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ABSTRACT

The bedload literature is examined and found to rely too often on
assumptions unsupported by field evidence. Certain hypotheses are also shown
to be invalid for most natural channels and specifically for coarse-bedded
ones.

Channel coJ}iguration, crosgs—sectional shape and longitudinal bed
gradient change continuously and abruptly in a 600 m long reach of Seale's
Brook, a part of a coarse-bedded channel studied during two ye&rs. The sur-
ficial bed-material, which has been found to be altogethery coarser than, and
depleted in fines, relative to the underlying material, shows a definite trend

! for particle calibre to decrease downstream and‘towarﬂs the channel flanks.
The surface material is, moreover, characterized by definite, systematic bed
relief, textural associations and structural arrangements, all of which are
interdependent. These characteristics are also shown to result from the non-
uniform composition of the bed and from several bed-material transport
mechanisms, ‘

The distance of transport of coarse labelled bed-material 1s found
to depend only partly on particle and flow parameters. In light of this and
other results, it is concluded that the transport of coarsegparticles is a

function of hydragmlics but also, and possibly to the same extent, of bed sta-

bility.
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CHAPTER I
INTRODUCTION

This study deals with the transportation of bedload in alluvial
channels, a topic long-recognized to be of prime importance to fluvial
geomorphology (Gilbert, 1914), but one in which most of the research has
been undertaken by tivil engineers, rather than by geographers or
geologists. Therefore, a considerable portion of the thesis (Chapter II)
is devoted to a review of this literature. Particular attention is drawn
to the often problematic application of hydraulic formulae, derived from

" controlled flume experiments, to bedload transportation in Nature, where
rather different conditions prevail, and to the problems and the possible
invalidity of applying many simplifying assumptions made in theoretical
hydraulic approaches. Fieldwork was undertaken in the spring and summer
of 1972 and in the spring of 1973 on a reach of a small tributary of the
North (Eaton) River, in the Quebec Appalachians, in an attempt to investi-
gate several of these problems. The data from the work are examined in
Chapter 111 and IV and, in light of these observations, the problems of
developing workable, buf theoretically sound models for the movement of
coarse bed material afeésummarized in the final chapter.

Bedload projects are related to geomorphology from several
aspects. Comparable to other landscape features, the channel bed is
gmall in area, but it plays a major role in the evolution of landforms.
The theory of the cycle of erosion strongly hinges on base level and on

* the graded channel bed (Davis, 1902), i.e., on its four-dimensional



stability (in time and in space), which, in turg}wis partly dependent on
the capacity and competence of ghe stream. The transportation of channel
bed-materials is the underlying’mechanism in the denudation of fluvially-
controlled landscapes: it exerts a strong control on the rapidity and
mode of valley side evolution as well as on(ghe morphology of the valley -
bottom and the stream channel itselff

Thé importance of coarse material movement cah be exemplified
in either transport or in weathering limiting situations. In the former,
if competent conditions prevail such that the stream is capable of
transporting its coarsest armour, and if its capacity exceeds incoming
sediment discharge, the stream will eventually cut down into its bed and
a new, weathering and/or corrading-limiting situation will predominate.
If, on the other hand, the incoming sediment discharge then becomes greater
than the capacity, aggradation will nécessarily occur, with a concur-
rent change in slope.

Coarse materiai transportation is so important a process in the
development of most landscapes that it has lately become one of the most
active research fields in geomorphology. In view of its importance,
studies undertaken to analyze river materials and‘their“behaviour, both
invaluable aspects of éhe dynamics of river mechanics, are needed to
understand the processes involved with the entrainment, transportation
and deposition of bedload. Pertinent hydraulic data also help to provide
an essential understanding of these processes. )

It seems, however, that a deductive approach has rarely been

preferred to induction. The basic description of the relevant processes

and of the bed itself is part of the role of geographers in describing




TS I To 1 o
' 73 72 Quebec
N .
- 46° St Francis
N\ ¢
\ P
A T\ ¢
A
()
< {\_ Montreal
i East Angus
-—‘ Sherbrooke ) \ NQrth R.
/ \ Seale's
= S’ Brook |
L
. Eaton Basin
45° \ L Memphremagog
0 10 20 30 40 50 km
1 1 1 1
]

Figure 1.1:

P

Location of the Eaton River basin, the North River and

Seale's Brook.
Naturelles du Québec, 1967).

» *

(Source: Ministére des Richesses

3




process and form. Thus, desériptive bedload studies are in great need.

In addition to its relevance to geomorphology, bedload research
is ugseful in geology in the interpretation of certain fluvial deposits, in
engineering and in environmental studies. To date, only partial and
usually costly solutions have been found to such problems as stabilization
of 1rrigat102 and diversion canals, aggradation above and degradation
below man-made dams and in highly urbanized areas, all with specific
ecological systems of modified habitats, which invariably cause certain
drastic effects on aquatic life,

Bedload movement was examined in the field along a 600 m stretch
of a small tributary of the North River in the IHD Representative basin
of the Eaton River, about 35 km east of Sherbrooke, Quebec (Figure 1.1).
The Eaton Basin has previously been described by Cartier and Leclerc
(196%31 Simard (1970) and Clément (1972) and has been the location of a
number of research projects by the Department of Geography at McGill |
University in recent years (e.g., Taylor, 1972, and Grey, 1972). The
particular Seale's Brook tributary was chosen because it is small emough
to allow detailed observation of the movement of individual bed fragments,
but large enough to have boulder sized particleé in its bed, and also be-
cause of its relative isolation from human interference. It was also hoped
that bedlo;d could be examined through the use of a removable trap, but
this has not yet been proven successful. A detailed description of the
Seale's Brook channel is provided in Chapter III. At a more general scale,
the physical geography of thiﬁ part of the Eastern Townships of Quebec has
been described by Cann and Lajoie (1942) (with spec af\ eference to the

soils), by Cooke (1950) (the geology of the area), McDonald (Pleistocene
¥

-




deposits) (1559), by Bird (1970) (major land-forming units) and the

climate by Gagnon et al (1970).

Before this fieldwork is described, a lengthy review of the
previous literature is provided in order to emphasize the difficulties
and dangers involved in attempting to apply established hydraulics

formulae to the movement of coarse bed-material in natural channels.

-




CHAPTER II

BEDLOAD PROBLEMS - MEASUREMENT, THEORY AND FACT -

Engineers and geologi;ts have devised different types of bed-
load measuring equipment, but they all suffer from low, variable and
unreliable sampler efficiencies. The calculation of bedload discharge
via sedimentation processes is more reliable, but this method, with the
present accuracy of river bed sounding at high stages, is only applicable
to long term estimates. Other questions at issue are that none of the
bedload theories is widely accepted, results from flume experiments are
sometimes contradictory and are probably inapplicable to natural rivers,
and only very few field studies have been undertaken. These above-
mentioned problems, dealt with in this chapter, are being inspected in
studies throughout the world; but without their solution, the future
status of bedload research will forever remain in disorder and partial
darkness, by which it has been characterized for too long.

It is necessary, first, to deal with the concept of bedload
movement before attempting to deséribe and analyze other problems.
According to Gilbert (1914), "Some particles of the bedload slide,
many roll, the mwltitude make short skips and leaps, the process being
called saltation." This definition of bedload movement agrees well with
most of the literature. In a different approach to bedload, Bagnold's
(1966) physical reasoning guided him to define it as '"that part of the

[sediment] load, which is supported wholly by a solid transmitted stress."

Although true, this latter definition is abstract and statistical in nature,




and it can only be of use in theoretical studies. T L

An important characteristic of bedload movement is that it may
, take many forms, depending on particle shape and calibre, and on hydraulic
conditions. Moreover, bedload movement is the mode of transportation of

the coarser, and not just the coarse, fraction of the bed-material. While

' -

during low or intermedilgte flows particles in the sand and pebble size

ranges may very 1ike1¥ mqge as b%dload, at suffici;ntly high stages they
can move as suspended'load. Moreover, disk-shaped particles will tend

to slide rather than roll at conditions of incipient motion, and particles
af any shape, if large enough, will not move by saltation unless highly
competent conditions prevail, Con;equently, bedload theories whi;gvrely
only on saltation as a mode of tranéportation of coarse particles (e;g.,

Yalin, 1963) should be treated as irrelevant to the transportatibn of

very coarse materials (> 2 mm), with which this study is concerned.

2.1 Instrumehts and Procedures for Measuring Bedload

Most of the information contained in this section is derived
from Hubbell (1964). Samglers used before 1940 were chiefly direct
measuring ones, and they are described in detail in Report 2 of the
Federal Inter-Agency River Basin Committee (1940).

Every direct measuring bedload sampler has an intrinsic effi-
clency, or rather, range of efficiencies, Sampler efficiency is defined
as the ratio of bedload weight trapped in a sampler to the weight of bed- ?
load which would have been transported through the Qidth qf channel occupied

by the sampler, during the same time, if the sampler had not been there.

. Sampler efficiencies vary considerably with sampling time, with water
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depth and velocity, as well as with bedload size distribution, bedload

discharge, degree of sampler filling and the size of its mesh (if any)

\‘\*mm\\\\\\gpd with bed configuratiobﬁ”‘Obviously, the efficiency also varies with

}5 t ¥t

every basic type of sampler.

Because direct measuring bedload samplers, ;xcluding the pit-
type, have efficiencies which do not approximate 100 percent, and because
bedload discharge and consequently, measured bedload discharge, vary
tremendously with time (Semide, 1971), determinatiuﬁ? of sampler effi-
clency are merely a very rough approximation. ‘Thié is especially so
because most sampler efficiencies are determined in flumes, where
conditions are much simplified. Even an efficiency determined in the
field involves approximations and inaccuracies (Hollingshead, 1968 and
Charlton, 1972) which are\not only the cause for the wide ranges of
efficiencies, but also for different reported estimates of these ranges.

Box or basket samplers operate by causing deposition of sedi-
ment in the sampler due to screening of the flow or due to reduction in
flo; velocity. Basket gamplers are open but screened on all sides except
the fro;§ and sometimes the bottom, while box samplers are open only at
the front and top. As an example, Schick (1967) used a small basket-type
sampler on the dry channel bed of Nachal Yael, a represenQatfve basin of
the IHD in Eilath, Israel. 1Its efficiency is unknown, but it seems to be
low mainly because of its small capacity and also due to the cloggiﬂg of
the wire mesh (Schick, pers. comm., 1971). -

Basket efficiencles vary considerably, but average about 45

percent (Hubbell, 1964). Field-tested 4" and 4" (screen opening) basket



erfieiencies have been reported to increase with competeﬂf discharges
from zero to 45 and to 60 percent respectively (Samide, 1971). In this
instance, incipient motion of bedload began at arout 23-m3jséc (800 ft3/sec),
but the basket efficiency remained unchanged at zero until water discharge
increased to 37 m3/sec (1300 ft3/sec). The inoperability‘of these and
other kinds of direct-measuring bedload samplers at low eut competent
conditions is a big disadvantage to geomorphologists, particularly due

to the often dominating effects of events ¢f moderate magnitude and
frequency (Wolmae and Miller, 19695. Because basket samplers usually
have a large capacity{ki.e., volume), they are adopted for measuring
transport rates of coarse and even cobble sized materials. @9“ the mesh
size is decreased, so is the sampler sultable ta trap smaller and even

suspended particles, although this necessamily diminishes the efficiency

by causing a greater obstruction to the flow with a consequent decrease

‘in-velocity, shear stress and available stream power 1ﬁmedie;eby upstrean

of the sampler opening.

Pan or tray samplers operate by maintaining the sediment that
drops into a slot oar slots after it has moved over an entrance ramp or
straight into an entrance. Their average efficiency is about 45 percent,
but the range is large anq the efficiency decreases rapidly in streams
having high velocities and high bedload discharges. This reduction in
efficiency is possibly the result of the suspension of particles above
or inside the samplers. Due to their small capacity, the relatively small
cross sectional area of the opening and in some casee, dye to the upstream

dip of the entrance ramp, these samplérs are best suited for sand—bed

streams. .
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Pressure-difference samplers, especially improved models of
the early types, have relatively.high efficienci;s averaging 65 percent
and varying from 45 to 80 percent. Actually, their efficiency at low
rates of bedload discharge is zero. These samplers are designed so that
stream and entrance velocity tend to be the same by creating a pressure
drop at the sampler exit. This is accomplished by constructing the sampler
walls so that they divergexgz;a the rear. The VUV (Novak, 1957) is a
widely-accepted ﬁresSure-difference sampler which, excluding the basket
type, 1is at breéént most commonly used. Its great advantage is that it
has a hydraulic efficiency of 101 percent (where hydraulic efficiency is
comparable to sampler efficiency but concerns water instead of sediment).
The VUV, which is an improvement of the Karolyi sampler, is designed for
use with particle sizes up to 100 mm. Novak determined its efficiency in
a flume at 70 percent, while Samide (1971) field-tested the VUV and main-
tains that its efficiency is 30 percent. Samide also compared basket and
VUV samplers and found that there is practically no differepce in the

-~
particl% size distributions of bedload samplgs taken withfthese samplers.,
It is, however, apparent\that the VUV is more complex to handle and th;
time between two consecutive sampling periods is twice lonéer than the
one associated with basket sampling.

Slot or pit samplers are placed in the stream bed and catch
bedload particles as they move over the bed. Their efficiency is ;ery
high because they do not obstruct the flow of water, but their disadvantage
is that they cannot be emptied except by digging or pumping, and tﬁey must

be placed in the stream'bed. Pit samplers are usually very large and are

thus suitable to trap all the material transported as bedload. One‘exception
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is a fraction of the saltating particles whose leap iength is greater
than the dimension of the pit in the flow direction.

Despite their high efficiency, especlally as regards thelcoarser
fractions of the bedload, two recently-developed pit samplers seem to be
inoperable. Leopold installed equipment in a small channel in Wyoming;
it comprises a hauling.system which moves several top-open boxes in a
pit dug in the stream bed. When pulled out of the water, each box d;ains
the bedload which had accumulated in it while passing in the pit and then
contindes moving in a chaln series with the rest of the boxes to the other
bank; at this point it re-enters the pit and the cycle continues. This
type of sampling is similar to the one with the portable pit sampler
suggested by Hubbell (1964) in that it fulfills similar functiéps. . In
its present condition, the Wyoming installation had been repeatedlylblocked
by sand, but r;;ent changes may prove to be effective in solving this pro-
blem. Moreover, the modified installation includes photographic equipment
designed to deal with"the problem of long saltation leaps. A different
type of pit sampler has been developed at the hydraulic laboratory of the
Technion, Israel. Sand accumulates on a tray placed on a balance connected
to a recording device. The value of this installation is questioned because
of problems of scour upflume of the pit and due to problematic ?mptying of
the tray.

Bedload measuring samplefé developed in the last three decades
may be extremely sophisticated, are often quite expensive and, in many

cases, provide only indirect measurements of bedload rates. A pumﬁing

sampler and a magnetic sampler, both of the direct-measuring type, have




been suggested (but are not in use) by Hiranandi and by Kennedy respectively
(Hubbell, 1964). Recently developed indirect-measuring instruments are
acoustic, ultrasonic, tiltmeter—type, photgraphic and pressure-transducer
samplers. These devices nohnot measure the actual bedload discharge, but
only the relative bedload discharge. Acoustic instrumentation is used to
record sound generated by interparticle and in some cases by particle-
instrument collisions. For example, Hollingshead (1968 and 1971) used

a directional crystal transducer as a hydrophone in order to detect the
active width of bedload movement in gravel streams. A device that records
impacts of bedload particles on a receiving plate of an electrically operated
pressure transducer, placed near the stream bed facfng upstream, is described
by Solov'yev (1966). The validity of the unit in its present use is doubted
because knowledge of particle velocities is needed in order to compute bed-
load discharges. Solov'yev assumes that particle velocity is equal to the
flow velocity near the bed, an assumption which is contrary to flume invest-
igations (Gilbert, 1914, Fahnestock and Haushild, 1962 and Meland and Norrman,
1966 and 1969).

Bedload concentration has been measured with high frequency (ultra-
sonic) sound waves. When different amounts of transmitted acoustic energy
are absorbed by mediums of different sediment concentrations, a graph rela-
ting these two variables can be plotted and unknown bedload concentrations

can be determined in this manner. The method cannot, however, be applied

v
¥

without knowledge of the silze distribution of the load. Ultrasonic sounding
has also been used in tracking dune movement (Richardson, Simons and Posakony,

1961). In additton, the discharge of large (100 mm) particles might be




13

determined by a system of ultrasonic depth sounders; such an inst;llation
has not been tested so far.

A tiltmeter sampler has been developed by Taniguchi (Hubbell,
1964) to measure the variations in ground-tilt near the channel that
result from the passage of different weights of water and sediment.

'So far, however, it has not proved to be very accurate. Photographic
installations have also faiied to be useful, the main reasons being the
high costs of film and optical equipment and problems of visibility and
motion reduction.

There are two additional categories of bedload discharge deter-
minations apart from those using direct or indirect-measuring bedload
samplers: those by sedimentation processes and those by empirical and/or
theoretical relations.

As an example of the sedimentation method, @strom (1972) described
a bedload trapping procedure in a glacier-fed Norwegian stream. A wire
fence was erected from bank to bank causing deposition of coarse material
upstream of the fence, which could be measured by levelling. Unfortunately,
the fence was damaged by a flood wave. A similar procedure attempting to
determine long-term bedload accumulation behind weirs and dams has long
been used and is widely accepted (Kunkle and Comer, 1972, Brown, Hansen
and Champagne, 1970 and McPherson, 1971). Knowledge of the density and
the porosity of the sediment enables calculation of its weight (Cr).

If the total suspended sediment discharge transported into the reservoir
(Gsl) is known, and if the efficiency of the dam or the weir (E) in terms

of total load rather than suspended sediment load is calculated (Brune,




1953 or Fair and Geyer, 1954), or if the total suspended sediment

discharge out of the reservoir is known (GSZ)’ then the bedload discharge

throughout that same period of time (Gb) into the reservoir would be:

G
r
or Gb = Gr‘— Gsl + 682 (2.1a)

respectively. It seems, however, that such and othe; similar calculations
(Nanson, 1972) may underestimate bedload discharges, because too often

no consideration is made to the effect of bedload deposition upstream of
the résarvoirl Another complexity is that proper care must be taken in-
using a Brune-type efficiency, whigh is usually considered only as a rough
approximation of an average value. Moreover, it is also important to
interpret correctly the deposits in the reservoir. Even if it is assumed
that part of the suspended sediment in the res®rvoir water is carried out
of it through an overfall or through a sluice gate with a wire fence in
front of it, it is obvious that the damming‘éauses most of the suspended
sediment to be settled. This is particularly so in regards to the coarser
fractions of the suspended matter (Kunkle and Comer, 1972). Consequently,
it may be deduced that although sedimentation procedures are helpful in
evaluating total long-term sediment yields, and even shorter-term ones
(Milhous and Klingeman, 1971, cited by Nanson, 1972), they have not yet

solved the basic problems of measuring bedload discharges and evaluating

bedload/suspended lqad‘¥htios in the channel proper. !

-
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2.2 Bedload Theories

Bedload formulae (i.e., equations for the prediction of
bedload disgharge) are usually based on the principle of excess shéar
stress, excess velocity or excess discharge (e.g., Du Boys, 1879,
Schoklitsch, 1934). These equations state that the capacity of a
stream to transport bedload at any given time varies directly with
the diffeEence between the critical values of shear stress, velocity
or dischargeé® and the value prevailing at that time. Accordingly, an
outline on theories of the initiation of motion of particles resting
on a stream bed, that is, the critical condition, will precede the
review of bedload formulae. k

The following section, as well as the rest of the thesis,
concerns only cohesionlegs particles lying on and in the stteamhbed.

A review of the literature on cohesive bed and bank materials and their
relationship to bedload transportation was presented by the A.S.C.E.
»

Task Committee (1966) and in discussions related to that particular

paper.

a) Initiation of Motion: Competence

An equation relating flow velocity to the initiation of motion
L ]
of particles on a stream bed was formulated by Brahms (cited by Leliavsky,

1966) as early as 1753. It states that

o = kO (2.2)

in which U er is the critical ‘'bottom velocity' of the water, k is a

coefficient and W' the submerged weight of the particle.

: ~
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The equation was derived theoretically by equating the force
of water acting on the particle (the product of the bottom velocity and
the mass of the water that pushes the particle in unit time) with the
force resisting movement (the product of the submerged weight of the
particle and y, the coefficlent of friction). The mass of water acting
on a particle per unit time equals the product of the bottom velocity
of the flow (ub), its mass density (pf) and 1its cross-sectional area;
Assuming a spherical particle, this cross-sectional area equals ﬂ(D/Z)Z,
where D is particle diameter. At threshold conditions (ub = ubcr) these

forces are equal and

2 3
Uor Ps m(D/2)" u = (4/3) =(d/2)" (o, - pgl8 u (2.3)
volume submerged friction
unit coeffi-
weight cient

in which P is the mass density of the particle and g is the acceleration

due to gravity. Reducing equation 2.3 leads to

D 3 pf g(ubcr)2
2 "4 o -o (2.32)
8 f

Because the weight of the particle (W) is proportional to the cube of its

radius, the general conclusion is that

2

/3
/2« W7 e () (2.4)
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6

or We (ubcr) (2.4a)

However, if it 1s assumed that u u, where u denotes the average velocity

in the cross-section, then

- b
Wa (ucr) (2.4b)

This latter equation, commonly known as the 'sixth power law', was arrived
at independently by Airy (1834, cited by Leliavsky, 1966) in a similar
manner. It constitutes the approach, to the problem of initiation of
motion based on the pushing effect of the impact of water on the particle.
Rubey (1937) and White (1940), who used the tractive force approach, pre-
sented a more sophisticated form of the equation, wherein the slope angle
up which the component force of the water tends to move the particle was
taken into consideration, while the céoss—sectional area of the particle
which the water hits was taken as Bw(D/Z)z, where B is a coefficient that
depends partly on the portion of the particle that is exposed to the
current and partly on the proportion of the total force of the impinging
water that is actually expended on the particle (see the discussion on
flow- resistance). ’

All these equations are hindered in that they incorporate the
simplifying assumption that a general initiation of motion of the bed-
material depends solely on average stream velocity (or on W, the bottom
velocity), averagé weight of a particle of average diameter D lying on the

stream bed, average bed slope and in some way on particle shape. A more




comprehensive approach is presented by Helley (1969), who also considers
particle shape and orientation.

A somevhat different approach to the problem incorporates the
concept of a critical unit tractive force (rc). This latter approach is
not completely different from the 'sixth power law' because there is an

-obvious interdependency between average flow velocity (u) and average
boundary shear stress (?c) in a cross section. As a matter of fact, it
can be shown that the 'sixth power law' can be deduced from T, D.

The total tractive force (FD) that acts along the bouﬂﬂaries

(bed and banks, or the wetted perimeter, Pw) of a stream over a;&ength L

is equal to

F,. = 1 Pw L ' (2.5)

~

which, for the simple case of a rectangular channel, becomes

)

FD = ro(2d +w) L (2.5a)

where ;o is the average boundary shear stress along the bed and the banks
and d and w are the depth and width of flow respectively. In the case of

steady, uniform flow, this force 15 equal to the downstream component of

thé welght of water whose volume is wdL. That is,

n

pg 8 d w L sint ;o (2d + w) L (2.6)

18
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.
- dw
or T Pe 8 Eaj::; sini = vRS (2.6a)

the 'Du Boys equation', where i denotes the angle of inclination of the
bed, Y is the unit weight of water, R(= dw/Pw) is the hydraulic radius

and S is the water surface slope. For small angles sini = tanl = S§ (in
radian measure).

It should be stressed that the 'Du Boys equation' considers
only an average value of the tractive force, a fact that has been ignored
by several enthusiasts of this approach (e.g., Schoklitsch, in Shulits,
1935). 1In natural streams, and particularly ;n coarse bedded channels
with wide ranges in calibre of bed-material and with relatively narrow
widths (high ratios of d/w) such as Seale's Brook, there is an enormous
variability of shear stresses along different parts of the boundary in
any cross-section. Moreover, the velocitiegght the center of such channels
during high flows, and in the thalweg during low flows, are much greater
than in the vicinity of the banks (Nanson, 1972, see also Chapter I1II).
It is thus obvious that, at least in such channels, ;o is meaningless in
respect to incipient mog}on.

White (l949)’éh§wed that theoretical considerations lead to the
conclusion that at a critical value of the unit tractive force (equal to
but opposite in direction to the boundary shear stress) particles of a
specific size would be at a condition of instability, i.e., at incipient

motion. He considered a flat horizontal bed (a sloping bed was considered

separately) covered with N particles of diameter D, per unit area. The
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total tractive force on each such ideal particle is thus Fd = ro/N.
Introducing n = NDZ, a dimensionless measure of the packing of the

particles on the bed, the tractiye force may be rewritten as Fd = %3. /
Assuming that frough boundary conditions prevail, the tractive force on

each particle passes through its centre of gravity. Assuming that all

the drag on the bed is offered solely by the individual particles, he

then considered the moments acting on any particle about its downstream

contact point (Figure 2.1). At threshold conditions T, = T, and

3
% - (g) p' g = sing = < = cos¢ 2.7

where p' = (pS - pf) is the submerged mass density of the particle. Reducing

equation 2.7 and transposing T, yields

p' g D tan¢ (2.7a)

-~y

]

=
o=

White took into consideration that flow in natural channels is
almost invariably turbulent with consequent shear fluctuations. From his
experiments he concluded that T, was, in fact, about half the value pre-
dicted from equation 2.7a. This is a confirmation that in turbulent flow,
the ratio of the maximum to average velocities or shear stresses is 2.
White also incorporated the effect of viscous flow (when most of the drag

on the particles is skin friction drag, rather than form drag) by adding

‘" a dimensionless coefficient, the aforementioned 8. However, a serious

disadvantage of this kind of approach is that it contains the generalizations

we
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Figure 2.2a Shield's diagram relating the entrainment function
to bed roughness under conditions of a plane bed

surface, (from Carson, 1971),
¢
' B ~
11
L1 Suspens:on —L
IS I Y S— ~7fJ Sol‘ohon ___7; |
o 2 Bed undulofions shorien
= 1 d
s/ » B Kahinske | fndLeepen |
|
S o1 LA Lo f L shotiow ——+-A L doun
ol ~ -1 £ undulotions VAR
i 1S 1 /11 Longbors !
~ — : - 11 —=A— 0 056
M Short bors L
“ —_— =t}
- Lommar flow | ] ~— Turbulent fiow
+af bed ot bed
T;e th;es;old(; 1
movement
o0l J 1 -
I 10 100 1000
Re: *——

Figure 2.2b: Shield's diagram relating the entrainment function
to the Reynold's number under conditions of a

plane bed surface, (from Henderson;-

1966).



22

[N

»

andﬂsimplifications of the former one - the 'sixth power law'. For
example, the angle ¢ (Figure 2.1) may vary from particle to particle
to a great extent, expecially in bed-materials with a wide range in
calibre (see Figure 3.11); moreover, AB (Figure 2.1) will not be
parallel to the drag force vector for e§é¥§ particle. Another meaningless
simplification is the concept of n in any but uniform, usually sandy,
'stream beds. A similar remark is also valid in relation to the existence
of a downstream contact point, which in actual fact is usually replaced
by a number of points or by a whole.contact surface. This point is
discussed more fully, in the context of the Seale's Brook study,
in Chapter III.

.Shields (1936, cited by Leliavsky, 1966) is probabiy the first
to have approached the bedload topic from what is presently known as
the principle of dimensionless hydraulic parameters. Based on flume
experiments with sands, he presented a diagram (Figure 2.2a) of the well
known Shields entrainment function plotte& against the ratio D/Go, where
60 is the depth of the laminar sublayer. It can be seen that for plane
bed conditions the function approaches a constant value of 0.056 as D/G0
increases above unity, or as the Reynolds number (Re in Figure 2.2b)
increases above the range of values corresponding to transitional flow
conditions (i.e., between fully developed laminar flow and fully developed
turbulence), which also corresponds to the transition between hydraulically
smooth and rough conditions. The decrease in the entrainment function
with increase of D/6o {for D/Go < 1) was explained by White as the result
of higher drag forces in viscous flow acting on a higher point in the

particle than its centre of gravity. The important aspect of Figures
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2.2a-2.2b is that, for plane bed conditions, T, = p' g D 0.056, and
that for every size of bedload matérial; the é;itical tractive stress
can be evaluated. However, the entrainment function is not a constant
for varying bed conditions and for rippled or other rougher surfaces it

increases and becomes an unknown variable.

The tractive force approach, in its various forms, is parti-
cularly def;cient in its neglectof the 1lift férces acting upon particles
on a stream bed; On the other hand, it can be shown that both the drag
and the lift forces increase with the second power of the bottom velocity,
8o that in actual fact, an equation predicting incipient movement and based
on the\existence of drag forces is still valid when 1ift forces are not
considered; although its coefficient, and thus its numerical value, will
bg changed. JQ;}

The significance of the 1lift force was pointed out by Jeffreys
(1929, cited by Leliavsky, 1966), who deduced his theory from the Bernoulli
equation. From this equation it i; apparent that as velocity decreases
with nearness to the .stream bed, the pressure inc£eases. The immediate
corollary is that any particle lying on a stream bed, whether or not
protruding from the laminar sugiayer, experiences an upward force in
excess of the buoyant force in static water. It is customary to congider
the velocity at the 'surface' of the bed as zero. With increase of dis-
charge of w;ter there is a concurrent increase in water velocity at every
point in a vertical (except at the bed surface) and a consequent increase

of the buoyant (or 1ift) forces. Eventually, when these latter forces

are large enough, they will 1ift the particles, which will be rolled,
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slid or they may skip (saltate) downstream.

o Although 1ift -forces do occur, this apbroach is again very
simplified. Incipient motion in natural channels is not a sharply
defined process. At the bed of the channel, where particles are charac-
terized by different sizes, shapes and stabilities, and where velocity
fluctuatiogs are high due to turbulence, it is more conceivable that the
development of a strong enough buoyant force, acting on an unstable and
small enough particle (or, rather, particle structure), will cause local
incipient motion. It 1s quite well known in soil mechanics that the
gre#ter the variability in particle calibre, the greater the interlocking,
and the Qore stable will the bed structures be (see also Chapter III);
v
stability of the bed material will also increase as particles on the bed
are less equant-shaped and, obviously, as particle sizes increase. The
1ift force approach does not consider the relative importance of 1lift
forces in relation to drag forces. For instance, it is common knowledge
(Lane and Carlson, 1954 and Helley, 1969) that particles.on gravelly
stream beds usually dip upstream. The pressure of water impinging on
such particles presses them against underlying particles, thus causing
resistance to 1ift forces in addition to the res;stance offered by the
weight of the particle, by the weight of parts of-overlying particles,
and by the resultant friction thween the particle and neighbouring ones.
The approach of Helley (1969) to incipient ‘motion is more complete
than others, and‘it is therefore very likely that }t is more applicable to
threshold coqditiﬁns in natural streams. Unlike the rest of the literature
- - .

on this toplc, Helley's report contains actual field measurements. Critical

conditions for motion of bedload particles can be analyzed in terms of forces

?
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or in terms of moments. Unlike White (1940), the approach adopted by
Hélley (1969) visualizes incipient motion as an equality of the resultant
turning moments of drag and 1lift and the oppositely directed resistance
moment of the submerged particle weight. From this theory, which takes
into consideration a typical, though somewhat simplified, posture of
coarse particles in a natural stream bed, and whish incorporates several
concepts and coefficients derived from previous flume investigations, an
equation linking critical bed velocity and particle paraméters is developed.
The equation, which has the form of the 'sixth power law', includes the
following particle parameters: size, density, inclination and shape.
Helley assumes, however, that bed slope and 1ts influence on incipient
motion are insignificant.

Helley's approach has merit in that it attempts to explain
and predict threshold conditions with the aid of field measurements and
field observations, the latter being as important, ifcnot more so, than
the former. As previously mentioned, the theory does incorporate what
seem to be invalid generalizations. For instance, the coarse material
placed on the bed and whose incipient motion was observed is not typical
of the bed-material characterizing the measured reach (Helley, 1969).

In fact, the large bed particles were brought from another reach oflthe
same channel. Although the large particles were placed on the bed with
inclinations like those characterizing the rest of the material, they were
placed on the bed and not 4n it. Accordingly, it is maintained in the
theory that coarse particles lie on the bed. Althouéh this may be true
for a small number of individual particles, it does noé apply to most

coarse bed-materials in natural channels. Thus although sand-sized
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particles do lie on the bed, observations undertaken in Seale's Brook
(Chapter II1) ghow that most of-the surface material of gravelly and of
coarser-grained beds is positioned between and partly under neighbouring
particles. This is also true for coarse particles in sand bed channels
(Fahnestock and Hau;hild, 1962). It follows that all the foregoing
theories on incipient motion do not sufficiently take into account the
influence of the mixed composition of bed-materials. Although some
workers (Rubey, 1937, White, 1940, and Helley, 1969) have pointed out
that nog all the particle area i1s being acted upon by the impinging
water, they have solved this question by using an unexplained or an
empirically-derived coefficient, instead of simply measuring the degree
of insertion of different particles in a naturél stream bed. Other-
complexities arising from the mixed composition of bed-materials (e.g.,
low pressures developed underneath coarse particles that are being lifted
from a finer matrix (Reynolds, cited by Lane and Carlson, 1954), friction
between every particle and its 'neighbours‘, expecially when there is a
very close-fitting structure of the bed-material (Chapter III), or the
adverse effect on incipient motion of particles almost invariably being
partly overlain by other particles) seem to have escaped the attention

of workers studying incipient motion.

b) Bedload Formulae: Capacity -

The literature on bedload formulae is so vast, it is scattered
in so many publications .and, as Bagnold (1966) wrote " ... has been discussed
from so many viewpoints that it is doubtful whether any one person has read

it all, let alone digestedmit sufficiently to appreciate all the implications



27

of each [approach]." Accordingly, only the better known formulae will
be discussed, and that mainly in order to be analyzed from a standpoint

of their applicability to natural channels.
\
The principle of excess tractive force is the basic idea which

.underlies many bedload equations. Whether be it excess shear stress
(Du Boys), excess discharge (Schoklitch) or excess velocity (Bagfiold, 1954a,
concerning the aeolian transportation of sand), these forces depen@>»n a

critical value, that of incipient motion.

-

Du Boys (1879, cited by Chien, 1956) presented the first formula
of this kind. He assumed that sliding layers of be&—matefial, each over-
riding the lower, are propelled by the tractive force of tﬁe moving water,
a force that was assumed to decrease with increase of depth in the bed.
0'Brien and Rindlaub (1934) maintained, however, that a decrease of shear
stress with depth in the stream bed would result in a continuous acceleration
~

of bedload discharge, because the béd is actually in dynamic equilibrium.

The classical Du Boys formula -
g, = Cp T (- rc) (2.8)

(where gb'is bedload discharge measured in weight per unit width and time,

and C. is a sediment parameter) was consequently replaced by their own

b

equation

(2.9)
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where K and c are sediment parameters. O'Brien and Rindlaub accepted e
the idea of overriding bed layers, but maintained that the velocity

(rather than the shear stress) of these layers decreases with increased
depth in the bed. Similar types of formulae have been presented by Shields
(1936, cited by Chien, 1956) and Schoklitsch (1926 and 1934, in Shulits,
"1935).

In order to evaluate any of these excess forces, a preliminary
knowledge of threshold éonditions is a prerequisite. It has already been
mentioned that there are no reliable equations or procedures by which
threshold conditions can be determined in the field (Chapters 2.1 and
2.2a) and that the efficiency of all but pit-type bedload samplers i;‘low ’
and variable enough td render the determination of incipient motion to a
considerable error (Samide, 1971). However, this is merely a technical
impediment which should eventually be overcome.

A more serious question at\issue concerns the assumed sole
dependency of average values of inciplent motion conditions and rates
of bedload discharge on average values of shear stress, water discharge
or velocity. This is not only a simplification, but also a misconcep;ion
of the various processes oper;ting in natural alluvial channels (Maddock,
1969). Every bedload formula is dependent on empirically determined
constants which are drawn from flume experiménts. These flume runs
are systems with constraints (uniform supply of water or of sediment,
uniform grain size, maximum allowable width, etc.) which rarely occur
in Nature, and, therefore, it is not surprising that rules governing

sediment transportation in flumes are different, and in extreme cases

completely unlike, those operating in Nature. The importance of inde-

-
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terminate hydraulics is also mentioned later in this chapter.
The general validity of every bedload“formula depends gn the &

>

various interrelationships between all the variables associated with

the dynamics of alluvial channels, but more specifically on theories

which claim to be capable of determining both the resistance to flow

and the rate of transportation of sediment (whether bedload and/or suspended
load). Most of the stream eﬁergy in any channel is dissipatéa in turbulent
friction and is not available for bedILad transportation (Rubey, 1933).

The energy which is dissipated in transporting bedload, in form of stress,

is herein denoted Tee Part of T, is the result of the dissipation of energy

due to the resistance to flow offered sensu stricto by tlec particles

(e.g., Einstein, 1950), but some of Te is the result of the dissi-
pation of energy offered by bank and bedforms protruding intd the flow.
Although T, may be a function of ?0, this relationship is certainly unknown,
it may very likely change with time due to changes in bedforms, suspended
sediment concentrations etc., and T, is difficult to determine (Colb?, 1964¢c).
This is precisely why Einstein (1942) and Meyer-Peter and Miuller (1948)
emphasize the lmportance of separating the hydraulic radius and the slope
of the energy gradient respectively into various components. By doing this
they could supposedly determine the actual resistance to flow and the pro-
blem simplifies to’ evaluating bedload discharge rates,

In 1942 Einstein presented a different bedload formula from those
previously mentioned, which referred solely to bed-material of uniform

calibre. The later (Einstein, 1950) extension to bed-material of mixed

calibre is reviewed and discussed in the following paragraphs.
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The approach is statistical in nature, and contains both
rational and empirical elemengs. First, Einstein considers the number
of particles of a specific diameter deposited on a bed area of unit
width and length equal to the average length of steps taken by these
particles. The probability (p)?that a particle will be lifted from such
"a unit béd area per unit time is then expressed as the probability that

d

the 1ift force (FL) acting on’the particle to its submerged weight (W') )
is greater than unity. At equilibrium conditions, the values attributed

to these two rates (deposition and erosion) are equal, and the final

bedload formula, for the specific particle diameter, is obtained

B* w* - 1/no
1 ) A, o1 /4 A, o,
p=1-73 € Ha = B> . (2.10)
L 1-4,09 iB/ib 1-4, 09,
&
_B* w* - llno
Pg = Pg D35 .
where v = 5 is a dimensionless parameter of
1
f RB Se~ flow intensity,
3 4
By P
$ = — —3 is a dimensionless parameter of
~ P8 | Pg ~ Pg gD sediment discharge,

Se is the slope of the energy gradient, Ré is the hydraulic radius o6f the

bed pertaining to individual particle roughness, Ny A, and B, are constants
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such that equation 2.10 may be described by a single curve of ¢, against
V., t 18 time, e 18 the base of natural logarithms and 1B and ib are the
respective fractions of the bedload and the bed-material in the specific
size range. Equation 2.10 is then recalculated for each size range
transported as bedload and, ultimately, the formula is extended to include
the suspended sediment fraction and thus becomes a bed-material formula.
Certain difficulties in applying the Einstein formula to field conditions
are discussed below. The discussion may also be applied to two other but
similar formulae (Kalinske, 1947, and Meyer Peter and Muller, 1948).
Einstein (1942) maintains that 1lift forces are alone responsible
for the entrainment of individual particles. He then argues that from
flume investigations (Efnstein and E1 Sagni, 1949), using plastic sphe~
rical balls of one calibre glued to the sides as roughness elements, one
may obtain an equation describing the average 1ift force acting on particles
at rest on the bed. Lift forces may be all important in sand-bed streats.’
In fact, numerous investféations have shown that when sand-sized particles
move by saltation, the initial portion of their paths is characterized
by vertical leaps. This also confirms Chepil's (1961) demonstration that
lift forces are as strong as drag forces very close to the bed. ' However,
most if not all the particles on a coarse, usually mixed-sized, natural river
bed are partly underlain by and partly overlie other neighbouring particles
(Chapter III, see also Einstein, 1942). Consequently, even if interparticle
friction is ignored, a 1ift force that actually 1lifts such particles is
greater than the submerged weight of each individual. Put in ;nother wvay,
a dislocation of one particle would, under mést circumstances,’necessitate

moving, if not completely dislodging, several other partiqlea; According
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to their §1i§ and shape, and the manner in which they are embedded in
e

~

their suyfbundings, a tractive force, rather than a lift force or, more
logically, a certain combination of the two, would dislodge and subse-
quently entrain the particles. Such particles are usually partly buried
in their surroundings (i.e., in the bed) and partly hide and/or are hidden
by other particles. Although the effectiveness of 1lift forces to entrain
the smaller pgtticles of sediment mixtures is taken into consideration _

by introducing an eméirical "hiding factor" (£), the latter is assumed

to depend only on D65 and on transitional conditions of flow. Neither

the complete size distributions of the bed material and the material lying/
on the bed surface, nor particle shape are‘taken into consideration. Thus,
Chien (1956) emphasizes that &, amogggz other factors, "should by no means
be considered as a final solution"._.Because 1ift forces are not totally
effective nor solely resp;nsible (Chepil, 1961 and Helley, 1969) for
initiation of motion, especially not in coarse beds of mixed calibre, it
1s erroneous to generalize that p may be expressed as the probability that
FL/w' > 1. ’

In another assumption concerned with the entrainment and subsequent
transportation -of particles, Einstein maintains that ib’ the fraction of
the bed-material of a specific size range, also represents the frﬁctiﬁn
of the bed area covered by these particles. If this were indeed so in
natu;él stream beds, it would mean that once general incipient motion has
started (i.e., most of the surface material has been entrained), then the

same forces would also be capable of entraining the lower layers of the

bed-material. It would also mean that the same forces are needed to entrain

either the surface layer or\deeper lying layers. However, a number of studies
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(Kellefhﬁgs, 1967, Leopold, Emmett and Myrick, 1966, Milhous, 1972
an&\izis study, Chapter III) have demonstrated that the size distribution
of sediment lying on the bed of an alluvial stream is different from that
of the underlying materials, with the surface material being appreciably
coarser. Therefore, ginstein's assumption may be somewhat restricted
when applied to natural streams with wide ranges in sediment size.
Einstein's theory largely depends on equilibrium conditions.
The concept of equilibrium (where amount of sediment deposited is equal
to amount eroded) in a given river reach should, however, be designated
to units of time in the order of monthsor years rather than minutes or
seconds, because it is a well established fact, that alluvial rivers tend
to scour and fill their beds locally during the passage of a flood wave
(Brooks, 1958, and Leopold amd Maddock, 1952, cited by Colby, 1964-b).
Lack of equilibrium in sediment transportation in local areas of river
beds over a period of time equivalent to the duration 6f a flood wave, |
and over any unit time thereof, is also exemplified by channel shifting
and floodplain construction or by_the process of braiding. Although itp
is not maintained here that bedload entrainment and deposition rates are
always different in magnitude, it is obvious that any portion of a stream
bed characterized by change in elevation with time is, in fact, in tempo- ~
rary disequilibrium. Thus, nonuniformity (change downstream) is not a
prerequisite to bedload transportation, but it is certainly exemplified
by several processes. Although this nonuniformity is not wiJely—accepted
(Colby, 1964-b), most researchers are aware that the process of bedload
transporlation is very unsteady, i.e., changes with time at-a-station.

The unsteadiness of bedload transportation is vividly depicted in the
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study by Samide (1971, Appendix B, Figure 5-3-B).

A final comment on Einstein's theory necessarily includes an
inspeciion of the determination of flow resistance. It is shown (Einstein,
1942) that the cross-section og)a river can be divided into various parts
by considering the intrinsic roughness (friction coefficient) of each.

This division can be undertaken if the resistance to flow offered by the
banks, channel patterns and bedforms, and by the individual particles can
be evaluated separately. However, according to Leopold, Wolman and Miller
(1964): 'the resistance caused by channel alignment and curvature usually
cannot be separated from the sum of all resistances computed from data on
natural rivers'. ’

The concept of dividing the hydraulic radius or the slope of the
energy gradient (Meyer-Peter and Miiller, 1948) is based on the assumption
that only the resistance to flow of the individual grains is responsible
for their movement. The resistance offered by bedforms or channel patterns
causes pressure wakes to develop, which are assumed not to contribute to the
entrainment, transportation or deposition of bedload particles. If, as
Einstein maintains (but Bagnold (1966) denies), no bedload movement can
take place in purely laminar flow, then turbulent pulsations originating
in or penetrating into the laminar sublayer are alone responsible for bed-
load movement. In hydraulically rough conditions, which are prevalent in
streams, particles protrude into the turbulent zone. Eddies and wakes are
generated in this latter zone by various bed and bank irregularities. Some
of the particles that rest on the bed or move over it come in contact with

these disturbances and are affected by them. In fact, almost any obstruction

to the flow causes either local increase or decrease of turbulence and a
4 .
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consequent increase in scour or fill respectively. This is the reason
why there is usually scour around bridge biers, and also the reason why
dunes do not grow indefinitely, or why the concave part of meanders is
sceured and the convex one becomes buried.

Bagnold's (1956 and 1966) bedload theory is unique in that it
relates stream power to bedload discharge. It is, moreover, the first
of its"kind to incorporate both the dynamic friction (T) and the disper-
sive stress (P) arising from the solid-to-solid contact of particles in
motion. An intereéting part of his theory is that, similar to O'Brien
and Rindlaub (1934), bedload movement is viewed as the motion of a cloud
or carpet of particles, retyer than as the motion of individual particles.

The first step i; developing the equation is to consider the
value of the mean available power of a stream per unit length and width
(w). Flowing water is then viewed as a machine, where the rate at which
lthe thachine does work equals the product of its available power and its

efficiency (e This rate of work is then shown to be equal to the product

b
of the rate of transport of the immersed weight of bedload (gg) and tana,
the dynamic solid-liquid equivalent of the coefficlent of friction of a
mass of solid particles, or the ratio of the tangential to the normal
components of grain momentum resulting from particle encounters. Thus

SQ tano = e (2.11)

bw

or gé = e w/tana (2.11a)
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The efficiency of the stream to do work (eb) depends on the
efficiency of the 'carpet' of material moving as bedload (ec) and on
the efficiency of the individual particles (eg) moving in the ‘carpet’.

That 1is,
e, = e e (2.12)

The carpet efficieﬁcy is shown to be 1/3 for turbulept flow, and the
grain efficiency is calgulated from a graph relating Re (Reynolds number)
to the drag coefficient. The rest of the available carpet power per unit
area, w ec(l - eg), is maintained to be dissipated due to transfer of
stress between particles and the local fluid surrounding them. In order
to evaluate tana, Bagnold refers to experimentgAﬁBagnold, 1954b) which
have yielded data for which tana equals T/P, where T is the frictional
resistance offered by the particles and P is tﬁe dispersive stress (a
stress normal to and upward from the bed, caused by the shearing of

solid particles in motion). T/P is plotted against the gecond power

of a particle-Reynolds number (G), which is given by

p8 T D2

¢ = — "(2.13)
Ay .

where A is the ratio of D, particle diameter, to the average free d%stance

between aﬂjacent particles, and u in the absolute (dynamic) viscosity.

In using the latter equation, Bagnold chose A = 14, the highest (fluid

limit) concentration of the dispersions.

e : .

36
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Bagnold's thcory is based on assumptions and experimentally-
derived coefficients, several “3f which seem to be inapplicable to
natural streams, especially to small, coarse-bedded ones. The concept
of a moving 'carpet' is applicable to high rates of bedload transport
in sand-bed streams. Mass saltation is obviously prevalent in sand
beds where the formation of ripples and dunes is a result of this
mechanism of t;;nsportation. For much finer grained bed-material
® < 0.2'— 0.062 mm, according to Sundborg, 1967) the only mode of
transportation is by suspension, and for much coarser bed-material,
mainly by rolling and sliding (Fahnest?ck’and Haushild, 1962). Thus,
Kalinske's (1942) view that saltation isﬁan ineffective transport
mechanism of particles in water due to the small difference in their ’
respective specific weights is applicable to coarse particles. Although
there may be some slight movement of the bed as a whole (Henderson, 1966),
especially of a group of particles during incipient motion when stable
structures of the bed are dismantled, most of the movement would still
be by sliding and rolling of individual particles.  Unless exceptional
high (and thus, rare) competent conditions prevail, no complete 'carpet'
can form on a coarse bed for which the theory is unsuitable.

The problem of ‘resistarice to flow arises also in this theory.
In an equation which leads to the determination of €. (carpet efficiency),
it is postulated that the shear stress due to particle-to particle colli-
sions (T) is equal to the mean boundary shear stress if flow depth is much
greater than the saltation height, i.e., the carpet thickness. However,

it has already been mentioned that the shear stress associated with the
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tranSportatiqn of bedload particles (wt) is always smaller than ;o’
the mean boundary shear stress. Another questionable part of the
theory is the method by which the numerical value of the effi;iency
of the stream to do work (eb) is obtained. This valhe solely depends
on eg (eC is constant at 1/3 for turbulent flow), which is evaluated
from a graph which Bagnold acknowledges may be in considerable error.
The problem is that an average shape factor is used, instead of eva- ]
luating in some way the influence of the shape distribution of particles
on drag. The greater the difference between the average shape of the

n
bed-material in consideration and the shape used in the graph (Heywood,
1938, cited by Bagnold, 1956), and the greater the standard deviation
in the shape coefficient (e.g., a Corey or Zingg coefficient) of the
" bed-material, the less representagive will the grgph be. Some insight
on the effect of particle sphericity, roundness and surface roughness

on both settling mode and time, and thus on drag, has been gained from

a recent study (Stringham, Simons and Guy, 1969).

o w

Sevéral other bedload formulae and approaches have been intro-
duced into ;he literature in the last seve£81 years. The notable amongst
themtére tgose of Laursen (1958), Yalin (1963), Garg, Agrawal and Singh
{(1971) and He;bertson (1969). Although there are numerous bedload for-
mulae it should be reglized that predictions of bedload discharge are
inaccurate, to say the least, unless most o; the flow and sediment
parameters are actually measured. The reason for this lies in the

indeterminate nature of hydraulics in general, and bedload transport-

‘ation in particular, in alluvial channels (Maddock, 1969 and 1970).



That is, the mode of behaviour of alluvial channéis is one of tendencies,
a&d it is impossible to predetérmine their exact responses to any change.
These responses depend on the particular constraints of the variability
of each of the variables associated with the system. Because both bed-
load discharge and resiséance to flow are partly interdependent and
partly dependent on each of the other variables associated with the
dygamics of alluvial channels, and becagse little 1is known about any of

- 14

these two variables, it seems logical to assume that the best method to

a

understand them as part of the alluvial system is to observe and measure

w?

them in the system, i.e., in the field.

¢) Regime Formulae

As far as sediment studies are concerned, there has been a

. continuous separation between two distinct schools of thought (the Anglo-
Indian empirical approach vs the Franco—German—Amerﬁfan one) during the
past century. Thig review includes only brief comments on tpe former
regime theory, and most of the space has been devoted to the latter
approach. Perhaps the best way to answer for this discrimination is to
quote from Leliavsky (1966, p. 193): " ... the Regime Theory is not a .
theory at all, for no one has yet succeeded in producing a specific,
strictly mathematical demonstration bridging between pure theoretical
mechanics and the 'wildernegs'\of Indian data on silt-stable canal flow."
Mo;;~regime canals in India and Pakistan have bed and bank materials
predominantly composed of silt and some clay. Thus, most of the sediment
1s transported in suspension, a process only indirectly relevant to this

Bz

stuhy.
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The true 'regime' concepts are’purely empirical. Regime
(i.e., silt-stable or equiiigrium) canals are defined as such if,
on the long run, values of width, depth and slope relations ensure
stabilization of their bed and banks. In other words, these relations
correspond to below or threshold conditions of particle motion. Each
of the equations is given in the form of a function (usually a power)
of discharge. However, the data used in the 'theories' are yearly
averages, and the periodic phenomena of scour and fill are ignored.

The regime theory remained in its original empirical phase
‘ through9ut Lacey's (in Leliavsky, 1966) publications, Only later did Lane
(1954, cited by Lcliavgky, 1966) and Blench (1955) attempt rational, mechanical
solutions to the problems of regime canals. The former presented nume-
rous regime diagrams of width/depth ratios and diagrams of LA plotted
against particle size. Presenting other regime formulas, Blench (1955)
states they are applicable only if bed-materials are non-cohesive, flow
conditions are in the dune phase, banks are smooth and bedload concen-
trations do not exceed about 100 p.p.m. Obviously many alluvial and
non-alluvial streams are thus excluded| from (his) regime analysis. A
good example of the present regime approach is illustrated by KellZ?\als
(1967) (see Figure 2.3), a.study on stable channels with gravel-paved
beds.
d A recent analysis of regime canals, viewed as alluvial systems
with specific constraints on the variability of severél important varidbles,

has been introduced by Maddock (1969 and 1970). The typical constraints

of regime canals are that these systems flow over vast and relatively
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flat valleys (which imposes a constraint on the variability of the

bed slope), they are usually very straight with smooth banks (which
imposes a constraint on the variability of bedform changes) and they
usually flow ovér and transport in their waters sediment of a smaller
range of sizes tha; the range associated with natural alluvial systems.
All these constraints make the system much simpler to understand, because
the tendencies are much stronger than usual. In fact, some of the ﬁetter
known regime equations are shown to follow the same equationé for natural
alluvial channels wherein the above-mentioned constraints are imposed.

This same approach is also maintained to explain the transportation of

sediment in flymes, discussed below.

2.3 Flume Investigations

Of all the bedload studies mentioned previously, none refrain
from comparison with results obtained in flume experiments. Countless
such experiments have been undertaken during the last century. Their
main purpose is to determine either conditions of incipient motion, or
sediment and flow characteristics that correlate well with bedload
discharge.

Encouraging as the situation may seem to be, only few of the
variety of the conclusions support each other; in addition, few corre-
late with field data consistently. There are several reasons for this.
Some of the discrepancies are due to inaccuracy (e.g., the exact definition
of incipient motion). -Others are a result of lack of certain data. Bagnold

(1966) stated that " ... no agreement has yet been reached upon the flow

quantity - discharge, mean velocity, tractive force, or rate of energy
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dissipation to which the sediment transport rate should be related."
Thus, because different transport rates or incipient motion criteria

are in use, it is customary to ‘transform' data from one study to the
criterion used in another, a process by which the accuracy of the data

is lowered. bfor instance, Neil (1967) transforms Sundborg's (1956)

mean competent point velocities, and Mavis and Laushey's (1949) competent
bottom velocities to mean competent velocities. .

Th; third, and possibly the most critical reason for the dis-
crepancies is the fact that a flume is nothing but a model. If, and
only if, there is both a dynamic (geometric) and a kinematic (force ratio
or flow pattern) similglity between model and model or between model and
stream, can gedload data be compared. This similarity does not have to
be completely restrictive (e.g., w/d ratios do not necessarily have to
be identical but rather similar in magnitude), but it does impose demands
vhich invalidate gomparison between most flume and field data. Supple-
mented to this demand, and partly dependent on it, is the alluvial cons-
traint character of flume channels. The constraints imposed upon these
channels differ'from one flume investigation to the other according to
the methods by which they are investigated (e.g., constant depth and
discharge or constant slope and discharge). Probably the most important
dissimilarity between flume and field channels is that the former almost
invariably deal with uniform calibre of bed-material. Examples of invest~-
igations using natural b%d—material with wide ranges in particle size are
those by Gilbert (1914), Meyer-Peter and Miiller (1948),: Fahnestock and
Haushild (1962) and Meland and Norrman (1969). The various differences

-

between flume and field channels, especially regarding their model-
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digsimilarity, have been discussed by Colby (1964a). In his words:
"Flume investigations can provide much helpful information on sediment
transportation, but, until scale effects are understood more completely,
flume investigations of the discharge of sands are not ;Ldel studies of
the discharge of sands in field streams." Some of the problems encountered
in flume investigations, such as appropriate w/d ratios and high wall
drags, are treated by Einstein and Chien (1956), Bagnold (1966) and
Henderson (1966).

An additional reason for the different conclusions is due to
the need that arose fo&gimmediate, rather than general, applicability.
éach flume study merely shows a good correlation .between a certain
parameter and bedload discharge ﬁgb) for Specific conditions. Obviously,
Gb increases with increase in mean velocity, shear stress and power. .
The question arises: How applicable is each predicting variable for
all possible combinations of flow and sediment characteristics?

Amongst the earliest experiments‘concerned with incipient
motion are the much quoted results of Shields (1936, cited by Henderson,
1966, and White, 1940), both mepntioned previously. Ippen and Verma (1953)
investigated flume conditions of 1ni;iation of motion of particles of
sizes different than those comprising the bed. Figure 2.4 demonstrates
their results, showing that Shield's relationship doeg not hold in such
conditions. Their experiments were undertakgn in clear water with steady
uniform flow. Plastic and glass spheres were transported over planez
slopiné;beds of two roughnesses (two kinds of sand coatings).

The 'sixth power law' approach is inferred from flume studies

by investigators using different types of critical velocities. Mavis and

©
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. Laushey (1949) gathered flume data plotted in Figure 2.5. The competent
(or critical) mean velocity is shown to correlate well with particle
diameter. These experiments were also characterized by plane, level .
beds in channels of rectangular cross-sectional shape. Cohesionless,
uniform material was transported by clear, steady and uniform flows.
Similar results were obtained by Neil (1967) for coarse uniform bed-
material and b} Bagnold (1954a) for wind-blown sand. Using Gilbert's
(1914) data, Rugey (1937) demonstrated (Figure 2.6) the importance of
both shear and velocity (i.e., power) for critical conditions. In fact,
Willis' (1967) data support Rubey by showing that available stream power,
as compared to velocity or shear, is a bettéryindicator of incipient motion.
Howeve1, several well—dé;igned experiments (Williams, 1967) with coarse
sands indicate (Figure 2.7) that po&er, shear (YDS) and mean velocity are
all bad indicators of incipient motion and of bedload transport rates
(Figures 2.7a, 2.7b and 2.7c respectively). Williams shows that each

-~ of these is strongly dependent on depth of flow; only shear (YRS, and

not YDS nor yRﬁS) is shown to be a good predicting variable (Figure 2.7d).
These observations are in direct conflict with Colby (1964c), who deduced
from laboratory and field investigations that total shear (YRS) "is not
considered to be a generally satisfactory or acceptable measure of bed-
ﬁaterial discharge." Colby concluded that 'for practical purposes' power,
mean velocity, YRQS and Y(RS)m, where the latter is deduced from velocity
distributions, can all be Qsed for certain flow conditions to predict bed-
material discharge. Moreover, the effect of depth of flow\on bedload ‘

discharge (Figure 2.8) as determined by Colby (1961) is different from

. the one shown in Figures 2.7a-d. ‘
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47

2.7a

2.7

2.7¢c

2.74

to

shear (yRs) for varying depths of flow,

after Williams, 1967.
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The amount of flume data on bedload discharge i1s so vast that
the subject is only treated in general terms. Gilbert's (1914) experiments
are a milestone in bedload research. The data are well represented in
tables and the experimental conditions are explained in great detail.

They have been in continuous use as a basis for various comparisons and
"even as proof of applicabllity. For instance, Schoklitsch, Einstein,
Meyer-Peter and Miller and Bagnold deduced from their own comparisons

that Gilbert's bedload transport rates correlate ;bout equally well with
either excess discharge, I/W* or availab}e stream power respectively.

What this means is that under restricted experimental and field condi-
tions, the proposed formulae give similar discharge rates. However, it
has been shown (see Section 2.4) that river data do not tend to conform

to any of these formulae consistently. This incompatibility suggests

that some of the important determining factors affecting bedload discharge
are not well represented in flume investigations. It should be remembered
that most flume runs are invariably characterized by uniform, steady, flow
conditions usi;g uniform bed-materials. None of the proposed bedload
formulae and very few experimental studies deal with the complexities
arising from particle size distributions, areal and depth size distribu-
lions of bed-materials, or the structure and morphology of river bed and
banks (the latter aspect is mentioned in a general manner in studies of
resistance to flow). I;pen and Verma (1953) also suggest to study the
effects of particle shape, mutualﬁinterference, local boundary changes

and secondary currents. Some of these problems hav; been inspected in

the investigations at the Geomorphology Laboratory, Department of Geography,

Uppsala, and they ﬁavq definitely contributed to our knowledge in this

2 :
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Figure 2.8: Effect of depth of flow on the relationship
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diameter) at 60° F, after Colby, 1961.




complicated field. Results from these and other investigations are

mentioned in the next chapter.

2.4 Field Studies

As opposed to the literature dedicated to numerou “ume
investigations, there are only a handful of such field stud This
condition is partly a result of the approach of many engineers, who
claim that flumes are a critical means to solve the bedload problem
and partly a reflection of the practical difficulties involved in bed-
load studies in the field.

Fahnestock's (1961 and 1963) excellent study of the morphology
and hydrology of the White River, Washington, should serve as an example
- of a general study that incorporates measurements of many processes -
amongst them bedload transportation. The study stresses that large
\am;unts of sediment are transported by the river and brings evidence to
this effect by describing changes due to erosion and deposition on the
valley train, as well as by giving an indication of the large calibre.
of maféri§l transported as bedload.

An‘interesting graph (Figure 2.9) which is supplied by the
study Indicateg the kind of scatter that can be expected from field data
on incipient motion. The figure indicates that the 'critical traction
velocity' (the velocity measured near the bed) is a closer approximation
to the effective velocity than Rubey's (1937) bed velocity (defified as
the velocity at the transitional zone. between the laminar sublayer and
the turbulent zone). However, Fahnestock states that his data are for
general motion and not for threshold conditions. He indicates that the

White River data plot on a line of slope 2.6 (like Nevin's) rather than

7
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on one with a slope of 2 (the 'sixth power law'),  His conclusion is
that for materials of D >.30 mm , streams may.have greater competence
than predicted from the 'sixth power law'.

Two additiorial studies (Keller, 1970 and Leopold, Emmett and

"

. Myrick, 1966) include data on distance of movement of individual particles,

(]

"as well as on the influence of particle concentrations, particle character-
~

:!tics and ‘botom velocity on their movement. The results of these studies

-

are dealt with in Chapter 1V. .
Hollingshead (}971) measured bedload disgharges w%th basket and VUV
, » K
samp?ers'in the Elbow River, Alberta. Another method of calculating rates
of bedload traﬁsportation was uged, wher%in the rate of filling of a pit

dug in th& bed was observed. The results of his evaluations (Figure 2.10)

-

_clearly demonstrate that the Meyer-Peter and Miuller equation underestimates

~ &

bedload dischargeé and that Einstein's equation overestimates it. The
results of calculatibns with the modified Einstein procedure (Colby and
Hembree, 1955, and Célby and Hubbell,,l96lf correlate better with Hollingshead's

data. The mozzfied Einstein procedure, which incorporated several field

i

observations, has been successful in some cases iHubbell and Matejka, 1959)

but not'in others (Figures 2.11 and 2.}2, respectively, taken from Jordan,

L

1965, and Vanoni et al, 1961, citéd by Henderson, 1966). Recent field
measurements of bedload discharges with the aid of a basket sampler and
a sedimentation method (Nanson, 1972) also show that the equations proposed

by Blench, Schoklitsch and Meyer-Peter and Miller and the results obtained
from the modified Einstein procedure do not yield reasonable predicti%ns.

The studies of Jordan and Vanoni et al were condivted in sand bed rivers

while Nanson's study was undertaken in small, coarse-bedded mountain streams
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