bed sediments:

1. The settling properties of sea bed sediments are closely related with the type of sea bed sediments,
the concentration of SS, and the salinity of sea water. These relationships are shown in an obvious
quantitative relation. The settling curve as well as settling velocity which depends significantly on the
sea bed type and 55 concentration, decreased with the increasing initial concentration, fine particle size,
and salinity of the sea water.

2, The interface settling and accumulating velocity indicates a constant rate at the initial stage, and
then attains an inflection point, thereafter decreasing.

3. The relationships among the settling velocity, the mean concentration of SS, and the particle size
were investigated. There relationships are shown in chart form and explicitly expressed equations.

4, Flocculation as well as hindered settling is found to be suitable for describing the settling
properties.

5. The segregation of particle size appeared in the silt-size range (i.e. 5-20um) before and after 30
minutes.

6, The relationship between interface settling velocities and particle sizes are expressed by a power
-law equation.
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