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FOREWORD

This thesis elucidates the characteristics of bed load in mountain rivers, one
of main objects of erosion control, and the associated phenomena of flow resist-
ance and sediment flow, and it forms a basis for establishing reasonable erosion
control plans.

Eighty percent of our country’s surface area being mountainous, as a result
of the population growth and vigor of the economy continues to extend the place
of human activity over mountainous areas along with cities. Also, Japan is called a
land of disasters, and there is much loss of life and property every year due to -
typhoons and concentrated torrential rains during rainy season.

Previously such disasters were mainly ones such as dikes of large rivers break-
ing, but floods from medium and small rivers, the crumbling of steeply sloped
land, mud flows or extraordinary sediment flows in mountain rivers have become
prominent. The SABO or erosion control is the prevention of such disasters due
to sediment. Carrying out basic research so that erosion control plans and disaster
prevention engineering works can be made in a reasonable manner is the role of
erosion control engineering. Mentioned above are disasters directly related to sedi-
ment transport. There are various other phenomena due to sediment movement
such as river bed lowering, rising, erosion of slopes, soil drift, sedimentation in
reservoir dams, which after a certain period has elapsed become impediments to
human activity. In order to understand the sediment transport phenomena, the
object of this erosion control, and clarify the function of the structural materials
* involved in erosion control, knowlecfge concerning the amount and nature of sedi-
ment is necessary.

A distinction is made between the suspended load which is suspended and

transported in the stream because of turbulence and the bed load which moves
along in contact with the riverbed and whose grain size is greater than suspended
load. For plains rivers suspended load is overwhelmingly greater quantitatively
compared with bed transport. For mountain areas bed load becomes considerably
larger. Further, one thing that becomes the object of erosion control for such
problems as were mentioned earlier and river bed deformation is bed load gravel.
Bed load research is one of the main divisions of erosion control engineering.
Usually suspended load and bed load exists simultaneously and mutually interact,
but in this thesis the influence of suspended load on bed load transport is dis-
regarded.
" Conventionally research on bed load transport has been developed important
topics in sand hydraulics and considerable resutls were produced concerning river
bed form, channel pattern, stream resistance, critical shear stress and bed load
transport rate, etc. However if one forms to apply these results, derived largely
for lower stream areas of plains rivers, to mountain rivers, there are many con-
ditions and experimental limits such as relative water depth and gradient which
do not match the condition of mountain rivers.
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Thus, it is necessary to carry out fresh experiments under the limits and con-
ditions for mountain rivers, and gather knowledge and information which can be
applied to mountain rivers. Mountain rivers have the following special features,
in contrast with plains rivers for which previous knowledge of bed load can be
applied.

(1) Regarding the channel, at normal water levels the flow almost never fills the
valley, and this is also true in times of flood.

(2) The grain size distribution of bed materials is extremely large. There are many
cases where there are a large number of especially big rocks, and even in flood
times the water depth is often of the order of the river bed gravels.

(3) River bed gradient is steep.

(4) The flow discharge has a .wide fluctuation. '

(5) In the upper stream areas there are many cases where the production of sand
and gravel is in probabilistic ways or sudden outbursts and the sediement dis-
charge and the flood discharge are often not in a one to one correspondence.

Mountain rivers have many special features such as the above compared with
gently sloped plains rivers. Also, for mountain rivers the river bed in the vertical
d1rect1on is. reported to become stair-like, and this could’ influence ‘the sediment
transport, but that is not treated here. There have been studies 1), 2) investigating
one part of these spe01al features, but they are not yet sufficient. Thus, this
thesis is based on these special feature, and using the previous research result
on gentle sloped channel as a reference, treats bed load and related topics, clanﬁes
the parameters involved in those phenomena, and examines the functional rela-
tionships both theoretically and experimentally.

Concrete procedures differ according to the apphcatlon but in a river where
nverbed material and nverbed gradient are known, if one wants to know the
sediemnt discharge for various flow discharges, first one must know the channel
pattern and sediment transport form and find the water depth from the re31st-
ance law, finally finding the bed load transport rate.

" This thesis has progressed keeping such procedures in mind. First, chaper one
examines both channel pattern and sediment transport form for mountaln
streams. Channel pattern includes two-dimensional factors such as river bed
form and plane ‘surface aspects such as meandering. Sed1ment transport form
invloves 'and flow and bed load transport. The scope of bed load transport, the
obJect ‘of this thesis, is ‘'made clear in the framework of the above distinctions.
In addltlon, chapter one exammes channel width and log1tud1nal Vortlees of the
flow and sediment. =~

Chapter two examines expenmentally and theoretrcally the nature of the
flow resistance, which is basic when considering bed load, and flow velocity
distirbution espe01ally in steep channel. Further, the characteristics of mixed
sand gravel nver beds and therr resistance are also mvestrgated experlmentally
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Chapter three examines the critical shear stress which determines the mini-
mum required traction force for generating bed load phenomenon, which has
engineering significance, it also makes clear the influence of grain size distribu--
tion, relative roughness, and gradient on the initiate condition for transporting

_ mixed sand-gravel and evenly grained sand gravel.

Chapter four examines bed load transport rate for sand-gravel and evenly
grained sand-gravel. Developing a new theory it introduces a new bed load equa-
tion, and shows its appropriateness by experiment. Further, with this formula
it explains the experimental results in a steel slope.

Finally, it examines bed load phenomena which actually occurs in rivers.

Chapter five indicates the procedures and methods which apply the funda-
mental research presented previously to erosion control planning, especially to
channel works planning. A summary of the above results forms the conclusion.

By this thesis, the special nature of bed load in mountain streams and cha-
racteristics of flows resistance associated with it become clear.
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CHAPTER 1 CHANNEL PATTERNS AND SEDIMENT TRANSPORT FORMS
FOR MOUNTAIN RIVERS

Section 1: Introduction

If one intends to measure the water depth of a quantity of flow and the bed
load transport rate, with both the riverbed gradient and the grain distribution of
the riverbed material being given, he must know the channel pattern and the
bedload transport form in advance to use a resistance law and a bedload equa-
tion appropriate to those patterns.

The channel pattern can, by scale, be divided roughly into two categories —
the channel network of a river basin and the water way, and the channel pattern
in the water wayl). Since waterway position is usually taken up when discussing
rivers technically, the chapter will deal primarily with the channel patiern within
a water way. Furthermore, relating to the channel pattern, the discussion will
be restricted to straight, uniform water way.

Since most of the rivers in flat areas of this country are protected by rigid
banks and revetments, a stream runs, in times of flood, uniformly over the entire
breadth of the channel constrained by those banks and revetments. It was un-
necessary to discuss the channel pattern of existing rivers. Of course when plan-
ning new water ways, needless to say, for the safety of dikes, and the relative
difficulty of maintaining a low water level, a knowledge of self-formed channel

" patterns. On the other hand, in mountain rivers, particularly in valleys where

the entire area is a potential river path or a river with a fan, waterway width
widens, water is not confined to it during flood and, the channel often meanders
within the waterway. For this type of stream, if waterway width is too narrow,
sediment begins to move, bed level rises and the water overflows. Also if bed
slope is greater than a certain angle, it causes individual or collective transport
of sediment, that is, mud flow. For these mountain rivers, as compared to those in
flatter areas a knowledge of channel pattern and bedload form is vital, however,
their classification and individaul characteristics have not yet been clarified.

In this chapter, channel pattern and sediment transport form in steep sloped
waterways will be examined experimentally. In other words, the applicability of
the ‘regime theory’, heretofor applied to easy grade and self-formed channel
breadth will be discussed. We will examine what happens in the case of steep slope
and large grained sediment and at the same time, discuss sediment fransport
peculiar to steep sloped channels.

Section 2: Experiments Regarding Channel Patterns and Sediment Transport
Forms :

The waterway used for the experiments was formed of steel 39 cm wide and
20. m long, and the gradient could be varied from 0° to 30° by way of a chain
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block. In order to vary the width, two attachable waterways 15 cm and 29.5 cm
could be fitted inside the large waterway. Materials for the experiments were,
as noted in grain size distribution diagram (Fig. 1.1.) 4 types of natural gravel,
one type being evenly grained ., :
and the other three having com- 7
paratively wide grain size dlstn- )
butions. L
The experiments were carried L
out in the following manner. sol
Sand gravel stops were placed at L
upper and lower ends .of the 3
stream, and sand was spread at -
a thickness of Dy, and a. pre- L . ]
scribed volume of water was — ob== ] W AR
supplied from the upper end of o1 10 d(m) 1o
the stream. The water supply Fig. 1.1 Grain Size Distribution
time in most cases was set to 30 , - for Four Types of Sand
minutes, and in that time, ap- ‘ used in the Experiments
propriate measurements of chan-
nel breadth, water level, bed
height, and sediment discharge were taken. Channel breadth was measured using
a scale at a longitudinal spacing of 25 cm, water level was measured using a point
gauge (a scale of 1/10 mm calibration) and an electronic point gauge which can
detect if the device touches the bed surface was used to measure bed height.
Bedload transport rate was measured at an appropriate time interval, and a sand
collection box was placed at the end of the waterway. Information of how long
it took until the flow becomes stable after the water is supplied is the most im-
portant point of the experiments to know whether the measured channel, under
specified condition, was self formed.
- Because the. gradient in this experiment was an extreme 1/50 to 1/4, even in
cases of a concentrated flow, the stabilization of flow required from 30 seconds
to one minute. As for the measurement of range, no time trends were shown and
a range related to equibrium is conceivable. Conditions of the experiment are
listed in Table 1.1. First, usmg the 29.5 cm channel and materials A and C the test

Table 1.1 Cond1t1ons for Experiments

o) By Lo Dy ig mate-|

rial

29.5'9.8m [15¢em [L/501 /4] ABC

39.0 19.0°J12 p/203/3d D
#5.0 19.0 ;12 [1/201/10 CD

WD |

was carried out to obtain matenals necessary for class1ﬁcat10n of channel and
sediment transport forms.
Next, as a test for channel and sediment transport forms, an experiment

- was done concerning transversal distribution of sediment. When flow runs filling

over a waterway, could the bedload be spread over uniformly in the transversal
direction? According to the conventional observations, it had been reported that
lines of bedload called longitudinal stripes were formed on the riverbed2). In the
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observation by the author, when fine sand particles moved on a bed where there
seemed to be non-moving sand particles, the longitudinal stripes are highly visible,
but transport of sand particles whose grain size encompasses the whole range of
grain size was not observed. It is conceivable that these stripes are formed by flow
vortices. The present aside, it would be possible these will become a powerful key
to the future study of the transversal channel pattern, and with this in mind, the
experiments were conducted on a fixed bed.

To the 19.8 cm wide waterway, a steel waterway of 9 m length, uniform
grained sand with an average grain diameter of 4.00 mm was fixed to the bed
using varnish. From the upper end of such fixed bed, a mixture of gravel, with an
average grain size of 2.48 mm, was supplied by a sand feeder. There were
taken two waterway gradients of sin § = 0.0255 and 0.05. Water depth was
measured by a point gauge and the amount of flow by a triangular weir. The
amount of sediment outflow was measured at the lower end of channel by a
sand collection box, which is partitioned laterally into 2 cm blocks, to obtain
the state of transversal distribution of sediment transport clearly. The number
of longitudinal stripes of sediment transport was measured by observation.

In the next section, an examination of the results will be conducted.

Section 3: Channel Pattern

The experiment was carried out as described in Section 2, but the problem
now is how to classify those results and what values should be chosen as para-
meters. Fig. 1.2 is domainial classification of channel pattern done by Leopold
and Wolman3), using natural rivers in the U.S.A. and India as samples.

! LEOPOLD, WOLMAN
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Fig. 1.2 The Domain Classification of Channel
Pattern by Leopold/Wolman
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Channel pattern is divided, with respect to channel slope and flow discharge,
into ‘Straight’, ‘Meandering’ and ‘Braided’ types. Slope is plotted to as much as
as 0.03, but results of the author’s experiments showed a slope of greater than
0.1 in places off to the upper left of the graph in Fig. 1.2. Even here, the experi-
.mental results are expressed in terms of channel slope and flow discharge, and the
classification is divided. Figs. 1.3a and b (materails A and C, respectively) indicate
results by materials used.

- $ = 4s5°
0.5 - (35
™ seepage (V) mass movement
1, o0 .
i Oy SR UC AL
o 000 ° o
’
e eod o\ gmo ol o
L i awn 1
N 1 bare |
, : |
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| / ! Ro-moticn i i flat bed
' iation of fon
| g et ot e soh o
A Be=29.5 em B/u=10
De=15.0 e ,/ (Kinoshita) (Sukegawa)
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Fig. 1.3(a) Channel Pattern of Uniform Gravel
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Fig. 1.3(b) Channel Pattern of Gravel Mixture



In the following paragraphs, characteristics of each classfied domain channel
pattern, and parameters controlling their phenomena will be discussed.

Domain I: This domain had no occurrence of surface streaming. When a surface
stream does occur, it is the case when bed gravel layer réaches the saturated
seepage flow discharge. If the stream behaves according to the Darcy’s Law, the
seepage flow discharge in similar bed materials should increase proportionally
to slope, the maximum run off, if seepage coefficient is K, will be Q = Ki;B,D,
... (1.1). Here i, is bed slope, B, is channel width, D, is thickness of bed mate-
rials. A seepage coefficient of K = Cd%, (cm/sec) ..... (1.2) is proposed by
Hazen4), here by d,, being 10% grain size on a grain size accumulation curve. For
the sand used in the experiment, values of seepage coefficients and actual values

are listed in Table 1.2, assuming C = 100. '

According to this, sur- Table 1.2 Seepage Coefficients of

veyed and theoretical val- Materials used

ues are in agreement with

respect to order, by using | \urERIAL| dw, | K(Hazen) | K(Observed)
the equation (1.1), we . '

see that it is possible to A 3.5 mm| 123cm/ sec| 58 3cm/ sec

deduce the limit of the B loss 0.4 2 _
occurence of a surface : B

stream. However, if we try cC ..jos0 [025 0.3 4
to calculate actual seepage

in a canyon, estimating D, D

in the equation would be
difficult, and there would
" also be problems of seepage through materials accumulated on bottom and side

of the river bed.

0.3 2 0.10 -

Domain II: For this domain, there exists surface movement, but in this case it is
not great enough to cause gravel movement. The upper limit of flow discharge
is determined by the amount of flow corresponding to the ceasing critical tractive
force. In Fig. 1.3(b) domain II is subdivided into IIa IIb lc. In domain Ila, all
particles of mixed gravel do not move. For domains IIb and Ilc only large parti-
cles of gravel do not move. For IIb water covers the entire width of the waterway,
and only fine particles move. This domain is completely armourcoated. The flow
in IIc has more shear stress than IIb, and the domain forms. as a braided channel.
The braided channel of Ilc is an intermediate phenomenon falling between the
phenomenon of IIb and that of a meandering channel (III) its exact type being
undefined. Division of each of the domain in II, defined by critical tractive force
for the transport of uniform gravel and gravel mixture will be examined concrete-
ly in Chapter 3.

Domain III: Here a concentrated stream develops with the water supply, and a
stream meanders in the waterway. The stream forming its own channel, in other
words, self formed channel width (B) occurs in an area smaller than channel
width (B, ).



Domain IV: Here water covers the entire width of the waterway, main flow
meanders and bars are formed.

Domain V: When the flow volume is increased beyond that of IV, the bars are
flashed, and bed form becomes two dimensional. This is in general the domain
where various bed patterns are. formed, but this domain was a flat bed in our ex-
periment taken at that time..

DomainVI: This is the domain where a slant rupture occurs. Its maximum slope
including a rupture, in the case of non-cohesive materials accords with the static
frictional angle of river bed gravels and it was 45° in our experiment. 'Further-
more the minimum slope is given by a stable limit in case where saturated seepage
water appears in parallel with an endless slope. For cohesmnless materials, this

slope 6 is denved from the followmg equatmn

Cx (0/p—1)
Co(0/p=1)+1"

h;¢_< mo o :' Ve e e e (1.3)

whefe o is the density of soil particles, p is water dens1ty, y is angle of mfei‘nal .

friction in soil, and Cs mass concentration of river bed materials. In this experi-
ment, if ¢y = 45°, olp = 2.66, Cx = 0.6, 6 will equal 26°. If y = 35° and other
factors remain constant, 9 wﬂl beapproximately 19°. If the slope of the river bed
is made steeper than the given slope, before the start of a surface ﬂow the move-
ment of sediment occurs as underground water level rises. o

Ddrriain V'I“I: .'Wherel there is a celleetive sediment transpoft with-suffaee flow
being present occurs — the so-called domain of mud flow. The lower limit for
this domain is called the limit of initiating a mud flow.., |

For gravel mixture this. domain must be further divided into Via and VIIb
VIIp is a domain where an undurated mud flow takes. place VIIa is a domain
where ‘bed is formed in _waving longltudmally VII, is seen more often than VIIy,
in case of small flow, and if minimum gradient is slightly . smaller than VIIp. This
phenomenon is referred to as dunes in a steep sloped channel and wﬂl be further
discussed in Chapter 6 ;

Channel pattern is clasmfled in the above way, accordmg to the results of the
‘expenment Because matenals A and C are of the same average grain size, using
outflow from saturated flow, if diagrams (a) and (b) of Fig. 1.3 are expressed
_together in one diagram, taking a flow. discharge obtained by subtractmg the
‘seepage flow discharge from the total flow. discharge the dxagram is given as Fig.
1.4, where both domains prove to be in a good agreement. The case of B = B, is
discussed in chapters following Chapter 2 in this thesis, in which domains I and
V correspond to this domain classification.

- 10 -
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1.4 Channel Patterns

Section 4: Channel Breadth and Meander Wavelengths -

(1) Channel breadth

For division of channel pattern, whether or not the channel will meander or
not in a water way of limited width is determined by the d1fference of breadth
between self-formed waterway and channel.

Here, materials are changed and the relatlonshlp between channel breadth and
flow discharge are shown in Fig. 1.5.

The dispersion
however, it appears that
the dominant factor is
flow discharge; “rather than
bed slope and materials,

relative to channel breadth. -

For channel breadth and
flow discharge in this
type of regime, heretofor,
the proportion of width
(B) to flow discharge (Q)
has often been indicated
to the 1/2 power. This
theory has been tested by
Lane>), Henderson6),
Simons™ and: ‘Albertson?)
and Blench8); -however,
all ended unsuccessfully.
Furthermore, Leopold?),
introducing the cencept of
entropy of the problem,

is large,

100
B T %O 0.05
(em sl
- 025 I~ x& A0 B . i
§Q QZSXO.’LdJ »
8 g2¢ ° :
10 ©0°P% 8 o
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L ©p 0.05 15 <A 0.10 29.5
@0 0.10 39 D¢ 0.20 29.5
- ®D 0.05 39 Hc 0.15 29.5
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0 ] | I Illl ] 'l i 1.1 l.l tl ] i i
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Fig.

1.5 The Re1at10nsh1p between Channe1
Breadth and Flow Discharge
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explained it as B «= QY2 but the analogy of thermodynamic entropy to that of a
stream in this case is invalid.

In relation to ‘Regime theory’ various reference worksl0), author’s experi-
ments, etc.l1), using as wide a range as possible of slopes, flow discharge, and
‘materials have been used as supplents. Heretofor, as reflected in this text, the
regime theory as documented uses €asy sloped rivers. Whether or not this is
applicable in the case of a steep-sloped river of relatively large grain density is
examined in Fig. 1.6. According to this, the channel breadth is proportional to
1/2 power of flow discharge regardless of channel slope, grain size of bed materi-
als, and cohesion of bed materials, and the proportional constant is seen to always
be fixed. If expressed with an equation in unit of m-sec, the following is given.

B=35~70QY2 ............... (1.4) '
When the breadth in relation to flow discharge is readily found in this manner, the
flow discharge of a completed meandering channel in a given watér way can be
determined.

103 I
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10 2 - o @w 4
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1077 ¢
103 =% 5 5 3 P 1 5
107 10 - 10 1 1 10 10 10 16 Ui 10°
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Fig. 1.6 The Realtionship between Channel Breadth
- and Flow Discharge

(2) Meander wavelength

In relation to meander, we will now take up on of its special features, wave-
length LB. According to the regime theory, wavelength is also profortional to the
0.46 ~ 0.62 power of volume, the relationship LB = 10~ 11B12), 13) shown in
Fig. 1.7. '
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From examination of
the original meander
Andersonl4)  proposes

Lp

= 72 F/% --(15)
vE

Fr = 004 to 1.2 con-
forming to values found
in this experiment. Here,
A is the cross section of
the flow, Fr is Froude’s
number (U/y/gh, U =
average water speed, g =
gravitational acceleration,
h = water depth). Assum-
ing A = Bh, we get

Lp h g
—_—= T2(~
3 (BFr )

cee(16)

The results obtained in
this experiment, LB/B is
shown in relation to
(h/B)Fy in Fig. 1.8,
where the dispersion is
large, but more than in
formula 1.6, the trend of
LB = 10B is indicated.
This relationship has
been shown even for
water flowing on ice, and
along with the previous
findings on  channel
width is extremely inter-
esting.

Section 5: Bed Forms -

(1) Small scale bed forms

— >
© G.H. Dury (1965) /
Leopold, Wolman (1957, 1960) 208 .
104+ °%
® Wolman, Brush (1961) Q%fo
o
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&h Ty (@
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1 10 10?2 103
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Fig. 1.7 The Relationship between Mean-
dering Wavelength and Channel

Width
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Fig. 1.8 Meandering Wavelength

For a movable bed, according to hydraulic conditions, and special properties
of bed gravels, various bed forms are generated and influence is dominantly
exerted on resistance coefficient, sediment transport rate, and channel fluctua-
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tion in stream why do bed waves occur and what forms do they take, further-
more, what change takes place along with hydraulic quantity? Although there
are many interesting questions, the discussion here will be what types there are
and under what conditions they occur.

First, the types of bed form, according to the Sectional Meeting for Study
of Bed Form in Hydraulic Committee, Japanese Society of Civil Engineers are
ripples, dunes, anti-dunes, flat bed, and transition bed. For medium size nvers,
there are also bars16).

Based on much experimental data and semi-theoretical examination, study of
so called domain classification as to what bed forms appear in what conditions
has been developed. For example, in Fig. 1.9, partitioned diagrams were obtained
by Garde and Rajul7), and also by Ashida and M10h1uel8)

As is apparent from the
diagram, almost no infor- 2
mation is provided for the
relative water depth of
R/d = 1 to 10, Froude
number of Fr > 1, and
for bed gradient of 0.2 >
I > 0.01. In the work of
Ashida and Michiue, from
the stand point of estimat-
ing resistance, bed form  _, |_
can be thought of as being 10 %
divided into Lower and 8
Upper regimes. As refer- u
ence for analytical results
of the theory of bed wave
stabilization, they consider .
Fr 2 0.8 for the upper _,

~~~~~ Gar_de «Ranga Raju

Ashida, Michiue

oo™
Ay
Ay
&
0/
/
oy
3%

1/(olp-1) &
{

regime. Following this line 3 T T ¥ 6 8403 2
of thought, the area of this 10 10 R/d 10 '
research falls in the range Fig. 1.9 Classification of Bed

of upper regime. In this Forms into Domains

experiment. and others

referred to, there was

formation of Bars, but dunes and anti-dunes were not seen, and bed pattern was
of flat-bed type.

(2) Gravel bars

Gravel bars is a type of aforementioned bars, which is known as alternating
bars. The alternating bars is seen to meander in the thalweg of the stream, and
a single arrayed bars digs deep on the sides, and under certain conditions there is -
formation of multi-arrayed bars. For more concerning this see Kinoshital9) and
others. Although the experiment has been repeated by many others, under
Kinoshita’s conditions of bars formation, water way width was more than 10
times that of depth (B/h > 10) in certain instances.
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According to Ikeda’s method20), the bed forms are divided into 4 tupes —
type 1; multi-arrayed bars, type 2; alternating bars having a clear front edge, type
3; alternating bars having an unclear front edge, and type 4; the bed form where
no basrs is formed.

He also categorizes the relative frictional velocity to the critical frictional
velocity as Us/Usxc, and non-dimensional quantity, iB/h consisting of bed gradient
(i), waterway breadth (B), and water depth (h). According to the classification,
the domain in which no bars is formed can be represented with eq. (1.7).

.....

Us /Use > 10Ci -B/0) Y

Ikeda called this equation, iB/h, a river channel shape indicating number. Kuroki,
et al21), also reported similar results.

Sukegawa introduces a formation limit for bars that bars is formed when there
is a small tractive force and there is a shallow stream, and he provided for the
following equation (See Fig. 1.10).

R/B = s(ZSH¥3~vs L (1.8)
_gB
Fig. 1.3(a) shows the forma- 4
tion limit by Sukegawa and that
by Kinoshita, The Sukegawa’s B
method is ambiguous for deter- 221 + Antidunes
mining whether bars has been Usc [

formed, but its experimental *

result agrees well with that of

Kuroki. 1 =
.. Alternating
L Bars

Although physical meaning
of parameters that dominate the
cause of bars formation and the
phenomena is not made clear,
it proves that the domain of
bars formation can be deduced
from the conventional studies. L

0.5

Ripples
and Dunes

No Motion

. 0.1 ] i

1
10 KR 30

~Fig. 1.10 Formation Domain for
Bars by Sukegawa
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Section 6 Forms of Sediment Transport and Sediment Discharge

(1) Bedload
In this section, sediment tranposrt form will be examlned The sidiment

tranposrt form is clasmﬁed as follows.

Individual transport wash load
bed material load {suspended load
Collective transport (mass movement) bed load

The individual sediment transport refers to a type of sediment transport
through which sand gravel is transported individually piece by piece, while the
collective sediment transport is defined as another type of sediment transport
through which sediment is transported as a mass and which is so called mud flow.
However, according to the recent study on mud flow there are many unknown
phenomena which are difficult how it should be classified. Thus, such qualitative
classification has become inadequate. Of the types of individual sediment trans-
port the wash load consists of finely grained sand particles that do not exist in
riverbed but are considered to be discharged from exposed mountains side slopes
or, earth grounds left collapsed, or from roads. Sand gravel that exists as bed

materials are transported in either suspended load or bedload mode. The sus-
pended load is suspended by turbulence and has a concentration in the depth
direction in proportion to grain size. On the other hand, the bedload consists of
particles that in many cases move while touching with riverbed and its motion is
controlled dominantly by the flow velocity in the neighborhood of the bottom of
the river. The distinction between suspended load and bedload is determined by
the limit of suspension which is further determined by the condition that \/¥2,
the vertical strength of the turbulent flow in the neighborhood of riverbed, is equal
to Wo, the settling velocity. As +/V? is approximately 0.93 times the frictional
velocity U*, U,/Wo = 0.8 — 1.0 is used practically. Asada23) examined
Bogardi’s24) empirical equation, Ug?/gdc = 360 (Uo: Average flow velocity,
d¢: Critical grain diameter for suspension), and concluded that the above equation
seems no exaggeration at the present time when there is not provided adequate
information. Although in some cases the presence of suspended load exerts a
large influence on bedload, discussion will be continued ignoring this interaction
in this thesis.

Fig. 1.11 shows values of the Darcy-Weisbach’s resistance coefficient
f(=8Ux%/Uy) obtained by this research, using 7,m (= 6U,%/(0o/p-1) gdm, o/p:
Specific weight of a particle, and dm: Average grain diameter) as parameters,
vs the relative roughness dm/R (R: radius depth, which is roughly equal to the
flow depth h if the channel breadth is sufficiently larger than the water depth).
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The figure shows the dis-
tinction of resistance co-
efficient between streams
with no sediment trans-
port lower than incipient
motion, with bars, with
meandering, and the flat
bed without meandering
and bars. They are about
the same except that the
resistance coefficient of a
meandering flow is slightly
larger. Also, Fig. 1.12
shows bedload transport
rate by channel pattern
and by bed form. Ac-
cording to the figure,
the bedload transport rate
is small for a meandering
flow and is about the
same for other cases. Ac-
cording to the Daido’s25)
experiment, the sediment
transport rate for mud
flow is as great as that
for meandering flow. Al-

-though according to the

Kinoshita’s  experiment,
the bedload transport rate

~at the time of bar forma-

tion fluctuates within a
range of 0.5 to 1.5 times
the average value. How-

ever, the average value is -

about the same as the con-
ventional experimental
values. of bedload trans-
port rate. Kuroki2l), et al,
also reported that the
ratio of the effective shear
stress at the time of bar
formation to the total
shear stress, 7.e/Ty4, IS
around 0.8. The result of
the experiment for this
thesis also has the tend-
ency similar to the con-
ventional studies. Further-
more, the bedload equa-
tionl8) by Ashida and

5.0

I~ -¢-No Motion ) dﬂ)
L. |-O- Flat Bed
£ ¢ Meander ® $0
~ -
O Bars , ¢¢¢¢
1.0 — Tam * » it ¢ o
B 0~005 e ¢ ¢‘% o)
! ~01 O %
L ~02 O
W <03 e ¢¢ ‘8%9 <
I | 03~ o ® & ¢d§> :
& § o ﬂ’g o
~ o HTgEe ©
o o
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01— o
- Je)
o Lot erail NI N
008001 0,1 dm/R L0
Fig. 1.11 Resistance Coefficient
- O Flat Bed
©® Meander ° // ®
© Bars / / / [ ]
1.0— {
— | ® Mud Flow ® /
— u(DAIDO) °® //, /! ,/ ©
- ’
o
0.1—
-
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0.001 bt Lo i b
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Fig. 1.12 Sediment Transport Rate
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Michiue is shown in Fig.
1.12 for reference.

Next, we will discuss
the experimental results
of transversal distribution
of bedload transport rate.
First, the results of meas-
uring the velocity distribu-
tion along the center line
of waterway in both cases

of the presence and the.

absence of bedload are
shown in Fig. 1.13, in
which there can be seen
almost no difference be-
tween both cases. As a
result of observation, in
case bedload is -present,
there appeared some parts
of riverbed with bedload
and other parts without
bedload, where there was
bedload it was observed as
longitudinal stripes. Those
stripes more or less fluc-
tuated in the transversal
direction, but they were
relatively made stable and
neither separation nor con-
fluence of those stripes
were seen. Those longitu-
dinal stripes appear to be
controlled by a longitudi-
nal vortex of flow, but the
structure of this vortex is
unclear. In order to see if
a vortex appears where
those longitudinal stripes
encounter a second flow
more upward or down-
ward, sand particles were
dropped from the water
surface so as to be placed
between stripes. The sand
particles were then taken
into the left and right

13 9.26
u
Uy 12F
11 ;

.15 i~ Sediment Uj(cm/sec)

[o} No 8.83
14 o e 9.03 /
’ o o 9.09

@

w £ o o N

N SRR

i i
0.5 1.0 20 3.0 50 1 OY/d 20

Fig. 1.13 Velocity Distribution of
Flow with Sediment and
without Sediment

ie

4 0o 0255
Be o 0.053
(cm)

3._.

2_

l»..

1 | 1
0 1 2 h(cm) 3 4

Fig. 1.14 The Relationship between
Vortex Width and Flow
Depth
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.

" channel.

adjacent stripes while be-
ing tracted in the left
and right directions. This
experiment proves that
the flow direction is up-
ward at  longitudinal
stripes. Thus, it results
in the following relation--
ship between the number

. of longitudinal stripes N

and the number of longi-
tudinal votices Ne.
Ne=(N-Dx2 ..(1.9)
Fig. 1.14 shows the
relationship between the
average width of vortices
(Be) and the water depth,
and it can be found from
this that the average width
of vortices is about the
same as the water depth.
Next, Fig. 1.15 shows
sample measurements of
transversal velocity distri-
bution. This is for a case
without bedload, and
alternating fast and slow
current velocity can be
seen near the bottom. of
When there is
sand supply in this type of
stream, longitudinal stripes
will appear in the higher
velocity areas. If stream is
divided widthwise by 2
cm, distribution of bed-
load transport rate appears
as in Fig. 1.16.
Because the spacing be-
tween sand collecting box-
es does not match with
longitudinal stripes, the
correct distribution may
not be obtained. However,
the figure shows the over-
all transversal distribution
of sediment transport rate.
Longitudinal stripes as can
be seen in this way ap-
peared when  (Continued)

. < |
2 b &—-—-moI
Y !
(cm) ' 120’
A N ——————— 110,
1 \_/"\/—-100]
85

o S T 65 cm{sec ! o

‘0 1 2 3 & 5 6 8 9 10 11

7
(cm) €

Fig. 1.15 An Example of Velocity
Distribution Measurement
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1.16 Distribution of Sediment
Transport Rate
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armorcoat was formed but could not be seen in cases of a gravel
movement all over grain sizes. After all, it was not possible to
"make sure what influence the formation of longitudinal stripes
in a general moving bed exerts on the bedload transport rate, but
their existance and some of their features were discussed.

(2) Dunes on a steeply sloped flume

Looking at domain VIIa shown in Fig. 1.3(b) there was seen the phenomenon
that appears to be a discontinuous dune sliding type debris flow by the Radio’s26)
classification. In this phenomenon, gravel movement immediately after the water
supply generates locally some areas with rough grain size distribution and other
areas with fine grain size distribution, and where there is a rough grain distribu-
tion the surface flow is reduced and sand gravel is deposited and the sediment
transported from upper stream areas is further deposited there to form a hill (see
Fig. 1.17). ' :

T=20'~25" © veris co
T=1'~6"

1420.229 Q=0.422 &/sec

Fig. 1.17 Movement of Dunes in a Steep Flume

The portion downstream from the crest of this dune takes a gradient of 18 to 21°
and the sediment thee is extremely coarse and there is no surface flow. As a dune
develops to-some extent, the piping occurs continually and the dune is once
levelled and redevelops again. Such phenomenon is repeated to form a dune. In
addition the gradient of the portion upstream from the crest of the dune 9 to 13°,
and the stream meanders. This phenomenon can be considered to take an inter-
mediate sediment transport mode between the individual sediment transport and
where hg is the depth of surface flow immediately preceding the occurrence of
mud flow and d, the representative grain diameter. Although the limit of the

occurrence of mud flow is determined by the above equation, the question rises

what is the mechanism of the motion? In general, both a muddy flow that may be
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the collective sediment transport since the individual sediment transport and the
collective sediment transport since the individual and the collective sediment
transport phenomena appear alternately. This intermediate sediment transport
phenomenon is peculiar to mixed sand gravel, and it appears that as the range of
grain size is wider the dune is higher. In addition, it is learned that this kind of
phenomenon can be seen at mountain rivers in New Zealand.

(3) Debris flow and mud flow

As the slope gets steep (In this experiment,.ip 2 0.25, § 2 14°), sand gravel
moves in a laminar state rather than piece by piece, and also moves as a collection
while being piled up. This kind of phenomena is called debris and mud flow and
it has been studied extensively in recent years as it has a threat of causing many
disasters. Condition that bed gravel is sheared deeper than one grain diameter,
according to Takahashi27), is given by the following equation (1.10).

Cx(o/p-1)

Cy(a/ p—l)+l+—%°—

tandStanfd = ceeseccsns ( 1.10)

regarded as Bingham flow and a flow that is preferable to be handled as Dilatant
flow to which the impact effect of particles is dominant are categorized in debris
mud flows. A flow which causes bed deposit to move may be considered as
Dilatant flow which is composed of sand gravel particles varying in size from
boulders to fine grained sand. The appropriateness of handling the above flow as
Dilatant flow was confirmed by Takahashi27), et al., through their experiments
using uniformly grained gravel, according to which the velocity distribution of
particles lies on a straight line with an inclination of 3/2 in a full lograrithmic
chart.

On the other hand, according 5,0
to the author’s experiment dealing
with the mixed sand gravel trans- y s
port through which the transport ‘ﬁ;' -
rates of particles were obtained by
taking side pictures, it was observed ; g
that the bottom layer of the mud
flow tends to have a Diratant flow
at a gradient greater than 0.15 and
particles in the uppermost part
move more freely as shown in Fig. o
1.18, and the individual sediment ik
transport and the collective sedi-
ment transport can be considered 0-1
a continuous phenomenon. Mate-
rials used in the experiment as
shown in Fig. 1.18 are mixed gravel
composed of grains with the B
minimum grain diameter of 0.42 Lol !

i =0.10 o
- Tap=0.416 0

T llllill

o0

/

O

l]lllll

I

mm, the maximum grain diameter 0.1 1.0 Z/dm 10
of 24.5 mm, and with the average Fig. 1.18 Velocity Distribution of
grain diameter of 5.67 mm. o Movable Sand Gravel
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Section 7: Conclusion

Channel pattern and sediment pattern have been discussed. First, experimen-
tally channel and sediment pattern were classified in a plane diagram by slope and
run off. Their characteristics have been clarified and at the same time a method of
-partitioning pattern domains was provided. Through these, the following things
have become clear.

It has been widely recognized that self formed channel breadths can be
treated by the relationship of B « QY2 . It further proves that this relationship can
apply to a self-formed channel with a steep slope up to 0.2 and without regard to
cohesiveness of bed materials, and cam be provided with formula B = 3.5 to
7.0 QY2 (in unit of m/sec). Also meandering wavelengths are approximately 10
times the channel breadth. Pertaining to bed pattern, bars was observed distinctly
in this experiment and no bed waves such as dunes and anti-dunes were not
formed.

Pertaining to sediment discharge, it was less in a meandering channel and in
flat beds and bars it was about the same. The sediment discharge for mud flow is
about the same as that for a meandering channel. For bedload, on a fixed bed or
on a bed where non-moving particles are present, stripes are formed. This was
confirmed experimentally, and deduction of longitudinal scale indicated that
water depth is similar. Also, regardless of whether there is bed load d1str1but1on,
the current velocity does not change significantly.

Finally, for debris flows and dunes that have a sediment transport pattern in
a steep sloped flume, its limit of occurrence and characteristics were made clear.

Above all, given bed slope, properties of bed materials, and flow discharge,
it can be deduced what types of channel and sediment transport patterns will be
determined. Moreover, the range of bedload to be discussed later, in Chapter 2,
and in the following chapters belongs to domains II and V classified in this
chapter.
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CHAPTER 2 RESISTANCE LAW FOR A TORRENTIAL STREAM

Section 1: Outline

There is a close relationship between riverbed configuration, resistance law,
and sediment discharge in a movable riverbed. Thus, before studying bed load,
it is necessary first to clarify flow velocity distribution, and the resistance law.
The resistance of a has long been the subject of research. However, for a turbu-
lent flow it is necessary to determine numerical values experimentally, and there
has not yet been discovered a universal law applicable to any stream. Mountain
streams, the object of this research, have in general rough turbulent flows with a

~ large relative roughness; Previous research mainly concerns plains rivers, and their
having a greater relative water depth, the information materials for the case of

large relative roughness are extremely scarce. Thus, this Chapter examines resist-
ance coefficient and flow velocity distribution for rough turbulent flows with a
large relative roughness for a flat riverbed, and touches on the special nature of
mixed sand-gravel beds. Further, for a deep stream in steeply sloped shallow
water, there is a tendency to think a train of roll waves would be marked, but
that is for the case of a comparatively smooth. Surface of a fixed riverbed, and
for streams with a large relative roughness as in this research it was not observed.

Section 2: Velocity Distribution

For turbulent flow velocity distribution there is a logarithmic law known as
Prandti-Von Kérman’s universal velocity distribution. For a prefect rough surface

Uxkg/r > 60 ~ 100, it is:

U 1 y y
= Ar + —in —= 85 + 575lgg— = ........ (2.1)
U, K ks. ks

~where Uy : friction velocity = To/p (=+/ghi), (ro: shearing force at the
water channel bed surface, p: density of water, g: gravita-
tional constant, h: water height, i: water surface slope),

k : Kérman’s constant (= 0.4),
y Height from the bottom surface
U Flow velocity at height y above the bottom surface,.

ks : Relative roughness,

<

Kinematic viscosity of water,
Ar : A constant.
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However, it is doubtful whether equation 2.1 is applicable in the region of a
riverbed with a considerable roughness height. Fig. 2.1 presents the flow velocity
distribution, measured with a Petot tube and an inclined magometer, above a
fixed riverbed on which natural gravel of d = 12.0 mm is attached. According to
.that, the velocity distribution has a point of change in slope around y = 0.84d, and
the flow velocity near the riverbed tends to be uniformalized to depart from
Prandt!’s logarithmic law.

The velocity distribution in Fig. 2.1 permits us to regard the upper and lower
layers of flow as having respectively respectively different logarithmic distribu-
“tions. Thus, for the lower layer below the change point in slope it is expressed as

H

U y
— = A + ¢Ing‘ e (2.2

and for the upper layer as

U 1 y
= =A+ —In= cee(23)
* K d .

From Fig. 2.1 the constants are K =0.4,8 =0.8d, ¢ =0.87 ‘

i d/h
U/U, © 0.020 0.242
® 0.025 0.290
10— | © 0.033 0.403 o
® 0.050 0.600 e
® 0.075 0.916 e
© 0,100 1.154 %
99— d=12.0 mm )
Ux=10 cm/sec (De .
8l
7_.__.
6
5 (S N W
0.1 1.0 10.0

Y (em)

Fig. 2.1 The Result of Velocity
Distribution Measurement
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A = Us /Ux(Us ; Velocity at the position of y = 8), according to Fig. 2.1 seems to
change in a complicated way according to relative roughness. However, the pat-
tern of velocity distribution in the neighborhood of the bottom surface changes
with the placement of the origin of the coordinate system. Fixing the origin for
the water height h is difficult and researchers have used various methods.
Tsuchiya2) for a fixed riverbed of mixed gravel finds a relationship between
vV ds4 /dys and the position of origin of the coordinate system so that the value of
friction velocity is equal to a value which can be found by applying the logarith-
mic law to the flow velocity distribution and friction velocity found from the
water surface slope and water depth. Here, dg4, dys indicate, respectively, 84%
and 16% of the grain size in the grain size accumulation curve. According to the
Tsuchiya’s method the origin is located at the value 0.25d below the crest of a
particle for uniform grain size. Also, Einstein and Elsamni3) say it is appropriate
to fix the origin coordinate at a value 0.2d below the crest of a particle because
the slope of the velocity distribution is in conformity with the logarithmic law.
Cheng and Clyde4) investigated the applicability of Manning’s formula and
Chézy’s formula with respect to uniform spherical roughness, and fix the origin
at a value 0.15d below the crest of a varticle. The author considers the riverbed
_to be the height where 25% of the riverbed surface is exposed, a higher value,
because the experimental results concerning initiation limit of gravel related in
Chapter 3 can be arranged well regardless of grain size. A suitable height for
uniform spherical grains is about 0.15d below the crest. This result places the
origin above the result of Tsuchiya et al. who apply the logarithmic law to the
velocity distribution. Fig. 2.1 illustrates the velocity distribution using these
riverbed origins. The results indicate a tendency of uniformalization for the
velocity distribution to depart from PrandlIt’s logarithmic law near the riverbed.
Further, for the case where the riverbed origin is 0.25d below the crest of a gravel
varticle the velocity distribution of Fig. 2.1 is as shown in Fig. 2.2. From this
one can see that the velocity distribution pattern changes in a number of ways
according to the placement of the origin, and that the uniformly changing trend
of stream velocity near the bottom surface is the essential problem. There are two
or three studies which have examined his tendency.
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Fig. 2.2 Velocity Distribution of Flow in case
the Standard Surface of Bed is taken
below the Crest of Gravel

ChristensenS) studied the velocity distribution near a rough surface and
explains it by taking the mixing length ¢ as

4
Il=—+ fd + &y
U

*

where « is Kdrmdn’s constant,
B is a coefficient.
For a turbulent flow near a perfect rough surface v/U, < 1, the formula is

1=fd + &y

O’Loughlin and Annambhotlab) use this formula for the coefficient of kinematic
eddy viscosity:

e=clog + ew
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where elog is the kinematic eddy viscosity for logarithmic law e is an additional
kinematic eddy viscosity near the wall ey is taken to be a fixed value up to’
2 times the height of the rough elements above the bed, and is taken to be zero
above that. Iwagaki’/) too explains the uniform change of flow velocity as it
occurs near the riverbed, taking the mixing length to be

l=1o + &y ... (2.7)

where %o is the additional mixing length near the riverbed. These above are
hypotheses put forward to explain the velocity distribution, but all consider
additional mixing due to rough elements. Further, such uniform change of flow
velocity in the environs of the riverbed is observed also in cases where there is
bed load8) or suspended load9), and is explained by activization of mixing by
both large rough elements or bedload and suspended particles.

YamaokalO) measured the flow velocity distribution in the neighboring
region of a rectangular roughness element, and explains the flow velocity near the
rough surface by the theory of wake.

According to this explanation, as shown in Fig. 2.3,

Fig. 2.3 Explanation of Velocity
Distribution by Wake

One can find a section which deviates from the logarithmic law, where the so-
called roughness wake layer is generated near the riverbed due to the existence of
rectangular roughness elements. The flow velocity distribution within the rough-
ness wake layer is explained as the velocity distribution of the wake caused by
single rectangular bodies, and there are waves in the stream direction for the
thickness of the boundary layer b. When it becomes largest in the case of an inter-
ference stream:
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b = 1.781/CaCpboeXy reecree (2.8)

where Cp is a drag coefficient, C, a constant determined by the flow velocity
distribution, and bg the roughness height. If one extends this over a riverbed sur-
face with a grain diameter of a spaced \’d, the thickness of the maximum thick-
ness of wake layer bmax is proportional to A’Y2d. For natural riverbeds the
relationship between the representative grain diameter d and the grain spacing
A’d is analogous, and since one can consider A’ a fixed value, bmax is proportional
to grain diameter. Further, the mixing distance &, within the roughness surface
wake layer is 'also proportional to A\’Y2d, and is constant in the direction of
measuring water depth. This supports the average agreement of Christensen
mentioned before and the hypothesis of Iwagaki. More correctly, for the ratio
b/bo of the thickness of the roughness wake layer b to the roughness height bo,
a tendency to change can be seen due to slope, not only to roughness spacing.
According to these experiments the ratio b/bg has a dispersion around 1.6—3.0,
which if one considers the treatment of the bed surface is almost identical
with 8 = 0.8d mentioned before. Here & is the turning point of the flow velocity
distribution. As for other explanations of the uniform change of flow velocity
near the riverbed there is the water permeability of the riverbed materials.

However, Zagni and Smithl1) found the resistance coefficient increased for the
case of rough uniform gravel compared with an impermeable riverbed, but for
mixed sand permeability need not be considered. '

 That report was on resistance coefficient and not an argument concerning
change near the bed of flow velocity distribution, but it seems in general that
permeability does not exert much influence.

Thus, having compared previous research, the uniform change of flow velocity
near the bed with rough turbulent flow is a general phenomenon, and since
it seems quite valid to take 0.8d as the height of the turning point of the slope,
it is used here (equations 2.2 and 2.3) to predict the flow velocity near the
riverbed. Integrating equations 2.2 and 2.3 to find the average cross sectional flow
velocity Uo, as a two-dimensional stream, for h 2 §, we have :

Use Us 1 h h—4 d

1
U. 00 TR TR e T w? oY (299
forh<s,
Ue us h
e =2 + i——.—-l ...... 2.1
U, . P ( s ), ( 0

In formulas 2.2 and 2.3, in order to determine A (Ug/Uy) it is nécessary to
know the value of Ug/U,, namely the resistance coefficient.
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Section 3: Coefficient of Resistance

(1) Coefficient of resistance for a rigid bed

As explained in the Section 1: Outline, there are many studies on resistance
coefficient for a fixed bed when the relative roughness is not large. Studies on
flow resistance for a large relative roughness mostly concern artificial roughness
called spherical roughness or frame-ty e roughnesslz), 13),

For example in Moody’s diagram!4) experimental values are indicated up to
the value d/h = 0.2 for the conduit.

Mirajgaokerl5), from dimension analysis and experiments using natural
stones (large cobble stones), reports that the resistance coefficient increases not
only according to the relative roughness but also according to the Froude num-
ber Fr (= Uo/\/'— ).

Also, Iwagaki”), concerning the Ar of equation 2.1, has found an expenmen—
tal formula from research on thin layer streams.

I

Fr £ 089 T#, Ar

< 10,
Fr = 089 T#, Ar 9.7 — 575lgFr + 12(logFr)

!

Also, Honmal®6), in case when the resistance coefficient is for a torrential
flow, investigated experimently that it is not only a function of Reynolds Num-
ber. Re (= Ugh/y) but also a function of Froude Number. Since the value of
d/h < 0.2 in Moody’s diagram is insufficient, for mountain rivers, experiments
carried out for values of d/h greater than 0.2 using an experiment for artificial
roughness in order to investigate appropriate values of the resistance coefficient.

(a) Outline of the experiments

In the experiments the downstream 2 m end of a 15 m long and 36.5 cm
wide flume (steel with one side glass, whose slope can be varried freely from 0°
to 20°) was used.

Two types of glass beads of diameters 24.5 mm and 12.6 mm respectively
were used as roughness elements.

These were spread out in a single layer densely in an aluminum box of width
36.5 cm, length 1.96 m as shown in Fig. 2 4.

The box was inserted in the channel, and with a slope of 0.02 to 0.17, the
flow depth was observed while changing the flow discharge.

Further, the flow depth was measured with a point gauge, and the flow
discharge by a triangular weir.

(b) Experimental results and observations
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Nd2=1.155
‘Fig. 2.4 An Array of Roughness Elements

Chézy’s ¢ and Manning’s n are well known as coefficients of flow resistance, but
here Darcy Weisbach’s coefficient of frictional resistance f = 8U,? /Ug? in used.

The resistance coefficient of friction f due to close packed sand particles can
be considered a function of a coefficient dependent on friction velocity Uy,
gravitational constant g, grain diameter d, water depth h, water viscosity co-
efficient u, and the water density p, and using dimension analysis the value of f
can be expressed as: ' "

—) +--(2.12)

The first term on the right side is called the Reynoids Number Re, and can
be considered to exert no great influence on a perfect rough surface turbulent
flow.

If we add to the prameter the density N of the roughness, Nd?* is added to the
right side of function 2.12.

This is the same as White’sl7) packing coefficient, and for the arrangement
shown in Fig. 2.4 Nd? = 1.155 we see from function 2.12 that for in the case
where the arrangement of roughness elements is fixed, it is best to arrange the
relative roughness d/h and U,? /gd the parameters.

Fig. 2.5 indicates the change of the resistance co-efficient due to relatwe
roughness from experimental results.
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The lines determined by eye show the overall trend.
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‘Fig. 2.5 Experimental Results of Resistance Coefficients

From this we see that as the relative roughness increases the resistance co-
efficient f increases sharply, and that the larger the value of U,?/gd the larger
the value of f becomes.

In Fig. 2.5, a diffence in resistance can be seen for the two different dia-
meters, but it is not a significant difference, the reason being that a considerable
error is included in the depth measurements since the absolute water depth is

small.

Further, taking the theoretical riverbed surface to be 0.15d below the crest
of a part1cle the influence of the sidewall is corrected for using Einstern’s
method18).

When the width is large with respect to the water depth there is practically
equivalent to Rb.

Here Rb is the hydrantic radius with respect to the riverbed.

The relationship between Froude Number and U2 /gd is:

pao U U Wt A
h

. gh gd Ul

Ul s
f

d .
p ; ..... (2.13)
g
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and if three of the variable Fy, U,?/gd, f, d/h are found the fourth is uniquely
determined. The reason for using U,?/gd as the parameter instead of Froude’s
Number is that given the water depth and slope the flow velocity can be immedi-
ately caluculated.

0.6 |- 02
Ux o
£ odm 0.12
0.5 L 0.10
0.08 __1=0.15
——
0.06
0.4 -
I=0.10
0.3
I1=0.05
0.2 |- = 170
mild slope
V8/f=6.5 + 2.5%n h/dm

0.1+~ /i

)

s

N RN NN S NS RN I I SO N N A

0 1.0 4/h 2.0 3.0

Fig. 2.6 Change in Resistance Coefficient dependent on

Slope and Relative Roughness

Fig. 2.6 indicates the coefficient of dray as a function of slope. Finding the f
from Iwagaki’s equation (2.11),; we get

Fl‘ é 089,
R
f=8/(75 + 575l0g— )?
s R (214)
Fr = 089,
R
f=8/{ 72-575l0gFr+1.2(logFr)? +s.7510g-; }?
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Fig. 2.7 Comparison of Various Resistance
Coefficients with the Empirical
* Equation by Iwagaki

There are a number of differences with the experimental results of Fig. 2.5,
what is the cause of such increase in resistance?

First, one can consider the loss of energy due to a vortex behind the riverbed
gravel. Then, using an abrupt drop model one explains the characteristics of the
variation in resistance coefficient due to U2 /gd and d/h.

(¢) Explanation using a step-down model

Consider a riverbed lined with
spheres as in Fig. 2.4. In Fig. 2.8,
let Ad be the length of the bound-
ary of the vortex caused by wake,
Deriving an equation of momentum
for the range between the cross-
section I at the crest of a particle
and the cross-section II at the
reattach point, ignoring friction,
we get

pg(hy +Bd )  ph?
2 2

=

P72 V2 he = p7y v by Fig. 2.8 Explanation of a Stepped-
cee.(215) Down Model
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where, 1, and n, are correction coefficients for the momentum at cross-sections

I to II, and the other sumbols are indicated in Fig. 2.8
The equation of continuity is -

h| Vi = thz = hv
where h is average depth, v is average velocity.
The equation of energy is

v,? v,?
Bd + h,+——é-’§—— (he+——) = hi

The loss of water head is written

2
hl = io dd = (U* ) 2d
gh

where ip is the water channel slope. Taking

-\

_—= A

h = h, + ad

MmM=17.=1, a=4§

From equation 2.20

h, d
—_—_—= 1] - z—
h

Then from equation 2.22
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From equation 2.16 and 2.19,

vy, = v =

h. hs

UsAT Ceeee(2.24)

. h
vi = ——U,Ar -ee-(2.25)

1

From equations 2.15, 2.24, and 2.25

gh®  gh h h ,
7 T = G At? UZ h, — LT Us AT
; d
h

Cancelling gh?/2 on both sides of the above equation the following relation
results:

; 2 h
1 - (T)l = L. - . (== ) s (2.26)

From equation 2.17, the following relation results:

, 1 h , U2
) Ul AP — Chet+ — (—)?U2AFP) =——2d
. 2g h gh

1 h
h+ = (=
2g h|

Cancelling h on both sides of the above equation, the following relation results:

h U2 . d 2 , 1
IR [CO U LS Y TG-S e B ¥ 18
h gd h 2gd h h, d.,
(1—a—)
h
or, rearranged into:
h Ul d
. 22— —= (=)
U* d /2 h gd h
Ar® = e e et e ettt e (228)
gd h (h)2 1
he (1— E)z
ah -
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Substituting eq. 2.28 in eq. 2.26 and rearranging i’c, the féllowing relation results

h, ha

LN _ 4, hae _
(h) 3(1 ah)(h) + {41 a

— (l—a%) =0 e (2.29)

Ineq. 229 let h?/h=x,1-ad/h=A,1-U,%/gd A (d/h)? = B, the following
results:

X* — 3AX* + (4AB—1)X + A = 0 cee - (2.30)

Because this is a trinominal equation with respect to X, it can be solved using
the Cardan’s method. When obtaining the solutlon with a real number, the follow-
ing relatmn results from eq. 2.28

From the above, the resistance coefficient can be calculated for an arbitrary
combination of U,? /gd and d/h, provided the coefficients a and A are determined.
Considering this two-dimensionally in such arrangement as in Fig. 2.8, if we take
a = 0.15, A becomes 1.375. Let’s observe a vortex behind spherical grain particles
laid most densely on the riverbed. Glass beads of 24.5 mm in diameter were
spread over 4.5 m in width within the water channel, and through the glass wall,
the flow in the periphery of the spheres was observed from the side. To make the
observation clear a solution of pearl clay added by potassium manganate is put
into the flow. Clear observation of the domain of he vortex in the wake by experi-
ment was difficult due to the dispersion of dyestuffs, but a peel-off point could
be observed well. According to those observations the peel-off could be seen
near the crest of a particle, and it resembled photographs of a flow in the vicinity
of cylinders by Prandtl, or those of spheres in a uniform flow by Wieselsberger.
Further, the vortex behind the roughness elements reached as far as the particle
behind, which proved the appropriateness of the model of Fig. 2.8 to the phe-
nomena.
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According to calculations using
the stepped model, as in Fig. 2.9,
for the case A = 1.50,a=0.10 there

£ F a=0.10, A=1.50

is good agreement with the experi- 0.7¢
mental values, and it seems the

three dimensional influence is ex- 0.6
erted to some extent. 0.5

Thus, using the step-down mod-
el as above, the change of the
resistance coefficient f by U,2/gd 0.4f
and d/h can be explained.

0 0.5 1.0 ZLIS 21.0‘ 2:5
: d/h - .
Fig. 2.9 Calculated Results of
Resistance Coefficient

(2) The stream resistance law for a movable bed 4

The previous section concerned the resistance law for a flow on a fixed bed.
Here, the case of a movable bed. The -average cross-sectional velocity Ug for a
movable bed is assumed to be determined by u, g,d, R, 1, g, 0. Replacing the energy
gradient I by .U, = +/gRI, and the gravitation constant g by the weight of gravel
in the water (o - p)g, Up/U, can be written, using dimension analysis, as

Uo . Usd U, o
=@2( y - y Ty
Us v (a/p—1)gd d »p

) ....(2.33)

where R is the hydraulic radius. In the case where river bed waves are formed, the
height of the waves, not R/d, is important. The hydraulics Committee of the
Japanese Society of Civil Engineers21) processed a large number of materials on
experiments concerning resistance of a-movable bed. However, as explained in
Chapter 1, this research assumes that the river bed patterns are for the most part
flat river beds, and in the region of a perfect rough surface turbulent flow. The
influence of Reynolds Number for the sand particle is not marked. Further, since
the object of this research was natural river beds, the ratio ¢/p is practically
constant at about 2.5 to 2.65. Finally, for a flat movable bed resistance coeffi-
cient the parameters become the tractive force 74 (= Uy?/(0/p - 1)gd) and R/d.
According to Kishi22) the experimental resutls of resistance coefficient for flat
beds is close to .
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Uo

*

h
= 6.0 + 5'7510g_d_ ............. (2.34)

Ashida and Michigami23) for a flat movable bed propose the following, consider-
ing that the jump height of a sand influences the roughness.

U 60 + 57510 h (2.35)
U, ) T Tz . '

In order to obtain values for the roughness coefficient for the case of large
relative roughness, the author carried out experiments on a movable bed. The sand
utilized in the experiments was uniform sand gravel with average diameter of 5.51
mm and mixed sand gravel with average diameter of 6.4 mm. Fig. 2.10 shows
resistance coefficient as a function of d/Rb and 7. For the resistance coefficient
. on a movable bed, experiments were carried out under conditions of both Ux?/gd
and the relative water depth being large compared with the previous experiments
for fixed bed. As is clear from the figure, the resistance coefficient seems to vary
continuously from the trend of the fixed bed experiments. Ashida and
Michiue23) find good agreement when comparing the experimental data for
R/d Z 10 with equation 2.35 for the upper regime. However, as shown in Fig.
2.10 for d/R > 0.1 the experimental values are considerably larger than those of
equation 2.35. ,

" Uniform Mixture

0.6} T* d=5.51mm, dmw6.400a
£ 0.05 to 0.10 O ¢ ]
0.10 to 0.15 © ©
0.5k 0.15 to 0.20 © @
* 0.20 or more @ e
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Fig. 2.10 Coefficient of Resistance of a Flow -
on a Movable Bed (1)
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Fig. 2.11 Coefficient of Resistance of a Flow

-on a Movable Bed (2)

(dm =

Fig. 2.11, being the experimental results for uniform sand gravel with 6.20
mm in average diameter, exhibits almost the same resultt as Fig. 2.10. Namely,
with respect to coefficient of resistance on a movable bed with the relative water
depth being small in this way, the correction for the jump height of the sand
particles is not important at all. What is of over-whelming importance is the
increase of slope and the increase of relative roughness, and the coefficient of can
be expressed with nearly the same relationship s for the fixed bed case. That
depends on the river bed pattern being within the limits of the flat riverbed bed.

Uniform sand gravel of 6.20mm)

Section 4: Resistance and Characteristics of a Gravel Mixture Bed

A natural riverbed is composed of various large and small mixed gravel stones.
This section describes the special characteristics of a mixed gravel bed and the

resistance of the flow.
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(1) Characteristics of a gravel mixture bed

With respect to the initation of motion of gravel and the resistance of the flow,
the distribution of the number of gravel stones protruding from the riverbed
surface h (di) is more important than the average grain size distribution up to
a certain depth. Tsuchiya2) considered the distribution of the number of gravel
stones protruding from the surface, and assuming the gravel be uniformly dis-
tributed in the depth direction, proposed the equation, h(di) = Af(di)/di? . Here
" . h(di) is the distribution percentage by the number of particles of grain diameter di
in the riverbed, f(di) is the distribution percentage by total weight of particles of
grain size di. A is a coefficient to make the right hand of the equation equal
100%. In order to investigate this h(di), glass beads of diameters 1,2,5,7, 12.6,
16.4, 24.5 mm, and 18.3 mm porcelain beads were color coded by diameter,
mixed, and laid to a 4 cm thickness. Photographs were then taken of the riverbed
surface. The average grain diameter (dm) of these materials was 9.7 mm, and
Vdsa[dis = 2.84. Fig. 2.12 shows the average distribution of particles laid as
obtained from the photograph of the riverbed, and the calculated values from
the above equation. From this it is obvious that it is difficult for small particles
to exist at the surface, and this proves that other than being transported by the
stream, small particles have a strong tendency due to vibration etc. to sink into
the interstices, and it is difficult for them to be uniformly distributed by depth.
In this case the average diameter of a particle on the riverbed surface was 11.09
mm. In this way, the average diameter of mixed gravel dyg is considerably dif-
ferent for the surface and the whole, and thus it would be reasonable to use the
average diameter for the riverbed surface when discussing the characteristics of
the riverbed surface when discussing the characteristics of the riverbed. For that
reason the average diameter at the surface dmg will be used in this discussion
hereafter.

A gravel mixture bed is compli- 100
cated in many respects, and it'is not . L — - S
well understood how best to de- # 7 d
scribe its characteristics quantita- ~ / 4 /
tively. Among the characteristics, n // ,
grain distribution has been studied / /
previously, and has been expressed ~/ s /
by average grain size or standard 50} J/ /"
deviation. When considering flow
resistance or initiation of motion of
sand gravel, as in this study, infor- -
mation concerning the average posi- L
tion of each group of particles hav-
ing different diameter from other :
group and the roughness of the okl Lol 11
riverbed surface is necessary. It is 1.0 . 10 d(mm
difficult to know the roughness of a.
riverbed for an actual river, but the Fig. 2.12 Grain Size Distribution anc
grain size distribution is com- Frequency Distribution of
paratively easy to measure. Thus, Protruding Gravel Stones
it is of significance to know the
relationship between each parti-

o— F{(d)
w— TSUCHI~
YA -

H(
) """ Observed|
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cle’s existing height and grain size distribution and riverbed roughness. The past
history can be thought to influence the relationship between riverbed surface
condition and the grain size distribution, but as a first step in studying compli-
cated riverbed surfaces, suggest the following argument that there is a unique
relationship between grain size distribution and the condition of the riverbed sur-
face, especially the roughness. Here riverbed surface roughness does not include
sand waves in the riverbed, it is roughness of an order of grain size above riverbed
wavy contour or the flat-riverbed.

As a method of expressing a riverbed surface’s roughness one can take the
standard deviation of riverbed height at certain observed intervals. Here, more
simply, one observes the riverbed height Z at fixed intervals AX, and the average
8 the absolute value AZ of the difference in heights for bordering points is taken
as the roughness. Here the measuring intervals are a problem. -

Fig. 2.13 shows the variation of

the average value of AZ taking

AX as 0.5 cm, 1.0 cm, 1.5 cm, 2AZAX 41127
2.0 cm, 2.5 cm, 3.0 cmusingthe  dms ms=~ Y 4mm
data observed at 5 mm intervals dmax=25 . 4mm
. 0.5k ‘
as the base. The riverbed was i o o
mixed gravel and river sand. 0‘4‘_ T 5 S
From this we see that for small 0.3 ©
observation intervals AZ is small, 0.2F
but when the observation inter- 0.1f l L
vals_ are larger than the average 0 10 15 2'0 21,5 ?;Onnu AX
grain diameter, the value of Z is (oM 089 133 177 222 266 AX/dms
fairly constant. Provided ome  fig. 2.13 The Variation of AZax/dms

can find a characteristic quantity
AZ to express the riverbed sur-
face’s roughness. Fig. 2.14 pre-

at Measuring Intervals

sents observations of AZ/dmg for natural sand gravel having various grain size

distributions.

According to this, within the
limits of average grain diameter
at the riverbed surface being
between 4.2 mm and 15.14
mm, or \/dg, /d;s from 1.34 to
2.70, AZ/d g is constant at 0.27.
Further, since for uniform gravel
with d = 12 mm also AZ/dpg =
0.30, one can conclude the river-
bed surface roughness is not
proportional to the average grain
diameter, nor related to the
standard diviation of the grain
size distribution. However, in

onk

02f

Fig. 2.14 Observed Values of AZ/dms

Fig. 2.13 as the values approach

0.4 the difficulty of laying sand
flat is indicated. Further, for
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mixed gravel of glass beads, when dm = 9.70 mm, v/dgs /dis = 2.74 AZ/dms =
0.343 which is the same as AZ/dymg = 0.345 obtained for dm = 5.67 mm,
Vdgs /die = 3.11. Furthermore, according to the reported results of grain dia-
meter and riverbed height taken at the intersection points of a grid laid out with
5 cm intervals in the lateral direction and 10 cm intervals in the flow direction at
Ashiarai Valley in the Jintsu River network in July 1973, for average grain dia-
meter 9.16 mm, +/dgs /dis = 3.03, AZ is 2.83 cm and AZ/dmg is 0.31, thus con-
firming for a natural riverbed the fact the roughness is 0.3 times the average grain
diameter. It is not well understood what relationship exists between the effective
roughness with respect to the stream and AZ defined in this way. However, it
would be safe to assume it.is proportional, as its first approximation. From the
above, the resistance of a mixed gravel bed is expressed by dyg the average grain
diameter and is expected not to depend on grain size distribution.

Next let’s investigate the height of particles having a particular grain diameter.
In a mixed gravel bed of natural gravel, the heights of each grain size group of
particles were observed. From that frequency distribution the author measured
values of (Z - Zy), the distance from a theoretical riverbed surface of height Z at
frequency distributions of 50% and 10%.

Fig. 2.15 indicates this height 0.8
for each grain diameter. It 0.7k °
was found that the dispersion 0 : 6L dmg=9 . 02mm
of the distribution is large for Z Z-Z, °°
small particles, but the value di 0.5r o 10%
of (Zi - Zo)/di, with respect 0.4+ 50%0-°
to grain diameter di, is about 0.3F °©
0.4 for 10% and a constant 0.2+ °o  50%
value of 0.15 for 50%. 0.1k —rT——"
- ]
: 0 1 Lo vl 1 111
01 1.0 di/dps 10

Fig. 2.15 Crest Height for Each Grain
Size Group of Particles
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(2) Resistance of a stream above a gravel mixture bed
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Fig. 2.16 Resistance Coefficient for
Mixed Bed (1) (glass beads)
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Fig. 2.17 Resistance Coefficient for
Mixed Bed (2) (natural gravel)

It seems from studies concerning the characterisitics of mixed gravel bed, that
the flow resistance law gives the same results as a uniform bed, provided one uses
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the average diameter dyg of the surface as a representative grain diameter. Figures
2.16 and 2.17 indicate the flow resistance coefficient for a mixed bed as dys/Rb
arranged by value of Us? /gdms. The trend is practically the same as Fig. 2.5 the
uniform bed case, and this shows the appropriates of using dms as a representaive
quantity of the mixed riverbed. Both A and B in Fig. 2.16 are riverbeds made of
glass beads of diameter 1 to 24.5 mm with, respectively, dm.. = 9.70 mm, v/dss /d 6

= 2.74,and dm = 5.67 mm, v/dgs [d;s =3.11. Also, the A (N) of Fig. 2.17 is made
of natural sand-gravel of diameters 0.84 to 25.4 mm and dy = 7.78 mm and

Y, d34 ;dlﬁ =2.74.

Section 5: Conclusion

This Chapter examined flow resistance which is basic when considering sedi-
ment. Since in river bed form the boundary region under consideration in the
present study is upper flow reigime, it has advanced the discussion which was
entirely concerned with flat river beds.

Concemning the flow velocity distribution above a rough surface, there is
near the river bed a uniformly changing trend for the flow velocity distribution

to depart from Prandtl’s logarithmic rule. For a stream with a relatively large
roughness, the rate for water depth in that area becomes large, and it, seems,
rather, to become a controlling factor. There have been a number of studies
concerning this tendency in stream velocity distribution. There are a large number
of qualitative explantions, none of which are definitive. The author proposed that
from the observed results the flow velocity distribution be divided into an upper
and a lower regions at a height of 0.8 times the grain diameter, and that one apply
a logarithmic law with slope 5.75 to the upper region and a logarithmic distribu-
tion with slope 2.64 to the lower region. When doing so the form of the equa-
tion treating the theoretical river bed changes, but the essential nature does not
change. Further, in this study the theoretical bed is one where 25% of the surface
has particles protruding. This corresponds to a position 0.15 diameters below the
crest of a particle for uniform spheres densely spread.

Next, from experiements on large relative roughness, the increase in resistance
coefficient f due fo relative roughness, U?/gd, Froude’s number, and slope was
made clear. Also, the nature of the variation in resistance coefficient was ex-
plained theoretically by a step-down model. Resistance on a movable bed was also
investigated. The resistance coefficient for the fixed bed is the same as for a flat
river bed. For large roughness the resistance is increased by grains of sand tossed
up, and it was made clear that this addition is quite 'small compared with the
influence of a steep slope.

Next, mixed gravel beds were considered. The grain size distirbution at the
river bed surface is not the same as that for the river bed materials overall, and
accordingly one must use the average grain diameter at the surface as a represent-
ative quantity for the river bed. Furthere, the roughness of the river bed is from
0.25 to 0.4 times the average grain diameter. And it was shown that the resistance
coefficient can be regarded as the same as the re51stance coefficierit above a
uniform bed having the same diameter.
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CHAPTER 3 CRITICAL TRACTIVE FORCE FOR INITIATING
THE TRANSPORT OF GRAVEL

Section 1: Outline

Uniform gravel or gravel mixture spread within a water channel doesn’t move
for a small discharge, but with an increase in the discharge the gravel begins to
move from time to time. If the discharge is further increased, the movement be-
comes extraordinarily active. The border between this initiating and ceasing of
the motion of gravel is called the transport threshold, and the shear stress of the
gravel at that time is called the critical tractive force.

Because sediment begins to move when the critical tractive force surpasses
“the transport threshold, it goes without saying that the determination of that
value corresponding to conditions in rivers, our objective, is a fundamental topic
in order to treat rivers, which are channels for transporting not only water but
also sediment. Accordingly, research has been carried out in the past on critical
tractive force according to various definitions of transport threshold. The critical
tractive force for deep streams on a gently sloping bed has become fairly clear.
However, it is not yet clear whether the results of past research can apply to
streams which have a water depth several times the bed gravel diameter only in
flood times and which are steeply sloped, such as mountain streams. Rather,
it is to, be expected that the critical tractive force will differ. '

This chapter clarifies the critical tractive force for initiating the transport of
gravel or simply the initiating critical tractive force as it occurs in steply sloped
streams, a topic practically untouched in past research. First, past research is
summarized; next from experiments and theoretical considerations, the initiating
critical tractive force is clarified for uniform gravel in a torrential flow and for
gravel mixture having a wide grain size distribution as in mountain streams.

Section 2: Conventional Research on Critical Tractive Force

(1) Dimension analytical studies

The physical quantities governing transport phenomena of sediment due to
flowing water are the water density p, the coefficient of viscosity u, the gravel
density o, grain diameter d, water depth h, friction velocity U, and the gravita-
tional constant g; an equation to describe the transport phenomena is expected
to include these quantities. Now if one thinks about the equation describing the
sediment discharge q., and derives a non-dimensional equation including the
above quantities by dimension analysis, one_can obtain.

qS - U*d " Uizr h g N ... ;
I T 7/ D P E L ¢

If one defines the transport threshold condition as q = 0, a non-dimensional
equation to determine the critical tractive force is, from equation 3.1,
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U:sz
(o/p - 1)gd

-------

Txe =

Here the right hand side of the above equation represents the critical tractive
force in a non-dimension fashion and the accompanymg letter c¢ indicates the

critical value.

1 ¢
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Fig. 3.1 Shields Diagram

Research on critical tractive force got its start in 1936 by Shields’ studies. He
left out the terms h /d and o/p from eq. 3.2, plotted the empirical relation be-
tween 74c and Rex ( Uxcd/r), and showed the results could be described virtu-
ally by a single curve. It was confirmed!? that the same relationship held time for
later experimental results comparing steep and mild slopes, which was widely used
as Shields diagram.

According to Yalin?), the reason the spec1ﬁc gravity term o/p exerts no
influence on the critical tractive force is that ¢/p is a term due to inertia of sedi-
ment transport, and since the critical condition for initiating the transport lies in
a static equilibrium cond1t1on, the term o/p need not be considered. On the other
hand, particles immediately before transport have been observed to shake and
turn about due to the turbulence of flow, and one can not necessarily say the
particle suddenly moves from rest. Ward3) discusses the influence of o/p, and
modifies 74c by introducing an additional mass coefficient. However, in Fig. 3.1
points for different specific gravities fall on the same curve, so it seems ¢/p does
not exert an important influence.

Also, Yalin?) and Gessler*), concerning the reason the relative water depth
hc/d does not influence the critical tractive force, suggest the stream near the
river bed ‘depends only on the distance from the bed and the friction velocity
including turbulence, and is unrelated to depth. However, since the velocity
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distribution and turbulent flow characteristics are not clear for a stream with a
small relative depth on a steep slope, it is necessary to investigate the influence of
relative depth. Let us consider conventional research concerning the influence of
relative depth on critical tractive force. For example Bogirdi®) classifies the
experimental data by relative depth as

from dimension analysis, and says for a constant value of d/(»*®g#) the non-
dimensional critical tractive force expression 7 ¢ is proportional to (d/h)? ori?#.
Here, i is the bed slope. This result is based on a certain prescribed water tempera-
ture and indicates that 74c for a certain particle size will increase if d/h or i in-
creases. More correctly, the data used by Bogérdi fall within the limits d/h < 0.2,
i < 0.025, 2 < Rex < 10%, and the relationship between 74c and (d/h)* or i
exhibits a good deal of dispersion. Also, Sahap and Aksoy®’ give a modification
table for 74 as a function of d/h within the range dx» /v &g (o-0fp > 2.5 x 103.
Neil”? indicates, from experiments with d/h up to about 0.5, that the critical
tractive force increases slightly due to an increase in d/h. Tabata and Ichinose®’
have carried out experiments on critical tractive force for large gravel, and have
obtained the result that r.¢ increases as the slope increases.

As in the above examples, 74c in the past has primarily been treated as a co-
efficient only of Rex on the right hand side of equation 3.2. However, it seems it
is related to h/d also when the relative depth becomes small, and it is clear that
research is necessary especially for the case when the depth is of the same order
as the particle size.

(2) Mechanical analysis

Natural bed material is sand mixture and the flow in general is turbulent and
the flow velocity changes. When the force working on an individual particle is
greater than the resistance force of the particle, it starts to move, but the phe-
nomenon is probabilistic because of the irregular nature of the configuration and
shape of the particles and turbulence. Research on mechanical analysis of the
critical tractive force, such as those comiled by Graf??, is in general divided into
those dependent on critical velocity and those dependent on drag force or lift
force. Also, they are divided into deterministic studies concerned with the average
value, and probabilistic studies considering variation. Further, they can be classi-
fied for uniform gravel or gravel mixture as the object of study. Here, a distinc-
tion is made between uniform gravel and gravel mixture in the investigations.

(a) Critical tractive force for uniform gravel

There are two basic points of view. One, such as Kuriharal®) and White!1),
is taking the shear stress per unit area divided by the number of protruding
particles per unit area as the value impinging on each particle which maintains
an equilibrium. Another, such as Iwagakil 2?, is taking equilibrium to be based on -
the balance between friction force and fluid force on an individual particle on the
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sand surface. When the depth is sufficiently large compared to the particle dia-
meter, T4c is the coefficient only for Resx. The form of that coefficient has been
considered by Kurihara and Iwagaki in terms of turbulent flow theory. Fig. 3.6
shows some of these theoretical curves. 7, has a minimum value near Rey =
1.5. For Rex = 400 74¢ is nearly constant at 0.047 ~ 0.06.

On the other hand, Carstens! 3) gives

U2

(s = Dad. ~ 3.61(tany cosf - sinB) = seee-.- (3.4)

‘as a critical velocity equatmn Here U, is the flow veloc1ty in the v1cm1ty of gravel
for the critical condition, S is the spemfic gravity of the gravel (= o/p), ¥ is the
angle of internal friction of the gravel, 6 is the water channel bed slope. Also there
are many studies usmg the mean flow velocity U, in place of the flow velocity
near the gravel. Neil’? has found an empirical equatxon

UZ

(s - 1)gd

= 2.50(_5%_)‘0-20 ....... (3.5)

Next let us look at research concerned not with average values of hydraulic
quantity, but with variation of the quantity, Kalinske!4) takes the velocity for
actual purposes to be

‘U - -ﬁ_lmax & -30'u o seeesen (3.6)

according to a normal distribution. Here ¢,, is the standard deviation of the
variation around the average velocity U. Also, from experimental results on the
variation of flow velocity near the bed, the following equation is obtained.

Ou . 1
T, Sl - (3.7)

Here, Uy, is the flow velocity near the river bed. From egs. 3.6 and 3.7, equation
(3. 8) is derived as follows.

Ubmax = 1.75Ub e (3.8)

This indicates that the momentary velocity near the bed is about 1.75 times the
average velocity and with respect to the tractive force the momentary value is
three times the mean value.

Also, Chepil and Woodruff!3) introduce a turbulence coefficient expressed
as
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30p + P | ‘
T=———-11?———-——-— ....... (3.9)

to consider the threshold of transport. Here P is the average pressure near the
particle and o, is the standard deviation of the pressure variation.

Christensen!®) reports that the conventional experimental values of critical
tractive force are in agreement with a probability of 0.001 which corresponds to
U’/o, by letting ovlﬁ = (.16 obtained from equation (3.10), the experimental
results of Lalufer, Fage and Townsend, and Reichardt et al. that near the bed the
value of ¢ /U is nearly equal to 0.15 to 0.18 and from the result clarified by
Einstein and Elsamni!?) in their experiments on lift force that the flow velocity
near the bed follows a normal distribution, where U’ is the component of change
of the flow velocity.

T _ U+

Next, let us consider the probabilistic approaches studied by Einstein!3
Gessler! 9)» 20) , and Paintaf?!

Einstein mtroduced the transport of particles as a basis to derive a function
for tractive force and replaced the probability P that a particle will start to move
with the absolute probability Pt, = P, using exchange time t,. Here t; is con- -
sidered proportional to the ratlo d/wO of diameter d to the fall velocity w, of a
particle of diameter d. Considering P, represents the probability that the lift force
L acting on a particle becomes greater than the particle’s weight W, the require-
ment for 1 > w/L is given by equation (3.12) since W, L, and U are proportional
to those given by equation (3.11). '

W e g(o - p)d®

L« oU2d%(L +1n) o eseeees (3.11)
U « Ug
|1+ n|>BY, or (L.+ n)*>B2¥2 ...l (3.12)

Here ¢ is a non-dimensional quantity equal to [(¢/p - 1)gd] U% called the flow
intensity, n is a coefficient which varies with time. Let the standard deviation of
n be n,. Putting n = nyns, for the threshold of transport the following is
obtained.

[n,Jlimit = #B ¥ - (1/m.), B,=B/n, REEREE (3.13)
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Since the probability of ns has a normal distribution, the following is obtained.

B*w_(l/no)
"B*‘P‘ (l/no)

Then the values are taken to be 1/n, = 2.0 and B4 = 0.143.
Also, Gessler considers a critical tractive force from a probabilistic point of
view. Taking

(te/T)-1
1 x? 7
q = T exp(— ZOZ)dX seeeees (3.15)

where q is the residual probability of the top layer, he found experimentally that
the standard deviation ¢ of r./r is 0.57. Also, concerning time scale, he considers
the transport probability per unit time, as a time coefficient, must be made non-
dimensional such as the time of passage of a turbulent eddy, e.g. d/Ux. Noting
" that Kalinske or Einstein considers the velocity variation and but not the degree
of exposure e of a particle, Paintal thinks the distribution E of the particles’
height e above the average bed level should be considered together with the flow
velocity variation. Thus he assumes for a particle to move it is necessary for the
particle to possess a greater degree of exposure than the surrounding particles.

(b) Critical tractive force for gravel mixture

On this topic Kramer??) and Sakai?3) find empirical equations for the
characteristic quantities of gravel mixture, such as influence of the uniformity
coefficient, with respect to threshold of transport for mean diameter gravel
mixture particle. In this way a method of representing the gravel mixture by a
certain particle to compare the transport threshold of the representative particle
with that of uniform gravel was developed by Tsuchiya?4). From the wake theory
Tsuchiya considers a hiding coefficient, and obtains the result that the larger the
standard deviation of the grain size distribution, the smaller the hiding coefficient.
However, in order to explain actual problem, such as the armouring phenomenon
seen in bed lowering, it is necessary to know the critical tractive force for each
gravel diameter. The studies of Egiazaroff>8) are well known as studies of critical
tractive force for different diameters. According to these studies, first for uniform
gravel, letting the tractive force D and the resistance force F be

o _ P 2 M .2 .
D= 5 CD Ud Td e (3.16)
F = 2 d (0 - p)gtand L e (3.17)

for spherical particles of diameter d, then setting D = F and tan ¥ =1 one obtains
an equation for the threshold of transport.
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N CpZie
Here,
Uo 2 2 3
( U* ) - }\l (3.19)
r = Ud ....... (3 20)

Also, Ud is the flow velocity at the height ad above the bottom surface. Using a
logarithmic distribution function for the flow velocity distribution, the following
is obtained.

A - 2
tZ T {5.75%0g(30.2a) }? - (3.21)

Next, letting a = 0.63 so that the value of 74 within the bounds 6f a perfect
turbulent flow can agree with the conventional experimental value of 0.06, the
following equation is obtained. :

_0.024
Twe™ Cp

In the region of a perfect turbulent flow, letting Cpy = 0.4 makes 74 = 0.06. For
Resx < 1000, CD becomes a function of Resx, and accordingly 7, also becomes a
function of Res. Next, assuming the above methods can be applied to each grain
diameter for the case of gravel mixture, let y = adj be the flow velocity of a
particle of diameter dji. Assuming a = 0.63, the critical tractive force r,; for grain -
diameter dj is ' ‘

T, 32 ’0.06 — ‘ , e (3.23j
| P (Log 191 .
m

Assuming Cpy = 0.4 for a perfect turbulent flow, we get

Taei™ 0.1 - BEERTAY (3.24)

) diy2

: (1og 19 )

which agrees well with experimental values. Ashida, Michiue and Egashira6)
find for di/dm < 0.4 that 7, from Egiazaroff’s equation is too large, and they
modified it empirically to r¢i/rcm = 0.85 (constant). Further, for di/dm > 04
they change the expression to '
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Tei _ 1.64 41 (3.25)

Tem (log 19 gi )2 dm

(See Fig. 3.2)
Here 7 and rcm are the tractive

forces which are not non-dimen- 4 l l l [
sional values for diameters di and
dm. Hirano?7?) reports similar
results. Further, taking 7,c =
0.05 and Cp = 0.5 for a perfect
turbulent flow, a = 0.617 is the
result. ’

2
. The conventional research on

critical tractive force has been WS

w

Tei/ Tem

outlined so far. It clarifies the FModified

problems remaining which must oL -

be elucidated. These include the 10 2 » 6 81, 2 4+ 6 810
necessity of detailed information di/dm

gﬁ tfebieé?t%;eepgszgot%s;:ef’gzgﬁ Fig. 3.2 Critical Tractiye Force
acteristics of turbulent flows, for Gravel Particles of
and the flow velocity distribu- Different Diameters
tion near a river bed, just for
critical tractive force for uniform .
gravel. For example, Cpy which is used by Iwagaki and Egiazaroff is a drag co-
efficient for spheres in a uniform flow. It is necessary to sudy Cp, for a shear flow
over a gravel bed. Concerning this, Coleman??) obtained the result that there is
almost no difference between Cp for a shear flow and that for a uniform flow,
but Garde and Sethurman??) indicate that Cp for spheres rolling on the slope on
which the particles are spread in a still fluid is considerably larger than that for a
uniform flow. For the threshold of transport, Coleman’s experimental conditions
are close to the actual ones, but it is necessary to gather more experimental
results. Also, concerning the lift conefficient CL, Chepil3?) reports CL/CD =
0.85 over a wide range of Reynolds Numbers. Chen31) indicates that Cp and Cy_
tend to decrease with an increase in d/h. However, these results are not yet
definitive, and hereafter direct measurements of the fluid force are necessary.
Next, it has been pointed out that from a practical view point the modified
Egiazaroff equation can be applied to find the critical tractive force for gravel
mixture. Experiments are necessary on gravel mixture having a wider grain size
distribution than the experimental range for which the appropriateness of applica-
tion has been recognized. Also, one should investigate whether the critical tractive
force for the mean diameter dm given by this equation always agrees with that for
a uniform diameter. The reason according to Kramer et. al. is that r . for the
mean diameter varies with the uniformity constant. According to Tsuchiya there
is a tendency for the critical tractive force, for the median diameter v/dgs [dse
being from 1 up until about 1.5, to be slightly smaller than that for a uniform
diameter, and above 1.5 there is a tendency for it to be larger.
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Considering the facet of theoretical treatment for the threshold of transport,
first there is a problem of defining the threshold of transport. One definition of
the threshold of transport holds that when that threshold is crossed the sediment
discharge increases sharply. This has much practical value, but since it has a
certain amount of ambiguity especially for gravel mixture, it is necessary to
clarify the definition of the threshold of transport in order to advance the dis-
cussion of determining the threshold of transport. Concerning studies of proba-
bilistic models; other than the aforementioned relative positions of bed grains
and characteristics of a turbulent flow near a bed, it is necessary to clarify the
physical significance of time, in order to convert probabilities of grains leaving
per unit area per unit time into absolute probabilities. '

The main problems with past researches are enumerated above. Since there
have been practically no studies on critical tractive force for the case of a steeply
sloped stream with a small relative water depth, it is necessary first to elucidate
the phenomena by experiment, other than exploring the above problems.

Section 3: Critical Force for Initiating the Transport of Uniform Gravel
(1) Outline of the experiment
(a) Range of conditions and procedure for the experiment

The experiments were carried out on a 20 ¢m wide, 20 m long, 40 cm deep

water-circulating steel flume whose slope could be changed within the limits of
0~ 0.20.
As shown in Fig. 3.3, within the
flume there is a movable bed
section flanked by two rigid bed
sections. The rigid bed is made
by placing the gravel in a var-
nished aluminum box. The trans-
port of the movable bed section
gravel was observed. The length
of the movable bed section was
such that the exposed surface
had several hundred spheres, and
the thickness such that there
were two layers above a rigid bed
section.

Three kinds of gravel were used in the experiments as indicated in Table 3.1.

i

Mov.able Rigid
.'

s ¢+ 029 >

I K4 . .’.

A
77

AR / R4 >
OO
7

77 77 7T 7777

Flume bed

Fig. 3.3 A Conceptual Scheme of
Gravel Bed

Table 3.1 Properties of Gravel Particles used in the Experiments:
Sieve Nominal | Shape | Specific|tan$ | Length of
No. Mesh diameter | diameter | factor | weight movable bed
ds ' dn )
1 222~200mm | 21.10mm | 225mm 0945 24990 1.0 20m
2 12.7~ 95 1110 120 1.008 2656 1.0 1.0
3 566~ 4.76 521 4 6.4 - 2507 1.3 0.5
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There are various conceivable ways to describe the diameters of complex natural
gravel particles. In the following data analysis the nominal diameter will be used.
The reason is that it seems the weight of a particle is an important resistance force
against transport. Further, the internal friction angle of the gravel used in the
experiments is taken as the angle where the grains in the movable bed box on a
tilt board in the air begin to move.

~ As for experimental procedure, first the channel was set to a prescribed slope
the movable bed section was covered with a screen metal, and a certain amount
of water was supplied. When it reached uniform flow the wire net was removed,
and the number of pieces of gravel which leave the movable bed box was observed
at the first 30 seconds after and 3 minutes after the screen was removed. Pertain-
ing to the measurement of hydraulic quantity the hydraulic gradient was meas-
.ured by a total pressure tube and the flow discharge by a venturi tube depth, and
temperature were also measured.

(b) Methods for Judgmg the transport threshold

What conditions constitute the threshold of transport has been vanously
debated. Here is introduced an experiment carried out with a small discharge of
water as explained in the previous paragraph, the number of grains transported
was read, and the number was returned to the original amount. Then, the same
experiment was repeated with increasing amount of water. Fig. 3.4 shows the
relationship between water depth and number: of grains fransported after 30
seconds and 3 minutes. The maximum water depth at which the number of
transported particles would be zero is taken to be the water depth at the
threshold of transport for that slope. :
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From Fig. 3.4 we see there is not
a remarkable difference between the

numbers of particles transported for

30 seconds and for 3 minutes for the
same water depth. Since the way the

3.5

(cm)

gravel is first spread on the movable -

bed controls the amount of transport,
care must be exercised in determining
the critical tractive force. Further,
looking at what other researches
have dealt with judging the transport
threshold, Tabata®) uses the point on
a graph similar to Fig. 3.4 where the
bed load gravel amount mcreases
abruptly. Also, Tsuchiya?®) takes
for the transport threshold the con-
dition that the percent of gravel

3.0

2.5

he

which begins to move in unit time for .

a unit bed area becomes 0.5% sec.
Also, it seems methods to define it
from the amount of sediment trans-
port are widely used. If one compares
these criteria>2), one can say the
definition as O particles transported
used here is lower than others.

(¢) Standard bed surface level

Since the object of this study is
large gravel in a shallow stream, the
determination of the standard surface
of the bed exerts a large influence on
the results. As stated in the previous
chapter, many methods have been
proposed for determining the standard
bed level. While searching, through
trial and error, for such height that

the initiating critical tractive force for three different grain diameters is appropri-

1.5

F1g

. 9
[0}
e lo}
(o}
e .o
¢« O o]
-0
®
L
.'O
Lo
O
o » 30 seconds
- o 3 minutes
®
!
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10 20 30 40 50 60 70 80 90 100
'NUmbers
3. 4 An Example Explaining

the Realtionship bet-
- ween the Number of

Movable Gravel Parti-

cles and the Depth

ate in the figure showing the relationship between 74sc and d/h, it was found that
the appropriate height should be chosen such that 25% of the whole bed surface

is above the standard bed level, which was employed in the previous case of

resistance. Thus, this was adopted in the experiment as the definition of the

standard bed level.

Furthermore, within the confines of this experiment, there occurred no gravel

movement in such state that gravel pieces protrude above the water surface.
(2) Experimental results and examination on the results

(a) Experimental results
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The experimental results of the critical tractive force as stated above, are
shown in Fig. 3.2, where the influence of the roughness of the wall surface was
removed by using Einstein’s method34).

Table 3.2 Experimental Results

No. |dn (mm) i he(em)| Q(1/s) |Rb(cm) Txsc

1.1 ] 22.5 | 0.02 9.15 | 22.3 7.00 | 0.0431
1.2 0.05 3.55 7.4 3.25 | 0.0527
1.3 | 22.5 | 0.075 | 2.50 4.9 2.37 | 0.0607
1.4 0.10 2.15 2.06 | 0.0743
1.5 0.15 1.53 3.05 | 1.48 | 0.0894
1.6 0.20 1.30 1.7 1.29 | 0.1178
2.1 | 12.0 | o0.01 9.75 | 13.5 8.20 | 0.0402
2.2 0.025 | 3.65 5.0 3.40 | 0.0427
2.3 0.05 | 2.05 1.95 | 0.0535
2.4 0.075 | 1.45 1.42 | 0.0608
2.5 0.10 1.20 0.85 1.19 | 0.0691
2.6 0.125 | .1.15 0.7 1.14 | 0.0846
3.1 6.4 0.01 5.45 6. 4.76 0.0386
3.2 0.025 2.40 2. 2.30 0.0461
3.3 0.05 1.30 0.85 | 1.28 | 0.0546
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The Ry, in the ’table is the hydraulic radius for the bed. Fig. 3.5 shows the
relationship between 7xgc, the non-dimensional expression of the critical tractive
force which is obtained through the modification of the effect of slope and d/hc..

0,12
0.11p
Tysc
0,10
0,09
0.0 8.~
0.07 Tabata, Ichinose
2 dp=10.83 cm
dp=1.65 cm
0.06 |- "
O dy=22.5 mm
0.05 - ® dp=12.0 mm
® ® dp= 6.4 mm
0,08~ 2
LOSO * Og l% lg 2.0
. . dn/h - '

Fig. 3.5 The Change of Critical Tractive Force for
Relative Roughness

~ The figure proves that, regardless of the grain size of the gravel, as the depth
becomes shallower, that is, as the slope becomes teeper, the critical tractive force
becomes sharply greater. This relatmnshlp is expressed in an empirical equation as
follows.

a/h > 0.22
Txsc = 0.034 X 10 0‘32(d/h) ..... (3.26)

d/h £ 0.22

Tasc = 0.04

Here 74gc is, as will be explained later on, equal to 7xc/[tan ¢ cos 8- (o/o-p)
sin 8], the non-dimensional expression of critical tractive force for a modified
slope. The experimental results in a Shi_elds diagram are shown in Fig. 3.6.
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Fig. 3.6 Shields Diagrams of Experimental Values

Further, data obtained by Tabata and Ichinosed) are also plotted in Fig. 3.5,
The distribution of those data is wide spread. It would be due to the difference in
definition of the critical tractive force, or due to the difference in method of find-
ing standard bed level. '

However, a tendency to the increase in 74gc with reference to d/h is nearly
uniform. A primary reason for the appearance of such results as shown in Fig. 3.5
is considered to be due to the effect of the change in flow velocity in the vicinity
of the gravel with reference to relative roughness. Next, the author intends to
explain the feature of this change in the critical tractive force with reference to
the relative roughness, using the previously mentioned resistance law and velocity
distribution in 4 torrential flow.

(b) Theoretical examination on experimental results

First, an equation for gravel equilibrium will be derived33).
As shown in Fig. 3, 7, the following
equation (3.27) is available for solid
particles in the transport threshold
condition.

D + Wsinb

= (Wcos® - L ~ B)tany

where, 0 : the slope of the water chan-
nel, D: Drag force, L: Lift force, B:
Buoyancy, W: Gravel weight, and o:
Internal friction angle of gravel.

Neglecting the influence of pres-
sure gradient, these forces can general-
ly be expressed as:

Fig. 3.7 Equilibrium Conditions
of Gravel
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Pg-ks

where, Cpy
CL
K; &K,
K,
U,

Cp-k; °
Cr, ko *
og-ks-

.d%cosh

.......

L A Y

: Drag coefficient

: Lift coefficient ,

: Constants representing areas

: Constant representing a volume

: Critical flow velocity in the vicinity of gravel

Pluggmg equations (3.28), (3.29), (3.30), and (3.31) in equatlon (3.27) the
following equation is obtained.

2 2k ; (tanycosd - ———§—*—'sin6)
U = s-1 = ... (3.32)
(8§ - 1)gd Cpky + Cpkptany
where, S = a/p.
Letting U, =CUxC ...ttt (3.33)

and inserting equation (3.33) into equation (3.32), the following equation can be
obtained.
Uke - 1
(8 - 1)gd

(tanycosb -

1 2k3 1
€D Iy * -——katanw
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where, Uy is the critical friction

velocity and the former half of 1,0

the left hand side of the above <

equation (3.34) becomes Shields b

parameter rxc. The method for |~

obtaining a flow velocity at the °|.

transport threshold in the mode ¥

of equation (3.32) is called the . 2 os

critical velocity equation, and ¢ )

the method by means of equa- §

tion (3.34) for C = 0 and that _
for Cp = 0 are called the drag ‘J‘! PR §=2.60, tany=0.70
force theory and the lift force & [

theory, respectively. There has o s

been little study using equations 0

(3.32) and (3.34) with considera- 01 R ! o3

tion for all the elements, but in

most cases of this category only

two elements 0 and tan o are F1g 3.8 The Effect of Modifying

set at O and 1.0, respectively. Txc L0 Txsc
The left hand side of equa-

tion (3.34) is the expression

which was obtained by modifying the Shields parameter for a steep slope, and
let it be 7.gc. Fig. 3.8 shows the extent of the effect of this modification, where
the extent increases considerably along with slope. To simplify the expression for
Tssc, let the shape of gravel particles be spherical and introduce hiding coefficient
e, the 7,4 can be expressed as follows.

L
'[' - "[‘ o —
* .
s¢ ke (tanYcosB - S _S_ 1-sin6)
-1 4 1 i .
= 3 (3.35)

y3
c(1 +-—g]6—tan ) ¢

The right hand side of equation (3.35) contains the drag coefficient, the lift co-
efficient, the hiding coefficient, and the resistance coefficient, and is in general
considered a function of Reynolds number and relative roughness, but in a-
perfect turbulent flow it can be considered independent of Reynolds number.

To obtain the critical tractive force from the equilibrium equation (3.35)
for the critical condition, it is first necessary to determine the flow velocity
that would be effective for initiating the movement of a particle. Now, let the
flow velocity at the crest of the particle be Uy, it is incorporated into the follow-
ing equation through equation (2.2).
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U* ) *

Ut gﬁ + ¢-1n0'215

-------

From equations (2.9), (2.10), and (3.36), Ut/U* can be figured out if given a
value of UO/U*,' where. the value of U,/U, can be obtained from the diagram

of the resistance coefficient in Fig. 2.5 with reference to d/h and U2 /gd.

Let the right and left hand sides of equation (3.35) be X and Y, respectively,

-------

that is,
g oL & 1 1
" ¢p 3  e(l + Cptany) oz
_ U 1
Y =1~ Daa

(tanycosb - —S——-_§_—i-sin6)

-------

and C be equal to Ut[U «> the values of X and Y can be obtained for a combina-
tion of given values of U%/gd and d/h. Curves thus obtained are plotted in Fig.

3.9.
X, Y
Txsc
0.12
0.11
0.10
0.09
0.08
0.07
0.06
0.05
0.04

0.03

Fig. 3.9 The

- 0dp=22.5mm ¥ (u2/gd=0.15)
adp=12.5 . 0.13
edn= 6.4 )

] | ]
1.5

d/n

Result of Calculating the Critical Tractive Force

- 65 -



The intersection of two curves in the figure represents the critical tractive force
Tegc. The curve drawn by connecting the intersections thus plotted agrees com-
paratively well with the experimental curve, where Cpy . € {1+ (CL/CD)tan pl=
1.0 is assumed.

Section 4: Critical Tractive Force for Initiating the Transport of Gravel Mixture

In the previous section, it was made clear that a non-dimensional critical
tractive force for the modified effect of slope is a function of relative roughness.
Needless to say, since a natural river bed consists of gravel mixture, the experi-
ment used in this section adopted gravel mixtures of a wide range of grain size
in order to examine the effect of gravel mixtures and the influence of relative
roughness on the critical tractive force.

(1) Outline of the experiment

(a) Experimental flume

The experiment was carried out using a 15-meter long flume with a variable
‘slope in which a 3-meter long and 20-centimeter wide steel channel was inserted,
and two reaches one meter in length from the upper and lower ends of which
were provided with rigid beds and the remaining reach between the two rigid
beds was provided with a movable bed (See Fig. 3.10).

(b) Experimental gravel mixture bed

The bed was formed of gravel
mixture of glass beads having ]
seven different diameters, 1, 2, Rigid Movable Rigid

5, 79 12.6, 16.4, and 24.5 mm :, LY 8 27 000
and ceramic particles of 18.3 7 5

mm. The experiment adopted TITII
two different - kinds of gravel Flume bed
mixtures called mixture A and

mixture B, having different grain  r44 3 19 A Conceptual Scheme of

f1d

size distributions, as shown by .
solid lines in Figs. 3.11 and ’ Gravel Mixture
3.12.
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Fig. 3.11 Grain Size Distribu-~

tion of Gravel Mix-
ture A
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Fig. 3.12 Grain Size Distribu-

tion of Gravel Mix-
ture B

Fig. 3.13 shows the grain size distribution of another mixture called mixture

AMN).

The curve named “deposition” put
down in Fig. 3.11 represents the
grain size distribution of particles
on the surface of the sediment
supplied from the upper stream
area and deposited. Table 3.3
presents various kinds of glass
beads and natural gravel, and
Table 3.4 the characteristics of

- gravel mixtures A, B, and A(N),

such as the mean diameter dpsg,
the standard deviation +/dgs/ds6,
the mean diameter of a particle
on the surface of bed material
dms, the internal friction angle
¢, and the bed roughness AZ.

The internal friction of gravel
mixture was represented by the
critical angle of an inelined box
at which the entire gravel mixture
filled in the box starts moving
simultangously in the’ air, which

100
@ |

F(d)

50

dp=7.78 mm 7
dms=8. 69 mm

Total
———— Surface

Fig.

is similar to he case of uniform gravel.
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g In the experiment, each gravel mixture consisting of selected particles haying
nearly the mean diameter is laid out as thick as one layer on the bottom of an
aluminium box one meter long in order to form rigid beds on which sand mixture
is further laid out as thick as 4 cm to form a movable bed. In addition, particles
were color coded for each diameter to make it easy to distinguish them in dia-
meter during the experiment.

Table 3.3 Bed Materials used in the Experiments

d4 (mm) cl/p Description
1, 2, 5, 7 2.50 Glass beads
12.6, 16.4 - 2.60 Glass beads
18.3 2.40 Porcelain
24.5 2.53 Glass beads
0.84 ~5.4 2.55 River sand

‘Table 3.4 Properties of Gravel Mixtures used in the Experiments

Mixture | dm(mm) | dms tang  n/dgedg |Odr=1Cm e Mams | Lgy=1cm AZAFl(:m/dms
A 9.70 1 9.98] 0.625 2.74 0.401 . 0.402 0.342 0.343

B 567 |513 0510 3.106| 0.354 0.690 0177 0345
A(N)| 778 18690983 2.74 0.464 0.534 0.370 0.426

(¢) Procedure for the experiment

The experiment was carried out in the aforementioned gravel mixture bed
with its slope being changed into 8 gradients in a range of sin 6 = 0.02 t0 0.198.

The experimental procedure was made such that like the procedure for the
case of uniform gravel the movable bed was covered with a metallic net, the net
is taken away from the movable bed and lifted up when the flow becomes uni-
form, and the number of moved gravel particles which flowed out to the lower
stream area was counted every 30 seconds for 3 minutes. During this interval the
depth was measured by using a point-gauge, the flow discharge by a triangular
weir, and the water temperature as well. This experiment was repeated while
slightly changing the flow discharge each time. Fig. 3.14 provides for an example
showing the relationship between the flow depth and the number of moved
particles of gravel mixture A.
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In defining the threshold of transport the state of first initiating the motion
of particles during the first 30 seconds for the gravel consisting of particles of
larger than the mean diameter and the state for the gravel whose particles are of
less than the mean diameter of first initiating the motion of particles except for
those which moved due to the turbulent flow caused by lifting the metallic net
were adopted, respectively. The reason for setting the above definition was that
since the object of the experiment is to obtain the critical tractive force for the
primitive bed condition, it is necessary to remove the influence of the turbulent
flow caused by lifting the metallic net covering the gravel consisting of small
particles and to protect large size particles from a tendency of being moved
easily when small particles in the neighborhood of large particles are washed
away and the bed surface becomes loose and/or when local scouring occurs in a
place downstream from the place of large particles.

In the experiment for a steep slope, as stated in Chapter 1, the flow discharge
per unit river width was small in quantity, the flow concentration developed as
time for water supply elapses, and further a tendency to meander, the bed col-
lapse, and the laminar sliding of bed were observed. This paper does not deal with -
the initiation of motion for drifting.

The standard bed surface level used in this expenment was set to such height
that 25% of the whole bed surface area protrudes above the standard bed surface
level, similar to the case of uniform gravel. According to Tsuchiya?4), the stand-
ard bed level is considered to be lower as the grain size distribution spreads more
widely. However, since if is hard to determine the standard bed surface level for
gravel mixtures theoretically, it was defined in the same fashion as introduced
in the case of uniform gravel. In addition, side wall modification was done in
accordance with the Einstein’s method.

(2) Experimental results and examination on the results
(a) Results of the experiment

In considering the resistance of a gravel mixture or its critical tractive force,
the grain diameter of the gravel mixture needs to be represented non-dimension-
ally with a certain representative diameter of the gravel mixture particles. Al-
though Yalin?) adopts the maximum diameter dmax for its representative value,
it is hard to agree with his idea since the percentage of grain size distribution that
is occupied by the maximum diameter is extremely small. Accordingly, it is
expected to find a grain diameter that occupies a considerable percentage of grain
size distribution as the representative value. Further, since the initiating critical
tractivé force is closely related with the resistance law, it is possible to choose an
equivalent roughness like quantity which indicates what representative grain dia-
meter does the uniform gravel have when its resistance value is equivalent to that
of a given gravel mixture. It has been proved from the result of Chapter 2 that
this representative grain diameter is the mean diameter. Egiazaroff chose the mean
grain diameter for a representative value of roughness and converted individual
grain diameters of gravel mixtures into a non-dimensional value with the use of
the mean grain diameter. Here, again the results will be arranged using the mean
grain diameter, where the mean grain diameter defined herewith is the mean grain
diameter of bed surface as described in Chapter 2.
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Results of the experiments for sand mixtures A, B, and A(N) are indicated
in F1gs 3.15, 3.16, and 3.17 with d1/d s Tepresenting the ratio of an individual
grain dlameter to the mean grain dzameter for the effect of grain diameter of
gravel mixture and with d /h for influence of the relative roughness.
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0 : 1 2 dps/h 3
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Fig. 3.15 The Change of Critical Tractive Force for
Gravel Mixtures A of Different Diameters
with reference to dps/h

Those results show the same tendency as seen for uniform gravel that g
the initiating critical tractive force by grain diameter for each individual diameter
d; increases as increase in d ¢ /h, though the extent of the increase appears to be
less than that for the umform gravel. In addition, the diagrams show that the
1n1tlat1ng critical tractive force increases as decrease in grain diameter if the value

/h is kept constant, and as a result the gravel is hard to move, where the
cn’ucals tractive force is given by eq. (3.39).

Ty . = Ufci i .. (3.39)
*scl (S - 1)gdi (tanpcosd — S - ’
S -
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Fig. 3.16 The Change of Critical Tractive Force
for Gravel Mixtures B of Different-
Diameters with reference to dms/h

In Fig. 3.15 showing the result of the experiment for glassbeads gravel mix-
ture, there exists the relation 7.,sci' = Tescm = Tsco fOF the particles having dia-
meters greater than the mean diameter, where 7.5c; is the initiating critical
tractive force for d, . and 7,5co, the initiating critical tractive force for uniform
gravel. In the experiment for gravel mixture B shown in Fig. 16, if di/dms <24
the smaller particles are hard to move and if di/ dig > 2.4, while if di/dm >24
the larger particles are hard to move. These resulfs are in disagreement with the
result of Egiazaroff’s study whereby there is a tendency for the particles having
greater diameters than the mean diameter to become mobile. This difference
seems to be due chiefly to the way of laying out the gravel, so many different
variations were experimented, but always with the same results.
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Fig. 3.17 The Change of Critical Tractive Force for
Gravel Mixtures A(N) of Different Dia-
meters with reference to dps/h

In contrast to this, in the case of natural gravel A(N) shown in Fig. 3.17, as
di/dms increases 7 4gci becomes unilaterally smaller, which is in perfect agreement
with a tendency of Egiazaroff equation. From this, it can be deduced that this
difference is due to the difference in experimental bed materials used. Namely, in
the case of glass beads, because of their spherical shape and smooth surface large
particles are hard to keep staying at the upper part of the gravel layer and tend to
sink into the bed. On the other hand, in the case of natural gravel particles their
irregular shapes make them possible to stay at the upper part of the gravel layer.
This is clarified from the fact that both tan ¢ of mixture A and that of mixture
B are considerably smaller than that of mixture A(N) (See Table 3.4). Further,
in the case of mixture A and B shperical shapes and smooth surface of beads
would also cause their resistance to be small. Thus, unlike natural gravel particles,
beads, though they were used in expectation of easy and simple handling in
experiments due to uniformalization of gravel particles and so on, have proved
unsuitable for materials to examine the mixture effect of gravel particles. Accord-
ingly, the result of the experiment for A(N) shown in Fig. 3.17 will mainly be
described in the following.

First, pertaining to the initiating critical tractive force for the mean-diameter
particles, when the depth is sufficient, r45cy becomes 0.07 which, compared
with 0.04 for uniform gravel, is quite large. From this, it is proved that when grain
size distribution becomes wide, particles of the mean diameter or so are hidden
by larger particles and become hard to move. Thus, the extent of increase in the
initiating critical tractive force for the mean-diameter gravel mixture particles,
as opposed to that for uniform gravel, in comparison with Tsuchiya’s result is
shown in Fig. 3.18.
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The conventional studies, of which

results are shown in Fig. 3.18, have
been carried out for gravel mixtures
having not only a relatively wide
range of grain size distribution but
a considerable dispersion of the

distribution, so the tendency to

increase in the initiating critical
tractive force is not so remarkable.
Experiments other than the
author’s has taken ds;, as repre-
sentative grain diameters. Because
the grain size distribution in mix-
ture A(N) used in this research was
not expressed in a logarithmic
normal distribution fashion dpy is
used instead, but it can be safe to
say that the general tendency for
the initiating critical tractive force
is towards increase.
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Fig. 3.18 The Change of Critical

Tractive Force for
Gravel Mixture of a
Mean Diameter with

reference to v dgy/d;yg

As can be seen from Fig. 3.17, the increase in 7,gcr, the initiating critical
tractive force for particles of the mean diameter, by dmg/h is smaller than that
for uniform gravel particles and appears to be in agreement with r.gc,, the
initiating critical tractive force for uniform gravel when dmg/h is around 1.5.
Therefore, the comparison of 74gcq and Tyscm to the same value of dmg/h was

taken and shown in Fig. 3.19.

Since it is considered from the
results of Tsuchiya’s study?4) that
as far as the standard deviation of
grain size distribution is less than
15 or so, the mixture effect of
gravel particles comes out, in the
case of v/dgs/dys = 1.5 the value
of the ratio T.gcm/Txsco Would
follow the dotted estimated line
shown in he figure. The ratio
Twscm/Txsco for d/h - 0 is shown
in Fig. 3.18, whereas the variation
of the ratio with d/h must be
deduced by referring to experi-
mental values obtained.

Next, in order to further

clarify the influence of 'd;/dmyg

on the initiating critical tractive

vdsydie =2.74
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T —— —
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o
i’h
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t..)
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0

2.0

Fig. 3.19 The Change of Critical

Tractive Force for
Gravel Mixture of a
Mean Diameter with
reference to dms/h

force, the value of r,4¢; for the same dp,g/h was obtained through interpolation
or exterpolation, and normalized by the mean grain diameter to obtain the varia-
tion of 7¢j/7¢m to di/dms, as shown in Fig. 3.20.
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" becomes close to that for uniform

In the figure, a modified Egiazaroff
equation derived by Ashida and stk uniform(Txgci=const.)
the case that r,go always equals Egiazarotf /
Tescm (Tci = Tcio) are also shown. -
From this, a tendency can be seen
that when d/h << 1, the initiating
critical tractive force is in agree
with the modified Egiazaroff equa-

P .
O d/h<l

tion, and as d/h increases the ® d/h=1.0
smaller particles become more ® d/h=2.0
mobile while the larger particles ol

become harder to move and the ) di/dms

critical ~ tractive force wvariation Fig. 3.20 A Comparison Critical
Tractive Force by
Grain Diameters and
Modified Egiazaroff
Equation

" gravel sand. However, since there
exists a problem with definition

of the threshold of transport or
: it is difficult to compare the
above with other research results. From this, 1t may be concluded that the modi-
fied Egiazaroff equation can apply to calculation of the initiating critical tractive
force. for this case even in a range of d/h = 1.

Putting together all the things stated so far, in case the depth is sufficient the
Tyscm becomes great compared with the 7.5c, as the grain size distribution
widens, while critical tractive force by grain diameter can be given by the modi-
fied Egiazaroff equation. Further, as increase in the relative roughness the initiat-
ing critical tractive force for the mean grain diameter increases and at the same
time the function form of the initiating critical tractive force for the mean grain
diameter also changes. At the present stage, there is still a lack of experimental
information for gravel mixtures having wide grain size distribution, so it is too
early to conclude that the results shown in Figs. 3.19 and 3.20 are generally true,
and further information needs to be collected.

Here, some additional éxplanation would be preferred The content of Fig.
3.17 is separately explained in Figs. 3.19 and 3.20. First, in Fig. 3.19, the fact
that the initiating critical tractive force for the mean-diameter gravel particles
comes close to the value of critical tractive force for uniform gravel as dpyg/h in-
creases means that as dp¢/h increases the hiding effect lessons. It can be inferred
from this that the water flowing between the larger particles plays a significant
role along with increase in slope. This brings to mind the changes in the theo-
retical bed. Pertaining to Fig. 3.20, in the case of the changes in 7,5c,, wWith grain
size distribution and dpg/h as seen in this research, it is not a very pertinent
expression, but becomes significant only when cons1dered in conjunction with .
Figs. 3.18 and 3.19. '

Next, it is intended to fry to explain in terms of dynamics the variation
charactenstlcs of the initiating critical tractive force clarified so far by referrmg
to the case of umform gravel
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(b) Examination on the results

The variation characteristics of the initiating critical tractive force by grain
diameter will be explained according to the information of gravel mixtures and
flow velocity distribution given in Chapter 2. Assuming that the observed flow
velocity distribution pattern for uniform gravel bed can apply to that for gravel
mixture, its velocity distribution pattern can be provided by the following equa-
tions.

LU f A For 0 <y <8  eeeennn (3.40)
U, §

N T A fory>¢6 e (3.41)
Uy K 8 == .

where K = 04, ¢y =0.87, A =Us/U,, and § = 0.8 dp,s. From Fig. 2.15, if the
crest of a particle of diameter d; is at y = 0.4 d;, it can be said that particles of
less than dj = 2dy,g are in the lower part of the flow velocity distribution, and
those of greater diameter protrude above the upper layer. For d;j/dp¢ < 2, the
" flow velocity at the crest can be derived from eq. (3.40) as follows.

Uti _ Us 1 di |
T, —'ﬁ;+9871m """" (3.42)

Also, for dj/dyg = 2, from eq. (3.41) the following is obtained.

Uty _ Ug 1 .di
T —_U—*'—+ 2.5.1n T—a—gg ..... (3.43)

Us /U, can be obtained from equations (2.9) and (2.10),using the resistance co-
efficient given in Fig. 2.5 or Fig. 2.17, and flow velocity Utj/U, at th crest can
be obtained from eqgs. (3.42) and (3.43).

On the other hand, the equation for the threshold of transporting a particle
of diameter dj is obtained from eq. (3.35).

s = — Ukci 1
*SeL T (s - gdi

(tanycosd - S _S_ 1sine)

Cl . g : VlCL . Clg ....... (3.44)
D e1(1 + —atan ) i

where suffix i represents a value for d;. Let the function of the right hand side of
equation (3.44) be X, and the function of the left hand side be Y,
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14 1 1

X = : T eeeeeen (3.45)
€D ei(l + gg tany) ¢1
Uk 1
v = e R (3.46)
(8 - Leds (tanPcosH - 5o lsine)

X and Y are determined by dpg/h, U,?/gdmg, and dj/dpyg. The initiating critical
tractive force for d;j/dmg and that for dyg/h can be obtained by plotting inter-
sections of the X and Y curves. Here is a problem of how to deterrmune coeffi-
cients contained in the right hand side of equation (3.45). At present, there are no
definitive physical quantities for drag coefficient and lift coefficient, and further
unclear for hiding coefficient. In calculating the initiating critical tractive force
for uniform gravel described in the preceding section, Cp [1+ (C1 /Cp) tany] =
1.0 was assumed. Here, a kind of hiding coefficient i is introduced into the calcu-
lation so as to explain the experimental result for gravel mixture A(N), where
€} is given by the following equation.

el = Cpes(1 + ~%§~taﬁ¢) ------- (3.47)

Assuming that neither drag coefficient nor the lift coefficient change, the above
equation represents the ratio of hiding coefficient for gravel mixture to that for
uniform gravel.
When the variation of €} with
reference to dj/dpg is given as
shown in Fig. 3.21, the variation of-
T*scl with respect to dmg/h and
dj/dpg are as shown in Fig. 3.22
which thus indicates the variation -
characteristics of 7,4; This way, g o g
-however, causes many complicated e
phenomena to be intensified in the o”- )
hiding coefficient, and it is, there- O.(Tj N N R W | -
fore necessary to further to clarify -1 0.5 10 44/dms

the phenomena from the micro- Fig,. 3.21 The Relationship bet-
scopic standpoint. ween e and di/dpg

1
€

N 00O

T T 11T
\

o O o
]
\

I
\
o]

- 77 -



10 .
: a3/ dms0-123
Txscq :_______,__//
| o 0 %0.25
_ o—"0 //Q/O.SO
W 1.0
2 A)
. JQ’/ -
L i/dm
@ ‘o o 01"
- © o0.27
— e 0.46
- ® 1.0
@ 2.00
001 :
C 1 i 1 | L ] ]
0 1
dms/h 3

Fig. 3.22 A Comparison of Calculated Values of
Critical Tractiev Force for Gravel
Mixture and Its Experimental Values

Section 5: Conclusion

The aforementioned study on the critical tractive forces for initiating the
transport of both uniform gravel and gravel mixture in a steeply sloped flume has
brought about the following results.

First, concerning uniform gravel,

I) Shield parameter 7,5 which was used to modify the effect of slope, is a
function of relative roughness in a range of perfect turbulent flow, and its func-
tion form was obtained empirically. According to this r,gc increases abruptly
as d/h increases.

II) The variation characteristics of the initiating critical tractive force thus
obtained from the above could be explained theoretically using the gravel equi-
librium equation and the law of resistance.

In order to examine further, it is necessary to observe the characteristics of
a turbulent flow occurring in a stream which has a great relative roughness and a
steep slope, and to observe forces acting upon bodies placed in that stream.
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Next, concerning gravel mixture,

I) The initiating critical tractive force for gravel mixture particles of the mean
diameter is much greater than that for uniform gravel due to the shield effect of
larger pieces of the gravel. This ratio increases with the increase of v/dg,/ds,
and the relation of up to a value of \/dg4 /dys = 2.8 was made clear experiment-
ally. Furthermore, it is necessary to examine anew the effects on a gravel mixture
which has a wider grain size distribution.

II) The initiating critical tractive force by grain diameter and the ratio of it to
the mean diameter are given as a function of d,/d,, and that of d/h, and the
critical tractive force can be expressed approximately in a modified Egiazaroff
equation when d/h is small and as d/h becomes larger it becomes closer to the
initiating critical tractive force for uniform gravel.

IIT) From the above two conclusions, the initiating critical tractive force for an.
individual grain diameter can be obtained, and the relationship between the
above two conclusions could be explained theoretically with the assumptlon of
thmg coefficient for an individual diameter.~
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CHAPTER 4 BED LOAD TRANSPORT RATE

Section 1: Qutline

Research concerning bed load transport rate began with the Duboy’s bed load
equation in 1879. After that a number of empirical equations were found from
dimension analytical examinations and much experimental data. From the use
of bed load models many bed load equations were proposed. However, there is
still no bed load equations which can be applied with full confidence to place
where the grain size ranges widely and the slope is steep, as in mountain rivers.
The present study concerns just such cases. As a prerequisite to that, first, let
us summarize some of the conventional representative bed load equations.

I) Einstein!?’s bed load function

From observations and experiments Einstein made the following assump-
tions a) Transport of bed sand occurs when the momentary lift force becomes
greater than the sand weight, b) Regular intense exchange of particles exists
between bed material and bed load, ¢) The movement of individual particles
can be expressed in terms of a kind of step function having relatively long inter-
missions. d) The displacement for one step is due only to grain diameter regard-
less of flow velocity. e) The increase in bed load transport rate is due to the
mean time variation between the steps and the thickness of laminar flow. Thus,
he derived the following bed load equation (4.1).

g (0-1430-2.0 _ . 43.56
1- = e Cdt = e vee . (4.1)
-0.143y-2.0 .

Here @ is a nondimensional quantity for bed load called the bed load trans-
port intensity, and is expressed as equation (4.2).

= 9B
°= {(o/p - 1)gd®}7* BEEEEEEE (4.2)

Here qp is the sand discharge per unit area per unit time. Also ¢ is called the
flow intensity and is expressed as equation (4.3).

_ (ofp - Dgd 1 L
Y = 0z = (4.3)

Einstein proposed applying the tractive force, partitioned b}f hydraulic’
radius, that is effective in transport of bed load when bed ripples are formed.
This is given by the following equation.

1
Us _ 5.75g0g2:2L xRy .. 4.4)
Uxe des
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Here U, is the cross sectional average velocity, Uze is the effective shear
velocity (= v/ gR1), X, a coefficient, which is a function of Reynolds number
for bed load as d¢s Us/11.6v), and R’ is the hydraulic radius effectively acting on
the sediment.

1I) Kalinske’ research?®

Let ny, be the number of sand particles per unit area of bed surface and Vs be
the average velocity of bed load. The bed load transport rate can be expressed as

aB =._%_ dgvgnb ........ (4.5)

Kalinske assumes the momentary velocity Vg of a particle is proportional to
(U —U) and lets. :

=b(U-Us) e (4.6)

Here, b is a constant close to 1, U the flow velocity near the gravel, U the
flow velocity near the gravel at the time of transport threshhold. Also, he assumes
the variation of speed to follow a normal distribution, and expresses eq. (4.5)
as eq. (4.7).

dB
Uxd

= 2'6F1(TC/T0) ........ (4.7)

Here, ¥, (To/To) represents a function of 1./ 1o,

III) Sato, Yoshikawa and Ashida’s equation
Sato, Yoshikawa and Ashida consider the momentum from pressure on lower
particles due to turbulence to be equal to the momentum from gravity acting on
particles within the bed load region, and derive the following equation.
= WFz(TO/TC)T*S/Z .. (4.8)

Where JFa (To/Tc) is a coefficient which is a function of To/Tc,and Ty is
equal to Uz/(o/p-1)gd. Also, from experiments 1 has been determined to be

n > 0.025; ¢ = 0.62

n < 0.025; ¢ = 0.62(40n) "

Here n is Manning’s roughness coefficient.
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IV) Meyer-Peter, Miiller’s equation?

Meyer-Peter et al. proposed the following empirical equation based on a wide
range of experiments.

o = 8(t4e ~ 0.047)%2  eeeee. (4.10)

Here Txe = UZe/(o/p- l)gd Usxe is the effective shear velocity (= (np/n)¥/*
Usx), n b is a Stlicker type roughness coefficient expressing sand drag, ny, = 0.034
doo &, n is the stream’s overall roughness coefficient.

V) Ashida, Michiue’s equation®)

Ashida and Michiue, from experiment and Bagnold’s theory, proposed the.
following equation.

o = 171462 (1 - —*—C)(l Ulj‘:) ----- L. (4.11)

Further, the effective shear velocity Uxe is determined from the following
equation.

) Uo - .V ! R .......
Uee 6.0 + 5.75205(1(1 ¥ 2T (4.12)

Einstein, Meyer-Peter & Miiller, Ashida and Michiue’s equation.s are shown in
Fig. 4.1.
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The above are repre-
sentative bed load equa-
tions. With the excep-
tion of Kalinske’s equa-
tion, each equation
takes into account di-
rectly or indirectly the
effect of riverbed rough-
ness. In order to express
in unified way the sedi-
ment. discharge, includ-
ing the case when bed
ripples are formed, con-
sideration of effective
tractive force has merit.
How to determine this
quantity is at present
the most important sub-
ject in research of bed
load transport rate.

10?

10

1.Einstein U,o/Uu=1

2. " 0.5
3.Meyer,Peter ,Miller 1
4, n 0.5

5.Ashida, Michiue 1
6. "

10™*

10

‘10 1 10

Fig. 4.1 Bed Load Equations

VI) Bed load equation for gravel mixture

There has not been much research on sediment transport for gravel mixture.
This is due to the bed materials used in experiments being largely uniform gravel
or close to it, and also to the fact particle distributions in actual flat rivers are not
very wide and to the fact the overall value is close to the result obtained using the
mean diameter.. However, in mountain rivers the grain size distribution is wide, and
there are many cases where stationary particles are present. Also, to try to explain
the advance of armouring with time under non-equilibrium conditions, a bed load

equation by diameter is necessary.

10°

Einstein introduced a modification coefficient because fine particles are
‘hidden by coarse ones, and proposed a bed load equation by diameter for gravel
mixture. However, later research indicated this modification coefficient over-

- 85 -



T - e e SN SR PRV T

estimated the hiding effect. Further, Egiazaroff developed another bed load

equation for different diameters which combines a bed load equation and one
more equation for critical tractive force by diameter developed by Egiazaroff
as introduced in Chapter 3. This equation was used in the discussion of riverbed
deformation accompanying armouring phenomena®)> . For example, combining
the above equation with Sato-Yoshikawa-Ashida’s equation, bed load quantity
qp; for diameter d; is given as follows.

4B4
fo (d1)U,di

2
= YF, (To/Teci) (ol p I‘J*l)gdi IR (4.13)

Here f,(d;) is the percentage of the gravel particles of diameter d; which
occupies part of bed material. 7 is a modified Egiazaroff equation representing
the critical tractive force for diameter dj, which is given in Fig. 3.2.

Now, what problems arise for the case of mountain rivers in comparison
with these researches? First, in mountain rivers bed gravel has a wide grain size

distribution including large diameters, and there are many cases where large

gravel particles are present which do not move under ordinary flood. Also, the
resistance increases for a torrential flow, as was made clear in the studies of
critical tractive force, and as a result the critical tractive force increases. For
that reason the bed load transport rate is expected to decrease. The wash load
for river beds having stationary particles has been studied, for example by
Ashida”), but the influence of slope has not been studied. So, below first a bed
load equation will be introduced, and then the influence of slope and the bed
load transport rate for gravel mixture will be considered.

Section 2: Bed Load Transport Rate for Uniform Gravel

¢)) Examinatipn on bed load equations

First, assume the flow resistance law for the gravel in transport is the same as
for the rigid bed case. This, for the case of steep slope, is not an unreasonable
assumption as related in Chapters 2 and 3, and to a gentle slope it can apply
according to Kishi®).

Since Bagnold’sg) conception as a model of sand flow is clear with respect
to physical meaning, it is utilized here. He formed the following hypothesis and
confirmed it by research on streams containing cohesionless particles.

To=Tg + Tp K ) ceeeees (4.14)

Here, 7 is the entire shear stress transmitted to the riverbed, 7 is the shear
stress caused by protruding particles, 7 is the shear stress caused in the stream
body. TG can be written ‘ :

Tg = N(0 - p)gcosB-ug e (4.15)
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letting N be the volume of sediment per unit area, 6 the riverbed slope, us the
sand’s coefficient of dynamic friction of a particle, § and p the densities of sand
and water respectively, and g the gravitational constant.
Consider the concentration of bed load of uniform diameter to be in equi-
librium and assume the particies in the riverbed surface and the movable particles -
" to exchange from time to as they move, then at the time the stationary particle
in the surface begins to move the tractive force acting on that particle must be
greater than that at the transport threshold. On the other hand, the particle which
continued moving until that point must stop on the riverbed. In other words, in
order that the equilibrium condition be maintained while the exchange takes
place the critical tractive force for initiating the transport of particles and the
critical tractive force for ceasing the transport must be equal, and the shear stress
Tg acting on the bed surface must reach just such condition that both critical
forces be equal. However, since in general movable particles protrude from the .
surface more than stationary particles on the surface, they are in a state where it
- is easier to move than stationary particles. So, it seems there is a large probability
of continuing to move in that state. In other words, the ceasing critical fractive
force is smaller than the initiating critical tractive force. When the tractive force
acting on the stationary particles within the riverbed surface is less than the
initiating critical tractive force, the bed load equilibrium condition is reached.
Accordingly,

T = Kt e (4.16)

The constant K is expected to be a value smaller than 1. Here, 7 is the initiating
critical tractive force. There is no practical method of estimating K at present, but
because the bed load equilibrium breaks down and the movable sediment is
deposited if 7y falls below the ceasing critical tractive force as a lower limit g
is assumed equal to the ceasing critical tractive force. '

Next, let us consider the relationship between the threshold of ceasing and the
threshold of initiation. The critical transport velocity U, for the transport thresh-
old can be expressed for spherical particles from eq. (3.32):

Ué = _[*._é_ 1 : Cl (S - 1l)gd(tanpcosf - S—S-l sin®)
3t e (1 + 2 tany)
%
....... (4.17)

Here, S = o/p. On the other hand, the average transport velocity of movable
particles, from the equation for equilibrium condition of forces becomes

1 md® md3

TQCD,(Ub - _\_i—s)z——z—— d2+ Gg—gf-s nd =(0 - p)gcosO e "Hf
(4.18)

Here, Uy, is the representative flow velocity for movable particles; Vs is the
average transport velocity of the particles. From eq. (4.18)
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Up - Vg = ng-——é]‘S#{(S - 1)ufcosd - Ssinblgd ---- (4.19)

When Vs = 0, Uy, is the critical flow velocity for ceasing the transport, so let it
be Ugg and the equation becomes

Uczzs = _3——(:1—(3 - 1)gd-cosO(ug - ——§——Itan8) ceee (4.20)

Inserting eq. (4.17) into eq. (4.20) the following equation is obtained.

s
Uf — g—tand
L ¢ anp) 22 U2 s (4.21)

‘D tany - . ltane

Since the results for the experiments conceming critical tractive force on a steep
flume in Chapter 3 were well explained by taking Cp € [1+(C /CD)tamp] =1.0,
this is applied here. Letting Cp, = 0.5, tang = 1.0, € (1 + 2C;) = 2.0 and eq.
(4.21) becomes

2(uf - 3 _S_ ltane)

U3 = vz (4.22)

tanf

1-5-71

Since the critical flow velocity U, for initiating the transport is evaluated as the
flow velocity at the crest of a particle, if we evaluate the ceasing critical flow
velocity Ugg at the same height, the ;elation expressed‘ by eq. (4.22) becomes:

2(uf —S—ltane)
Ukes = = ke e (4.23)
1 - ——tanb -
S -1
‘Here Usxcs is the ceasing critical frictional velocity, Uxc is the initiating critical
frictional velocity defined by the separated particle 0. According to the experi-
mental results concerning Bagnold’s uf, ur = 0.32 — 0.5 and for the fully inertial
range uf = 0.32. Assuming uf = 0.5 in Eq. 4.23, when tan 6 = 0, Usxcs =Uxc.
However, since Uxcs < Uxc as is clear from the previous discussion, KBf is ex-
pected to be less than 0.5. So here, from experimental results, the value is postu-
lated to be pug = 0.425. From eq. (4 23), the following equation is derived.
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Upes = Wye e (4.24)

the values of « for each slope, letting S = 2.60, are those given in Table 4.1.
From eq. (4.19) the following equation is obtained.

C Up - Vs =TUes - e (4.25)

For a flat riverbed letting N be the
volume of movable sand and Vg be the  Table 4.1 Values of o for
average transport velocity of the parti- Different Gra-
cles, qg the sand discharge can be dients
expressed as qg = NV. In general : :
when there are ripples on a riverbed,

especially when such ripples are tan 6= o« a?

formed in the lower regime, there is 0 0922 0.85

a separation region of the flow ex- 0.015 0.906 0.821
tending downstream a certain range 0.022 0.899 0807
from the crests of the ridges. In such 0.025 0.898 . 0.806
sections there is no bed load present. 0.049 0.867 0.751
Thus, as in Fig. 4.2, if one considers 0.100 0.791 0.626

the wavelength A of the ridge to be
divided into a wake region A, and a
region A;, where bed load is present,
then the sediment discharge qp is

given by _
| AL o h E i
qp = >\1 NV | \

(4.26)

Putting eq. (4.25) into eq. (4.26),
the following equation is obtained. ‘

' A f
= 21 - e

q 3 N(Up - Ucs) Fig. 4.2 A Typical Shape o

.27 Sand Wave

where, Uy, is the flow velocity at the riverbed surface in the section A; . Writing
the effective tractive force in section m; as 7o, the following equation in de-
rived from equations (4.14), (4.15) and (4.16).

To,= N(0 - p)geosBug + Kt ~ eeeeenn (4.28)
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Making use of the definition that separation distance is O for 7, and letting
K =«?, and letting

Up,y=Bily, e (4.29)

the following can be; obtained.

- N 81 3 0PTae 0 Txc
9B = "X (s - 1)g-cosb-ug Uil Tx, A Tiy )
....... (4.30)

In equation (4.30) the values of A;/A, Ux,, and 8, are unknown, and it is neces-
sary to estimate them. If the shapes of bed ripples are known, they can be cal-
culated, but at the present stage there are difficulties in postulating such shapes
so the bed load transport rate above the ripples will not be discussed hereinafter.

First, consider the case of flat bed with a mild slope. In such cases a loga-
rithmic law is applicable to flow velocity distribution.

B, = 8.5 + 2.5-zn—kl— e (4.31)
. S

(4.31)

Here, y is the height agove the theoretical riverbed surface, Ky is the relative
roughness. Taking the particle diameter d of bed material as K, the theoreti-
cal riverbed surface lies 0.25d below the crest of a particle for a gently sloped
flume. Since the height at which g, is evaluated is that of the crest of the particle
as explained above, y = 0.25, and finally from eq. (4.31) we obtain 8, = 5.03.
Considering tan 8 ~ 0 for a gently sloped flume, and because « = 0.92, the sedi-
ment discharge equation, for a flat bed, letting A; /A = 1, becomes

o = 12132 (1 - 0.85—%&)(1 - 0,92/ Ky et (4.32)
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103

Fig. 4.3 is a comparison of
equation (4.32) with the conven-
tional experimental results® for
a flat bed. The degree of the -
- agreement is good, where 7. is 102
let equal to 0.04. -

(2) Bedload transportratedin a ¢ —
steeply sloped flume . N

The above is the case for a 10t
comparatively mild slope. When —
the bed slope is steep the influ-
ences of « in equation (4.30),
of the fact that the critical trac- -
tive force becomes great, and of 109
g1 varying due to the variation of -
the resistance law, all become im- -
portant, and the curve of Fig. 4.3
is likely to change. :

As reported in Chapter 2, the 16}
frictional resistance coefficient f, —
according to experiments for re- =
sistance on a steep slope, is a -/-’,‘.j,‘s“
function of d/h and 7%, and it b 9
becomes extremely large com- 102 E 7 S
pared with that for mild slopes.
Also, according to actual obser-
vations of flow velocity distribu-
tion, near the bed surface there is 3 Txx
a uniform flow velocity region 10
(of thickness §), and above it
there is 2 logarithmic distribution
rule with K=0.4,i.e. fory <38

L S Lo A T BECINIE B B ITE N W

U, s { .
,,,,,,, (4.33) .1 1.0 T 10

ITT

/"? Wilson
(Sand)

(Nylon)

Gilbert

® O x +

USWES

Fig. 4.3 A Comparison of Bed
U - a+ %'l“_L Load Transport Rate
* . on a Flat Bed and
"""" (4.34) Equation (4.32)

In the range 6/h < 1.0, finding
the resistance coefficient from
eq. (4.34) or eq. (4.33), the fol-
lowing is obtained..

/8 S . S _ S L
+ =A-250-—=) -y - 2.51n veeeeee (4.35)
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-Since f is a function of r+ and
the relative depth d/h, in the
final analysis it is expected that g1
A, §, ¢ are functions of the rela-
tive water depth and r,, or of
the slope and 7. However, be-
cause the range of experimental
* data is limited, it is difficult to
discuss the nature of the varia-
tion characteristics of A, ¢, and
§ in general. Here, as in Chapter 001 i
2, we assume ¢ = 0.87,and & = .
0.8d are assumed. Using equa- Fig. 4.4 Calculated Values of B,
tions (4.33) and (4.35) and the 0.1
resistance coefficient from Fig. T,
2.11 at a height y = 0.15d, we
can find values of 8, are ob- 0.0%
tained from equation (4.30). Fig.
4.4 gives the results of these
calculations

Here Fig. 4.4 correspondsto o001 , , , | v o v o1y
the following equation which 0 0.05 i 0.1

well explains the bed load pi4 4 5 The Change of Critical Trac-
transport rate for a steeply tive Force for Bed Slope of
sloped blume (See below). Different Gradients

By = (5-10/1)T, " * | cesens (4.36)

(4.36)

Mild slope

N
!

0.
Lol L Lol o g
0.1 0.2

—

T T7TTTTi

T,c=0.04 x 1072

Equation (4.36), as can be seen from Fig. 4.4, well explains the bed load transport
rate for i > 0.05. Also, the variation of 74 due to slope, from Chapter 3’s experi-
mental results, corresponds to eq. (4.37), shown in Flg 4.5, (provided o/p = 2.60,
tanp =1.0,andi=tang.)

1721

Tye = 0,06 x 10 ... (4.37)

(4.37)

Accordingly, the bed load equation for a steeply sloped flat riverbed is
12 - v i .5-v i :
o = 24/ 4 . (1.5 1)(1_(12_17&‘3_)(1_&@)
*

%
cosb T,

....... (4 . 3 8)
Plotting the equation (4.38) with the author’s experimental values gives Fig. 4.6.
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: d=5.51mm, 6.2 mm
| i Tee | 520
- O 0.100 0.060 /
e 0.049 0.049
e ' ® 0.022  0.040 %0'022
1.0 |
0.1
-
0.01' I'IILAIIII 1 | S I N T )
0.01 0.10 1.0
T*A

Fig. 4.6 A Comparison of Bed Load Transport Rate on a
Steeply Sloped Flume and Equation (4.38)

Eq. (4.38) does not fit the experimental values well for iy = 0.022, but it
gives a mostly satistactory result. ’

Section 3: Bed Load Transport Rate for Gravel Mixture

(1) Critical tractive force for ceasing the transport of gravel mixture

According to experiments on the initiating critical tractive force for transpdrt
of gravel mixture, the critical tractive force is nearly a constant irrespective of

grain djameter for dj/dp < 1, and it increases with grain diameter for dj/dmy > 1. .
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Accordingly, under constant hydraulic conditions, it is impossible that the trac-
tive force corresponding nearly to that at the threshold of transport acts on
indivudual grains of different diameters stationary on the bed surface, and the
equilibrium of bed load can not occur if a tractive force acting on the bed mate-
rial is within that at the threshold of transport for each grain diameter.

Fig. 4.7 is a compari-
son of experimental result
by Hirano, Ashida and
Michiue with the theoreti-
cal result obtained by in-
corporating the modified
Egiazaroff equation into
Sato-Yoshikawa-Ashida’s

equation®. They are in -

good agreement for d;/dy,
< 0.7; the experimental
values are greater than cal-
culated values for d;/dy, >
0.7, and as dj/d, increases
the agreement worsens.
This indicates that the
method of incorporating
the modified Egiazaroff
equation into the bed load
equation for gravel mix-
ture as the critical tractive
force in the bed load equa-
tion is in appropriate. In
bed load transport ex-
periments for gravel mix-
ture, it has been observed
that large particles do not
easily exchange with bed
material, but they con-
tinue to move. These facts
specially suggest that the
critical tractive force for
ceasing the transport of
particles having a diameter
greater than the mean dia-
" meter is smaller than the
critical tractive force for
initiating the transport.
Consider the tractive force
transmitted from the flow
to bed, in the same way
as for uniform gravel, as

2
’ Ashida, Michiue
di/dm
10~ e 0.08 - 0.25
8™ o 0.25 - 0.55
6 — @ 0.55 - 0.85
© 0.85 - 1.15
4 $— ® 1.15 - 2.85
2‘-—
1
g b
el 6 B
;f 4 - o(;3 L)
. e
By Q
’ el
10— &g
8 ®
6 I~ xR /o %
v a 998
2 -] =)
ol |6
1077 — |
n Q %
- 2 [go
L |
S3 8
2 Tdi/dm=| 2 [1/0.7
Loy
10—3 — | I LIt

Fig. 4.7 A Comparison of Experimental
Values of Critical Tractive
Force for Gravel Mixture
and Its Calculated Values

becoming the critical tractive force for ceasing and as causing the equilibrium of
bed load to be maintained. If that is so, the condition that bed load must be in
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equilibrium for each different diameter requires the critical tractive forces for
ceasing the transport of individual different size particles to be smaller than the
critical tractive force for initiating the transport and also to be equal to each other
irrespective of grain diameter. Thus, the experiments were carried out to deter-
mine the critical tractive force at the threshold of ceasing the transport.

A rigid bed was made by spreading uniform sand of 3.5 mm in diameter (k)
1 cm thick in a 17 m long and 50 cm wide variable slope water flume, and then
varnished. Here, taking the value for gravel mixture bed as equivalent to the
value for a uniform gravel bed whose mean diameter equal to that of gravel mix-
ture is based on the experimental result related in Chapter 2 that if they are equal
in mean diameter, they are also the same in degree of bed roughness independent
of grain size distribution. This time the observed roughness (AZ) from radius
pitch was 1.59 mm. Sand was dropped a particle at a time on to the rigid bed
surface, and the transport velocity (Vg;) was observed by following each particle.

The ceasing threshhold was defined as thefriction velocity, at which the transport .

velocity becomes zero on a graph of the average transport velocity versus the
friction velocity. It is determined from the graph by means of exterpolation.

A
Tei 1o
Tem o 1/200
3 o e 1/100
k=3.51mm
Tesi t400m0.05
Tco
25
\
\
N o
~,
1 b \‘\\
]
b
0 ] Lol 1 L1y et
0.1 1.0 10

di/dm, di/k

Fig. 4.8 Critical Tractive Force for Ceasing the Transport
of Gravel Mixture Particles by Grain Diameters

Fig. 4.8 indicates the results along with Egiazaroff’s transport threshold for
each diameter. From the graph it can be seen that the critical tractive force for
the initiation is nearly constant independent of diameter. Further, for d;/d, < 1
an effect of the rigid bed appears and the sand grains are caught by troughs of
the rough bed surface and the ceasing critical tractive force becomes greater.
However, for a movable bed, thinking along the same lines as for the modified
Egiazaroff equation, the initiating threshold can be considered to be in agree-
ment with the ceasing threshold of the mean diameter since as long as the larger
particles are in transport the h1d1ng effect almost vanishes.
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(2) Bed load equation for gravel mixture

As reported above, it was confirmed that the ceasing critical tractive orce
for gravel mixture is nearly constant independent of diameter. Thus, the same
method used in Chapter 2 is applied to examine the bed load equation for gravel
mixture on a flat bed.

Ubl - VSi = UCSi ....... (4.39)
The bed load qp; for each diameter is:
dp; = NiVsj L (4.40)

Here Up; is the flow velocity acting on particles of diameter d; which is a
value independent of diameter if it is evaluated at the crest of bed surface simi-
larly to the case of uniform gravel. Vsi is the average velocity of transporting
particles of diameter d;. U is the average velocity at the ceasing threshold for d;.
N;j is the amount of particles of diameter d; transported per unit area. Accord-
ingly, the following equation is obtained.

Ty = §N1(0 - plgeosf-ugy + Kto, 0 e (4.41)

Here, 7om is the critical tractive force for initiating the transport of particles
of the mean diameter. Provided kr ., is nearly equal to the ceasing critical
tractive force, k = 2 and a? = 0.85 are obtained from Fig. 4.8 in a milder slope,
the value is the same as for uniform gravel. The degree of bed roughness was
the same for both uniform gravel and gravel mixture in case the average diameter
is normalized. Although the coefficient of dynamic friction uf; is presupposed
to vary with diameter, here it is taken to be constant for all diameters and
assumed equal to a value of 0.425 in the case of uniform gravel.

Further, concerning the number of movable particles of diameter d; per unit
area, for a selective discharge in which especially large particles do not move,
the number is presupposed to be unrelated to the grain size distribution of the
bed material. However, here the condition is first considered that the largest
particles are also in motion, and assuming the number to be proportional to
fo(dj), the percentage of particles of diameter d; which occupies part of the
bed material. '

Ni = £, (di)§Ni ‘ .. (4.42)
Equation (4.41) becomes
To =—f—1q—(j:a;£—)—(0 - p)gcosb-us + OLzTcm R (4.43)
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From equations (4.31) and (4.32) we get

2
= To —= O Tem - . i) = eceesen
| qu (c - D)gCOSe'Uf (Ub chl)fo(dl) (4.44)

Since the height at which both Uy, and Ug; are evaluated are that of the crest
of a particle in the bed, the following equation can be obtained.

Ub - Uesi = B1(Uy = Uypgy) seteens (4.45)

Equation (4.44) is transformed into the following.

sf2a_ _ B 3/2 o 2—Txcm _ /L Teem
fo (dl) ( ) cosB-uf Q- Tm ST Tem )
....... (4.46)

Here &3 = qpi/{(8/0 — 1) 842}% and

Tem = U#/(8/p — 1) gdm |
The value of coefficient 8, in eq. (4.46) can be considered the same as for uni-
form gravel from the fact that the bed roughness is the same as for uniform

gravel.
Thus, the following equatlon is obtained.

( )3/2 12 - 24y i (l 5-v ) 2_Tacm
£ (dl) T cosb o Tam )

X (1-o/2xmy (4.47)

*m

This equation can be transformed as follows.

12 - 24/ (1.5-/1) ) | g2 Teem (g o/ Taom

® =
cosB * Tem Tim
(4.48)
qBj_: qg'f(d'i) eaeean (4.49)
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The bed load transport rate
" can be determined by deriving
the overall bed load transport
rate from equation (4.48) for the
mean diameter, then taking the
value.of di/dp.

Considering first the case of a
mild slope, assuming i = 0-and
a? = 0.85, Fig. 4.9 can be ob-
tained from the data of Fig. 4.7.
Equation (4.47) explains the
experimental results well. More
precisely, Txcm varies according
to +/ dgsf/dss as discussed in
Chapter 3, but here the value
7xcm = 0.05 is employed.

Next, for the case of a steep
slope, assume the influence of

slope on critical tractive force '

for gravel mixture can be ex-

pressed the same as for uniform

gravel. In Fig. 4.10 values from
equation (4.48) and the author’s
experimental values for the mean
diameter 6.40 mm +/ dgs/d;s =

3.45, and the mean diameter -

7.6 mm + dgs/d;s = 4.83 are
shown.

Further, Fig. 4.11 is an ex-
ample of the grain size distribu-
tion of bed load and that of bed
material. The dispersion is great,
but the homogeneousness is good
which indicates the argument is
appropriate.

Section 4: Time Variation of
Bed Load Transport Rate for -
Gravel Mixture

The average bed load trans-

port rate for gravel mixture can .

be expressed as equation (4.48)
or equation (4.49). However, if
one finds the bed load transport
rate or short time intervals ex-
perimentally, or observes the bed
load transport rate every mo-

10° —
~
> L
g5+
-
s L by
/
10! )
L /b e)
B o
- <)
7@
- ©
0 di/dm
2 ® 0.22
ld— L O .
- 8 © 0.42
— © 0.68
— ® 1.02
— © 2.33
B Hirano
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Q.05 107t 0.5
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Fig. 4.9 A Comparison of Bed Load
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ment, the grain size distribution

of bed load expressed as equa- 1-0 =€ 40w
tion (4.49) is not necessarily O i=0.100
equal to that of bed material, but O 0.049
it seems cyclically to become
rough and fine. So, using a
gravel mixture having the grain dm
size distribution shown in Fig.
4.12, further examinations were = _
made concerning bed load trans- 10 !
port rate for gravel mixture.

First, consider the coarsening
of bed load to occur in the begin-
ning of water supply. This phe-
nomenon is called a selection of
sand particles. For example,
Kinoshitall) reports on sand'dis-
charge in the case of bars forma- 1072
tion, “In the beginning of coarse-
grained particles of bed load are
transported, and as time passes
they diminish, and instead trans-
port of the next largest diameter
particles follows.”

Figures 4.13 and 4.14 show,
respectively, the grain size distri-
bution and transport rate of the 10 °
bed load- for the case of sand
used in the experiments desig-
nated “A” in Fig. 4.12, where
sediment in transport coarsens in
. the beginning of water supply. o

These experiments were car- |
ried out on a channel of width
20 cm. These graphs prove
that large diameter particles are
transported at a rate nearly equal
to the rate of their presence in
the bed material, and that almost Fig. 4.10 Bed Load Transport Rate for
no small diameter particles are Gravel Mixture on a Steeply
discharged at all. In this way, one Sloped Flume
can consider a difference in
transport velocity for each dia-
meter to be the reason that in
the beginning of water supply
coarse grained particles are trans-
ported while fine grained ones
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are not. Thus, using gravel mix-
ture of minimum diameter 0.74
mm, and of maximum diameter
16 mm, indicated as “B” in Fig.

4.12, the gravel transport forms .

were observed from the side. The
gravel mixture was color coded
for each diameter, and photo-
graphs were taken and analyzed
of sand movement in a channel
whose slope was varied between
0.02 and 0.15. The gravel was
spread 20 cm wide, 9 cm thick
and 6.7m long. There was no
sand supply. There follows a
summary of the observations
through the experiment.

a. When the crest of a mov-
able particle, in the case where
tractive force is not particularly
large, is only a diameter distant
from the bed surface, and the
gravel transport forms where
gravel moves above the rigid bed
having the roughness being on
the order of the mean diameter.

b. The velocity of the par-
ticles in transport is essentially
the same indépendent of dia-
meter.

¢. When the largest particles
move the smaller particles fall
down and are hidden by the
larger ones. When making ob-
servations from the side, in the
beginning of water supply almost
no small particles in transport
could be seen, and even when
they do move they soon go in
bed troughs or wake regions of
gravel on the bed surface, there-
by making them difficult to
move.

100
1 §
i g
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50 e
B 27//
® g/"
- m/"
L o %/:’ °
i _—gk//f’g
0 L sl g ,
0.1 0.5 1.0 5 10 20
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Fig..4.11 Grain Size Distribution of
Bed Material and That of
Bed Load
100 7
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Fig. 4.12 Grain Size Distribution of
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d. When the tractive force
and slope increase, (in these ex-
periments ig > 0.1, r+m > 0.33)
the particles, rather than moving
independently, the medium size
particles begin to move buried
in the larger moving particles,
and the coarsening of trans-
ported particles mentioned above
is extremely pertinent.

The falling of smaller parti-
cles within gravel mixture in this
way has been studied by Daido'?
in relation to mud flow. Here we
see this phenomenon occurs for
bed load also. It seems this phe-
nomenon becomes more notice-
able as the grain diameter distrij-
bution becomes wider.

The above observations prove
that the coarsening of movable
particles is due to the effect that
smaller particles are hidden by
larger particles. So, evaluating
_this hiding effect by the term o?
T+Cm in eq. (4.48), and finding
this from Fig. 4.14, one gets 7
indicated .in 4.15. This shows a
trend that for di/dy, < 04, as
for the Egiazaroff Equation, the
smaller the particle the more
difficult it is to trransport. On
account of this selection phe-
nomenon the grain size distri-
bution of the bed material and
that of bed load vary every
moment, but taking the average
value of a certain considerable
time duration both distributions
are in agreement with each other.
However, the rate of bed defor-
mation is probably different
from that calculated on the aver-

age. Fig. 4.16 is one example of

bed load trnansport rate by

dia-
meter. o
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Fig. 4.13 Grain Size Distribution of
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The above is largely the case
of transport of gravel particles of
all diameters including the largest
ones. Next, to the case of parti-
cles below a certain grain size
moving while larger stationary
‘particles are present, equation
(4.47) is also applicable provided
that the bed load is in an equi-
librium condition. It can be said
to be so from the fact if includes
such data as in Fig. 4.9. How-
ever, as the percentage of con-
tained unmovable particles in-
creases it seems a hiding effect
will appear. Here the percentage
of contained unmovable particles
is varied from 0%,.5% and 10%
(the weight percentage), and the
variation of sand discharge by
diameter was checked.

In Fig. 4.17 since the amount
of data obtainable is limited, it is
difficult to make out a definitive
conclusion, but the two cases of
0% and 5% unmovable particles
are the same in sand discharge
while for 10% the sand discharge
becomes fairly smaller. From this
it is found that large gravel which
is often seen in mountain stream
beds is not simply functioning as
roughness, but also has the pos-
sibility of having a hiding effect
when its percentage increases.

Next, in case where unmov--

able particles are present, the
actual tractive force is smaller
than the critical tractive force
for initiating the transport of the
largest particles, and there.is lit-
tle or no supplied sand from the
upper stream, the bed roughness
is coarsened with time and the so
called armour coatis formed. To
such cases where the sediment is
not in equilibrium, equation
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(4.47) can not apply. Further, in
. a channel of finite length when
armour coat has advanced from
upstream over a long time period
and the sediment in the lower
stream exfremity is nearly in
equilibrium, equation (4.47) can
apply to the case. However, even
in that case equation (4.47) is
not valid for the largest particles.
The tractive force domain in
which armour coats form is typi-
cally indicated with domain A of
Fig. 4.18 between the transport
threshold for the largest particles
and the ceasing threshold. From
the above observations, Ashida,
Michiue®) and Hirano’s®) exami-
nations of tracing the process of
the formation of armour coats
using equation (4.13) and similar
_ equations are considered ex-
pedients, and the reason why
there arose no problem with
their examinations is considered

foébcg-j) di/dm)a/z g

-

=
o

10

- 3.‘

d=24.5mm
0% 5% 10%
S O O di>dy

¢ & o dicdm
® & @ di<dy
dy=5.67,6.67,7.55mm

-8

¢

¢
' ¢
O
O]

[

10
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Section 5: Conclusion

This chapter has been oriented toward bed load transport rate for uniform
gravel and that for gravel mixture in a steeply sloped channel.

First, section 1 gave representative conventional bed load equations and
offered explanation of them, and then indicated that a bed load equation appli-

_cable to mountain streams, where a steep slope and wide grain size distribution

of bed materials must be taken into account, had not yet been proposed.

Section 2, using Bagnold’s model as a base, derived a new bed load equation
which is available well with the conventional data. And, using the results of
critical tractive force and resistance law from Chapters 2 and 3, section 2 pro-
posed another bed load equation for a steep slope which is in good agreement
with the author’s.experimental values. ’

Section 3 examined a bed load equation for gravel mixture. First, experi-
ments were carried out on the ceasing critical tractive force for the gravel, and
from these experiments it was proved that the force is a constant value inde-
pendent of grain diameter. From the analysis of these results, a new bed load
equation for gravel mixture under equilibrium condition was offered assuming
the critical tractive force to be constant. This equation fits the experimental
values better than the conventiomal bed load equations by diameter. Also, one
equation was proposed for a steep slope which is in satisfactory agreement with
the author’s experimental values.

Section 4 examined the bed load transport rate for gravel mixture in greater
detail. During transport smaller particles are hidden by larger particles. That
elucidates the marked appearance of coarsening sediment in the beginning of
water supply. Also, evaluating this hiding effect in terms of the critical tractive
force in the bed load equation, the result is obtained for di/dy < 0.4, as for
Egiazaroff equation, the smaller the particle the greater the critical tractive force
is. Next, the influence of unmovable large particles on bed load transport rate
was investigated and it was found that as the percentage of contained unmovable
particles increases, a hiding effect arises and the transport rate decreases. Finally,
an explanation of armour coat formation was added.

There are a number of problems remaining with the above investigations, but
new equations were found applicable to mountain rivers characterized by gravel
mixture bed and steep slope.
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CHAPTER 5 APPLICATION OF STUDIES IN THE PREVIOUS CHAP-
TERS TO EROSION CONTROL PLANNING

Section 1: Outline
This Chapter considers problems of applying the results of research on bed

~load transport rate, critical tractive force, resistance law for a stream, and channel

pattern of mountain rivers presented in the previous chapters to erosion control
planning. ‘ '

Erosion control planning is, ideally, a complete treatment of sand’s behavior
in all parts of a stream area, from production of mud flow in upstream areas to
erosion at the ocean’s shores. However, considering just the amount of sediment
supplied from the upper stream, there are many problems for which it is very
difficult to make accurate predictions for planning purposes. These include pro-
babilistic phenomena such as land collapse and mud-flows, and production of
large amounts of sediment from such phenomena. Futher in order to make a
prediction of sediment supply within the basin, many problems must be resolved.
Accordingly, planning erosion control for an entire drainage system is the ideal,
but it must be said the actual conditions are extremely difficult.

However, it is important to aim at establishing more reasonable erosion
control policy, using fundamental knowledge such as discussed in this thesis,
even for partial planning within a drainage system.

A representative example one can consider hydrologically is river bed defor-
mation, in a channel section of finite length, for caused when sediment is no
longer supplied from upstream because of a dam. In conventional research on
such case, the object of investigation was formation of an armour coat or river
bed lowering. In erosion control, there are many cases when channel works
are planned to fix the channel in a farm area. Especially recently there are many
instances of executing channel works as repair which were small rivers 1 — 2m
wide, work in areas, where mud flow occurred. In such cases, first, how much
should it be widened, and next, what level of construction is necessary to allow
the planned discharge to flow safely downstream. One can consider applying the
present research to such problems.

Further, one can consider sediment discharge from comparatively flat sandy
exposed slopes. One can not find the sediment discharge from exposed slopes if
the gully pattern is not understood. However, in downstream slope areas con-
paratively stable gullies are formed which do not change much from year to year.
In such places, given information on rainfall, slope and materials of the incline,
one can determine the amount of flow from an appropriate runoff analysis and,
applying the results of this study, determine the water depth and channel width.
If one assumes that the slope does not vary much and that there is sufficient
sand capable of being transported, one can calculate the sediment outflow.

One can also discuss the regulating effect of an erosin control dam. It is said
that in general the slope of a dune from mud-flow is 3° to 5°. One can study
what type of channel is formed on the lobe for subsequent flood waters and how
much sediment flows out.
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In these ways the present research can apply to important portion of erosion
control planning; the next section examines applications particularly to channel
works planning.

Section 2: Application to Channel Works Planning1)

The aim and methods of executing channel works are summarized by Tabata
and Abe,?) but conceptions vary from person to person. The places where many
channel works are built are fan areas where sediment has been deposited as a
result of vigorous sediment transport from upstream mountain areas. They are
sediment deposit regions when viewed from the perspective of sediment balance
for the entire drainage system. Accordingly, the channel within a fan area is un-
stable. A high degree of river bed lowering and channel deformation imply a 2
dimensional outflow of deposited sediment and they exert a deteriorating in-
fluence on the river downstream. Also, in mountain regions the fan areas are
really the only habitable areas available. Channel deformation or flood not only
means the loss of habitable areas, but in such places these assailants possess an
enormous momentary destructive force which sometimes cause disasters involving
losss of human life. Disaster prevention methods for such areas must include, first,
the prevention of floods and torrential outflows such as mud-flows from the
upper stream, and next, safe drainage of flood wasters along with prevention of
erosion and fixation of the channel. Accordingly, execution beforehand of
measures to prevent dangerous sediment outflow from the upstream region is a
precondition in order to make it fulfill its function adequately. According to
River Erosion Control Technical Standards, design prerequisites are, “In the
upstream extremity of a channel works planning region a check dam, as a rule, is
required;” “The flood discharge considered in planning a channel works must be
the flood discharge reduced by the percentage of sediment included, since erosion
control works are assumed to be completed beforehand.”

If the sand supply to a channel which is nearly in equilibrium, allowing the
outflow of upstream sediment to flow downstream or the channel to deform over
and over, is suspended, the channel will begin to move to a new equilibrium posi-
tion. However, provided one presupposes a new equilibrium condition in advance,
forms a new appropriate channel, and then stops the sand supply, erosion can be
prevented and a design flood supply can be accepted safely. The purpose of
planning the function of a channel works is to design a stable and safe channel
within the limits set by the length of the work section and the elevations of the
upper and lower ends of the stream. ,

(1) The width of a channel works

A channel works’ width must be wide enough to be able to prevent both
banks from being eroded by a design flood easily and narrow enough so that the
water does not meander within the channel. Provided such an appropriate width
is utilized, construction of very strong revetments becomes unnecessary, as was
pointed out in Chapter 1 concerning a stable channel section, for regime rivers
the channel width is proportional to the 1/2 power of the flow discharge. This
relationship, as shown in Fig. 1.6, can apply to a very wide range of flow dis-
charge, from a small discharge in the experimental water channel to a large
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volume in actual rivers, irrespective of bed slope or bed material. This relationship
can be written as:

B = 3.5 . 7Q1/2 (Unit: m/fsec) «coe-- 1.4)

The reason is unclear, but if the channel width was made larger separation of
flow would occur, and if made smaller, erosion of banks would occur and the
channel would be enlarged.

Here the case is one without sediment. In the degree of sediment concentra-
tion which is similar to that of general bed load, suspended load, or the like, the
sediment does not act greatly as a resistance against the flow. So, provided one
selects a channel width satisfying equation (1.4), it is safe to assume that the
width is sufficiently stable for sidebank erosion even when there is no sediment.
Thus, in designing a channel works, the channel width given by equation 1.4 is
the largest value which must be considered. ‘

Tabata and Abe?)- 3), concerning each area’s erosion control dam, show the
relationship between the basin area and relative flow discharge with reference to
the design flood discharge. They also show the relationship between the width of
many channel works actually in operation and the basin area. Here, considering
the previous relationship as a relationship between basin area and relative flow
discharge for channel works, and rearranging as one between channel width and
design flood discharge, one gets Fig. 5.1 which compares this with Equation 1.4.

Further, both the standard values of channel width and the desing discharge
given in the Ministry of Construction’s River Erosion Control Technical Standards
are also indicated in Fig. 5.1.

As is clear from the figure, for large flow discharges above 2000 m? /sec, equa-
tion (1.4) and actual river width are in good agreement. For small discharges the
river width is narrower than that given by equation (1.4). One reason for using
these narrow widths in channel works is that the so called dominant discharge,
which determines the width of a natural river channel, is apt to become the cause
of meandering within the channel. A channel width given by equation (1.4) for
design flood (Pickup, G.%)) is too large for the 1.5yr probability flood discharge,
the kind of floods which occur several times a year or once in several years.
Another reason is that in places where channel works can be operated, being
originally narrow, it is impossible actually to make the width given by eq. (1.4),
say, 50m for a 100 m3 /sec design flood discharge.

Thus, in practice, using channel width smaller than given by eq. (1.4) neces-
sitated a policy of desposing strong revetments to prevent sidebank erosion in
design flood times. When determining the specific channel width, one must con-
sider restrictions due to conditions of land utilization and the difficulty of main-
tenance after put in operation. Of course, the narrower the channel, the greater
the capacity to erode the bankers and one must increase the strength of revet-
ments. Since the equilibrium slope decreases, as explained below, one must in-
crease the embedment depth of the revetments.
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Fig. 5.1 The Relationship between River Width and
Flood Discharge

2) Equijibrium slope

In general, the equilibrium slope where sediment discharge is the same at any
cross section is dtermined by the supplied sediment discharge. Under the condi-
tion of no supplied sediment from the upper stream area as in planning channel
works, the maximum value of the longitudinal slope is the so called static equilib-
rium slope, where at every point in the longitudional direction no sediment exists.
The static equilibrium slope for a given bed material can be obtained by analysis
of critical tractive force for various diameters of the material. Especially for the
case of gravel mixture having a wide grain size range as in general mountain
streams, when grains below 90 — 95% grain diameter are selectively swept away,
the average lowering of the riverbed becomes small, and reaches equilibrium when
the riverbed surface becomes covered with relatively coarse grains (armour coat-
ing). o

The critical tractive force for a riverbed composed of uniform grains, for a
steeply sloped small relative depth flow, is given in this study by quation (3.26).
For gravel mixture, there is Egiazaroff equation (3.25). As was stated in Chapter
three it is necessary to apply some modification to eq. (3.2) for the cases of large
grain distribution range and small relative depth. However, here assuming that
the logarithmic equation obtained by putting equation (3.26) into 7,.m of
equation (3.25) can be applied as it is, the following equation can be obtained.
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Assuming thatthe armour coat begins to. form when gravel of di=dee stops mov-
ing, one can find the critical tractive force 74¢,, corresponding to that from
equation (5.1).

2
Tgci = 0.04 ‘—}—%ng‘?‘ X 101'76 L (5.1)
log1019—&r—t-

One can see from dimension analysis that the Darcy-Weisbach frictional
resistance coefficient f for a steeply sloped small relative depth flow is a function
of d/h and U%/gd. This functional relationship can be found as in Fig. 2.6. The
following show some of the methods for finding a static equilibrium slope, for a
prescribed flow discharge and channel width, using these quanutles

First, assume an appropriate slope (I), from a grain size distribution of a
given bed material and find do, and dm. Calculate 7, 50 from equation (5.1).
Next, insert this 7,  into equation (5.2).

- _ ' »
Tae = U*cgo/(a/p Dedse 0 eeeiens (5.2)

and find Ui'cgo/gdgo .

Ukeyy /8dm = (Uicoo/gdoo) (dso/dm) — =eeeees (5.3)

From the above equation (5.3) find the value of U*zcgo /gdm, and calling this

%/gdm' find its value from a group of curves given in Fig. 2.6. Because the curves
giving the assumed (I) are also indicated in Fig. 2.4, one can find the intersection
of both curves. Reading off the coordinate of dm/h and f of the intersection, and
using h and f, one can calculate the discharge from

= h/ 8/f/ ghl -B . (5.4)

If Q obtained in this way does not agree with the prescribed discharge, reiterate
the calculations assuming different values of I until they do agree. The average
slope calculated as above varies with the given values of B and Q and bears no
relationship for the original bed slope.

Here, let us-examine channel works width and equilibrium slope by taking a
practical example, the Iwatsubodani channel works plans within the jurisdiction
of the Jintsu River Drainage System Erosion Control Works Office. The Iwatsubo-
dani Channel Works was planned for the 460 m stretch the Hikage Erosion Con-
trol Dam downstream to the confluence point with the main stream of the Hirayu
River, the already constructed Hikage Dam being taken as the check dam. Its
purpose was to prevent lateral erosion and riverbed lowering. The alignment was
determined as a consequence almost from necessity by restrictions such as roads.
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The channel width, too, dependent on conditions such as land use, was deter-
mined to be 10 m for the upper stream section and 15 m for the lower. With an
overall drop of 42 m the present average bed slope is 0.0913. The grain size dis-
tribution of the bed material is shown in Fig. 5.2.

The mean diameter

(dm) is 5.7 cm and the roof

90% diameter (deo) is 16.2 F(d)[
cm. The problem is the de- (%) [
sign flood discharge. In the 5o L
case of the Iwatsubodani i
using the 150-year proba- L
bility rainfall it gets 215 -

3
m /Sec. 0 T baesad IR RET | A N WRTTT) Lok,

From the above data 0.1 0.5 1.0 5.0 10,0 50,0 100.0
the static equilibrium d (m)
slope can be obtained, Fig, 5.2 Grain Size Distribution at
where it is assumed that Iwatsubodani
for sake of simplicity the '
channel section is a rectangle and that curves in the alignment exert no influence.
Further, make the calculations using 10 m or 15 m as the value of the channel
works width B,. Now, from equation 5.1, assuming deo/md = 2.84, 74Cyo be-
comes 0.0218 for I ~ 0. The 74c,, for a slope I is given by 7xcg = 0.0218 x
1017 I For example, if I =0.10, the T%Cgo 18 0.0327. From equation 5.2 we get

U*cgo /gdgo = T#Cgo (o‘/p -1)=0.0349 x 101.761.

Here, o/p is taken to be 2.60. Also from equation (1.4), letting the flow dis-
charge per unift width be 4 m?® /sec/m, the following is obtained.

B=(12.3~49)Q/B = (12.3~49) q (m)

One can find the channel width B from the flow discharge per unit width. Insert
whichever width is smaller, B the channel width or B, the channel works width,
into eq. (5.4) and find the flow discharge Q (m? /sec)

The results of these calculations are shown in Table 5.1 and Fxg 5.3. From
these results we see that provided the flood time continues sufficiently long
for riverbed deformation, the equilibrium slope will become an extremely mild
slope of 0.0014 for a d631gn flood discharge of 215 m?/sec even if the channel
works width is 15 m. In terms of height this is a gain of 0.74 m, and we see
it is necessary to take care of the remaining 41.26 m by a falling works or the
like.
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Table 5.1 Examples of Calculating the Equilibrium Slope
I 0.1 0.05 [0025 [00125]|0005 [0.0025]0.001
Txcog 0.0327]00267]0.0241]00229;00222|0.0220{00219
U%cgg”gdgg 0.0523 /0042700386 00367]00356/00352]00350
U290 0.0831/00678|00613|00583[00565| 0055900556
Ux (M/sec ) 0.288 0260 |p248 0241 [0238 0216 |0236
h (m) 00848 {0138 |g250 | 0476 | 115 2.28 567
U%c90 gdm 0149 [0121 {0110 [0104 [0101 |0100 |00994
dm / h 0672 10413 lpg228 /0120 |0.0496}00250/0.0101
f 0.30 019 {010 0057 |0041 |0.032 |0.025
Uo Us 5.16 6.49 894 118 140 - | 157 180
Uo (m/ sec ) 1.49 1.69 2.22 2.84 333 371 425
a=hU, 0126 |0:233 {0555 | 1.35 383 849 24.1
12.3q 155 287 6.83 16.6 471 1044 2964
B(m) '
49q 6.17 114 272 662 1877 | 4160 [11809
0195 |0669 |379 224 1804 | 8864 {71432
Q (i sec )
0777 1266 15.1 89.4 7189 [3531.8[28460
Q (B=10m) — - 555 135 38.3 849 2410
Q (B=15m) — — 833 20.3 575 1274 [3615
0.1
I
Self formed
channel
U
5\\Wk £
001 - \\\\5
>
<5 3
” o
co\e b
N 5
0
m\e A
= AN
0001 Lol 1 L] Lo raennd o Dol
01 10 10 100
Q(m¥/sec)

Fig. 5.3 The Relationship between Flow Discharge and

Equilibrium Slope
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Also Fig. 5.3 indicates that for a channel works width of 15 m, the flow will
meander until the flow discharge reaches 6 - 17 m? [sec. Here the channel works
design width of 10 m corresponds well with the cross sectional width of the
present channel, and one can say the flow discharge of 2 - 8 m3 /sec corresponding
to that channel is the dominant discharge with respect to the lateral morphology.
Also, following the previous line of reasoning, this can be regarded as corre-
sponding to the 1.5-year probability flood discharge.

(3) Artificially roughened riverbed

One can find the static equilibrium slope I for a channel of overall head H
and channel works reach length L by methods related above. The difference
H-LL between overall head H and the head due to the static equilibrium slope
must be dealt with by a falling works. However, as this difference increases,

the channel length needed for an energy dissipator increases, and the gravel bed

distance is shortened. Since that is the case, it is more economical to put aside
the falling works and coat the bed surface with concrete. In general, in a channel
plastered on three sides the flow velocity tends to be quick, and there are cases
" when it is necessary to consider management of confluence sections. Thus,
one can consider roughening the rigid bed surface to reduce the flow velocity.
Since characteristics of the resistance coefficient for roughness due to frame
type roughness elements disposed transversally on a bed surface have been elu-
cidated by many experiments already,2) here the case of artificial roughness
due to natural rock buried in the riverbed is considered.
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Fig. 5.4 The Change of Resistance Coefficient Due To
Different Arrangements of Roughness Elements

Experiments were carried out for the case where 2/3 of the diameter was
burried for three roughness densities: Nd2 = 0951, 0.666, and 0.333. The
results are shown in Fig. 5 4.

In this case we see that U,?/gd is not an important factor Further the
arrangements of the roughness elements are shown to the right of each graph
In the case of these experiments, the arrangement designated .as B gave the largest
resistance coefficient.

Consider again the Iwatsubodani Channel Works Plans mentmned above.
From the results of the equilibrium slope analysis it was understood that nearly
the whole head must be accommodated by falling works. However, if a large
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number of small falling works are strung together, the gravel bed section will
disappear. Thus, one can consider concentrating the head in one place by estab-
lishing a large falling works. However, in order that the falling water makes a
stable hydraulic jump in times of design flood discharge, an extremely large
auxiliary dam or front apron is necessary. Next, since the surroundings is a
hot springs area, there is a possibility of creating noise pollution by the falling
water, which recently has become an issue. In the final analysis it is more eco-
nomical to cover it on three sides, rather than to build a large scale project.
In this instance, the stream flows quickly due to the steep slope, so scouring
at the confluence point with the main stream, impulse waves at the curved sec-
tions, and rising of the water level at the outer curves are problems. Thus, it
Would be advisable to incorporate some artificial roughness elements such as
those described above.

Section 3: Conclusion

This Chapter discussed possibilities of applying the results of this thesis.
for erosion control planning. It discussed especially applications to channel
works planning, and methods for finding equilibrium slope and channel works
width. Channel Works Plans for Iwatsubodani in the Jintsu River Drainage System
was taken as a concrete example, and the actual equilibrium slope was calculated.
Finally experiments on resistance for artificial roughness elements made from
natural rock were carried out, and the results presented.

The results of this thesis may also be valuable for predictions of the amount
of slope erosion, calculation of riverbed deformation in mountain streams, and
especially for discussion of regulating effects of erosion control dams.
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AFTERWORD

This thesis has advanced, the understanding of sediment transport phenomena
which are treated mainly in the field of erosion control engineeering. Specifically
_the phenomena herein treated are flow resistance, bed load transport rate, critical

tractive force, and channel pattern for a stream on a steeply sloped bed, having a
small relative water depth and a wide grain size distribution. It has elucidated the
influence of slope on these phenomena which was not very clear previously, and
has obtained a number of results applicable to mountain rivers. There follows a
summary of the results.

Chapter 1 presents the results of a number of experiments on channel pattern
and sediment transport forms as it occurs in steeply sloped flumes of slope 1/100
to 1/4. The area was divided by slope and flow discharge and the characteristics

of each region were clarified. Next, the physical quantities which determine =~

the boundaries of those regions were considered, and general methods were

indicated. The following results are particularly of note. The channel width

for the threshold of meandering formation is proportional to the 1/2 power of

the flow discharge within a range frame 10 to 10° m3® sec discharge, inde-

pendent of bed material or slope. It is expressed in m/sec units as B = 3.5.~

7.0 QY2 Also, the sediment discharge for mud flow is close to that of a meander-
ing stream.

From mvestxgatlons of longitudinal line of sediment on rigid beds, it was
understood that the width of a possible longitudinal eddy equals the water depth.
Also, the flow velocity distribution is almost unaffected by the presence of
sediment. On steep slopes, medium forms of sediment between bed load and
mud flow appear and one sees also formation of dunes. These results are very
useful in dealing with sediment transport phenomena in mountain rivers.

Chapter 2 concerns the resistance law for a flow. It showed that the important
parameters dominating the phenomena, for a steram on a sleep slope, are relative
water depth, slope, Froude Number, and Ui/gd. First, the velocity distribution
was observed for a stream having large roughness elements. Since it tends to
become uniform near a bed surface, the velocity distribution was divided into
upper and lower regions. Application of different logarithmic velocity distribu-
tion equations for each region was proposed, and coefficients were determined.
Next, values of the resistance coefficient were found experimentally, and it
become clear that with an increase in U%/gd and relative roughness the resistance
coefficient increases sharply. ThlS result was explamed theoretically by an step-
down model.

The resistance coefficient for a movable bed, espec1a11y a flat one, tends

to be the same as for a fixed bed.
'~ From experiments on gravel mixture bed charactenstlcs, it become clear
that the degree of roughness depends on the mean grain diameter, and that
particles of each .diameter are present on the average at a height proportional
to the diameter. In the final analysis the resistance coefficient of a flow over a
gravel mixture bed is the same as for uniform gravel when the mean grain dia-
meter is used as representative of roughness.
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Chapter 3 concerns critical tractive force for initiating the transport of gravel.
First an overview of the conventional research was presented. }

The functional relation of critical tractive force and Reynolds Numper for.
sand grain was well understood. What was made clear was the influence of relative
depth when relative depth is small.

First, from research on uniform gravel, it was clear that shieldes parameter
r.5¢, modified for the effect of slope, is a function of relative roughness d/h
in regions of a perfectly rough turbulent flow. Also, experimental results showed
T,SC increases abruptly with an increase in d/h. One can explain characteristics
of the variation of critical tractive force theoretically by a resistance law and a
gravel equilibrium equation.

Next was the case of gravel m1xture The critical tractive force for gravel
mixture of the mean diameter is greater than that for uniform gravel due to the
effect of being hidden by particles larger than the mean diameter. The percent-
age increases with an increase in +/dgs /d;, and the relation was elucidated ex-
perimentally for values of \/dgs /d;¢ up to 2.8. Next, the ratio of critical tractive
force for each individual diameter and that for the mean diameter is a function
of d/h and di/dm. When d/h is small the ratio can be expressed approximately
by Egiazaroff equation. When d/h is large it is close to the one of uniform gravel.
One can find the critical tractive force for each diameter from the above results,
and by assuming a hiding coefficient for each diameter, one can explain its
relationship theoretically. ,

Chapter 4 concerns the bed load transport rate. First a number of conven-
tional bed load equations were explained. Next, a bed load equation for a flat
river bed was derived from Bagnold’s model. This equation was found to give
good agreement by checking it with the data of Gilbert and others. Next, apply-
ing a modification of slope and comparing it with the author’s data, the tendency
for bed load transport rate to decrease with increase of slope was explained.

Also for gravel mixture, it was confirmed experimentally that the critical
tractive force for ceasing the transport is nearly a constant independent of grain
diameter. Next, for sediment in equilibrium, the critical tractive force used in
the bed load equation should be a constant value independent of gram dia-
meter.

Reasoning that this value ought to be closer to the ceasing critical tractlve
force rather than the initiating critical force, the critical tractive force is taken
to be a constant of 0.85 times the initiating critical tractive force for gravel
mixture. .

Using this, a new bed load equation for gravel mixture is proposed. 4

This equation explains conventional experimental values extremely well.

By making modifications similar to those for uniform gravel, one can obtain
almost completely satisfying results even for steeply sloped channels. However, '
a further detailed examination reveals on a gravel mixture bed with a wide grain
size distribution, when the largest particles begin to move the smaller particles
are hidden by the larger ones.
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For this reason, sediment discharge and grain size distribution vary with time.
Chapter 5 indicates methods of applying the knowledge obtained in the first
four chapters to erosion control planning, for which there have been many
experimental investigations, and especially to channel works planning. Also, as
a practical example, the equilibrium slope was found for the Iwatsubodam chan-
nel works.

New knowledges concemmg the influence of relative roughness and experi-
mental consideration for channel pattern and bed load were proposed for uniform
gravel and gravel mixture. The author believes that these results would have a
significant contribution to the development of sediment hydrauhcs and especially
to that of erosion control engineering.
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