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ABSTRACT

In alluvial sand-bed rivers, it is found that the concentration of suspended bed material load
(referred to as the “suspended sediment™ in this paper) is higher during the rising stage than during
the falling stage of a flood, in which the water discharge changes rapidly enough. In this study,
the mechanism of this phenomenon was examined in a large sand-bed recirculating flume. The
flume tests, which were designed to evaluate a possible relation between the sediment suspension
and the bedform, were performed under such hydraulic conditions that dunes in the lower flow
regime developed.

Run simulating a runoff event indicated that the suspended sediment concentration was ex-
tremely high during the rising leg of a flood hydrograph, when the dune grew. Six different runs
with constant discharge revealed that changes in the bed configuration could be classified into
two stages. One is “Developing dune stage” and the other is “Equilibrium dune stage”. It is con-
cluded from continual measurements of suspended sediment that suspended sediment concentra-
tion is higher in the developing dune stage than in the equilibrium dune stage. In the developing
dune stage, strong eddies associated with the dune growth carry large amount of sediment par-
ticles periodically from the bed surface into the main flow. On the other hand, in the equilibrium
dune stage, suspended sediment concentration has little variation with time, because only weak
eddies are generated in spite of the presence of largest dunes on the bed surface. The examina-
tion on the time required to attain the equilibrium dune size makes it clear that the larger the
stream power is, the longer time it takes to attain the equilibrium dune size.

During floods of natural rivers, the stream power at a station increases as the water discharge
increases. Therefore, it is reasonable to state that the developing dune stage is always present in
the rising rimb of a runoff event in which the water discharge changes rapidly. The active growth
of dune dimensions in the rising stage of a flood has a notable effect on turbulant flow and thus
on sediment suspension. It can be concluded that the high suspended sediment concentration in
the rising leg of a flood hydrograph is strongly affected by the rapid growth of dunes.

*A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of
Science in Doctoral Program in the University of Tsukuba
** Address from April 1, 1984 is the Environmental Research Center, the University of Tsukuba,
Ibaraki 305 Japan
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CHAPTER 1

INTRODUCTION

1-1 Previous studies on suspended load in natural rivers
Total load transported by the fluid flow in natural rivers may be distinguished either by
source or by transporting mechanism as shown in Table 1. Suspended load is a terminology accord-
ing to the transporting mechanism and is defined as the sediment particles moving outside the bed
layer (Einstein, 1950).
Table 1 Classification of sediment transport

in alluvial river channels.
Modified after Lewin (1981, p. 201)

Transport
Source mechanism
Washload, ~ --------- continuous
suspens(on
Total load Suspended .
\ ./ load _,_,[|nterm|ttent
Bed material suspension
load
Bed load ---- (saltation
sliding
rolling

Suspended load is usually divided into two components, while both components are simul-
taneously sampled in hydrological measurements in natural rivers. One is the finest sediment
derived from supply sources to the actual channel. Such fine material is held almost continously
in suspension. The other is the coarser sediment derived from the bed material itself. Such coarse
material is intermittently taken into suspension by the turbulent flow. The former is the so-called
“wash load™ and the latter is called ‘‘suspended bed material load” by Shen (1971a), Richard
(1982, p.96), and Lewin (1983), or “intermittent suspension load” by Middleton & Southard
(1977).

Intensive sampling programs have been carried out in various streams and these hydrological
investigations show that the relationship between suspended load concentration and water dis-
charge is usually plotted as a straight line on logarithmic coordinates (Straub, 1932; Leopold &
Maddock, 1953; Graf, 1971, p.235-237). This indicates that an increase in stream discharge is
accompanied by an increase in suspended load concentration.

However, such rating plot often reveals considerable scatter about the straight line relation-
ship. Studies by Guy (1964), Hall (1967), and Walling & Teed (1971) have demonstrated that
suspended sediment concentrations are generally greater in summer than in winter and thus the
seasonal effects are often important,

A further important cause of rating plot scatter is that the peak of suspended load concen-
tration rarely coincides with the peak of a flood hydrograph. The maximum concentration of
suspended load generally precedes the peak water discharge (Leopold & Maddock, 1953; Kikkawa,
1954; Nordin, 1964; Guy, 1964; Nordin & Beverage, 1965; Walling & Teed, 1971; Graf, 1971,
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p.235-237: Wood, 1977). For example, Nordin (1964) plotted sediment concentration which
contained both fine material and sand-size material against daily mean water discharge during the
period from April to July in 1958 in the Rio Grande near Bernalillo, New Mexico and showed
that the maximum concentration preceded the maximum discharge by a period of about six
weeks.

On some rivers, however, the peak of suspended load concentration can be significantly
behind the flood peak. Heidel (1956) concluded from his extensive measurements at four different
stations of the Bighorn River in Montana and Wyoming that the peak of suspended load concen-
tration occurred after the peak of water discharge with a progressive lag.

Gregory & Walling (1973, p. 217-218) and Richard (1982, p. 104-105) stated that hysteresis
in the change of suspended load concentration through a single storm, in which the maximum
sediment concentration may occur either in advance or behind the peak of water discharge,
reflects two main influences. One is the sediment supply changes between the rising and falling
flood stages, in which the change of wash load concentration during a storm runoff plays an
important role in the sediment concentration vs. water discharge relation. As fine material on the
land surface is washed into the stream within a short period, the maximum sediment production
or availability usually occurs in the early stages of a storm event. The other influence is the spatial
effect of a storm size relative to a catchment area and the associated lag effect of the downstream
travel of sediment and water ‘waves’. Heidel (1956) established that the sediment concentration
peak moved more slowly than the water discharge peak and that the sediment peak progressively
lagged behind the flood peak in a downstream direction.

1-2 Problems and the purpose of this study

It has been an ultimate objective for hydraulic engineers to accurately predict the rate of sedi-
ment transport for all flow conditions in alluvial river channels. In order to pursue this objective,
it is necessary to separate the suspended load into the suspended bed material load (referred to as
“suspended sediment” in this paper) and the wash load, and to analyze them respectively. Because
the amount of wash load does not depend on the hydraulic conditions but on the supply rate
(Einstein et al. 1940; Shen, 1971a), and thus a satisfactory prediction of wash load concentration
based on hydraulic properties of the channel flow is extremely difficult at the moment,

In this paper, attention is focused on the relationship between suspended sediment and flow
conditiodns in a channel. From the previous hydrological studies described above, the knowledge
on (1) the contribution of suspended sediment to the entire suspended load and (2) the change
of suspended sediment concentration during a runoff event has not fully obtained. Because sus-
pended sediment and wash load were simultaneously sampled as “‘suspended load’ and they were
not separatedly discussed in the field studies.

In reality, there is probably no sharp distinction between two components of suspended load.
However, the component of silt-clay size ( < 0.063 mm) is conventionally considered to be the
wash load, and the sand size component (> 0.063 mm) is considered to be the suspended sediment
(Richard; 1982, p. 99). As a rule of thumb, many engineers also assume the grain size of wash load
to be smaller than 0.063 mm (Shen, 1971b). This arbitrary criterion between suspended sediment
and wash load is based on a fact that the vertical concentration-gradient is commonly uniform for
the silt-clay size fraction, but that the gradient is steeply decreasing with height above the bed
for the sand size fraction. This was confirmed in many rivers such as the middle Rio Grande, New
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Mexico (Nordin & Dempster, 1963), the Mississippi River at St. Louis, Missouri (Scott & Stephens,
1966), and the Sakura River, Ibaraki Prefecture, Japan (Iseya, 1979).

Based on this arbitrary criterion, Iseya (1982a) studied the detailed shape of suspended sedi-
ment vs. flood stage graph for individual storm event in the Sakura River and showed that the peak
of suspended sediment discharge occurred in the rising stage of a flood (Fig. 1). Moreover, the
observational result of Kinoshita (1982) in the lower Tone River, one of the largest rivers in Japan,
also indicates that the maximum concentration of suspended sediment near the water surface
during a typhoon-caused large flood preceded the maximum discharge by a period of about five
to eight hours.

e < 3m
. -1 2
. _ _ Bankiull I
Q’SBSC_'Cﬂ‘ Level \. D
9 "~ 41
L Wat
Qs ] - o:’eveal oo~
J -0
V.F.Sd.
| F.Sd.
o M.Sd.

19 20 21 22
Septmber, 1977

Fig. 1 Variation of suspended sediment discharge in the Sakura
River, Ibaraki Prefecture, Japan (Iseya, 1982a).
Qs: suspended sediment discharge
D : water depth
V. F. 8d. : very fine sand, 0.063-0.125 mm
F. Sd. : fine sand, 0.125-0.25 mm
M. Sd. : medium sand, 0.25—-0.5 mm

These two examples are contradictory to theoretical treatments between suspended sediment
concentration and flow intensity. Theoretically, the transport of suspended sediment is controlled
by the tractive force of stream (Lane & Kalinske, 1941; Einstein, 1950). This means that there is
a close single relationship between the suspended sediment and water discharge.

It has been also recognized that suspension of sandy bed material is strongly influenced by
water temperature (Vanoni, 1975, p. 72-78; Richard, 1982, p. 104). Since the higher viscosity at
low water temperature reduces the fall velocity and hence the effective sediment size, a decrease
in temperature causes an increase in sediment transport. Especially in the case of a snow melt
flood continuing for some months, the change of water temperature would have more notable
effect on sediment suspension. But this factor may not contribute to the change of suspended
sediment concentration during a short period flood in which the water temperature does not so
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much change.

In laboratory flumes, it has been emphasized that the vertical velocity-gradient becomes
steeper and the traction force near the bed increases as the wash load concentration increases
( for example, Vanoni, 1944; Kikkawa & Fukuoka, 1968). Nordin & Dempster’s (1963) observa-
tion in the middle Rio Grande, New Mexico indicated that the fall velocity was effectively de-
creased in flows with high suspended load concentration greater than about 10,000 ppm. It can
be expected that concentration of suspended sediment will be increased by the high wash load
concentration.

However, these give no reasonable explanation on the cause of the discrepancy of peaks
between suspended sediment concentration and water discharge. Namely, sediment data obtained
in the Futagami River, a tributary of the Sakura River (Iseya, 1982b, Fig. 2), also showed that the
maximum concentration of suspended sediment preceded a flood peak, nevertheless the highest
wash load concentration of 7,550 ppm occurred when water level declined.

.,.»"{.\. cm

0 1 | . | : | ) I ,
20 21 22 23h
October 14, 1980

Fig. 2 Variation of suspended load concentration on the water sur-
face in the Futagami River, a tributary of the Sakura River.
Ibaraki Prefecture, Japan (Iseya, 1982b).
Cs :  concentration of suspended sediment (sand)
Cw: concentration of wash load (silt—clay)

water depth

F. Sd. : very fine sand, 0.063-0.125 mm

Sd. : fine sand, 0.125-0.25 mm

Sd : medium sand, 0.25-0.5 mm
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In short, existing theoretical and empirical studies on the suspended sediment concentration
give no suitable explanations to the problem why the maximum concentration of suspended sedi-
ment occurs during the rising stage of a runoff event. The purpose of this study is to tackle this
problem, and flume experiments were carried out to accomplish this purpose.

In such rivers as shown in Figs. 1 and 2, a runoff event is characterized by a marked change
in water discharge in a short period of time. It can be expected that a continuous feedback system
among sediment transport, bedforms and turbulent flows is much stronger at work under such
unsteady flow conditions as compared with steady conditions. Therefore, itis a clearly inadequate
approach to try to investigate one portion in isolation. The flume tests in this study were specially
designed to investigate the behavior of bedforms and the changes of flow characteristics as well
as the change of suspended sediment transport under varying flow conditions.
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CHAPTER 1

EQUIPMENT AND PROCEDURE

2-1 Flume and bed material

The experiments were conducted in a large recirculating flume, which is 4 m wide, 160 m
long and 2 m deep, at the Environmental Research Center of the University of Tsukuba (Fig. 3).
Detailed descriptions on the facility are given by Inokuchi et al. (1980) and Ikeda (1983).

—

-~
Fig. 3  Schematic diagram of the 4-meter-wide flume used in the study.
I: pumps, 2:gate. 3: electric water level meter, 4: transparent viewing window,
5: measuring carriage
/O..
% s 7
99 / o
o
/7
0/

20 ¢ dd . Fig.4 Grain size distribution of bed N

L //p/ J material used in the study. Values

s d 4 expressed by solid circles were ~
50 i /‘/0/ § determined by using the settling

L g° ] tube system modified after Gibbs

- 4 | (1971). Values obtained from ten

- o0° / 4 samples were averaged in order
10 + UQO‘O ° | to eliminate the scatter among

/OPO / samples. Values expressed by open
/0 /° circles were determined by using
13 o ] sieves.
1 1 y L

-3 -2 1 0 1 2 3 4
Grain Size . phi
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The flume is made of steel and the bottom is fixed at a slope of 1/100. However, the inclina-
tion of the bed surface can be varied from a slope of O to 1/50 by operating a tailgate at the end
of the flume. Water discharge is regulated by three pumps and by the operation of a gate in the
high water tank to a maximum of approximately 1.5 m3/sec. A desired discharge can be readily
adjusted and kept constant for many hours. Gradual increase or decrease of water discharge can
be also controlled.

Both side walls of the flume have 20-m long transparent Plexiglas sections midway to allow
observations of sediment movement and of sedimentary structures of dunes. A carriage which
can be moved by an electric motor along rails mounted on both walls is used for the measurement.

The bed material used in the experiments is poorly sorted sand excavated from the bottom
of the Lake Kasumiga-Ura, Ibaraki Prefecture (Fig. 4). This material has a median fall diameter of
0.57 mm and contains approximately 41% medium sand and 45% coarse sand.

2-2 Experimental condition and procedure

The experiments were carried out under such hydraulic conditions that dunes in the lower
flow regime developed on an initially flat bed. Two cases of experiments were conducted: Case 1
constitutes a run with varying water discharge, and Case 2 has six runs in which the water dis-
charge was held constant.

The procedure of each run is as follows:

(1) A desired bed slope was set and the sand surface was smoothed along the flume.

(2) Water was introduced into the flume. Sediment and hydraulic data acquisition started just
after commencement of a run,

(3) After allowing water to flow for a given time, the run was interrupted to measure the
bedform. The flume had been filled with water by closing a tailgate in the downstream
end before the pumps were stopped. Backwater effect could eliminate the disturbance of
bedform; this disturbance was expected to occur by the interruption of run.

(4) Longitudinal profiles of the bed surface were measured using a sonic sounder.

(5) The flume was then slowly drained.

(6) Photographs of the bed surface were taken.

(7) The flume was gently filled with water to the desired still water level again to save the
bedform from the disturbance caused by stop-start sequence. The water was introduced
at the lower end of the flume.

(8) The pumps were started again. The water surface slope was gradually increased by adjust-
ing the tailgate to make it parallel to the bed slope.

The above procedure from (2) to (8) was repeated in one run. Each repetition is referred to as

the “Step’ in this paper. ‘

2-3 Measurement of variables

In the present experimental program, the following three kinds of variables were especially
measured.
1. Suspended sediment concentration

A sampling point was fixed at the center of the flume (2 m from the side walls) and at a dis-
tance of 85 m from the flume inlet.

Sediment-water samples were collected every 1 to 15 min throughout each run. It was possible
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to simultancously collect suspended sediment samples at three different depths by using a sct of
three siphon nozzles. The sampler was attached to the end of a small transverse carriage equipped
on the main carriage (Fig. 5). Each nozzle had an inner opening of 13 mm. Intake velocity at the
sampler nozzle was made equal to the average flow velocity by controlling a valve at the outlet
of siphon tube. It took about one minute or more to obtain an 8—10 liter sediment-water sample
from each depth.

Fig. 5 Measuring devices.
1: a set of three siphone nozzles, 2: sonic
current meter, 3: water level meter,
4: sand level gauge

The sediment-water sample was divided into the sand size material and the water containing
the silt-clay size material by using a 4-phi (0.063 mm) sieve. Suspended sediment concentration
was calculated after the sand size material was dried and weighed. The grain size distribution of
suspended sediment was analyzed by using a settling tube system modified after Gibbs (1971).

Some of the water samples were decanted off after the silt-clay was settled. The residues were
then thoroughly dried and weighed to calculate the silt-clay concentration or the wash load con-
centration. Because the wash load concentration had little variation during a run, the average
value of some samples was calculated.

2. Bedform

—Dune length and height—

Measurement of the bedform was made along 40 m to 110 m from flume inlet. A pair of
longitudinal profiles of the bed surface along two lines, each located about one-third of the width
from both walls, was measured using a sonic sounder. Data on dune length and height were based
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on these profiles.

—Dune velocity—

The speed of dune migration was obtained from successive measurements of the position of
dune brinkpoint through the Plexiglas wall of the flume.

—Plan form of dunes—

Photographs were taken during each run after carefull draining.
3.  Flow characteristics

The surface velocity of the flow was measured by using floats. The flow patterns on the
water surface were visually observed and photographed. Flow characteristics over dunes were also
observed through the Plexiglas wall of the flume.

Fluctuating velocity components at the sediment-water sampling point were measured with
a three-dimensional sonic current meter (Kaijo Denki Model FC current meter, Fig. 5). Each
sensing head has a sound path of 7.5 cm. Analog signals from the current meter were picked up
10 times a second, and they were digitized and recorded on magnetic tapes. The signals were also
continuously monitored by a chart recorder. A computer program was developed to calculate
turbulent statistics. The methods of data collection and analysis were basically given by Kai
(1982).

The basic hydraulic data were collected as follows. Results are tabulated in Tables 3 through 8.
1. Water discharge

Water discharge was measured by a triangular weir in a head tank. The elevation of water
surface in the tank was continuously measured by an electric water-level meter.

2. Water surface slope

Elevations of the water surface were continuously recorded at six points along the flume by
using electric water-level meters (Fig. 3). The average elevation of each point was used to calculate
a mean water surface slope.

3. Waterdepth

Mean water depth was determined by measuring the difference in the elevation between the
water surface and the bed surface. The measurement was made at the sediment-water sampling
point.

As the water surface was subjected to thythmic fluctuations, the water level was continuously
measured and recorded by the electric water-tevel meter. The bed surface elevation at the fixed
point also fluctuated owing to the dune migration. Bed surface elevation was measured every
10 sec by using an electric sand level gauge (Fig. 5). Mean bed elevation, however, was assumed
to be equal to the initial bed elevation when the mean water depth was calculated. The incomings
and outgoings of the bed material were balanced in the entire flume system, because the sediment
carried by the sediment recirculating system from the downstream end of the flume was fed into
the upstream end.

4. Water temperature

The water temperature was measured with a thermometer. An average of 2 to 5 readings was
used as the water temperature at the time.
5. Additional hydraulic parameters

Additional hydraulic parameters such as Froude number and stream power were calculated
from the above basic data.

—~15—




CHAPTER 1

EXPERIMENTAL RESULTS

3-1 Run with varying discharge (Case 1)

Case 1 is a run simulating a runoff event. The discharge was changed smoothly from the mini-
mum of 0.4 m®/sec to the maximum of 1.53 m3/sec as indicated in Fig. 6. The resultant time-
discharge curve resembles time-discharge relations of natural rivers.

The bed slope was fixed about 1/400. Because no tailgate control was made during the run,
the water surface slope varied with discharge (Fig. 6). Such variation is also observed in natural
channels.

m¥sec
1.5 -

Discharge
-t

o
@

'

Water
Surface Slope
oznwo

Elapsed Run Time , hr

Fig. 6 Changés of water discharge and water surface slope in Case 1.

3-1-1 Variation of suspended sediment concentration

The experiment confirmed that the suspended sediment concentrations are higher during the
rising stage than during the falling stage of a flood and that the highest concentration of suspended
sediment precedes the peak discharge. Figure 7-2 shows the temporal variation of suspended sedi-
ment concentration at three different depths. The lack of data from the lowest sampling tube
was caused by clogging of the nozzle. Because the lowest sampling nozzle was set near the bed
surface, the nozzle was clogged up with the bed material when some of dune crests passed through
the sampling point. Long time was needed to take the material off from the nozzle to resume
sampling.

Figure 7-2 clearly shows that the high suspended sediment concentrations at each depth
occurred from 1 to 2 hours after the beginning of the run. The comparison of Figs. 7-1 and 7-2
indicates that it is during the rising stage that the suspended sediment concentrations are markedly
high.

3-1-2 Process of dune development

The observation on the bedform development through the Plexiglas wall and the change of
flow patterns near the water surface indicated that the development of dunes has strong influence
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Fig. 7 Graphs showing temporal changes in water discharge, suspended sediment concentration and

sand surface height in Casc 1.

(1) Water discharge change with time.

(2) Variation of suspended sediment concentration at three different depths.

(3) Changes in distribution of suspended sediment concentration and in sand surface height at
the sampling point of suspended sediment. Isopleth values show suspended sediment con-
centration in ppm.

Cs :  suspended sediment concentration

D mean water depth

H : height above the datum level

Q@ : water discharge

L, M, U: lowermost, middle and uppermost sediment sampling depth respectively

on sediment suspension.

Longitudinal profiles of the bed surface in a 6-m long subsection of the Plexiglas wall were
drawn at frequent intervals throughout the run to trace the migration of each dune. The results
are shown in Figs. 8-2, 8-3, 8-4 and 8-5. Data on the length and height of dunes obtained through
the side window may be less accurate because of the wall effect and of the short length profile.
However, the tendency of bedform changes during a runoff event can be clearly illustrated from
these data without problem.

The process of dune development during a runoff event was characterized by four stages as
denoted at the uppermost part of Fig. 8-2.

I  Stage of low relief dune formation

Shortly after the initiation of the bed material movement, the bedform started to develop.

The initial bedform at the minimum discharge was small dunes with low amplitide. Figure 8-2
shows that some dunes caught up their downstream adjacent dunes to make longer dunes,
and that some dunes gradually disappeared.

I  Stage of large dune growth

This stage corresponds to the time of rapid increase in discharge. As the discharge increased,
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the dunes became larger. These dunes moved downstream at a rate of 8 to 15 cm/min. This
migration speed was twice as large as that of the dunes in the former stage (Fig. 8-5). The
dune profile in this stage became gradually triangular with a sharp brinkpoint and the dunes
at a given time were of the rather uniform size, as seen in the Plexiglas wall section. It should
be noted that violent boils occurred periodically everywhere in the flume throughout the
stage.

Il _Stage of dune elongation

With decreasing discharge, the increase in dune length still continued, while the dune height
became smaller or remained as it was at the peak discharge (Figs. 8-3 and 8-4). The dune crest
was rounded and the dune profile became irregular. Dune migrating speed also slowed down
(Fig. 8-5). Although the bed configuration constituted large dunes, only small boils could
be seen on the water surface with carefull observations.

IV Stage of dune deformation

During the final stage of flow recession, the large dunes formed in the previous stage still
remained. Small dunes appeared on the back of these large dunes, where the water depth was
small and the flow velocity was high. They moved onto the crest of residual large dunes as
slowly as the small dunes formed in the stage I (Fig. 8-5).

As observed through the Plexiglas wall, changes in dune size lag behind changes in flow condi-
tions. During the rising stage, the dune size corresponding to a particular discharge does not have
enough time to develop before discharge will increase further, so that the dune size is smaller than
the one required for equilibrium with instantaneous discharge. On the other hand, when discharge
decreases, the flow can not fully alter in the short time period the large dunes to smaller ones
which are in equilibrium state. As a result, the dune size is greater than it should have been for a
given discharge.

The curve showing the relationship between the dune size and discharge in the falling stage
always plotted above the curve in the rising stage. The time lag between bedform and discharge
was first demonstrated experimentally by Simons & Richardson (1962), and such lags in dune size
have been widely known in natural rivers and their tidally influenced lower reaches (reviewed
in Allen, 1983). In the Sakura River, Ibaraki Prefecture, Iseya (1982a) also showed that dunes
with smaller wavelength occurred when the discharge increased and those with larger wavelength
appeared when the discharge decreased.

3-1-3 Relationship between suspended sediment concentration and dune development

The observation described above revealed that both the dune growth and the high suspended
sediment concentration occurred during the rising leg of a flood hydrograph. To investigate the
relationship between suspended sediment concentration and dune development, continuous
changes of sand surface elevation were accurately measured at the sediment sampling point by the
electric sand level gauge.

As shown in Fig. 7-3, no significant changes of the sand surface height occurred for a while
after water was introduced into the flume. However, the sudden lowering of sand surface occurred
after 50 min of elapsed run time, and then the sand surface elevation fluctuated up and down
with three or four peaks until about 140 min. This indicates that successive dunes passed through
the sampling point with certain intervals.

It was during this period that the suspended sediment concentration was extremely high.
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Fig. 8 Graphs shawing the process of dune development in Case 1.

(e))
(2)

3)

4)

5)

Water discharge change with time.
Diagram showing the migration of dune brinkpoint with time. Short vertical
lines indicate the dune height, which was determined as the difference in

height between dune brinkpoint and troughpoint.
Dune length change in the window section (83.4 to 89.3 m from flume inlet).

Open circules show average dune length of small dunes superposed on the large
dune.

Dune height change in the window section (83.4 to 89.3 m from flume inlet).
Open triangles show average dune height of small dunes superposed on the large

dune.
Dune velocity change in the window scction (83.4 to 89.3 m from flume inlet).

Open squares show average dune velocity of small dunes superposed on the large
dune.
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Moreover, it should be noted that the suspended sediment concentration rapidly increased as soon
as the first scour occurred on the sand surface.

As shown in Fig. 7-2, the change of suspended sediment concentration during this period
has two peaks. This variation was caused by the presence of dunes. Figure 7-3 shows that the
suspended sediment concentration is high over the crest part of dune, but is low over the trough
part.

3.2 Runs with constant discharge (Case 2)

It was made clear from Case 1 experiment that the development of dunes must have a strong
influence on sediment suspension. But the water surface slope as well as the water discharge were
also changed in Case 1. Therefore, it was difficult to specify how much influence the dune develop-
ment had on sediment suspension.

To make further investigations on this problem, six runs were performed in Case 2 with com-
bination of different discharge (0.5, 1.0 and 1.5 m®/sec) and bed slope (1/400 and 1/1,000)
(Fig. 9). Not only water discharge but also water surface slope were kept constant during each run.
Some of the results are tabulated in Tables 3 through 8. The generality of each run was confirmed
by a supplementary experiment. In particular, Run 4 (discharge: 1.5 m3/sec and slope: 1/400) was
performed repeatedly, and detailed observations through the Plexiglas wall on the sedimentary
structure and on the sediment transport manner were specially made during this run.

Run Slope Discharge

mYsec

2 1/400 0.5 [@=s—s—s—na ] —n

3 1.0 pa—a—s . A .

4 1.5 ee-e . L] L L]

5 1, 05 [o—o D

1000

6 1.0 fe—a——a—

7 1.5 to—o o o o
T T T r T v T v :

0 5 10

Elapsed Run Time , hr

Fig. 9 Experimental conditions in Case 2. Experimental runs are indicated
by different symbols, the location of which shows the time when
bedforms were measured.

— 20—



Table 2 Notation of symbols in Tables 3 through 8.

D mean flow depth
Fr Froude number
n manning’s roughness value (in metric unit)
Q water discharge
S water surface slope
T elapsed run time
aT run time of each step
Te time required to attain the equilibrium dune size
Tw water temperature
U, shear velocity
Vb dune velocity
Vm mean flow velocity
Vs surface flow velocity
A mean dune length
n mean dune height
T shear stress
w stream power
Table 3 Experimental conditions and results (Run 2).
STEP T aT 0 A Tw D Vs A n Aln Vp
min min 1/sec  x 1073 °C cm cmfsec cm cm cm/min
1 9 9 548 2.10 8.3 16.8 101 803 3.15 25.5 -
2 30 21 538 2.10 7.2 194 85.0 126 - 6.29 20.0 11.6
3 80 50 544 2.10 7.8 23.0 77.0 132 6.32 20.9 7.74
4 140 60 540 2.10 8.2 23.0 78.0 156 7.34 21.3 8.15
5 195 55 540 2.10 83 23.1 76.4 166 7.19 23.1 5.96
6 280 85 540 2.10 8.3 23.1 77.8 171 7.13 240 6.14
Te =150 min
STEP Vm Fr T w Uy n
cm/sec g/lem?  gfsec.cm  cm/sec
1 81.5 0.635 0.0353 2.88 5.88 0.0171
2 69.3 0.503 0.0407 2.82 6.32 0.0222
3 59.1 0.394 0.0483 2.85 6.88 0.0291
4 58.7 0.391 0.0483 2.84 6.88 0.0293
5 58.4 0.388  0.0485 2.83 6.89 0.0295
6 584 0.388  0.0485 2.83 6.89 0.0295
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Table 4 Experimental conditions and results (Run 3).

STEP T oT 0 s Tw D Vs A - A/n Vb
min min 1/sec x 103 °C cm cm/sec cm cm cm/min
1 8 8 1010 2.45 9.2 224 135 93.1 5.15 18.1 -
2 27 19 997 2.45 9.2 29.7 105 139 8.85 15.7 14.7
3 67 40 990 245 9.2 33.1 96.7 171 10.1 17.0 9.51
4 127 60 994 2.58 9.5 34.1 91.5 224 11.9 18.8 9.16
5 194 67 981 232 9.7 349 943 238 13.1 18.2 8.38
6 258 64 996 2.45 9.6 349 90.9 258 12.7 204 8.18
7 318 60 993 2.45 9.6 34.5 98.3 253 13.6 18.6 6.08
8 438 120 996 245 9.9 34.5 - 251 13.6 18.5 7.58
Te =220 min
STEP Vi Fr T w U, n
cm/sec g/lem?  gfsec.cem  cm/sec
1 113 0.763  0.0549 6.20 7.33 0.0162
2 83.9 0.492 0.0728 6.10 8.44 0.0263
3 74.8 0.415 0.0811 6.07 8.91 0.0317
4 72.9 0.399  0.0880 6.41 9.29 0.0340
5 70.3 0.380 0.0810 5.69 8.91 0.0340
6 71.3 0.386 0.0855 6.10 9.15 0.0344
7 72.0 0.392  0.0845 6.09 9.10 0.0338
8 72.2 0.393  0.0845 6.10 9.10 0.0339
Table 5 Experimental conditions and results (Run 4).
STEP T aT Q S Tw D Vy A n A/n Vb
min min 1/sec x 1073 C cm cm/sec cm cm cm/min
1 3 3 1510 241 16.0 29.8 130 90.2 4.30 21.0 -
2 8 5 1490 241 15.8 345 127 121 7.21 16.8 -
3 23 15 1500 2.53 153 38.0 115 143 10.3 139 14.8
4 53 30 1500 2.24 153 40.9 108 172 11.3 15.2 11.4
5 173 120 1510 245 15.0 40.5 104 246 14.5 17.0 9.64
6 293 120 1480 248 15.0 39.6 108 337 18.6 18.1 9.69
7 413 120 1470 2.39 144 404 105 333 17.2 194 7.97
8 533 120 1470 2.37 14.5 395 104 342 18.0 19.1 8.40
Te = 290 min
STEP Vm Er T w U, n
cm/sec g/cm?®  gfsec.em  cmfsec

1 127 0.743 0.0718 9.12 8.39 0.0172
2 108 0.587 0.0831 8.98 9.03 0.0224
3 98.4 0.510 0.0961 9.46 9.71 0.0268
4 91.9 0.459  0.0916 842 948 0.0284
5 93.2 0.468 0.0972 9.06 9.86 0.0279
6 93.6 0475 0.0982 9.19 9.81 0.0287
7 90.8 0.456 0.0966 8.77 9.73 0.0294
8 93.3 0.474 0.0936 8.73 9.58 0.0281
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Table 6 Experimental conditions and results (Run 5).

STEP T AT Q hy Tw D Vs A n Aln Vp
min min l/sec  x107°° °C cm cm/sec cm cm cm/min
1 30 30 540 0.830 150 22.1 71.3 76.7 2.12 36.2 -
2 90 60 540 0.855 15.0 234 694 80.1 2.23 359 -
3 170 90 540 0.781 15.2 24.2 65.1 78.9 2.32 34.0 —
Te = 30 min
STEP Vin Fr T w U, n
cm/sec g/cm®  gfsec.em  cmfsec

1 61.1 0415 0.0183 1.12 424 00172
57.7 0.381  0.0200 1.15 4.43 0.0192
3 55.8 0.362 0.0189 1.05 4.30 0.0194

Table 7 Experimental conditions and results (Run 6).

STEP T 2T Q hY Tw D Vs A n Aln Vp
min min 1/sec  x107° °c cm cm/sec cm cm cm/min
1 20 20 1070 0.995 14.2 34.6 873 75.4 3.17 238 -
2 80 60 1040 1.23 142 37.5 82.2 99.7 3.93 254 3.08
3 170 90 1040 1.15 143 379 80.0 948 4.31 220 2.83
4 260 90 1040 1.01 143 388 78.7 99.7 4.26 234 2.64
Te = 80 min
STEP Vm Fr T w U, n
cm/sec g/em® gfseccm cm/sec

1 77.3 0.420 0.0344 2.66 5.81 0.0201
2 69.3 0.361 0.0461 3.20 6.72 0.0263
3 68.6 0.356 0.0436 2.99 6.54 0.0259
4 67.0 0.344 0.0392 263 6.20 0.0252

— 23 -



Table 8 Experimental conditions and results (Run 7).

STEP T AT o S Tw D Vs A n An Vp
min min 1/sec x 103 C cm cm/sec cm cm cm/min
1 16 16 1410 0.953 13.0 344 82.3 80.7 4.26 189 -
2 56 40 1410 0.953 130 441 87.3 111 5.62 19.8 -
3 146 90 1480 0.953 13.2 474 87.2 147 8.13 18.1 5.16
4 266 120 . 1480 1.05 140 48.3 84.1 167 9.66 17.3 3.72
s 386 120 1490 1.07 13.8 47.7 84.6 172 10.3 16.7 4.25
6 506 120 1490 1.07 143 48.0 - 179 104 17.2 -
Te =275 min
STEP Vm Fr T w Uy n
cm/sec glem®  gfsec.cm  cm/sec

1 102 0.555 0.0328 3.34 5.67 0.0149
2 79.9 0.384  0.0420 3.66 6.42 0.0244
3 78.1 0.361  0.0455 3.55 6.67 0.0241
4 76.6 0.352  0.0507 3.88 7.05 0.0260
N 78.1 0.361  0.0510 3.99 7.07 0.0256
6 77.6 0.358 0.0480 3.72 7.09 0.0258

3-2-1 Process of dune development
a. Changes in dune length and height :

It was found that changes in bed configuration can be classified into two stages. One is
“Developing dune stage” and the other is “Equilibrium dune stage’. Figure 10 shows successive
changes of mean dune length and height for six different runs. Both length and height of dunes
increase gradually in the developing dune stage. Meanwhile, they are almost constant in the equi-
librium dune stage. Dune length/height ratios of each run, however, have little change throughout
the run (Fig. 10). This indicates that a similar profile of dune is maintained in the developing dune
stage as well as in the equilibrium dune stage.

It should be noted that each run has a peculiar time to attain the equilibrium dune size. The
time required to attain the equilibrium dune size, Te, in Fig. 10 will be discussed later. The quan-
tity Te was determined as indicated in Fig. 11.

b. Changes in the bedform and the flow condition

Taking Run 4 as an example, changes in the bedform and the flow condition are described in
detail. Measurements of bedforms were made 8 times (Steps 1 to 8) in this run. Steps 1 to 6 are
in the developing dune stage and Steps 7 and 8 are in the equilibrium dune stage. The plan view
of bedforms at the end of each step is shown in Fig. 12. Each step is characterized as follows:
Step 1 When the flow was established on the carefully planed sand surface, the water depth was
shallow and the flow velocity was large as the resistance to flow was very low and the water sur-
face slope was rather high. In a little while, standing waves occurred on the water surface and
the waving bedforms with very low amplitude started to develop. Their spacing was nearly equal
to the wavelength of standing waves. The water surface was in phase with the bed surface except
when an standing wave broke. This early bedform resembled “‘antidune’” described by Kennedy
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Fig. 12 Plan view of bedforms at the end of each step in Run 4. Blank areas indicate submerged

part after incompletc drainage.

(1963). Standing waves on the water surface were soon disappeared.
Step 2 The flow depth increased and the flow velocity decreased as the bed resistance increased
with the bedform development. In this period, the sand wave had an usual triangular shape and
could be called “dune’.
perpendicular to the flow direction. Some of dunes caught up their downstream next dunes to
make longer dunes.
Step3 The bed condition of this step was similar to that of Step 2. Boils associated with the
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dunes began to appear on the water surface, but they were not so violent as in Step 4.
Step4 Scouring of the dune troughs gradually became intense and dune shapes gradually became

three-dimensional. Violent boils began to appear on the water surface.
Step 5 Very strong eddies lifted sand particles from the bed to the water surface. These eddies

resulted in large boils at the water surface. Dune crest lines were sinuous across the flume. Dune
troughs were scoured intensely and the amplitude of dune increased. Dune trough had a basin-
like concave upward shape and scour holes were conspicuous in various places after draining from
the flume (Fig. 13).

Fig. 13 Upstream view of dunes at the end of Step §
of Run 4.

Step 6 The dunes in this step were somewhat larger in amplitude and more widely spaced than
those in Step 5. Turbulence at the water surface seemed to be less than in Step 5, although many
boils were still observed.
Step 7 The length and height of dunes were not so different from those in Step 6. There was
a sharp topographic break of slope between the slipface and the bottomset of dunes. Small dunes
could be seen on the back of large dunes. The water surface showed weak boil activities.
Step 8 Bedform and flow condition in this step were similar to those in Step 7.

Such changes in bed condition as described above can be also seen in Figs. 14-2 and 15-2,
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which show the temporal variations both of the water surface level and of the sand surface eleva-
tion at the sampling point of suspended sediment. The sand surface elevation at a fixed point
fluctuated up and down as dunes migrated downstream. The sand surface level had fairly regular
oscillation with low amplitude for about an hour after the start of run (Steps 1 to 4 in Fig. 14-2).
This suggests that two-dimensional dunes with low relief successively passed through the sampling
point (see Fig. 12). On the other hand, the temporal variations of sand surface height in Steps 5
and 6 have rather irregular pattern with large amplitude. This indicates that much larger dunes
developed on the bed surface.

The water surface height gradually increased until about an hour of elapsed run time. After
this time, however, the water surface stayed at nearly the same height, although the bed roughness
increased as large dunes developed on the bed surface. Water surface undulation was always
out of phase with the bed configuration.

The patterns of dune development in other five runs resembled more or less those in Run 4
(Figs. 25t0 29 in Appendix A). In general, the changes in bed configuration and flow character-
istics at a constant discharge can be summarized as follows:

For only a few minutes after the start of a run, the water depth is small and the flow velocity
is high because of only grain roughness, and standing waves occur on the water surface. In the
developing dune stage, small dunes of low amplitude are formed with crest lines being nearly
straight across the flume; these dunes grow larger dunes with undulated crest lines. Scour on the
dune trough causes the increase of dune amplitude. It should be noted that violent boils associated
with the dune development occur periodically on the water surface.

On the other hand, in the equilibrium dune stage, the dimensions of dunes become stable. It
should be noted that boils on the water surface are relatively indistinct in spite of the existence
of very large dunes on the sand surface.

3-2-2 Variation of suspended sediment concentration

Suspended sediment concentrations for six runs were continually measured and the measure-
ment confirmed that the development of dunes has a strong influence on the change of suspended
sediment concentration, even if the discharge and the slope are kept constant. Namely, it is found
that suspended sediment concentration is higher during the developing dune stage than during the
equilibrium dune stage.

Taking Run 4 as an example, the variation of suspended sediment concentration in each stage
is described. Figures 14-1 and 15-1 show the successive changes of suspended sediment concentra-
tion at three different depths in Run 4. The results of other five runs are shown in Appendix A
and Appendix B.

a. Variation of suspended sediment concentrations in the developing dune stage

In the developing dune stage, the flow contained relatively large amount of suspended sedi-
ment, and suspended sediment concentrations measured at all three different depths greatly
varied with time (Fig. 14-1). In particular, a drastic change occurred during Step 5, in which the
maximum concentration of suspended sediment was five times as large as the minimum even at
the uppermost sampling depth. These marked temporal variations of suspended sediment concen-
tration were caused by the spatial distribution of suspended sediment over the dune bedforms.
In fact, suspended sediment concentration was especially high when the violent boils could be

—28 —

-



ppm
1000 -

0 1 2 3 4
Elapsed Run Time , hr
Fig. 14 Temporal variation of suspended sediment concentration in the developing dune
stage for Run 4.
(1) Successive changes of suspended sediment concentration at three different
depths,
(2) Isopleths of suspended sediment concentration.
Cs : suspended sediment concentration
D : mean water depth
H  : height above the datum level
L, M, U : lowermost, middle and uppermost sediment sampling depth
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Fig. 15 Temporal variation of suspended sediment concentration in the
equilibrium dune stage for Run 4. For symbols, see Fig. 14.
(1) Successive changes of suspended sediment concentration at
three different depths.
(2) Isopleths of suspended sediment concentration.
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seen around the sampling equipment, where the suspended sediment particles carried by strong
eddies were sampled through the siphon nozzle.

However, from Fig. 14 only, it is difficult to make clear the correlation between dune shapes
and the spatial distribution of suspended sediment concentration. Because the phenomenon has
three-dimensional nature. Visual observation on the sediment movement over dunes through
Plexiglas wall qualitatively indicated that the suspended sediment concentration was higher over
the crest portion of dunes than over the trough portion. No sooner the intense scour occurred
near the reattachment point of a dune by attacking the strong current separated from the crest
of an upstream dune than the strong eddies were generated and moved upward into the main part
of the flow with picking up a large amount of sediment particles on the bed surface.

b. Variation of suspended sediment concentration in the equilibrium dune stage

The flow in the equilibrium dune stage contained relatively small amount of suspended
sediment, while the discharge and the water surface slope remained constant (Fig. 15 and Table 5).
Moreover, suspended sediment concentration had little variation with time, although many dunes
with large amplitude successively passed through the sampling point.

It was already described that only weak boils could be seen on the water surface in Steps 7
and 8. This means that generation of eddies on the stoss side of dunes declines in the equilibrium
dune stage. Accordingly, sporadic high concentration of sediment brought up by eddies can be
seen no more.

c. Vertical distribution of suspended sediment

As shown in Fig. 16, the vertical distribution of suspended sediment concentration seems
to follow the conventional distribution law (Rouse, 1937; Einstein, 1950). The average suspended
sediment concentration of each sampling depth in the developing dune stage is twice as large as
that in the equilibrium dune stage.
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Csm, ppm

Fig. 16 Suspended sediment concentration plotted against relative
height above the stream bed in Case 2. Solid lines indicate
the developing dune stage and dotted lines indicate the equi-
librium dune stage. For symbols, see Fig. 9.

Csm : mean concentration of suspended sediment
D : mean water depth
h  : sampling height above the mean bed
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3-2-3 Changes in flow characteristics

Visual observations on flow characteristics through the Plexiglas wall and from the air quali-
tatively indicated that strong eddies which contained a large amount of suspended sediment
periodically occurred in the developing dune stage, and such eddies became rather indistinct in
the equilibrium dune stage. Measurements of instantaneous velocity fluctuations using the sonic
current meter were made in such a flow field.

Figures 17 and 18 show the turbulent flow statistics of Run 4. The velocity U is the com-
pound flow component in the x-y plane, and ® is the angle between the direction of U and the
x-axis which is in the longitudinal direction of the flume. The velocity W is the vertical component
of turbulent flow. Thus, the instantaneous velocity components and angle (U, W, ©) can be ex-
pressed as the sum of mean value (U, W, ©) and the instataneous fluctuations from the mean
(u,w, 8):

U=U-+u’
W=W+w'
©=0+8"

Generally speaking, the increase or decrease of time-mean-flow velocities, W as well as U, had
a close relation to dune shape, whenever dunes were in the developing stage or in the equilibrium
stage. The mean velocity U increased over the dune crest and decreased over the dune trough;
W decreased over the leeside slope of dune and took a minimum value over the dune trough
point, and reverse relation existed along the stoss side slope of dune. Such changes in Uand W
are caused by the contraction and expansion of the flow over the dunes as it has been usually
stated (Raudkivi, 1967, p. 199-208). Namely, the flow is thought to accelerate along the upstream
slope of dunes and decelerate over the trough portion.

The magnitude of turbulent fluctuations, however, is quite different between the two dune
stages (Figs. 17 and 18). The magnitude of turbulent fluctuation is given by the standard deviation
of the velocity component (gj, i= U, W, @). In the developing dune stage, the values of standard
deviations of U and W changed widely and they were the largest when U was the minimum
peak and W was the maximum peak. Moreover, at this particular time, the flow direction, ©, also
changed with moderate departures from the mean value, although it was usually in the main axis
of the flume. These results suggest the existence of intensely fluctuating and rotating flows, that
is, of the eddy motion. In the equilibrium dune stage, on the contrary, U and W usually changed
with nearly fixed small departures from their means .,

The immersed weights of suspended particles are supported by the vertical flow component
of turbulent flow. As shown in Figs. 19 and 20, it is the changes of ¢, an index of upward
fluctuation of turbulent flow, and not the change of time-mean velocity, W, that agrees well with
the spatial distribution of suspended sediment concentration.
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CHAPTER IV

DISCUSSION

4-1 Cause of the high suspended sediment concentration in the developing dune stage

In the developing dune stage, strong eddies associated with the dune growth lift a large amount
of sediment particles from the bed surface to the main flow. This causes the high suspended sedi-
ment concentration in this stage. ’

Since the study of Matthes (1947), the upward transport of a large amount of sediment by
eddies or by kolks has already been described in some natural rivers (Korchokha, 1968; Coleman,
1969; Jackson, 1976). Guy et al. (1966) also pointed out such mechanism of sediment suspension
in their intensive experimental works. From these studies added to existing experimental investi-
gations of fluid motions in turbulent boundary layers (for example, Kline et al., 1967; Nychas
et al. 1973; Offen & Kline, 1975), Jackson (1976) emphasized that the bursting process in turbu-
lent boundary layers may play an important role in the sediment suspension.

In the present experimental study, it was found that the bursting process accompanied by
strong eddies was dominant in the developing dune stage, but that such a process declined in the
equilibrium dune stage. Further studies on the relationship between the turbulent flow structure
and the bedform development under unsteady flows are necessary to elucidate the cause of this
phenomenon,

4-2 Time required to attain the equilibrium dune size

The flows in natural rivers change in their direction and magnitude with space and with time.
These changes occur rapidly during a runoff event. A delayed response of the bedform to the
flow characteristics change, has been observed in many rivers and examined experimentally.
Promising methods to predict the change in dune dimensions by means of mathematical modeling
have been proposed by Allen (19762, b, ¢, 1978) and Freds¢e (1979, 1981). However, it is not yet
possible to estimate how long it takes for the bedform to respond the flow change.

4-2-1 Equilibrium dune length and height

It is commonly said that the wavelength of dunes is determined by the flow depth. Yalin
(1973, p. 222-232) estimated that a ratio of dune wavelength to flow depth in the steady uniform
flow is equal to 2m. This estimation is based on the concept that the periodicity of macroturbu-
lence, when it is expressed as a wavelength, matches with the dune wavelength. Jackson (1976)
indicated that dunc lengths fell between 4 to 9 times the corresponding flow depths. He analized
the data obtained not only from flume experiments but also rivers and marine environments.
An average ratio of dune length to depth, about 7 or 8, from his figure agrees well with Yalin’s
ratio.

However, the data of Case 2 in the present experiment widely scatter when dune lengths in
the equilibrium stage are plotted against the water depths (Fig. 21). The dune lengths on a steep
slope are always larger than those on a gentle slope.
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Fig. 21 Dune length vs. mean flow depth in the equi-
librium dune stage of Case 2. For symbols,
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It is empirically found that the equilibrium dune length has a good correlation with the stream
power, w (Fig. 22). The stream power is described as

w = Tn VI‘I] = 7qu

where 7, is the boundary shear stress ( = Y DS), V., is the mean flow velocity, D is the flow
depth, S is the gravity gradient or the water surface slope, g is the water discharge per unit width,
and 7 is the specific weight of water (Bagnold, 1966). In this experiment, the stream power is
an independent variable because both discharge and slope are controlled.

The stream power is a rate of energy input per unit bed area. It must be partly dissipated in
transporting the bed material accompanied by the formation of dunes, while it is mostly dissipated
in maintaining the flow. Therefore, the close relation between the dune length and the stream
power in Fig. 22 might be an acceptable explanation.

The dune height also shows a good relation with the stream power (Fig. 23). Because the dune
height grows in harmony with dune length as described in the section of 3-2-1-a.

4-2-2 Relationship between the time required to attain the equilibrium dune size and the stream
power

We shall consider that equilibrium dunes having length A, and height ne, are formed on the

initial flat bed condition. To simplify the analysis, it is assumed that the integral sediment dis-
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charge per unit width, gg, necessary for the attainment of equilibrium dune is proportional to the

area of equilibrium dune profile:
gs ~ ay (1-¢ (75"7f) AeNe
where € is the porosity, Ys and 7 are the specific weights of solid and fluid respectively, and oy is

a coefficient.
The water discharge, q, and the water surface slope, S, give the flow energy at work in the

flume. The flow energy per unit time and unit width is after all the stream power (= v, qS). There-
fore, the total energy input before the formation of equilibrium dunes can be expressed as
w - Te

where T, is the time required to attain the equilibrium dune size.

As a part of this energy supply must be dissipated for transporting the bed material to form
dunes, the following equation is obtained:

ay (1-€) (yg — %) AeNe ~ azwTe.

Thus,

Q3
Te ~—— Aelle
w

where @, and a3 are coefficients.
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The equilibrium dune length and height are respectively given in Figs. 22 and 23 as
Ae ~ w
and
Ne ~ .
Therefore, the following relation is finally obtained:
Te ~ w.

The correlation of Te and w was tested using the data of six runs in Case 2 and the result was
given in Fig. 24, Figure 24 means that the larger the stream power is, the longer time it takes to
attain the equilibrium dune size.

In the case of varying flow conditions like Case 1, the stream power increases as the water
discharge increases. Therefore, it is reasonable to state that the rising stage of Case 1 is alwaysin
the developing dune stage.
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Fig. 24 Relationship between stream power and time required to attain the equilib-
rium dunec size, Te, in Case 2. For symbols, sec Fig. 9.
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4-3 Bed conditions in natural sand-bed rivers

Sediment movement causes the formation of bedforms. Bedforms which develop under all
flow conditions in the laboratory flume can be predicted from bedform phase diagrams such as
the stream power-grain size graph by Simons et al. (1965), the bed shear stress-grain size graph by
Leeder (1982), the nondimensional shear stress-grain size graph by Allen (1983) and the flow
velocity-flow depth-grain size graphs by Southard (1971) and by Costello & Southard (1981).
However, these diagrams can not be always applied to the bedform of natural rivers. One of the
most important reasons would probably be that bedform phase diagrams define the existence of
bedforms under steady state equilibrium conditions. Meanwhile, unsteady and/or nonuniform flow
conditions are usual in the field. Bedform history is also important in the natural rivers.

The flume experiments in this paper were conducted only such hydraulic conditions that
dunes in the lower flow regime developed on the smoothed bed. This experimental condition can
be sufficiently applicable to the field condition. Because many field observations have been
revealed that dunes are the most prevailing bedform in the sand-bed river channels. In Japan, bed-
form measurements using the echo sounder were made in such rivers as the Edo (Tsuchiya, 1971),
the Hii (Tsuchiya, 1971), the Yoro (Mezaki, 1973) and the Ishikari (Takagi et al., 1982). The
data show that dunes are formed on the bed surface during the floods. Conversely, during the
low-water level period, it is usually seen that the sand surface is fairly even, although ripples or
small dunes occupy in the deeper thread of a siream. Based on echo-sounding surveys in the Teshio
River, Hokkaido, Ikeda and Iseya (1980) also showed that large dunes occurred on the bed surface
during a flood, and that the sand surface was moderately smooth during a low flow season in spite
of 4- to 5-m flow depth.

4-4 Application of experimental results to natural sand-bed rivers

A small water depth in the laboratory flume requires a steep slope to get a large stream power.
While, a large water depth gives the same stream power in a natural river which has a gentle slope.
Therefore. the relation in Fig. 24 will not be able to extraporate to the natural flow of greater
depth and gentler slope, without considerable modification. However, the general relation that
the larger the stream power is, the longer time it takes to attain the equilibrium dune size will be
expected to apply to the natural environment.

In a natural river channel, the stream power at a station increases mainly due to an increase
in the water discharge. Therefore, roughly speaking, the dunc developing stage would be always
present in the rising leg of a flood hydrograph in which the water discharge increase rapidly
enough. The active growth of dune dimensions in the rising leg of a runoff event has a notable
effect on sediment suspension, and causes the high suspended sediment concentration.

Flow characteristics on the water surface were observed during large floods in several sand-bed
rivers, such as the Tone, the Edo and the Kinu Rivers. In these rivers, it took only one or two days
to reach the peak discharge and the water discharge usually changed over a few 100-folds range.
Many periodical violent boils were frequently observed across the width of a channel during the
rising stage. The arca of surface boils was dark black as compared with the adjacent quiescent
area. This turbidity contrast indicates that surface boils are abundant in sand particles lifted by
strong eddies, which are commonly observed as upwelling of more turbid water. On the other
hand, during the falling stage, the water surface was relatively placid and only weak boils could
be seen. These changes of the surface flow pattern depending on rising and falling flood stages are
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very similar to those observed in the flume.

These observations on the surface flow characteristics in the rivers strongly suggest that dune
dimensions increase in response to a rapid increase of water discharge, and that such dune develop-
ment affects the macro turbulent flow structure to suspend a large amount of sediment particles.
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CHAPTER V

SUMMARY AND CONCLUSION

In order to examine a possible relation between the sediment suspension and the bedform
development, the flume experiments were carried out under such hydraulic conditions that dunes
in the lower flow regime developed on the initially flat bed.

Results are summarized as follows:

(1) The flume test simulating a runoff event confirmed the fact that the concentration of supend-
ed bed material load (referred to as the “suspended sediment™ in this paper) are greater on the
rising leg than on the falling leg of a runoff event in the natural sand-bed rivers.

(2) It was found that the development of dunes has a strong influence on sediment suspension.
Namely, the suspended sediment concentration rapidly increases as soon as the first scour occurs
on the back of dune and the concentration becomes extremely high as larger dunes are developed
by the increasing discharge. During this period, violent boils appear periodically every where on the
water surface.

(3) With decreasing flow discharge, scours on the stoss side of dunes do not occur any more and
the dune troughs are gradually buried. Conspicuous boils can not be observed.

(4) Other six different runs, in which the water discharge was held constant, were performed to
make further investigations on the effect of dune development to the sediment suspension. These
experiments indicate that changes in the bed configuration can be classified into two stages. One
is “Developing dune stage” and the other is “ Equilibrium dune stage”.

In the developing dune stage, small dunes of low amplitude which have relatively straight crest
lines across the flume, grow into larger dunes with sinuous crests. It should be emphasized that
scours on the back of dunes cause the increase of dune amplitude and that violent boils associated
with the dune growth occur periodically on the water surface.

In the equilibrium dune stage, not only dune length but also dune height do not change so
much. Boils on the water surface are rather indistinct although very large dunes exist.

(5) Continual measurement of suspended sediment concentration shows that the suspended sedi-
ment concentration are higher in the developing dune stage than in the equilibrium dune stage.
In the former dune stage, the fluid mass containing large amounts of sediment particles are ad-
vected into the main part of the flow by strong eddies, which are upwelling on the water surface as
boils. The existence of these eddies causes the high concentration of suspended sediment.

(6) Measurements of instantaneous velocity fluctuations using a sonic current meter confirmed
the existence of eddy motion. It is the variation of upward fluctuation of turbulent flow that
agrees well with the spatial distribution of suspended sediment concentration.

" The conclusion is as follows:

The flume experiments for unsteady flow make it clear that the dune development has a
strong influence on turbulent flow structure and thus on sediment suspension. The results provide
a plausible answer to the question why suspended sediment concentrations are higher during the
rising stage of a flood in sand-bed rivers. Namely, the developing dune stage would be always
present in the rising leg of a flood hydrograph, The dune development has a marked effect on
sediment suspension in such rivers that the water discharge increases very rapidly.
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APPENDIX A

tep §
3 4
Elapsed Run Time . hr

Fig. 25 Isopleths of suspended sediment concentration and
the changes both of sand surface elevation and of
water surface level at the sediment sampling point
(Run 2). The upper figure is in the developing dune
stage. The lower figure is in the equilibrium dune stage.
D : mean water depth, A : height above the datum
level
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Elapsed Run Time , hr

Fig. 26 Isopleths of suspended sediment concentration and the
changes both of sand surface clevation and of water
surface level at the sediment sampling point (Run 3).
The upper figure is in the developing dune stage. The
lower figure is in the equilibrium dune stage.
D : mean water depth, H : height above the datum
level

0

| 2 Step 3

o] 2 3
Elapsed Run Time , hr

Fig. 27 Isopleths of suspended sediment concentration and the

changes both of sand surface elevation and of water surface

level at the sediment sampling point (Run $).
D : mean water depth, A : heighl above the datum level
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Elapsed Run Time , hr

Fig. 28 Isopleths of suspended sediment concentration and the changes
both of sand surface elevation and of water surface level at the
sediment sampling point (Run 6). The upper figure is in the
developing dune stage. The lower figure is in the equilibrium dune
stage.

D : mean water depth, A : height above the datum level
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Elapsed Run Time , hr

Fig. 29 Isopleths of suspended sediment concentration and the changes both of
sand surface elevation and of water surface level at the sediment sampling
point (Run 7). The upper figure is in the developing dune stage. The
lower figure is in the equilibrium dune stage.

D : mean water depth, H : height above the datum level
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APPENDIX B

Table 9 Data of suspended sediment concentration (Case 1)

RISING STAGE Cy =105 ppm

T (min) 3 7 14 22 30 35 40 46 52 57 60 64
uepm) - - - - - - - - - - - =
M(ppm) - - - 10.7 7.80 181 521 395 469 131

L(ppm) 179 470 178 127 128 437 234 586 375 170 224 205

T (min) 68 74 78 83 89 94 105 111 117 124 129
U (ppm) - - - 321 656 156 175 129 95.7 106 69.3
M(ppm) 256 155 192 669 111 352 380 322 245 166 109
L (ppm) 345 320 390 123 229 483 - - - - -

FALLING STAGE Cw = 112 ppm

T(min) 142 149 154 160 176 182 188 194 200 211 216 223 230
U(ppm) 271 551 477 340 409 205 204 147 178 238 206 195 89
M(ppm) 395 77.2 107 740 706 551 323 317 483 656 434 351 229
L(ppm) 530 371 - - - - - - - 114 739 976 173

T (min) 238 247 257 268 278 291 297 306 316 324 337
U (ppm) 466 567 276 - - - - - - - -
M(ppm) 108 46.5 10.2 564 139 174 674 757 728 320 215
L (ppm) 196 183 159 8.18 180 329 784 825 118 572 37

Cy: averaged wash load concentration, T elapsed run time, L. M, U: lowermost, middle and uppermost sampling depth
respectively
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Table 10 Data of suspended sediment concentration (Run 2).
For symbols, see Table 9.

STEP1 Cy = 56.5 ppm

T (min) 3 8 14 17 22 25 29

M(ppm) 8.81 7.81 235 511 202 67.9 459
L(ppm) 371 443 44.2 101 69.3 115 56.8

STEP 2

T (min) 36 40.5 46 51.5 565 625 675 76.5

M(ppm) 203  30.0 33.7 248 298 289 190 141
L{ppm) 362 552 159 704 100 494 422 3938

STEP 3

T (min) 113.5 117.5 1255 133

M(ppm) 774 66.1 587 522
L (ppm) 169 176 449 -

STEP4 Cy =62.3 ppm

T (min) 147 153 159 167 175 181 187 193

M(ppm) 347 364 140 146 195 255 298 108
L (ppm) 59.2 959 987 - 36.2 323 555 406

STEP §

T (min) 2255 231 237 254 263 268 273

M (ppm) 28.7 122 308 812 149 133 111
L (ppm) 52.7 182 165 - 16.1 216 339
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Table 11 Data of suspended sediment concentration (Run 3).
For symbols, see Table 9.

STEP 2
T (min) 105 13 16 19.5 23
U (ppm) - - - 11.8 959
M (ppm) 648 566 472 63.3 355
L (ppm) 105 96.0 947 210 419
STEP3 Cyw=78.2 ppm
T (min) 29.5 345 395 445 495 545 595 645
U (ppm) 387 521 696 385 336 374 350 283
M(ppm) 157 161 150 106 141 108 864 71.8
L (ppm) 412 318 203 162 248 273 128 97.5
STEP4 Cy =864 ppm
T (min) 725 19 855 905 96.5 1025 1085 1145 1205
U(ppm) 48.8 344 661 496 596 585 498 270 404
M{ppm) 109 79.1 137 104 120 128 168 116 82.9
L{ppm) 115 999 181 144 156 181 260 259 138
STEP 5
T (min) 134 140 145 151 157 163 169 175 181 187
U (ppm) 300 446 555 632 850 110 858 104 112 93.5
M (ppm) 60.8 91.2 112 940 171 211 145 182 234 307
L (ppm) 74.6 108 127 108 173 219 214 191 273 446
STEP 6
T (min) 198.5 2045 210.5 2165 221.5 2285 2345 2405 2465 2525
U(ppm) 198 227 101 393 411 S51.2 383 434 582 573
M(ppm) 358 422 303 293 91.1 128 88.6 86.5 106 109
L (ppm) 456 579 451 - 165 163 117 114 124 128
STEP7 Cy=90.3 ppm
T(min) 2625 270.5 276.5 2845 12925 300.5 307.5 3155
U (ppm) 496 62.7 89.7 205 183 207 154 155
M(ppm) 106 128 189 634 483 550 399 350
L (ppm) 227 196 269 100 111 746 548 422
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Table 12 Data of suspended sediment concentration (Run 4).
For symbols, see Table 9.

STEP1 Cyw=87.7 ppm

T (min) 1 2 3

U (ppm) - - -

M(ppm) - - -

L (ppm) 974 132 90.3

STEP2 Cy =903 ppm

T (min) 4 5 6 7

U (ppm) - - - -

M(ppm) - - - -

L (ppm) 294 218 172 174

STEP3 Cy=91.5ppm

T (min) 9 10 11 12 135 15 16.5 18 19 21

Uepm) - - - - - - - - - -

Mppm) - - - - - = === =

L (ppm) 154 468 408 297 303 394 371 487 591 368

STEP4 C(y =92.5 ppm

T (min) 27.5 33 36.5 41 44 50

U(ppm) 118 123 115 161 155 105

M(ppm) 212 201 229 334 319 194

L (ppm) 245 505 340 456 400 281

STEP5 Cy =90.7 ppm

T (min) 66 72 75 81 85 97 102 107 112 117 141 146 151
U(ppm) 158 273 286 120 863 796 169 199 153 102 158 319 60.5
M(ppm) 229 461 699 279 156 135 372 331 259 175 239 45 121
L(ppm) 270 583 1100 465 287 173 496 445 338 232 296 558 167
T (min) 156 160

U(ppm) 127 226

M(ppm) 236 403

L (ppm) 331 555
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STEP6 Cy = 88.5 ppm

T(min) 181 187 193 199 207 213 219 225 231 237 243 249 256
U(ppm) 146 244 113 159 108 66.5 921 463 295 335 804 779 106
M(ppm) 432 376 238 368 239 116 153 993 573 628 122 127 169
L (ppm) 911 - - - - - 202 129 751 993 196 174 207
T(min) 261 267 273 279 285 290

rlkpm) 798 902 133 198 183 115

M(ppm) 143 170 233 301 260 190

L{(ppm) 174 213 284 341 290 208

STEP7 Cy =90.8 ppm

T(min) 296 301 307 313 319 325 331 337 343 349 355 361 367
U(ppm) 899 485 153 129 99.7 104 736 820 960 979 920 999 828
M(ppm) 136 133 215 181 151 160 138 144 139 174 142 163 148
L(ppm) 165 170 234 236 190 208 199 189 167 243 168 193 171
T(min) 373 379 385 391 397 403 409

Ulppm) 822 978 960 964 119 869 102

M(ppm) 147 169 166 156 178 139 146

L(ppm} 171 216 200 184 207 173 176

STEP8 Cy =859 ppm

T(min) 419 425 431 437 443 449 456 461 467 473 479 485 491
U(ppm) 532 817 948 737 557 436 381 488 557 347 350 201 276
M(ppm) 848 126 162 115 858 648 629 837 952 115 669 426 517
L(ppm) 103 153 205 134 904 819 766 103 124 371 930 617 66.9
T (min) 497 503 509 515 521 527

U{ppm) 361 343 549 303 568 821

M(ppm) 604 546 79.8 59.6 104 138

L {ppm) 753 889 962 745 127 173
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Table 13 Data of suspended sediment concentra-
tion (Run 5). For symbols, see Table 9.

STEP1 Cy =50.3 ppm

T (min) 5 9 17 23 28
M(ppm) 6.02 1.89 2.22 1.55 0.625
L(ppm) 104 3.91 3.36 3.63 2.42
STEP 2

T (min) 40 55 70 84

M(ppm) 0.852 0.646 0.671 0.416

L (ppm) 2.12 1.56 1.40 0.656

STEP3 Cy =58.1 ppm

T (min) 101 116 131 146 151
M(ppm) 0.654 0.649 0.662 0.129 0.507
L (ppm) 1.62 1.22 1.27 0.374 0.736

Table 14 Data of suspended sediment concentration (Run 6).

For symbols, see Table 9.

STEP 1

T (min) 4 10 15 19

U (ppm) 261 1.62 1.85 2.72

M (ppm) 7.04 5.38 6.98 5.45

L (ppm) 8.80 6.57 245 10.8

STEP 2

T (min) 25 34 42 51 60 69 77

U (ppm) 2.20 3.55 2.26 0.925 1.06 1.28 0652
M(ppm) 5.24 11.3 6.64 2.82 3.53 2.69 1.29
L (ppm) 8.02 249 9.64 4.21 6.99 6.74 3.30
STEP3 Cy =59.0 ppm

T (min) 87 97 107 117 132 147 162

U (ppm) 2.21 1.42 1.37 0.924 1.29 0.945 0.957
M(ppm) 7.76 9.51 4.06 2.52 3.16 2.87 1.58
L (ppm) 23.1 16.9 5.99 6.69 7.97 5.78 4.39
STEP4 Cy =61.6 ppm

T (min) 178 192 207 222 237

U (ppm) 0.950 0.702 1.01 1.64 0.605

M(ppm) 3.25 1.82 3.26 3.04 2.76

L (ppm) 495 4.05 6.55 3.92 4.15
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Table 15 Data of suspended sediment concentration (Run 7).
For symbols, see Table 9.

STEP 1

T(min) 6 10 14
U(ppm) 397 457 828
M(ppm)  3.41 9.87 118
L(ppm) 703 150 -

STEP2 Cy = 69.8 ppm

T (min) 19 25 31 37 45 52
U (ppm) 717 6.18 6.20 9.27 733 7.53
M(ppm) 124 9.50 13.3 11.9 12.7 114

L(ppm) 16.2 12.5 19.8 16.2 196 17.6

STEP 3

T (min) 61 71 81 91 101 111 121 131 141
U(ppm)  5.84  9.38 747 134 6.41 534 416 459 484
M(ppm)  10.7 18.6 13.4 26.0 11.3 9.04  8.11 929 917

L(ppm) 15.9 28.8 19.6 426 16.8 13.0 12.9 16.6 15.9

STEP 4

T(min) 152 167 182 197 212 227 242 257

U (ppm) 395 153 11.6 6.88 11.8 4.05 5.17 5.52
M (ppm) 771 235 217 168 159 118 965 14.3

L (ppm) 10.9 33.7 23.0 210 24.5 18.8 15.2 20.7

STEPS Cyw =725 ppm

T (min) 272 287 302 316 332 347 361 376
U (ppm) 4.56 4.03 3.60 271 . 231 3.05 312 4.11
M(ppm) 116 7.30 8.3 6.83 4.52 5.58 9.12 10.2

L (ppm) 18.0 17.2 13.0 13.2 11.4 11.0 11.5 16.2
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