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ABSTRACT o

/A 183 long, 0.76m wide, tltable flume was used to

investigate selected phenomena observed during fieldwork on

{

modern coarse-grained fluvioglacial outwash 7in south-westerna .

‘Yukon. These phencmena are clast fabric, below-threshold
. :
motion of clasts isolate on a sandbed, ctramnsport of single

_clists on an artificially roughened bed and the significance\i
of transverse ribs in paleoflow studies. Clasts used in the

experiments varied in weight from 50 to 2,500 grams, and in

-

sphericity, the degree of oblateness-prolateness, roundness

A—

and asymmetry. Each was numbered to assist the monitoring_
]

s J ;

of individual clast response. .
The first. set of experiments investigated the attain-

ment of stable imbricaticn by clasts isolate on a sandbed
under steadv-state, sub-critical flow conditions, with mean’ .

velocity varying between 25 and 90cm.sec_; and depth between

9.and 1l2cm. Six Tesponse variables were measured for each
Lodl .

clast, i.e. the three vector components of translation from

the initial position, and the three angular quantities of

imbrication, orientation and ineclination cf the a=-axis.
" r
%xcept for jmbrication and a+axis inclination, each response

varies in magnituﬂe-according to the topographic relfef of
- . ) :

the sandbed, and .all are dependent Co.some extent on the size

and shape p;gpercies of the clasts. Slight.deviahidﬁs from
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- perfect current- -normal aligmment are attributable to all

-
.

these variables,_ blle a-akis inclination is dependent only.
on the degree of clast asymmctry. Empirical equations are
presentcd which predict the average magnltude of t*ans-

lational motion into current-crescent scours. Imbrication’
A < " s -
is the fundamental Tesponse and develops as the logarithm of .
time. Optimum stability of jmbrication is. given by a power

relation between projection area a3d- nominal diameter, and 1is

attained at the regime transition, where the flow approaches

-

a steady and two-dimensional character. The imbrication
analysis necessitated calculation of projection areas using ' l

ellipsoidal clasts; formulae were dgveloped'to compute the

plane area prejected by a symmetric ellipsoid at an§ con-

figuration with rTespect to flow dxrectlon.

In the second set of experiments, the" transporL

* velocities. of selected clasts were investigated in shallow,
high-velocity flows ovex an artificially roughened bed.
Process-response analysis of transport velocities indicated

that. the effects of size and form are variable with increas-

-

t
ing flow. Pooling the results eliminates the influence of

flow velocity, and clast transport veloc1tles are seen to be

'a complex function qf particle size and shape in rélation to
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£low depth. The results suggest that in a given flow with
(AN .

unimpeded clast motion, the intermediate size grade of the

available bedload is preferentially transported, but Jhﬁt

-

small oblate and large prolate forms respectively tend to
saltate and tolly For a b&dload with wide morphological
variation, it appears.that size may have a subor@inate reole

to that of shape. . .
A .
The explanation of transverse rilbs by a stepping

-

hydraulic jump condition is challenged on the grounds that

- ’
super-critical flow is rare in braided ocutwash. It 1is

alternatively proposed that rib sequences are formed’ and

: y, . Lot : .
maintained by a growing, train of antidune waves. This latter
model is substantiated by observations in 2 reconnaissance

f%ume run, and by successful prediction cf flow parameters,

-

on the basis of available field data of rib spacing, width

.

and maximum particle size.
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Notation of wvariables and constants

* Units:
mm millimetre(s)
cm centimetre(s)
m metre(s)
1 litre(s) ‘
sec second (s) . '
g . gram(s)
kg kilegram(s)
c
degree(s)
dyn dvne(s)
dal dimensionless

Parameters:

a long axis dimension of clast (cm)
2
A area {cm’ )
. 2
A area projidcted by clast in flow y-z plane (cm
P 1.3' h| tf\ ¥ g P )
Al asymmetry index:of clasz(dl)
b intefﬁediate ;;is dimension of clast (cm)
bma\: average b-axis dimension of ten largest clasts (cm) ‘
c short axis dimension of clast (ecm)
Ch drag coefficient (d1)
d unspecified measure of clast size (cm)™
dn pominal diazmeter of clast (cm)
D angular deviation (o) of O from current-nominal

orientation

£ subscript denoting f£inal clast ‘position

Fg gravitation force (dyn.ci;;gjy



\

\ X
Fr _Froudf’jﬂ;§*$7(dl)

g gré:;tational acceleratidn (cm.sec_z)
h elevation of clast relative to bed level (em)
H - height above datum of static or dynamic water levels

in pitot tube apparatus {(ecm)

H amplitude of water-surface undulations in in-phase
waves {(em)

i subscript denoting inifial clast position .
Ef magnitude of clast displacement (cm) -
1 a length dimensien (mm, cm, m) . |

L vector magnitude (%) -

‘min subscript denoting minfﬁum value

max’ subscript denoting maximum‘v&lue ™
n sample size ,

0P oblate-prolatefindex of‘éiast (él)

P roundness of clast b-c plane (d1)

Pr probability

Q . flow discharge (l.sec“l)

r correlation coefficient

R hydraulic radius (cm, m)-

Re Reynolds number (di)

Rep particle Reynolds number‘(dl)

g mean spacing of transverse ribs (cm)



X1

s slopé of energy grade line (d1)
Sb slope of bed surface (dl)
Sy slope of water surface (d1)
t cige (sec, min)
U a velocity dimension (cm.sec-l)
U mean flow wvelocicty (cm.sec_l)
Us terminal settling velocity (cm.sec-l)
surf surface f£low velocity (cm.sec_l)
Ul threshold velocity (cm.sec-l) .
U, transport velocity (cm.sec_l) |
U3 depesitional Yelocity (cm.sec_l)
v me;shred volume of clast (cm3)
Ve volume of symmetric ellgbsoid having same axial
dimensions as clast (cm”) )
W mean width of transverse ribs (em) y

X flow axis parallel to flow : ‘

distance of clast motion parallel to x (em)

=3

¥ flow axis vertical and perpendicular to X

Y distance of clast motion parallel to ¥y (ng )

Y mean flow depth (em) "

z flo; axis horizontal and perpendicular to X

Z distance of clast motion parallel to z {em)

e density of clast (g.cm_3) ) 2
P density of fluid (g.cm—3)

Y specific gravity of eclast (d1)
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specific gravity of fiuid (d1l) . .
angle of imbrication of clast a-b plane (%)
orientation of clast a-axis (e)

ineclination of eclast a-axis (0)

maximum projection ;phér;city (dl) i .
standard deviation.of a distribuéion

shear stress (dyn.cm_zj

critical shear stress ggyn.cm_z)
wavelength of in-phase waves (ecm)

vector mean (%)

2 -1
kinematic viscosity (ecm™ ,sec

)
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1.0 INTRODUCTION

The initial aim of. the research programme was Lo
gtudy the sedimentology, hydrology and Pleistocene.gcology
of Spring Creek allﬁvial fan on the north-east flank of the
St. Elias Mountains,sputh-west Yukon (Plate 1). Field work
in 1972 was designed to complement investigations by
Williams and Rust (1969), and Rust (1972a, 1972b, 1975) of
the neighbouring braided_outwash deposits of the Donjek

. .River. Owing to a sudden back injury in May 1973, it was
not possible te complete the field programme, and a re-
cdirection of the research was necessary. Fortunately, an
opportunity arose Lo do some experimental flume work.  The
results of these laboratory investigations constitute the
subject of this thesis: in certain sections, my observa-
tions on the Spring Creek fan are used as supporting'field
data and for the purposes of discussion.

?here have been few experimental studies using

naturai gravel}fsized iediment. This ?End of investigation

requires large flumes; most existing facilities were

*The term "gravel' is used according to the definition of
Rust (1975, p.238), i.e. without any upper size limit,
sediment in which particles coarser tham 2mm predeminate.

|



designeﬁ for sand-sized sedimént in‘which‘thg recirculation
systems cannot admit particles'coafser_than granules. The
gravel fraction must therefore be caught by a trapping
device at the downstream end, @nd introdﬁced arctificially
at the upstreanm end. These limitations cséentiaily mean
that experimentation . with coarse-grained sediﬁént only
prbvides a simulation of a short chanhel reach in which .
equilibrium coqditioﬁs prefail. Investigations of-beiow-

threshold behavfour of large clagks, with or- without intér-

mixed sand, encounter considerably fewer operational problems.

- -

The earliest'experimentél studies of significance
involving gravel-sized sediment were those of Rubey (1933)
who analysed settling behaviour, and of Krumbein (1941) and -
Kuenen (1956) who investigated the nature of fluviai abrasion. _
In addition to these studies, coarse—particl{ sedimentology

relies heavily on the works ‘of Krumbein (1942), Johansson _
(1963, 19655, éahnestock and Hausﬁild (1962) an? Kelling and
Williams (1967). ?Although the ;ubject of bedload transport’
has three aspecté (i.e. initiation, transport and deposition),
threshéld velocity has been the aspect most extensively
studied. For é paftiCular gravel—sized'claSt, threshold
velocity can be satisfactorily predicted by Helley's

(1969) equation, taking into account its triaxial dimensions,
shape, density and configuration omn the bed. _?hes; were

some of the parameters acknowledged by McDonald and Lewis

(1973) t6 be the source of variation in computed threshold

N
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velécitieg when engineering formulae were ‘applied.
Numerous river éngineers, sich as DuBoys' (1879, Heyer-Peten
and Mﬁller_(lS&S)_aﬂé Einstein {1950) have evolved formulae

to prcdict.compet;nce and capacity: man§ of these equations
have been field-;ested (Church, 1972) or eritically analysed

by flume experiments (Garg, Agraéal and Singﬁ, 1?71), and

shown to vyield rather inaccurate estimates of éétual transport.

%@e so—calle@ 'Shields criterion' (Shields, 1936) has been

" widely employed, but has -been recently challenged by

Yang (1973).
Many workers (e.g. Potter and Pettijohn, 1963;

Johansson, 1965; Rust, 1972a; Davies and Walker, 1974) who

L]
have closely studied field aspects of coarse-grained alluviunm

have stressed the need for more experimental work.  Walker

-
- .

(1975, p.133) attempted to construct facies models for S
coarse-grained deposits, but fdund a deductive approach .
hecessary becau '"ihere_is ver?‘litfle directly applicable

it

theoretical oxr experimental work on which we can build
. L4 - - .

Gravel-sized sediment'has nét shgreé in the rapid éxpaqsioi
" of e;perimental sedimentology-ﬁhat ﬁgs occurred since 19604
It remains rather unclear, "therefore, as to whdich aspecﬁs -
of ccngloherates hold genetic significance. This deficienéy
in our understanding, tdgetye{ with'tﬂe apparent scarcity of
' sedimentary structures, has limited the scope of .paleo-

hydraulie interpretation and hampered the aevelopment of

comprehensive facles models for cogrseﬁgrained‘sedimentation.

O



Plate 1:

-t

A7

Y

| 4
N

The alluvial fan of Spring Creek; it I1s loc-

.ated on the north-east flank of the Icefield

Ranges in Yukon. Taken at 1630krs, 11 June
1972, this photograph looks upstream.toward
the fanhead where the total discharge was
gauged at 6.3m3.sec”+. TFlow is braided
around large longlitudinal bars, and channels
are characteristically wide and shallow with
high clast size to depth ratios. The largest
boulders in the foregsound have maximum
diameters of 46cm. The fan.slope averages
0.019 and the valley side, some 2.5km. from
the observer, has maximum relative relief™
of 1600m. The catchment of Spring Creek 1is
largely ice~covered.
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Thé steady-state response of an expeqapéqtal system
to variation in sediment size, energy slqpe, discharge and
depfh can be easily determined but informatiom om the
rates of response iS“&iffiCulg to obtain‘without remote
sensing apparatus. Even in 2 flume, the watef is seldom
clear enough‘for direct observation of sedimentary struc=
turesmin formafion, either from the gurfa;c orlﬁhrough the
side—wali élass panels. Hoaevcr; there are éreat advant-
ages in being ablé to rélate qhé observed character of the
bed to a known flow conditian. In high gradient, high

¥

velocity streams the field worker is obliged to speculate

- b
as the flow conditions which produced the structures observed

in abandoned channels: . in larger, more sluggish rivers
remote sensing from a boat is often practicable and the

.

problem is less acute.

The f&ume is especxall} useful for gtudles of coarse-
grained sedlments because fluvial conglomerates have few
features that obviously indicate the conditions of depo-
sition’. This greatly confrasts with sand-sized sediments,
for which there exists a clear and well-unaerScood sequence

#of bedforms with increasing £low strength and sediment size,

Moreover, in contrast to flume investigations using sand-

sized sediment, where a vast number of previcus studies

B
~

-

have evolved an almost standard approach, laboratory
work using gravel requires innovative techniques for

expérimental design as well as for data collection and

™

analysis.
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A problem,\éhared by flume studies involviﬂg sand
bedloads, ig.that of 'eqﬁiliprium'. A flume investigation
is consi@erably simpler, anﬁﬁthe interpretations more direct,
when two-phase flows are viewed in a steady-state, or equi-
librium, condition. Simons and Richardson (1962)-sta:e that
the criteria for recognising system equilibrium are parallel-
ism between the slopes Af the water—- and bed-surfaces which
manifests itself by a stable flow-bed interaction. Attain-
ment of system equilibrium requires that constant discharge
and depth be maintainea for a period, the duration of which
(at leasts for sandbeds) is directly proportional to the
scale of bedforms (Allen, 1973;. In the aﬁsence of remote
sensing apparatus-to monitor developments of the béd sub-
jected to unsteady flow, experiments must necessarily be
conducted undér equilibrium conditions. This\%as drawbacks
since natural f£lows rarely have the. chance to attain a
steady-state owing To hydrologic variation of a diurmal,
seasonal, stbrm or catastrophic character: thus highly
sophisticated laboratory analyses of sedimentary strectures
which have assumed equilibrium to exist must only be ~
extended to matural charnnels with considerable caution -
(Miall, 1974, p. 1175). Since reactions te changes in a
fluvial system are rarely completed, a state of ‘quasi-

equilibrium’ normally prevails (Langbein and Leopold, 1964,

p. 783). However, it can be argued that it is only through a
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thorough understanding of théqequilibrium condition that
disequilibrium can be recognised, and the effects of unsteady
flow and lag be ascertained. |

In conclusion, therefore, it must be said that pro-
viding the limitations in scope of a flume study are fealised

at the ocutset,  the state of knowledge in clastic sediment-
-~

-’

ology can only expand, and improve in precision, when aided

by careful laboratory experiments. -

1.1 The Descriptive Framework of Filuvial Conglomexrates
] -

Walker.(l§75) proposed four sedimenteclogical features
of,coarse—gra;ned deposits which contribute to their des-
criptive framework. These are sorting and size distribution,
fabric, stfatificgtic;n and gradfng. Each of theée features ‘ ‘
are briefly reviewed below with regard to thelr importaﬁce
as tools in paleo—environmental discriminatioq.

i) Sorting and size distribution:-

Al;hough coarse-grained deposits vary from clast-
supported (with or without a closed‘framework) to matrix-
supported,’little environmental significance appears to have
been attributed to sorting. Braided,environments, owing to
the spatial and temgorél variability in hydraulic conditions,
are generally characterised by a wide variety of sediﬁentary

facies (Williams and Rust, 1969; Rust, 1972b).



Sorfing‘of size modes, however, does allow certain
conclusions regarding thelékéﬂéﬁért process and competence
levels of the paleoflow. Walker (1975, Figure 7-3) deter-
mined empirlcall) a curvllinear function relating size of
gravel rolled on the bed to the size of sand than can be
transpoxrted by suspension in the same flow. For clast-
supported, closed-framework conglomerates, Phis allows one
to distinguish between simultaneocus and later infiltration
of matrix material. Dvyer (1970) considers that, on the
basis of theoretical grain packing, a figuze of about 25%
sand in a sandy-gravel separates these two modes of
depositien.

Using the diagramé of Novak (1973) and Baker and
Ritter (1975), one can also approximate the competence of

the paleoflow given accurate data on clast sizes-.
ii) - Fabric:-

Fluvial gravel fabric tyvpically qomprises two elements -

upstream dipping imbrication, and preferred orientation‘of

the a-axis normal or parallel to .the flow direction. Well-
developed fabrics are an.iqdication that individual clasts

have moved freely i{’the transporting medium and have assumed

\
2 depositional confi%uration that results from forces acting
on it. In caontrast, random fabrics imply inability of the

clasts to respond individually to stresses imposed by the

flow.



\
As will be shown later, there is growing evidence

that current-normal a-axis fabrics is the 'morm', but that
catastrophic river flows and subaqueous density flows with
predominantly suspended transport are characterised by
current-parallel fabrics. For this and other reasons,
coarse-particle fabric would appear to be a good tool not

only for discriminating sedimentary envirenments, but also

for estimatiﬁg\aspects of the paleoflow regime.

iii) Stratification:-

It is not clear whether types of stratificat;on
possess any vteliable environmental sisnifﬁcante. Bedding
may be outlined by Fhanges in clast size, softing, litho-
logic composition or fabric. In coarsg-gr;iﬁéd; hetero-
genous sedim?nts'which characterise proximai'reaches of
braided cutwash systems, the %nternal structure of longi-
cudinal bars is dominated by ﬁoorly—definéd, sub-horizental
bedding or massive bouldery-gravel, with only rare cross-—

_stratification (Rust, 1975). Units of sedimentation zare ‘

| difficult to recognise because aggradation is frequently
interrupted by surficial reworking in such an environment.
According to Clifton (1973), fluvial gravels are character-

ised by low levels of textural and structural organisation.

C



iv) Grading:-

Both Doeglas (1962) and Walker (1975) consider grading

to be rarely developed in a braided stream environment: .
whether 'distribution grading' or 'coarse-tail grading' pre-
dominates does not appear to have been established. While.,a
waning flow event could result in the dep;sition of a graded
bed, its potential for preser?ation in the stratigraphic
record seems low in view of reworking: If presentlhowever,
 its development is symptomatic of discrete flow events in
which competence levels systematically changed, and as such
provides insight into the nature of bedload transport. In
résedi;ented conglomerates, grading is wmore abundant and the
various types have environ;zzzzi\§ignificance (Walker, 1975).

| In additiom to the aboye, recent literature indicates
that bedforms,. clast morphology and the relationship between
bed thickness anti coarsest percentile of the contained sedi- ‘
ment may also constitute useful tools in the analysis of

-

palec—-environments.
v) Bedforms:-

The possibility of being able to recognise large-scale
bedforms at outcrop Seenms slight. Eynon and Walker (1974)
however, claim the existence of a single, large braid bar in

a sand-gravel pit of Pleistocene outwash deposits. Thelir work
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was greatly assisted by -excellent exposures, with faces
having been cut fortuitously perpendicular and parallel to
the apparent paleoflow direction. This situation would be
rarely encountered in more ancient successions. The appli-
cation of remote sensing techniques to the field study of
large-scale gravel bedforme in relatively deep channels \
(Galay, 1967; Fahnestock, 1973) appears to be a rewarding Q)

method of investigation.

Distingt, within-channel bedforms comparable to the
ripple, dune, plane bed and-in-phase wave phases of sand
beds are bogﬁ iess conspicuous and seemingly more rarely
develdped in coarse-grainpd.alluvium. Those sma;l—scale
bedforms which have been describea include transverse ribs
(McDonald and Banerjee, 1971), étone cells (Gustavson, 1974}
and Ostler l'ense; (Martini and Ostler, 1973). ‘

" Transverse ribs - narrow, linear, current-normal )
accumulations of coarse clasts - have been shown experimen-
tally to form beneath an upstream-migrating hydraulic jump
(McDonald, 1976), but Gustavson (1974) follows Boothrovd 1
(1972) in believing that they are ‘the product of:antidune
flow. Stone 'cells, being somewhat similar to transverse ribs

A

in both morﬁhology and facies occurrence, are considered by

Gustavsen to be the result of three-dimensicgnal antidunes.
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Ostler lenses - isolate mounds of winrowed open-framework
gravel - have been attributed to lower-flow regime condi-
tions in chanqgl.riffles.

Careful examination of gravel bluffs within am active
outwash tract by Gustavson (1974) failed to reveal preserved
equivalents of these bedforms, nor were they found in cut-
banks bordering Spring Creek. Their potential for preser-
vaticn and/or ease of recognition therefore appears to be

low.
vi) <Clast morphology:-

Both Sames {(1966) and Dobkins and Folk (1970) showed
that for isotropic lithotypes, there are subtle but distinct
differences in the shape and form of fluvially abraded
clasts as opposed to those fo¥med in. the litteorzl environ-

}

ment. However, intermnal propérties iike bedding, jointing

and foliation are more important sources of inequidimensional
form. Irrespective of these influences, there is evidence |
(see Section 2-51) for an ellipsoidai tendency in fluvial
clasts. Brock (1974) found few indications that coarse-clast
porphometry was a satisfactory tool for discriminating sedi-
mentary enviroanments. Bradley, Fahnestock and Rowekamp (1972)
concluded that shape-development was lithologically dependent
and showed, through abrasion-tank experiments, that proximal-

distal changes reflect shape sorting rather than the effects

of abrasion.
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Proximal-distal changes 1in clast size, sphericity and
roundness have been well documented in outwash systems, but
there are few established principles and the effects of

sorting versus progressive abrasion have not been unravelled.

vii) Bed thickness and Clast size:-

In an aggradational sequence in which there has been
minimél reworking, Bluck (1967) and Steel (1974) found a
positive relationship between bed thickness and the maximum
clast size contained. Respectively, these features are
considered to refleect the competence and sediment discharge
of discrete flow events. The position of the regression line
and the value of thé correlation coefficient may then be used
for semi-quantitative conclusions about the pgleo—environment.
Bluck found that the wedge-shaped strata of fanglomerates
best display the relationship between size and thickness,
but admitted -that this may not be a useful criterion for
distinguilshing subaqueous from subaerial fans.

1’2 Aspects of the Descriptive Framework amenable to
Laboratorv Study .

In view of the earlier-described limitat%ons of £lume
work using large clasts, few of the sedimentary features of
conglomerates which contribute to their descriptive frame-
work are amenable to laboratory §tudy. Normal-sized flumes,

with their limited workable lengths, are only suitable for



studying aspects of floq-bedxinteraction under non-aggrading,
equilibrium conditions. There can be little prospect of
ever being able to reproduce aspects of stratification and
grading, or indeed anything but the smallest scale of
coarse-grained sedimentoleogical features.

The concept of 'scale' in a fluvial system is
rationalised by means of 2 'sedimencarf structure hierarchy’
(Allen, 1966; subsequently modified by Miall,.1974). The
hierarchy comprises six ranks of structures, in which the
highest ranking are the largest scale featurés (i.e. the
eatire river system) and the lowest ranking are the smallest,
within-channel éeatures (i.e. bedforms). Miall emPhasized
the fact that directional variénce, or paleocurrent vari-
abilicy, 1is inversely proportional to rank. In terms of the

Y
sedimentary structure hierarchy, it is considered that

'rank #6', and to 3 lesser extent Yank #5', structures,- (i.e.
clast fabric, within-channel bedforms) embrace the possible
range of conglomerate features amenable to a flume study.
.Fabric seems to be a more profitable line of enquiry in
view of the low preservation potential and/or difficulcy

in the recognition of small-scale bedforms.

The commonly accepted viewpoint regarding flow-bed

interaction is that not only can the flow 'deforg‘, or

mould, the bed but that this induces structural changes in

the flow itself (Southard, 1975, p. 8). The dissipation of.



_ A
erergy on a sand bed is mainly d}e to 'form roughness',

-

whereas 'grain roughness' predominates in channels trans-
porting pebbles, cobbles or bouldérs. In the latter s:‘.tu"’i
ation, an equ&librium flow-bed interaction hgs vet to be
quaﬁtitatively defined, although as shown in the ensuing
section the literature abounds in qualitative statements
which deécribe well-developed fabric as a stable deposi-
tiomal conflguratlog. |
"Th*\gethodologv of field- workers lnteresced in
measuring fluvial gravel fabric seems to have been largely
conditioned—by the maxphologv df the clasts which ‘comprise »
the population avallable for Jl’pllng Thus imbricated flat
clasts have been measured for the azimuth and inclination of ‘
the a-b plane, and elomngate clasts for the orientation oT
azimuth of the a-axis: ;ore equidimensioﬁﬁl clasts,sowing
to the greater care required to measure their axial direc; 7 -
tions, have generally been excluded from the sample. One
ﬁay interpret this sample bias 2as a feeling that -highly pro-
late clasts, for ?xample, wguld respond more ‘accurately' te
the flow conditioh, and thereb%fdisplay more peréect relaﬁion

' . J
to the current. The idea  that shape influences the degree of J//J

equilibrium clast response is an interesting one and deserves

more attention.
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1.21 Clast fabric - a literatidre review

More than 10 years have elapsed since the extensive
literature review of clast fabric by;Johansson {(1965). 1In
this'pe;iod, field studies of-coarse—g:qined sediments
have been more frequent and because of their more quanti-
Eative approach and their better definition of thé/;:;;o-
environment, a more thorough understanding of gxavel fabric
is now possible. The £following literature review utilises
both the recent studies and the mére{pertinent investigations
previously reviewed by Johansson.

Laming (1966) seems to have been the first field-
worker to have tg&ognised tke morpho-genetic influgpcé of
sorting and size distribution on the fabric pattern. In his
study of a fluvial redbed sequence, Laming found that “the ? 2 -

* . S
proximal and distal portions of an alluvial fan environment ‘
were characterised by clastc-supported énd matrix-supported
sediﬁents, respectively. Corresponding to this down-fan
textural gradation were 'two intergrading styles of imbri-
ca;io?Q (p. 946): he retmed these 'contact imbrication'

(in the case of the :clasﬁ—supported debbsi;s) and ‘isolate
imbrication' (in the ca;e of the matrix-supported deposits).
|

The genetic implication is that imbrication'of the contact
[ ' , ‘ Y
4variety results from "shingling' of one cXast against

. ] o //;', : .
another (Laming, 1966; Rust, l9723),g33§ing imbrication to b
insﬁantaneously éﬁtained with deposition, whereas isolate clasts

- become {mbricated through the action of current-crescent scour

activity (Sengupta, 1966).. ) -
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Sorting also seems to have a considerable effect botﬁ
direct and indirect, on a-axis orienta;ion - both its geo-
metric relation to flow direction and its degree of preferred
orientaction.

In the field, analysis of gravel fabric is impeded by
the lack of information omr flow variables. It is therefore
not surprising that workers have strived to explain its vari-
ability merely in terms of size and shape propeﬁties of the

component clasts.
1.211 Imbrication

Irrespective of a-axis orientation relative to flow
direction, upstream-dipping imbrication has always been

interpreted as a hydrodynamically stable bed structure. How-

-
s

ever, t@e compilation of relevant literature on this apsect
of iﬁbrication does not -Teveal its precise nature in any
quantitative manner (Table 1)- Johansson's (1965) statement
ppears to be the most detailed in this réspect.
In spite of the claim that various properties o% the
elasts influence the angle of imbrication (Table 2), the
mean angles of imbrication observed by various workers

(Table 3) do not span the full possible range of 0 - 50°.

Clearly, mean dip angles are largely coanfined to the 5 - 35°

'
sector. The predominance of low to moderate angles of imbri-

cation has not been the subject of any detailed laboratory
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analysis, although it would seem logical to attribute this
feature to some a hydrodynamical aspect of tge flow-bed
interaction. Moreover, while the field characteristics of
jmbrication have been fairly well-documented, the controls
on its variab}lity are very poorlﬁ understood. . The con-
tents of Taéle 2 may be summarised as fellows:
1) the angle of imbrication appears to be inversely propor-
tional to the degree of clast flatness (Cailleux, 1945
Johansson, 1965) and )
ii) directly proportional to channel gradient (Unrug, 1957
Katzung, 1971};
1ii) the observations are not conclusive with regard to the
effect of clast size, although there is some support for an
inverse relationship in clast-supported gravels (Cailleux,
1945 :; Sedimentary Petrology Sem{gar, 19653 .
iv) there is no consistency regarding/lhé effect of clast
concgntration on the bed.
The reasons why shape, channel gradient and claét size exert
a control on the angle of imbrication are as yet unknown.

s
Johansson (1965, p. 49) stated: "For certain conclusions
about the dependence of particle dip in different cgnditions
a thorough factor aralysis 1is needed, including measurements
of hydrodynamic ?arametefs, sediment feed, sorting, particle

sizes, shape and mass, and pressure distribution under con-

trolled laboratory conditions”.

i

‘
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1.212 Orientation

A-axis orientation has attracted speculation as to
its relation to different modes of transport and levels of
flow competence.. Johansson {(1965) lists three possible
types of orientation patterns with respect to flow direction:
i} transverse,
ii) parallel, or ]
iii) 2 combination of i) and ii), but one mode generally
predominant. ¢
The field study by Teisseyre (1976) indicates that oblique
odientations are developed near channel margins. Johansson

ecognised that secondary oblique maxima often appear in
samples but that they should not be assigned as much genetic
significance as the modes orientated neormal or parallel to
flow.

Iin attempting to understand the reasons £for different
a—axis orientation patterns, it would ;eem instructive to
utilise the evidence from all environments where fluid flow
is unidirectional: this includes normal and catastrephic
open-channel flow as well as sub%iyeous turbidity flows.

A drawback in the interpretation of clast orientation is
that few fabric analyses for modern streams have reported

details of the flow, although there are many practical

reasons why this is not easdily achieved. The hydraulic

JaN

g
A



22

data for turbidity flows are gained through theoretical
analysis, laboratory simulation and speculation.

A ueview of the literature on preferred a-axis
orientation points to twWo rather_different kinds of approach:
i) reasons for the principal a-axis mode, whether it be
current-normal or current-parallel - this has been attrlbuted
to large-scale pruperties of the flow, (Tabie 4) and
ii) reasous for the spread of deviations about the principal
mode, - which has been attributed to variables pertaining
to the bed surface (Tabdle 5} and to the clasts themselves
(Table 6). : A

Johansscon (1965, p. 15) considered oriéutation to ue
a "function of velocity, turbulence and shearing stress of
the flowing water, the particle mass, shape and position,
the quantity of transported and deposited material and the
collision frequency”.

Tables 4, 5 and 6 suggest that the isolate oY contact ‘
nature of the bed is the major control on the pacterns of
clast orientaticn. Cur;ent—normal orientauion, with or
without imbrication, appears to be ubiquitous for isolute
clast( but 4@ best developed by large prolate clasts. A
high collision frequency introduces a random element into

the orientation pattern. For contact bedloads, it 1is clear
. ]

that both current-normal and current-parallel orientaticn
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'

can @volve.= Dominantly current-parallel orientation appears
\\__. — ,.C\:“"'\ . ) ‘

to th& result of 5uspended transport, whether the sedimen-

i
s

tary environment{is that of '‘a highly competent rivér in

flood (Krumbein, 1940) or a turbidity current {(Walker, 1975).
Bedload transport by traction, in which the clasts tend to
fotate abour their longest dimension, evolves Purrent—normal
orientation. To a large extent, the configuration of clasts
observed at deposition reflects ﬁheir configuratioﬁ during.
transport: .however, owing to different rates of sattling and
competence f(corresponding té-the size, shape and .density of
clasts undergoing éransport) this relation is often‘imper-l
fectly developed. Table 6 does not reveal any consistency as

to the role of clast properties, particularly.for orientation

patterns derived from contact bedloads.
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2.0 EXPERIMENTAL WORK

2.1 Purpose and objectives

Many autho e.g:~Potter and Pettijohn, 1963;
Johansson, 1965; Rust, 19723 Davies and Walker, 1974) have

stressed the need fo Aetailéa laboratory investigations of

coarse clast

Ei is wpparent from the literature

that where intcrpretatlons haie been acuempted tﬁey have

been largely based on intuition or on thcoretlcal reasoning,

for as Johansson (1965, ?. 49) poxnts out, the hydrodynamic
conditions are kﬁown too ingcom telx to understand the
forces affecting fabric. //f_ -

E\perlmental st?é/;s were carrled‘out in the large
fl;me of‘the~GeoIog1cal Survey of Canada in Otttawa. Thelr
purpose was three-fold:

i} to ga2in-a better understanding of the hydrodynamic\vari—
ables and clast parameters which gavern;
a) obégrved variability of clast fabric
b) development-of certain within-channel bedforms, and

¢) entrainment, transport and deposition of large, ipequi-
dimquional clasts;

ii) to reéli;e the full potential of clast fabric as a toel
in paleo@nvir nmental studies, particularly with regard to
estimatiggkthe direction and magnitude of paleoflow; and
11i) to recognise through the preceding lines of investigation
the most hydrodynamically seﬁsitive parameters that should be
employed to describe structures composed of coarse—grainéd

poorly-sorted sediment. a

Ideally, calculatibns of paleoflow variables should
be accurate. However, because of incomplete exposure and

the complex nature of fiow-bed interactioms, severe limitc-

-
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agions are often impo ed on such. studies. 'Hence, in an

investigation llke that of Cant and Walker (1976) where a

paleoflow analysis wuas atteopted for Devonian sandstones of

braided river origin, variables were estimated and assumptions
made. Their esults compared favourably with those obtained

from simi Jy studies in modern braided alluvium.

ume apparatus

The flume of the Geolegiecal Survey of Canada has been
fully described by McDonald (1972), and so onlf a brief sum-
mary Ils necessary here.~ . .
. N
Designed primarily forx research on fluvial processes)
the flilume is/;gcirculating, tiltable and has many accesscry
devices teo aggistth%fmgasurement of flow and ped parameters}
(Fig. 1). The stra;gh:, ffgid-flume channel/has the follow;‘
ing dimensions: length 18.3m., width 0.76m. and depth 0\.—;5'. ‘
However, owing to ehtrance and exit effects; the channel has
~an effective 'workable length® of 1Cm: within this mid-
channel portion the flew 1is undisturbed. The flow-return
system (p. 4-7, McDonald, 19725 recirculates the sand-water
mix, but coarser sgdiment nust be both intrecduced at the
upstream end and.caught at the downstream ena above the
tail tank. A mobile instruﬁent carriage, mounted on rails
above the glass side-panels, 1is equipped with a mechanical
point-gauge (see Fig. 1 and Fig: 10 of McDonald, 1972) which
enables flow depth to be measured to the nearest ml. With
this device, it is possible to measure any point within the
£1ume channel by means of three mutually perpepdicular co-

ordinates which parallel the X, ¥ and z axes of the flow

reference frame.
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2.3 Design

The experiments were divided into Iwo groups on the
basis of bed character. © —
| The first group (EK3D-1 to -14) dinvestigated the
behaviour of isolate clast’s on a sandbed at velocities.below :
their threshold for movement. The chief objectives were to
examine the nature and development of isolate gravel fabric,
to evaluate the role of current-crescent scour activity and
to estaélisﬁ criteria for recognising hydrodynamic stab?lity'
in matrix-supported gravéls. The same population of 31 clasts
was used in these runs, and thgir spatial a;fangement o

the sandbed was kept constant: this served to mgnimise the

nunber of variables to be considered in the analysis of pro-

. . ’
cess and response. Proximity of adjacent clasts aried “-“"

between 14 and 46cm (larger clasts were spaced fur hgr
apart, and vice versa)y: alse, clasts were locaggﬁfat -
least 18cm from the side-walls to avoid éhe zones of
reduced.veiocity. Bulk sampleg of the sand_have a median
settling vélocity of 3.65 cm.sec-l with a standard deviation
of 0.22cm.sec:l' (Figure 2 ). Before each run equilibrium
was established, the sandbed being maintained at a thickness
of 10-15¢m. . Clasts were dis;ributed in their assigned
positions wiFh a-b planes horizontal, and a-axes laid
parallel (izn rTuns EX3D-2 and —-4) or tramnsverse (in runs
EDBD—S'to ~14) to_ flow direction. The runs spannéd both the
lower-— anq upper-flow regimes, with dépfh being kept between

9 and 12c¢m. Following run shutdown, the clasts were carefully

exposed in the sandbed using a spatula.

-
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The second group of experiments (EK3D-15 ta -18} were

designed to elucidate some aspects of contact bedloads, in
particular.kransport velocitie;, small;s;ale bedforms, and’
fabric. These runs generally involved the use of a larg;
number of clasts. Flows were sﬁb-critical, but were compe-
tent to gransﬁort modeiagel§‘sized cobbles. At mean flow
velocities apé;oachiqg 1h}§ec_l.it is not possible to main-

tain a stable sandbed in the flume. It was therefore con-

01

sidered more meaningful to arcificially roughen the bed than:

use the hydraullcally smooth aluninum floor. This was

achieved‘by laying down a ‘mat (manufactured by the 3M

-

company) with a granular surface. The mat, having 2
surface of sand grains (-1 to +1¢ diameter) adhered in plage

by thin coating of lacquez, generated considerable 'grain

r0ughness and effectively retarded thé flow near the bed.

Clasts were manually introduced in randOm position at the
flume's upstream end, and deposition was induced artificially

by-a Jow mesh barrier at the downstream end.

2.4 TFlow Variables

During each rum, t{e following flow variables were
measured: =’ ' ' ‘ | ¢ : .
i) slope, S
44) flow dlscharge Q (l.sec_l),

411) flow depth ¥ (cm.),

iv) surface velocity Usu (cm.sec-l),

Tt

",

“lw) a velocity profile:

v

%ﬁ&vi) watex tefggpafdfe °cy-

g
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McDonald §19725 outlined the methods for determining these

parameters, but 2 few additional details are required. //‘-HS\\\

Qwing to their use in calculating mean £1 N )

ow velocity,

Froude Number etc., it is extremely important that flow

discharge and depth be measured as accurately as possible.

_The value of discharge assigned to a run is based on

several manometer: (p.10, McDenald, 1972) feadings taken at inter-«.

vals. With a sandbed in the flume, srecise measurement of depth
is difficult owing to the irregular nature of the bed- and
water-surfaces. To minimize error, values of depth assigned
to each E%n represent the mean of gen separate determinatiorns
at meﬁre intervals 3lang the centre line of the workable '
iength. Dune beds involve the largest .possible error, but
the rapid, aﬁd often erratic migration of upper-£flow regime
in-phage waves also often prevents precise depth determin-

)

ation? Ian an attempt tO correct for the transient nature

of the system during measurement, an additidnal depth tra- '

verse was made approximately one hour after the first:

tabulaﬁed values .of depth foxr Tuns in whiéh higﬁf:mplitude
dunes or breaking antidunés were the stable bed phase
therefore represent the mean of twenty measurements. The
discrepancy between the results of the two traverses rarely
exceeded S5mm. Precise determination of depth rgquires a

remote sensing device, stch as the léﬁgratory echo sounder
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described by Richardson, Simons and Posakony (1961).
Surface .velocity was determined by timing the passage of corks
: A
. . @‘
.through the_.central 10m. sectiom. A pitot tube, for which

point velocity (U) is related to the elevation differencé
betweén the statie and dynamic water levels (AR) by the

equation

AR = 0.0006U°
A

was utilised to obtain velocity profiles. Over sandbeds,

’

the pitot tube wWas located away from zones of flow separ-

ation. Water temperature, measured to, the nearest 0. 1° c.,
?-'
.‘n \

was not controlled; but only‘varied between 17 and 20 5% -
during the exper;menta; period.

.By ﬁepns of hn-APL Prog;amme called HYDRAULIC (see ’
Appendix), the measured values of £low discharge, depth and

slope were employed to compute va{ﬁes for the ?ollowing

additional élow variables:; ) . .
. T -1 N .lll

i) mean filow velocity, U(em.sec )= 10000
, : l_76.68(1’)
ii) mean shear velocity, U*(cm.sec_ y = (g.¥.8)

[~

i11i) TFroude Number, Fr (dimensionless) = 1 .
| (-2
g-Y

iv) Reynolds Numbef, Re (dimensionless) = T.Y
: v

Hydraulic data for the" experimental rTuns is given

-

in Table 7.
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TABLE 8: Size and morphological characteristics of the total sample’
used in the experimental work.

Sample size = 140

‘Size (em): ' ’ Range Mean
a-axis . 6.3 - 20.2 10.27
b-axis  » 3.3 - 13.4 | 7.28

c-axis 1.1 - 6.7 ' 3.44

Nominal diameter, d_, is the preferred measure of clast
size: it is definel as the diameter of a sphere with
equivalent volume to the clast (Wadell, 1934b).

Morphology:

“

a) Maxiwmum Projection Sphericity, ¥ p (Sneed and Folk, 1958)

meaﬁ' 0.55
’ standard deviatioen | 0.06
i range 31 - 0.845%

b) Oblate-Prolate Index, OP (Dobkins and Folk, 1970)

mean

standard deviation

-range
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2.5 Material

Gravel used in the experiments was collected Erom a
local Pleistocene outwash deposit in a pilt near Stittsville,
Ontario. One hundred and forty clasts were selected for
their variable size, shape and lithologic composition;
highly angular or broken fragments were excluded. To
evaluate the response of individual clasts, eéch was
identified by a number using waterproof imk on a small
patch . of whirte Tapef;ser typiStg' correction fluid, and
lightly spraved with clear lacquer. These-marks resistgd
Ehe repezted eifec;s of fluv;al abrasion, although the
;uccessive wetting‘and drying startled to break down some
fine-grained lithotypes.

The triaxial dimensions of the clasts (a, b and c)\
wére‘determined according to the standard technique
(Griffiths, 1967) to the nearest mm. The size and morpho-
logical characteristics of(the sample are outlined in
Table 8: statistics were computed by means of APL pro-
gramme FOLKMUSIC (see Appendix). The sample is charac-

terised by moderate values of sphericity, and a tendency

toward oblateness. Roundness was not determined for the



38

” -

whole. gample, but visual appraisal shows that the clasts
are mainly sub- to well-rounded. All clasts were weighed,.

and those used in the isolate experiments weTe immersed in

graduated tanks to determine, their volume.

2.51 Clasts as ellipsoids

Large sedimentary clasts have cften been likened to
ellipsoids. In the f;rmulation of his 'intercept sphericdity’
measure (Krﬁmbein, 1941b) expressed clast volume by assuming
it to be a triaxial el}ipsoid Qith axes 3,b and'c. He cou-
sidered that "statistically, they may be represented by such
a form".(p. 71). When Sneea and Folk (1958) introduce& their -
'maximum pi?jection sphericity' measure, they retained _
Krumbein'slassumption. Williams (1965) also followed this ‘
idea, while Gibbons (1959) and Helley (1969) utilized the
ellipée;as the plane geoﬁetric shape enccuntered in sections
through clasts. |

Flemming (1965) favoured the ellipsoid for comparison
with natural forms because it is "a smooth forﬁ enclosing the
maximum volume for minimum surface area for given axial
lengths . . . skew ellipses fit well to the fofms of actual
particles, and agree remarkably with those which are

jntuitively seen to be well-rounded but not symmetrical”

(p. 382). If the axes intersect at & common point, the
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ellipsoid is termed symmetric: in cases of clast asymmetrTy

(Cailleux, 1945), the ellipsoid is séid to be skewed. Table 9

describes the various types of symmetric'eliipsoid and
assesses tﬂe accuracy of the various linear size measures.
Any set of triaxial diménsions may potentially give rise to
an ellipsoidal geometry, the degree of-rounding (particularly

in the apical regions) determining the degree of similarity,

‘although roundness has long been recognized -as geometrically

ihdependent of shape (Wadell, 1932).

There appear to be no data on the degree to which 7

-

clasts approximate ellipsoids. This can be checked by/// -
comparing actual measured volume, V, withrthe volume calcu-
lated assuming the body is an ellipsoid, Ve. Given clast
ﬁeight, computation of V/Ve ratios is exact when the den-
sity is known: this was the case for .the 31 clasts gsed in
the experiments of jsolate imbrication. Ratios for £he N
remainder of the population involve slight error because
nsity waj assigned the mean value of 2.75 g.gm_3:

included in this category arte 100 clasts used in the
studies of contact bedlecad, as well as the 10 clasts used

by Bradley, Fahnestock and Rowekamp (1972, Table 4). For

symmetric ellipsoids, volume is given by the formula

bt
3 abe .,

e =



TABLE 9: The different types of symmetric ellipsoid and thelr description
by linear size measures = '

8) Tvpes of svometric ell%psoid -

Zingg's (1935)

terminoclogy tvpe of ellipsoid axial ratios
.—ﬁ\\ﬁ prola;c (or rod-shaped) rotation ellipsoid ) a>>b but b=c
2 oblate (or disc-shaped) . fotnéion ellipsoid as=h but b>>c
3 bladed ¢ triaxial ellipsoid a»b>c
4§ equant tending te a a=b=c
! gphere
b) Degree of accuracy sf simple licear size measures i
- _ iatermediate arithmetic nominal
long_ axis : axis ’ mean _size diameteT
1 Scvere .
overestinate Underestimate Acceptable Accurzate
2 Ovcrcstiﬁntc Overestimate Acceptable Accurate
3 , Overestinate Acccpt;;lc Accurate Accurate

4 Acceptable Acgurate Accurate Accurate

o -
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The hiscqgram of the continuous yariable V/Ve (Fig. 3) -
is clearly normally. distributed, and is centred closeato unitg
ratio, indicatihg th;t this gravél population does cloself
confdrm -to an ellipsoidal solid géometry. Eighty—nihe p;f
cent of the individual values are within the rangé 0.85\-'

1.25. \\

If 'this geometric similarity is of general application,
_ . ’
then nominal diameter may be directly calculated frem the

axial lengths as follows:

The volume-radius relatiom foT a sphere, ie.

can be arranged in terms of diameter, such that

1/3 - ) .
' 4 = SLY /
For non-spherical clasts, d becomes the nominal diameterx, dn. -

Substitution into this formula of a re-arranged version of

the above equation for volume of an ellipscid yields

1/3
dn (ellipseid) = (abe) /

This is a useful equation because it avoids determination of
clast volume by immersion: wﬁere a good elliipscoidal ten-
dency is present in 2 clast populaticgn, its use is recommqp;\
ded. Nominal diaﬁeter is a sﬁﬁerior measure of clast size—
because of its greaterT sens?éivity to hydrodynamic behaviour

\ -

and because it 1is a precise\measurg‘nf clast volume (Table 9).-
\\\.‘—‘_/‘:) -
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Figure 3% Histogram of the variab1g,ﬁfve, i.e. the

ratio of actual measuredfvolume to the
. volume assuming an ellipsoidal geometry.

Mean and standard deviation are 0.9539 and
0.1211, respectively. )
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3.0 MOTION OF CLASTS ISOLATE ON A SANDBED BELOW
THEIR TRANSPORT THRESEOLD )

Clast motion comprises both rotation and tramnslation,

both of which can be expressed in terms of response compon-

ents relative to axial dimensions.. A significant rotation

.

occurred in all experiments with lesser amounts of trans-

lational motion. ‘Both categories of clast movement aze
. - 5

responses to their unstreamlined disposition at the start

of.each rum,. as nanifésted by the development of current-

crescent sScouT around each clast. Scouring is complete
when clasts attain 2 hvdrodvnamlcallv stable configuratlon.

Clast motion wWas exgresse& in relation‘to the’
_ A : .

. 2 T
coordinates defined in figure-4a. The particles .were ‘

inizjially laid out with a-axes current-normal ané with a-b

planes herizontal. Typical clast motion is illustrated in
3

figure 43,
The geometric centre of the a-b plane is a.conveni-

ent reference point from which to measure translation

motion as a vector with three components corresponding to

the axes of the flow reference frame. At belon;fnfeshold

conditions, this vector 1nvolves motion in the -x, -y and =z
’ % .
directions (Table 104). Rotational motion is a scalar

quantity, including inclination and -orientation of the a-axis,

‘as well as igbrication of the a-b plene (Table 10B).

T

S .
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@ PRE-RUN  CONFIGURATIONS
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The pre-run 2and typical post-rTun configurations
for isolate clasts on 2 sandbed.

F

Figure 4:
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TABLE 10: Tvpes of Clast Response

VARIABLE NOTATION » " DESCRIPTION OF VARIABLE

—

A) Vector Quantities {(ca): Translatiomal Motloez
R . . ) .

X - response ‘ ‘Parallel’ to flow direction
Y '~ Tespounse . " " vertical and pcrpendicula:afo flow
- directicn
Z - respoanse . EHorizeuozal aad perpeadicular to flow

“direction

B) Scalar Quantities (°): Rotational Moticn

4 -.response - _ 4mbrication of the maximum projection
: ‘plane
. . . . .
B - respoase’ ) o . orientation.of the z-axis
¥ = responsec ) . 4aclinatien of the a—-axis

. : * [}
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3.1 Measurement of Motion . . ' . i

\\\\\\ _The x, y and z cocrdinates of translational motion

—_
were measuraed accurately to the nearest mm. using the poinp;gauge.

¢

During the desiEy phase of the experiments- the initial Xy
A I . ...-'
'and z5 coordinates of each clast were selected and sub-

.sequently maintained for all runms: this was deemed desir-
'able from the standpoint of keeplng the proximity of adjacent
clasts on the sandbed consfant. 1The Y5 coordinates, because

of bed level Changesj had ;o.be determined before the star{
. ) .
%Eéeach run. The three components of translational motion

: ~
are dencted-X, Y and Z respectively. This technique is

preferable to t?e one-employed by Fahnestecck and Haushild

.(19%2), who marked clasts with a cross and visually‘deter-

mined their combined rotational and translational motien

e

upstream into current—-crescent Scours. -

Rotetional motion‘was determined i‘n.ﬁsitu using a ‘
cllnometer for inclinations and a semi-circular protractor

for orientations. The protractor was mdunted at a conveni-
eaé-height on the mobile point gauge, atd plerced through

its origin by a rotatable rod extending downward to bed

level. Two rigid, vertically aligned bars, each 15 cm. long,

were attached horizontally at each end of the_rod, the upper .

one being placed flush with the- surface of the protractor. - -

-
The device was manceuvred over-the exposed clast in the

- - L
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4

sandbed, visually aligned with the clast's. a-axis, and the )
orientation was recorded by the upper bar on the protractor.

»
Current-normal orientation was recorded as 90°, with

_upstream (-x flow axis) and downstreégfz:;\iizw axis) at 0°

o -
and 180‘; regp?ctively. Orientations withii the sector

o - _ . ' :
46-134 may be regarded as current-normal, and those in the

two outside sectors (i.e. 0-45° and 135-180°) as being

current-paFallel.» The measurement of rotzfzggzzﬂvarié;lcs

&

may have involved a small degree of errbr,because of the
4
difficulty in precisely locating plames”and. axes in irregular

solid objects. It is considered that the magnitudes .of the

- . : +.0 +,0 '
B~ and Y-responses are‘accurate to -2° and -4%, respectively,

and witl the g-response at amn intermediate level of preci%ion.-

»' A-axis orientation didta were analysed .by the method

of Curray (1956) which yields a semlhc1rcuiar vector mean
(B ), a vector magnitude (L%) and the probablllty (P) that
i ]

the observed degree of preferred orientation is non-randon.

‘“This is the best method fof'treatment of whole samples, but
does .not permit analysis of 1nd1v1dual clasts. The latter

is achidved by adopting 2 similar meth\i te that of- the
Sedimentary -Petrology Seminar (1965), in’'which cach peasure-
ment of clast orientation s treated as an angular deviation °
fromx the current direction. This,tec%nique has the adéi-
tional advantage that all th;gé ;omponents of translational
motion possess 2 90° range, which is convenient f£pT compara;

~ L

tive purposes. Loy
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3.2 Statistics of response data T

A {prOCess-response‘ model (Krumbein, 1968} has'béen
apélied to the data of clast motion. To complétely explain
each of the six respouses listéd {n Table 10, »and all of the .
process—response relationships expressed by figure 5

{s an ambitious objective owing to:-

~.

i).tHe'complexity of fluvial processes, in particuiar the
nature of two-phase systems in which some forces defivé from
the fluid phase alone, while others derive from the containea
solid phase (which in the present experiments includes bc?ﬁ\\H

the isolate large clast population as well as the sandbed);

ii) the gifficulty in quantifying,dertain of the proceéss

-variqbles; : . e~

iii) flow variables thaﬁ cannot be held constant for all
experiments; and
iv) the infinite morphological variétion of natural clasts
which cannot be expressed by any single size measule (Briggs
and ¥iddleton, 1965).\j =

Statistical anélyses of process-Tesponse relation-
ships were assisted, by APL preogrammes BIVARIATEANALYSIé,
LOGREG,.EXfONENTIALREGRESSION and FULLLOGREGRESSIOXN (see
Appendix for details). )

The sets of response data number 278 (9 runs each

with 31 clasts) except for the a-respbnse for which there

were 257 obsexrvations.

- . A

-
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Clast 3hape

Torces:
= 3rabilising
= destabtlining

PROCISS VARIAMLLIS {.e. INPUT INTO SYITIM
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Figure 5: A schematic representation of the
process—response-model used in the
analysis of data frém the experiments
of isolate gravel fabric.

From Fig. 1, Koster (1974&4).
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The histograms of translational respomnses (Fig. &)
show that upstream motiomn is the most significant, with an
average of nearly Scm. Truncation of the histogram fer
vertical motion at ¥=0 indicates that this response is less
sigaificant. Lateral aotion is almost insignificant 2s
indicated by the extdehe truncatien against Z¥0: +if motion
towards the riéht and left banks is distinguished, the

histogram becomes centred about Z=0.
Of‘the three rotatlonal responses (Flg. 7)), imbrication
is clearly the major varlable and dlsplavs a mear-normal
distributioén of angles: its histogram has a mode in the 25- -30°
class with a mean at 30.70, indicating a slight negative skefsess..
The predominance of low-moderate angles of imbrication, as well
s the other properties of the distribution, are in accordance‘with

the findings of other studies (Table 3). A-axes of clasts ‘

are sub-horizqntal and current—-normally orientated. The i
histograms for these ;esponses are therefcre sharply trun-
cated at zero augle, with 45-50%7 of observations lying in
the '0-5° classes.

To summarisg, it appears that of the six responaes,
only X, Y and ¢ aéa hydrodynamically significant.l The iZ,
g and y responses are of lesser magnitude because the
initial configuration is stable. Thus over & wide Tange of
flow conditions, in which both the lower- and‘upper—flow
regimes were represented, large isolate'clasts are stable
when imbriiated and orientated:transverse to flow. Current-
crescent scour enables translational motion, in turn allowiag,

-

the at;ainment of imbrication. 2
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[X*-RESPONSE|

PERCENT .
FREQUENCY * 20-

T
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T
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MAGNITUDE (cm.) -

Figure 6: Histograms for the translatibnal responses.

Each is based on 279 values.

Statistiecs for each distribution are as follows:

Standard Deviation

Mean
X =4.70cm
b4 -3.44cm

yAR 1.06cm

1.23cm
0.87cm
0.7%¢cm .
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. ' . {Cx-RESPONSE]

[¥-RESPONSE]

I 5 b % % B ® '4
MAGNITUDE {degrees)

Figure 7: Histograms of the rotational responses.
Statistics for each distribution are as follows:

Mean Standard Deviation
o 30.7° . 9.3°
B 7.92 ‘ 5.4°
v 5.8 < 4.7°
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3.21 Current crescents and the 'imbrication process'

- F’
Structures on sgnd beds reSulting from localised

scour around straﬁded objects have been variously referred
to. as 'ecurrent crescents' (Peabody, 19&7); 'obséacle marks'
(Déulynski and Sanders, 1962) and 'scour marks' (Richardson,
1965). The term current crescent is morphoFggdkticall§
correct, and is adopted here. .
| Fluid resistance associated with flow separation,
which occurs ét points of'abrupt surface curvature around
the submerged beody, ¥s termed 'form drag' (Rouse, 1950) .
At high'Reyﬁolds gumger additional energy loss occurs
through 'igrface drag' because‘high velocity-flow is pressed
close to. the body—surface. Local;sed scour is active in
resp;nse tg the unstreamlined nature of the stat'qnary quect:

a body is said to be streamlined if there is mo D undary

tacles is ‘

. ' -—J?
accelerating because of the lateral compression of the

layer separation (Shapiro, 1961). Flow around O

streamlines. An "adverse pressure gradient'causes the fluid
Eo curl into a horse-shoe sh;ped vortex, with horns extending
downstream along the sides of the obstacle....the vortex
filaments are stretched, the fluid particles rotate and
advance helically...”" with the "...diving components inducing
scour"” (p.1l531, Karcz, 1973).

Mogt of tﬁe research on this type of scour has been

conducted by by bridge engineers. However this 1is not

directly applicable to current crescent scour around isolate
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clasts on a sandbed for three reasons. Firstly, clasts are

v

potentially mobile through the imb{ication process, whereas
bridge pi;{s §re fixed. Secoundly, pilers inte?cept the entire
flow, whereas gravel clasts are generally fully immersed. .
Thirdly,. piers have uniform-geometry, whereas sgdimentary

clasts are typically irregular in their morphology.

Tor current crescent scour around clasts on a sandbed,

"gydrodynamic.and hydraulic evidences indicate that the -

magnitude and nature of the secondary circulation

around obstacles are determined by the various properties

of the approeching flow (e.g. velocity, discharge, depth,

density stratification), of the sediment (e.g. composition

of the streambed material, grain size, grain shape, comp-

osition and amount of the bedload) and off®the obstacles

(e.g. orientation, shape, dimensions). -Another factor

to be considered is the duration of scouring.” °
The significance of current crescents in the development of
isolate jmbrication was first recognised by Seggupta (1966).
Provided the sandbed is sufficiently thick to permit unimpeded
motion, a stable configuration will eventually be attained.
by the ciast. During this process, form drag becomes of
diminishing importance and current crescent scour becomes
progressively less vigorogs (see Section 3.5). The onset of
flow conditions capable of transporting the clasts marks
the upper limit for current crescent scour. At this point,
the capacity for bed degradation predominates over localised
scour causing clasts to become re-exposed. For ény given
clast therefore, there are.oniy a limited range of flow con-

ditiops within which' current crescent sScour is active.

-

Q
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3.3 Response to the flow regime of the sandbed

Laboratory studies of coarse-clast behaviour have
o~
generally used,either a representative flow veloccity
"(e&.g. Kelling and Nilliams,_1967) or Froude Number (e.g.

v
Krumbein, 1942). Hydraulic engineers have tended to use

tr;ctive force (Novak, 1973}, but th;re is some eviden?e
(Wélman and EBrush, i961) which suggests that this measure
is somewhéﬁ misleading. For particles larger than 5nm,

?ntrainment is principalfy derermined by velocity, rather

than by the depth-slope product. A similar deduction could

be made from the typical at-a-station hydraulic geomeflrTy of

braided channels‘carrying coarse alluviuvm (e.g. Spring

Creek), where 2 wide range in competency is accompanied by

»

i1itrle chacge in the depth-slope prcductﬂ
Hence fc; the large clast sizes e;blcyed in the
present flume study, a parameter féi;ted to velocity
appears to be a preferable measure of flow strength. ke
Frouée Number was selected because together with Reynolds
Number it determines the dynamic similaricy between flﬁﬁe
channels and natural chanmnels (Southard, 1975).
The effect of Froude Number Qn c¢last resporse 1is
best_illustrated by means of Dice-Diagrams (Dice and
Lerzas, cited by Sokal, 1965) which depict all per-—

tinent statistical information about the distribution

(Fig. 8 ). APL programme SCAT (see Appendix) was written to

BN
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Figure 8: Properties of a Dice-Diagram (after Dice .and
Leraas, cited by Scokal, 1965). -
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furnish all the necessary values. Diqé—Diaérams,fo; the two

seés of responses are shown in figures 9. and 10. The stan-

dard error of the mear gives a visual impression of the -

significant differences that exist between Zroups of'mean o

values. ' . ) ) B
- All thieé translational responses d%splay_a simislar

pattero of vafiation with increasing Froude Number. Of the

three rotatiomal reéponses, the S8-response is the only one

‘to show a similar pattera. The a-responseé attains a maxi-

b - s T
mum value at Fr = O.f;_the reason for.the relatively high
mean value encountered at Fr = 0.24 is unknown. The

y-response is essentially constant over the range of flows
scudied.
Variation in the mean value of each clast response,

LN .
with the exception of the o= and yY-responses is remarkably

consistent. Ignoring the sign of the response, which 1is

-—

merely a functiorn of axial definicion, mean values increase ‘
from zero.to Fr = 0.5, decrease to Fr = 0.7,.then increase
again. This effect must be due to some over-riding influ-

ence of the two hase system, because the same clasts were
used in all runs. It appears unlikely “that a .feature of

the ‘f1uid phase alone 1is responsible since the flow para-

meters were either steadily inereased (e.g- velocity}, or - ) -
were held lonstant (e.g. depth). Water density, viscosity

and temperature are considered- ineffective.
. I

F1)
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R . “The sandbted apd the scattered large clasts constitute

the”‘eon;ained-solid phese{. “owever sincé the coarse bed-- )

load componevt was invarianﬁ, the sandbed ltself must be

respons:ble for the observed systemetlc pattern of varlatxcn
in four c¢f the si\ respenses. The medlan settling veloc1cy o o>
of the sand used int the flume e\permments 15.3.65cn.sec

2

(Foxrbes, 19733, which coerresponds to a- gra:n dlamcter of

approximately 0.3Smm (Gibbs, Matthews and ;ink, 1971)- ; he

LS variatlon of form roughness "encountered tn the present -

e*cperimentc should therefore te 1ntermedlate between the
- e
] two exanine& by Simons and Rlchardson (1962) (rlg._ll). )
T s T . I e . . Lo
. diagram was compiled from numerous laboratory experiments,

.f B -

and a prominent feature is the large range of roughness

valuec for a- bedform at a- g:.ven sedrment cize. A simplified ‘
@ i '
versxon of their diagram is glven by Herms and Eahnestock

- -
o

{1965, Plate 1). ‘f\
14\. .- T ?‘ -~ ., .

. ' ' There is a close szmilarlty between the patterns of

'v&riability’of mean values of clast responses (Fzgs. 9 and
. I A - )
® 10) and of form roughness enpreSsed by the Manning
| 3 ’ -
coeff1c1ent (Fig. ll) Clast response increases as a -

'result of higher amplxtude and/or greate: wavelength of

. o . " .
. . - R
- +

4
.
b
»
~
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sand bedforms, and vice versa. If a flat bed remaired

stable under cdnditidns of rising veldcity, isolate clasts

would move 2 diminishing distance upstream as the transfort

threshold was approached. Kowever, this trend is greatly

-

modified by the variatlon of form roughness which, accompanies
- )

"the series. of  lower- and upner—flow regime bedforms. Kelling
and Williams (1567) in their flume study of clast reorienta-
tiom in‘the'lower—flcw.regime (Fr<0.35) attributed the S-

shaped kick in their .graphs of angular deviation.agains: : |

Froude Kumber to the change in bedform from ripples te dun~s.

-As bedforms migrate past the effectlvely stationary clasts,

bed elevatlon fluctnates ?rom 1 to 7cm, depending en the type

of bedfPrm. Eigh amplitude is obviously conducive to greater

translational motion. An“additiohEl consequence of pro-

nounced threeidimensiénal topography is wide variation in the
directicn .and magnitude of Tskin-frictien lines', ie. stream=
lines at the flow-bed interface (Allen, i970): this is the
Ynkely cause of peturbations- from the otherwlse statle
current -normal orlentatlon.'

. . {

Yisual comparison of figures 9 and 11 clearly reveals
the close dependqnce of all tHree tfansletipnal reéponses
on the degree of bed rougkﬁess. However, the B-response

T

(Fig. 10) is the only rotational response te display the

spame relation. It will be recalled that_the y-reponse (Eig-. 10

«
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l1acks variaticn in mean values. The a-response is unicue
in that imbrication is at its maximum éngle:ac the tran-
siglon of the flow regimes_(Fr=0.7), indicating that a
hydraulically plane ted with a two-= dimensional flow field
is conducive to thke actainment of maximum angles. Any

appreciable form roughness causes imbricaticn at lewer

angles. :

3.4 FResponse to clast preperties

3.41° Imbricag&on

° .
. - :
From the liﬁeghture review of~stuvdies of imbricatien,

it was.apparent that certain geometric features cf the »
clasts influence the 'angle of J.mbrication. On this basis, 1‘ ‘
the followlng process-response analysis first investigates
the“rqle of shape and size aﬁd then examines the eifect of

more hydrodynamically sensftive prpperties.
3.411 Deperndence o simple geometric variables

Results cf bivariate analyses of the c-response as &

function of maximum projection qphericiCY‘?p'(Sneed and

Folk, 1958), oblate-prolate index oP (Dobkins and Polkz 1970)

and nominal diameter d are showv in Table 11. Sh'ape is 2
significaﬁt process varigble, while size has no appreciable

effect. _Of the .two shape parameters, ?P'gives the better

\

correlatién; the  influence of 0P is less clear, since 257 of

-



TABLE 11: Bivariate analvii; of the O-response

Variables ) >

Dependent Tesponse varfable:- a, imbrication of clast a-b plane,
range 0-90 .

?rocess_vnriaﬁles:- ?p' maximum projection spherdicicy

3?, oblate-prolate index

.dg. nominai.dianctcr. 4
* - LY
Correlation Marrix
Mean values for each elast used. ’ v
c ¥ or d
4] . n
= x
s - 1.000 0.577 0.458 -0.043 _
- ‘ * .
Y‘P . ’ 1.000 0.501 -0.029 ‘
- op o _ 1.000 ©-0.033 )

a_ - 1.000

%¥.B. * denotes significance level in excess of 95%.

Regression Equatioens

o =101.98% - 19.85

« = 0.870P + 37.57
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its variability is accounted for by ?P. These results con-
firm the observations of cailleux (1945) and Johansson {1965)
that the angle of imbricaticn is inversely preportional to
ghe degree of clast flatness.
The cerrelaticn with spheriéity is shown in figure 12.
lthough the data can be fitted to 3 linear regression, the
spread qf points suggestc that it may represent the central
portion of a curvilinear relation with terminal coordinates
Q?P*O;a+0°) and @ +l c*90 Y. Both limits are theoretical
sinceﬂé perfect sghere cannct imb¥1cate and the effective
_mwinimum value of sphericity is about 0-15. -~
Any variation in the effect of these clast properties.
with increasing Froude Number can be recognized by sub-
- =
dividing the clast poprlation into WO groups separated by
the median values, which ﬁfe 0.52, zexe and 4.9Scm for‘?p,
0F and dn respectively. Average values are then calculgted
for each group. .

In the lower flow regime, the influence of sphericity

(Fig. 13A) 1is nearly constant while in the upper flow reginme

it has less efféCt: in between, at the regime transition,
?
N o
sphericity has the greatest infiuence as shown by the 16
: v
span between the twe groups-. The same pattern is developed

by the oblate prolate 1ndew {Fig. 13:8), butto sone extent,

the, similarity is due to the partial inter- dependency of OP
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with ?p . There is no consistent effect with respect to
clast size (Fig. 13C), except that within the dune phase,-

size appears to have & positive influence on the angle of

jnbrication.

3.412 Projection area as & function of nominal diameter
. s ! |
Even under ccntrolled laboratory conditicns, expla-

nation of the a-response in terms of éimple geométric clast
properties 1s incomplete. It was thgrefore decided to *
investigaf@ the statement cf Johansson (1963,.p.90-91) that
ihe angle of imbricaticn is* influenced by " ..the frictien,
‘which is a function of cantle area in rela;icn'to its mass".
"Mantle area; is interpreted as the .area projected by the
clast ir the y-z plane, %.e. normal "to the flew g}rection.
Projection—ffea,_denoted K;, is 4 particularly useful

a——

measure because it combines the effects of clast size and

- hY
4"“'\
shape, as well as those of variable orientation with
N

, : . ) . N
respect Lo current direction. Nominal diameter was employed
' N v

as a measure of clast mass, since it rTelates directly te’

¥

vo%ume. | —\\

-

An-investigation of this relation requires that pro-
jecticn area be decurately known.' Aplcould be precisely
detérmféed by reproducing the jmmbricated clast in a light
beam and then measuring the silhouvetted areé on a wall with

L3 -
a planimeter: this, methed is teo laborious for repeated use.

L r
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Alternatively, projection area was calculated on the basis
tha1 tte solid geometrTy of gnwclasts clesely appreoximates
a symmetric ellipscid (see Section 2.51). -

For the purpose of this study, values ;f tke ratio
V/Ve between 0.9 and 1.1 are considered acceptable for
accurate determination of projecticn area. -Bf the 25 clasts
meagured for imbrigation in each of the 'igsolate' experi-
ments, nime were ﬁ%und to clesely cenform fo an llipseidal
geometry (Table iZ). Having established thié, foqulae were
derived te compute the afea prajected by an ellipsoid at an¥
configuration with respect 1o the flow.

A symmetriz ellipsoid projects 3 pi?ne shape with
elliptical outline. For a givern ellipseidal clasg, Ap

attains maximum and minimum values wher its long-axis is

aligrned

i) transverse to flow with fthe pr ncipal plane vertical, and
ii) parallel to flow with tki\principa plane horizontal,
respectively. -

Clearly the range between maximum and minimum values
diminishes as the degree of clast sphericity increases.

For ellipscidal clasts orientated nrormal and parallel

to the flcﬁ, AP is calculated by means of equatiéﬁs 2 and 3

respectively: 2 .
A = -.r.a.b' ..... ...-.(2)
P 2
A = m.a'.b U (3
P 2
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TABLE 12: Clasts closélv conforming to svometyic ellivnsolds

{

'\\ N &
Measured Calculated '
. Clast volume, V  volumg assuning Vj
f (ce ellipsoidal, V v
¥ < e
/ (CC) -
~—
119 45.1 46.0 . 0.98
98 79.0 ‘ 71.9 .- 1.09
12 77.1 .7 71.5, To107
88 121.0 115.5 1.05. |
20 53.0 ) 52.0 1.02
93 67.0 70.9 0.94
71 267.4 268.2 1.00
73 724.2 675 1.07
-
4
y
/
%5
-
* S L~ 7%
&
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where . : 2 )
K. =%
al' = (J* - * y <
. 4.1,
a‘ -
. _* . ., R
B! = (L - K2 ) = °
4.3 .
- 2 2
in which J, T R.cos 8 +.8.sin 8
K, = (R - S)sin28 o
2
L, = R.sinzs + s.cos 8 €
2 . 2
) ' J = S.cos"¢ + T.sin o
¥ = (5§ - T)sinla
- 2 2
L = S.sin"a + T.cos o, for which .
, 2 5.2 S )
R =() , 8 = (§) @n2d T = 2 - -

Oblique orientaticn requires the use of a more involved cal-

4

"culation using equaticn &:

A = w.a'.b' e L) .
] o (4)

Full-detéils of the above mathematical theory as well'as of
APL program.FULLIMBRIC, which was writéen to cahpute values
Bf A; (cmz), are given in the Appendix.

Regression analysis indicates that Ap is a power
function of dIB (Tabie 13). The data.obtainec from the nine
erIrpsoidal clasts (Tabie 12) in each flume run rnecessarily

£all within a linear band defined by the minimum and maxipum



TABLE 13: Observed;parameters for the foéer function

A =f£(d ) at each flume run.
: P « T e

. <
.

. ‘@“

Froudep,-‘ Regression Correlation

Run ) Number * Equation coefficient
ER3D-14 ° 0.238 A, ={.A5(dn1'59) . 0.577
-6 0.322 - AS =_1.24(dn1'73) 0.965
-8 0.374 A, _1.13¢a_ M7y 0.989
* -10  0.519 A _r.06¢a 7% - 0,979
-9 0.651 A =0.95(dn2‘01) 0.983
-7 0.698 A =1.21(dnl'90) 0.991
~5 0.780 A, =1.16(dn1'89) 0.985
=212  0.821 A =‘1..35(6.111’75) 0.987

N.B. All of the above equations are'scaniétically
significant at the 99% level. .

—~a
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»

. possible values of A for a given & . The eauetions for
I- - . - '
.hz-’\.- “* .

~'these two relatiomns, assuring currenr normal orlentaticn

of 'a~axes, are

1.98)

A (min) e.aé(dn e ()

1.37¢3 270 (8,

and Ap(max)

respectively. ) . _ e

.

In figure 14,-observed regression lings are shown im
IEloClCP te those cf equaticns 5. znd 6 ‘?dir cf exponqets

and coefﬁiciest cbtaincd at each, emperlrent 21 fun_are

jnversely related by the equatiom: . - : T
B > | , :

e = 1.98(¢c 0%

s \.'.. -

Y, t = -0.927. B ' :

The hlgh value of correlatlon strongly impllesﬁa consistent

. and close control by . the process varlables. The etponents ) "

o

and ceefficients of the A versus @ relatmonshlp attaln

-

ma;u.mum and minimun values, respectively, in the viecinity ] ‘

- -’

of the £low regime transition (Fig~353). On ctheoretical grounds, .

one might expect the highest degree %f clast stability.

* <

to be attaineﬁ inh &he two- ~dimensional flow field oé a - -

transieion pline bed. Under these condltiOns, the present

h -~

data suggest thaw the optimhm'felation ig given by the.
simple equation:-
{ A_=4d ' - -

hS - ’ T . 4 .-
1-

From Table 1,, it_is seen thkat Run EKBD 9 dur‘ng ublch tbe

equilibﬁlum sand bed phase was a @lene beu, stably imbricated

- -
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the eight regression iines as listed in Table 13.
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vVariation in the parameters of the ppwer function
AP =_f(dn) with increasing Froude Number: plotted

data are those 1isted in Table 13. 1In the viecinity
of the flow regime cransition (i.e. Tr = 0.65), the
coefficient and exponent reach minimum and maximum
values, respectively: these correspond to those of
the proposed optimum relation. See text for

detadils. Symbols indicate different sand-
bed phases as follows: circles — ripples,
triangles — dunes, squares — transition of £f£low

regimes, and hexagons — standing waves, antidunes.
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.

clasts generated the equation e

-

A =0.95¢a 2%y
pl _n

the paTrameters of this gélation are closely similar to those
~of equaticq 7. Statistical similarity between two Tegressicr
1inés'can be checked ;sing the met;od cf Imbrie (1956).- The
test confirms what is visually appércnr er figure 15, that
flcw; at the trhnsiti;n‘cf the lower—- and upper-flow regimes
vield AP Vversus dn relaticus are teth

i} statistically similar to the form of equation 7, arnd

i) statisiically different from equaticas 5 .and 6.

The validity of ghe proposition that equation 7 con-
stitutes an optimum relation with .dynaﬁical significance can ‘
he further tested by comparing & values observed in rTuns sur-
rounding the flow-~regime transition (i%.e. EK3D-10, -9, -7 and
-5) with those calculated on the basis of thecy'(Table 14).

For a given clast, the angle of imbrication required
to project an area equivalent to the square of its nominal
diameter can be found using a mathematic procedure derived
from that previously outlined on page 4. For ellipsoidal
clasts orientated normal and parallel to flow, o is calculated

by means of equations 8 and 9 respectively:

1]

o arcsin(

a
arcsin(

a
h)
\
&{2
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TABLE 14: A comparison of -observed values of a with tEose

calculated by the optimum relationm, Ap dn
. Clast . Observed values of «® in Runs Calculated
S ER3D-10 EK3D-9 EK3D-7 EX3D-5 Mean «® wvalues'of a&°
119 25.0 25.5 . gsfs 25.0 2s.é - 32.0
99 52.0 67.0 63.0  52.0 55.9 50.0
12 30.5 35.5 36.0 37.0 34.8 34.5
‘88 30.0 44.0 . 45.0 25.5 36.2 37.0
20 54.0 39.5 40.0 24.5 37.0 29.5
93 30.0 23.5 28.0 30.0 27.8 26.5
18 27.0  26.0 26.5 30.0 27.4 32.0
65 28.0 28.0 27.0 35.5 29.7 33.0
73 16.0 31.0  30.0  29.0  26.5 33.0

Average: 33.7 34.2

4
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where a'= 2.4 2 and ' = 2.d 2,
‘ n ol

T.b T.a

with R, § and T as previously defined.
. .The results of the comparison are shown graphically
in figure 16 and indicate thaﬁ‘equation 7 is an acceptable

prediccor of +~he observed angles of imbrication.

3.413 Proposed stability cricterion

The optimum relation between AP and dn is thought %o
have considerable dvynamical significance with regard to clast
stability at the flow-bed interface. It is proposed that

equation 7 constitutes 3a ‘crigerion of optimum stabilicy’ s

gl

for large, inequidimensional clasts isolate on a
sand bed. . Using this criterion allows ;ne to redognize hydro-
dynamically stable imbrication (Table 1) by the attainment of
a-values which satisfy equatién 7: Inbrie's (1956) method of
statistical discri;nination is\recommended for checking the ‘
conformity of observed Ap ver;;s dn relations with the
stability criterion.

The required Ap value for a given clast may be
referred to as the 'equilibrium area'. Clearly, equilibrium
. area is a more meaningful parameter of clast respeonse than
the angle of imbrication. ForT clasts with equal nominal
diameter, the angle of imbricatiomn required for projection

of the equilibrium area is shape-dependent (Fig. 17): foxr 2
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of discoidal clasts, it is apparent,thét required

-
o dorw fure g Jare e M9 0 Eadd

seri

— @
VIR B !.-u.-m

angle are inversely proporticnal to the degree of clast » ‘

flatro

g

ass. This agrees with the present data of o wersus

w0
=
.;-.,.Os.ams(b' e )

v

H

> wn in figure 124 as well as the speculated total

relat ion shown in figure 12B: in the formerl diagram,

r
-

scatteT

probablx derives from the secondary. effects of clast size.

In ad&itlon, the f;ndings af Cailleux (1945) and Johansson

_,. s

s

(1965) (Table 2) are firmly endorsed.

| ':A

ion also offers amn expla-

AR

natien for the*predominance of low to moderate angles of

imbri;aﬁl on (Table 3)- In the present an315515a u51ng a small

i %
] %
numbe? of ellipsoidal clasts, the average angle necessary for
, A

"the pro;actlon of equilibrium areas is 3 2% (Table 14).

It is alsp worthwhile noting that the 36 a-values listed

'

in Table lla render a distributrion with slight ncgat:.ve ‘
\ .
l

Ex

skewn ess a?d with a modal ciass of25—30 (see p.50).
\ | A

i
mare thorough explanation of variability in the

imbribation%angle is achieved bY¥ means of sphericity-— -

form @iagraﬁs (Sneed and Folk, 1958) (Fig. 18). By confining

hin—diagfam variation to shape (i.e- by making con-
straints for tlast size and orientation with respect

to f£low), the triangular diagran can be used to show the

required imbrication angle. FoT symmetric ellipsodds, data

points for construction of a-contours ¢an be found using
S

equationé.B and 9. Since the nominal diameter of an ellipsoid

is given DY the formula

1/3

d = (a.b.¢) ...........(10),
n
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. mediate and short axes of the blocks,

respectively. .
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the calculation of triaxial_dim;nsions all yielding the
same volume is made easier by.selecting figures such as
iOO and 1000 for the product (2.b.c): using equatioen 10,
dn is equal to 4.64 and 10cm, respectively. These values
were selected for the calcuiation of a-vaiueé, both
because of theirx relative ease of compdtation and because
they encoﬁpass the range of ciast sizes empléyed in the
f}ume experiments. -

Comparison of the contour patterﬁs for these two
clast sizes failed to indicate any dependence of the
imb?icatién-angle on-clast size, and therefore only the
contour pattern for dn = 4.664 em 4s illustrated (Fig. 19).
The trend of u;contours parallels those of sphericity,
especially for current-parallel oriemtation. In each dia-—
gram, a zone of '900 imbrication} beneath the upper apex
for spheres is a prominent feature. T

Current-parallel orientation produces a slightly
larger zone of vertical imbrication, and For bladed-prolarte
;hapes (with. (a-b)/(d-c)>0.4) higher angles of imbrication
are involved: The discrepaﬁcy between the two orientation
modes increases from ZeTO degrees to over 30° cogmensurate
with the oblaée—prolate trend across the diagram. Shape 1is
principally responsible for the observed contour patterns:

the inter—rélationship\between values aof o and'“.‘p are in



4 a-contour

rams showin
i{dal clasts with 4.64cm:

Figure 19: Sphericity—form diag
jentation, B. curr%nt-parallel

patterns for ellipso
A. current—normal or

orientation.
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agreemwent with the finding; of previous i#yestigations
(T;Eié“2%, and of this study (Fig. 12). field workers inter-—
ested in clast fabric have been correct in confining measurcfﬂ
ment to the less spherical component 6f the available clast
population. 43 |

Al;houéh the contoured diagrams embrace the full range
of a ffom.zero to 900, the area occupied by high angles is =
;elatively narrow, sSo that low-moderate angles predominate:
this is also in accor@a@ée with'all previous work. The
literature reviewIEEQEEJQO conclusive effect of clast size
on the angle of imbrication for natural clast populations
with_considerable'sh%pe variation; the calculations of
theoretical o values revealed a\negligibdble influence of
V;riable,size. There is also soume evidence (Johansson, 1965,'

p. 18) to support the present fiéding that currenf-parallel
orientation of a—-axes is associated with somewhat steeper ‘p—
angles of {mbrication. In the channel sedimentslstudied by
Gnrug (1957) there was 2 tendency for oblate and prolate
" eclasts to be orientated transverse and parallel to flow,
respeétiyely. 1f there is a tendency for steep angles of
jpbrication to be unsfable, Unrug's observation would be
anticipated from the present findings-

As a concluding note in support of the proposed
stability criterion, Gibling (personal communication, 1975)

has found that some Devonian conglomerates from the Canadian

Arctic contain beds in which clast populations conform to the
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optimum relation of Ap versus d_- It seems“iikely that many
environments of ‘coarse-grained sedimentation would not be
conducive to the attainment of perfect equilibrium: ‘in such
cases, it is proposed that the theory outlined in this sec-

tion would enable recognition of that disequilibrium.

3.42 Orientation

The B8-response of inequidimensional clasts on a sand

bed -at below threshold conditious is highly dependent on

-

clast properties and on the degree of form roughness of the

bed. )

.

Uy

an be tested by ‘purposely

The equilibrium Tespo
creating disequilibriug ?ni/yuew ng the attainment of equi-
1ibrium. For example, fEIiing an Williams (1967) began
their experimental runs witﬁ-clast a-axes aligned at 45 to

the current direction, and observed reorientation to the

current-norﬁal posicion.
3.421 Reorientation from current-parallel aligament

Two preliminary Tuns (EX3D-2 and -4) were conducted
in the upper—-flow regime ro easure that cutrent-normal
orientation remained the equilibrium respouse, and also to-
compate the process variables related to the‘clasts them=-

selves. The runs were compmenced with a-axes parallel to -

-
-~

7
{

s
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s

flow wﬂichlconstitutes a more stringent test of the flow's
ability to achieve an equilibrium response. Run EK3D-2
was characterized by the larger standing wave forms and
peri;dicéllf, more violent breaking antidune activity.

Orientation data wWere ;nalysed using the method rof
%ufray (1956): the results are given in Table 15. To

‘assess tﬁe role oflclast properties on clast reorientaticn,
the clast population was equally divided "ow thé basis of
nom;na; diameter and oblate-prolate index.

Analy;is of the total population ihdicates—that the
degree of angula; fotation increases with rising flaw, with
a distincti¥trend towards a dominantly current-normal orien-
tation. However, gnalysis of individu;1 size and form
pategoriés clearly points to & bimodality of orientation.
Owing to this bimodality, vector means of undivided popu-
1ations reflect the stronger mode and vector magnitudes are
jower than when the gfoups ;re subdivided. The current-
normal and current-paraliel medes are prfncipally occupied
g§ small prolate clasts and large oblate clasts, respec-
ﬁively: this trend wasAparticularly developed at the
higher—velocity run. The mogt conspicuous;feature is the

ease‘l’th which prolate forms reorientate towards a current-
. L] i

‘ normal eorientation. g

-
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The rose-diagfams in figure 20 more clearly il

L

trate the relative effect of clast size and fo

prolate
clasts show significant current-normal orientation, whereas
oblate clasts essentially retained their current-parallel

orientation. For the clast population used in these experi-

ments, there is no inter-dependency between dn and OP

(r= -0.033). Accordingly, the tendency of small clasts
toward current-normal orientation is unrelated to form. The

large clasts.essentially retain'a current-parallel orien=
tation which may igﬂicate that thfeé hours is insufficient
for ceompleted respomse. However, high degrees of oblateness
pose é definite liﬁit on reorientation.

These results generally agreec with those of Kelling

»
and Williams (1967) who found an appreciable form effect,
but no apparent influence of clast size within the range
1.2-2.3¢m arithmetic mean siz;. Kelling and William's
figure 6 shows prolateness t© be a more critical shape fac-
ror than oblateness in that the former category was related
to ahgreater response towards a current-normal configuration.

Current-normal orientation of elongate clasts has been
observed to result froa transport by rolling (Johansson, 1963).
Eowever, the present experiments 1in whiech clasts weTe ini-

tially iaid with long axes parallel to filow and mderwent & 900_
T

rotation in situ require zdditional explanation. The cause "

-«
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of reorientation cannot be deterﬁined merely by simple
biyariate correlations beééeen process‘variables and the
amount of angular deviation. The observation that degree
of reo;ientation is carrelated with a shape property, for
example, does not provide any insight into the éause of
reorientacion - rather it shows th&t clasts with a certain \
shape are more readily reorientated. The reorientation only

oceurs in a sandbed of adequate thickness, and after suffi-

cient time. These two conditions allow the attainment of hydro-
~dynamically stable imbrication. With increasing pro-

lateness, the Ap/dn (Section 3.&12) ratic becomes increas-

ingly éifferent for clasts in current-normal and current-

parallel positioms, whereas with increasing sphericity the

ratio shoys jess variation related to qrientation. For a uék

particular clast size, the projection area required for

hydradfnamically stable imbrication is attained at lower
angles when the clast is aligned transverse to flow. This ‘
is especially the case for prolate clasts; for oblate clasts,
having subequal a and b axial lengths, orientation 1s
immaterial. It is therefore proposed that current-normal
orientation of clasts on & sandbed is an indirect result of
reaching stability. Currént—crescent scour around each
clast facilitates clast reoriencation.

Stabiiity of clasts on 3 streambed may be bhroadly
analagous to settling behaviour (Blactt, Middleton and Murray,
p.65, 1972) where particles achieve stability by maximising

resistance.
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Elongate pebbles isolated on a sandbed are typically
orientated transverse to £low (Laming, 1966; Rust, 1972a;
this study), usually with unimodal distribution. In the
light of the present £indings however, & tendency toward
bimodality raises the possibilicty that the pebbles-were.

\‘initially deposited from suspension and/or saltation in
\current-parallel alignment Lut were subsequently reoriencated
to give a dominant curtent-normal ﬁode. It is unlikely that
;ediméntary s;ructures in théfhost sandbed would assist in
.distinguishing the {nicial depositiecnal fabric of the iéolate
pebbie populacion. Complete 90° reorientation requires rthat

the bed be non-aggrading, and that motion of clasts be

unimpeded throughout the time. required for realignment.
3.422 Imperfections of current-normal alignment

ﬂaving established that over a wide range of flow
intensity, current—nﬁrmal orientation of isolate clasts is
a stable steady-state configuration, ten experimental runs
spanning the  lower- and upper—£flow regime were conducted
with a-axes laid normal to flow. |
&
) . The initial fabric is hydrodynamically stable but
undergoes slight, systematic variation owing principally to
the indirect effects of variazble form roughness of the sand-
bed. The process variables governing thesesminor realignments

were found to be extremely similar To those of the first two

runs.
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Table 16 and figure 21 indicate the combined effects
of flow regime and clast properties. The salient point 1is
that v?ctor magnitude considerably declines (down éo 807) in
runs where dunes and ;ntidunes are the host bedform, but

remains close to 100Z im Tumns with ripples and the transition

planc bed {cf. Fig. 11). Form roughness appears to act
as a means by which variability of clast propertics are

able to achieve an effect on clast alignment.

3,43 A-axis ijnclination

Section 5.2 jpdicated that a-axis inclination is not
2 major response (the histogrdm of its distribution does not
show significant departure from 0°) and is jndependent of the «
nature of the host sand bedform {Sectiow 3.3). Current-
normal orientation obviously necessitates that a-axes be
essentially horizontal.

The yY-response, however, does display a high degree

-

of dependency on the 'composite asymmeiIy jndex', denoted AL.

-~

The definition of clast asymmetry used in this study is

similar to that of catlleux (1945): the word[‘composite' is
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used here to convey the fact that values of AI aré average
values of two measurements taken on the a-b and a-¢ planes.
This index expresses the degree to which particle mass is
unequally distributed along the s-axis (Fig. 22). °

Clast asymmelIy cauécs jnclination of the a-axis in
the direction of greater mass concentration. Whén.the median
value of &I is used to equally subdivide the population for
ecach run, this role is clé&gly seen (Fig. 23)- Asymmetric
clasts responﬁ with a-axis inclinations 2-5° steeper than

//

’//_/’“\Lhem&XEEE}IiC group, although chis difference may incorp-
orate -some degree of error'(see—p.&7). When the Froude
number approaches 0.1, current—-crescent scout 45 too sluggish
allow any systeﬁagic influence of clast asymmetTy: this
onset of the rhreshold for scour ;s indicated by the closure
of the graph iines toward the data points of the low flow
runs. The trend of asymmetric clasts towards greater Yy-res-
ponse terminates in the upper-flow regi;e; the data from the
run with Froude aumber 0.812 lack a difference between the
symmetric and asymmetric gToupsS- This is probably because
stable imbrication is attained too rapidly to permit any
systematic development of a-axis inclination.

»

The average effect of composite AI on the y-response

(Fig. 24) 1is expressed by -the equation

.
- -

v© = 0.19 (157.3%T)
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MEASUREMENT:

CALCULATION:

Figure 22:

Al =

AFTER CAILLEUX [1845)

Measuremengn22?/calculation of the 'Composite
Asymmetry I .

a, b and c denote the long, intermediate and
short axial lengths, respectively. ,
Subscripts 1 and 2 denote extremitles of clast
axes.

P denotes the point of intersection of a and b,

or a and ¢, axes. For the purposes of calcul-
ation, both positions of P are comnsidered to
yield an average (hence 'composite') value of
A.T.
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4

for which r = -0.891. The empirical férmulq is exponential
.in its form, but has finite limitid?wing to the nature of:

the process variable: a Y-response of 30° is predictEd for
a clast with maximum asymmetry (AL = 1). A-axis inelination

is suggested even under conditions of perfect symmelry -

- /

(AL = 0.5), but this probably arises from é.combinatién of
.insufficient data for preeise regressioﬁ aﬁalysis, natural
randomneés in tife fluvial system, and impérfections in the
initial layout of the clasts on the samdbed. -
7 / ’ In -spite of these limitations, almost 80% of the

ya

/ bbserved variability inm the y-response can be explained by

——

the composite asymmetry index. The unexplained portion
,/’ might in part be due to the oblate clast category, which

S

\-“———_/

because of a tendency toward imperfect transverse orien-—

tation (Sections-3.411/2) is more susceptible to a—aﬁis
. = \
inclinacion. - . -5
. 4
i/

3.44 Motiow parallel to the x flow axis . RN
' f’ >

The only previous jaboratory study of upstrean
motion of large isolate. clastseon a sandbed was that ;f
Fahnestock and Haushild £l962), but tbéir work has limited
application because their clasts were all highly spherical

and well rounded. The present study indicates that round-

ness of the b-c plane, maximum projection sphericity and

bl
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nominal diameter aré all important process\variables in
determining the magnitude of the X-response (Table 1§§.

Increasing values of thesé'ﬁargmgters relate to increas-
- / -

ing amounts of upstream mot&gn accompanying the imbri-

cation'ﬁroces?. \\ﬁ\J

| High degrees of roundness assist rolling and/oi
sliding, because surface friction is reduced. For the
same reason, high degrees of equidimenéionality also
" favour sreater upstirean motion. The effect of greater
submerged . weight is reflected by thé mode;ate value of
- cqrrelation with nominal diameter.

The X-response is further explainéd by figure 25.

Within the lower-flow regime, the well-rounded group moves
‘upstream 1-1.5cwm more than the. low roundness gTOUP- The
distinction is less regﬁlar for the subdivisions based on
;pheric;ty and size. The effect of the oblate-prolate ipdex
s;ems te reverse from low to high amplitude bedforms: .ﬁhen

the host -bedforms arte ripples or_in= hase waves elongate

clasts undergo more upstrean motion, but\iln dJune Tuns flat

clasts show the greater response. It would therefore seem

that these two categories of bedforms are conducive to 3

rolling and siiding type of motilomn, respectively. At the
A

regime transition, the plane bed condition essentially

eliminactes the effect of clasf properties. in the upper-flow
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TABLE 17: Regression and correlation anzlvses of the X-response

Parameters

Dependent Tresponse variable
. o

Indecpendent process variables d_,

(
.

Bivariate Analvsis

&) Marrix of Correlation Cocfficients

N

4
- 'y, discance of upatream motion {cm).

dianmeteT

ate index

, oblate-pT .
czion sphericity

, maximum pre

. N

S x d “or ° v, b3
x 1.000 -0.523%%)  -0.274 07200 —0.766
d_ 1.000 -0.003 -0.029 0.319
oF . 1.000 & ‘o.asfs(l) 0.469%?
T e, . 1.05(_3 0.684%2
P . 1.000 °
S.B{:*fl) dcuotés significance level in excess of 95%.
> TN
b) chrcésion Equations . ) . _ (
x= -(2.71 +0.23d_ ) '
x= '_-(3.97 +0.0308) ™ .
, x= 0.15 - 0:11¢, ®
x= -(2.73 + 4.28P) ¥ ..
Hﬁltivariatc Analvsis T
Functlion Correl. Coeff. i explanarcion
X = £(du'¢p). -0.9061 82.1
1 = £(d_,?) -0.8192 67.1
-0.8106 65.7

= 61
X f(vp, P)
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regime, differences in the magnitude of upstream wmotion

‘between shape, fo;m arnd size groups are less systematic:

this is probably due o imminent'cfdﬁspbrt (i.e. + X res;

ponse) under conditions of high shear stress. As with the

other responses, the influence of cla}r-?roperties is made

possible by the presence of three-dimensional beﬁfqrms. I .
Multivariate analysis jndicates that the most ageur=

ate descriptiVeequation for the X-response is one which

incorporates sphericity and size. The combination of b-c¢

plape roundness {which has the highes£ bivariate correlation

with the N-response, see Fig. 26 ) with sphericity orafize

does not produce better results owing to their interdepen-

dence (Table 17). The equation

x= 0.142 - &.93"3"P - 0.233dn, r= 0.9061 .

has high accuracy (Fig. 27). The observed magnitude of the
X-response is prédicted with #10% exrror for §7.1%7 of the data.
The semi-quantitative study of Fahnestock -and Haushild
(1962) indicated that an incrqégg; amount of upstream movement
accompanies the change from ripple beds to dune %eds. This :
observation accords with the findings of the present study,
except that as much upétream.motion occurs in the upper-flow

regime as in ripple runs.
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Figure 26: The mean X=-response for each clast as 2 linear
. function of b-c plane roundness.
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CALCULATED X-RESPONSE  (cm. ) -
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Percent crror Number of Percent
(f) Measurements Error
0-5 16 51.6
5 - 10 ‘ 11 35.5
i0 - 15 3 9.7
15 - 20 1 3.2
31 100.0

Figure 27: Observed mean X-response compar§d
lated according to t+he multivarila

equation:

x= 0.142 - 4.93HP - 0.233dn.
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3.45 Motion parallel to the v flow axis

The lowering in clast elevation during the imbrication
process re;ults from the action of gra;ity forces in response
to current-crescent scour. in comparison to the two other
translational responses, the Y-respomnse is of insermediate
magnitude. Variability in the amaunt of downward motion for
the whole clast population duplicates that detgrmined for
clast #73 alone (Table 19).

Analysis of the Y-respomnse indicates that maximum
projection sphericity, nominal diameter and roundness of the
b-c plane are all important process variables (Table 18).
Increasing values of these clast parameters produce increas-
ing depths of current-crescent scour which in turn raises the
potential for downward motion. Their specific role may be
briefly des;ribed as follows. Localised scour around
stationary clasts deepens with increasing value of the par-
ticle Reynolds number. For 2 given clast size, the effective
height of roughness elements increases with increasing spher-
Jicity, but roundness is 2 potential compensating infiuence
because high values serve to minimise angular disruption of
streamlines. As with“pbe X-response, high degrees of round-
ness in the plane parallel to flow assist rolling and/cf

" sliding because surface friction is reduced.

-
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TABLE ]8: Regression and correlation analvsis of the Y-response

Parameters
Dependent Tesponse variable - ¥, average downward motion, cm.

Independeat process variables - Ep' maxinum projection sphericity
dn’ nominal diameter, Cm

P , roundoess of b-¢- plane

Bivariate Analvsais

a) Matrix of Correlation Coefficients

b4 ¥p d_ P

k13
Y 1.000  -0.6461) 04198 _g.642¥
vp 1.000 -0.029 0.684%1)
d 1.000 0.319
n
P . 1.000

H.B. (1) dcootes significance {n excess of 95%.

.~

b} Regression Equatioms

T - -(0.93 * 3.44p)
Yy - -(2.16 + 0.16d)) .

Y = -(2-14 -+ 2.76P)

Mulrdvariate Analvysis

£) ¥ as a fuoectios of 3yp and dn

'¢ = —(0.12 + 3.4Byp + 0.154 )= * = -0.785, 61.6% of the
- B variazbility in Y-respouse
explained.

b) Y as a functiom of P and dn

Y = =(1.79 + 2.44P + 0.084 ): =t = -0.681, 46.47 of the
B wariabilicty in Y-Tespomnsce
chplaincd.
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Variability in the sand bedform results in comparatively

e d
-

1ittle difference in the effect of clast parameters. 1In the
ripple and antidune phases particularly, low sphericitf.and
large size are conducive to greater downward motion. Within
thé'dune phase the influence of these clast parameters 1s
minimal, and in the case of run EK3D-13 inconsistent.
Although sphericity and roundness have the highest
individual correlations with the magnitude of the Y-response,
their moderate interdependence causes the most accurate pre-
dictive equation to be omne which cémbines sphericity and size
(other reasoﬁs for excluding roundness were given in the pre-
vious section dealing with the X-response). By means of the

multivariate eguation

v = -(0.12 + 3.48Y + 0.15d_),
P n ‘

the observed Y-response of the clast population 1s predicted

with 10% error for 717 of the data (Fig. 28).

3.46 Motion parallel to the 2 flow axis

Lateral motion of clasts during the imbrication pIro-
cess is a minor response vand is of minimal sedimentological
importance. The majority of clasts (=607) keep within lem of
their original positions with respect to the Zz flow axis
(Fig. 29): the observed maximum Tesponseé Was almost bem. The
rranslation of clasts upstream therefore proceeds with close

parallelism to the x flow axis.



110

' CALCULATED Y-RESPONSE (cm.]
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Figure 28: Observed mean Y-response compared to those calcu-
jated according to the multivariate predictive

equation:
v = -(0.12 + 3.48? + 0.233d ).
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The small Z-components of clast translation appedt to be

an indirect result of the development of fh@ other responses.
magnitudes of upstreanm and lateral motion are closely inter-

related (Fig. 29 ), the X-response being the dominant variable.
Lateral motion 1is disproportionately large under condiiigns of
high form roughness (i.e. dunes, breaking antidunes)}. This is
probably due to the increased vigour of current-crescent scour
as well as to turbulent eddies associated'wigh flow separation.
To some eXxtent, the magnitude of the Z-response 1s also .

an indirect result of variable clast asymmetTy. This para-
meter has been shown to eotrtrel the amount of a-axis inclin-

[
ation (Figure 24): as the long axis becones inclined, the

potential for :lateral clast motion steadily increases (Fig. 30

3.47 Magnitude of displacement

Thus far, process-response analysis of translational
~
motion has been conducted according to its three components,
which are all closely influenced by the form roughness of the

sandbed. Im addition, the magnitude of the displacements can

_be calculated by substituting the X, v and Z components of

displacement for each clast, and in each rum, in the formula

FRgips =Y 1
i = ry? 25?2

¥

The?®

b
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where if denotes the stralghF%;ine displacement between the

v,

initial and final clast posiflons. -

Figure 31 shows a series of Dice-Diagrams “(Fig. 8)
representing the dlscribution obtained from each run. The
pattern of variability of the dlsplacement lf»repeats those

:seen for the igdividual components (Fig.‘9). The standard

deviation of the data for each run is remarkabl cénstant at
R

between 0.9 and 1l.lcm, “but skcwness {s a more variable sta~

tistic of the dlstrlbutlons. An enhanced role of bed rough-

nes; is indicated by large and highly significant differences

between the valuves of the various bed phases.

L
Variability in mean values for .ecach clast falls within

a2 small range of 2.5cm: §7% of the values are within 4.5.and
6.0cm (Fig. 3% . 1In contrast to the three axial components,
it was not possible to satisfactorily explain variation in

: -
mean values qf if for each clast. However, the average mag-

-

nitude of displacement (i.e. 5.26cm) 1is very similar to mean

clast size'(E; = 5.5%cnm). .

3.5 YDevelopment of the imbrication process

The rate.of imbricatiom, and hence also the duration
of the imbrication process, were successfully monitored_with

. the flume's mobile point gauge in seven of the experimental

runs. Information of this nature is useful because it

potentially enabxfs certain deductions concerning the

!

|
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rate of aggradation in matrix-supﬁq;ied gravels.

Turbidity prevented direct observation, and it was
necessary to exercise extreme care when lowering the point
gauge to obtain measufcments of clast elevation. The gauge
was moved in small increments ia the -x, -y and =z flow ‘
axial directions to follow -the clast motion in three dimen-
sidns. To define the initial Tate of development accurately,
meagurements were taken at t-minute intervals. The submerged
portion of the pqinf gauge whiéh‘compfisés two thin vertical
ro&s and a smalljhorizontal base platé does not siénificahtly
disrupt the ambient flow structure ROT the scour processes

: -~
active a few centimetres below the level of measurement.

There are advantages {comparison between different
flows) and disadvantages {questicnable application to clasts
with diffe;ent size and shape properties)qu confining
meaéurement to one clast: howevel, this was necessary in
view of the_method used. Manual sens{ng was found to be
easiest with the largest clasts, and so measurement Was cqni
fined to clast #7% for which d_ = 11.14cm, v, = —4.42f\\;
During some lower flow regime TULS, ﬁhe angle of imbrication
was periodically determined by means of a waterproof clino-

meter: the azimuth of inclination was_assumed to be parallel

to the = -flow axis. . )/

.\
/



118
Data of maximum clast elevation (h) plot as a straight-
1ine function of the time elapsed (t) on semi-logarithmic

coordinates (Fig. 33), and therefore fit an equation of the

form
h= a +bd(log t)

" The constant a merely indicates the initial clast elevation;g
to facilitate direct comparison of the different rTates of
development encountered in the experimental ru=ns, the equa-

tion is simplified thus.

h= b(log t).

0f primary|interest is the variabiliey in the coefficient b

(Table l? -With the exgeption of the lowest ripple run
(EK3D-14), b 1is positive, indicating that as jmbricaction
develops, the highest point of the clast traces a downward

. inelined vector. Processes as$ociﬂéed with current—-crescent
scour are unable to raise 2 clast's centre of gravity.
Imbrication can therefore be attained by the cl;st either
rotating about its centre of gravity, oT by undergoing sim-
ultaneous translational and rotational motion resulting in a
lowering of the centre of gravity- If the clast attained

stable imbrication merely by in situ rotation, its elevation

would be prdportional to the imbrication angle. These two
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TABLE

Run No.

120

v

19: Values of the coefficient b inb:he
relation h = b(log t)

Clast No. 73

Froude correlation
Number b-value coefficient
5
0.2377 0.6730 0.9959
0.3236 -0.1353 -0.9457
0.3742 ~1.2268 -0.9866
0.4542 -1.8033 -0.9885
0.6483 -1.4709 -0.9458
0.6894 -1.5072 -0.9792
0.7804 ~0.7115 -0.8846
0.8212- -1.7831 -0.9735

)
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variables were found to have negligible correlation, and it
was therefore csncluded that the ‘clasts attained stable
imbrication by combined rotational and translat%onal motion.
One might expect the Tate of combined rotational and
translational motion (expressed by the coeffidient b) to
steadily increase from the lower- to the per-flow regime.
There is however, a major discontinuity in this relation owing
to the pattern of forn roughness variatigg with increasing
Froude Number (Fig. 34). This is similér to the variation of
the 8, X, Y and 2 responses with changiﬁg Ffroude number.
There are several causes of the frequently abrupt
" fluctuations of the data about the best-fit line:
a) In the ripple phase, low Tates of bedform'migratiqn
together with their low amplitude 1imit the possible devi-
ation of ~individual measurenents from the best-fit line. Im
the dune phase, the bedform celerity 1s higher and the height
of the imbricating clasf is likely to be less than the bed-
form amplitude, causing it to be highly susceptible to vari-
ations in local bed eievation. In the upper—flow rggime,
the discontinuous and'abrupt shifting of antidunes enables a
rapid attainment of stable imbrication: the data obtained
from antidune rTumns comprise a few rapid fluctuations cor-
responding teo the vigorous scour activity and oscillarory

motion of the bed waves.
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The rate of development of the imbrication process for
each experimental run. . The pattern of variabilicy
is precisely similar to that of the relief

of the sandbed with increasing Froude Number.
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b) The imbrication angle steepens in discrete stages, with

the s;epg in its development only occurring when the clast

is fully exposed in troughs of migrating bedforms. Once
exposed, current-crescent scour is likely to be.an unsteady
phenomenon owing to "large pulsating changes in the bottom
pressure-aud shear ~..at the point where the separated flow
returns to the bed" (Briggs and Middleton, 1965, p-13).

Dunes with relatively large amplizude and wvavelength cause
the greatest fluctuations. 1In contrast, the transition plane
bed gives rise to continuous development.

¢) Fluctuations also result from the discontinuous sliding of
the clast into a current-crescent sScourL. Angles of imbri-
cation are generally below those of sliding friction so that
upstream clast motion results from the action of a static
torque force which momentarily becomes dynamic in response to
underscouring. This produces an increment ¢f combined
rotational and translationai motion. -Heasurements with the
clinometer indi;ated that thée imbrication angle at which
equilibriug area is projected is rapidly attained (within a
few minutes) with subi?quent translational.motion, princip-
ally as -x and -¥ components. This second phase of motion
maintains the early-acquired imbrication angle, and the clast
is eventually lowered below mean bed elevation. At this peoint,
the cause of current-crescent Scour has been eliminated, and
the‘hollow infills with trough cross-laminae and wake bar

deposits are eroded.

/ L
I . ‘
<
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The semi-logarithmic natur® of- the relation height
versus time is a result of tﬁe progressive decline in the
degree of turbulence associated with the imbrication process.
A particle is a source of 'grain roughness' when the particle
Reynolds number exceeds 3.5 (White, 1940; Karcz, 1968). Fully
exposed cobbles and boulders exert a large-scale variety
of grain roughness, and in response to large Reynolds numbers,
are loci of intense energy dissipation: the éurrent—crescent
scours around them are symptomatic of flow separation and
streamline disruption. S%nce for a particular clast, the
velocicy of the intercepted flow 1s 2 principal determining
factor in the rate of scour {(Karcz, 1968) and the ulagnitude ‘
of the velocity declines according to the logarithm of the
height (Blatt, Middleton and Murray, 1972, p- §8), it follows
that the imbricationm process will progressively decelerate
as it develops. The 1imiting value of h with respect to &
is an expression of this ratheg complex feedback mechanism.
For these reasons, the particle Reynolds number is eventu-
ally reduced to 2 single figure, and 2 h&draulically ‘smooth’
boundary results. The term "smooth' is used only with Tes-
pect to grainm roughness originating from the clasts - form
roughness owing tO the sand bedforms.remains. Figure 35

illustrates the dependence of the particle Reynqids number on

b,

™

—T—_
the height of the roughness element for two flow conditions.

T
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The duration of the imbrication process, AL, Wwas
determined from the graphs of four runs spanning the trans-
ition and upper-flow regime. The four points plet as a
straight line on double logarithmic coordinates indicating
that At is a power function of Froude number. The regression
equation is

At = 7.6(Fr-3'5)

but it is probable that the absolute values of its coefficient

and exponent are dependent on fhe size and morphology of‘the
clast, and to a much lesser extent on the size distribution of
the sand. The above equation predicts that for flows with
ripple bedforms,cobble;siied clasts require 300-400min. to
attain egquilibrium, while in antidune flows, the time required
is only about 1lOmin.

The preceding analvsxs leads to some iualitative state-
~ ments concerning the deposition of matrix-supported gravels.
Upor waning flow, the depositilon of scattered large clas;s
would likely proceed as follows. Initialiy, the clast would
be deposited with its a- -b plane paralleluto the sand surface -
comprising a plane bed or in-phase waves (Fahnestock and
Haushild, 1962)- Current-crescent scoul uould immediately

commence around the clast thereby initiating the imbricatien

process. Completion of the process obviously requires that

there be a negligible Tate of 5andbed aggradation, an adeguate

sandbed thickness and unimpeded motion of the clast.
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In cases where matrix-supported gravels do contain
well—imbricaéed ;lasts, such as the New Red Sandstone fan-
glomerates of south-west England (Laming, 1966), aggradation
must have been relatively slow and/or discontinuous to allow

U
the ‘necessary exposure of the clasts at the f£low-bed inter-

face. The presepf study indicates that for cobble-sized
clasts to achieve equilibrium according to the 'stabilirty
qriterion', at least 1l0-l5min. of exposure are rquiréd
after deposition. Ra:és of aggradation &oul@ pgﬁbably

involve this duratiom of exposure for individual bedding,

planes.
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4.0 CLAST TRANSPORT

Thé téansportation of coarse-grained, poorly-sorted
bedload is a fundamental sedimentglogical process for which
there is a paucicy of experimental data. Important labora-
tory work has been done by Hjulstrom (1935),_Krumbein
(1942), Fahnestock and Haushild (1962), Meland and Norrman
(1966, ;969) and by Bradley et al. (1972). Transport and
depositional velocities #re variables which in large part
govern the sorting and size geéfibutes of braided wiver
dep;sits (W;lker, 1975) and therefore warrént detailed‘
study.

;n a discussion following Krunbein's (1942) paper,
Kalinske (1942) deals theorectically with the relationship

between the three aspects of clast behaviour. He con-

siders that

U, = .b(Ui - Uyl

2 1 ‘

where U2 - velocity of clast motion ,
U1 - threshold velocity capable of initiating transport,
' Ui — fluid velocity acting o=n particle |
b - coefficient.

b was found to demely approximate unity, SO the equation can

be rewritten
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jndicating that the transport ;eiécity‘approximgteg the
excess‘of flow Yelocity over. the threshold velocity. For
a given'flow condition with a heterogenous bedldad, thé
velocity of individ@al clést motion depe;ds on Fhe sl;pe o%
thé velocity profile. "The formula predicts that when Ui is
less than Ul’ bedload motion ceases, and that for sand-sized
material, Ul is small and therefore U2 approxiagtes Uy
However, this formula does not-allow\foﬁ the possibility
that motion can be suétained by f%éw vglpcities lower than

that required to initiate motion (Hjulstrom, 1933).

“Xalinske's ideas have not received attention in the
. £
#

[

'§edimehtological literature: they jmply the important role
of the velocity érofile in’rela;ion to particlé size. More-
over,'his theory indicates that size is not +he only deter-
miﬁing factor = ;n idéa that isj&nherent in most-velocitxn
versus Particle size plots. Briggs and Middleton (1965,

p. 14) stressed that studies of sediment transport shouid_

take into account farticle size in relatiom to the velocity
profile; they therefore considered that average flow velo-
city fs not a desirable parameter for predictioen of particle
movement, as is done in ﬁjulgtrom—type diagrams. In the
flume, an add-itional reason against the use of.mean velocity
is the effect of side-wall registance (Crickmore, 1970),

<hich 1f considerable involves an under-estimaté of the

mean.velocity along the ;entre-line of the flume where clast

=

-t
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transport oceurred. , To avoid these problems, Froude number

was selected as the measurTe of flow strength in the exper- ’

mentsﬁffftranspori velocity-
Trgﬁsport velocity, Ui} qén be experimentally inves-

tigated, or theoretically analysed, under two different
A \ .

) ) ~.
conditions:

i) at a given flow condition (cf. the present experiments)

that is competent to transport the available bedlecad, oT

ii) for a given clast size.

-

4.1 Exﬁerimental Method

Three expifiments (Runs EK3D-15, -16 and =-17) were
conducted to investigate the transpert velocity of large,
non-spherical clasts. - Run £EK3D-15 was a trial, using 2

small number of clasts, but because its vyesults reproduced

the findings of 2the subseguent experiments, the process-

response analzﬁis utilises the data from all three Tuns

{Table 7, 9.55).

The experiments weTe designed to simulate a éypical
proximal braided channel in which the rati§ of eclast size TO
depth (dnlq) is high:' The shallewv, fast—moving.flous had
steep velocity gradients (Fig. 36), which causedé high levels

of shear to be exerted on the moving particles. ﬁigh flueid

shear was enhanced Dy means of a hydraulically 'rqugh' mat

A

L4

/’5\
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Figure 36: Velocity profile, along the centre—line of the
fluyme, determined by measurements with a pitof

tube for Rum EK3D-17. U, = 10.3cm/sec., Fr = 0.896,
and Re = 74,000. The flow was turbulent over the
total depth.
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adhered to the otherwise 'smooch' aluminum floor of the

‘flume (described on p. 32) The £lows‘were sub-critical and

uniform in so far as the water- and bed surfaces‘were parallel.

Having obtained the desired flou condition, transport

" velocities were determined by timing the passage of individ-

i

ual clasts over a~1l0m. test section centrally located in the
flume. Clasts were. introduced manually in random orientation
at mid-flume just upstream from the test scction, and were
observed té accelerate rapidly to their‘fq}l fransport velo-
cities. At least three separate velocity determinations wetre
made on each clast to caneel‘out the random influences of

did the variation in individual measurements exceed "10% of

. .
-

fluid turbulence and irregularities in clast motien. Rarely (

the mean value.
With a view to mhximising the statistical significsnce

of proeess—response analyses, the clast population was selected

Wlth 2 wide varlatzon in morphology throughout its size range.

Clasts with h;gh degrees of asymmelrTy along the a-axis were

excluded because of erratic tramspoTt paths.

4.2 Types of clast motion

Water recycling the flume 1s turbid on account of
ust developmenv;in fhe end-tank and within the Teturn
pipes. -However, opservétion of clastlmdt%on in these
experiments was possible because of the large particle

size relatfve to flow depth. That particle motion is
highly*shape—dependent has been shown experimentally

3

(Krumbein,4;942) and in the field (Lane and Carlson, 1954).
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Clast orientation during tramsport was ubiquitously current-
normal, éespite the }andom orientation at the poiﬁt of
introduction. Transverse alignment of clast long axes
dtvelopéﬁ even when large, highly elongate clasts were,
introéuced in a current-parallel configuration: the clast
was observed to initially wobble in response‘to strong
z-components of fluid motion but within seconds it abruptly
curned 90° and started to roll downitréam.

The following types of tramsport weIe observed:-
a) Rolling, continuous and discontinuous. ‘Rotation about
a-axes was generally confined to well-rounded, highly
spherical-or prolate forms. Highly oblaté clasts with mini-
mal angularity we%e observed to rotate abogt the circumfer-
ence of their a-b planes.
b) Sliding. Continuous sliding was confined fo oblate
clasts, while discontinuous siiding occurred with ts
possessing high angularity in the b-c plane. -
¢) Saltation, jatermittent. This was rarely observed and
was confined to smaller clasts and/or to oblate l;éts in
between periods of sliding pdtion. |

Hendry (1976) regarded rolling of highly oblate
clasts about the circumference of their a-b planes as occur-

ring in turbidity cdfrentS. ?resgmably.it requires a fairly

smooth bed in combination with strong turbulence tO raise the
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principal plane to the vertical: this hydraulie condZLion is
perhaps rarely encountered in natural channels. It does,
however, constitute a Very efficient.means of transport

wecause of reduced resistance, and in some cases may pro-

vide the means by which oblate clasts become very steeply

imbricated in contact bedload -(Laronne and Carson, 1976). .
Bradley et al (1972, p. 1278) observed that prolate clasts
occasionally developed a "complicated wobble...something

»

between a roll and an end-over-end cartwheel...each end in

turn rises up off the bed to where higher velocity flows can

impart a strong torque which maintains the wobble®.

4.3 Process-response analvsis

e

The primary aim of the anéiféis is to clarify the
influence of clast par;meters on traﬁsport velocity. Emph=, q‘
asis is given to size (dn) and to morphology (Table 20).

The oblate-prolate index (65) was selected as the principal
shape variable for the following reasons:-

i) sphericity does not distinguish between oblateness and
prolatenéés,

ii) the greate; ﬁﬁmer@cal range of OP values, as compared to

sphericity, is advantageous from the standpoint of regression

analysis, arnd
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the clast populations used

TABLE 20: Size and shape ptopcrtics‘of
t velocgity.

{n the experiments of transpor

Run # ER3D-15 EK3D-16 EK3D-17

KEominal diameter, dn

mean 7.4em - 6.4cm 7.2¢cm

Tange $.2 - 10.3cm 4.5 - 8.7cm 5.1 - %.2em
Max. Proj. Sph ricity,

Pro3. Sphericter. G ,

mean .54 -39 C.62 _

range .33 - .86 .27 - W44 44 - .86
Oblate-prolate index, oF

mean & +2.2 -13.5 -.39

range -9.6 - *+17.6 -29.2 - +2.9 .~15.1 - +8.6

e
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-

111). clast fbrm, as described by the OP index, has been con-
1
sidered more important than sphevicity in determinlng the L¥

>

character of large particle motion (Lane and Carlson, 1954:

Bradley et al., 1972).
ft is acknowledged that other variables such as density,
roundness and asymmetry must also exert some control on the

clast's traansport behaviour.

4.3]1 Influence of clast size

The plets of U2 versus dn all contain a curvilinear
relationship with negative gradients (Fig. 37). The higher
gradient of the infermediate velocity run is probably due to

the lower sphericity and more oblate tendency of its clast

pepulation (Table 203

The curvilinear trends generated by each run's data are
A - .
satisfactorily fitted by short segments of a least-squares : .

paraboela, using the method of Ezekiel and Fox (1950): APL ‘

pr;iiiffi/;kﬁiﬁbﬁﬁl(see Appendix for details) was writrem to

fytnish the necesslry values. Use of a parabola implies that at
\\\\\_#,,//g;aller d valuesr the relationship with U2 is eithexr fairly

constant (corresponding to the vertex portion), or has a

positive gradient (cbrresponding to the left- ~hand portion).
The experimental studies of Meland and Norxrman (1966),
involving single spherical glass beads, generated a set of

particle velocity versus size plots (their Fig. 4, p. 174)

which closely resemble the jeft-hand portions of parabolic
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Plots of transport velocity as a curviliznear function

of nominal diameter for each experiment. To some
extent, variation in the position and curvature of

the best-fit parabolas is due to the different size

and morphology of the clast populations. A, B and C
are the data of runs EK3D-15, -16 andéd -17, -

respectively.
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functions. Had they used a wider range of sedim;nt size, it
seems likely that they uoﬁld have encountered maximum trans-
port velocities in the intermediate gradeé. \{: a later study
(Meland and Norrman, 1969) using natural sediment ranging
from coarse sand to small>pebbles, they found that granulé
iized sediment generated the maximum transport velocities.
Laronne and Carson (1976) found that in a small stream with
coarse-grained heterogenous bedload, the medium=-sized pebbles
showed the greatest mobility. Pilots of distance of transporTt
of labelled material versus the logarithm of particle ;gight
(their Fig. 12, p. 83) produced skewed parabola-type func-
tions. Other experimental wo;k

g
sediment has gemerally encougtered plots

ith sand to granule sized

ith positive gra-
dient (Gilbert, 1914; Ejulstrom, 1939, p. 1 ),'whereas the
studies of Fahnestock and Haushild (1962) and Bradley et al.
(1972) using cobble-sized clasts fafled to reveal any sys;
tematic relgtionship between transport ;elocity and size.
Although greatér mean flow velo;ﬁ{ies are required for move-

ment of larger clasts (Ejulstrgm, 1935), Kjulstrom (1939,

p. 13) attributes the more

apid transport of larger clasts
‘to the fact that they interc pt higher levels in the velo-
city profile. A compilation f-the available evidence there-
fore lends support to a parablolic inter-retationship between
U2 and dn’ i.e. steady flow acéing on hetergenoug bedload

generates the maximum transpoTt velocities in an intermediate

size grade.
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On tbeo:etical grounds however, it would appear that
attainment of an optimum size for transport is dependent on

certain aspects of the flow and bedload. Presumably, the

jdeal parabolic relation between U2 and dn is confined to
~onditions in which the clasts are fully immersed, and so
flow dgpth is considered a factor. Degree of immersion is
expressed by the dn/§ ratio, and can range from less than
:LO-s in deep sand-bed .rivers to almost 1 in shallow, br%}ded

rivers transporting boulders. The clast size at the inter-

section of the parabola at U2=0 is considered to mark the
b 2 |
abscolute competence level. U, as a function of dn for all

the data combined is shown in figure 38, and to the right the
parabola crosses the size—-axis at lé.5cm: the actual compe-
tence of the equrimental flows \is probably less than this

vélue because this size of clast jexceeds the. depth of flow.

The parabola suggests that maximdm transport velocities are

- developed by clasts with dn between 2.5 and 5.5cm. The

ambient flow velocities of clasts smaller than this optimum

grade are considerably lower (Fig. 36), and larger clast

the flow. ///

/

sizes approach the competence level o

4 .32 Influence of clast form

On-the curvilinear plots of‘U2 and dn (rig. 37), it
was noticed that high sphericity and/or prolate clasts and

low sphericity and/or oblate clasts tend to lie above and
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below the best-fit ldne, respectively. This was anticipatced
from Krumbein's (1942) study in which for a set of hand-

moulded bodies of the same nominal diameter the imfluence of
sphericit§ wds clearly il}uatrated (Fig; 38, p. 526) and the
additional influence of form realisgd (p. 625). However,
variable clast wmorphology waé shown to have a declining effect
‘with dncreasing mean flow vélocity-(Fig. 2, pP. 625). Brddley_
et al.-(l972)'§dve reviewed thé're:;nt 1{terature concerning

N

the influence of form and shape on transport velocity and
found little agreement. 1
To alleviate  the potential problen of relat%vely small

_clast populatlons, a épecial statistical precedure was devel--

oped “to analyse the 1nfluence of clast form on transport velo~

.- -‘

city. Table 21 111ustratés the “procedure: the data are fzrst
ltanked with respect to dn values, and then.proceedlng down the
-matrixiid inc:emental fashion groups of ’ data are- subjected‘to
'linear-regresszon analysis. 3y moving incrementally through
the ranked data, a relatively large number of equatibns‘are
produced, which allows accurate.quantification of the form
influence. The method has been applied both to the data of -
individual rues, and to grouped data from all three runs.

The former gives an indicatiqn cf the influ;;ce of intcreasing

flow while the jatter serves toO define more clearly the trends

related to clast proﬁef@f@sé

7
.

Ly



TABLE 21:

‘]42 ' , N

‘ SN -

An illuatration of the twvo-stage ann1y§1c31 technique used for
the data of transport velocity. In the first stage, data avxe °
rapked with respect to moninal diameter and then grouped (n=16)

in the manner shown. .. In fhe. second stage, linear regression

‘andlyses are performed on each group ‘and.assigned value of

nominal dfameter sccording to- the moving ‘average.
- ' l *

STAGE ONE
PROCESS - RESPONSE .
RANE o _ oo
(V.R.T. d.) a_ oF . T, . : .
1 5.52 —28.24 149.57
2 4.53 -20.16 144.9 | -
3 5.58 -17.65- 147.1 : ,
4 5.10 -5.14 157.0 -
‘5 5.19 3.51 144.9.0 1
6 5.32 3.2 140.8 | -
7 §.34 . - 2.32 .154.6
g 5.36 7.75 138.9 | 1
9 5.52 £1.58  159.5
10 5.66 -1.09 145.6
11 5.71 -9:24 149.3
12 5.81 -2.92 148.5 ol ) _
13 5.82 °3.88 . 137.0 A ‘
14 5.82 3.88 142.9 T .
15 5.82. 3.88 . 156.3 -
16 5.92 0.36" 141.2 | | 5
17 . 6.08 '-9.92 147.1
18 6.16 ° -11.43 - 137.0 -
19 6.34 -17.54 -~ 127.&
20 © 6.3 -5.15 147.1 a4
21  6.42 "3.34 145.6 .
22 6.64 5.65 154 .6
23 6.75 -8.97 132.8 -
24 6.83 -1.58 143.5 |
25 ‘6 .89 —0.47 | 141.4 :
26 etc. ctc. etc.. .
27 g L
etc.
STAGE TWO RANK - ) .
REGRESSION ANALYSIS: INTERVAL ¢/ REGRESSION EQUATION
1-16 5.38 ﬁz - 14%.9 - 0.13 OF
9 —

w 145.5 + 0.35
- 146.7 + 0.66

4-20  5.76

E2
8-24 6.10 ]

SIS
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1a) Run EK3D-15, Fr= @.683 (Table.22A and Fig. 394):

In épite of the small numberAdfﬁﬁata pairs, the six
reg?ession lines are very consistent. .Thezgséffig§ents aver-—
age 1.9 with iitgle variaﬁion, whereas the intercept values
'systegatically decline from 145 to lZOcm.sec_& with the

increase in E; from 6.0 to 8.9cm. This set of regression

lines iniicates that for equal sized clasts, prolate forms

move more readily than do oblate forms, and that .at a given
. . ‘\ '
value of 0P, smaller clasts move with higher ve icy than

- »:/' ! . b ~>
larger ones. : -

1b) Run EK3D-16, Fr= 0.809 {TabLe 223 and Fig. 39B):
£ n )
The influence of size and form is less-straightforward

in the data from this run. Tlre seven rggressiom iines, of
which only the one for dn e 5.8cm is not significant 4t the
95% level, are characterised by very similar intercepts

L] . -, . . .
( <145¢m.sec ) but coefficients which increase 1in orderly
fashion with increasing clast size, so that the regression

o

. . »
lines intersect nearly at a:common point. This point 15

located at OP= 0 which indicates that small oblate and large

prolate clasts respectively are more readily transpo;ted.'
k] - ) .

The regression lines for the smallest du Xalues have negli-
gible gradients, indicating a low influence of bothk si%e and

form.

Ly

-
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numbers against regression lines
refer to mean d, value

i TRANSPORT - :
- . VYELOCITY 1304 5
. LT U,. [crn.scc“1) -
‘.@ | - y0- gty

&

/—'/\%“ -] s B ‘ ) i
. T w3 w1975 «& . ‘
100 . . ' '

1 4 1 1 1 T T 1
=25 -20 =15 ] =10 -5 Q «5 «10

\J OBLATE-PROLATE INDEX. OP

igure 39: Plots of transport velocity &s 2 function of the
: . oblate-prolate indexX for each experimental Tun.
The sets of regression lines are according to the
series of mean sizes listed in Table 23. A, B and C
are the data of ruas EK3D-15, =16 and =17,

: respectively. . : . . -
- % — denotes that the regresslion line is statistically

significant at the 95% confidence level, as
indicat®d in Table 22.
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le) Rup EK3D-17, Fr= 0.896 (Table 22C and Fig. 39CY:

From this run, five out of the eight regression lines

are significant at the 952 level and‘conspicyoué for the lack

of ‘variation in both inteT t-values (=l38cm.sec-l) and‘

i

-coefficients (=1.3). Th%s indicates a negligible role of

clast size: the éorbllary being ﬁﬁat form 1is theupredominagf
—~

process variable, such 'that prolate clasts generate‘higher

U2 values.compared_to oblatg ones. Meland and Norrman (1966,

P. 173) found. that the influence of particle size was at a

minimum at high velocities. Advancing 2 minor trené seen in

the incermediate Tun, the smalier size grades generate

regre551on lines with gradients that range from zgro to

slightly negative, althcugh‘tfese are not significant at the

o

952 level, The implication is -that small clasts are traus-

ported moTe readilly if they possess 3an © late form: small

oblate clasts were " observed to occasionally saltate, oT rell

about the circumference of their a-b plane and both these

'typés'of motion are conducive to high transport V cities.
2) Grouped data from all runs:

The trends shown in figure 38 are clarified by group-

. . 5 - i
ing of all the data (Table 23). B? doing this, the role of
., - )
flow velocity is averaged, but the trends are reinforced and

the reéuiﬁs made more statistically significant. No signifi-

cant error arises from the averaging of depth, since this

parameter only varied by 4mm for the three runs.

.

]

g
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The parameters of the equation

U,= a + b(B?D

vary systematically (Fig. 40). Asymptotic values are rapidly
attained as the'dn/§ ratio approaches unity. The two curves

are precisely fitted by portions of a least-squares parabola,
Eut because of the truncation at dn/¥ = 1, the quadratic

&
equations are not given. With diminishing value of the dn/Y

- -

ratio, limiting values of & and é are also attained. When
dn/¥ = (0.6, b changes sign and rapidly reaches large negative
values. Figure 40 is derived from the-empirical relations irn

L~ 4
figure "39 and portrays 2 complex interrelationm between U,

vérsus 0P for varying values of the dn/? ratio. The reversal
of the form effect at small d, values is probably due jointly
to the fact that small clasts are in the zone of steepest
velocity ggadient and that their oblate form; having rela-
tively High surface area which assists hydraulic 1ift and ‘
retards settling, increases the likelihood of saltatien.
Lines representing dn/? ratios less than 0.2 were gxcluded
from figure 4Q because of the different type of tran§port for
particles of this size‘ki.e. quasi-continuous suspension
rather than predominantly traction). Boulders which aré not
fully immersed are loéi of intensegenergy dissipation, and

therefore constitute a different hydraulic phenomenad (Matthes,

1947).

+

IR



Figure

COEFFICIENT .
b

INTERCEPT
a

40: The variatiom of ¢
a+ b{0OP) wit

Plotted values are according to those listed
23 Note thag the best~fit lines have
when the ratio equals 1,

Uv. =
2
ratio.

in Table
1imiting values

N . [/

—— : ’
1 e A
/

e

e A

149

2] .

o9

] | N
- /’

1- 4

/e
L J

[}
I
!
[}
=g

O_‘\.\

he parameters of the equation
h inecreasing value ©

£ the dn/y

and that

they are extended to lower values of the ratio.



TRANSPORT
VELOCITY

Uz,knmsafh
P

Table 41:

in Figure

100

150

———— OBSERVED'
— o—— — EXTRAPOLATED

i

Plot of transporT
oblate-prolate index for all
The_parameters for t
dn/Y value are accor

&0'

1
-20

he regression lines at
ding to the empirical curves

T ~T I T T

e -3 -10 -5 0 5 %

OBLATE PROLATE INDEX
~ OF

¢+ velocity as a function of the

the data combined.
each



151

The experiments of Bradley et al. (1972) strongly sug-
gest that oblate forms are preferentially transported. They
attributed this to "an erratic saltation motiom which enabled

higher-velocity flows away from the bed to take advantage of

their large cross-sectional area (p. 1278)...these particles

overtake more spherical ones which remain closer to the bfgjﬁﬂ\"”/ﬂ’

(p. 1279); elongate forms were found to have intermediate

transport velocities.
i v
4.4 Discussion

‘Previous experimental and field studies of tramsporl
velocity of large, non-spherical clasts have given an over-
simplistic view of the relation with size. Tge present
experiments extend the findings o% Meland and Norrman (1969)
and Laronme and Carseon (1976) that intermediate grades in the .
size d\istribution‘of the available bedload may be transported ‘
. with the highest velocities. For coarse-grained sediment,
this 'optimum size' largely depends on the dn/?.ratio: in
the present experiments, large pebbles with dn/? ratio °
between 0.3 and 0.6 were inferred to be the optimum size.

Larger clast sizes with higher values of this ratio generate
a negatively—sloped segment on a U2 versus dn plot, and this
is considered to be the right-hand portion of a parabola wigh
limits at dn+0 and at U2+0. The former is interpreted as the

transport velocity of small pebbles, while the latter is an

indication of the competence level, or the condition'dn/Y= 1.
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The degreé of oblateness/prolateness exerts a g:?Bng
control over U2’ particularly at high flows, as well as over
the type of motion at fow values of d#/?. The present data
supéori the finding of “*Bradley et gl. (1972) that transport
velocities are as much related to morphology as to size.

Ié"would also appear that the steep velocity gradients
“which typify shallow, high-velocity flows in braided channels
are highly effective in moving a large range of clast sizes
with a relatively small ﬁariatioh‘in transpert velocity.

In natural channels, 2 host of facters which-{hcludé
unsteadiness and non-uniformity of the flow, clast inter-
actions, armouring of the bed surface, preferred clast fabric
and secondary Flow systems_associated with small- and large-—
scale bedforms hinder the precise prediction of t#;nsport
_veldbity (Laronne and Carseon, 1976). Many of the'se factors
“are not amenéble to laboratory study, and at present it is
only possible to' appraise their collective influence in a
qualitative way. Considerable progress could QF madé by
igproving the level of understanding 0of the basic relation-
ship in bedload transport, j.e. the motion of 2 particular
clast on a flat bed under conditions of steady, uniform flow.
The present experiments have been directed towards this

objective.
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Inter-rq}ationships between transport velocity and
size which are neither paraboliE, nor recognisable segments of:
a parabola, are probably due to an insufficient range of
clast sizes. The size distribution of the available bedload
relative to.the competence level is considered to determine
to-what.degree a concave—dowuward relaticn 1s déveioped (i.e.
left-hand positively sloped segment, vertéx, or gegatively-
sloped right-hand segment). |

Preferential transport of a certain size of the avaii-
able bedlecad is a possible mechanisn for local anﬁ'progressive
size-sorting in-a fluvial system; viz. "the conclusion is
inescapable that the bulk of sorting is effected during active
transport and that comprehension of lavering and sequences in
;eéimentary deposits requires understanding of'ﬁeéiment

behaviour during transport" (Meland and Norrman, 1969, p. 143).

|
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5.0 TRANSVERSE RIBS

Transverse ribs have been reported from coarse-grained

-

braided systems with longitudinal bars, or from single chan-

nel, high gradient streams. In these fluvial environments

channels are conspicuous for their high Qelocity and shallow
nature {such that dn/? ratios are high).

Since their initial description by McDonald and

Banerjee (1971) from the Peyto outwash plain in western

Alberta, transverse ribs have been recognlzed on proglac1al'

fans borderlng the Gulfﬁff Alaskaﬂ(Boothfoyd 19723 Gustavson,

1974 Boothoyd an& Ashlev 1975), and from a small stream

near Sherbrooke, Quebec (Laronne and Carsom, 1976). Also

M

referred to as 'clast stripes' by Boothroyd £1972), they are
"gaseries of regularly spaced pebble, cobble or boulder
ridges orientated tramsverse to flow" (McDonald and Banerjee,
1971, p. 1290). .They have also been reported from streams

in the Himaiayas, from aliuvial fans ig southern Nevada and

in numerous locations in the Canadian and Colorzdo Rockies

-

(McDonald, pers. comm.; 1972).
Transverse ribs were observed ¢n the Spring Creek fan,

(Plates 2, 3, 4 &5), but are conspicuously absent in the

neighbduring Donjek River outwash. On the alluvial fan sur-

face, ribs contain the largest percentiles of the_availablé

bedload and are located in riffle portions of abandoned

s
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Plates 2 and 3 depict occurrences of transverse ribs

in channels: see upper_part of Table 27 for details
of measurements. )

- Plate 2:

Plate 3:

L cross-bedded
S>As the chanon

~ .

Rib“sequence 4. An upstream view of the
coarsest and best defined transverse
rib sequence located on the Tan. The b-axis
of the largest boulder is 47cm. A &4-year old
poplar on the right-bank indicates that the
rganqb;s essentially abandoned on the idter-
media berm - however, Tecent high stasge
flow im~the active tract has -partially diss-
ected the Igter—-rib sediment which comprises
ands and laminated silty-clays.
shallows toward the left-bank,
the ribs shew an abrupt transition to &
cellular pattern. Shovel for scale.

. . <
Rib sequence #1. An upstream view of 2
channel reach containing 8 fairly well-
defined ribs. Partly copcealed along the
right-bank by wind blown sediment and material
cdllapsed from the bank, there is evidence
rhat this rib sequence is. in the process of
being preserved in the stratigraphic record.
of the alluvial fan depesits. Immediately to
the right of the shovel less coarse bar
paterial has (?)prograded laterally towards
the righg-bank over part of the rib sequence.
Spacing varies from 36 to 102¢cm, suggesting
that more than one generation of ribs is '
present. * o
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Plate A_depicts an occurrence of transverse ribs om

the surface of a lgngitudinal bar: -see lower part of
Table 27 for detail of measurements. Plate 5

"illustrates the tYP cal fégtuqeé of individual-ribs.

N v

Plate 4:. Rib sequence #5. A'series of il1l-defined
, pebbly ribs on an inclined bax surface.
_Flow was from .right-to lefity the' staff
{fs 4.5Et (1.37m.) long. Laterally, away
from the vieinity of the "staff, the ribs
bifurcate and become. indistinct, and

AL

. . | 2 -\
. N . . -
PIaté;E:- View of one well-defined ¥ib in rib sequence
. #1 {see Plate 3). Flow was from the upper
.~ left ia the orientation of the staff.
Note the current-normal alignment of the
.rib; as well as of the component clasts,
;. and thp}imbrication"of oblate” and bladed

surface.

s cohbles'on;its'ﬁpétream_sidé. The ribd -
oo+ is made conspicuous by the subsequent
s - " deposiriom 6f sand with .current-crescents

+. in the inter—-rib areas. - = >
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.eventually display transition to an unribbed.-
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anabranches or on jneclined surfaces of longitudinal bars.
The within-channel category-is both coarser grained and more

abundant. TIwelve rib sequences weTe found and meéasured

» ~

using the standard pa;Emetqré of McDonald and Banerjee (1971).
The data {s summarised in Table 24 and‘;ﬁter—related graphic—--

ally in figure 42.

-

*5,1 Field characteristics

-

Incorporating 211 the findings of the various field
studies, the characteristic properties of transverse ribs may
be summarised‘hs §0llows (an asterisk denotes evidence from

. . (-'\
Spring Creek , not recorded elsewhere):- : ~

(
. !
A) Relationship between the Tib parameters (McDgnald and

Banerjée, 1971, p: 1290):=+

X D

Positive correlations between
‘_;) spaciﬁg and clast size,

ii) rib width and clast size, and
1ii) spacing and rib widcth.

B).Overail réatures ofﬂa ribh sequence:l-

i) number ofnribs"comprising one sequence may reach 16 (*),
ii) spacing between ribs is generally uniform,

{1i) rib width 1s generally uniform,
: - .
iv) current—normaloogieﬁtation of eache rib, .
. ; 5é

- -

v) upstreaﬁ decrease in spa;ing,'if any, is accomp?nied by a
A~

slight reduction in clast size (*),
.

n
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TABLE 24:

158

- 4

Values of transverse ribs parameters obtained
from Spring Creek. The rib sequences are
classified according to their occurrence
within channels or on the surfacgs of longi-
tudinal bars: .underlining of. averages. denotes
the micro-environment with the greater ' value
of the responsec element.

S Pmax 5 ¥

Within channels:

AVERAGE
On 1ongitqd

5 .

10
11
12

AVERAGE

0.0320 18.8 57.8 56.4

0.0203 22.3 99.0 90.6
0.0349 19.3 75.2 41.2
0.0233 - 30.9 137.8 110.7
o%116  24.4 ¢ 74.9  83.4
0.0204, T26.9 88,9 *.77.1
0.0238 - 23.8 88.9 ° 74.9 r

inal bars:

0.0291  14.3 45.8 67.5
0.0087 22.6 88.9 £80.4
0.0291 17.8 '82.6 . 49.1
0.0495 12.8 31.3 33.0
0).0146 19.8 92.3 57.2
0.0408 2.6 20.6 15.3
. 0.0286  15.0 60.3 50.4

N.B. Explanétidn of the symbols used in this table -
is given om p. x-xiif. :

-
[
'
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. ) Y=°.2Xol._2 -
30 r=0.89 /
.
® e e )
AVER. MAX. 204 . . /'/° .
B-AXIS (ecm.) / '_-__--@
- e
B
o - .

204 Y=0.7% 101
r=0.83

00—

80—

WIDTH (cm.) 8-

0 20 & 60 8 10 w0 140
SPACING ({cm.}

NB: ([@AND@ ARE REGRESSION LINES OBTAINED
BY McDONALD AND BANERJEE (1971)

f) PEYTO RIVER [ NO-SEE-UM _CREEK
B NORTH SASK. RIVER

Figure 42: Inter-relatienship of transverse rib'data trom
Spring Creek’., The regressicn lines of another
study are shown for comparison. "

, {

- ¢

N
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vi) occasigaal trransition' of within-bar ribs to a 'flat bed’
(Figure 15B, Boothroyd and Ashley, 1975) and/or to a 'cellular

structure' (Boothroyd, 1972) and/or to 'stone cells'

'(Gustavsqh, 1974),
vii) tendency for gentle convexity downchannel at points of
channel widening (McDonald, pers. comm., 1972).

viii) occasional b{furcation of individual ribs at channel

margin, and

ix) unlike within-channel ribs, ribs on bar surfaces contain
similarly sized material to the inter-rib areas (*).
N\

C) Features of individuaf‘%ibsi—

-
i) elast population displays prominent jmbrication and current-

aormal orientation (Plarte 3), and

ii) larger, less transportable, clasts rend to be located on ‘

the downstream side- (*)}.

v

The inter—relaﬁionships befwéen spacing; width and )
clast size are moré apparent when data from different locali-
ties are treated separately (see Fig. 42). This indicates

rhat some variable{s) chérapteristic 0f the .local environment
influences tib developme%}. The‘inter—relationships for the
Spring Creek data have higherislopes than those "derived

-

.from other data. '

a
T
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5.2 Analysis of Process

Transverse ribs are not amenable to direct f£ield sctudy.
As with many other bedforms, it is a relatively easy matter
to envisage processes by which the bedform is maintaineé, but

the initial fo tion from a flat bed is at best poorly

4

521 Hvdraulic jump

Flume experiments by McDonald (pers. comm. 1972)
have shown that transverse ribs can be formed by an upstrean

‘migrating hydraulic jump. He observed clasts being deposited

-

in rib-like fashion ‘in the traﬁsition zoneiﬁhere super-critical
flow abruptly changes Co sub-critical flow. TPhe d;veIOpment-
of ‘well-defined ribs largely depends on the bedload transpor£
rate énd on the size distribution of the bedload Individual
ribs were ghferved to form in seconds, after which the
ribs further downstream gecome "fossilized' in the
less competent sub-critical flow. Fgrmed in this- way, the
spacing of ribs reflects the dimensions of the hydraulic jump.
The formation of transver;e ribs by a hydraulic Jump
requires that super critical flow copditions (i.e. Froude
Number greater than unity) be fairly widespread in the field.
On the Spring Creek' fan, rib segquences Were found in inactive,
‘vegetated channels and in channels abandoned as recently as
the day beforé. Extensive reconnaissance of the channels
togethef with careful and prolonged observaticns failed to

locate the stepping hydraulic jump condition. One possible

hydraulic jump was observed in a distal meandéring channel

g . .
Ll * . =
-
.. .
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on the fan surface during a high, almost. bankfull flow: "

this is interpreted, however, as a 'pseudo-meander’ (Hickin,

1972) - a rare fluvial event in which flow 1s maintained at

-
-

the eritical to super-critical condition.
- . In general, super-critical flows are rarely developed
by natural flows becauée at .Froude Numbers around 0.4 - 0.55
'spill resistance' becomes operative (Leopokd et al., 1969):
This ‘type of resistance, created by cﬁaoticndeformation of

the flow around large clasts in transport, involves a.suf-
r
ficient degree of qnergy loss to inhfbitcfurther'rise in

Froude Number. Highly competent, shallow flows in ghich‘the
ratio dn/? commonly approaches unity (see Fig. 26, Féhﬁgstpck,

1963) undergo such intense internal deformation fﬁat,_insteéd
3 : .
of the flow being locally super—-critical around large isclate
. 4 -
roughness elements, the-average condition for the flow

approaches a critical or even sub-critical condition.

This was observed by the author on Spring Creek fan, by

Fahnestock (1963, p.27) on the White Piver, and by

Chureh (1972, p.72) on the Lewis River.

5,22 Antidunes - v o B -

“The appénéﬁt rarity of super—critical flow in natural
flows warrants enquiry into 2 possible second cause for the
. . . ‘
formation of transverse ribs. The-rargument that follows in no

n
- -
F=

¥

-

23
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way invalidates the findings of McDonald - 1t merely
searches for a more common flow condition which is also cap-
able of depositing a sequence of transverse ribs.

This study supports, and extends; the viewpeoint of‘

Boothroyd (1972) that ribs are '"relict antidune bedforms"

%y ‘ = !

The Yterm 'antidune' was imtroduced by Gilbert (1914) to |
desceribe the upstream migration of these bedforms. The
term 'standing wave' is often used interchangeably with

tantidune', but the former was introduced to describe the

- ’ @ :
appearancde of the water surface. Fox gravelly bedloads,

the termﬂ'in phase wave' mlght teeoretically be preferable

because upstrean migration and/or antidune cross-— beddzng

-would be difftcult to recognise with this calibre of bedlgad.

. . ' 0y
However, Kennedy (1963) suggested—that the term Vantidune'

be applied to all bedforams which are in;phase with surface l

wives. Once '%ibs' of coarse gravel are established on

the bed sthe undulations on the water-surface are essentially

1

"anchored®', unlike the morpholloglcally similar phenomena

‘in sa¥di-bed rivers where modification proceeds almost ' &\\

-

continuously. It is considered that the tight-settled
nature of rid material prgvents migration of rib sequences.
Gustavson (1974)\distinguished between three morphological

types of surface waveforms from his study of meltwater

-

. »
streams draining Malaspina Glacier:-
»

+
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)

i) so-called '‘rooster-tails', upstream-breaking variety,
conical in three-dimensional form, often foémﬁng trains;

ii) sanme as.i),_éxcept for considerable lateral extenﬁ whiéh
approacﬁes channel width; and

——

{1i) reticulate or checkerboard pattern of upstrean-breaking
waves. ’ T

-Tvpes 1ii) and iii) were found to be most common. Gustavson
L 3 . -

developed

postulated that traasverse ridbs and stomne ‘cells ar
-

by linear and reticulate waveforms respectively.

(p. 1288) that the “"~haracteristic flow Te ine™ of the
P 8

est active channels in late afternoon” on the Peyto outw sh
plain is "standing waves on the water surface". By defipition,

;£ there are standing waves on the ¥ then there

must be cq—gxist;ng in-phase waves ©
p. 81). Peyto outwash is composed oé\sand and peybly-sand
with maximum clast size around lécm.

» The development of standing'waves and upstream-breaking
waves is common within proximal reaches of braided'systems;
most are located in riffle portioms, but at high £lows

(whether as'a diurnal or seasonal peak) they are also fairtgy

abundant in pool sectiomns. .

L
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According to the theoretical analysis of Kennedy -
(1963), a Froude Number of 0.844 comstitutes a lower limit ) .
for antidunes, but a later three-dimensional amalysis by
Reynolds (1965) indicated. this limit to be somewhat lower at =«
0.?. The presentlflume data finds precise agreement with the
latter figure. SR

The preservation potential of antidune bedforms in sand
is low on account of destruction during falling stage (Middleton, 265)
Only one field study has reported antidune bedding from a peb- l
bly sandstone (Hand et al., 1969), and in sandstones. upper-
flow regime bedforms have been recognized b} Jopling and
Walker’ (1968)-

.Reports of antidune bedding in sand from e pro-
glaciai 5raided environment are rare, despite’many reports

of ungulatory water wave forms. Fahnestock (1963, p- 28)

stated "antidunes are observed when discharge increased

harkedly im a channel with predominantly sandy bed materials';
although sediment traps, deeigned to!éample the larger size
fractions, indicated median diametere 0f 2.5cm. Langbein
(1942, p. 618) stated: "+he effect of sediment }pad (particu-
larly the finer sizes) is to decrease the kineticity required
for the formation for sand waves...the critical slope...r$1' ’
reduced by.fines and increased hydraulic radius...accordingly, -
sand waves could be expected to be freguent flood-adjuncts

. -
under conddtions of/steep slopes and fine sediments.’ Flume

o B
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experiments by Fahnestock and Haushild (1962, p. 1433) showed

-

that rolling clasts tend to be deposited beneath the crests
[, «

of breaklng antidune waves. In the field, Fahnestock (1963,
p. 27) observed boulders rolling siiently on a sand bed dur-

ing the-antidune phase' coarser bedloads on Spring Creek are

.easily identified by & drn of clashlng boulders.

Ll

. In the reconnalssance run- EKBD -18 (see Table 7 for
hydraulic.details), 122 clasts were introduced singly at 5
second intervals at the upstream end of the flume in random

orientation.. Deposdtion "at.the downstream end was induced by

a low, coarsa-mesh barrier;‘wh{qh occupied 0.8 of the flow

depth: Upstream from the barrier, the bed formed a short

sequence of ipperféct transverse Tibs. Because the clasts
’ : : .

were numbered, it was possible to compare the entry order

witﬁ the order of deposition: The Spearman's rank correl-
stion coefficient (Walpole, 1968) for cthis data, vis 0.920
which indicates that the bed did.noc éimply develop by pto—
gressive addition ofdmaterial at its upstre#m fargin. The
majority of ciasts were initial rib materlal but so;;-
smalle: and more transportable clasts wer; subsequent
additlpns to rlb mater}al after passing the rib(s) already
formed upstream. Iransverse ribs were observed to lie
beneath the crests of a %gasi stable antidune wave train.
T. Day [pérs. comm., Oct. 1976) has also\observed ribs

forming beneath antidunes during some recent flume exper—

iments at the G.S5.C.

Abrupt upstream migration of the surface waveform
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‘oecurred when the width of the rib undergoing formation becomes

. \\t . o s
too great:

the distance of each migration was constant (SODQOcn).

The ncw wave form was stabildised in its positicn by larger, .

less transportable clasts becoming ftationary insthe lowé?

velpcity zome of the crest which then acted as a locus for

F

deposition of ensulns clasts. Clasts comprxsmng each Tib -

showed contact imbrmcatlon and current normal orlentatlon.
-]

Kennedy's (1961)'equation, relating wavelength to

flow velocity,

- 5'2_, g.L
. 2.7

4 ! -

may involve some eITOT because it i® assumed thati-

i) the in- phase system is two- dimenSional:.

ii) the profile of bed and.water waves are sxnusozdal, but

this only holds true for waves of very seall ampln.\tudc {Hand, ‘
1969a); " | |

iii) the bed and water surfaces are perallel; and

iv) the ‘wave systen is statlonary (if breaklng~does ocecur,

lculated wavelengths will be low (Kennedy, 1963).
Despite these 1im1tations, Forbes (1973) found a definite =
£unctiohaﬂ relationship between flow velocity and antidune

L]

wavelength very sxmllar to the above equation. P

‘According to the theoretical analysis of Hand (1969),

.

antidunes do not develop when the mean flow depth, Y, exceeds

"+ the value of (rA/2.1). 1In nddition, the églterion for maximunm
* . 'v- . .
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steepness for a free water wave is when the ratio of the -

water wave helght over the wavelength
>

0- 142, 0w1ng to high values of the 3

reaches’,’ it appears probable that the

waves would attain helght to” wavelengt

maximum figure.

-

Downstream from an obstruction,

amplltude unlformlv declines dlstally

- -

'undulatory water waves a{e presu*ably

antidune ‘waves (or 'ribs') om the bed

reaches che value of
/Y ratio in ribbed

accompanylng water

h Tdtios chpag to-the

R
LY

like-a large bopfder,

. unddlatdry'wq}er wavei are sometimes present: presumably ,

_case can be 1dentifled by the fact\that the wave

from the polnt of
Lr ‘C_\

propagatiOn. Elseuhere in a coarse-— grained env1ronment,

assoclated wlth." .

surface, thereby

making them ‘antidunes 1n the ﬁrdp%£ sensﬁ of the term. s

P ‘

CoarseJErazned anrldune deposits may either be composed of ¢

i) sand or pebblg sand over which. an

‘cobbles and boulders-Zs transported an

'isolate bedload' of

d temporarily becomes

this

stationary beneath wave crests,' but reverts to a plane or dune .

béd dbring'fal}ing stage, 1eaving no €
dbnés,'pr ] ' -.

ii) cobble-to boulder bedloads in whie
isolate and arrive singuigrly at the s
formation - becagﬁe the largest percen

involved, lower stage flows are incapa

” ~

th refore evidenct remains as, transver
1o
.dttqsts to former antidune f£lows. o
- .
. L o

vzdence of former antl—

h indiﬁidualfclasts are

] - r

ite of potenﬂial rib
tiies of the bedload ar
[

ble of modifica;ion and

se ribs on the bed, nd

.

-

-

e

-



169 ,

5.3 Discussion o _ § -

The underlyiné theory of the hydraulic jump and in-phase -

wave hypotheses for the formation of transvexse ribs have _

similarities and differences.
*The similaritie§ are as follow&.l Both invoke:-

1) 'growth' of the ribbed sequence in the upstream direction
(this of cgurse is to be anticipated sinte as 2 depésitional
product, each rib acts as an effective barrier to coarse bed-
load transport - the omnly, somewhat unrealistic, alternative
is that the whole sequence be forméd jnstantaneously);

1i) a water disturbance migrating upbtream in discrete steps;
44i) that, once a rib has been formed: those 'fossilised'
downstream stablise a train of in-phase waves with wavelength
and amplitﬁde conditioned by the spacing and height of the
in-phase géansverse'ribs;

and both recogn:.se that--'- . <
iv) ribs are not an equlllbrium bedform (e.g} ripﬁles):

because they are neither produced, or maintained, all at the
same~-fime - once produced, the clasts comprising 2 rib_are
stationary; and T . ) .

v) elast supply rate is an important factor.

The differences are as follows:

i) Flow is not necessarily super- —critical in the antiaune

wave hypothesis; and : - ' -

11) tHe two models differx in ‘the méchanism whiéh'iﬂitiates
the formation of the first downstream-placed rib.

The latter difference warrants considerable attencién.-

Two possible ‘triggering fhechanisms' are proposed here:-
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i) Random, oT 'chance' erosition of a larger, less trans- ~

portable clast.yh;ph forces ensuing clasts in a similar tra-

jectory to be also deposited. TEis would lead to 'contact

imbrication’ (or so-called 'shingling) which would subse- .
quently serve as an 'anchor' for an in-phasg‘wavé - initially

£ .
the waveform could be of the 'yooster-tail' variety.

(Boofhroyﬁ, 1972) bﬁt lateral propagation would presumably
occur.as more clasts became stationary in this lower velocity
flow field.

ii) Langﬁéin'and Leopold (1968) showed that incohesive bed-
loads (without size limitations) subjéct to unidirectional
flow frequently develop 'kinematic waves' (Lighthill and

—

Whitham, 1955).- The kinematic waves are manifested Dby bed-

-
+ - .

. forms on all scales. In brief, it may be stated that "fairly

regular waves canm be generated by a random process....particles

are subject to the condition that,;whére particles happen to
be far apart, they are more easilyzmoved than when the par-
ticles are close....thus, the movgﬁents will tend to coliect
the‘particles jnto groups that havé wave-like form" with
".haracteristic lengths aund heigh:g"'(p. 14). 0Of possibie
relevancé to this study is the bbser#ation that "the lengths
{or 'spacing' } of such wave pa;terhs would be proportional ta

+he mean concentration and speed"” :(p. 15). Imn am experiment

Y
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on particle transport, Lighthill and Whitham observed that
"as the rate of feed was increased, the size of groups

increased, and the average spee& decreased so that ulti-

‘ : . )
mately a point was reached where a group became SO large

.

that a jam formed and all motion halted" (p. 15). Groups

were obsgrved to form;rather quickly.

It is possible that the imposition of kinematic waves
on clast transport could abruptly trigger formaﬁion of the
initial rib. Thereafter, the effect would be‘tb.'anchof' ai
standing wave over the first-formed rib and ensuing clasts

would then be subject to 'dynamic waves' - in this case,

antidunes - which-are uniquely.determined.ﬁy mean flow velo-

» .

city, although Langbein and Leopold (1968) remark that their

speed could be jnferred from kinetic properties of the flux-

L4

concentration curve. -

.

Development of kinematic waves occurs in both the x
and y flow axial directions (aF.least for sandy sediment;

" Lighthill and Whitham, 1955, P- 19), and it is considered
that this might provide an explanatipn for the 'stone cells’
(Gust#vson, 1974) which thus £ar have only been observed

in pebbly material.

-
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5.4 Reconstructiéﬁabf the Paleoflow Regime

. . * “
For the purposes of paleohydrauli%determinations,

transvense'ribs are more conveniently analysed according to

~ -
e

the average yalues of spacing, width and clast size, rather
than viewing each rib individually. This method assumes that

hydraulic conditions in the reach were essentially constant

- .

during‘the petiod-of rib fqrmation: this provides a conveni-
ent working ﬁypothés;s:

Assuming thg} traqsverée ribs are deposited as anti-
dune waves, mean wavelength:-of the water waves (X) can be
'éeduced from-ayerage spacing (S)and width (E) by means of
the formula:

Y =S5+ W RPN & B
~

With wavelength empirically determined, Kennedy's (1961)

equation .
P oegd
can Be\regrranged in the form -
T -cﬁ'—i)* ........ (2)

thus enabling mean flow velocity of the ribbed reach to be
calculated. For U, "mean’ should be interpreted as both an
‘average velocity in the flow cross-sectlon, but also a time-

average velocity in the reach during rib formation.
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Kennedy s equation ‘states’ that the wavelength of the
Ay

bed, and water waves 1is dependent only'on U; Allen (1970

© 82) reports that this simple relation is closel paral’eled
by both field and laboratofy (e g. Forbes, 1973) studies.
There are, however, some field studies whith have detected a
partial dependence of waveleﬁgth on other hydraulic variables.
For examole, Nordin (1964) found = positive linear relation

between mean depth, ?, and antidune wavelength given by the

simple relation

A o= 4.2Y

-

For Spring -Creek anabranches containing ribsl wavelength
appears to be less dependent on Y (see -page 175 for method of
determination), viz. p .

352)

A= 39(Y r =0.865

As Nordin (1964, p. 12) points out, the existence of
a telétion between these two variables does not serve to
reject the theory of Kennedy (1961) that wavelength is
jndependent of deoﬂf; Instead, the existence of such a
relation "merely indicates that the velocity-depth relatiom
was reasonably stable" (Nordin, 19%4“ p- 12): the particular

at-a-station hydraulic geometry that characterises braided

channels offers support to Nordin's viewpoint.
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The particle size versus shear stress relation com—
piled by Baker and Ritter (1975) enables mean depth Y to be
determined given a representative particle size, d, and chan-

hel slope, S. They carefully standardised all the}available
J,dhta and arrived at the following relation: :

d(om) = 65¢<°">%), x =0.92 e (3)

where T is the boundary shear stress, - given by Du Boys (1879)

formula. The correlation coefficient indicates that SSZ of

the observed variabllity in particle size is accounted for by

variation in boundary shear stress.

The Du Boys equation for boundary shear stress is

given as —
2
~\_‘ T(kS-m ) - OfoRcSe '--n..-n.(‘,‘)

but this can be simplified without jntroduction of signifi-
cant error. Ia braided channels with coarse—-grained bedload
high width to eepth ratios enable the hydraulic radius R to
be closely epproximated by the average depth f. -In addition,
ﬂfdoes uotlgenerally show significant departures from the
hstandard value of lOOOkg.ﬁa: gstrem (1975) finds that maxi-
mum concentratioms of suspended sediment in proglacial out-
wash streams of Norway are 12 grams per litre. The only
possible source of error rests with the assumption that slope
of the ‘channel bed accurately reflects the slope of the energy

grade line. In paleohydrauilic studies, the paleoflow system

;

?
—

\_

)

\ -

Q
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is necegsafily assumed to be in equilibri;m with water and -

bed sgrfaces parallel. On Spring Creek, it is copsideréd

]

tbaﬁ channel reaches containing ribs do not diéplay any pro-
nounced lack of pafallelism: {n contrast, ribbed inclined
surfaces of longitudinal bars would likely be non-parallel

with the water surface.

Substituting the simplified Du Boys relation in equa-

*

tion 3, and rearranging it to make flow depth the subject, we

obtain . : . .
d 1.852 Ny .
A )) (100) vee(5) \'

T(cm.) = $0-54

S -
65(1000° "7 ) (

By substitution of the values of clast size (bmax for d) and

bed slope (Table 27.) in equation 5, an estimate of paleo-

depth for each rib sequence is obtained. : i

The values of mean flow velocity and depth may also
be substituted in fhe formulae
U.Y -

Fr = _(—%}- and - Re= —=
g-Y)

to yield estimates of, Froude Number and Reynolds Number for
the rib—formiﬁg flows. The standard value for kidematic vis-
cosity at 5°c. (i.e. 0.01519) has been employed in the compu-

tations of Reynolds Number: allowances have not been made f%r

‘suspended or dissolved material in the Spring Creek flows.



From studies of upper;flow régime flow on the Rjo

4 .
Grande, Nordin (1964) found. that antidune wavelength is 3 to-
) ) _

. . !
6 times the flow depth. ‘Using the values of extrapolated

‘'wavelength calculated by means of ‘equation 1,.énd computed

values of flow depth (on the basis of the particle size ver-

sus boﬁndary shear stress relatiomn of Baker and Ritter (1975)), -

the in-phase waves of Spring Creek had an average wavelength
to depth ratio of 4.38. Nordin states that lateral extent of
in-phase waves 'averages about 1% times the wavelength and

has never been observed to exceed 3 times the wavelength"
' -

(p. 11). This latter relation might enmable an approximate esti-

mate of channel width to be madegyhich,'in conjunction with

the estimates of depth and velocity, then permits estimation

.~

=
of paleo-discharge.

An approximate relationship between the three para-

meters (i.e. width, spacing and clast size) of transverse

’

ribs may be caleculated as follows:—
Equation.ll (see . $.182¥F is the best-fit relation between
paléo—velopity and clast size, viz.

- 0.381
U = 49(bmax )

Alsc, a re-arrangement of Kennedy's (1961) formula relating
antidune wavelength to veloecity leads to equation 2. Equa-
\ B

ting the right-hand sides of these two equations for 2 given

A
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— e . ,

value of.i, aund asgigning values to the comstants g and T,

ogﬁsl . -

12.49(?*) = 49 (b )

] ( . ~ ax ' N : : .
T ¢ .

But sid&i’thE +nﬁ)! rib spacing is given by the formula
. ’ L ]

o~
-

leads to

0.762 . ~ .

§ a.15.36(b ) - W cereeaas(6)

ax

Also X = 15.360_ 07%%)

ax - :.:,“: .'---:---(7;{

-
- -

Thus if transverse ribs were io be recognised in a fluvial
succession, and spacing and for widtﬁ were feadily apparent;‘
wavelength could be obtained just from data omn size, and
thereafter estimates of paléoflow could be made in the
abovedﬁescribed‘manner.

Table 25 contains values ach paleoflow variable

o
caléulated on the basis of the / antidune’ hypothesis % ‘
transverse ribs. The reswltg  are more_informative when the!

/g—;?is were developed . ’

within channels or or bars. - Support

;

are groupéd:according to.whether

‘T the in-phase wave-

origin for transverse ribs stems from the fact that averége L

-

values of each paleoflow variable are apfropriate'for the‘:
\\\\;Hbraided strean environmen; of Spring Creek.
) ' ) As expected, rib-—forming flows in channels have
greater depths and higher velocities than those over bars.
Accordingly, channels prossess antidune waves which are

larger, both with respect-to the water-surface (i.e. wave
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!nblt”zsﬁ Values of palecflow paraneter; computed on the iaain | . -;Z
of transverse ridb measurements (see Table 24): see ’

text for detalls. Underliniag of averages .denctes the
micro-envircnment with the ‘greater value of the ‘{uferred
process element. 2 .

¥ x . K, “X. I Fr Re
(max)
. Wichin channels: - .
a 104.2 k.8 . 22.2 127.5  0.86 186,340
2 189.6 26.9 £8.0 172.0- 0.79 543,515
3 116.4 16.5 21.5  134.7 0.93 190,655
4 248.5 3s.3  77.1 196.1  0.72 . 999,407
.7 158.3" 22.5 ¢9.7 157.2  0.50 1,031,787
s 168.0 23.9  68.0 160.9  0.62 720,290
AVERAGE - 164.2 - 23.3 s6.1° 158.2  0.74 732,047
: - . —

On longitudinal bars: . .
-] 113.3 16.2 14.8 132.9 1.10 °© 129,488

6 169.3 24,0 115.5 162.6 0.48 1,236,359 ,
9- 131.7 18.7" 22.3  143.3 0.97 210,375 i
10 64.3 9.1 7.1 100.2 . .21 46,835 =
11 . 149.5 21.2 . 53.6 152.7 0.66 538,823
12 35.9 5.1 - - - -
AVERAGE " 125.6 17.8 42.7 138.3 0.88 540,141
e
N.B. Ex lanationof the symbols used in ‘this table

o
i givenAfn p. x=-xiii.
’ -
R SR S
,g\

~LY

4

\,
'




amplitude“ length and steepness) and to the bed-surface

(i e. ribd coarseness, spacing and width) Channel flows'are

also more turbulent.' Because. flow over bars teng§ to be
'shellower and owing to thé loca steeper slopes associated
w!th the longitudtnal bars,.th Froude Numbers of rib-forming

-

flows over bars are greater tham those within channels. "

The analysis of paleoflow gonditions indicates that
R the flow'was super—critical for only two of the measured -
ribbed sequences. In channels, the computations indicate
that transverse ribs may be formed by flows with Froude
Number as low as 0.5. _Since ribs contain the_largest call-
bre of bedload, it is instructive to abstract rhe-highest flow
"condition from the results of che.féregoing analysis of paleo-
E}ow conditions. Table 25 indieates that maximum mean velo-
cities approach 2m.sec”t and maximum mean depths slightly L
exceed‘ 1m. These values are realistic maxima for the braided ‘
stream environment of Spring Creek: at—-a-station hydraulic
geometry for the main channel at the fanheed indicates that

- _ mean velocities of 2m.sec-1 are developed by flows having 2

discharge of-approximately l3m3.sec.

5.5 Clast Transport and Competence

-

" -Antidunes are characterised by lower levels of
competence beneath the wave crest than beneath the wave
trough. Forbes (1973) found a 202 reduction in surface

velocity over wave erests.
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Hean fiow velocity, as computed from rib parameters,

is assumed to be representative of a flow which was margin-

"“ally'oompetent to transport the olests in the ribs. However,

due to either impeded tramsport bycalready deposited clasts
or to an exeessive Tlow' 1in velocity peturbations, it must
also be considered mepresentative of a Eéow that deposited
the clasts. Cértainly: it reflects conditions of tramsport

and deposition, rather than entraianment.

- -

Using the observed clast size data in conjunction with

the computed values of paleo-velocity, the relationship

between particle size and veiocity was determined.r For the
data (n = 1i) from Spring Creek, the relation is

0.37
3 2)

max , T = 0.923

TU-= 48.3(b ceeeeaaa(8)

The rib sequences (n = 22) measured by McDonald and Banerjee
(1971) yield the relation . : -

= 3570 0430, £ =0.935  ..c...-e(9)
max

in view of the close similarity of equations 8 and 9,
the two groups of data were combined for the purposes of ..
obtaining a statistically gfre significant relationship:

T - 39.3 _°-%38), - o0.95% - DR ST
max . _

The above ‘regression 1ines are all enclosed by the .
envelope of data compiled by Novak (1973) (Fig- 43.), whose

particle size and velocity data (n=112) were subjected'to the
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same regression_analys{s, and yielded the followiné relation

r
[

0.381) . = gus23 .:.\7-..(11)

T -5'59 0(d

Equation'll s very similar to that derived from theﬂribbed

sequences of Spring Creek (equation 8). The Telation dediced

’

from HcDonald and Banerjee s (1971) dith gives s somewhat
steeper line than the ones referred to above. " -
It is {nteresting to note that the best -fit equation

of Novak s (1973) data supports the findrngs of Nevin (19A6)

and Malde (1968) that particle ‘'size variles as the 2. 6 power

s of velocity, ince equation 11 can be re- stated thus =

..consistent change in clast size throu

¥ 4

|

B 2.62 . - T .
d = (49)‘ ; - ceeaeas-(12)

? .

Hostuof the‘scatter in these graphs relat}ng'uelocitﬁ

.

to particle gize derives from uusatisfactory description of

-

clast size. The.intermeiiate b-axis is not a very precise
measure for inequidimeneiona} clasts (see Section ZEQl). In.
ddition, the graphs neglect the effect of clast_shape which

has been shown to have a consiggzable effect on éntrainment

-

(Lane and Carlson,-1954), transport velocities (the present
study; Krumbein,'1942) add on depoaition (Helley, 1969)~

it is reasonable to assume that im the absence of any

-
-

conditions were essentially constant. Presumably competence

levels of the paleoflow are ‘reflected by the TaTgest clast in

b

*3

-

gh a, rib sequgnce, flow.\_,
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each rib, rj}her than the average of the ten largest ones.
. )

In view of the fact that successive ribs are added in the

upstrean direction, an upstream decrease in maximum (or per- N
e

haps megian) clest7size would‘probably reflect waning £low, and

vice"dearsi. However, inference on the basis of particular clast

b

sizes ay be a little.tenuous, owing to the int

of at least two_variables: these pertain to bed

-

and are

_.

1) availability of each size grade to the reach undergoing

ridb formatiot, and( R . o~

1i) the random mnature of the processes involved.
Informaticn on clast size and rib spacing should be

sought collectively siﬁeeq according to the antidune yave

hypothesis, both these perateters-are velocity-dependent.

Changes in one would likely %e accompanied by changes of

similar magnitude in the other. ‘

5.6 Comment - . Ce . .
e
. .' . ot ‘.:i*&‘s:J
The antidune hypothesis for the formation of trans-—
|
. Vverse ribs receives support from the study of waleoflow on
‘ /

thfee accounts. : ‘6

i) Pairs of measutE‘ last size and computed paleo-velocity
- -

data are in clqee agreement wit e relations for fluvial

competence established by other, more directy sedimentological

dtudies (i.e. Novak} 1973; Baker and Ritter, 1975).

L
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ii) The geometry of the standing wave train has been compdted )
from transverse rib data and is in close agreement with the
findings of other studies (e.g. Nordin, 19.64; Hand,  1969).

1i1) Values of paleo—deﬁth, -velocity and -Froude Number are

-

in the same range as those encountered in the proglacial

braided stream environment. .Rib-forming £flows are generally
\ .

sub-critical, relatively 'shallow and highly competent because
x

Of-g&:ifﬁfikh velocidy. "
' It therefore apﬁears that sequeniZ% of transverse gibs
are of considerable use in paleoflow rgzonSQruction. They

. 1
- )
have yet to be recognised in ancient or recent successiouns

and it may be assumed that ribs have a low preservation

potential. ﬁlternatively, they miight be widely preserved

but difficult to recognise. / i
Perhaps paleoflow reconstruction based on transverse - -

ribs will find most application im modern environments, such

as Spring Creek. Proglacial braided streams are not generally

amenable to direct hydrologic oT hydrauliC“studies-an§ so

ribs assume considérable,importance by supplying thié infor-

mation indirectly.
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6.0 SUMMARY & CONCLUSIONS | : : i

Flume experiments on'anrse-grained sedimentation-have
shewﬁ.that individual clast response to steady, subecritical
flow varies according to a complex assemblage of.proceSS
variables. The empirical relatioms of process and resaense
enable certain conclusiens to belmade aﬁout the paleo-
environment of gravel sedimentation.

Clasts isolate on a sand bed undergo combined rotation
and translation in response to current-crescent scour. Motion
is dependent both on the degree of form roughness associated
with sand bedforms as well as omn the ;;ze and shape cha;acter*

istics of the individual clasts. Imbrication to moderate

angles is the dominant response, and its development to a

" stable configuration determines the duratiomn of current-

crescent Scour. Clast stability appears to be attaig%d when
the projeetion area reaches a value that closely approximates
the square of the pominal diameter, although the development
of imbrication which satisfies this criterion is limited to
the sandbeds with minimal'form roughness. Ripple, dune and
antidune bedforms do not allow full development of the imbri-
cation process. Since the sand bedform co-existing with
pebble deposition.is 1ikely teo be in the transition or upper-
flow regime, it follows that the 'equilibrium area' concept
is a potentially ﬁseful tool fer the recognition of hydro-
dynamic stability in ancient deposits. Monitoring of the

imbrication process reveals that the required duration of

D
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claé; exposure rapidly decreases with the qnset'of'thé upper-
flow regime,'such,that-fof matrix-supported gravels in which
clast motion oﬂ the bed is unimpeded, the coﬁ:ained clasts.
will 11keiy conform to the stability criterion. A theoret-
ical aqalysis of the imbricationm preocess indicates that

hydrodynamically 'smooth' boundaries require less downward

S

translation in lower velocity flows.

The thrée axial components of clast translation from
the initial pqéition oq;the bed surface to that of a stream-
1inéd,_imbricate§ configuration have magnitudes which are
highi& dependent on the degree ;; férm roughness of the
-san§bed, ag_well as on'a small assemblage of clast proper-
ties. drientation of elongate clasts is ubiquitously

current-normal even when they were initially laid with a-axes
parallél to flow. Oblate clasts are more susceptille to form
.roughness of .the sand bed, and therefore tend toward imper-

fect alignment.

.

Experiments designed to clarify the role of eclast size
and shape properties on tréﬁ;port velocities produced complex
results. Sowe unexpected types of clast motion occurred,
including the rolling of highl§ oblate clasts about the cir-
cumference of their a-b plaues,‘bup a-axes were Eon;istently
aligned transverse to flow in spite of their random orien-—
tation at the point of introduction. Data of mean éransport
velocity versus size are only moderately correlated and pro-
duce negatively-sloped curvilinear relétions: the majority
of previous laboratory studies encountered lines with posifive

— | .

-~ ! -
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gradient. It is therefore considered that for a wide range

. : * L 4
.of clast sizes subjected to competent flow the complete

) I .
relation approximates a convex-upward parabolsa, such that

maximum transport velocities are developed by, an inter-
mediate size grade. This offers an explanation for the local
and progressive size sorting which typifies coafgé-graineo

fluvial systems. Unsteady, non-uniform f£low, armouring of the

. bed by coarse lag deposits and jmbricated tight-settled, con-
*tact bedloads are among the factors which would inhibit a -

consistent relation between transport velocity and clast

parameters. A more complete explanation of the experimental

data is afforded by a multivariate approach: this statistical
analysis indicates that the influence of clast form (exnressed

as the oblate-prolate index) varies systematically in rela- ‘

-

tien to the clast size to flow dgpth ratio. In a given flow,

it appears that for: clasts n/.

oblate forms are transportfd

p——
susceptibility to hydraulic 1ift into faster mov1ngéi:&elﬁ of

low values of this ratio

ore readily because of their

the velocity profile. For larger clasts, om the ot hand,

prolate forms are more rapidly transported, presumably

because of the-high shear exerted in the lower levels.of the

flow profile. To some extent, the study of the influence of )
‘clast properties on transport velocity of single particles
raised more questions than it has answered clearly,

previous investigations of the process-response relationships
which govern large clast transport have been somewhat over-—.,

*

simplified.
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'fransverserribs were studied becauﬁe their explanation
by an upstream—migrating hydraﬁlic jump did mot appear to be
5.vi§Ele mechanism for thelr yidespread development in Spring
Creei,‘where supercritical flows are very rarely attained.
Observations in a reconnaissance run preompted a detailed
enquiry .of ﬁhe possibility that antidine waves of sub-
critical £low could form the ribs observed in the field.
Using this hypothesis, tfossilised' Tibs replicate the geo-
metry of ;he‘former train ;f antidune waves. Moreover, usiﬁg
established relatioms of tractive force and transport velo-
city as a function of clast size, the coarseness of the Tidb
material can be compared wi;h the mean flow velocitieé com-
puted from the average wavelength of the antidune waves.

This analysis produced good results, and a mathematical pro-
cedure is outlined for the reconféruction of the paleoflow
regime using the ieasprable geometrical attributes of the rib
sequence. Lt 3ppears that rib development may be triggered

by the formation of kinematic waves during bed-load transport.
2 a - .

Where present, transverse ribs are consPi;uous features
gf cobble-boulder deposits, both from the stgndpoiut that they
are the oniy within-channel bedform and because thef involve
" the coarstt percentiles of the available bedload. Therefore,
they refiect the h}ghest flow events, and this makes the set
of empirical.qauati?ns forAdetermination of the paleoflow

regime a potentially useful addition to sedimento}ogy:
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Since 197b, there has been a rapid surge of interest
in cocarse-grained sediments and c&nglomeratic rocks:
Proﬁiﬁal fluvioglacle systems have been the subjecf of
thorough field investigations, while recent studies of
submarine fan deposité have clarified the genesis and
properties of resedimented éonglomerates. In both
environments, considerable significancé has bgen attached
to clast fabrics, both in terms of the current-normal or

.

rparallel a-axis orient;tions and the characgeristics of
jmbrication. This laboratory study has attempted to C—
quantitatively define the stability associated with imbri-
cation in flows where tramsverse alignment'- of clasts is the ‘
stable configuration. The proposed theory clariiies the
hitherto confusing role of clast properties as well a;:the

’ reSults of the more detailed previous studies. 1t is con-
sidered that the improved state of knowledge ag.tﬁe matrix-
supported end- —member of the coarse- -grained sediment spectrum

also aids interpretation of the more abundant clast supported

type of deposit.

1t was frequently found that available field ﬁata_is
of insuifZ:ient detail to enable a P eclise and/or full
application of experiment results. { In particulaf, this -
applies to descriptions of the size, morphology and fabric of

_the clasts as well as the flow characteristics of the fluvial

_/"L% . | ‘-
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environment. It 1is of course acknowledged that there are
‘often practical reasons why collections of this type of data
are not possible. Howevér,.it is 'strongly recommended tyat
the detail of field investigations be improved.wherever fea-
sible. It is only via this course that experimental work will
realise its full potemtial imn our understanding of coarse-
grained. sedimentary environment. o , ~

. - ‘On the basis of the present findings, it is recommended
that future studies of coarse-grained sedimentation include
the following aspeots: |

1) A more thorough verification should be made of the con-

formity of fluvial clasts to an ellipsoidal geometry. This

’ - -

geometric similarity is potentially useful~because it allows\
close approximation of clast volume {and thereby also of .
nominal diameter5 and computation of projection area.

2) The present experimental'study has described the attain*'
ment of clast statility in matrix—supported.deposits usiag
the ellipsoidal portion of the clast population. The study
could be extended to current- -normal clasts in fluvial clast-
supported deposits as well, as to submarine resedimented con-—

glomerates and river flocod deposits in which current-parallel

orientation appears to be characteristic.

o

-

3) The present findings om the rate of'aggradation and the

attainment of equilibrium clast response in matrix-supported

deposits shcould be field tested.
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spherical elasts. partieularly with regard to 'opti‘um size

-

‘grades for tran5porp'.' A possible field approach wpuld be

to compare the sorting and size attributes of ‘the bedload in

abandoned channels with thoése predicted omn the

B " -

hydrometric observations,

asis of prior

S) More field measurements of tranmsverse rib sequence'
required to clarify the inter- relationships between rib
pa;ameters in diffeient fluvial environmen;s, and to further
investigate the ‘merit of "the antidene hypothesis as an
explanation for their origin. The latter could perhaps b
;izﬁbestigaﬁeé by detailed monitoring of the hyd}aulic .
development of channels and longitudinal bars which are
observed during flows to have undulatory surface wave for S.
The empirfcal equationgqfor calculation of palecflow P§E9£

-

meters could then be tested using rib sequencesS exXpose on <

bar. surfaces or within chanrels as a result of "avulsidn

. ) . \ . \\

and/or falling Stﬁgﬁ'

~
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. 8.0 <“APPENDICES

8.1 Projectiomn area of ellipsoidal clasts

8§ .11 Development of équa:ions for calculation of the area
projected by symmetric triaxial ellipsoids -

References: Purcell (1965), ahd-Cr
.(1968). The mathematic theory is p

sections.

v

o
8.111, Loug axis aligred normal to flow:
imbrication .

owell-and Slesnick

resented in three

Ny

the effect of

P

?efore jmbrication develops, the el

standard position (i.e. its afes are coinec
of the flow) and is given by the equatioﬁ

12 12

S.x 4+ T.¥ = 1

where S = 4_and T = 4 .

i
) b2 c2

For an imbricated copfiguration, th
frame of the ellipsoid rotates in the vert
the origin of the flow axial reference fra
angle ai. A polnt P on the perimeter of t

therefore has two sets of coordinates, (x,

lipsoid is in

{dent with those

ceeeesae (1)

e axial reference
—

ical plane about

me to an acute

he rotated eflipse

y) and (x', v")

corresponding to the axial reference frames of the flow and

ellipsoid respegtively. They are ipter-related by the para-

.'l

metric equations

x' = x.cosa + y.sinc

y' = -x.sinc ¥ yicosa

e leeeeaa(2)

ereeee(3)
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Substitution of equatioms 2 and 3 into equation 1

o

yields

2 2 .
S(x“.cos”ox * 2.x.y.sinc.cosa * yz.sinzu) + -

T(xz.sinzu - 2.x.y.sina.cosa +‘y2.coszu) =1 e (B)

Equation 4 can be rearrapged in the form

J.xz + K.x.y + L.y2 -{T#\\ ...... ‘:.(S)
where  J = Sfcosza + T.sinzu o L i eeeeaa (6)
K = gin2a.(S - T  seemeese (7N
L= S.sinza + T.coszu .‘- -------- (8)

To obtain the y-coordinates of the maximum point of
"‘the rotated ellipse, it i1s necesSsSary to differentiate eq. 5

with respect to x as follows:

2.7.x 4 Koxdy + K.y +2.L.ydy o0 eeeeens (9) 11"'
‘ dx dx .
Setting dy = 0, eq. 9 becomes
dx v
T
2.J.x + K.y = 0 therefore x = K.y  eeseesee (10)

. 2.3
Eq. 10 is then substituted into eg. 9 to give an

equaticn fer y:

Y - (L - K y70-5 (11);

— -

4.3

In the text, y-values are denoted by b' because in terms of
absolute values, cfb‘fb. The area of the projected ellipse

is determined by the simple formula

A = ﬂ.a.b; e eeeavans (12).
P 2 '
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8.112_ No imbrication: the effect of variable orientation

Before imbrication develops, the'ellipsoid is in

standard position and is given'by the equation

. ’ : I .
R.x'? ¥ suy'?2 =1 ) '

) 4 .
where R 7
a

For an ellipsoid with its principal plane horizomtal,
the axial reference frame rotates ip an horizontal plane so a§ to

/‘make an acute angle g, with the axial reference frame of the

flow. .
. substitution of eqs. 2 and 3 into eq. 13 yields’
- R(x coszs + 2¢x y.sinB.cosB + yz.sin B ) +
S(:\:2 sin B - 2.x.y.sinf.cosB + yz.cos ) = 1 ... (14) !
Eq. 14 can be rearranged in the form ‘
J*.xz + K;.x.y + L*.yz = 1 l ........ (15)
whgre. I, -.B.COSZB + S.sinzB ........ (16)
K, = sin28.(R - S) . EEEEEEE (17) .
L, = R.sin?f + S.cos’8 . ceeeeee (18) .

Tooobtain the x-coordinate of the maximum point of the

rotated ellipse, it is necessary te differentiate eq.'15

with respect to ¥y as follows:

{
2.3,.xdx + Kp.x + K,-ydx + 2.L,.¥ = 0 coevens (19)
dy dy ' !

Setting dx = 0, eq. 19 becomes
dy
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K*.x -+ 2-L*-Y L 0‘, .

‘therefore x = -K,.X creesees (20)
2.1,

o - .

Eq. 20 is then substituted into eq. 19 to give an

-

equation for x:
2 ,-0.
x-(J*"'K* ) 3 " ;-----.-(21)

4.L, : .

-

In the text, x-vglues'are denoted a' because in termsjgf
absolute values, b<a'<a. The area of the projected ellipse

is &btermined‘by the simple formula

A o= m.a'.b’ .. (22).
L 2

8§.113 Variable'imbricatiun: variable orientation -

If the ellipsocidal axes are rotatéd in both the verti-

cal and horizontal planes, eqs. 11 and 21 must be used jointly
. s
so that:

Ap = w.a'.b’ . G eeeeves(23).

8§.12 Development of, equations for calculaticn of the required
angle of imb eation for projectiom of & given area by
a triaxial symmetric ellipseld -

c

. . :
The mathematié theory is presented in two sections:

8.121 Long axis aligned normal to flow

.

Given.AP, the required y—value, i.e. b7, is fpund.by

means of eq. 12.
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» . . . s
Eq. 11 may be restated thus - ]
~ 2 . - ) A -
1 .l -K LA , : S S VI
2 4.3 ,
¥y . . -
_ Multiplication of the :numeratér by (4.J) yields -
b1 =551 - ® . et (25).
v .

Eqs. 6, 7 and 8 are then substituted into eq. 25 to give

2 2 . o o
, 4(S.cos a ; T.-sin o) - 4(S.cosza + T.sinza)(slsinza
. v .

+ T.coszu - &fsinzw.coszu. S - ‘I)2 ceeragaen (26); "

this equaticn can be résiated“i rms of sing by means of the
Pythagorean identity, sinza =] - coszu,'and simplified by

dividing by 4. Thus eq. 6 leads to

\ .
2 2 ‘ - . '
§.(1 - sin “% +T.sin’a _ ¢ 7. sipte +5.7T.(1 - 2.sin%a

¥y ) -

+-sin&a) + 2.S.T.sin2a.(l - sinza)
which reduces to

(T - S).sinzu - S.T:y2 -8 ‘ ) -

Therefore '
2 2 : j/f/

sin“"eg =S.T.y¥y --— S
T - §

which therefore leads the formula
2 0.5

- S.T.y" =8y 7 .. 27
« =arcsin (T , . @7
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8.122 Long axis aligned parallél to flow

.

Given Ap, fhe required y-value, 1.e. a', is foundiby

means of eq. 22. '

Using an _exactly similar procedure to the o e-in the
prece&ing section, it can béﬁghown that for current

orientation of the ellipsoid

2
a = arcsin(z—4%4%—i—g)0.5 RN ¢2: D

“
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8.2 APL computex Prograﬁmes written for -stasticial analyses’
of. the flume data . . :

The programmes appear alphabetically as follows:=-
| -ALgﬁA
“ ot BIVARIATEANALYSIS - L
 EXPONENTIALREGRESSION
FOLKMUSIC
FULLIMBRIC
FULLLOGREG
HYDRAULIC
LOGREG
MULTREG
* _ .PARABOLA ’
SCAT |
' | SEMICIRC ~ ) L
Each listing is p:é'ceded by a short explanatory note O the !

programme function.

'-
.
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Triaxial dimensions of the clasts’ used in thé'éxpér

iments

8.3

—

denotes thar

f experiments.

Axial lengths are in centimetres.
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