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ABSTRACT 

The bedload literature 18 examlned and found to rely too often on 

assumptlons unsupported by field evidence. Certain hypotheses are a1so shawn 

to be inva1id for most natural channela and specifically for coarse-bedded 

ones. 

Channel con~iguration, cross-sectional shape and longitudinal bed 

gradient change continuously and abrupt1y in a 600 m long reach of Seale's 

Brook, a part of a coarse-bedded channel studied during two years. The sur-

fielal bed-materlal, whlch has been found to be altogethe~ coarser than, and 

depleted in fines, relative to the underlying material, shows a definite trend 

for parti cIe calibre to decrease downstream and towaras the channel flanks. 
~ 

The surface material is, moreover, characterized by definite, systematic bed 

relief, texturaI associations and structural arrangements, aIl of which are 

interdependent. These characteristics are also shawn to result from the non-

uniform composition of the bed and from several bed-material transport 
1 

mechanisms. 
, 

The distance of transport of coarse 1abel1ed bed-material i8 found 

to depend only partIy on particle and flow parameters. In light of thia and 

other results, it is concluded that the transport of coarse particles la a 

function of hydr4Plics but also, and possibly to the same extent, of bed sta-

bllity • 
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PREFACE 
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by graduate students in the Department of Geography at McGil1 
III 

University, under the supervision of Professor M.A. Carson. The 
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basin in southeastern Quebec to different hydrologie events during 

the year; it includes studies of the disso1ved and the suspended load 

as weIl as the movement of bed-material. 
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re~pective families for the help and hospita1ity offered to me during 

my stay at Randboro. 
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co11eagues who he1ped wi-th field work: M. Carson, P. Clément, 
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would also like to extend my thanks to my wife, N. Laronne, who 

consistently helped with mbsf of the field work. 
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The pleasant discussions and the sincere advice from the 

fo11owing friends and eo11eagues i9 much appreeiated: M. Carson, 

P. Clément, J. Chyurlia, T. Dunne, B. Grey, A. Sen and C. Taylor. 
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CHAPTER 1 

INTRODUCTION 

, 
This study deals with the transportation of bed10ad in alluvial 

channe1s, a topic long-recognized to be of prime importance to fluvial 

geomorpho10gy (Gilbert, 1914), but one in which most of the research has 

been undertaken by ~ivi1 engineers, rather than by geographers or 

geo10gists. Therefore, a considerable portion of the thesis (Chapter II) 

is devoted to a review .of this 1iterature. Particu1ar attention is drawn 

to the often prob1ematic application of hydrau1ic formu1ae, derived from 
. 

contro11ed flume experiments, to bed10ad transportation in Nature, where 

rather different conditions prevail, and to the prob1ems and the possible 

inva1idity of app1ying many simp1ifying assumptions made in theoretica1 

hydrau1ic approaches. Fie1dwork vas undertaken in the spring and summe~ 

of 1972 and in the spring of 1973 on a reach of a sma11 tributary of the 

North (Eaton) River, in the Quebec Appa1achians, in an attempt to investi-

gate severa1 of these problems. The data from the work are examined in 

Chapter III and IV and, in 1ight of these obser~ations, the prob1ems of 

deve10ping workab1e, ~uf theoretica11y sound mode1s for the movement of 

• coarse bed material are summarized in the final chapter. 

Bed10ad projects are re1ated to geomorpho10gy from several 

aspects. Comparable to other landscape features, the channel bed is 

~11 in area, but it p1ays a major role in the evo1ution of 1andforms. 

The theory of the cycle of erosion strong1y 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 turn,·is partly dependent on 

the capacity and competence of the 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 ~volution as weIl as on the morphology of the valley 
'* 

bottom and the stream channel itself. 

The importance of coarse material movement caft 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 necessarily occur, with a concur-

rent change in slope. 

Coarse material transportation is so important a process in the 

development of most lands capes 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 the dynam1cs 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 olf 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 

2 

l' 
1 
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Figure 1.1: Location of the Eatdn River basin, the North River and 
Sea1e's Brook. (Source: Ministère des Richesses 
Naturelles du Québec, 1967). 
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process and fora. Thus, descriptive bedload studies are in Rreat need. 

In addition to its relevance to geomorphology, bedload research 

4 

is useful 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 irrigation and diversion canals, aggradation above and degradation , 
below man-made dams and in highly urbanized areas, aIl with specifie 

ecological systems of modified habitats, which invariably cause certain 

drastic effects on aquatic life. 

Bedload movement vas 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~~ 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 

patticular Seale's Brook tributary was chosen because it Is small eaough 

to allow detailed observation of the movement of individual bed fragments, 

but large enough to have boulder sized particles in its bed, and also be-

cause of its relative isolation from human Interference. It vas also hoped 

" that bedload could be examined through the use of a removable trap, but 

this has not yet been proven successful. A detailed description 9f the 

Seale's Brook channel is provided in Chapter JII. At a more general 8cale, 

the physical geography of this part of the Eastern Townships of Quebec has 

been described by Cann and Lajoie (1942) (vith spec~eference to the 

8011s), by Cooke (1950) (the geology of the area), ~McDonald (Pleistocene 

• , 
1 
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deposits) (1969), by Bird (1970) (major land-forming units) and the 

climate by Gagnon ~ al (1970). 

Before this fieldwork is described, a lengthy review of the 

previous 1iterature ls provided in order to emphasize the difficulties 

and d~ngers involved in attempting to apply established hydraulics 

formu1ae to the movement of coarse bed-material in natural channels. 

1 

/ 

• 



CHAPTER II 

BEDLOAD PROBLEMS - MEASUREMENT, THEORY AND FACT 

Engineers and geologists have devised different types of bed­

load measuring equipment, but they aIl suffer from low, variable and 

unreliable sampler efficiencies~ The calculation of bedload dlscharge 

via sedimentation processes ls more reliable, but this method, with the 

present accuracy of river bed sounding at high stages, ls 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, 

6 

many roll, the multitude make short skips and leaps, the process being 

called saltation." This definition of bedload movement agrees weIl with 

most of the literature. In a different approach to bedload, Bagnold's 

(1966) physica1 reasoning guided him to define it as "that part of the 

[sediment) load, which is supported wholly by a sol id transmitted stress." 

Although true, this latter definition 18 abstracb and 8tatistical in nature, 
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and it can only be of use in theoretical studies. 

An important characteristic of bedload movement is that it may 

take many forms, depending on part~cle 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 intermed~te flows particles in the sand and pebble size 

ranges may very likely mOYé as bedload, at sufficiently high stages they 
~ :\' 

can move as suspended load. Mbreover, disk-shaped particles will tend 

to sI ide 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. Consequently, bedload theories which rely 

only on saltation as a mode of transportation of coarse particles (e.g., 

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

very coarse materia1s (> 2 mm), with which this study is concerned. 

2.1 Instrumebts and Procedures for Measuring Bed10ad 

Most of the information contained in this section is derived 

from Hubbe1l (1964). Samp1ers used before 1940 were chiefly direct 

measuring ones, and they are described in detail in Report 2 of the 

Federal Inter-Ag~ncy River Basin Committee (1940). 

Every direct measuring bedload sampler has an intrinsic effi-

ciency, 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 width Qf channel occupied 

by the sample~, during the s~e time, if the samp1er had not been there • 

Sampler efficiencies vary considerab1y with sampling time, with water 
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depth and velocity, 8S weIl as with bedload size distribution, bedload 

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

-- ----<'~nd with bed COnfigUr:t~o'!l>. : Obviously, the efficiency also varies with 
i":j r fI'''':''. 

every basic type of sampler. 

Because direct measuring bedload samp1ers, exc1uding the pit-

type, have efficiencies which do not approximate 100 percent, and because 

bed10ad discharge and consequently, measured bedload discharge, vary 

tremendous1y with time (SAmide, 1971), determination; of sampler effi-
~ , . ' 

ciency are mere1y a very rough approximation. titis b especially so 

because most samp1er efficiencies are determined in flumes, where 

conditions are much simplified. Even an efficiency determined in the 

field inv01ves approximations and inaccuracies (Hollingshead, 1968 and 

Charlton, 1972) which are\not on1y 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 samp1er due to screening of the flow or due to reduction in 

flow velocity. Basket samplers are open but screened on aIl sides ex~ept 

the front and sometimes the bot tom, whi1e box samplers are open on1y 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 representat!ve basin'of 
• 

the IHD in Eilath, Israel. Its efficiency is unknown, but it seems to be 

low mainly because of its small capacity and a1so due to the clogging of 

the wire mesh (Schick, pers. comm., 1971). 

Basket efficiencies vary considerab1y, but average about 45 

percent (Hubbe11, 1964). Fie1d-tested 1" and 1" (screen opening) basket 

8 

) , 
\'. 

1 



• 

<, 

'. 

9 
/ 

. 
effici~ncies have been reported to increase with competent discharges 

from zero to~45 and to 60 percent respectively (Samide, 1971). In this 

instance, incipient motion of bedload began at about 23 .m~/sèc (800 ft 3/sec), 

but the basket efficiency remained unchanged at zero un~il water discharge 

3 3 increased to 37 m !sec (1300 ft !sec). The inoperability of these and 

other kinds of direct-measuring bedload samplers at low but competent 

conditions is a big disadvantage to ge~rpholQgists, particularly due 

to the often dominating effects of events of moderate magnitude and 

frequency (Wolman and Millet, 1960). Because basket samplers usually 
,-

have a large capacity (i.e., volume), they are adopted for measuring 

transport rates of coarse and .eve? cobble-sized materiàl~~ ~~ t~e mesh 

Bize is decreased, sc) is the sampler sui t,able to trap small~r and even 

suspended particles, although this necessa.tly diminishes the efficiency 

by causing a greater obstruction to the flow ~th a consequent decrease 

<in-velocity, shear stress and available strea~ power i~di~~el~ upstre~ 

of the sampler opening. 

Pan or tray sample,rs operate by mainJ:aining the sediment that 

drops into a slot or slots after it has moved over an entrance ramp or 

Btraight into an entrance. Their average efficiency is about 45 percent, 

but the range i5 large and the efficie'ncy decreases rapidly in streams 

having hig~ 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 cases, due to the upstream 

. 
dip of the entrance ramp, these samplèrs are best suited for sand-béd 

streams. 

" 
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Pressure-difference samplers, especia1ly improved models of 

the early types, have re1atively high efficiencies averaging 65 percent 

and varying from 45 to 80 percent. Actually, their efficiency at low 

rates of bed10ad dis charge is zero. These samplers are designed so that 

stream and entrance velocity tend to be the same by creating a pressure 

drop at the samp1er exit. This is accomplished by constructing the samp1er 

walls so that the1 dlVerge~~the rear. The VUV (Novak, 1957) 1. a 

widely-accepted pressure-difference samp1er which, excluding the basket 

type, is at pregent mast common1y used. Its great advantage is that it 

has a hydraulic efficiency of 101 percent (where hydrau1ic efficiency is 

comparable to samp1er efficiency but concerns water instead of sediment). 

The VUV, which is an improvement of the Karo1yi samp1er, is designed tor 

uoe with particle sizes up t~ 100 mm. Novak determ1ned 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 samp1ers and found that there is practica11y no differepçe in the 
;-

~ 

particie size distributions of bedload samples taken w±th' these samplers. 
, 

It is, however, apparent that the VUV is more complex to hand1e and the 

time between two consecutive sampling periods is twice longer than the 

one associated with basket samp1ing. 

Slot pr pit samplers are placed in the stream bed and catch 

bedload partic1es as they move over the bed. Their efficiency is very 

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 they must 

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

thus suitable to trap aIl the mate rial transported as bedload. One exception 
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is a fraction of the saltating particles whose leap length is greater 

than the dimension of the pit in the flow direction. 

Despite their high efficiency, especially as regards the coarser 

fractions of the bedload, two recently-developed pit samplers seem to be 

inoperable. Leopol,d installed equipment in a small channel in Wyoming; 

it comprises a hauling system which moves several top-o~en boxes in a 
V"' 

pit dug in the stream bed. When pulled out of the water, each box drains 

the bedload which had accumulated in it while passing in the pit and then 

continues moving in a chain 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 fu1fi1ls similar functioQ5. : In 

its present condition, the Wyoming installation had been repeatedly blocked 

by sand, but recent changes may prove to be effective in solving this pro-

blem. Moreover, the modified installation includes photographie equipment 

designed to dea1 with'the problem of long saltation leaps. A different 

type of pit sampler has been developed at the hydraulic laboratory of the 

Te chn ion , 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 prob1ematic emptying of 

the tray. 

" Bedload measuring samplers 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 pumping 

sa~ler and a magnetic sampler, both of the direct-measuring type, have 
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been suggested (but are not in use) by Hiranandi and by Kennedy respective1y 

(Hubbe11, 1964). Recent1y deve10ped indirect-measuring instruments are 

acoustic, u1trasonic, tiltmeter-type, photgraphic and pressure-transducer 

samplers. These devices ao not measure the actual bed10ad discharge, but 

on1y the relative bedload discharge. Acoustic instrumentation is used to 

record sound generated by interpartic1e and in some cases by particle-

instrument collisions. For examp1e, Ho11ingshead (1968 and 1971) used 

a direçtiona1 crystal transducer as a hydrophone in order to detect the 

active width of bedload movement in gravel streams. A device that records 

impacts of bed10ad partic1es on a receiving plate of an e1eetrically operated 

t 
pressure transducer, p1aced near tge stream bed faeing upstream, is deseribed 

by Solov'yev (1966). The validity of the unit in its present use is doubted 

because knowledge of particle veloeities is needed in order to compute bed-

10ad discharges. Solov'yev assumes that particle ve10city is equal to the 

flow ve10city near the bed, an assumption which is contrary to f1ume invest-

igations (Gilbert, 1914, Fahnestock and Raushi1d, 1962 and Me1and 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 re1a-

ting these two variables can be plotted and unknown bed10ad concentrations 

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

without knowledge of the size distribution of the load. U1trasonic sounding 

has a1so been used in tracking dune movement (Richardson, Simons anp Posakony, 

1961). In addition, the discharge of large (100 mm) partic1es might'be 
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detennined by a system of ultrasonic depth soundersj such an installation 

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 ta be very accurata. Photographie 

installations have also failed to be useful, the main reasons being the 

high costs of film and optica1 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 

8amp~rs: those by sedimentation processes and those by empirical and/or 

theoretical relations. 

As an example of the sedimentation method, ~Btrom (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 ia widely accepted (Kunk1e and Comer, 1972, Brown, Hansen 

and Champagne, 1970 and McPherson, 1971). Know1edge of the density and 

the porosity of the sediment enab1es calcuIation of its weight (G ). 
r 

If the total suspended sediment dis charge transported in ta the reservoir 

(Gal) is known, and if the efficiency of t4e dam or the wéir (E) in terms 

of total load rather than suspended sediment load ia calculated (Brune, 
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1953 or Fair and Geyer, 1954), or if the total suspended sediment 

discharge out of the reservoir i8 known (Gs2 ) , then the b~d1oad discharge 

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

or 

G 
r z:: -_ 

E 

=-

(2.1) 

(2.1a) 

.. 
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respective1y. It seems, however, that such and other simi1ar calculations 

(Nanson, 1972) may underestimate bedload di8charges, because too often 

no consideration is made to the effect of bedload depo8ition upstream of 

the reservoir~ Another comp1exity is that proper care must be taken irlv 

using a Brune-type efficiency, which is usua1ly considered only as a rough 

approximation of an average value. Moreover, it is a1so important to 

interpret correctly the deposits ~n the reservoir. Even if it i8 assumed 

that part of the suspended sediment in the res~rvoir water is carried out 

of it through an,overfal1 or through a sluiee gate with a wire fence in 

front of it, it ia obvious that the damming causes mast of the suspended 
l 

sediment to be aettled. This ls particularly sa in regards to the coarser 

fractions of the suspended matter (Kunk1e and Comer, 1972). Consequently, 

it may be deduced that although sedimentation procedures are helpful in 

evaluating total 10ng-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 dIs charges and eva1uating 

bedload/suspended l~ad'tatios in the chan~el proper. 



• 2.2 Bedload Theories 

Bed10ad formulae (i.e., equations for the prediction of 

bedload discharge) are usually based on the principle of excess shear 

stress, excess velocity or excess discharge (e.g., Du Boys, 1879, 

Schoklitsch, 1934). These equations state that the capacity of a 

stream ta transport bedload at any given time varies directly with 
. 

tpe difference between the critical values of shear stress, ve10city 

or discharg~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 bed10ad formulae. 

The following section, as weIl as the rest of the thesis, 

concerns only cohesionless particles lying on and in the stream bed. 

A review of the literature on cohesive bed and bank materials and cheir 

relationship to bedload transportation was presented by the A.S.C.E. 

" Task Committee (1966) and in discussions re1ated ta that particular 

paper. 

a) Initiation of Motion: COmpetence 

An equation relating f10w velocity to the initiation of motion 
.. 

of particles on a stream bed was formulated by Brahms (cited by Le1iavsky, 

1966) as ear1y as 1753. It states Chat 

= k(W1 )l/6 " 
~cr ' 

(2.2) 

in which ~cr i8 the critica1 ~bottom velocity' of the wacer, k is a 

coefficient and W' the submerged weight of the particle. 

15 



The equation was derived theoretica11y by equating the force 

of water acting on the partic1e (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 ~, the coefficient of friction). The ma88 of water acting 

on a particle per unit time equals the product of the bottom velocity 

of the flow (~), its mass density (Pf) and its cross-sectionsl area. 

2 Assuming a spherical particle, this cross-sectional area equals n(D/2) , 

where D i8 particle diarneter. At threshold conditions (~ = ~cr) these 

forces are equal and 

volume submerged 
unit 

weight 

friction 
coeffi­
cient 

(2.3) 

in which p i8 the mass density of the particle and g 18 the acceleration 
s 

due to gravity. Reducing equation 2.3 !eads to 

D 3 
2 = 4 (2.3a) 

Because the weight of the particle (W) 18 proportiona! to the cube of its 

radius, the general conclusion ls that 

D/2 Œ ~/3 Œ (~ )2 
Dcr 

(2.4) 

16 
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.. 

or 6 W a: (u. ) 
bcr (2.4a) 

- -Howèver, if it is assumed that ~ a: u, where u denotes the average velocity 

in the cross-section, then 

W a: (- )6 
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. lt constitutes the approach,to the prob1em 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 partic~e was 

taken into consideration, while the cross-sectional are a of the particle 

2 which the water hits was taken as Bn(D/2) , where B i8 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 actua1ly expended on the particle (see the discussion on 

flow-resistance). 

AlI these equations are hindered in that they incorporate the 

simplifying assumption that a general initiation of motion of the bed-

materia1 depends solely on average stream velocity (or on ~, the bottom 

velocity), average 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 He11ey (1969), who also considers 

particle shape and orientation. 

A somewhat different approach to the problem incorporates the 

concept of a critical unit tractive force (T). This latter approach is c 

not ~ompletely different from the 'sixth power law' because there iB an 

obvioUB interdependency between average flow velocity (ü) and average 

boundary shear stress (1 ) in a cross section. As a matter of fact, it 
c 

can be shown that the 'sixth power law' càn be deduced from T «D. c 

The total tractive force (FD) that acts along the bo~aries 
\ 

banks, or the wetted perimeter, P ) of a stream over a length L w 

i8 equal to 

T P L 
o w 

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

T (2d + w) L 
o 

(2.5) 

(2.5a) 
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where T is the average boundary shear stress along the bed and the banks, 
o 

and d and w are the depth and wi~th~o~ flow respectively,. In the case of 
~ ~ .,."" 

steady, uniform flow, this forëe;is equal to the downstream component of 

the weight of water whose volume is wdL. That is, 

Pf g d w L sini = T (2d + w) L o 
(2.6) 



• 
or T o = 

dw 
Pf g 2d + w 
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sini :: yRS (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/P ) is the hydra~1ic radius 
w 

and S ls the water surface slope. For small angles sini = tani = S (in 

radian measure). 

It shouid 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). ln natural streams, and particularly in CQarse 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 velocitie~at 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 III). 

It is thus obvious that, at least in such channels, T is meaningless in o 

respect to incipient motJon. 
l ' 

White (1949) Ishqwed 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 inciplent 

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

separately) covered wlth N particles of diameter D, per unit are,. The 
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total tractive force on each such ideal particle is thus Fd = To/N. 

Introducing ~ = ND2, a dimensionless measure of the packing of the 

D2 
particles on the bed, the tractive force may be rewritten as Fd = n-' 
Assuming that tough boundary conditions prevail, the tractive force on 

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

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 

_4
3 

1T (D
2

)3 D p' g 2 sinep 
T 

C 

n 

D 
2 

o c 

cosep (2.7) 
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( 

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

equation 2.7 and transposing T yields 
c 

1T 
TC = n 6 p' g D tanep (2.7a) 

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
c 

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 vis cous flow (when most of the drag 

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

, a dimensionless coefficient, the aforementioned 6. However, a serious 

disadvantage of this kind of approach is that it contains the generalizations 
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Figure 2. 2a Shield' s diagram relating the entrainmcnt function 
to bed roughness under conditions of a plane bed 
surface, (from Carson, 1971). 
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and"simplifications of the former one - the 'sixth power law'. For 

example, the angle $ (Figure 2.1) may vary from particle ta 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 ev~ry particle. Another meaningless 

simplification is the concept of n in any but uniform, usually sandy, 

'stream beds. A similar remark ls also valid in relation ta 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 Jully, in the context of the Seale's Brook study, 

in Chapter III. 

-Shields (1936, cited by Leliavsky, 1966) i8 probably the first 

ta 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 weIl 

known Shields entrainment function plotted against the ratio D/6 , where 
o 

o is the depth of the laminar sublayer. lt can be secn that for plane 
o 

bed conditions the function approaches a constant value of 0.056 as D/6 
o 

increases above unit y, 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 DIo (for DIo < 1) was explained by White as the result o 0 

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 

( 



2.2a-2.2b is that, for plane bed conditions, T = p' g D 0.056, and 
c 

that for every size of bed10ad mate rial; the critical tractive stress 

can be eva1uated. However, the entrainment function is not a constant 

for varying bed conditions and for ripp1ed or other rougher surfaces it 

increases and becomes an unknown variable. 

The tractive force approach, in its various forms, is parti-

cularly deticient in its neg1ectof the lift forces acting upon particles 

on à stream bed. On the other hand, it can be sh6wn that both the drag 
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and the lift forces increase with the secon~ power of the bottom velocity, 

80 that in actual fact, an equation predicting incipient movement and based 

on th~existence of drag forces is still valid when lift forces are not 

considered, a1though its coefficient, and thus its numerical value, will 

be changed. 
D 

The significance of the lift force was pointed out by Jeffreys 

(1929, cited by Leliavsky, 1966), who deduced his theory from the Bernoulli 

equation. From this equation it is apparent that as velocity decreases 

with nearness to the -stream bed, the pressure increases. The immediate 

'. 
corollary i8 that anY particle lying on a stream bed, whether or not 

protruding from the laminar 8ublayer, experiences an upward force in 

~xcess of the buoyant force in static water. lt is customary to consider 

the velocity at the 'surface' of the bed as zero. With increase of dis-

charge of water 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 lift) forces. Eventually, when these latter forces 

are large enough, they will lift the particles, which will be rolled, 



• slid or they may skip (saltate) downstream. 

Although lift-forces do occur, this approach is again very 

simplified. Incipient motion in natural channels ls 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 

fluctuations are high due ta turbulence, it ls more conceivable that the 
1 

development of ~ strong enough buoyant force, acting on an unstable and 

~ small enough particle (or, rather, partie le structure), Will cause local \, 
incipient motion. It is quite weIl known in sail mechanics that the 
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gre.ter the variability in particle calibre, the greater the interlocking, 

and the more stable will the bed structures be (see also Chapter III); 

stability of the bed material will a1so increase as particles on the bed 

are less equant-shaped and, obvious1y, as particle sizes increase. The 

lift force approach does not consider the relative importance of lift 

forces in relation to drag forces. For instance, it Is common knowledge 

(Lane and Carlson, 1954 and Helley, 1969) that ~rticles-on gravelly 

stream beds usually dip upstream. The pressure of water impinging on 

sueh particles presses them against underlying particles, thus causing 

resistanee ta lift forces in addition ta th~ resistance offered by the 

weight of the partiele, by the weight of parts of-overlying particles, 

and by the resu1tant friction between the partiele and neighbouring ones. 

The approach of Hel1ey (1969) ta incipient'mo~ion ia more complete 

than others, and it i8 therefore very likely tha~ it is more applicable ta 

-threshold conditipns in natural streams. Un1ike the rest of the literature 

on this topie, Helley's report contains aetual 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. Un1ike White (1940), the approach adopted by 

He11ey (1969) visua1izes incipient motion as an equality of the resultant 

turning moments of drag and lift and the opposite1y directed resistance 

moment of the submerged particle weight. From this theory, which takes 

into consideration a typica1, though somewhat simp1ified, posture of 

coarse partic1es in a natural stream bed, and which incorporates several 

concepts and coefficients derived from previous flurne investigations, an 

equation linking critical bed velocity and particle parameters 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, howev~r, that bed slope and its influence on incipient 

motion are insignificant. 

Helley's approac~ has merit in that it atte~pts to explain 
~ 

and predict threshold conditions with the aid of field measurements and 

field observations, the latter being as important, if,not 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 ty'pical 

of the bed-material ch~racterizing the measured reach (Helley, 1969). 

In fact, the large bed particles were brought from another reach of the 

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 in it. Accordingly, it i8 maintained in the 

theory that coarse particles lie on the bed. Although this may be true 

• for a small number of individual particles, it does not apply to most 

coarse bed-materials in natural channels. Thus a1though sand-sized 
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particles do lie on the bed, observations undertaken in Seale's Brook 

(Chapter III) &how that most of" the surface material of gravelly and of 

coarser-grained beds i8 positioned between and partly unde~ neighbouring 

particles. This is also true for coarse particles in sand bed channels 

(Fahnestock and Haushild, 1962). lt follows that aIl the foregolng 

theories on incipient motion do not sufficiently cake 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 not aIl the particle area i8 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 natural stream bed. Other' 

comp1exities 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 1iterature on bedload formulae i5 so vast, it 18 scattered 

26 

in 80 many publications .and, as Bagnold (1966) wrote " ••• has been discussed 

from so many viewpoints that it is doubtful whether any one person has read 
j 

it aIl, let alone digested it sufficiently to appreciate all the implications 
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of each Iapproach)." 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 ve~ocity (Ba~ 1954a, 

concerning the aeolian transportation of sand), these forces de~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 1ayers of bed-materia1, each over-
1 

1 
riding the lower, are propelled by the tractive force of the moving water, 

a force that was assumed to decrease with increase of depth in the bed. 

O'Brien and Rindlaub (1934) maintained, however, that a decrease of shear 

stress with depth in the stream bed w?uld result in a continuous accel~ration 
_/ 

of bedload discharge, beçause the bed is actual1y in dynamic equilibrium. 

The classical Du Boys formula 

= (2.8) 

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

and Cb is a sediment p\lrameter) was consequent1y replaced by their own " 

equation 

(2.9) 
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wher~ K and c are sediment parameters. O'Brien and Rindlaub accepted (, 

the idea of overriding bed layers, bu~ 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 conditions is a prerequisite. It has already been 

,/ mentioned that there are no reliab1e equations or procedures by which 

threshold conditions can be determined in the field (Chapters 2.1 and 
~ 

2.2a) and that the efficiency of aIl but pit-type bedload samplers is low 
, 

and variable enough td render the determination of incipient motion to a 

considerable error (Samide, 197~). However, this is merely a technical 

impediment which should eventua1ly be overcome. 
\ 

A more serious question at issue concerns the assymed sole 

dependency of average values of incipient 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 misconception 

of the various processes operating in natural alluvial channels (Haddock, 

1969). Every bedload formula is dependent on empirically determined 

constants which are drawn from flume experiments. 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 i8 not surprising that rules governing 

sediment transportation in flumes are different, and in extreme cases 

completely un1ike, tpose operating in Nature. The importance of inde-
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terminate hydraulics is also mentionèd later in this chapter. 

The general validity of every bedload~formula depends ,~n the~ 
~ 

various intcrrelationships between nll the variables associated with 

the dynamics of alluvial channe1s, but more specifically on theories 

which claim ta be capable of detcrmining bath the resistance ta f10w 

and the rate of transportation of sediment (whether bedload and/or suspended 

load). Most of the stream energy in any channel is dissipated in turbulent 

friction and i8 not available for bedïbad transportation (Rubey, 1933). 

The energy which i8 dissipated in transporting bedload, in forro of stress, 

is herein denoted Tt. Part of Tt is the result of the dissipation of energy 

due to the resistance to flow offered sensu stricto by tl~ particles 

(e.g., Einstein, 1950), but some of Tt i6 the result of the dissi­

pation of energy offered by bank and bedforms protruding into the flow. 

Although Tt may be a function of Ta, 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 (Colby, lQ64c). 

This is precisely why Einstein (1942) and Meyer-Peter and Müller (1948) 

emphasize the importance of separating the hydraulic radius and the slope 

of the energy gradient respectively into variou8 components. By doing this 

the y could supposedly determine the actual resistance to flow and the pro-

blem simplifies to'eva1uating bedload discharge rates. 

In 1942 Einstein presented a different bedload formula from those 

previous1y mentioned, which r~ferred sole1y to bed-material of uniform 

calibre. The later (Einstein, 1950) extension to bed-rnaterial 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 elements. First, Einstein considers the number 

of particles of a specifie 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)fthat a particle will be lifted from such 

" 
a unit bed area per unit time is then expressed as the probability that 

the lift force (FL) acting onjthe particle to its submerged wetght (W') 1 

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 specifie particle diameter, i8 obtained 

B* lJ!* - lIno 

1 -t2 
p = 1 -'""I (e ) dt 

1T 

il! 

-B lJ! - llTl * * 0 

where 

= 

= 
A* t iB/ib A* t* 

= (2.10) 
1 - A* t iB/ib 1 - A* ~* 

is a dimensionless parame ter of 
flow intensity, 

is a dimensionless parame ter of 
sediment discharge, 

Se is the slope of the energy gradient, Ri is the hydraulic radius 6f the 

bed pertflining to individual particle roughness, no' A* and B* are constants 
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such that equation 2.10 may be described by a single curve of ~* against 

~*' t is time, e is the base of natural logarithms and i B 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 
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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 th~ Einstein formula to field conditions 

are discussed below. The discussion may a1so be app1ied to two other but 

similar formulae (Kalinske, 1947, and Meyer Peter and Müller, 1948). 

Einstein (1942) main tains that lift forces are alone responsible 

for the entrainment of individual particles. He then argues that from ,,-

flurne investigations (Einstein and El S~i, 1949), using plastic sphe: 

rical balls of one calibre glued to the sides as roughness elements, one 

may obtain an equation describing the average lift force acting on particles 

at rest on the bed. Lift forces may be all importan~ in sand-bed stréa~.' 

~ 

In fact, numerous investigations have shown that whep 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 aIl the particles Q'1 a coarse, usually mixed-sized, naturai river 

bed are partIy underlain by and partIy overlie other neighbouring particles 

(Chapter III, see also Einstein, 1942). Consequently, even if interpartic1e 

friction is ignored, a lift force that actually lifts such particles is 

greater than the submerged weight of each individual. Put in another way, 

a dislocation of one particle would, under most circumstances, necessitate 

moving, if not complete1y dislodging, severa1 other parti<71es.' According 
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(. { 

to their s'~ie and shape, and the manner in which they are embedded in 
. :'e"!' / 

their sur~oundings, 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 lift forces to entrain 

the smaller particles of sediment mixtures is taken into consideration . 

by introducing an empirical "hiding factor" (0, the latter is assumed 

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

the complete size distributions of the bed mate rial and the material lying 

on the bed surface, nor particle shape are taken into consideration. Thus, 
.( 

Chien (1956) emphasizes that F;, amo~t other factors, "should by no means . . 

be considered as a final solution". Because lift forces are not totally 

effective nor solely responsible (Chepil, 1961 and Helley, 1969) for 

initiation of motion, especially not in coarse beds of mixed calibre, it 

is erroneous to generalize that p may be expressed as the probability that 
J 

ln another assumption concerned with the entrainment and subsequent 

transportation-of partlcles, Einstein maintains that ib' the fraction of 

the bed-material of a specifie size range, also represents the fraction 

of the bed area covered by these particles. If this were indeed so in 

natural stream beds, it would mean that once general incipient motio~ 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. lt would a1so mean that the same forces are needed to entrain 

either the surface layer or \deeper 1ying layers. .However, a number of studies 

1 
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(Kelle;hals, 1967, Leopold, Emmett and Myrick, 1966, Milhous, 1972 
, P 

an~this study, Chapter III) have demonstrated that the size distribution 

of s~iment Iying on the bed of an alluvial stream is different from that 

of the underlying materials, with the surface material being appreciably 

coarser. Therefore, Einstein's assumption may be somewhat restricted 

when ~pplied 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 mon~or years rather than minutes or 

seconds, because it is a weIl 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 Haddock, 1952, cited by Co1by, 1964-b). 

Lack of equilibrium in sediment transportation in local areas of river 

beds over a period of time equivalent to the duration of a flood wave, 

and over any unit time thereof, is also exemplified by channel shifting 

and fIoodplain construction or by the process of braiding. Although i~ 

is not maintained here that bedioad 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, nonunif?rmity (change downstream) is not a 

prerequisite to bed10ad transportation, but it is ce~tainly exemplified 

by several processes. Although this nonuniformity is not widely-accepted 

(Colby, 1964-b), most researchers are aware that the'process of bedload 
~ 

transportation is very unsteady, i.e., changes with time at-a-station. 

The unsteadiness of bedload transportation is vividly depicted in the 

33 
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study by Sarnide (1971, Appendix B, Figure 5-3-B). 

A final comment on Einstein's theory necessari1y inc1udes an 

inspection of the determination of f10w resistance. lt is shown (Einstein, 
(;1 

1942) that the cross-section of 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 f10w offered by the 

banks, channel patterns and bedforms, and by the individua1 particles can 

be evaluated separately. However, according to Leopold, Wolman and Miller 

(1964): "the resistance caused by channel alignment and curvature usua11y 

cannot be separated from the sum of a11 resistances computed from data on 

natura1 rivers". 

The concept of dividing the hydrau1ic radius or the slope of the 

energy gradient (Meyer-Peter and Müller, 1948) is based on the assumption 

that only the resistance to flow of the individual grains 18 responsible 

for their movement. The resistance offered by bedforms or channel patterns 

causes pressure wakes to deve10p, which are assumed not to contribute to the 

entrainment, transportati?n or deposition of bed10ad partic1es. If, as 

Einstein maintains (but Bagno1d (1966) denies), no bed10ad movement can 

take place in purely 1aminar flow, then turbulent pulsations originating 

in or penetrating into the laminar sub1ayer are a10ne re8ponsib1e for bed-

10ad movemertt. In hydraulical1y rough conditions, which are prevalent in 

streams, partic1es protrude into the turbulent zone. Eddies and wakes are 

generated in this latter zone by various bed and bank irregu1arities. 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 
.tI 
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consequent increase in scour or fill respectively. This 18 the reason 

why there is usually scour around bridge piers, 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 i8 unique in that it 

relates stream power to bedload discharge. It i8, 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 interesting part of his theory is that, 8imilar to O'Brien 

and Rindlaub (1934), begload movement is viewed as the motion of a cloud 

or carpet of particles, rl~er than as the motion of individual particles. 

The first step in developing the equation is to consider the 

value of the mean available power of a stream per unit length and width 

(w). F10wing water is then viewed as a machine, where the rate at which 

the ~chine does work equa1s theproduct of its avai1ab1e power and its 

efficiency (eb). This rate of work is then shown to be equa1 to the product 

of the rate of transport of the immersed weight of bed10ad (gb) and tana, 

the dynamic solid-liquid equiva1ent of the coefficient of friction of a 

mass of solid partic1es, or the ratio of the tangentia1 to the normal 

components of grain momentum resu~ting from particle encounters. Thus 

gb tana = (2.11) 

or = eb w/tana (2.11a) 



• The efficiency of the stream to do work (eb) depends oF the 

efficiency of the 'carpet' of material moving as bedload (e ) and on 
c 

the efficiency of the individual particles (e ) moving in the 'carpette 
g 

That is. 

= e e 
c g 

(2.12) 

The carpet efficiency is shown to be 1/3 for turbule~t f10w, and the 

grain efficiency is ca~ulated from a graph relating Re (Reynolds number)" 

to the drag coefficient. The rest of the available carpet power p~r unit 

area, w e (1 - e ), is maintained to be dissipated due to transfer of c g 

stress between particles and the local fluid surrounding them. In order 

to evaluate tana, Bagnold refers to experiments ~Bagno1d, 1954b) whlch .. 
have ylelded data for which tann equa1s TIP, where T 18 the frictional 

resistance offered by the particles and P ls the dispersive stress (a 

stress normal to and upward from the bed, caused by the shearing of 

soUd particles in motion). Tlp is plotted against the second power 

of a particle-Reynolds number (G), whlch Is given by , 

= 
Ps T D2 

À II 
"(2.13) 

where À is the ratio of D, particle diameter, to the average free distance 
\.\ 

between adjacent particles, and II in the absolute (dynamlc) viscosity: 

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

limit) concentration of the dispersions. 
~ 
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Bagnold's thcory 15 based on assumptions and experimentally-

"" derived coefficients, several ~6f which seem to be inapplicable to 

natura1 streams, especially to smal1, coarse-bedded ones. The concept 

of a moving 'carpet' is applicable to high rates of bedloa~ transport 

in sand-bed streams. Mass saltation is obviously prevalent in sand 

beds where the formation of ripp1es and dunes is a result of this 

mechanism of transportation. For much finer ~ained bed-matcria1 

(p < 0.2 - 0.062 mm, according to Sundborg, 1967) the only mode ~f 

transportation is by suspension, and for much coarser bed-material, 

mainly by rolling and sliding (Fahnestock and Haushild, 1962). Thu5, 
~ , 

Kalinske's (1942) vi~w that saltation is an ineffective transport 

mechanism of particles in water due to the sma1l difference in their 

respective specifie weights i5 applicable to coarse particles. Although 

there may be sorne 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 wou1d still 

be by sliding and rolling of individua1 particles. ,Unless exceptional 

high (and thus, rare) competent conditions prevail, no complete 'carpet' 

can forro on a coarse bed for which the theory is unsuitable. 

The problem of'resistartce to flowarises a1so in this theory. 

In an equation which leads to the detcrmination of ~ (carpet efficiency), 
c 

it is postulated that the shear stress due to particle-to partic1e colli-

sions (T) is equa1 to the mean boundary shear stress if flow depth is much 

greatcr than the saltation height, Le., the carpet thicknes5. However, 

it has already been mentioned that the shear stress associated with the 
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transportation of bedload particles (''t't) is always smaller than 

0' 

T , 
o 

the mean boundary shear stress. Another questionable part of the 

theory is the method by which the numerical value of the efficiency 

of the stream to do work (eh) is obtained. This value solely depends 

on e (e is constant at 1/3 for turbulent flow), which is evaluated 
g c 

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 sorne way the influence of the shape distribution of particles 

on drag. The greater the difference between the average shape of the 

bed-material in consideration and the shape used in the graph (Heywood, 

1938, cited by Bagnold, 1956), and the greater tn~)standard deviation 

,in the shape coefficient (e. g., a Corey or Zingg coefficient) of the 

bed-material, the less representative will the gr~ph be. Sorne lnslght 

on the effect of particle sphericity, roundness and surface roughness 

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

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

Several other bedload formulae and approaches have been intro-

duced into the literature in the last several years. The notable amongst 

them are those of Laursen (1958), Ya1in (1963), Garg, Agrawal and S1ngh 

(1971) and Herbertson (1969). Althbugh there are numerous bed10ad for-

mulae it should be realized that predictions of bedload discharge are 
il 

inaccurate, to say the least, unless most of the flow and sedim~n~ 

parameters are actually measured. The reason for this lies in the 

indeterminate nature of hydraulics in general, and bedload transport-
. 

'ation in part1cular, in alluvial channels (Haddock, 1969 and 1970). 

1 
-1 

'. 
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That ls, the mode of behaviour of alluvial channels i8 one of tendencies, 

and it is impossible to predetermine their exact responses to any change. 

These responses depend on the partlcular constraints of the variability 

of each of the variables associated with the system. Because both bed-

load discharge and resistance to flow are partly interdependent and 

partly dependent on each of the other variables assoeiated with the 

dynamics of alluvial channels, and because little is known about any of 
r 

...... , ) 

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

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

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

c} Regime Formulae 

As far as sediment st~dies are concerned, there has been a 

. continuous separation between two distinct schools of thought (the Anglo-

lndian empirical approach vs the Franco-German-American one) during the 
~ 

past century. Thi~ review includes only brief comment~ on t~e 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 Lellavsky (1966, p. 193): " the Regime Theory lB not a 

theory at aIl, for no one has yet succeeded in produclng a specifie, 

strictly mathematieal demonstration bridging between pure theoretieal 

mechanics and the 'wilderne~s' of Indian data on silt-stable canal flow. Il 

Most reglme canals in India and Pakistan have bed and bank materials 

predominantly composed of silt and sorne clay. Thus, most of the sediment 

Is transported in suspension, a process ~nly indirectly relevant to this 

study. 
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The true 'regime' concepts are purely empirical. Regime 

(i.e., silt-stable or equilibrium) canals are defined as such if, 

On the long run, values of width, deptn and slope relations ensure 

stabilization of their bed and banks. In other words, these relations 

correspond to bclow or threshold condi-tions 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 

through?ut Lacey' s (in Leliavsky, 1966) publications. Only later did Lélnc 
" 

(1954, cited by Lcliavsky, 1966) and Bleneh (1955) attempt ratiOnal, meehanieal 

solutions to the problems of regime canals. The former presented nume-

ro~s regime diagrams of width/depth ratios and diagrams of T plotted 
o 

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 excludedlfrom (his) regime analysis. A 

good example of the present regim: approach is illustrated by Kell~alS 
(1967) (see Figure 2.3), a.study on stable channels with gravel-paved 

beds. 

A recent analysis of regime canals, viewed as alluvial systems 
o 

with specifie constraints on the variability of several important variables, 

has becn introduced by Haddock (1969 and 1970). The typical constraints 

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

bed slope), the y are usually ~ery straight with smooth banks (which 

impose,s a constralnt on the variability of bedform changes) and they 

usually flow O~T and transport in th~ir waters sediment of a smaller 
, \ 

range of sizes than the range associated with natural alluvial systems. 

AlI these constraints make the system much simpler to understand, b~cause 
" 

the tendencies are much stronger than usual. In fact, sorne of the better 

known regime equations are shown to follow the same equations for natural 

alluvial channels wherein the above-mentloned constraints are imposed. 

This same approach is also main~ained to explain the transportation of 

sediment in fl~mes, discussed below. 

2.3 FIume Investigations 

Of aIl the bed10ad studies mentioned previously, none refrain 

from compariso~ with results obtained in flurne 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 weIl 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. 

42 

Some of the discrepancies are due to inaccuracy (e.g., t~e exact definiti~n 

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 

• 



dissipation to which the sediment transport rate shou1d be related." 
8 

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 proeess by which the accuraey of the data 
r 

is 10wered. For instance, Neil (1967) transforms Sundborg's (1956) 

mean competent point ve1ocities, and Mavis and Laushey's (1949) competent 

bottom velocities to mean competent velocities. 

The third, and possib1y 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 adynamie (geometric) and a kinematic (force ratio 
/ 

or flow pattern) similarity between model and model or between model and 

stream, can bedload 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 

which invalidate ~omparison between most flume and field data. Supple­

,~ mented to this demand, and partly dependent on it, is the alluvial cons-

traint eharacter of flome channels. The eonstraints imposed upon these 

channels differ from one îlume investigation to the other according to 
1 ~ 

the methods by whieh they are investigated (e.g., constant depth and 

discharge ~r constant slope and discharge). Probably the most important 

dissimilarity between flume and field channels i8 that the former almost 

43 

invariab1y deal with uniform calibre of bed-materla1. Examples o'f invest-, 

igations using natural bed-material with wide ranges in particle size are 
~ 

those by Gilbert (1914), Meyer-Peter and MUller (1948),: Fabnestock and 

Haushild (1962) and Meland and Norrman (1969). The va~iOus 9ifferences 

between flome and field channe1s, especially regarding their model-, 
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dissimilarity, have been discussed by Colby (1964a). In his words: 

"FIume investigations can provide much helpful information on sediment 

transportation, but, until scale effects aré understood more completely, 
p 

flume investigations of the discharge Qf sands are not model studies of 

44 

the discharge of sands in field sfreams." 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), Bagno1d (1966) and 

Henderson (1966). 

An additional reason for the different conclusions is due to 

the need that arose f~~immediate, rather than genera1, applicabi1ity. 

Each f1ume study metely shows a good correlation.between a certain 

parameter and bed10ad discharge .Wb) for specific conditions. Obvious1y, 

Cb increases with increase in mean ve10city, shear stress and power. 

The question arises: How applicable is each predicting variable for 

aIl 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 me~tioned previously. Ippen and Verma (1953) 

investigated flume conditions of initiation of motion of particles of 

sizes different than those comprising the bed. Figu~e 2.4 demonstrates 

their results, showing that Shield's relationship does not hold in such 

~ 
conditions. Their experiments were undertaken in clear water with s:~y 

uniform flow. Plastic and glass spheres were transported over plane, 
". 

slopingYbeds of two roughnesses (two kinds of sand coatings). 

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

by investigators using different types of c~tical velocities. Mavis and 

\. 
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Figure 2.5: Particle size - competent velocity relationship, 
after Mavis and Laushey, 1949. 
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Laushey (1949) gathered flume data plotted in Figure 2.5. The competent 

(or critical) mean velocity is shown to correlate weIl with particle 

diameter. These experiments were a1so characterized by plane, level 

beds in channels of rectangular cross-sectional shape. Cohesionless, 

uniform mate rial was transported by clear, steady and untform flows. 

Similar results were obtained by Neil (1967) for coarse uniform bed-

material and by Bagnold (1954a) for wind-blown sand. Using Gilbert's 

(1914) data, Rubey (1937) demonstrated (Figure 2.6) the importance of 

both shear antvelocity (i.e •• power) for critical conditions. In fact, 

Willis' (1967) data support Rubey by showing that available stream power, 
~ 

46 

as compared to velocity or shear, is a better indicator of incipient motion. 

Howeve~, severa! wel1-designed experiments (Williams, 1967) with coarse 

sands indicate (Figure 2.7) that power, shear (YDS) and mean veloeity are 

aIl bad indicators of incipient motion and of bed10ad transport rates 

(Figures 2.18, 2.7b and 2.7c respective1y). Williams shows that each 
~, 

~ of these is strong1y dependent on depth of flow; only shear (YRS, and 

not YDS nor YRbS) is shown to be a good predicting variable (Figure 2.7d). 

These observations are in direct confliet with Co1by (1964c), ~ho deduced 

from laboratory and field investigations that total shear (YRS) "is not 

considered to be a genera11ysatisfactory or acceptable measure of bed-

materia1 discharge." Colby concluded that 'for practical purposes' power, 

mean ve1ocity, YRbS and Y(RS)m' where the latter is deduced from ve10city 

distributions, can aIl be used for certain flow conditions to predict bed-

materia1 discharge. Moteover, the effect of d~pth of flow on bedload 

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

the one shown in Figures 2.7a-d. 
c 
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The amount of flume data on bedload discharge is so vast that 

the subject is only treated in general terms. Gilbert's (1914) experiments 

are a milestone in bedload research. The data are weIl 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 applicability. For instance, Schoklitsch, Einstein, 

Meyer-Peter and M~ller and Bagnold deduced from their own comparisons 

that Gilbe'rt's bedload transport rates correlate about equally weIL with 

either excess discharge, l/~* or available 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 weIl represented in flume investigations. It should be remembered 

that most flume runs are invariably characterized by uniform, steady, flow 

conditions using 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 dis tribu-
~ 

tions 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). Ippen and Verma (1953) also suggest to study the 

effects of particle shape, mutual.interference, loca~ boundary changes 

and secondary currents. Sorne of these problems have been inspected in 

the investigations at the Geomorphology Laboratory, Department of Geography, 

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

investigations, there are only a handful of such field stm: 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 

.:', amounts 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 weIl as by giving an indication of the large calibre, 

of matè~4~1 transported as bedload. 

An Interesting graph (Figure 2.9) which is supplied by the 

study indicate, the kind of scat ter 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 (defiied 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 ~han 
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on one with a, slope of 2 (the 'sixth power law') 0;:.\ His conclusion is 

that for matcrials of D >·30 mm ~ streams may.have greater competence 

than predictcd from the 'sixth power law". 

Two addition::ll studics (Kcllc'r f 1970 and Leopold, Ennnett and 
J 

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

às weIl as on the i~fluence of partièle concentrations, particle character­

~tics a~d 'bot;.tom veloci ty on their movement. The resuÙs of these studies 

are dealt with in Chapter IV. 

Hol1ingshead (1971) measured bedload 

samplers in the Elbow River, Alberta. Another 
'" 

dis9harges with basket and VUV 
t:J 

1 

method of calculating rates 

of bedload transportation was u~ed, wherein the rate of fi11ing of a pit , 

dug in thg bed was observéd. The resu1ts of his evaluations (Figure 2.10) 
~ 

. clearly demonst-rate that the Meyer-Peter' and Hü11er equation underestirnates 

bedload dischargel and that Einstein's'equation overestimates it. The .. " 

results of ca1culatibns with the modified Einstein procedure (Co1by and 
..., .. , 

Hembrce., 1955, and Oolby a,nd Hubbell,. 1961) correlate better wlth Hollingshead' s 

data. The mo«ified Ei~stein procedure, which incorporated several field 

-
observations, has beeQ succcssfui in sorne cases (Hubbe1l and Matejka, 1959) 

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

1965, and Vanani ~~, 1961, cited by Henderson, 1966). Recent field 

measurements of bedload dischnrges with'the aid of a basket s~mp1er anQ 
, . 

" a sediltlentation mcthod (Nanson, 1972) al~o show that the equations proposed 

by Blench, Schoklits.ch and Meyer-Pete-r and Müller and the results obtained 
ri 

from the mo'dified Einstein procedure do not' yield reasonable predictions. 
() 

The studics of Jorôan and Vanoni et al w~re condùt"ted in sand bed river~ 

whiln Nanson's study was undcrtaken in small, coarse-bedded mountain streams 
,~ 

in Alberta. 
o • 

\ 
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of computing bed-material,discharge, after 
Jordan, 1965. 
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• AlI in aIl, the review of the literature on bedload movement 

indicates the scarcity of field data, the need for further studies 

concerned explicitly with river bed characteristics and specifically 

with coarse bed-materials, and that bedload studies have remained and 

~ill remain defective as long as no solution ia found to the problem 

\ of bedload s~plers and their efficiencies in natural streams. After 

aIl, if there are hardly any reliable sources of data on actual bedload 

transport rates in streams, few if any of the various bedload problems 

can be solved. / 

1 • 

p-

/' 
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CHAPTER III 

THE COARSE-BEDDED CHANNEL OF SEALE'S BROOK 

Field work was undertaken in Seale's Brook at various times between 

August 1971 and June 1973, but mainly during the spring thaw periods. At 

this time of the year high flows are composed of a series of daiIy flood 

peaks (Figures 3.1a and 3.lb). lt was intended that sediment and f10w para-

meters would be traced throughout periods of rapid stream-f10w fluctuations. 

Data provided by Kunkle and Comer (1972), for a similar basin in nearby ( 

Vermont, indicate that about 80 percent of the total ~nnual particulate 

yield is contributed by the spring runoff p~riod. The data reported in this 

study were gathered on1y from the lower (630 m) portion of Seale's Brook as 

far as its confluence with the North (Eaton) River. 

3.1 General Description 

The main channel of Seale's Brook is approxi~ate1y 4.5 km (2.8 mi) 

long; its drainage area is 10.0 km2 (3.~ mi2) with an altitudfna1 range of 

265 m to 510 m (675 ft to 1675 ft). This north-facing drainage basin i~ 

mainly underlain by slates, 1imestones, quartzites 'and greywackes of the 

Ordov1cian St. Francis Group (Cooke, 1950). Most of the channel network is 

fotmed in deposits of ti1l, giaciofluviai and rewashed alluvial materials of 

Q which a considerable portion is fines « 2 mm). However. boulders up to 0.6 m 

~n diameter are also common in these deposits. In fact, severa1 boulders of 
, ~ 

dimensions in the order of Ixlx2 m have been measured in the channel bed of 

Sea1e's Brook and much 1arger erratics are scattered throughout the region. 
\ 

A field petrographieal analysis of 600 individ~al particles in six samples of 

the surface layer of the stream bed shows thàt about 98 percent of 1t 18 , 
/ . 

, , 
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composed of non-calcaseous slates, and 1.2 and 0.7 percent of quartz and 

grey ~ranite respectively. Several red siltstone, limestone, volcanic 

and one conglomerate parti cIe were also spotted in the studied reach. 

3.2 Macromorphology 

a) Channel Patterns and the Longitudinal Bed Profile 

Tape and compass were used for a map survey of a 500 m long 

reach (Figure 3.2). Channel boundaries were determined according to 

high-water marks (sand accumulation and swept twi~s) of the May 4 - 5th 

flood of 1972, which discharged at its peak 5.25 m3/sec (186 ft 3/sec) • . , 
Figure 3.2 shows that the sin~le channel is divided in several locali ties 

in low and medium flows by Islands of raised ground. These landforms 

are not central bars in the accepted sense. Presence of one or more large •. 

boulders is usually associ~ted with the small patches of raised ground, which 

are very distinct due to the growth of grass and occasionslly a tree on 

them. Such boulders protect bed-material of the more usual cobble size 

ranges, and very fine material (doWn to and including sand) ls a1so found 

there. 

The larger patch of raised ground, the Island depicted in the 

centre of the map, is clearly of another type. Here, the material is con­
~ 

s1derably finer than that 1n the adjacent channels. 0 Sand, silt and sorne 

~ravel w~re trapped by gr~ss and were deposited on several Island areas 

durin~ the large flood of 1972. Because this raised ~round is thickly covered 

with grass and trees, the resistance to flow ls very high (Mannlng's n ~ 0.15, 

from Barnes, 1967) and flow velocity between these various protruberances was 
1 

observed to be very low, thus causing deposition of saltatin~ particles 

that landed here by chance as weIl, as deposition of coarse suspended sed-
~ 

.-t· 
l' 
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Figure 3.2: 

--

'.-

Map of the studied reach showing the location 
of recovered particles. 
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iment. The is1and May have bee~ formed at the present site of divergence 

by a fallen tree. Fallen trees. and the debris that ace~ulates upstream 

and downstream of them (logs. branches. leave& and bed-material) are 

frequently encountered along the whole channel network of Seale's Brook 

and other small streams in the area. 

The only ,location where ,~he brook braids (Le., where the form­

ation of central bars and anabranches ls a process which changes tempor-

ally and areal1y in a simi1ar manner to the one descrlbed by Leopold and 

Wolman, 1957) is in the vicinity of its confluence with the North River. 

However, the location of the main stem i~ here less prone to areal changes 

than in wide alluvial plains que to the abundance of high ground thickly 

covered with weeds and trees. The rest of the Seale's Brook channel 
1 > 

network is made of slig~1y curved reaches, and where straight ones occur, 

they se1dom exceed a length pf 20 m. 

Thé long profile of the channel bed was measured along 1480 m 
.. 

(4850 ft) upstream from the confluence' with the North River (Figure 3.3). 

For lengths of channel exceeding 10 channel'widths. slopes range from'0.021 

(exc1uding the horizontal, lowermost reach) to P.086. Shorter reaches 

o sometimes have a negative slope or one exceeding 45. This ra~ge of slopes 

i8 simi1ar to the one reported by Miller (1958) in his study of high moun-

tain s treams in New Mexico., .. In Sea1e' s Brook, channel slope changes-
e 

abrupt1y on1y due to bedrock contacts or in the presence of very ~arge boul-
~ Jt.. -, - ~ , 

ders. None of these changes is a result of tributary junctions't _: 

-
Similar to many chanrwl slop,es ment.~.oned in the literature (e.g., 

l 

Hack, 1957), the measurèd portion of the lon,g profile is also concave • 

although several rather long portions are straight or ~ven cQnv~. Channel 

slope is steeper and is generally convex in both channel branChes depicted 
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in the centre of Figure 3.4. T~e average bed,slope in the~e narrower 

channels ls 1. 2 and twice larger than the ones of' the lower' and upper­
-(1 

63 

bordering reaches respecti~ely. This absolute and relative increase in 

bed slope i8 in accordance with other field and f1ume obserVabions 

'(Leopold and Wolman, 1957). '- ' In two meanaers (see Figure 3.), of which 

,'one ~~:~ctu~lly ~ 90
0 

change in flow directi~n, slope decreases cons id-
,'" 

erably throughout the curving r~~ch. 

The long profile ls extremely irregular rather than smooth 
, 

(Fig~re 3.4 does not show aIl large-seale irregularities associated with 

larg~ boulders), but no r~le,pool sequence waB det~cted~ The bed morph-
~ 

ology offers, nonetheless, a similar ph~nomenon to riffle-affiliated 

gravel bars on sandy, epheme~al streams (Leopold ~ Al, 1966). At low 

flows t~e channel bed resemb1es stepping stones (Figure 3.5); concentra­
J 

tions of boulders occupying most of the channel width are sep~rated by 

l 
reaches 0.5 - 5 ~hannel widths long and comprising finer bed m~terfal. 

At pigher stages these are aIl indiscernib1e 'and there are no r~ffle-pool 
1 

sequences (as defined by Yang, 1971). 
, 

HcDonald (1972), who refer~ to these âbove-men~ioned fea'tur.es -as 
, 

tran~verse ribs" describès them as "a series of oregular1y spaced pebble, 1 . , 
cobble or boulder ridges extending acroas the channel a~d,oriented tra~s- \ 

versely to current di~ction. The~ are widespread on braided ~lluvial 

plains and in h~gh-gradient single-chAnnel strearns whJ!re they resuit in, a • . . 
t) , 

stair step a'rangement forcing wate~ ~o f10w lat in,ermediate flows] 
, .. ~ l , 

through a series of regul~rly spaced cascades." . McDonald, who has formed 
t. • .' 

these ribs' experiméntaIly, maintains that they. ar~ a resu1i of the 

transportation of pa,tticles 1;Iy supercrl tical f-Iows and their ~eposi tion in 
( " 

.' 

" " 
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41 , 

Figure .3.5: Transverse ribs in the ri~ht - band channel 
of Seale's Brook, looking upstream. June, 1973 • . , 
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a transition zone containing a hydraulic jump where the flow reverts to 
, 

subcdtical. Both hume and field studiefi (McDonald, 1972) have shown 

that transverse rib spacing increases with increasé in particle diameter. 

As' indicated in Chapter l, a preliminary pttempt, which failed. 

~ 

to measure bedload discharge directly was made du~ing the early part of 
\ 

the spring of 197~ The tr~ite is indicat{ed in Figure 3.2 at the up-

stream end,of the mairt i8~~~~n-the Middle of the studied reacn. Gates' 

were constructed to.concent~~~w int~ the main (right hand),channel. 

in which a removable front-loading trap was located. Many difficulties· 

were experienced3' eventually 

removed and both ga s were kept 

in~erference to ad movement 

the attempt was abandoned; the trap was 

open. It is believed that very little 
"-

along Seale's Brook was caused by this 

• 
activity; attempts to use the trap system were brief and ~sÜY confined ( 

to low-to-medium flows. Fiçure 3.2 does indicate a small impQndment of -the flow 4àove the trap site d~ng the 1972 peak f1ow, but this i8 fuls-

leading because the extra flow width was.merely a shallow overbank area 

of water. 

b) 
J 

Cross-Sectional Profil~s and the Thalweg 

Croas-sectional profiles were surveyed in the r!ght channel 

branch illDJ\ediately downstream of the, dnTergence.~ Figure 3.6 depicts the 

five profiles, each 1 - 2 m apart. Although~the short reach where the 5 -, 
, 

cross-~ections were measured ia not representative of the whole right 
)1 0 • 

branch in deg~ee o~ heterpgeneitYt simi18r changes charaç~eri~e Many other. 

" 
clos~ly-aligned;cross-sect1ons throughout thè channel network. These , 

changes in cros: sectio~al shap~ ~re !frequent~~ 4ue to'the presence of 

large houlders. A series of 12 crpss-sections, fai~ly representative of , 
~ , 

, the channel in which they are 8ituated~ are depicted in Figures A.i - A.2 

( 
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of the Appendix. Apart from showing the representative channel shapes in 

the studied reach, these pr.ofnes also( ,glve an indication of the increas-
c 

Ing irregularity in channel shape with Increase ifl percentage of very 

coarse material. In fact, because of the vast areal changes in cal~bre 

of surficial bed-materlal, bed slope~ cross-sectional shape and thalweg 

shifting throughout the uppermost portion of the studied reach, the channel 

shapes depicted in Figure A.1 are not very representative of this part-

lcular channel reach. 

The map survey also included locating the position of the thalweg 
~, 

in the channel (dashed line in Figure 3.2), 
., 

The bed-material of Seale's ,. , 

Brook i8 comparable in,size with that of streams of the Sangre de Cristo 
- , 

Mountains (Miller, 1958), but even at very low flows the thalweg here i8 

not always dlscernible. 'In order to determine whéther t\e thalweg's posi-
, 

tion shifts, its cross-sectional location was measured on the map (Figure 

3.2) every 5 m. Considering only the slightly cprved ~nd thè stratght 

reaches t the thalweg is found in 26 percent (of the 4b measurements) ,in 

the outer two-fifths of the channel (l.e. ln the bankward one-fifth of 

each side). The Intermediate two-flfths and the central fifth of thé • 

channel width aacount for 40 'and 34 per~ent respectlve1~. 

'" Results from at-a-ststion,hydraulic geometry data show the klnd 

of variabillty that ahould be expected between different but neighbourlng , 

cross-sections in a coarse-bedded chànnel. Stage measurements were taken 
. 

at the bridge (gauging station in Figure 3.2) almost every day throughout 
~ 

the two spr1~g flood periqds'. Water discharge was ca~culated from depth and 

velocity (st 0.6 depth, using a type A small Priee current meter) and from ' 
, 

a stage dis charge ~ating curve (Figure 3.7) • The best fit line ls represençe~ , 
1; 

, 1 
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by A semilo~-nrithmetic relntionship with a corrplation coefficien~ of 

0.978, where the valu!' of the populntion correlation coefficient lies 

hetwcen 0.96 and 0.98 at n confidence level df 95 percent. Stage gtaffs 

were p13ced in 12 place~. alon8 the chnnnel: The cross-scctional form of 

the channpl at ench of these spots 15 shawn in Firures A.l - A.2 and 

their location is depicted in Fi~ure 3.4. It had been assurned.(and later 

found truc) that d:lscharge of water increased very sU r,htly with distance 

downstream in the q~udied reach, heçause no tributaries enter it except 

one at its braided and lOHE'r part. Thus, a relationship between the 
t;. 

stage at each of the cross-sections and the bridRe and knowledge of the 

cross-sectional shape enabled constructio~fQf an at-a-~tation hydraulic 

geometry. The results of the calculatio~s, given for three neighbouring 

cross":sections ~n Table 3.1, indeed show that both wi,dth and average 

val~es of velocity ~O~ depth differ widely. This is also true for the 
r 

increase of each of,these pa~ameters ~tth increase of discharge~ 

A concludine remark on this rnorphological desçription ~s that 

bcd slope and cross-sectional shape change areally in a contjnuous and 
, 

often abrupt manner. This indicates that ,formu\ae based'on averàge. con-
I~." , 

ditions must be drastically reappraised in the heterogeneous environrnent 

~f c~arRe alluvial channels. 

3.3 I1icromorpholc!:y of the r:hannel Berl " 

As mentioned, in the foregoing chapters t i t is beU eved that the 

mic~omQrpholo~i of bed-matcrials iS,of RJent i~portanci in bedload studics. 

Althou~h researchers in the field invariably emphasiz~ that there~may be 
, 

nothing in common between the ~anspo~t of glass ball~ in flumes and'the 

,transport of natural materia1s in streams, ~ueh experiments are still: 
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Increase and Rates of Increase of Width, Average Ve10city 
and Average Depth wlth Increase in Dlscharge, Seale's 
Brook, SpTing, 1~73. 

Cross­
Section. 
No. 

... 
2 

3 

4 

Q 
3" 

(m /sec) 

.0.5 

1.5 

0.5 

1.5 

0.5 

1.5 

A 

(m
2

) 

0.340 

0.863 

0.696 

1.383 

0,.760 
.. 
1.258 

, 

u w d 
if 

(rn/sec) (m) (m) 

._-
1.28 3.50 0.111 

1~30 4.30 0.200 

0.72- 4.72 0.148 
'" 

1.08 5.26 0.263 

0.66 2.8lç '0.008 

~ 1.20 4.30 0.292 

;:, 

~, A, u, w and d aT~'th~ discharge, cross sectional area, average 
ve10citYf width and average depth of flow respective1y. m, band 
f are the ~xponents of Q in the hydraulic geometry equations 
with U. w and ~ respective1y. 

fJ _ 

'. 

m 

0.31 

0.37 

0.54 

'. 

• 

'7' 

b 

0.19 

0.10 

0.38 

•• 

" 

f 

0.53 

0.56 

0.08 

ÎI... 

-" 

"'-1 
1-' 
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undertaken today. In fact, even the most recent flume studies are mainly 

dedicated to uniform bed material. Thus, effects of form and structure 

are almost completely ignored. Haddock (1968) summarized part of this 

problem when he stated: "There 18 nothing wrong with the great number 'of, 

data collected;in the study of flow of water in flumes with movable beds. 

What is wanting ls a system of analysis that will take into consideration 

the mutual interdependence of variables and particularly, the effects of 

changing bed-forms." Observatio~s of this study tend to show that for , , 
bed-materials~ith a wide range in particle size, the structure of these 

foms is vitally importaftt - perhaps more so than the forms' "tl'1emselves.' 

An unfamillar observer of coarse-bedded channels becomes confused 

by the overwhelming compl~xity of the structure and composition 'of the bea. 

li In facr-;'Jle tends to note that the dominant motif here ia one of diaarray. 

A closer observatiOn of the bed reveals, however, several highly developed 

trends, Structures and micro topographie charac~eristics. <. 

More than 100 photographs ~ere taken of the Seale's Brook bed. 

Each photographed bed area Include$ at least one of the labelled and recov-

ered particles. The full length of the ruler in the photographs ls ~05 mm 

-and the millimetrlc scalè always points to the diraction of flow, increas-

ing downst~eam. The photographs that are Incorporated ln the thesis ftre 

each on a separate page, accompanied by a longitudinal profile and a ma~ of 

the channel showing the e~~~ ~osition of thè photographed bed area. 
" -

Pertinent qata on the colo~red~ed fragments are also ïncluded. 

- " 
a) Bed Relief 

Three types of bedforms, whose domin~nt characteri8tic i8 their 
,~ • » ". , 

relief above or below theif,immediate, surroundings, bave been distingulshed 

., 'l' 

,-

.' 



• 

,,. . , 
'. ... 

: 

. ., 

1 

0 

'" 

) 

t ' 

seale 
Il 

1 
02 

flov direction 

• 

---- '~ ... 

1 

0.4 

(2) 

" 

~I D • 

\ ., 
t ........ ------ • 

> 

0/ ,1 

, 
\ 

Reco, 

We1g~ , -

Distl 

SpheI 

Shap6 
(3) . 

,Local 

Local 

b-ax1 

a-axJ 

c-ax:l 

~ , , 
IÇr. S 
'. 

~ 
1 

se~ 

.1 

(3) bar 

.. . 

" .. ., , ' 

/-
(4) rela 

••• 7" ~. 

, . 

'J ,.", 

longitudinal focatloft 
.." ~ 

, , . 
" , ~ 

/1 

J . ' 
• J 



(3) 

! 
1 

i 

~'(1) 

• l ' 

.' .. " 1 

~/ 

~. 

,'l 

'ol 

~ 

/ ' 

" 

73 

Recovereq Partlc1e No., 
~ 

We1ght 

Distance of Transport 

Sphericity (/bc/a2) 

Shape (c/a) 

Local Slope 

Local Slope/AveraRe Slope 

b-axis 

a-axis 

c-axis 

Cr. Sec. Location. 

.. .., 
-' 

"-; • Ree exp"lllnat1on to Table A. 2" 

' . . 
, .-

(3) Dar axis 

" 

. 
," .. '\ 

113(1) 

97.29 gJII 

86.32 m 

0.24 

0.24 

0.001 

0.053 

25.5 mm 

101. 3 II1II 

24.4 lIIIl 

, 180.20 cm 

.. 
;',,} 

\0 

". 

, 0 ;(' 1 

, , (4) relatively dee( flan'- of the bar -

,." 

Il 

114 (2) 
<\ 

93.30 gm 

86.02 m 

0.54 

0.36 

0.001 <' 

0.053 

52.1 IT'" 
~ 

64'.3 mm 

'~ 22.9 mm 

i80.20 cm 

\ 

," \ 

" , . 

" . , ' 

,~ 

" 

'Figure 3!8: 
,'li. .-<"") j. .. 

Miniature longitudtnal#bar. Vater depth la ~pprox1mately 
.15 C1II on the bar an!.. The lattl'r 1s elevated 5 ,..: 7 CIl - • 

ab ove lts flanks,'whlch,a~e 10 - 15 c. lover than the ~ 
avetage ~lght of the bankward 8urfac~ layer of t~e bed. 
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in Seale's Brook., These ar~ miniature bars, boulder shadows and bed '. 
protruberances. Clearly identifiable morfh?-structural features were 

observed to be associated with concentrations of relatively smalt' 

particles. Althoueh not very common, rather shallow 0.2 - 1 m lon~ 
~ 

by 0.2 - 0.4 n wide longitudinal bars have been observed in several 

locations. The bar ~s characterized by a cross-sectional change in 

calibre of the surflcial material. !WO microtopo8raphical lows ~ich 

accompany the bar on its flanks and its upstream end are mostly covered 

wlth fine r,ravel. As the bar summit (5 - 10 cm abo~e the lows and at 

a somewhat lowcr height th an the avernr,e bed e1evation in the àrea) is 

approached, the surface material becomes coarser and at ita maximum ls 

6 - 20 mm in diameter. With increase in distance outwards from the 

relàtlvely deep flanks, bed-material size increases quite abruptly. 

An example of such a miniature longitudinal bar is depicted ln Figure 

3.8. 

Fine bed-material is often found in lee of boulders (Fig~res 3.9, 
, 

3.10 and 3.11). These gravel and pebble deposits attain their accent-

uated concentrations because they have come to' rest in parts of the bed 

surface which are quiet, being hidden behind a large boulder. It is 

quite obviou~ that these boulder shadows are late features assoc1ated 

with lower stages of a flood recession, when flow velocity ls too low to 

cause turbulent eddies to develop and entrain the hidden partic1es. 

Flow protruberances are either sinp,le boulders dispersed on the 
d 

bed in disorder or groups of boulders. The groups form transverse ribs 
~, 

(Figure 3.5) or smal1, usually vegetated patches of raised ground • 
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Recovered Parti cIe No. 9(1) 10(2) 

Weight 4.29 81ft 1.93 gm 

Distance of Transport 127.08 m 207.41 m 

Sphericity (/bc/a2) 
'"', 

0.62 0.73 

Shape (c/a) 0.61 0.60 

Local Slope 0.036 0.036 
p, 

b-axis 13.2 llIIl 8.5 tIIIII 

a-axis 20.7 .. 9.4 DIlI 

c-axis 12.6 mm 5.7 am 

Cr. Sec. Location* 110.30 cm 80.30 cm 

* see explanation to Table A.2. 

.. ..... ," 
(3) large bou1der protrudin~ from the' surface 'layer' . 

(4) gravel1y and pebb1y bou1der shadow deposits 

, 
(5) fIat deposits characterized by unlfo~, open-structured bed-materla1 0 

· . 

d' 
Fl~ure 3.9: Boulder shadow and fIat depoaits. The boulder 

protrudea by approxlmatelY 25 cm fro. the 
bed area further downstre ... 
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Recovered Particle No. 

Weight 

Distance of Transport 

Sphericity (~c/a2) 
Shape (c/a) 

Local Slope 

b-axis 

a-axis 

c-axis 

Cr. Sec. Location* 

-; 

* Sée explanation to Table A.2. 

(2) gra9s-covered central 1sland 

(3) tight. vertically infilled structure 

(4) imbricate structure 

(5) boulder shadow 

241 (l~ 1 

12463.80 

11.51 m 

0.60 

0.51 ~ 

0.041 

220.2 IDII 

301.3 ~ 

-rS6. 8 mm 

120.11 cm 
& 

/ 

! 

(6) downstream part of a large iMbricaté structure ,-

76 

~ 

81ft 

( 

• 

(7) boulder, vith ver~icàl a/b plane, partly underlié. ,particle No. 241; 
this i8 an eYideDce.that the foraer vas transported during the 
spring of 1972 

Figure 3.10 : 
,., 

Structure and texture in the be~ of the upper.olt part 
of the stludted reach. 'nie _xi ... relief betveen 
adjaceDt spots shawn in the photograph il about 1 •• 
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b)' TexturaI Associations 

Because aIl the micromorphological features ha~e definite 

texturaI qua1ities, it i5 50mewhat mis1eading to treat texturaI assoc-
o 

iations as a separate r,roup. In fact, textur~, structure and forro are 
" . 

aIl closely aligned. The distinction made he rein between the three 

groups is merely intended to point out the dominant characteristics of 

these features. 

The size distribution of the surficial bed-material (FiBure 

4.12) reveals that there is a lar~e deficiency of fines « 2 mm). 

This deficiency is particularly marked in comparison with the texturaI 

characteristics of the surficial deposits of the area (McDonald, 1969) 

and of deeper-lying layers of the bed (see p. 143). The small amounts 

of fine surficial material tend to concentrate in various locations 

but particularly on channel flanks and on point bars. Fip,ure 3.12 deM-
l ' 

onstrates that the surficial bed-material of the point bar, measurinr 

2x6 m in area, is even finer than the surficial hed-materia1 further 

downstream. Being an elevated morphological unit on the side of the 
~ , 

channel, water depth and velocity are low over it. Consequently, only 

the finer fractions tend to be transported and deposited on the bar. 

Throughout the channel of SeAle's Brook, channel flank 

depos~s are con~istent1y finer th an in the vicinity of the thalweg or 

in the centre of the channel. This phenomenon ~s clearly seen where 

there are ste~p hanks, which are a~sociated with a larp,r and ahrupt 

ernnulometric chanp,e. 
~ 

Fipure 3.13 depicts two size frequencies 

representine the same reach; one is for the thalwep, or, where 

indiscernible, for the centre of the channel, and one for the whole bed 

~I 
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Figure 3.11 Schematic 1odgitudina1 section of the bed, Sea1e's Brook. 
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area. It Is evident that channel flank deposits are, on average, Uner 

than those more ccntrally located. This clear trend fOl steep flanks 

(Figure 3.14) is also maintained when side slopes are less steep, but 

the change is more ,g radua1 (Figures 3.15 and 3.16). 

Channel f1ank deposits are most1y sandy and graveUy. They 

are often trapped by grass, branches and loose roots and tend to concen-

trate wherever the density of obstacles is greatest. The frequent 

occurrence of the obstacles-fine materia1 'duo' on channel flanks is 

readl1y apparent, and its formation c1early understood, if one considers 

these obstac·les as a means by which the propeHing force acting on 

partic1es is great1y diminished. Flow ve10city is reduced to such an 
, 

extent near the bank that any small obstacle merely reduces flow ve10city 

stUI further; the total damping effect causes a decrease of velocity 

with nearness to the bank and the end result is that at high stages of 

flow, most of the water (and the coarser bedload fractions) Is 

concentrated in the centre of the channel, where vélocity and depth are 

greatest. During peak stages of the 5 largest spring f100ds of 1972, 

water surface in the central most turbulent portion of the channel was, 
! 

indeed, noted to be raised above its sides, a phenomenon also reported by 

Nanson (1972) in his study of coarse-bedded mountain streams. 

Flank deposits are aIso c01Illlon in smd1 side channels, formed 

concurrent1y with the formation of grass-covered" raised-ground patches. 

In fact, even a mincr microtopographic change as the one shown in the 

right-hand side of Figure 3.17, where the channel bed is on average 5 cm 

lower than the adjacent vegetated bedform to Hs right, shows that 

Increased resistance has a large effect on the calibre of transported 
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Recovered Particle No. 

Weight 

Distance of Transport 

.1 2 Sphericity ~bc/a ) 

Shape (c/a) 

Local Slope 

b-axis 

a-axis 

c-axis 

Cr. Sec. Location* 

* see explanation to Table A.2. 

181 (1) 

5.9J ~. 

27.53 m 

0.48 

0.37 

0.006 

18.2 1IIIl 

28.8 _ 

10.6 II1II 

190.40 cm 

'. 

(2) this boulder ia part of the man-aade levee (vhich va. conetructed 
several decades ago) shawn" in thia photograph 

Figure 3.14: Stoss-side and Bteep flank deposita. Hotice the 
partly-buried character of the pebblea in the 
atoaa-side area. 
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bed-materia1. ' On1y few larg~ particles are encountered on micro­

topographie highs because their ro1li~g and sliding motion is usually 

stopped upstream of-these forms. Had they moved by saltation, they 

wou1d have been found more freque~tly on thé vegetated and e1evated 

ground rather than on the neighbourirtg chandel bed, because once they 

l~nd on such a feature the probability of their entrainment is reduced. 

As, an examp1e, consider the extreme case depicted in Figure 3.17 • 

• 
This portion of the channel ts at ,least, 15 cm higher than the avet'age 

, e1evation of the neighbouring stre~m be?, and more than 25 cm higher 

than the thalweg. Durin~ ~he flood of May 4 - 5th, 1972, pebbles and 

cobb1es managed to roll up and on this aide channel where conditions 

were, in terms of competence, much lower than in the centre of the 
)P 

channel. The bankward decrease of veloci,ty in any stream is -well-

83 

known, and a1though the àbove-mentioned particles managed to reach such '. 

a topographic high, hard1y any of them were transported over the 

rougher and slight1y higher vegetated surface (sorne did, just on the 

bounùary). Had coarse partic1es moved over these surfaces with ease, 

no width~wise variability in calibre wou1d have been apparent. 

Patches of material of uniform calibre are not restricted ta 

very small particles. ~lndeed, a consid~rable (20 - 30 percent, 

qualitatively estimated) portion of the stream bed is covered with 
lfIIi 

pebbles and cobbles of uniform size (see Figure 3.18 and tkê downstream 

portion of Figure 3.9). These portions of the bed area, re~erred to in 

tbis study as 'fIat deposits', are characterized by a very fIat micro-

topography (represênted by 'highs' and 'lows' vertica11y disp1aced b, 

-the 1ength of the c - .axi",s of the ,partic1es),. Such bed areas are 
\ 
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Recovered Particle No. 26'(1) 
J 

We1~ht ~ 423.61 gm 

DistancE" of Transport 104.87 m 

Sphericity (/be/a2) 0.59 

Shape (c/a) 0.41 

Local Slope 0.004 

b-axis 78.7 IIID '. a-ax1s 92.9 l1ID 

c-ax1s 38.0 mm 

* CI' • Sec. Location 190.40 011 

* see exp1anation to Table A.2. 

(2) stoss-side deposits 

(3) cobble with~lon~ axis a1igned transversely to the flow direction 1a 
bur1ed almost comp1ete1y " 

(4) 'simple' infi11ed (and thus, closed) structure 

(5) tight structure () 

(6) vertically 1nfilled t1~ht structure 
'1 

(7) partly developed imbrication 
fil 

(8) lee-side depos1ts. TheBe are usually somewhat coarser than the 
respeètl~e material on the stoss side. 

(9) notice the decrease in particle size throughout thia and other 
(paral1e1) cross-sections 

Figure 3.15: GraduaI decrease of particle ~lle on a low-anlle 
flanle.. 
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Recovered Partic1e No. 

Wei~ht 

DiRtanee of Transport ~ 

Spherieity (/be/a2) 

Shape (c/a) 

Local Slore 

b-axis 

'" li":axis 

c-axis 

Cr. Sec. Location* 

* see explanation ta T~ble A.2 
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2q(l) L 
832.02 gm 

108.72 m 

0.51 

0.34 

n.032 

124.2 t\Ift 

126.0 mm 

42.4 rrtm 

110.40 cm 

(2) abrupt vranulometric chan~e from coarse, thalweg deposits to boulder 
qhadow and/or steep f1ank deposits 

(3) coarse textured rather open structure 

(4) ti~ht structure 

Fi~ure 3.16: Abrupt change to houlder shadow and Bteep flank 
deposits 
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covered with bed-material slightly smaller or as large as the Median (DSO) 

size representative of the whole reach. The particles are usually placed 

one beside the other in a fairly open structure and additional surficial 

structures are absent. This j.dcromorphology represents the closest 1 

approximation to idealized bed-material arrangements assumed in Most 

bedload formulae. 

c) Structural Arrangements 

Particles on the surface of the bed which are arranged in such a 

manner that there ls hardly any contact between them are said to form an 

open structure. Such structures characterize fIat deposists as weIl as 

various types of fine material accumulations. In addition to those concen-

trationsof fine material mentloned previously, it is evldent that these 

deposits are also often located on the stoss (or upstream) side of boulders, 

specifically where the latter 'dip upstream (Figures 3.11, 3.15 and 3.19). 
, 
The late deposition of these materials may be inferred from their exposed 

locations. 

Closed structures, where most surface particles are ln contact, 

are much more prevalent than open ones. A purely theoretical approach to 
~ 

coarse-bedded streams would probably incorporate the assumptlon that small 

particles fill in the voids between larger (surficial) ones whlle rolling 

or saltating and thus form infilled structures (the simplest type of closed 

structures). This do es characterize the Seale's Brook bed but the filling 

of tne voids is invariably incomplete (Figures 3.8 and 3.20). In other 

words, the surface layer ls characterized by an internaI relief rather 
\ 

smaller than the c-axis of the coarser constituents. This is uRuaIly not 

the case in sand-bed streams, where bedforms (e.g., ripples or dunes) are 

• 
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Recovered Particle No. 

Weight 

DiB tance of Transnort 

Sphericity (/bc/a 2) 

Shane (c I;J) 

local <; lope 

b-axis 

il-axis 

c-axifi 

Cr. Sec. Location* 

* see explanation to Table A.2 

(2) steep (bankward) flank ~eposits 

87 

54 (1) 

372.63 ~m 

41.18 m 

o.3cf 

0.26 

0.012 

70.8 tmI 

123.0 I1I1II 

32.1 mm 

160.40 cm 

(3) shallow flank deposit~ associated with increased rou~hne8s on the 
ve~Ptated patch of raised 2round 

F{~ut'e 3.17: Low artd high-an~1e flank deposits of a side channel. 
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Recovered Particle No. 

~el~ht 

Distance of Transport 

Sphericity Jhc/a2
) 

Shape (cfa) 

. 
Loc:tl Slope 

b-axis 

a-axis 

c-axis 

Cr. Sec. Location. 

* see explanation to Table A.2. 

7 (1) 

i. t· 3.10 ?m 

126.48 m 

0.57 

0.38 

0.036 

15.4 mm 

18.2 mm 

7.0 mm 

SO.30 cm 

(2) ri~ht-hand part of an fmbrlcate structure 

:(Iîr 

Figure 3.18: Flat deposits and open structures. Note that the 
structure sbawn ln thls part of the bed ls not 

. completely open; several ag~regate. of particles 
are, indeed, characterized by an Infillln~ of 
Interparticle spaces. Water depth 1., on averase 
10 t'a. 
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1arger than the average particle size by one and, more often, two magni-

tudes. Bedforms in this latter sense are restricted in Seale's Brook to 

the few Islands, sorne of the 1arger transverse ribs and those exception-

a1ly large boulders found in every stream locale. 

Very small particles most probably fall into hollows, rather 

than having been there in the first place, either by rolling and/or 

sliding over the large upstream particle, or by leaping in saltation • . 
The arrangement of few small particles in between larger ones tends to 

be very tight,i.e., it is rather difficult to dislodge the particles, 

especially the small ones, without previously destroyin& the complete 

structure. When some small particles of infilled tight structures are 

disk-shaped, as they often are on the bed of Seale's Brook, their a/b 

planes tend to dip vertically (see Figures 3.10, 3.11, and 3.15). This 

increases the rigidity of the structure because the very finest involved 

particles can easily fall and settle in between fIat ones (Figure 3.21). 

Tight structures may be caused by a relative movement between 

the coarser particlès (the downstream parti cIe wou1d, on average, move 

more slowly, belng partly protected from the flow by i~ up~tream 

counterpart). They may alao be caused by a wobbl1ng motion of the Hner 

material (with which, in a different context, Einstein (1942) associated 

incipient motion) causing the smallest partic1es to sett1e further and 

89 

thus tighten the structure. Tight structures are depicted in Figures 3.10, 

3.11, 3.15, 3.16 and 3.20 - 3.22. 

Closed, tight structures, are sometimes restricted to intermedi-

ate and large particles and then form imbrication. 1mbricate (shingle block 

or roof-tile) structures are quite widespread on the channel beds of aIl 

coarse-bedded streams. Wel1-developed imbrication covers roughly 10 percent 
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Recovered Particle No. 
lS(1) 

Weight 0.96 gm 

Distanre of Transport 64.32 m 

, j 2 
§rgericity ( bc/a ) 0.49 

tJ 

S~pe (c/a) 0.30 

Local Slope 0.026 

h-axis 9.9 mm 

a-a~is 12.3 mm 

C'-axis 3.7 rtII1 

Cr. S~r. Location* ~ 
25.30 cm 

1 

• see explanatjon to Table A.2. 

(2) open strurturc 

(3) lee-s1de deP?sits _ 

(4) infilled structure 

(5) tt~ht, vertically infilled structure 

-, 

Figure 3.19: Closed structures and partisl infil1ing of 
interparticle voids. Notice tbat none of 
the .pace. between large patticles ia filled 
to the brim •• 
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, 

Local Slope 

48(1) 
1 

1 , et' ! 
. 0.85 ~ 1 

-~ 

1 
253.15 m 1 

1 
0.24 

j 
1 
l 
t 

0.11 

1 0.032 

Recovered Particle No. 

Wei~ht 

--, 
pistance of.Tran~port 

, 5P~eri,CHY (!t.c/~2) '" , 

Shape (c/a) , > 

12.6 mm 
! , h-axB 

a-axis 20.8 mm ,~ 

c-axis 2. 4 TIITl 

Cr. Sec. Locatiori* l FL 4fl cm po 

* sep explaoation to Tahle A.2. 
p • 

, . , 

• 
2) partly developed imbrication • J' 

3) vertically infilled ti~ht structure 

. 
4) tiRht structure in part of which the filling material i8 

vertically inclined 
, . 

. ... 

Fi~ure 3.20: Ti~ht. incomp'let~ly-f111ed structures. 
.. ," ...,.. 
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of the bed area but partly-developed imbrication 18 so comman that it 1s , 

rare not to see it everywhere, except 1n portions of the bed that are , 

mostly covered with gravel. Well-deve10ped imbricat10n 1s especia11y 

widespread in the smali 0.5 - 1 m w1de tributaries, probab1y due to the 

more areally-restricted turbulence and the dominant part of rolling in 

bed10ad movement. 

Tight structures ~rred ta as 'imbricate' are characterized 
,1 ~~ 

by pebbles and larger-siz~a partic1es successively lean1ng upon each 

other, commanly on a contact surface rather than on a contact point, and 

dip'ping consistently upstream. He11ey (1969) and Lane and Carlson (1954) 

commented on the regular upstream dip of MOSt coarse particles (i.e., on 
~ 

the pebble-shadow feature seen when looking upstream at the channel bed) • 
• 

We1l-developed imbrication ls shown in Figure 3.23 and others can be 

detected in the bed areas shown in Figures 3.10, 3.15, 3.16, 3.19 and 

3.22. 

Because imbricate structures are characterized by upstream dip-

ping particles of a very definite lower size limit (about 60 mm), thelr 
1 

formation can only be explained by the rolling and sliding motion of bed 

fragments. When a coarse parti cIe Îands on a finer medium, it increases 

the turbulence immediately upstream of it vhereby finer material under-

lying its upstream side is entrained and the coar~e frag~ent sinks' 

"backwards, dipping upstream (Figure 3.19). This sinking phenomenon, on a 

sand bed, has been reported by Fahnestock and Haushild (1962). Any other 

~. 

plat y particle, similar in size to the one already dipping upstream, will 

tend to stop its rolling/sliding motion on contact vith the former, also 

dipping upstream. The same mechanism probably applies tO'particl'; of 
~ 
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Recovered Partiele No. 183(1) 

Wei~ht 4. 79 ~ 

nistance of Transport 0 27.18 m 

Sphericity' </hc/a
2) 0.33 

Shape Cc/a) 0.15 

Local Slope 0.028 

tl-axis 21. 7 mm 

a-axis 30~'4 mm 

c-axis 4.5 mm 

Cr. Sec, Location· 105.30 cm 

.~ , 

* see explanation to Table A.2. ~ 
... 

(2l ~ravel particles ln the ti~ht. vertically infilled structure 

Figure 3.21: 
. 

The raIe of gravel particlea 1n increa.in~ the 
stability (or interlocking) in t1ght atructurea. 
Water depth in the left-hand part of the 
photograph i8 6 - 7 cm deep • 
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Recovered Particle No. 

\.Jeight 

Distance of Transport 

SpherJcity (Jbc/a~) 
Shape (cl a) 

Local Slore 

b-axis 

a-axis 

c-axis 

Cr. Sec. Location* 

\ 

* gee explanation to Table A.2. 
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93(1) 

0.37 gm 

194.68 m 

0.33 

0.20 

0.009 

6.7 mm 

11. 7 mm 

2.3 mm 

260.10 cm 

(2) increa~ed stabl1ity of the surface 'layer' due to inffllin~ vith 
fines 

(3) wpll-developed iœbricate structure 

(4) partly-developed imhric~e structure 

Figure 3.22: Well-developed and partly-developed imbrication. 
Water depth in the upper left-hand part of the 
photo~raph is rou~hly 4 cm. 
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. 
other shapes, although structures of equant-shaped fragments are on1y 

partly-developed. Because gravel is often transported in saltation, or 

even in suspension, it will not construct such structures. In fact, few 

pebbles and still fewer gravel-sized materials have been observed to 

orient themselves with an qpstream inclination. 

Whether the closed arrangement of particles on the bed is an 

imbricate, partly-developed imbricate or any other type of tight struc-

ture, it is clear that forces greater than the submerged weight of the 

particles are needed to entrain bed fragments involved in these 

structures. This is especially pronounced in vertically-infilled tight 

structures, where initiation of motion of any of the particles is 

preaumably associated with the destruction and entrainment of the whole 

structure. It ia, however, also possible that aIl these stru~tures 

remain stable on the bed and that particles are entrained sequentially, 

beginning at the upstream end of the structure. However, even in this 

~ latter case the entrainment of individual particles depends on the 

entrainment of the one furthest upstream, which May be very stable. 

Measurements have been made of the minimal force needed to stir 

pebbles, cobbles and boulders in stable structures (vertically infilled 

and imbricate) on the bed. Two sizes of C- shaped clamps were used as 

a means to attach e dynamometer to a particle. The moving parts of the 

clamps (which held the particle) were edge-sharp~ned 9crews which, when 

tightened, drilled two minute holes in the particle to avoid siipping. 

Several methods were used in order to mave the fragment. The applied 

force was directed vertically, horizontally or parallel to the inclination 

of the particle. It was immediately apparent that the dynamometer was 

very inaccurate for horizontal measurements. Moreover, when the applied 
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Recovered Particle No. 

Wcil'ht 

Distance of Tr~nspoTt 

Sphericity <Jbc/a2) 

ShapE' (r/l1) 

loca1 Slore 

h-axi'; 

n-~xls 

c-axic; 

Cr. ~('('. Location* 

... * ~e~-rxplAnation to Table ~.2. 

96 

171 (1) 

1320. cm P-1Il 

33.43 m 

0.37 

f).21 

0.006 

12'6.5 mm 

20].3 mm 

4(,.5 mm 

290.10 cm 

~2) vr~etated natch of raised ernund. Notice the smail. transveTsely 
ali~ned channel and the fE'neral fine ("oTllPo'iitlon of the material. 

(3) left-hand part of the bed of a side channel 

(4) well-developed imbrication of lar~e cobbles: 8t least 7 large 
oarticles are seen ta comprise this structure 

Fi~ure. 3.23: Well-developed imbrication. Water depth in the 
lowermost. left-hand part of the photo~raph i. 
at 1east 15 cm. 
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Recovered PaTtlcle No. 

Weif'ht 

Distance of Tr:tnsport 

Sphericity (~) 
Shapf' «('/;}) 

• l.ocal Slope 

h-;}xic; 

il-axis 

c-axis 

Cr. ~('('. LocatJon* 

96 

171 (1) 

33.43 m 

9.37 

f).21 

0.006 

126.5 mm 

201.3 mm 

46.5 mm 

290.1f) cm 

1 

* ~rl;tnation to Table ~. 2. 
{ 

(2) v~~etated patch of raisf'd 2Tound. Notice the small, transverse]y 
a11~ned channel and the r.eneral fine ~o~o~itton of the materiat. 

(3) left-hand part of the bed of a side channel 

(4) well-developed imbrication of 18r~e cobbles: st lesst 7 large 
narticles are seen to comprise this structure 

J 

Fi~ure 3.23: Well-developed imbrication. Water depth ln the 
lowennost-, left-hand part of thé photo~raph 1s 
at least 15 C1D. 
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, 
force was directed upwards, lt ultlmately rotated the partlcle before or 

durlng lts dislodgement, instead of raising lt vertically. This neces-

sarlly made the measurement very inexact and quite meanlngless. The 

third method, applied ta 5 particles, proved ta be more useful. Over 100 

measurements were attempted on 100 different partic1esj 4 and 2 were 

successful (in that there was sufficient time ta take the exact readlng 

and no slipping or rotation of the particle took place) when applied vert-

ically and parallel to the inclination of the particle respectively. Some 

of the unrecorded measurements were, however, successful, in that they 

• qualitatively showed the stre~gth of the structures. The data of Table 

3.2 demonstrate the magnitude of the effect of these structures on 
1 

initiation of motion. Taklng PB = 2.6 (where Ps Is mass density of the 

partic1e, an average from a sample of 10 partic1es whose specifie gravit y 

was determined in the laboratory), the ratio of this force (probably still 

amaller than the actuai force nèeded to initiate motion) to the submerged 

weight of a partic1e ranges from 1.8 to 6.1. Although this topic needs 

'additional data to derive more accurate estimates of forces, the meager 

numher of measurements presented herein show that this force is signifi-

cantly 1arger than the partic1e's submerged weight (at 90 percent confid­

ence interval). I~oreover, the Inherent Interlocking friction o~ imbricate 
1 

structures 19 usually augmented, rather than weakened, by water pressure 

on the upstream faces of the structures (Figure 3.24). 

AlI in aIl, the observations mentioned in this chapter show that 

beds with a wlde variabl1ity ln ca1ibr& of bed-material have definite and 

systematic structures and forms. Obvlously, these are interre1ated with 

processes and specifica11y with bed-materia1 transportation. Chapter IV, 
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Weight 

lb 
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<II> pull par~llel to particle inclination 

,f 

.{: c 

e 

Submerged Weisht (p -2.6) s 
lb 
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1954). 

-

J1' 

\Q 
\D 



• 

• 

• 

100 
, , 

, 
dea1ing with coarse bed-material transportation, ia written in an attempt 

to emphaaize that an understanding of this interdependence is a 

prerequisite to any sound and we11-founded approach to bed-material 

movement. 

t> 

. - / 

,\ 

f -



''-e 
: 

CHAPTER IV 

OBSERVATIONS ON BED-MATERIAL MOV~MENT IN SEALE'S BROOK 

Distance of transport of labelled bed-material can, when inter-

preted with care, be of much help in understanding transport processes. 

The Iarger this distance, the greater the mobility of the particle. 

Particie mobility is an indication of initial instability and duration 

and velo~ity of movement. Thus, although stability, transport duration 

and ve10city cannot be ev'aluated separately from the distance of trans-

port in a single flood, their combined effect i9 expressed by it. 

4.1 Collection and Preparation of Materia1 

The entire bed of S~alets Brook was covered during the winter 

.of 1971 - 72 by a thick (0.3 - 0.6 m) veneer of ice, so that a different, 

!but nearby, source of material was selected. Several thousand particles 

4 - 256 mm in diameter were randomly picked from a portion of the bed of 

the North River, about 100 m dOWDstream of its confluence with Sea1e's 

Brook. The materiai was washed, dried and divided into size classes 

from which four a1most i~nticai size distributions were assemb1ed. 

Eàch of these was spràyed with an oil-bâse~ paint and altogether four 

different colours (yellow, red, green and blue) were used. Four sections 

were cho~en iri early spring wherein particics would be placed. Here, the 

choice depended on local bed slope and on the character of the surface 

layer, mainly particle size. The location of the cross-sections is shawn 

101 

in Figure 3.2. lt w~ decided that the coloured material should be placed 
,. },r 

" 

on the bed at different times i~ order to examine the effects of daily floodq 

of different inte~siÇJ. Date and time of particle emplacement are shown on 



o 
Figure 3.1a. 

Over 20000 particles were picked 

rzr~-;;;-d 
~S/ .'t ,;(_ 

':. -
from different Seale's Brook 

bed areas ih the early spring of 1973. The treatment given to this 

màferial was identical to the one of the former year and it took alto-

gether two weeks to prepare each of the yearly samples. Because 

recovery rates of 1972 labelled bed-material (see section 4.3) 

decreased with decrease in particle size and with increa$ed bed rough-

ness, the 1973 material was divided into 3 similar groups and one much 

larger, 50 that the size distribution of each group changed to a great 

e~ent. The 1973 materia1 was placed at or near,the locations used in 

the former year, and inserted on Harch 26. 1973. 

4.2 Disposition of Coloured Particles 

Each sample of particles of a specifie colour was placed on the 

stream bed in the following manner. The finest were disposed of first, 

gradually placing larger particles up to (but excluding) the coarsest 

fraction (180 - 256 mm). Each size group was placed about 0.1 m upstream 

of the preceding smaller particles. Most particles were swept a short 

distance downstream and altogether, the newly deposited material formed 

en incomplete coyer and was spread downstream (especially the~er 

,fragments) throughout the whole channel width f~r about 2 m. ~se of 

the 1cy cold ~ater, it wàs impossible to place the particles on the bed 

in structures similar to.the ones most-often encoubtered in the studied 

reach. Instead, the material was either dropped -at water level (in 1912) 

or randomly placed on the bed (in 19v3), but always c~vering the entire 

channel width. Moreover,. the spacings of labelled particles in each 

-'. -[Ize group and for a11 sizes was much the Rame for each colour group. 
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The large cobbles ~re placed on the bed in the centre of the channel. 

Numbers, from l to 7, were previously painted on them and the initial 

location was such that the number increased upstream (i.e., the weight 
q 

increased downstream). This was done so that their relative motion 

could be ascertained. 

lt was observed that most of the smaller introduced particles 

immediately disappeared between and underneath cobbles and bouiders. 

As parti cIe size increased, a greater percentage remained on the 

surface. However, it was evident that as particie size increased, part-

icie stability (relative to the corresponding in situ ones) decreased. 

Thus, when severai Iarger partieles were aecidentally step~d upon they 

moved or slid considerably, a phenomenon very uncharacteristic of the 

very stable bed of Seale's Brook. Another observation related to the 
~ 

newly-placed materia!_~as that as the percentage 

increased in a locaÎ ~e~~~ea (roughly I m2), so 

of coarser particles 

the smaller Iabelled 

particies disappeared to a greater extent. When thê latter wer~ smaii 

enough, they usually disappeared between the jagged structures, ahd 

when they were lar~e enough, they tended to roll or slide a bit and be-

come immobilized on ~uch finer materiai or, more often, on the stoss 

si de of similar or Iarger partieles. 

Consequent to these observations, it must be realized that the 

transportation of the labelled bed-material was most Iikely uncharacter-

istie of the behaviour of the bed-materiai of the surface layer as a 

-
whole.· SpeeifiçaIIy, initiation of motion of the eoloured partieles 

coneeivably commenced prior to one of their in ~ counterparts. For 

t~is reason, lt would be dangerous to attempt a caiculation of actual 

bedload rates from the distances of travel of the coloured material. At 
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the same time, the variability in distances of travel in terms of 

parti cIe char~cteristics and the post-movement locations of these part-

icles in relation to channel morphology has yielded use fuI information 

relating to bed-material transport. 

Although sorne difference between introduced and orieinal 

materials does exist, specifically structure-wise, the t~ansport~t>on 

the former .durinr, several flood events is, for aIl practical purpo s, 

quite characteristic of the whole bed area of the specifie reach •. 

Labelled particle characteristics are essentially ide~tical to those of 

the bed (the data of Figure 4.1 show that the introduced particles have 

shapes very favourably compared with the ones of the original hed, shown 
1 

in Figure 4.1 and the data for which are summarized in Table A.l). Once 

the label1ed material had been transported it was deposited in stable 

structures identical to those characterizing the non-labelled material. 

Thus, the labelled particles became an inteBral part of the channel, and 

in the fo11owinp, transport periods t~ey were, if recovered, a random 

~ 
sample that orovid~ information on bed-material transportation. 

4.3 Recovery RateR of Labelled Bed-M~teri~l, Sprin~ 1972 

Of the 4823 coloured particles placed on the channel bed prior 

to and durinB the spring floods of 1972, 242 (or 5 percent) were recovered. 

The data on number of particles introduced, number recovered and percent 

recovery for each colour group and size group are listed in Table 4.1. 

With a sinr,1e irreru1arity introduced by the small number of recovered 

blue particles in the 64 - 128 mm ran~e, percentage recovery decreases 

drastica1ly with decrease in particle size and ranp,es from 100 percent 

for 3 of the 4 coarsest cobble ~roups to 0.5 - 1.0 percent for 

gravel. The recovery rates of the green, red, and yellow coloured 
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Table 4.1 

Number of Labelled Particles Placed on the Beda Number­
Recovered and Recovery Rates f~r each Colour Group, 
Seale's Brook, 1972. 

Size (b-axis) No. introduced No. recovered Percent recove~ 

(TIIm) y R -G B T Y R G B T Y R G B 

4-8 510 610 635 670 2425 3* 5* 3* 7* 18 0.6 0.8 '0.5 1.0 

8-16 406 361 376 453 1596 12 17 24 6 59 3.0 4.7 6.4 1.3 
. 

16-32 110 108 112 1~6 466 14 13 17 4 48 12.5 12.3 15.2 2.9 

32-64 53 53 53 53 212 13 18 13 5 49 24.5 34.Q 24.5 9.4 -

64-128 24 24 24 23 95 12 18 8 2 40 50.0 75.0 33.3 2.1 

• 28: * 128-256 7 7 8 7 29 7 7 9* 5 100.0 100.0 100.0* 71.4 

* 24: Total 1110 1163 1208 1342 4823 61 78 74* 29 5.5 6.7 6.1 2.2 

Y - Ye1low partic1es "-

R - Red partic1es 
"1 

·G -'Green particles 

B - Blue particles 

T - Total 

* - aIl but one have b-axis <6.6 mm 

: - one partic1c had split in two 

• 

T 

0.7 

3.} 

10.3 

23.1 

42.1 

* 96.6* 

5.0 

~ 

.... 
0 
Q\ 
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• particles (originally placed in the three lowest cross-sections) ,in AIl 
~ 

size ranges, and ih terms of total recovery, are essentially alike. 

However, there is a statistically significant (0.05) difference between 

the number of recovered yellow and blue particles, even though the 

actual number of yellow particles first placed on the bed was the smal-

lest and the one of the blue the highest (see Table 4.1). This 

difference in recovery rates is somewhat more pronounced between the 

blue and the green or red particles. 

The question arises as to the reason for this difference between 

the blue and aIl other particles. It was observed that neither the blue 

nor the green colours were very practical in terms of ease of detection. 

However, in this respect, both colours were very similar. Moreover, aIl 

colour coatings abraded by about the same amounts. Some particles 

(mostly in the coarse gravel size range) maintained their complete coat-

Ing, others of aIl colours lost 50 - 80 percent of it, but approximately 

200 particles retained as much as 80 percent of the paint. 

By way of elimination, the only alternative whlch may explain 

the dlfferences in recovery rates ls burial or' rather, selective burial. 

lt has been found (see Figure 4.14) that in terms of particle size, Seale's 

Brook bed-material ls made of two different populations - a coarser surface 

layer and an underlying, finer materlal. The finer material must have 

attalned its burled position by some mechanism other than falling into 

large interparticle spaces, simply because it is actually buried beneath 

the surface. Fine material either remains in its deep-seated location, 

even when being transported, by moving as part of a sheared array of solld 

•• particles (where the smallest are always furthest from the surface), 
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and/or by being gradually covered by larger fragments of the bed-material, 

the latter rollinp, and sliding quite independently of the finer, wherein, 

with cessation of movement of the coarser fractions, Most of the fines are 

buried. 

Whatever the exact nature of the buriai process, fine materiai 

incorporated in a coarse surface layer of a stream bed will undoubtedly be 

buried to some extent with activation of the layer. The finer the newly 

incorporated material ~len compared with the original one, the greater will 

be the buriai of the former (also supported by observations on disposition 

of labelled materials, section 4.2). This probably explains the difference 

in recovery rates between the blue and aIl other coloured particles because 
o 

of the markedly coarser character o(,bed-material in the 'blue' reach (see 

section 4.6a). 

The green, red and yellow particles were placed on the bed at dif-

ferent times (Figure 3.la) with two considerably large flood peaks lnterven-

ing. Nevertheless, the total recovery rates ofoaii three are much alike. 

The initial instability of the newly-placed material has already be~n con-

sidered. Because the three recovery rates are so alike, it is inferred that 

the main effect of the April 19 ~ 20 floods on the yellow and blue fragments 

was to transport them to more stable positions while MOSt of the bed-materiai 

remained essentially immobilized (see the table on Figure 4.16). Had there 

been a p,eneral mobility du ring these two early floods, much smaller recovery 

rates of yellow particles would have been anticiPRted. The reason for 

this is that it has already been shown (Sayre and lIubbell, 1965) that with 

• time, dispersion of labelled bed-matcrial becomes more homogeneous with 

depth in the hed and also with distance from the source. The relevance of 
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Sayre and Hubbell's conclusion in this context i8 that, with time, the 

number of labelled partic1es on the surface of the bed decreases due to 

their simultaneous enrichment in more deep seated layers. This conc1u-

sion is applicable to sand-bed streams and for the finer fractions of 

altogether coarse bed -materials. However, the coarser particles, 

whether labelled or not, will tend to remain unchanged in their predom-

inance on the surface. This has also been demonstrated to hold in 

è~hemeral channel beds, where the percentage of coarse materia1s is 

much smaller than in Sea1e's Brook (Leopold ~ al, 1966). Data from this 

same ,study a1so show that reeovery rate decre3ses as cobble size dimin-

ishes. 

The striking decrease in recovery rate with deerease in particle 

size is a result of the modes of transportation of different sizes of 

bed-material. Admittedly, it could be maintained that low recovery rates 

of smal1 partic1es i8 merely due to difficu1ty of deteetion. However, 

the channel bed of the whole studied reach was inspected very slowly and 

any particle which seemed to be painted (and there were many) was picked . " 
from the bed. A person who for half an hour studies a stream bed 5x5 m 

in area has had sufficient time to detect an, labelled bed-material 1ying 

on the surface, including sand -sized particles positioned in relativeîy 
< 

deep interparticle hollows. lt is, indeed, believed that none, or at 

most very few coloured partieles were left unnoticed in the surface layer 

(which does inelude the interparticle hol1ows where some fine materia1 was 

detected - Bee Figures 3.20 and 3.22). In fact. the roughest. steepest 

and most upstream part of the studied reach was inspected with deliberate 

care. Still, very few small particles were recovered there. Additional· 
\ 
\ 
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inspection of the studied reach upstream of the bridge revealed that the 

number of detected particles decreased very much with each inspection, 

\ and it was zero with the fourth and last. Moreover, because only 2 of 

\the 242 recovered particles had been fractured, it i8 concluded that the 

decrease in recovery rate with diminished calibre i8 not due to fractur-

ing of the fines to an extent whereby their detection is hardly possible. 

It could also be assumed that large amounts of the smaller-sized 

particles were transported completely out of the brook. Nevertheless, 

the lower reach (extending from the North River and as far as the bridge) 

was also inspected with care. Two particles (red and yellow), about 10 

mm in diameter, were indeed detected there on May l2th. However, 1abelled 

particles were first picked (and their distance of travel recorded) from 

the bridge going upstream, and by May 28th, the bed of the lower reach 

had been completely covered by a thin veneer of clayey deposits. No 

further detailed inspection of the lower reach was attempted. Figure 3.2 

shows, however, that on1y 6 particles, of which none was a blue fragment, 

were found in the 50 m long reach upstream of the bridge. It is conse-

quently concluded that distances of transport of different slzes of col-

oured bed fragments tend to have quite a well-defined upper limit although 

the absolute limit was not recorded. This tendency ls also charactteristic 

of the transportation of cobbles ln several studied ephemeral channels 

(Leopold ~!!, 1966), as exemplified by Figure 4.3. Thus, although some 

very small particles may have been transported out of Seale's Brook, it 

is unlikely that their number was large. This i~ference does, however, 

indicate that (unlabelled) grave1-sized particles that originated in the 

Il~ lowermost reach were, to a large extent and especially during the rislng 

\ 

'1 
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stage, evacuated from the brook during the main spring flood of 1972. 

Large partic1es were Most probab1y transported on1y during the 

highest flood stages. This period of time depends on the magnitude and 

duration of the flood. on prevalent bed-material forms and structures as 

weIl as on the calibre of the particles concerned. For the flood of May 

4 - 5, 1973, this duration was approximately 1 - 4 hours. lt has b~en 

shown (Meland and Norrman, 1969) that highest particle velocities of bed-

materiais with normal ~ size dis~ribution (where , = -10g2 (b - axis» 

are associated with particles in the intermediate size ranges (Figure 

4.4a). For rectangular size distributions this Is somewhat changed 

(Figure 4.4b). If one may assume that these relations also hold for 
/- .. ,\ 

coarser materials (the~~)figures only relate to D < 8 mm). th en low velo-

cities in conjunction with short transport durations ascribed to very 

coarse particles May explain their relatively short distances of transport. 

The finest common1y-found (gravel-sized) partlcles of the bed-materiai 

aisa have low velocities according to Figure 4.4a, and the duration of 

their transportation is 1argely dependent on the mobi1ity of the intermed-

iate and coarse particles which. on cessation of movement. bury the fine 

material. Thus. it seems that the (practica1ly-identifiab1e) limit to 

distance of transport depends on the average distance of transport of the 

intermediate sizes (down to about 20 mm in dlameter or approximately 10 gm 

- see Figure 4.5) and on the distance of transport of the few and finest 

particles that managed to avoid too many stationary conditions induced by 

'hiding' in interparticle hollows or by burial underneath 1arger bed frag-

ments • 

In conclusion, the data from Leopold!!!! (1966) and Meland and 

Norrman (1969) are interpreted as supporting the view tha~ the lower( 

recovery rates associated with srna1ler size fractions are not due to a 



• 

4.4a 

• 

4.4b 

Figure •• 

0.5 8 
O.A~----~----~----~-----' 

---oHATUtAI ,l4ATUIAI 

-GLASS IfADS 

..... 0.3 .. ----+----t--.. 
• .. .... 
E 
.!!. 0.21----4-,.. -
" o 

• > 0.1r----t 

0~1----~0----_-1~---_~2-----_~3 

Size t/J 

mm 
0.5 2 A 8 

0.8 ---- NATUIAI ,l4ATUIAl 

-GLASS UAosl 

0.7 

-Â-~ 
1 

0.6 
1 

1 

"'~ 
-;; 0.5 ~ 

• 1 ... , 
"- / 
E ~ .. 
";: O." ~ - '" .. '" --
0 ..~ " \. .>-

"" • ~:--" , > 0.3 ~ '\;" 
\0 ~" 

0.2~------~--~+-----~-----; 

0.1 

p 
" 1 , 

, 6 S ;='0." O,_~,,-«:>.-·O .. -~---- ,­-Or-"" ~ & -::;0 --;;;e' y-"-... 

~
~:-1.') 1 .. :. ... - ' __ : ,.1 _ ... . -- ----

, ••• S ;.=, .• , 
O~ ____ L-____ ~ ____ ~ ____ -J 

1 0 -1 -2 -3 

~ 
Size; 

" 

4.4: Particle size - particle velocity 
relations; normal (4.4a) and 
re~tangular (4.4b) • distributions,. 
after Meland and Norrman, 1969. 

114 



\ 

• 

" complete removal of this material from the drainage basin but, 4rather, 

that burial of fine material is an important part of the transport 

pro~esses of bed fragments of widely varying calibre. 

Burial may be brought about in one of two ways. ,p 
Bagnold s 

(1966) concept of a moving 'carpet' of bedload, a sheared array of non-

uniform solid particles immersed in a fluid, may be one exp1anation. 
~ 

Here, deeper and slower moving layers of the 'cœrpet' are sssociated 

with smaller psrticles. The latter tend to remain buried during trans-

portation. This results from the activated dispersive stress 

(proportional to the second power of particle diameter) which causeè 

larger partic1es to remain on the surface. In another but simllar 

transport mechanism, Bagnold's concept holds over restricted areas of 

the, bed characterized by accumulations of fine bed-material. Large 

particles move over\most of the bed area by rolling or sliding, quite 

,independently of the smaller particles there which may roll, saltate or 

even become s~spended between periods of entrapment and buria! by larger 

bed fragments.' 

If aIl the bed-material, from sand to boulders, were alive and" 

formed a 'carpet', the larger fragments would remain on tHe surface, 

which is also the fastest moving bed layer, and for aIl particle sizes, 

particle vel?city would increase with slze (this ls also in accordance 

with Figure 4.4b). Now, because most of the finer bed-material is buried 

underneath the surflcial bed layer, it ls mobilized only after incipient 

motion of the intermediate and coarse particles has begun. Being slow~r, 

and having similar durations of transport, distances of travel assoc1ated 

with sma1l particles would be shorter than those associated with coarse 

" 
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ones (i.e., distance of travel increases with particie size). This 

latter conclusion, based on Bagnold's own theory, ls contradictory to 

data from this and other studies. 

BuriaI may, however be brought about by a combination of . 
Bagnold's concept and a 'carpet'-independent motion of large particles. 

Bere, finer bed-material remains deep-seated in the bed due to the 

disperssive stress as weIl as by burial underneath ro~ling and sliding 

larger bed f~a~ents. Small particles will not remain on top of larger 

ones for two reasons: Firstly, they will be very unstable. Secondly, 

and poss~bly more important, when small partic1es land on a larger mass 

(from saltation) the momentum is transferred almost entirely to the 

small particle. ~foreover, smaH partic!es in motion will avoid large 
. 

objects in their path simply because this is a1so the generai direction 

of the streamlines. Their deposition will not occur on the stoss side 

of a protruberante because ve10city there is greatest, and it will not 

occur in lee of it because the development of wakes will entrain them 

anyway. Thus, larger particles wlll tend to remain on the surface or, 

at most, will become partly buried on their stoss side. 
" 

4.4 Distance of Transport of Labelled Bed-Material 

117 

During May 13 - 28, 1972, the exact position of aIl the co1oured 

partic1es in the top lèyer was recorded. After a particle had been 

detected, its distance from the thalweg or, if the thalweg was unrecog-
"0 • 

nizeable; its distance from the cèntre of the channel was measured with a 

graduated rad 1.7 m long. The accuracy of these measurements is about 

o ± 5 cm. Because distances along the channel had been measured and marked 

prior to the ~~~ection of the particles, the same rad was sufficient1y 
,f ,0 
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long to determine tHe longitudinal location quite accur~tely. The 

absolute accuracy of measurement depended here on the distance from 

the ~ource. The greater this distance, the lower the accuracy. The 

relative accuracy remained constant at about ± 1 percent. Most of the 

recovered'particles were photographed before being collected and brought 

-to the laboratory. No measurements were made on labelled bed-material 

introduced in the channel in 1973 because aIl of it, except the 

smaller, gravel sizes, remained immobile during the whole spring and 

early summer periods. In fact, it is very probable that most or aIl 

of the distance of transport of the gravel resulted while the material 

was carried to more stable localities or me'rely transported because it 

was left suspended 1 - 2 cm above the bed. 

Measurements of several parameters of the recovered particles 
... ~ 

were undertaken: These included particle weight, a, band c - axes, 

specific gravit y and roundness. The data on partic1e roundness are 

incomplete and are not presented here; assessment of roundness is some-

what subjective, especia1ly because most of the particles have simLlar 

\ 
roundness coefficients of 0.65 - 0.85. The specific gravit y of 10 

sampled particles varied from 2.48 to 2.71. 

Particle weight was measured with three different &cales with 

capacities of 160, 1200 and 28000 gm and accuracies of ± 0.001, ± 0.01 

and ± 1.0 gm respectively. Thus, accuracy of weight exceeded 0.1 per-

cent. The partic1es were weighed after having 10et MOst of their water 

content by allowing them to dry for one month at room temperature. A 

test was also conducted to evaluate the amount of remaining water content 

/ f by drying several particles of aIl size ranges in an oven or one day. 
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Table 4.2 

Resu1ts of Stepwise Repression - Correlation Programme: 

Correlation Matrix 

RYX RYA RYB RYB' 1rrf RYZ RDA ROB RDB' RDC 
, 
1 
, , 
1 

yellow -0.39 +0.78 +0.43 +0.15 \* * +0.83 +0.27 * * 
e 

<.l'ed -0.39 ,+0.60 * * j * -0.19 * * +0.11 

green -0.58 +0.63 +0.22 +0.12 * +0.32 * -0.14 +0.16 

blue -0.76 +0.24 -0.32 -0.39 * * * * * \ 
\ 

aIl co1ours -0.47 +0.27 * +0.27 * " * * * * +0.10 

\ 
~ \ 

2 Y lo~(dist'ance of transport) Z sphericity ( be/a ) 

X log(weight) C shape (c/a) 

A average siope of the reach through which * sma11er than JO.11 
the parti cIe was transported 

D y - predicted(Y) 
B' Ideal bed slope x 

RDZ 

+0.14 

+0.11 

+0.12 

* 
+0.11 

• 

--

~ 
~ 
\0 

.,.. 
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Their dry weight decreased on average 0.5 percent. 

Axis length was measured with en~ineering calipers accurate to 

0.01 mm. The axes of the coarsest particles were measured with a ruler 

of 0.5 mm scales. In addition, two particle shape factors were 

calculated. These data are presented in Table A.2 of the Appendix. 

Data on distance of travel Qf each recovered particle, its cross-sectional 

location and weight, local slope of the bed where it was detected and 

the ratio local slope/average slope are also incorporated in ~his table. 

A regression correlation programme was run to determine the de-
l 

pendence of distance of transport on particle weight, shape (c/a), 

sphericity ("bc/a2 ), av~rage and local (5 - 20 m channel length) slope 

and the ratio local slope/average slope were determined. The correlation 

of each of these with the distance residuals, from the regression of 

log(distance) versus log(weight), was also determined and the results are 

given in Table 4.2. 

The most obvious conclusion, also supported by Keller's (1970) 

data, is that there is no relationship between particle shape and distance 

of transport or its residuals. lt would seem from the data matrix of 

Table 4.2 that distance of transport is highly dependent on average slope, 

but these correlations are merely different means of describing the longi-

tudinal profile. The importance of slope could not be evaluated from 

these relations but a longitudinal profile (Figure 4.6) indicating the 

location of recovered particles by size class does show that there are 

patches where particles tend to be deposited. This could indicate that 

there are 'stablè' environments in the macromorphology similar to the 

• stable structures in the micromorphology. However, it is very likely that the 
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patchy appearance owes its existance to the relationship between size and 

distance transported. No obvious size versus slope relationship exists. 

This is also in accordance with the description of the bed in Chapter III, 

p 
whereby it is shawn that local changes in structure and partic1e size, 

are ev en 1arger than the small-scale bed slope changes. Thus, it is 

believed that bed slope in coarse-bedded channe1s dO,es not influence 

initiation of motion nor bedload discharge to a large extent. This same 

conclusion was a1so reached by He11ey (1969), who actua1ly ignored bed 

slope. 

The on1y cona1~tent relationship i5 the one between distance of 
, " . ~ , 

iransport and weight (or size, see Figure 4.5) of particles. Regressing 

distance on weight yie1ds the highest reduction in variance of distance 

transported, and the correlation coefficients are consistent1y negative. 

The 1inear re1ationship between log (distance transported) and 
J 

1qg(weight) is very convenient in terms of c1arity of scatter diagrams, 

which inc1ude a three and a fivefo1d increase in the magnitude of the var-

iables (Figures 4.7 - 4.10). An arithmetic-semilog linear relationship 

between distance of transport and 10g(weight) yielded slightly higher 

correlation coefficients but several other attèmpted transformations 

yie1ded much lower ones. 

The distan~e:Weight scatter can be approximated by a 1inear regres-

sion line, but the validity of the latter in terms of confidence levels is 

very restricted. The plotted data are not normal1y distributed nor do 

they have a constant variance about the line. Thus, although it is c1ear 

from these scat ter diagrams that there is a tendcncy for distance of trans-
, 

port to increase with decrease in particle weight (or size) , quantitative 

, \ , 
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Table 4.3 

Linear Regression Analysis on Distance of Transport of Labelled Bed-
o 

Material: Correlation Matrix, after Keller, 1970 

Experiment Dependent Independent Coefficient Confidence N 
Number Variable Variable of Correlation Level 

1 distance rnoved volume -0.423 0.98 41 

1 distance moved weis;!;ht in water -0.410 0.97 41 

1 dist'ance moved A-C axis ratio -0.158 0.75 41 ' 

1 distance moved specific gravit y -0.030 0.91 41 

1 distance moved diameter x s.g. -0.522 0.99 41 

1 distance moved shape -0.258 0.99 41 

1 distance moved effec. bot. velo sq. 0.692 0.80 41 

1 distance rnoved effec. bot. velo 0.701 A 0.99 41 

2 distance moved volume -0.305 0.99 65 

2 distance moV'ed weight in water -0.327 0.99 65 

2 distance moved A-C axis ratio -0.057 0.50 65 

2 distance moved specific gravit y -0.286 0.99 65 

2 distance moved diameter X s.g -0.528 0.99 65 

2 distance moved shape -0.291 0.99 65 .... 
N 

2 distance moved effec. bot. ve1. sq. 0.438 0.61 65 
w 

2 distance moved effec. bot. velo 0.470 0.99 65 
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estimates of this tendency and its reliability, based on linear regression-

correlation results, are very unreliable. Even if the data were distributed 

.'" 
normally with a fixed variance along the line, at a confidence level of 95 

percent the correlation coefficients of these log-log relationships (for 

the yellow, red, green, b1ue and aIl colours) would vary to a great extent 

(-0.58 to -0.17; -0.57 to -0.18; -0.73 to -0.42; -0.88 to -0.52 and -0.57 

to -0.36 respective1y). 

Results reported by Leopold, Emmett and Myrick (1966) show either 

no relationship at aIl between distance of transport and partic1e weight, 

or a very slight, negative one (for the North Frijoles Reach, see Figure 

4.3) • 
\ 

Keller (1970) does not provide a distance of travel versus weight 

scatter diagram, but his results, summarized in Table 4.3,~indicate 

that distance of transport correlates with particle weight and with aIl 

other weigpt·affi1iated particle parameters negatively in a consistent 

manner. Although such relations yield correlation coefficients very simi-

lar to those found in this study, the correlations shou1d be interpreted 

with care. Whether the relationships are genuinely linear has yet to he 

estabHshed. 

Inspection of the pattern ~atter in Figures 4.7 - 4.10 leads 

to sorne doubt whether a simple first-degree function ls appropriate for 

the relationship between distance of travel and particle weight. If 

distance of trave1 is strongly contro1led by velocity of travel, rather 

than mere1y duration of trave1, the data of Melànd and Norrman (1969) 

(Figure t.4) would le ad us to expect quite complicated functfons even in 

the absence of background scatter. For this reason, relations of distance 

• 
of travel and weight were examined ln other ways. 

An ana1ysis of variance was undertaken in order to test whether 
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the distance residuals for each size groùp (0.1 ~ 1, 1 - 10, 10 - 100, 

100 - 1000 and> 1000 gm) are aignificantly d~fferent. For this analy-

sis a regular F - test was done, which showed that there la a significant" 

(0.05) difference between the average residuats of Borne of these groups 

(an F - test will not indicate where the difference lies). ln arder to 
1 

avoid comparing each two groups (five groups in each colour, or ten 

comparisons) and in order t~ maintain the same confidence level, a test 

on means after experimentation (Hicks, 1964) was used, for which 1east 

S~iJtficant ranges are obtained from a table. Ii was found that compari-

son between the average residuals a{ pairs of particle size groups yie1d 

very similar results for the four separate colours as wéll as for aIl 242 

recovered particles. The average residuals of the smallest (0.1_- 1.0 gm) 
~ 

and the 1argest (> 1000 gm) groups are consistently negative (i.e., they 

tend to appear in the scat ter diagram below the regression 1ine) and the 

opposite i8 true for the intermediate size groups. This 1a consistent 

vith Meland and Norrman's (1969) data depicted in Figure 4.4a. 

The only consistent and significant differençe between size 

groups concerns the smallest and the second smallest groupsj grave1-sized 

partic1es (inferrinR b - axis from weight using Figure 4.5) are transported 

aignificantly less than predicted from the r~gression line and sma11 

pebb1es significantly more. Thus, the average distance-residual for each 

size group can be mfnimized still further when the weight versus distance 

of transport data are approximated by a cubic relationship schematically 

shown in Figure 4.11. The conclusion here i8 that the distance of trans-

port of bed-material increases, but at a decelerating rate, wlth decrease 

of partie le size from the boulder to the pebb1e range. With further 
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diminution of calibre, the distance decreases, remains constant or in-

creases very slightly. lt la also logical to aSSume that below a min-
" 

Imum size (the largest sizes transported in suspension in considerable 

amounts), a futther decrease of partie le Bize Is associated wlth an 

accelerating increase in distance of transport. 

4.5 Structure and Forro as Indicative of Particle Velocities and 

Transport Mechanisms 

The slower particle velocities and shorter perfods of travel 

(i.e., the relatively smali distances of travel) of large cobble9 on 

the one hand and gravel on the other can find th~lr explanation in <the 

composition, morphology and structure of the bed'. Ab()Ve everything else, 

the most prominànt èharacteristics of the coarse-bedded channel of 

Seale's Brook'is the predominance of coarse particles in the surface 

layer of the bed and its consequent jagged nature, as weIl as the local­

lzation of finer'~ateriai in specifie areas. 

Meland and Norrman (1969) presented a theoretical but sound 

explanation for ~he differences in partlcle velocity. They maintain~d 

that with increase in particle size, bed stability becomes less effective 

in retard~ng, or ~ausing cessation, of bedload transportation by sliding 

and rolling. The larger a particIe, 
......... 

the bottom consequent to which it Is 

the larger its ,. . 
/'+'.c-. 

less 1.ik~ly to 
'0 

.. 
~ntact surface wi~h 

slnk in a matrix of . 

~ finer hed-materiai. Moreover, wLrh i~cr~ase in size th~ less likely will 

the motion of the particle he affected by bed irrep,ularities.~ Thus, 

average pàrticle veloe! ties will tend to increa,se wi th increase in particle 

" size u~ to a certain limit. As particle size increases ahove this limit, 

,lJ 
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.. 
the increase in weight overcompensates for the increased contact surface 

area in terms of relative stabi1ity. Thus; increase in size for very 
() 

132 

large partic1es is associated with a decrease in partic1e ve1ocity. Bed-

Inad tran~portation of large partic1~s is, consequently, inferred to be 

characterized by short-1engthened but fast advances with long intervening 

rest periods. Conditions were dynamical1y competent (see section 4.6) in 

Sea1e's Brook during the peak spring flood of 1972 at least f~r small 

boulders. Kn examp1e of the transportation of such large partièles can be 

seen in Figure 3.10. Here, the upright boulder, beside the grass-covered 

raised ground, partly covers a transported, blue-labelled, quartz-veined 
~ 

large cobble. 

Although sma1l partic1es are associated with low velocities, this 

is only applicable to movement by rol1ing and/or sliding. Particles trans-

ported largely in saltation will travel faster than will somewhat larger, 

rolling ones. Moreover, velocity w~ll be greatly increased for partic1es 

in suspension. Nevertheless, as soon as partic1es of this latter category 

come in contact with the bed surface, they will tend to be huried underneath 

larger partic1es. The overall resu1t should then be that the sma1lest 

particles common1y found on the bed wou1d be transported extremely variable 

distances - depending whether they were or were not buried st the onset of 

a flood recession by larger particles which, at that time, become im~obil-

ized. '. 

It has already been mentioned that the sma11est particles commonly 

associated with imbricate structures, especia11y with well-developcd ones, 

most like1y form the lower size limit for bedload ·.ranspo~tation by rolling 

and sliding. For Sea1e's Brook, this corresponds very approximately to , , . 
" 

particles with D'> 60 mm, or havingoweights in excess of 200 gm (see Figure 

t' 
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4.5). This lower limit for bedload transportation by rolling, and sl;ding 

should be regarded with care and it probably applies only to the peak 

flood of Hay 4 - 5, 1972. 

The grave11y fractions have been shown to be transported signifi-

cantly shorter distances than a simple logarithmic relationship would have 

predicted. Tnls is a result of the extremely variable distances they were 

transported. In fact, the difference between the gravelly and pebbly 

fractions is very likely due to different mechanisms of transport. Gravel-

sized fragments were probably transported in suspension during the highest 

stages of the Hay 4 - 5th flood. From Sundborg's (1967) well-known 

diagrams showing bedload/suspension transport zones and zones of immobi1ity, 

it can be seen that with a small decrease in particle size in the < pebble 

range, the particles are transported as bed10ad at much sma11er velocities • 

It ls, in fact, quite evident that much of the grave1ly bed-material was 

transported in suspension and deposited on high channel f1anks ~nd on 
) . " ) 

point bars at the onset (1 or 2 hours) of the recession of this flood, 

because at somewhat lower, stages water depth and velocity were much too low 

on channel flanks and on point bars for the water to carry gravel in 

suspension. At the time durlng which considerable amounts of the moving 

gravel were deposited on channel flanks and banks, most of the remaining 

gravel in motion was being buried underneath or hidden in lee of the 

cobbles and boulders which concurrently became immobile. Had gravelly 

materla1 been transported in suspension longer than ca ; - 1 hour, the 

labelled grav~l would have been very conspicuous on the bed of the low~r 

·reach (from the bridRe to the ~orth River), or at 1eRst as conspicuous 



as on rou~her, further upstream locations, where the percentage of fine 

material on the surface is, indeed, very smaii (see Figure 4.12). In 

fact, only two coloured particles were detected in the lower reach on 

the 12th of May and none of the blue gravel-sized particies were trans­

ported farther than the point bar immediately downstream of the 

convergence (Figure 3.2). A relatively small amount of gravel was 

probably transported in saltation and later by rolling and sliding 

during lower stages of flow subsequent to which it was deposited on the 
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~"stoss s1d~ of protruberances or in miniature longitudinal bars. 

/ 

Because pebbly particles tend to be located in interparticle 

spaces, they were probably transported in saltation during peak flow 

conditions, landing in the large hollows. For the same reason it is 

also reasonable to assume that tqey were not moved solely by rolling or 

sliding (that is, the larger particles were there originally and the 

pebbles could not have rolled on top of these protruberances). It is 

also clear that had pebbles been transported largely in suspension, they 

would have fi lIed the interparticle spaces almost to the brime They did, 

however, most probably roll and slide 1 - 2 hours after the onset qf the 

recession, at the time of which they were deposited in channel flats and, 

more rarely, forméd partly-developed imbricate structures. 

4.6 Dynamic Competence and -Bedload Movement 

The foregoing sections dealt with the tendencies of bed-material 

size groups to be transported varying distances according to associated 

durations, velocities and mechanisms of transport. The unanswered ques­

tion concerning these tendencies i9 why they are so weak or, rather, 

complexe The results of measurements of downstream changes in particle 

size distribution will precede the attempt to answer this question. 
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a) Downstream Particle Size Diminution 

Sampling of particles ~n the top layer of the bed was under-

taken by using the grid-by-number method (Wolman, 1954 and Leopold, 

1970). ' The b - axis of the rocks was measured with field-made wooden 

calipers large enough to encompass small boulders. AlI particles 

~ 

smaller than 8 mm were included in the < 8 mm size class, as suggested 

by Kellerha1s and Bray (197lb). In two recent papers (Kellerhals and 

Bray, 1971a and 1971b) it is shown and explained that the grid-by-

number samp1ing method yields equivalent results tb customary bulk 

sieve analysis. It is also shawn that in order to convert a set of 

area-by-number measurements (essentially an evaluation of the frequency 

distribution by number of aIl surface layer particles in a unit bed 

area) to weight-by-volume data, it is necessary to mu1tiply each 

frequency of occurrence by D2 (where D is particle size; see column 12 

of Table A.3). 

Particle size distributions of the top bed layer of fou, 

reaches are illustrated in cumulative form in Figure 4.12. The four 

reaches are denoted Up -. from where the blue particles were introduced 

extending down ta where the yellow ones were; Div - from the former to 

the divergence; Rc - the right channel branch and Br - from the 

coalescence to the bridge. Each grid-by-number sample contained 100 

individual particles. The median diameter is seen (Figure 4.12) ta 

decrease"downstream: 152, 122, 113 and 106 mm respectively for each of 

the consecutively lower reaches. This decreàse of particle size, gOiQg 

downstream, is true for practically the complete size range commonly 

found on the strcambed. The trend was also checked qualitatlvely 
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~ , 
Figure ~.l2: Cumulative graphs of particle sizes: dOYnstream 

diminution in calibre of surficial bed-~terial. 
~ 
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throughout most of the channel and it was noted that similar small 

cycles are superimposed on this general trend. A small cycle usually 

termina tes at strong bends or upstream of bedrock exposures. 

What is the cause for the graduaI and the cyclic decrease of 

particle size with distance dowostream7 Abrasion ls one possi~ility, 

but experiments by Kuenen (1956) and by Bradley, Fahnestock and 

Rowenkamp (1972) show that much longer distances of trave1 are needed. 

The recovered labelled bed-material lost part of the paint coating, 

but abrasion was extreme1y small. Another possibi1ity is fracturing. 

Most of the pyrite cubes, 50 common in the slates, are comp1ete1y 

oxidized to limonite. This enhanc~s fracturing of the slaty fragments, 

but the process is only effective fdr very thin, particles. Of the 

242 recovered particles on1y two were fractured. This fracturing was 

restricted on one occasion to a fissility plane and in another to the 

who~e weathered mass of the particle. Sorne granular disintegration of 

the very few siltstones was observed, but on the whole, less tha~ 1 

percent of the surface material was noticed to have been freshly 

fractured. Weathering of particles may be associated with downstream 

decrease in particle size if their residence time in the channel 

increases downstream (due to an increase in floodplain width). The 

bed-material of Seale's Brook i8 not deeply weathered (nor the bedrock 

nor the coarse fractions in the drift) partly because the residence 

time of individual particles along the whole network is short due to 

the narrowness of the channel. 

137 

Particle size diminution with distance dowostream can, however, 
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be explained by hydraulic sorting (i.e., varylng distance of travel). If 

, there i5 no weathering-limiting situation for any of the particle size 

ranges, It should be expected that although much of the finer bed-material 

18 mobilized on1y when the coarser fractions are entralned, the former 

is carried greater distances (because it moves faster) and thug concen-

'trates in lower reaches. This, then, ls regarded ~s a leading clue to 

the longitudinal size sorting of bed-material in coarse-bedded channels. 

b) Classical Competence 

Implicit in much of the previous discussion is the belief that 

threshold ve10cities for uniform material of a given size viII not, in 

fact, prove to be competent for that size of materia1 in heterogeneous 

channels where resistance is augmented by the inter10cking of tight 

structures. Unfortunate1y it i9 difficu1t to prove this directly, because 

Most competence diagrams are based on "bottom ve10city" or on shear 

ve10city, whereas data are avai1ab1e on1y on surface ve10city in the 

Sea1e's Brook study. Conversion of these figures (x 0.84) to Mean chan-

nel velocity does, however permit comparlson with Hjulstr6m's (1936) 

diagram (Figure 4.l?). Detailed velocity data are available for two 

occasions: April 19, 1972 and peak flow conditions in 1973; Mean channel 

ve10cities at these times were 2.5 rn/sec and 1 - 1.25 m/sec respectively. 

Accordinr. ~o Hju1str6m's data, these ve10cities correspond to competence 

values of 50 mm and 10 mm respectively. 

The data from Figure 4.16 show that the largest labelled partic1e 

(D = 176 mm) was not moved at aIl, that those of intermediate sizes were 

in~eed transported (but merely 2 - 3 m to more st·able positions) and 
Ù 

that the smallest numbered cobbles were hardly transported at aIl. It i~ 
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th us inferred that a stability of the newly placed material was soon 

attained and that conditions were not yet competent for particles of 

these sizes (133 - 176 mm). Moreover, it ls evident that durlng the 

spring of 1973, conditions ~ere not competent to move pebbles or coarse 

(> 4 mm) gravel (see section 4.4)~ This indicates that initiation of 

motion of coarse b~-materials Is assoclated with somewhat higher 

competence 1evels than those predict~d from the flume data. It rein-

forces t~e observations that coarse bed-materials are more stable due 

to structural arrangements which are absent in flume runs. 

The few data presented here are ceTtainly inconclusive. 

Moreover, the difficulty of standardizing the criteria used by differ-

ent workers to designate "initiation of 1Il0tion" will always thwart 

this type of comparison. Verification of the role of interiocking 

structures in relation to "tlassieal competence theory" , based on 

uniform material, will necessitate much further work. 

c) ,Dynamic Compc~ence 

, Downstream particle size diminution varies with different 

reaches and witn size groups (Figure 4.12). In other words, the 

diminution and its rate are inconsistent. In the sarne context, Figures 

4.7 - 4.10 show that distances of travelo viewed as the means by which 
J 

partiele size diminishes downstrearn. vary to a great extent for part-

icles of the sarne size eategory. For instance. pebbles were transported 

20 and 200 m, but usually not 2 m. ln this section an attempt is made to 

explain these differences and the associated t~ndencies. 

1 t has âl r~ady h,eén rnentloned tl\at coarseness of the surf1C1a~ 
J ; 
, J. 

" channel bed is usually c10sely linked to nearby sources of ,coarse 
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materi~l (whether bedrock outcrops or fluvioglacial deposits). Simi-

lar observations were reported by Scott and Gravlee (1968), Bradley 

et al (1972) and others. The two above-mentioned studies showed that 

lack of competence is a declsive factor controlling lag formation and 
~ 

size sorting downstream. The dominant role of competence, in 

. its accepted sense, seems to be refuted in Seale's Brook for two 

reasons. Firstly, large boulders are quite abundant downstream of 

these localized areas. This raises the question as to why these 

boulders were transported and not those in the upstream localized con-

centrations. The same question ls applicable to aIl the coarse size 

ranges. It may be expected that the distribution of large particles 

in drift is partly random and not entlrely localized in nests. How-

ever, why th en should the percenta~e of boulders and, for that matter, 

aIl coarse particles, decrease downstream and with ~uperimposed cycles? 
, 

The movement of individual large particles from their original 

concentrated location may be partly answered by the explanation of 

Leopold ~ al (1966) of gravel bar formation on sand-bed streams. 

Briefly, they observed that the closer the spacing between particles 

of the same size, the smaller their velocity. For instance, when 

labelled bed-material is placed in several spacinp,s on a river bed, 

those that are more widely spaced will be associated with a greater 

probability of movement (Figure 4.13). Thus, once sorne large boulders 

are transported away from the local area where others are still 

concentrated, the distance of transport of the former will subsequently 

and continu~lly increase relative to the more or less stationary popu-

lation of concentrated boulders. This same reasonin~ would also 
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apply to gradually smaller parti~les, but the basic question as to 

why sorne boulders were first transported away from their concentrated 
~ . ~ ........ 

location, instead of havinr, the whole localized group move as one, 

slow-movirig mass, remains unanswered. 

The second reason for refuting the dominant role of competence 

in this context is that the recurrence in~erval of floods capable of 

moving qui te large' boulders (see p. 1;32) ls as low as 2 - 4 years 

(Chapter V). If such competent floods are so frequent then the reasons 

for the size sorting downstream, the sma11er distances travelled by 

coarser partic1es and especially the ejection of coarse partic1es 'from 

localized concentrations must be explained in a dlfferent way. 

The concept of dynamic competence, which is introduced here,~ 

is especially applicable to coarse-bedded channels; it needs defini-

tion, proof and explanation. A review of the literature on . 

competence and initiation of motion of large particles reveals that 

competence, as such, is the ability of a stream to entrain a certain 

maximum size of particles for which, in turn, flow conditions are said 

to be competent. 

It is'a well-known fact that aIl alluvial channe1s and 

specifically natural~ coarse-bedded ones, are characterized by nonuni-

form sizes of bed-material on the surface and in the bed as a whole. 

If. then, flow conditions are competent at a certain stage to move a 

specifie maximum particle size, with flood recessions this competence 

and the associated particl~ size decrease. An "inspection of the béd-

matetial at low flow should then reveaI a nonuniform bed~material with 

a very definite laye ring of particle sizes, fining towards the surface. 



However, s~~h layering is very restricted in natural channels and it i8 

only comman on the mast bankward (or quiet) portions of channel beds. 

Morèover, it is known that the composition of the surface layer i8 

usually coarser tha~ that of more deep-seated bed layers. In fact, 

this was also found to hold for Seale's Brook. 

The area-by-nu~ber samplinp, technique was applied ta a small 

bed area'measuring 0.5 x 0.5 m by sprayinp, it with paint. Each particle 
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was picked and tts b - axis was measured. The small amount of surface r,ravel 

was brought to the laboratory where it was washed, dried, sieved and 

the number in each size class was recorded. Because-some of the larger 

surface part1cles had left deep hales partly filled with water, the 

underlying layer could not be sprayed. Instead, a volumetrie sample, 

roughly 0.1 ID deep, was dug out of the same location. Care was taken 
~ 

not to lose any fine material. The data from these two samples are 

found in Table A.3 of the Appendix. Figure 4.14 depicts the cumulative 

frequency distributions and the histograms of the calibrè ôr-the sur-

face and the underlyinp, parÙcles (see also Table A. 3). Clear1y, the 

surface mate rial is much coarser and the lack of fines in the surface 

layer is especially notable. 

If, instead of cons}dering the usual competence term, one 

considers the cross-sectional and downstream variations as weIl as 

fluctuations of flow parameters (e.g., ve10city), which are caused by 

microtopor,raphical, structural an~h nel-configuration changes, and 
, ~, . 

if one considers 1n the same cate,ory of importance the natural vari-

ability in bed-material composition and structure"then the fo~ation 

. "- 1 

of tot~11y nonuniform layers, in terms of particle Bize composition, 18 

/ 
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readily apparent. This also explains why conditions may pe competent-to 

move sorne boulders from their 'nest', but not aIl of them. 
, 

The discriminatory nature of the tF~~sport mechanism which 

moves only few large particles at a time from a bed aren that is very 

coarse ls both a matter of chante and bed stability. In this context, 
, ' 
, ' 

E!nstein' s (1950) statistical approach (probability of, being transported) 

is useful. The specifie large particle that is entrained and transported 

away from other large particles was initially less stable than those 

particles that did not move ,and it was subsequently moved from one 

unstable position to another until it reached a stable one. lts mob-
, 

llity and initial instability are not only a function of its {nherent 

characteristics (e.g., size or shape) and of the hydraulic corlditions 

(e.g., s~re~ power or velocity) but also, and probably to a great 

\ ext~t, of the stability of the structure of wHich it i8 but one component. 

Uad it been rolled 'against a very stable bed structure' (e.g., another b~t ;-

much bigger boulder), i~s' movetnent would have ceas-ed. Horeover, if its 

initial position Ahad no~ been, partly by chance, unstable, ,it would\î 

have-%ot moved in the first place~ Thus, the hydraulics-chance-areally 

variable bed stability approach tan, in fact, explain the formation of 

dist~ gravel bars on sand-bed ~treams and the areally variable bed-

material composition in coarse-bedded streams. 

ln concl,usion" the concept of dynariiic competence involves areal 

'and temporal changes in competence. }1oreover, a stream May be competent 

to transport boulders but the dynamic competen~e related to the structures 

of the channel bed and to the hydraulics of the situation May be such 

.. 
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, 
that bould~r s~ructure.s,' are stable enough to prevent re1eas'e, and on1y a 

few, unstable boulders can be moved. Thus, dynamic competence may be 

regarded as the ability of a stream to destroy the most stable struc-
, 

tures. Competence, in the common sense,' differs from dynamlc competence 

in that it is associated·with the initiation of motion of individual 

particles rather than with threshold conditions of structures . 
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CllAPTER V 

CONCLUSIONS 

This study attempts to show that field observations of the 

morphology of coarSc-bedded channels and the structure, composition 

and relief of theirJ6eds are in great n~ed todiy• Theoretical and 

expe'rimenta'l studies reve~rends and relations that may or may not 

hold in nature. Whatever/the theory, at sorne point it must he valid-

ated in the field for which, in fact, the relations and trends are 

The'problems of sampling b~dload, most of which are simply 

a resu!t ,of the characte; of bedlopd transport mechanisms, have not 

149 
1 ... 

, 
yet been solved. In faet, the usefulness of present bedload sampli~g ~ 

techniques i8 and will contin~e to be questioned "nless sampler -, , 

efficiencies are determined in n~r;l ·channels. None of the prevail-
, , 

ing ~heorics can he checked as long as a solution i8 not found to 

bedload sampling. Thus, it'is,somewhat useless to expand stilt more 
v , 

~ the vast literature on bedload theories, based'Qn general physical , . . 
, <r 

(and usually hYtlraulic) concepts as weIl as on flurne experiments, 

without tirst studying in detai! t,he actual chat'acteris"tics of the 

natural system. The natural open system associated with bedload ' 

transportation is, comprised of fIowing wa,ter, !ts convcyor - the 

channel', and the latter' s constituents the individual bed and bank 
( 

-fragments .. Althour,h m~ny.studies .dealr[r,lw~th the behaviour of water 

in natural alluvial c~ann~l~ have been)tndertaken, much still r~rnains 

'tç he unrlerRtood. ,Tht> prctlt gap hetween fact and th,cory ad!!l lies 

( 
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today in the actual description of channels and bed-materials. This is 

especial1y true of coarse-bedded streams. 

The lower reach of Seale's Brook was studied in order to eva1-

uate and understand channel and bed-material characteristics. lt was 

found that cross-sectiona1 shape, channel slope and confiBuration, 

although following certain trends, change in a continuous and usually 

abrupt manner. Thus, average values of slope, width and;' to sorne extent 

conf.iguration do not convey the actual character of 'the chunnel. 

The surficia1 bed layer was found to be cons~derab1y coarser 

than underlying layers. This was also observed whenever a particle 

was picked from the bed; more often than not, it overlay much flner 

material. The surface layer also shows a tendency for particle size to 
~ 
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.' 

diminish towards channel f1anks as weIl as with distance downstream. ~/~ 
// 

The surficial layer of this coarse-bedded channel is com~èd ' 

of fragments of variable sizes and shapes. These, in conjunction with 

more complex bedforms such as transverse ribs, give rise to a very 

.jagged bed relief. Consequently, only a small portion of the bed sur-

face approximates a fIat, ~deal surface so orten assumed to exist in 

the deyelopment of bedload equations. 

Partic,les are ,arranged on the bed in several well-developed 
\ 

structures such as imbricate ones. Almost aIl of them are closed and 

lt ,is obvious, as has been shown, that greater forcesoare needed to attain . 
th~esWold conditions ~han those expecte3 from theoretical studies. 

'" ... -- ~ 

Thus~ an infrequent f~ood event .preceded by one with a Iower probability 

of occurr~nce (during Wh!ChV\rr ~arge partic~es may be mobilized and 

.", ;~~ , 
" 
1 • 

• l ' l,' 

1.> • 

", 
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subseqùently deposited in extreme1y stable structures), may very 1ike1y J 

(, J' 

be Incompetent to initi~te motion of any but few partic1es. Structure, 

in this sense, is obvious1y important in understanding incipient motion. 

The flood of May 4 - 5, 1972'transported 1abe11ed partic1es, 

part of which were subsequently recovered. It was dynamically compe-

tent to destroy aIl but the most stable structures on the bed, and " 

entrained bou1ders as large as D90 - D99, depending which river reach 

(particle size distribution of the surface layer) is consider~d. Pre-

1972 discharge data for Sea1e's Brook are nonexistant. However, if it 

can be assumed that the severity of the peak spring flood of 1972 at 

Seale's Brook, in relation to previous floods there, was much the same 

as for the Eaton River at East Angus, then the return period of the 

1972 sprillg flood, 'as identified by the 1argest daily mean flow that 

occurred during the snowme1t period, is of the order of 4 years (25 

percent probabUity of occurrence) (Carson, 1972): This, then, raises 
. , 

doubt as to the stability of coarse-bedâed channels, so often vlewed in 

the geomorphological literature as armoured and practica11y immobile. 

It 18 believed that further" micromorpho10gièal studies of 
, l 

naturai river beds, an~ specifically çoarse ones, are necessary to en­

hance our undersianding of bedroad transport mechanisms. 

" . 

" , 

" 
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Figure A.2: Cross-s@ctional profiles of the lower part of the studied reach.(The horizontal and 
vertical scale for the lowest. braided section is four times smaller than the one 
for the remaining sections). 
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No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Il 
," 

12 

13 

14 

15 

16 

17 

• 
Table A.1 

~Partic1e Shape of the Div Reach, Oct, 7, 1972, Random Samp1ing 

• 
b c b/a _c/b a 

mm mm ,mm. 

155 

40 

82 

141 31 0.9 0.21 

0.46 39 18' 0.97 

60 12 0.73 0.20 
min 

750 625 225 0.83 0.36 

35 20 17 0 • 57- 0 • 85 

104 
51 

68 

50 

63 33 O ... §O 0.52 
21..c. 19 0.41 0.9 

53 

29 

15 8 

18 12 

314 261 

148 Ils 

" 130 ~ 95~ 

73 551 
• 91 72 

2~1 157 

" 

12 0.77 0.22 

14 0.58 0.48 

3 

8 

55 

26 

36 

36 

0.53 

0.66 

0.83 

0.77 

0.73 

0.75 

0.37 

0.66 

0.21 

0.22 

0.31 

0.65 

28 0.79 0.38 

47 0.74 0.29 

, 

bc/a2 

--: ... 

0.42 

0.66 

0.32 

0.49 
, 

0.52 
< 

0.44 
0.39 

0.36 

0.40 

0.33 

0.54 

0.37 

0.36 

0.44 

0.60 

0.48 

0.lrÇ 

No. 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

, 29 

30 
31 

32 
33 

34 

a b 
mm mm 

c 
mm 

210 150 69 

102 102 28 

310 230 32 

51 28~" 25 

b/a 

0.71 

1.00 

0.74 

0.55 

c/b 

0.46 

0.27 

0.14 

0.89 

143 lOlo 

146 80 

53 36 

99 -0.73 0.95 

68 0.55 '0.85 

8 0.68 0.22 
~ln 

791 412 153 0.52 0.37 

255 186 82 0.73 0.44 

288 208 

? <8 

574 549' 

259 153 
24 9 

53 

? 

min 
253 

59 

8 

0.72 

!--

0.96 

0.59 

0.38 

0.25 

X 

0.46 

0.39 

0.89 

87 64 54 0.77 0.84 
218 183 115 0.84 0.63 

331 274 110 0.83 0.40 

-
~ 

bc/a2 

0.47 

0.52 

0.28 

0-.52 ~ 

0.60 

0.51 

O.-~ 

0.32 

0.48 

0.36 

X 

0.65 

0.36 
0.36 

0.69 

0.66 

0.53 

-". 

,. 

~ 

/ 

.J 

'" 

~ 
0\ 
W 



~ 

-il 

<i 

J 

e .. 

. No. a 

mm 

35 101 

36 321 

37 85 

38 148 

39 25 

. 40 83 

41 ",55 

42 '343 

43 297 

44 190 

45 

46 

47 

48 

49 

50 

,51 

52 

53 

54 

55 

56 

57 

176 

160 

, 93 

153 

30 

444 

98 
119 

160 

446 

18 

119 

195 

b e 
mm mm 

80 . ;.32 

317 144 

45 38 

86 22 

11.8 9 

55 28 

51 16 

min 
261 192 .. 
289 198 

136 73 

b/a 

0.79 

0.99 

0.53 

0.58 

0.47 

0.66 

0.93 

0.76 

0.97 

0.72 

32 23 0.18 

58 0.83 

38 0.68 

e/b 

0.39 

0.45 

0.84 

0.26 

0.76 

0.51 

0.31 

0.74 

0 •. 69 

0.54 

0.72 

0.44 

0.60 

be/a2 

0.50 

0.66 

0.49 

0.30 

0.41 

0.47 

0.52 

132 

63 

95 

30 

68 0.62 0.72 

9 1.00, 0.30 

0.65 

0.81 

0.52 

0.14 

0.55 

0.53 

0.53 

0.55 

0.49 

0.45 

274 

93 
113 

115 

339 

10 

61 

.183 

163 0.62 

21 0.95 
20 

50 

149 

2 

_ 35 

52 

0.95 

0.72 

0.76 

0.56 

0.51 

0.94 

0.54 

0.23 
0.18 0.40 

0.43 0.47 

0.44 l'-- 0.50 

0.20 0.24 

0.57 0.39 

0.28 0.50 

No. a 
mm 

58 35 

59 228 

60 30 

61 1029 

62 140 

63 349 

64 ? 

65 518 

66 226 

67 214 

68 211 

~ 149 

70 ~103 
71 

72 

73 

74 
75 

76 

77 

78 

79 

80 

147 

115 
564 

169 
376 

166 

305 

101 

93 

115 

b e 
mm mm 

28 . 12 

149 75 

20 8 

min 
426 153 

103 58 

305 139 

<8 ? 

313 122 

166 48 

159 32 

58 

38 

23 

b/e 

0.80 

0.65 

0.67 

0.41 

0.74 

0.87 

X 

0.60 

0.73 

0.74 

0.84 

0.85 

0.58 

C> 

e/b 

~ 

0.43 

0.50 

0.40 

0.36 

0.56 

0.46 

X 

0.39 

0.29 

0.20 

0.33 

0.30 

0.38 

178 

126 

60 

83 

9S 

38 0.56 0.46 

15 0.83 0.16 

338 

115 
215 

129 

260 

94 

85 

90 

192 

42 

0.60 0.57 

0.68 0.37 
83 0.57 

55 0.78 

112 0.85 

24 0.93 

34 0.91 

47' 0.38 

0.39 

0.43 

0.43 

0.26 

0.40 

0.52 

e 

be/a2 

0.52 

0.46 

0.42 

0.24 

0.57 

0.59 

X 

0.37 

0.39 

0.33 

0.48 

0.47 

0.36 

0.37 

0.33 

0.45 

0.41 
0.36 

0.51 
0.57 

0.47 

0.57 

0.57 

.... 
Q\ 
J:-



.e 

Q 

~o. a b e b/a e/b be/a2 

mm mm mm 

81 103 102 51 0.99 0.5 0.70 

82 122 70 29 0.57 ().41 0.37 

83 226 145 87 0.64 0.60 0.50 

1- 84 14 10 5 O·lle 
0.50 0.50 

- 85 156 88 38 0.56 0.43 0.37 

~-~ 152 114 55 0.75 0.48 0.52 
~--

87 168 118 83 0.70 0.70 0.59 

min 
88 6"64 363 125 0.55 0.34 0.32 

89 ~31 131 45 1.00 0.34 0.53 

90 '1 <8 ? X X X 

No. a b 

mm mm 
0-

91 302 236 

92 33 24 

93 87 80 

94 47 45 
q5 43 32 

96 63 41 
97 50 39 , 

98 21 15 
..... 99 158 144 

100 28 25 

• 

'. e b/a 

mm 

89 0.78 

15 0.73 

Il 0.92 

12 0.96 

3 0.74 

16 0.65 
12 0.78 

7 0.71 
27 0.91 

16 0.89 

c/b 

0.38 

0.63 

0.14 

0.27 
0.09 

0.39 
0.31 

0.47 
0.19 

0.64 

• 
bcla2 

0.48 

0.57 

0.35 

0.50 

0.22 

0.41 
0.44 

0.49 
0.40 

0.71 

,. 
c 
"" 
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166 

Explanatton to Tnbl e A.2 

Cross-sectional location W~!'l 1'leasured ,ta the nca rest 5 cm. 

The decimal places in this (11th) column refcr to the cros!';-section .. l 

location of the recovercd pnr ti c1e relative to channel fea turcs as 

follOt .. !'; : 

.10 - to the ri ght of thc thalwe~ 

.20 - ta the left of the th:l1ucr, 

.30 - to thE' right of the" rentre of the channel 

.40 - to the left of thE' centrl" of thc channel 

.50 - to the rip,ht of a 10nri t\ldiné'11 bar 

.60 - to the leh of a lonr--i tudinal har 

.01 - r('fers to the ri Q:ht-hand si de (of two) thalwer; 

.02 - refcrs to the le f t-hand sid~ (of ~o) thalweg . 

example: 140.21 means 140 cm to the left of the right-hand sicle thalwer. 

Table A.2: Jr.pnsport Diqtancc t Cross-Sectional Location, Particl~ 
and Slope I]ata of Recovered Labelled Bêd-Haterial, 
Seale's Brook, 1971. 

. , 
.' 

See pages 16 7-H~2 • 
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Yellow 

Rock Wc1ght Distance Spher1c1ty Shape Local 

~ 
b-ax1s a-axis e-axis Cr.-Sec. 

No. Transported Slope Average Slope Location 

(gr) (m) ~bC/ a 2 Cla (mm) (m:n) (mm) (cm) 

~\ 169 1684.30 13.02 0.48 0.37 0.006 1.000 110.0 177,3 6.5.8 17.5.10 

165 27, '.1 _ 16,22 0,48 o,:n 0.001 0,167 25~ 40.4 14.8 20.20 
Iblt 3990.30 13.lt7 0.49 0.45 O.OO~ 1.000 114.0 218.8 99.3 22!i,10 

1'6 104~~,40 21,42 0.69 0,63 0.001 0.200 175,9 263.0 166.2 60,40 

1!14 ~a.56 22,32 0,37 0.19 0.001 0,250 4B,6 67.4 lZ.8 120,30 

160 2.B4 19.42 0.37 0.20 0.001 0.200 15.6 22.0 4.3 0.30 

15'9 64.06 20,17 0.44 0.24 0.001 O.ZOO 46.7 59,6 14.6 10.30 

l'S 261,84 22.27 0,53 0,38 0,001 0,250 66,9 QZ,2 35.1 320.30 
170 4597..40 11,97 0,60 0.45 0.006 1,000 161.5 208,4 94.0 120.10 

163 3(,13,90 17.22 0.71 0,ô2 0,001 0.200 166.5 175.8 109.6 hO.l0 
1109 S~5.14 2b.OZ 0.52 0.34 0.001 0.250 75.9 125.4 42.3 180.30 

1"8 251ô.?O 20.52 0.44 0,29 0,001 0,250 142.2 214.8 b?.8 t5~.lO 

liH 140.58 18.97. 0,37 0.15 0.001 0.200 82.S 115.7 13.2 140.10 

138 18~l,'10 30.47 0.57 0.36 0.001 0.250 148.0 161.0 58.4 50.20 

14' 8277,QO 21.82 0,55 0.48 0.001 0.250 178.0 286,0 137.2 0.50 

76 1.12 100.~3 0.42 0.24 0.015 1.154 12.0 16,S 4.0 175,20 ,... 
a-

78 11.97 142,78 0.b8 0,46 0.042 
...., 

2.333 26.0 27,4 lZ.7 1.50,12 



• • 
Yellow 

Rock Yc1Sht Distance Spher1eity Shape Local 

~ 
b-axia a-axls c:-axls Cr.-Sec. 

No. 'rransported Slope Average Slope Location 

(gr) (Ill) ~bC/ a 2 cI a (1IIIIl) (mm) (mm) (c: III) 

49 10.90 57.08 0.57 0.54 O.02b 2.364 16.7 27,b l4.8 bo.3a 
47 16.40 140.,4 0.59 0.54 0.042 2.800 34.0 .51.Z 4.5 !lO .ll 

44 33B.llb 130.07 0,51 0.43 l).O22 1.294 59,9 99.0 42.b :'.9.30 

3C> 31,78 123.05 
~ 

0.56 0.)3 0,032 1.88l 4Z,Z 44.3 14.7 30,30 

7Z 2.69 74.05 0.41 0.Z6 o.n4<) 6.125 14.7 Zl.8 '.6 ao.30 
lZ 10-,31 78,OB 0.53 0.37 v.03b 2.116 22.4 28,7 10.S 20,30 

70 1.31 1:'H.38 0.b9 0.Ô'4 0.002 0.111 9.'1 12.7 8.1 125./tO 

71 1.95 133. !)o3 0.57 0, 'tS 0,002 o IlL L Ll ,6 17,4 8.3 110,40 

74 0.69 70,83 0.2b 0.12 0.049 4.900 ll.0 18.7 2.3 70.40 

75 10.43 85.36 0.31 0.2.6 0.015 1.154 19.7 37,5 9.6 J.5.10 

3 7(J,07 47.84 0,50 0.27 0.025 S.OOO .55.4 59,4 15.8 20.30 
63 13. R 1 51,53 0.39 0.26 0.001 0.167 21,8 37.1 9.S 40.40 

139 102.47 1(1),57 0.65 0.48 0,019 1.000 -46. S 52.3 25.2 100,40 
90 9.25 189.12 O.~5 0.3,0 0.019 0.950 21.8 :31. s 9.3 40.40 

es 26.28 221,47 0.48 
'-

0.31 n.OO3 0.1.58 31.4 42.b 13.2 125.40 
91 4,60 167.12 0,5-0, 0.39 0.009 0.450 1.4.2 21.9 8.6 250.10 

19 22.09 84. 73~ 0.44 " '~4 0.004 O.23S 23,9 42.6 14.1t 0.10 1-' 
<3' 
00 

'-
" 



• 4 
c • Ir 

'() 
0 

Yellow 

Rock wcight Distance Sphericity Shape Local 

~ 
b-axis a-axis e-axis Cr.-See. 

No. 
~ 

Transported Slope Average Slope Location 

(gr) (m) ~bC/ a 2 cfa (mm) -
(mm) :~-:? (~) (cm) 

" "-
18 O.cH) 71, 75 0.26 0.12 0.036 2,400 13.0 21,8 2.6 90,40 

CI n.73 64,32 0.49 0.30 O_()26 2.000 9.9 12.3 3.7 25,30 

3), 24.59 122.92 0,62 0,45 0.022 1.467 30,S 35,7 16.2 110. 40 

9~ 0.58 170.07 0.61 0.51 0.009 0.450 7.3 10.2 5.2 140.10 
, 

c' 

f} 

94 6.42 172.22 0.62 0.0\9 .- 0.009 0,450 21,8 27,9 1Z ., 3~O.10 

'H 4.28 177,07 0.36 0.20 0.011) 
>' 

0.950 17.8 27,6 5.6 150.30 

82 1.74 235,b7 0.39 0.20 0.003 
.1 

0.158 15,7 2l ,3 4.3 0.30 

~4 372.63 -41,18 0,39 0,26 0.012 4.000 70,8 123',0 32.1 UO. 40 

29 032.0Z 106,12 0.53 .0,34 0.032 2.286 124,2 126, (} <-. 42.4 110.40 
>-

26 423.61 104,87 O.5? 0.41 0.004 0.Z86 78.7 92,9 '8.0 190.40 

2.B 54.52· 106,12 0.35 Q.24 0.004 0.2 86 35,3 68,6 16.7 130.40 

lO 2.11 115,17 0.51 0.30 0.032' 2.000 14.7 17 .2 5.2 140. 40 

ll~ 1,91 ' 3b,Z7 0,57' 0,48 0.001 0.333 11.1 16,2 7.a 0.10 

'" 
., 

1.11 23.45 36.17 0.40, 0.22 0.001 0.333 35.S 47,8 10.4 3S'.10 

121 168,25 35,07 0,56 0,32 0,001 0.3)) 67,2 , 69,S 22.2 7.0,10 
. , , , . 

lZ7 l,s.si· 31,42 " 0.5S, 0.45 0.001 0.250 47.1 71.7 32.0 60,20 

, 133 S6e.Qo 31.72 0.62 0.46 0.001 0.250 81.7. 99,0 45.8 0,10 .... 
, 0\ 

\0 
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"\ 

J a 

Rock Wc1ght Distance Spherieity Shape 

No. Tr,msported 

(gr) (m) Vbc/ a2 cfa 

137 38.56 34,12 n.39 0.22 

173 2291.20 10,61 0.59 0.43 

1?4 1050.64 1.17 0. 1.6 0.34 

185 238.95 5,17 0.47 0.33 

191 0,78 2,27 0.56 0.49 

176 0.33 6.32 
,-

0.59 0.51 -

166 ~ 48.40 8,57 0.37 0.33 
e: 

176 136.28 8,67 0.46 0.31 

.;,,.. 179 16.21 6,32 0.41 0.45 

182 1290.30 5,42 0,58 0.42 

o 

'Yellow 

Local 

~ 
b_xi. 

Slope Average Slope 

..-
(mm) 

~ 

0.001 0.250 36,4 

O.OOb 1.000 133,It 
c. 

O.OO!> 1.00~ 101.4 

O.OOb 1.000 59,8 

O.OO~ 1.5>00 7,5 

O.OO~ 1,000 5,9 

o.oo~ 1.000 24.1 

0,006 1.000" - 53,3 

O.OO~ 1.000 18.2 
~ 

) 

1.000 _1l~.4 0,006 

~ 

.-axis è-axb 

(mm) (1IlIII) 

55,2 " 12 .It 

165.6 71.6 

151,2 51.1t 

90,2 29.7 

11'.8 5.8 

8,6 4.4 

59.5 19.4 

. 77,4 24.1 

37.3 .. _ 16.8 
$""" 

140,3 59.3 

• 
Cr.-Sec. 

Location 

(CCi) 

20,)0 

120,20 

40.20 

' 145,40 

0,10 

75,10 

100,40 

16~0 

0.10 

175,30 

.... 

....... 
o 



e • 
Red 

c 
Spherieity Shape Local 

~ 
b-axia a-axi. c-axia Cr.-Sec. Rock Weight Distance 

No. Transported Slope Average Slope , Location .. 
(gr) (m) ~bC/ a2 c' la (mm) (mm> (~> (Cg) 

57 12.13 64.79 0.51 0,41 C.001 0.091 22.3 29,1 12.0 12.30 

20' 9316.20 1.96 0.63 0.54 0.028 ~ 1.000 162.1 2"5,9 132.7 C) ,"12 ~ 

_ 123 543.75 55,93 0.63 0.44- ~,OOl 0.011 92.1 101,8 45.2 ' 160,5~ 

12' 27.7.76 54.73 0.42 0.19 0.001 0.071 07.5 ~3,9 18.1 18',60 

112 513.68 59.53 0.57 0.48 0.001 0.077 70.8 103.3 49.9 lfO.10 
10~ 322.10 61.83 0.65 0.45 0.000 0.000 " 74.9 79,4 35.6 0.30 

110 37.0Z 62.H) 0.39 0.16 0.000 0.000 53.3 57.6 9.4 .a.10-

103 3.01t 67,H8 0.44 0.34 0.012 1.000 12.4 22.0 7.4 20.10 

101t 0.48 66.28 0.44 0.33 ~012 1.000 7,6 13.3 4.4 20.20 

10~ 0.18 8b.28 ,0.44- 0.23 0.026 1.733 7.1 8,7 2.0 90.10 

107 0.70 100.39 0.~7 0.17 0.004 '0.200 11.3 14.0 2.4 20.20 

1.18 10lt.07 50,08 0.41 0.28 0.001 . 0.1077 44.8 74.9 20.8 0.10 

119 13. 21 57.83 0.37 , 0.20 0.001 0.077 27.7 41.0 8.3 135.10 

120 38.5b 57.33 0.35 0.15 Q.OOl 0.077 47.2 60.4 9.3 160.20 

lZb 34.61t 54.03 0.:33 0.16 0.001 0.077 39.4 -58.5 9.5 170.20 

132 46b.42 54,58 0.24 0.13 0.001 0.077 78.6 177..0 21.9 100.60 .... 
'''"' 124 1524.20 55,lB 0.61 0.49 0.001 0.077 110.4 1.44.7 71.b bO.SO ~ 



e • 
Red 

f: 
Shape " Local 

~ 
b-ax1s .-axis c-axis Cr .-Sec. Rock lo1d&ht Distance Spher1c1ty 

No. Trcnsported Slope Average Slope Location 

(gr) (m) ~bC/ a 2 cI. (mm) (mm) (mm) (cm) 

5 244,60 n.83 0.74 0,56 0.025 2.083 63,3 64,6 36.2 35.30 
bZ 0,36 , 72 ,94 0.61 0.40 0.001 0.077 7,4 8,0 3.Z 85.30 
6J 17.Rb b6,U4 0.36 0.16 0.001 0.083 36.5 45,7 7.2 10. 40 
84 23,!i0 24' •• 33 0.52 0.32 0.003 0.1',3 35,1 1.2,2 13.7 180.40 
8b 6.70 Z26.48 0.b6 0.55 0.021 1.000 16.4 21,0 11.5 0.3('\ 
87 0,49 226,29 ' 0,45 0,29 O,OH 1.000 8,6 12.2 3.5 80.30 

100 '.68 197.33 0.67 0.51 0.019 0.905 18,4 ZO,8 10.6 30.10 
99 2.79 168,43 0.57 9. 44 0.009 0.429 13.3 18.2 8.0 230.10 

, 96 2.62 191,03 0.65 0.45 0.009 0.429 15,9 17 .0 7.6 290.10 
a 10.41 100,24 0.-48 0.34 0.036 1.S?S 23.1 33,6 11.3 50.40 

93 0;37 194,b8 0.33 ~- 0.20 0.009 0.429 6,7 11.7 2.3 260.10 
b5 17~,17 74,34 0.48 0,31 0.001 0.077 59.7 80,S 2S.2 0.30 
68 1.79 R2,U2 0.5' 0.51 0,004 0.363 9.6 16,4 8.4 140.30 ~ 

67 26,i7 79,89 _ 0.44 0.27 0,004 0.333 34,S 48,0 12.9 30.30 
34 8.41 139,33 0.54 0.42 0.032 1.778 18,~ 27,0 11.4 30.30 
03 4.09, 246,93 0.40 0.22 0.003 0.150 18.8 25,9 5.6 180.40 ... ~ . 
32 2.S5 137,90. 0.22 0.12 0.032 1.684 13.0 32.3 3.9 90,30 ..... 

N 

~ 



• • 
Red 

Rock Wc1ght Dist<lnc:e Spheric1ty Shape Local 

~ 
b-axis a-axis c-axis Cr.-Sec. 

No. 
, Transported Slope Average Slope Location 

(gr) (m) .,J bc7 a2 Cfa (mm) (mm) (mm) CCIII) 

21' 1094.98 0,38 0.35 0.,23 0.028 1.000 101,0 192,8 44.5 12'.10 
210. 904.12 3.13 0.55 0.30 0.028 1.0dO 109.6 1-40,9 ~3.9 10S.2l 
197 8.21 42.83 ? 7 0.001 0.059 7 1 T 60.10 

<If 214 164,71 0.43 0.39 0.25 0.028 1.0.00 62,3 104,7 26.2 110.10 
213 0.73 0,()8 0.40 0,20 O.02~ 1.000 10,0. 12,7 2.6 120.10 
19b 19,36 63,)9 0.49 0.32 0,00:> 0.000 31.2 41,3 13.3 0.30 
201 17.91 12.18 0.53 0.:33 0.028 1.000 30.6 35',6 11.R 175.20 
200. 579,65 13,.08 0.35 0,22 0.028 1.000 77.9 143,4 31.5 75,20. 

Z2 4.53 12b.40 0.40 0,26 ',004 0.235 15.3 24.2 6.4 10.40 
. ~ 23 1.57 12b,98 0.30 0. .12 0.004 0.235 15.6 21.0 2.6 .50.30 

11 0.29 100..49 0.50 0.35 o ,,03~ 1.895 6.0 8,4 2.9 95.30 
~5 6.59 153,93 0.33 Oel2 0.022 1.222 30.2 33.5 4.0 0.30 
37 154;7b 143,83 0.26 0.23 0.032 1.778 35.3 122,1 28.3 0.30 
38 0.96 143,88 0.41 0.30. 0.032 " 1.778 9,8 13,5 4.1 45.30 

1 1.91 7b.35 0.33 OelS 0.268 14.889 17 .4 23,2 3.4 155.30 
2 129.61 b9.10 0.36 0.23 0.012 1.000 53.8 92,6 20.9 10..'-0 
't 1,48 68,85 0.48 

, 
0,31 1.000 10.2 16,5 6.1 0,30 

.... 0.012 
" w 



e • 
Red 

Rock Wc1ght Distance Spheric1ty Shape Local 

~ 
b-axis a-ax1s c-axis Cr.-Sec. 

1 t;o. Transported Slope Average Slope Location 

(gr) (m) ..JbcJ a2 cI a (mm) (m:n) (l:1:li) (CQ) 

11, 

167 10.24 36,63 n.35 0,29 0.001 0.053 15.4 36.4 10.5 U.2a 

171 1320.90 33.43 0.37 0.23 O.OO~ 0.300 126.5 201.3 46.5 290.10 

Ise 957. /t8 42.d5 0.42 0.29 0.001 0,059 101.0 16~"6 48.3 90.30 ,. 
(/0 

6n,3:l 101 165,94 41.23 0.50 0.25 0.,)01 0,059. 76,6 77.5 19.1 

153 170.35 !3.13 0.70 0,63 0.001 0.077 47.8 61.4 38.8 - '1'10.40 il 

16ft 43,55 3a.tS3 0,40 0.27 0,001 0.056 34.9 57,0 . 15.6 75,10 

146 0.53 49.!>8 0.6.2 0.50 0.001 0.067 8.1 10.5 il> 5.3 170.20 

139 9.20 51,38 0.28 0.12 0.0.01 0.071 26.3 40.8 4.9 60.20 

143 3.27 50.73 0.52 0,34 0.001 0,07~ 15.7 20.0 6.8 -;5,10 

142 31.93 50,83 n.30 0.11 0.001 0.071 49.0 61.9 6.8 60,10 

" 140 2158.20 51,59 0.49 0,31 0.001 0.071 151,1 195,8 61.0 -150.10 

144 296.42 50.22 0.59 0,38 0.001 0.071 73,1 79.5 30.3 185.10 

151 3880.20 49.37 0.62 0.58 0.001 0.067 129.9 197.9 113.8 120.10 

207 -8 154.2.4 6,45 0.35 0.18 0.02A 1.000 64.7 98.7 18.0 35.22 

20b 113.70 8 .07~ 0.75 0.59 0,028 1.000 51,9 53,6 31.7 0.22 

20.9 454.36 2.92 0.71 0.48 0.028 1.000 79.3 92,9 44.7 ac.22 

2U 1594.20 0.29 0.64 0.43 0.028 1.000 133.2 135.1 '8~O 0.30 
.... 
-..J 
~ 

"4..-



e 
~ 

Roek, 

No. 

lZ9 

13~ . 
219 

1 y, , 

187 

UB 

175 

lH 

181 

183 

177 

WCi&ht 

(gr) 

51117.20 

21307.20 

1005,"0 

6b6,52 

1.33 

209,18 

79.9" 

2U.·~? 

5.92 

4.79 

l049.30 

....... 

4 

Red 

Dist~nce Sphericity Shape Local 

~ 
b-axi. a~xb 

Transported 

<m) 

S 1.S~ 

52.33 

4!,18 

25.,O~ 

27,03 

25,48 

31.33 

32.13 

27.!l3 

27.18 

28.!)8 

... 

Slope Average Slope 

"bel a2 cI (mm) (mm) ~J a • 

0.70 

0.56 

0.48 

o.3Z 

0.26 

0.30 

0.46 

O.5l 

o • I.e. 

0.33 

0.46 

0,67 

o.4i 

0.35 

0.14 

0.11 

0.19 

0.26 

0,31 

0.37 

0.15 

0.30 

0.001 

0.001 

0.OZ8 

o.oo!> 

o.oo~ 

- 0 .OO~ 

o.oo~ 

0,006 

O.OOb 

0.028 

0.006 

o.an 
0.011 

1.000 

0.240 

0.250 

0.250 

0.286 

0.Z86 

0.2'0 

1.167 

0.250 

160.8 

128.0 

123,6 

112.6 

15.0 

50,5 

57.6 

67,0 

18.2 

21.7 

1.54,,9 

186,8 

173.8 

184,0 

1"0.6 

22,8 

l08.Z 

'71.4 

9Z.1 

Z8.8 

30.4 

225.3 

e-axf..s 

(mm) 

124.7 

72.7 

1>3.6 

ZZ.4 

2.4 

ZO.4 

18.8 

33.7 

10.6 

4.S 

67.1 

e 

Cr.-See. 

Loc:.ation 

(ClII) 

30.1n 

DO .10 

0.10 

0.10 

40. 4 0 

0.10 

6".10 

70.20 

1?O.100 

105.30 

70,10 

"-

.... ...., 
VI 



• • /:' 

Green 

Rock Wcight Distance Spher1ci ty ShopG LOCOll 

~ 
b-ax1. a-axis c-axl. Cr.-Scc. 

No. Transported Slope Average Slope Location 

(gr) (m) ~ cfa (lIlIII) ( lIlIII) (lClI) (cc) 
1 

ln 30'.2.30 4,92 0.47 0.29 0.004 1,000 157,4 204.J\ 59.5 0.10 

166 291.80 64,lZ' 0,55 0.38 0.006 0.261 70,9 91.3 34.S 155.10 
~ 

16Z 14.88 67.47 0.47 C,25 0.001 0,045 28 ,4 32.7 a",l 0.10 

1.51 lb96.)O 10.07 0.61 0.50 0.001 0.0 /.5 12B,? 17S.A 87.3 0.10 

203 9550."0 35.91 ' O.~7 o .I.b 0.02e 1,000 202.8 283.3 129.9 
.. 15.20 

152 15',.88 75.71 0.26 0.22 0.001 0.005 42,8 131.8 29.2 100.30 

150 173.0b 10.92 0.50 0.37 0.001 0.005 55,2 81.0 30.3 60.10 

c:} 202 546,38 37.37 0.45 0.29 0.028 1.037 83,6 122.7 3~. 8 ... 95.20 

ZC\d 1.41 31.21 0.4'. 0.34 0.028 1.333 8.8 15.7 5.3 0.11 

207 )104.48 34,37 0.3~ 0.Z3 0.026 1.000 !'i7.,3 81.1 la.9 lO.21 

211 6.11 ZIl.9Z 0.32 0.14 0.~_28 1.273 23,3 33.? 4 .. 6 ilS .10 

217 1.04 44.57 0.69 0,49 
, 

0.026 1.037 11.3 11.6 ~ 5.7 25.12 

~18 
1 

0.37 26.12 0.40 0.38 0.028 2.333 4,4 10.4 3.9 1',0.30 

204 3056,70 36.17 0.81 0.74 0.026 1.120 134.2 150.6 11 'L.6 5.20 

, 198 471.12 42.72 0.46 0.34 0.028 1.031 75.4 120.0 40.2 220.20 

199 1654,50 41.02 0,45 0.31 0.028 1.000 llb.7 183.3 56.8 130.20 

2';.7 29.l 13.3 10.22 
~ 

79 l!i,46 <184.49 0.62 0.46 0.022 1.048 ..., 
0'1 



_r 

.... :- • -J. • 9-

Green 

Rock Wc1ght Distance Spheric1ty Shape Local 

~ b-ax1s a-axis c-ax1s Cr.-Sec. No. 
Transported Slope Average Slope 

Location 
(gr) (m) .,.jbcj a2 cfa (mm) (mm) (lIIQ) (CIII) 

77 1.22 184.92 0.11 0.59 0 .• 022 1.100 9.4 10.8 6.4 20.50 zs 41,62 154.51 0.24 0.09 0.004 0.211 57.4 82.0 7.7 '65.30 
16 a.S7 llr8.77 0.35' 0.19 0,004 0.250 2't,5 40,a 7.8 130-.40 ...... 17 4.87 149.62 0.71 0.59 0.004 0.211 15.1 18.5 10.9 40.40 
46 0,73 165.02 0,42 0.28 0.022 1.156 9.0 13.6 3.6 140.30 
51 5.04 95.62 0 • .58 0.46 0.012 0.750 15,1 20.3 9.4 p.lO 

.J 
13 1.05 142.22 0.32 0.19 0.004 0.250 9.7 17.8 3.3 25.3t) 
14 7.96 145.12 0,65 0.53 0.004 0.250 1 8 .2 22. '7 12.1 90.40 -1S" 12b.02 146.47 0.75 0,56 0.004 0.250 49,6 51.1J 30.0 90.30 
43 10'; 4 a 176.42 0.20 0.08 0.022 1,100 30.0 54.2 4.3 85.4t) 
4~ 0.8,6 175.52 0.49 0.36 0.022 1.100 9.1 13.8 5.0 0.10 . 
41 6.8t; 175.47 0.49 0.31 Q.022 1.100 20,9 27.4 8.5 5.40 
3'1 7.o, 170.?2 0.71 0.56 0.032 2.286 16.9 20.9 11.8 45.30 
40 1.19 172.82 6.44 0.27 0.032 2.286 10,0 14.0 3.8 80~30 

"7"9 1.98 122 • .54 0,77 0.69 0.049 3.500 9.6 11.3 7.8 120.--40 
58 6.4't 93.40 Q.37 0.36 0.001 0.063 12.0 30.7 11.2 60. 1.0 '~ 59 1.32 95.00 0,.22 0.10 0.001 0.063 ll,5 23.2 2.4 90.30 .... ..... 

~ 

'" -
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Green 

Rpck We1ght Distan.ce Spher1city Shape Local 

~ b-axi& a-ax1a~ c-axl. Cr.-Sec. No. 
Transported Slope Average Slope 

, Locatl.on 
...jbcj a 2 , (gr) (m) 

<tc 'a (mm) (mm) (1IIIIl) (cm) 

F 61 35.92 , 99.89 0.45 0.28 0.001 0,063 39.2 ./ '53.5 15.2 88 1. 17 ... 250.07 0.2~ 0.10 0.021 0,955 16 • "L 22.1 2.2 ' ~ 
9 't,Ze) 127.08 0,62 C.61 0.036 l,71't 13,2 20.7 '"1? • 6 r 

l 
" 

102 1.07 211.0B p.lo5 0.74 0.042 1.909 10,7 12.9 1.1 
101 1,40 219,97 0.48 0,32 0.009 0.409 1l.0 17 .0 5.4 185.10 '. 99 0.56 2,11.28 C.33 0.20 0.042 1.909 7.9 14.7 2;9 190.10 ~ 20 5.06 151,02 0,73 \0.55 cr· 0 04 0.211 18.2 l~. () ln.') 13".41) ':( 3,10 .126.48 0.57 0.38 0.036 1.11" IS.4 18.2 7.0 50.31) 81 13.28 2B1.'>Z 0.72 0.69 0.003 0.143 1 ~-: 2 25,3 17.; ft 0 • .30 .80 2.31 283.12 0.20 0.06 0.003 0.143 20-.0 " 31.5 1~9 0.30 

.... 
31 0,71 1()O,17 0,51 0.31 0.027 1,421 11).4 12.4 3.,9 l:.'O.40 

:; ~ 64 1,60 101019 0.41 0.30 0.004 0.250 10,0 17.iJ 5.4 60./,0 69 8,13 111.39 0.24 0.13 0.004 0.250 
1~ 44.S '5.7 90.30 ~92 "-

1,29 219.87 0.56 0.43 0.009 0,409 10. 14.1 60'1 - 345.10 SZ 1507.20 90.50 0.55 0.?-6 0.000 0.000 130.0 150.1 S6.6 30.30 .... ~6 4b.67 92,80 0.42 0.30 0.00.0 0.000 33.0- S5,2 16.7 60.30 , 
~S 7.66 92,70 - 0.42 0.21 0.000 0.000 29,1 34.S 7.l- 70.30 ~ 

00 ~ " 



-e - • 
Green 

~ Rock Wc1ght D1.stnnce Spher1c1ty Shape Local 

~ 
b-axia a-axis c-axia Cr.-Sec. 

~o. Trnns?orted ~.~ Slope Average Slope Location 

(gr) (m) ~bc/ a2 Cfa (mm) (mm) (1nIlI) (cm) .-

228 '589.10 7.76 0.64 0.78 0.004 1.000 186,3 204.8 159.) 0.10 

225 14,80 1,7,12 0.39 0.21 0.004 1.000 25.7 35.0 7.4 0.10 
~ 

223 2,18 17.41 0.39 0.16 0.004 1,000 23,5 24.7 3.9 200.12 

Z21 216,30 21. 07 0.69 0.58 0.004 1.000 59,9 73.S 42.6 120.10 

226 lo4,a2 15,81 0,58 0,-36 0.004 1,000 67,4 7Z.0 26.2 140.10 

232 -B 111.68 0.97 0.54 0.35 r 0.004 1.000 54.2 65.6 23.0 275.20 

231 -B 306,81 2.32 0.28 0.15 0.004 1,000 81.3 141.5 22.8 320.20 

222 456,30 18.72 0.41 0.22 0.004 1,000 100.2 132.9 29.3 hS.l0 

13~ 2.74 80.42 0.63 0,44 0.001 0,053 14,5 16.0 7.0 140.20 

'> 

J.29 181.61 80.21 0.33 ~ 0.15 0.001 0.053 77.3 108.6 16.0 30.10 

11ft 93,30 Sb,02 0.54 0.36 0.001 0.053 52.1 64.3 22.9 180.20 

lU 97.29 66,32 0.2'. 0.24 0.001 0,053 25.5 10l.3 24.4 180.20 

U' 1.12 87.22 0,35 0.15 0.001 0,053 14,2 17 .1 2.6 US.10· 

10) 1,"50 111.72 0.36 0.16 9. 0 ;>6 1,368 15.0 18.3 3.0 70.10 

l:U 0·,24 84,40 0,3S ~ 0.18 O,OOl 0,053 7,0 10.2 1.8 10S.60 

122 ~ 17,77 83.42 0.3.9 0.15 0.001 0.053 39,2 40.4 S.9 130.50 
Q ..... 

131 l,57 8Z.12 0.5b 0,33 0.001 0.053 14,6 15.5 5.1 100.60 " 1.0 



• 
Green 

Rock Wcight . Distance Spheric1ty Shape Local 

No. Transported Slope 

(gr) (m) ~bC/ a2 Cfa 

229 2354.20 7.33 0.44 0.22 0.004 

Z31 1185,95 2.02 0.42 0.23 0.004 

221 Z231.00 13.48 0.~1 0.33 0.004 , 

lOO 1,68 54 .. 91 0,35 0.16 0.006 

l89 6~,69 Zl,81 0.32,. 0.20 b.004 

19Z 42,95 20,82 0.39 0.25 0.004 

~l 

;; 

1 

~ 
b-axia .h-axis" 

Average Slope 

(mm)-L (mm) 

1.000 '172.6 199.3 

1.000 141,0 188.0 

1,000 .139.7 173.9 

0.231 15,5 21.6 

1,000 40.6 83.8 

1.000 35,2 '.59.7 . 
. -

.;., 

---
, . 

c-ax1a 

(mm) 

1t3.2 

43.0 

56.8 

3.4 

16.9 

-15.0 
/' 

~ 

• 
Cr.-Sec. 

Location 

(c: =) 

50.22 

320.20 

6~.30 

0.10 

0.10 

215.10 

~ 
00 o 

~~ . .., 



,e • 



-
~. 

Rock Wci,ght Distance Spheric1ty Shape 

No. Transported 

(gr) (m) ..v bc/ a2 C.f
a 

21 0.83 236.15 0.42 0.34 

5J 0.35 1b9.96 0.55 0.39 

2:30 1799.20 83.49 0.59 0.44 

220 0.8S' 101.00 0.28 0.2.4 

'l24 bd9 96.2' 0.41 0.25 

13b 16.24 165,1) 0,61 0.60 

108 ZQ,03 222.75 0,53 0.38 

111 4,06 170.50 0,.58' 0.36 

" 172 1,7,9 4 141 • 10' 0,33 0.15 
~ 

19' 0,34 143,30 0,56 O.~S 

184 70.67 134. 8~ 0,57 0.48 

233 '. 539,18 b9.40 0.41 0.26 

d 

./" 

Blue 

Local 

~ 
b-ax18 a-axls 

Slope Average Slope 

(mm) (mm) 

0.004 0,143 7.1 J3.5 

0.001 0,032 7.0 8.9 

0.027 0.730 121.5 160.1 

0.027 0.844 5.4 15.5 

0.027 0,794 17,9 16.0 

0.001 0,031 17 ,2 27.1 

0.036 1.241 30,7 41,4 

0.001 0,032 ZO,5 21.5 

0.028 0.778 50,3 67.5 . 
0.006 0.167 7,4 8.2 

0.028 0,757 36.2 
" 

53.7 , 
0.10Z 2.757 90~-:"".:·"1.30.8 

."/ 

~ c-axls 

(mm) 

4.7 

3.5 

71.S 

3.S 

b.S 

16.5 

15,8 

7.9 

10.4 

2..9 

25.9 

34.1 

• 
Cr.-Sec. 

Location 

(CCI) 

SC. 't0, 

0.)0 

210.20 

2 ")Ile • Ir 0 

lO.!2 

90.60 

0.10 

1Ze. I,o 

0.10 

200.10 

180.30 

110.10 

~ 
00 
N 
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Table A.3 

Raw Data and Par~cle Size Distribution of the Surface 
of the Bed and of Underlying ~~terial 

Vo1urretric Samn1e '" Surface SaTTlp1e 
Size D or midpoint Iveight Incl. Sand Excl. Sand N ? ~ of CUJ":jul. h 

r-m- totq1 or t~ta1 
(l'lm) (mm) ru (gm) 7. comu1. % % comul. i. (No. ) !\D ~D 

(sand) (max) (min) (min)" 
<2 1.0 0 1333.00 5.3 5.3 «100 «100 <0.03 <0.03 

2-4 2.9 -1.5 1912.60 7.5 12.8 8.0 8.0 147 1235 0.3a 0.41 

4-8 5.6 -2.5 2418.36 9.5 22.3 10.1 18.1 96 3060 0.82 1.23 

8-16 11. 3 -3.5 2607.24 10.3 32.~ 10.8 28.9 132 16880 4.50 5.73 

16-22.6 19.0 -4.25 387.94 1.5 34.1 1.6 30.5 50 18050 4.81 lO.54 

22.6-32 t 26.9 -4.15 2966.09 11. 7 45.8 12.3 42.8 25 18075 4.83 15.37 

32-45 38.1 -5.25 1749.53 6.9 52.7 7.3 50.1 15 21750 5.80 21.17 

45-64 - 53.8 -5.15 2772.89 10.9 63.6 l~ 61.6 16 46450 12.38 33 .. 55 

64-90 76.1 -6.25 3261.54 12.9 76.5 
~~P 

75.2 7 40600 10.83 44.38 13. 

90-128 107.7 -6.75 3546.56 14.0 90.5 14.8 90.0 10 116000 30.92 75.30 -

128-180 152.2 -7.25 2414.10 9~5 100.0 10.0 100.0 2 46400 12.35 87.65 
~ '-' 

180-256 215.3 -7.75 l 46400 12.35 100.00 

Total ". 24036.81 100.0 100.0 375000 100.00 
#- 0 

"'\. 


