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PREFACE

This report is based on work performed by Dr. Kelier in con-—
junctién with a Ph.D. program. Helipful suggestions and constructive
criticism have come from Dr. D.M. Coffman, Dr. R.L. Frederking,

Dr. R.E. Aten, Mr. R.L. Powell, and Professor R.D. Miles of Purdue
University; and from Dr. Marie Morisawa, SUNY-Binghamton and Br.

James Brice, Washington University, St. Louis, Missouri. Discussion
of mathematical aspects with Mr. Johm Bobbitt was fruitful. Field
assistance was provided by Mr. R.A. McBane and My, £.0. Kukal.
Financial support was provided in part by the Water Resources Research
Center, Purdue University, OWRR Project A-(022-IND.

The report isrthe second in a numbered series of Studies in
Fluvial Geomorphology. However, two Technical Reports of the Purdue
WRRC, Technical Reports 16 and 22 are predecessors of the current
numbered series of reports. The present report was assisted greatly
by the use of results obtained in completing Technical Reports 16 and
22,

Research results presented herein, which led to a better understanding
of fundamental natural fluvial processes, were necessarily achieved
prior to investigating the ways in which human activity disturbs
natural processes and leads to dislocations of the fluvial regime, These
latter problems are described in another report now in process of com-

pletion and publication as Technical Report 52.
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ABSTRACT

This report attempts to define quantitatively and qualitatively,
for ailluvial channels, selected aspects of form and fluvial processes
which contribute to the development of fluvial systems.

A fluvial sysfem includes three parts: 1) the drainage
network, 2) the geology (alluvium and/or rock), and 3) the hydrology
(liquid). As a drainage basin evolves or changes, all three parts
mutually adiust and each exerts a partial control on the other.

The reiationship between the number of links and segments of
natural drailnage networks is restricted to a narrow envelope.
Theoretically, within this envelope a family of curves with the
general form y - 2x - (2n - 13} is defined, wherein y is the number of
links, x is the number of segments, and n is the Strahier stream order
defined for n = 2,3,4,5. Comparison with more than 100 natural
drainage networks indicates that these curves delineate threshold and
boundary conditions, and may be used to predict stream order.

As drainage‘networks develop from simple to complex, the range
of bifurcation ratios fluctuates until a nearly constant value is

reached. However, for any network of given order, bifurcation ratio




increases to an improbable value, whereupon continued development
increases the neiwork’s order and decreases its bifurcation ratio.
The processes of convergent and divergent flow, which create
the tendency for pools and riffles to form, are present in nearly
all alluvial channels, The sams mechanism may produce meandering
chammels. Hypothetically, there appears to be a balance of the time
rate of enefgy sxpenditure through the pool-riffle sequence, which
allows channel length to increase until & minlmum value of energy

expenditure 1s reached.

Pools, riffles, and point bars are common bed forms in straight
and meandering channels, Inflections in meandering channels corr@sﬁond
to riffles in straight channels, Both forms are shoals that are
symmetrical across the channel for a short distance., Pool-riffle
spacing appears to be independent of channel pattern, and as straight
reaches merge with meandering reaches no change occurs in the spacing,
form, or symmetyry of the pools snd riffles, Meandering processes,
which increase channel length, may result in the addition of new pools
t0 keep peol-riffle spacing consiant. A five-stage model Is proposed
{0 explain the development of alluvial channels., The model is based
upon channel morphology, channel morphometry, and gualitative
conclusions based on numerous f{ield ocbservations.

The purpose of classif&iﬂg bed forms ls to arrange the forms in
a way tenable wiih known ldeas, concepis, and processes which define
and control alluvial stream channels. bSuch & classification must
be "born from the river", fér it is matural fluvial processes which

produce the forms.

bl




A generic classification is suggested, which permits hierarchical
ranking of common bed forms in straight, sinuous, and meandering
aliuvial channels. Two major subdivisionss channel-forming and
channel-altering bed forms are proposed. First- and sacond-order,
channel-forming bed forms comtrol the formatlon of the channel patiern,
whereas third~ and fourth-order channel-altering bed forms do not
control channel pattern and are usually superposed on channel-forming
ved forms, The proposed classification 1s tentative. However, the

basic componenis and their relationship to each other appear valid,

xii




CHAPTER 1

INTRODUCTION

Ceneral Statement

Man's adaption to the environment is intimately asscclated with
the waters of oceans, lakes and rivers. Early man, like most other
mammals, needed water daily, and it Is not surprising that he lived,
hunted, and died nesr the lakes and rivers on which he depended for
his existence. In recorded history, man has used viver systems as
avenues for traneportation, communicatlon, food supply, dispesal of
waste, snd source of power. Man hae bullt massive dasms to dissipate the
dissatrovs effects of floods and drought, and even though we can
sometines contiol a river we st¢ill know little about the processes
vhich form snd maintain viver systems. Only in r@l&tively recent
times have we re&liﬁed that rivers ave natural resources thal must
be conserved and properly mavnaged 1f man ie to continue a meaningful
exigstence. Therefore, it is extvemely ilmportant to gain a thorough
understanding of the geolegic, hydrologic, and topologic processes
which control the development of f{luvial systems.

Research in fluvial systems has commonly taken two differemt
approaches (Leliavsky, 1966, p. 1-2): 1) the "frontal attack”,
which attempte to discover the forxces and other mechanical factors

that control channel shape, slope, sediment transport, and other




characteristics of a fluvial system, and 2) the empirical solution,
which involves experiment and observation without specific theory.
Although the first approach may eventually supply the critical
answers, it is the sgsecond which has so far proved most valuable.

The evidence we need to understand the evolutrion of a fluvial
system can be found in the field. Theoretical considerations should
now awalt field verdification, and the emphasis of fluvial research
must migrate from the office and flume to natural streams, An
understanding of what streams are really doing will only be realized
after thorough field observations and experiments, utilizing both

qualitative and quantitative methods.

Purpose and Scope

The purpose of this report is to further an understanding
of the processes which control the development of a fluvial system.
New theoretical models are introduced only where there is a lack of
acceptablé theory in the literature. Emphasis is placed on empirical
results obtained from qualitative and quantitative analysis of field
observations and measurements.

The scope of this study is to: 1) Discuss the concept of a
fluvial system, 2} Introduce a new topological relation to
facilirare understanding of the development of drainage networks,

3) iIntroduce a new model to explain the development of alluvial
stream channels, 4) Discuss the origin and significance of pools
and riffles, and 5) Introduce a tentative generic classification of

bed forms for alluvial stream channels.




Previocus Publications

Portiong of this report are refinements or extension of work
previously published. Chapter 3 expands the abstract of a paper
presented at the 1971 annual national meeting of the Geological
Society of America (Keller, Coffman, and Melhorn, 1971) and a

paper published in Water Resources Research (Coffman, Keller, and

Melhorn, 1972). Parts of Chapter 4 come from published studies
on the development of alluvial stream channels (Keller, 1972b),

and on channel morphclogy-hydrology (Kelier, 1971a, 1971b, and 1972a).




CHAPIER 2

CONCEPT OF A FLUVIAL SYSTEM

General Statement

A system may be considered as any psrt of the universe that is
isolated in thought or in fact for the purpose of studying or
observing changes that take place under various imposed conditions
(Bhlers, 1968). Thus a system may be a planet, a cooling pluton,

a landscape, or a drainage basin. I define a fluvial system to
include three parts: 1) the drainsge network, 2) the geology
{alluvium and/or rock), and 3) the hydrology (liquid). 4s a
drainage basin evolves or changss, all three parts mutually adjust
and sach exerts a partial control on the others. John Playfair
(1802) may have been the first to recognize that streams in a
filuvial system are.delicately adjusted to sach other in a non-random

way. In Illustrations of the Huittonlan Theory. Playfelr stateds

"ses Bvery river appears to consist of a main trunk, fed
from & variety of branches, each running in a valley
proportioned to its size, and all of them together
forming & system of valleys, communicating with one
ancther, and having such a nice adjustment of their
declivitles, that none of them joins the principal
valliey, sither on too high or too low a ievel; a
clrcumstance which would be infinitely improbable, if
aach of these valleys were not the work of the stream that
flows in it." (Playfair, 1802, p. 102)




The communication betwsen the various perts dn a fluvial system
includes a wmultitude of interactions which tend to meintain the
deiicate balspce or eguilibriue in the system. The eguilibriuvm that
develops in most stresms is the quasi-equilibrium described by
Leopold and Maddeck (19533, p. 41), or dynanic equilibyium discussed

by Hack {1960, p. 83}.

General Systems Theory

Two major types of systems recognized by Von Bertalanffy (1950)
are 1) the closed system with clearly defined boundaries across
which energy but not waterial may pass, and 2} the open eystem ,
in which thers ave mo boundavies foy either energy or material. The
simplest way to look st & fluvial system 1s to congider it as a
clogsed sveten in which potential energy is emplaced at 2 certain
elevation, and ae the water woves down slope in the drainage network
the potentisl energy iz converted inte kinetic energy which is lest
by turbulence amd friction. This ideslized pictures is over-simplified
ae very few fluvial systems, with the exception of flash floods in
cloged basinsg of semi-srid regloms, can be considered a closed
syatem. In mest satural fluvial systems ensrgy and waterisl are
congtantly being added to or subtrected from the system, snd thus
mugt be considered cpen systems. The advantagees and importance
of viewing streams a8 open systems has been discussed by Strahler
{1952a) and Cheorley (1962). The wmain advantage of an open system is
that 2 steady state can be achieved;in which form remains constant
but energy and m@&@fi&l gtill move through the svetem. Thus, a

tine~indepandent steady state in 4 sivresm veach may develop quickly,




and the forms produced will vemsin unchanged as long as the amount of
energy asnd material through the reach remains comstant. However,

the forms must change if the energy or material levels change.

A graded stresm, as defined by Mackin (1948) , is aun exawmple of an

open system which has veached a steady state., If discharge or
bed-load is increassed or decreased, the stresm will change its slope to
adjust te 2 new steady state. Thus, the open system is a self-

regulating mechanism (Strahler, 1952a,p. 9335).

Concept of Entzxopy in Fluvial Svstems

Leopold and Leugbein (1962) suggested that the distribution of
energy in a fluvial system tends toward the most probable state
and, furthermore, that & fluvial system in dynamic equilibrivm can
be compared to a classical closed system in thermodynamica. The
snalogy comes from the second law of thermedynamics, which states
that there iz an incresse in entropy in every natural process provided
the entire system taking part is the process s consideved. However,
there are significant differences between & closed thermodynamic
systen in which heat energy is rveferenced to absolute temperature
as & base, and an open fluvial system. Justification by Leopold
{1962, p. 533) for us fng the concept of entropy iw Fluvial systems
was: 1) Fluvisl systems have s base detum with regard to distribution
of energy &s do thermodynamic systewms. This base datum is base
level, which in most cases is mean sea level: 2} Fluvial systems,
although they are not closed systems as in the classical treatment
of entropy in thermodynamics, do reach z steady atate or dynamic

eqouilibrium: and 3} It is the statistical or probabllity concept of




entropy which seems to have application to fluvial systems,

Leopold and Langbein (1962) defined entropy as a measure of the
enargy which is not avalilabls to do external work and, therefore,

aﬁ increase in entropy is & measure of the decrease in avallability
of energy., The importani point is that the entropy of & systiem ls a
funetion of the distribution of energy rather than the total energy.
The conclusion drawn from the application of ithe entropy concept

to fiuvial systems is that the most probable distribution of energy
is one in whlch energy ls as unifermly disiributed as geologle
constraints allow, and the downstream rate of production of entropy
‘is constant. The concept of entropy in fluvial systems appears

to be one of the major hreakihroughs in understanding energy
relationships in streams, and has recently been used by Yang

(1971a) to explain why some streams must meander.




CHAPTER 3

DEVELOPMERT OF DRAINAGE NETWORKS

General Statement

Topology, &3 defined for gesomorphic channel network analysis,
is concerned with the way in which various channels are connected
to produce a branching network. In a classic paper on the erosional
development of streams, Robert E. Horton (1945) presented quantitative
maasures to define the topological characieristics of stream channel
networks. The Law of Stream Numbers which he imtroduced to relate
the.numb@r of stream segments of wvarlous orders to stream order
itself has since been exhaﬁstively studied, snd shown to be valid
even when Strahler‘s modification of Horton’s order is used (Strahler,
1957). However, as demonstrated by Shreve (1966}, the variance of
strean numbsrs from this gsometric series law Is inherently
regtricted by the definition of {he Horton-Strahler system of ordering.
The most prob&bia nstworks, as yredlcted by Shreve, show a systematic
deviation from Horion®s law of stream numbers such that the bifurcation
ratios decresase &s ordsr increases for s givan set of stream numbers.
The topologlical development of dralvege na%works has bheen the
objective of a numﬁar of other studies. Schumm (1954) investigated

the evelution of drainage systems on badland topography. Morisawa




(1964) studled the growth of a drainage network on a newly exposed
lake bed, and found that drainage networks tend to obtain a steady
state relatively quickly and that subseguent changes in topologic
properties are comstrained. Hodel studies by Parker and Schumm {1971)
suggest that fluetuations in bifurcation ratios occcur as drainage
networks evolve until a stable intermediate value is reached,
Therafore, it is likely that as ehénnel networks develop, a series of
changes occur when threshold values of topologic psrameters are

repeatedly exceedsd,

The authors suggest that a relationship between the numbsr of
links and segments in 2 stream channel network is valuable in
explaining changes In both Strahler stream order and bifurcation ratio
as a sireas neiwork evolves, Theoretically, this relationship
delineates & famlly of curves which represent thrashold boundaries

for stream order.

Basic Concents

Quantitative analysls of drainage neitworks is expected to become
& valuable tool to both geomorphologists and hydrologists, 'Although
gecomorphologists are primarily interested in the psttern and form of
.ths channels, whersas hydrolngists.are concerned with the liquld phase,
both groups use as the basic unit for study the set of all channels
above a glven point in a network. A diagram comnsisting of the channels,
tderlized as single lines, is called a drainage network, also called
channel network, network or net (Smart, 1971a, p. 1).

Topologic elements useful in describing a drainage network are:

1) nodesy 2} links; 3) segments; and 4) outlet (Fiz. 1). Nodes




Figure 1.

Explanation

O Node
¥ Outlet

Idealized diagram of a drainage network.
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denote sources and junctions., It is assumed that multiple juncticns
do not occur in nature, and apparent exceptions are resolved by more
detalled mapping. A link is the stream channel between any two
consecutive nodes in the channel network, and a2 set of uniquely
defined, comsecutive links of equal order is designated a segment,
‘The outlet is the farthest point downsiream in the network.

The most common classification of drainage networks is the Horton~
Strahler method {Strahler, 1957). Thé ordering procedure (Fig, 2)
is: 1) channels that origimate at a source are designated first-order
streams, 2) when two streams of order "n" join, a stream of order n + 1
ig obtaimed; 3) if streams of different order join the segment downstream
from the junction, it is then given the higher order of the two; and
4) the order of the entire drainage net is the highest order of any
segment in the network.

For small networks, a classification by magnitude (Shreve, 1967, p.
179) may be more valuable than by order. This results because two
drainage networks, each with 25 sources, are probably more similar
hydrologically than twe fourth-order networks, one with 25 sources
and the other with 30 (Smart, 1969). The magnitude of any link im a
drainage network (Fig. 3), wherein every source stream is assigned
magnltude 1, ig equal to the number of sgources upstream from
that ldink. Therefore, the magnitude of a network is equal to
the number of scurces above the outler. Magnitude is related
to the number of links in a network by the relationship n = 2m-l,

where n is the nusber of links and m the magnitude,




1z

Expmn@iim’a

3 Horton-—-Strahlier
ordar

Figure 2. Idealized diagram showing the
Borton-Strahler ordering system.




Explanation

7 Magnitude of
the droinage
natwork

Fig'ure 3. Idealized diagram showing the
Shreve msgnitude concept,
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Date Accursey and Collection

Considerable effort has been devoted to d@texmﬁging the accuracy
and wvalidity of drainage mape used for stream network analysis.
Studies by Movisswa (1959) end Coates (1953§ suggest that networks
obtained from blue lines of U.5.6.S. vopographic maps with ascales
of 1:62,500 or 1:24,000 sre generally wnpeliable. Strahler's
(1952b) "Method of V's' decresses the number of otherwise overlooked
segments obtained from such maps, but introduces uncertalaty about the
actusl order of the smallest sepments. Figures 4 and 5 (Coffmsn and
others, 1971) show stream oxrders interpreted from 1:24,000 topographic
maps using “"blue line petworks" anmd “Method of V's" ss compared to true
gtreanm orders obtainsd from field—checked serlal photographs.

Alrhough the asceuracy of drainage meps varies with the total relilef

of each ¥ 1/2° quadraugle, it im concluded thet topographic maps do
not generally show chasmel networks which are propertional to the real
network. The ilmportance of using accurate chanmel networks when
studying topological pevsmeters is thus ewphasized, becsuse 1f stresm
gegments are randomly deleted frow 2 nop~random netwoerk, then éﬂ
apparent randow network may be obtained (Swart, 1971b). It is not
the intent of this gapﬁr to dwell on the randew, nonmfand@m dichotomy,
but cautien must be sxercised to imsure that randommess of network
paremeters such as numbers and lengths of linka is not the result of

data collection procedures,

Theoretical Considerations

For networks with only binary junctions, the posszible combinations

of links and segments ave restricted by two boundaries &g shown in
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Figure 4, Interpreted stveam orders for "blue-line
natworks", compared to true Stream orders
(after Coffman and others, 1971),
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Interpreted stream ovders after applying
"Method of V's", compared to true stream orders
(efcer Coffman and others, 1971).
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Figure ©. Thé lower boundary, v = %, where y is the number ef Llinks and
% iz the musber of segments, minimizes the number of links for s
given nuwber of segments. This boundary definesz a perfect binary
network im which only segments of equal ordey combine, [t ig character-
iszic of this line that the bilfurcatiom ratio is a constant twe and
that stream order incresses with the number of segmeats.

The upper boundary y = &x - 3 maximizes the pumber of limks
for & given nusber of segments. This boundary is obtained by holding
the stresm order constant at two and continually adding first ovder
tributaries, thus incressing bifurcation ratio along the line, All
possible cowbinations of links and segments which can cowpose &
channel network wuat piot oa or in the envelope defined by these
Eoundary l{nes., Therefore, this envelope is a visual 1livgtration
of restrictions to the iink-segment relationship as produced by the
Horton-§trahler ordering procedure.

Topologically, there is no general threshold condition,
dependent only on the number of links and segments, at which the
Serrahler stream ovder of s network must imcrease. For most
combinations of links and segments, numerous networks may be darived
which have different Strahler stresm orders. Exceptions to this
stutement occur on the lower boundary of the link-segment envelope.
Along this line (v = x, Fig. 7), for bisary networks, order must
change predictably with the number of links and segments. For
example, the %,y coordinates 3,3 have an order twe, 7,7 an ovder

three, and 15,15 an ovder four.
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The upper boundary line represents a threshold condition for
combinations of links and segments which will produce a network with
an order of two. It is assumed that threshold lines for other
Strahler orders can be generated by adding only first-order segments to
the perfect binary networks on the lower boundary line. The general
equation for these lines is y = 2 x - (2" ~ 1), where y is the number
of links, x is the number of segments, and n 1s the Horton-Sirahler
order, This family of curves (Fig. 7) reprasents theoratical
threshold boundaries beiween different Strahler orders. The fields
between these thresholds represent areas where networks of a glven
order should plot. Networks not plotiting in their proper order field
may be unstable, and subsequent growth will tend to move such
networks into more probabls order fields,

& second family of curves representing comstant bifurcation
ratlos can also be plotted within the link-segnent envelope
(Fig. B). These lines were obtained by bullding networks with given
bifurcation ratios between all orders and plotting the numbers of

links and segmentsa

Comparison of Theoretical and Natural Channel Networks

To test theoretical conclusions derived from the inter-
relationshlp between numbers of links and segments in channel
networks, 196 natural channel networks were selected from detailed
surface drainage maps for analysis (?iga 9}. These maps were prepared
by the staff of the Airphoto Interpretation Laeboratory of the Joint Highway

Reseaxrch Project at Purdue University and are of the highest quality
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and accuracy. All sampled channel networks ars located in Indiana,
north of the Wisconsinan glacial tewminus. The surface material type
is predominantly glacial t111 characterized by erosional development
in a derdritic drainage patitern. The neiworks were not selected
randomly. Adequate sampling required at least tWwenty networks

of each 3trahler orxder, 2 through e and this necessitated stream
ordering prior to finel selection. Although the data appears log-
normal (Flg. 10), I have not been able to demonstrate this
statistically. This possibly results from the non-random data
collectlon method, Cognisant of this limlzation, a2 logarithmic
transformation is used in the regression model,

‘ 4 ploi of numbers of links {(y) versus numbers of segments €3,
s, in general, s Forced relationship (Fig. 11)» As the number of
segments increases, the nuwber of links must also increase, This
accounts for high correlation beiween the variables.

A plot of data showlng Strahler order (Fig. 12) suggests that the
theoretical boundaries derived for order {(Pige 7) are accurate for
the lower orders (2,3,4, & 5).» 411 second-order networks and nearly
all third- and fourth-order networks fall within thelyr respective
fields, Furthermorve, all fifth-order networks are beyond the threshold
boundary betwaen fourthe and fifth-~order networks, However, for
nigher orders the genersl equation defining threshold lines does not
held, Hypothetically, this suggests that for an orvder greater than
four, the threshold conditions which control change in order are

different than for lower orders. This may result from the imability
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of the equation, sitated only in terms of numbers or segments, 1o
reflect the initial premise that only first-order tributaries are
being added, However, it may also resuli from the fact ithat the
threshold lines are minimum, not maximum parsmeters. In other words,
no network of order n can plot to the left of the threshold line
yu2x-{2"« 1) but, topologically, networks of ordern can lie to

L o l)e

the right of the boundary line v = 2 x - {2
Probability data from Shreve {1966), plotted in terms of links

and segments (Fig. 13), show that the most probable channel network with

53 links, is fourth~order, This network plots in the fourth-order

field of figure 13, almost dirsctly on the regression line, Other

channel networks of known order, taken from Shreve's work, generally

plot within the expected flelds. This suggests thal order can be

predicted from the number of links and segments. Furthermore,

for a glven mamber of links with variable number of segments, or a

given number of segments with variable mumber of links, the mosi

probable channel networks will piect elose to the regression line of

figure 1le

Discussion
Parker énd Schumm (1971) have demonstrated that, during the
avolution of & draimagé network, the blfurcation ratio fliuctuatss
until a stable value is reached. Figure 14 shows the bifurcation ratio
for & network increasing until an improbably high value is resached, at

which time tributaries are added in such & nmanner that order is
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incresased and the bifurcation ratioc redutad , Hypothetically, the
range of bifurcation ratio fluctuations decreases to a constant

valua in the form of an absoluts convergent series, Although the 106
basins used in this paper may not sccount for maximum variahility of
bifurcation ratios with order, the data in figure 12 suggest that
the trend is probably correct.

The fluetuations in bifurcation ratios during an idealimed
evolution of & stream net may be understood by examination of flpure 15,
A awall stream begins to grow through the addition of first-order
linkas, The second-order segment contlinues to develop until its
bifurcation f&tia becomes improbably large, A segment is then added
in such a menner that %he stream oxdaris increaseﬁ to three, resulting
in 8 decrease of the bifurcation ratio batwesn first- and geeendmorder‘
segmenis {ﬁlfNZ e RBE)@ First-order segments are agaln added until
the bifurcation ratle becomes improtable. Addition of the next
%riﬁut&ry reduces RBZ to 4.3, and addition of a second tributary
increases the order of the network to four, meamwhile decreasing RB2
to 3.5: This process continues, with the bifurcation ratios between
each consecutive set of orders (Rﬁzg RBBQ Rﬁhg atc, ) approaching
four in a siaggered manner, This nodel of growih patterns appesars
simllar 1o the one proposed by Schumm (1954, Fig, 24) from his
study of the Perth Amboy bedlands, Figure 16 shows the path of
the idealized growing neiwork plotted on the Ilink-segment envelope,

A major consiraini controlling stream development is that order
cannot incresse until & threshold number of links and segments is
realized, It is emphasized that this is an ideallzed growith model

(Figz. 15 and 16) and may not completsly deplot natural network
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evolution, which may be considerably more complex! However, the
basic idea of fluctuating bifurcation ratics appears essentially
correct.

The relation between links and segments (Fig. 13) is valuable
as an indicator of network development in plan view (Fig. 15 and
Fig. 16). However, the concepts of energy distribution discussed
in CHAPTER 2 include the vertical dimension. Therefore, theoretical
consideration must be given to combining the entire dimension of &
drainage basin. Yang's (1971lc) work appears best suited to
accomplish this. His law of average stream fall, derived from the
concept of entropy, states that given dynamic equilibrium conditions
in the system, the ratio of average fall between any two different
Strahler~order streams in the same network (drainage basin) is
equal to one. Thefefore, by combining Yang's work with this report,
it can be stated that as a drainage network evolves from simple to
complex, order will increase after bifurcation ratios become

improbably large and a critical decrease in elevation has occurred.
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CHAPTER 4

ALLUVIAL STREAM CHANHELS

Genersl Statement

Alluvial styream chamels are defined, for all conditions below
rankfull discharge, &s natural channels with predominantly
anconsclidated bed and bank matsrial. Furthermore, alluvisl channels
seldom scour to bed rock and are formed and maintained by bankfull
flows with a recurrence interval (defined as the average number of
years within which a glven flow will be egualed or axceeded) of one to
two years (Dury, 1969}. Lokhiine (1909) conciuded that there are two
fundamental classes of channelss stable and unstable. Stable channels
are characterized Wy a succession of shallows and pools, and although
the bed waterial ls continuously moving through the channel, the
location of the shallows and pools remains fixed. This may be
consldered a particle by particle replacenment process in which the form
remains unalitersd. Unstable channels are characterized by little
tendency toward siabllity or fixation of bars, pools, or shallows.

In these channels, forms produced by one flow are usually swept
away by the next. Quantitative determination of the degres to which
a channel is éﬁable or unstable was attempted by Lokhtine (1909).
His “coafficient of fixation", defined as the ratic of average

particle dismeter to water-surface slope, supposedly reflected the




degres of chanpel fixatlon, High values suggesied stable channels,
wharsas low values reflested unsiable channels. Therefore, channels
with steep slopes or fine-gralned bed material would tend to be
unstable, and & fixed sequence of shallows and pools would not develop.
This conclusion generally agrees with numercus field observativns by
the writer.

The necessity of studyling natural alluvial channels, rather than
fiume or model studies, cannot be emphasized too sirongly. Thomas
Maddock Jr., cne of the leading researchers in fluvial hydrology
statess

"Of all the elements that made up a plan of waler resources

development, those concerning the movement of water in alluvial

channels are the least undswysitood. This is because the bed where
most of the siream energy ils dissipated, consiantly changes

form, Thus the flow in these channels is locally unsteady and

non-uniform, and the departuves from a steady or uniform state nay

vary widely.” (Maddock, 1969, p. 2)

Maddock further stated {p. 49}

UMuah of whet has heen considered o he functional relatlions among

the hydrauiic varisbles of flow in alluvizl chennels 1s slmply

the operation of different constraints. Too often the constraints

have been flume size, discharge and method of operation. The

result is that any supposedly funciional relation involving slops
is suspect, and this lncludes both velocity and sedimeni load,
unless the applicable constrainis are known, Much aboui the
variationg of flow in alluvial chansnsels is unstudied and unknown.

In fact, it is probably & good guess ithat a great deal of variation

is wholly uncbserved, ---

The significant Pactor is that flumes are not natural channels, and the
variabllity of natural alluvial channels cannot be studled in flumes.

Alluvial chamnnels are the product of processes produced by
interaction betwesn flowlng water and moving sediment, and it iz
assumed that chavacteristic channel forms reflect the processes that

produced them. This assumption is consistent with Thornbury's

fourth fundamental concept:
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"Geomorphic processes leave their distinct imprint upon land

forms, and each geomorphic process develops its own character-

istic assemblage of land forms." (Thornbury, 1969, p. 20)
Therefore, it is the authors® suggestion that an understanding of
the morphology, morphometry, and spatial relations of characteristic

forms in alluvial channels will facilitate deductiors about the nature

of the processes which produce the forms.

Source Areas

Four alluvial streams chosen for detailed observation and mapping
were: Dry Creek near Winters, California {(Keller, 1969); Durkee Run,
Lafayette, Indiana: Wea Creek, near Lafayette, Indiana; and South Fork
Wildcat Creek, near Dayton, Indiana.

Dry Creek near Winters, California is an entrenched, meandering
stream. Stream flow is intermittent, with an average of 29 days of
flow a vear and mean/annual f£locd of 785 cfs (Keller, 1969, p. 24-27).
The 1.30 mile studied reach is located upstream from the state
highway 128 bridge, at the SW cormer, Sect, 21, T8N, RIW (Fig. 17).
The intermittent flow and classical peool-riffle sequenée in Dry Creek
.combine to make this stream an excellent field laboratory.

Durkee Run, Lafayette, Indiana is a small, ungaged.intermittent

stream with fairly well developed pool-riffle sequences. The .38

mile studied reach is located upstream from where the stream crosses 9th

street in Lafavette, E 1/2, Sect. 33, T23N, R4W (Fig. 18). The
channel bed and bank material is primarily alluvium with miner flood

plain development.
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Hes Craek, near Lafevette, Indiane Is an ungaged perennial stream
with well developed pool-riffle sequences. The 1.05 mile study
reach ig located upstream and downstresm from a state highway Z5 bridge,
in the SW 1/4, Sect, 1, T22N, R5W (Fig. 19}, The channel bed and
bank material is primarily alluvium, with a fairly well developed
flood plain,.

South Fork ¥Wildeat Creek, nsar Dayton, Indians is a perennial
stream with fairly well developed pocl-riffle sequences. The 2.80 mile
studied reach is lécated downstream from thebridge over staie highway 138,
SE corner, Sect. 4, T22N, R3W (Fig. 20). The channel bed and bank
material is alluvium with & well develoyped flood plain, Average discharge
over a 26 year period is 227 cfs {Water Resources bata for Indlana,

1969, p. 66},

Channel Patiern

Channel pattern refers to the configuraticon of a'river as it
appears in plan view or orthogonal view. The three common channel
patterns are siralght, meandexring, and bralded, and all alluvial
streans will have one or more of these patterns {Leopeld and Wolman,
1957} This concept is significant, because as sinuosity increases
channel slope decreases, and this is one of the two ways the
potential energy per unit mass of water may be minimized (Yang, 1971a).

Straight channels are those stream reaches with simuosity, defined
as ratic of channel length to valley length, of nearly one. Although
straight channels longer than ten times the channel width are rare

in nature, they are significant in the development of alluvial
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channels, Stralght reaches are primarily produced in two ways:

1} meander cutoffsy and 2) lateval migration of adjacent meander bends,
Furthermore, although a stralght channel has 8%%%&@%& banks, it implies
neither & unlform stream bed nor a stralzht thalweg (leopold and
Wolman, 1957, Ds 55}«

Meandering chennels are those stream rsaches wiih sinuoslty
greater than 1.5 {Leopold amd others, 1964, p. 281), Although the
most probable channel pattern for a siveam with a pool-riffle sequence
appears to be the meandering pattern (Lengbein and Leopold, 1966,

De 1), thers sre no criteria as Lo degres of symmetry necessary o
designate & channel as meandering.

Bralded channels are characterized by an abundance of lslands
which divide the channel inte a nunber of sub-channels which
successively meet and vedivide (Isopold and Wolman, 1964, s 281},
Although there is no requirsment of sipuosity for bralded channels,
they appear to be closely related to the meandering patiern {Leopold and
others, 1964, v. 292),

it seems desirable to consider adding & fourth channel pattern.
With the clsssification listed above, thers is no category for a stream
reach with s sinuosiiy greater then that for s straight stream reach but
less than the l.5 for a meandering veach. Unforiunately, s great many
natural chamnels, one-half of all channels according to Leopold and
others (1964, p. 296), have & sinucsliy toe great to be considerved
straight and too little to be called meandering, These authors suggested
(ps 281) that rivers with sinuosily less than 1.5 be considered either

straight or sinuous. However, they did not propose criteris to
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distinguish straight from sinucus channels. Therefore, for the present
discussion, stréight channels will be considered as those relatively

short stream reaches with sinuosity arbitrafily defined as less than 1.1,
whereas longer reaches with higher sinuosity (1.1 to 1.3) will be
considered sinuous. With this distinction, Dry Creek, with sinucsity of
2.40, is considered meandering, whereas Durkee Run, Wea Creek, and Wildeat
Creek, with sinuosities of 1.13, 1.38, and 1.42 respectively, will

be designated sinucus. All of the sireams investigated, however,

contain ghort straight reaches, whereas none have braided reaches.

Fluvial Hydraulics

In many alluvial channels, the characteristic forms are produced
at relatively high chammel~forming flows and are only modified at
low flow. Under these conditions, conventional hydraulics apply at
low flow when the channel is essentially a rigid container for the
© liquid phase. However, at high flow when appreciable sediment is being
transported by the stream, conventional hydraulics are no longer applicable
because many of the variables are not unique (Maddock, 1969, p. 67).
Leliavsky (1966, p. 98) also distinguishes fluvial hydraulics from
hydraulics iﬁ general as a necessity to understanding natural streams.,
Three important principles of fluvial hydraulics emphasized by
Leliavsky are: ll) In no part of alluvial channels are contiguous stream
iines parallel to one anocther or to the bank of the river, 2} The
greater the curvature of the horizontal projecticns of the stream
trajectories, the deeper the channel scours below them, and 3) Perhaps

the most significant principle in fluvial hydraulics,




valldity of de Lellavsky®s (1804) convergence-divergence criterion,
Leliavsky (1966, p. 162} summarized de Lellavsky®s contributiong
"eos It was an inference, i.e., & general law, drawn from a very
large pumber of individuzl facts, that is ohservations, derived
from vature and from engineering vrectics, This aspect of
de leliavsky®s criterion is best described by the ferm "ex
Flumine nato®, l.e., born frem the rviver, for it wes the natural
structure of the erodibls river channel snd the distribution of
the velocitles thersin, which sugeesied its basic idesny namely,
that erosion was always correlated with, and due to, copvergent
flow, while on shoals the flow wes always diversent,.®
Typical river sections explaining Lelimvsky®s crliterion are shown in
Flgure 21 In general, converging directions of flow are typleal of
poole, whereas diverging flow jproduces shallows {Van Ormam, 1914,
Pe 36k
The veriiication of de lsllavsky's oriterion has been emphasized
by its application to design of viver-iraiming works (Lellavaky, 1966).,
However, its full potential for use has not been realized in studying
alluvial stremms. This results from the faet that at low flow, when
most rivers are studied, convergent flow may not be scouring and
divergent flow may not bs causing deposition. During this siage
the normal bydraulics is applleable, However, at high flow, with
moving sediment, fluviel hydveulics appliss and convergence of flow in
pools is probably responegible for the oheszved scowr, Therefore,

the constraints at low flow may awllify de iwliaveky's criterion, Iut

is probably valid at high flow when thease constraints no l@ngef BDDIY .

Biver Meanders

Meandering rivers have long interested geclogists, hydrologists,

and engineers and many theorles have been introduced 4o explalin why
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2 river should meander, Whersasz the Coriolis gffect, random local
ohstructlions, and bank erosion have been shown insdequate Lo explain
meandering {Yang, 1971s), incresszed knowledge of energy relationships
promises to facilitate an understanding of why & river meanders.,
Leopold and lLangbein (1966) concluded that streams meander because it is
this form in which the river doss the lesmst work, They further stated
that, because the alternation of straight shaliow reaches (riffiles) with
curved deep reaches {poola) most clegely results in uniform energy
expenditure, meandering is the most probable form a fivar can take. This
was consistent with their sarlier (1962) concept of entropy. Yang
(1971a) oriticized Leopold and Lengbein because they attempted to
minimize the toitsl energy expenditure, which secording to Yang is
impossinle, E@W@veﬁs Tang utiliged the comcept of entropy in fluvial
sysiems, introduced by Leopold and Lengbein {3@&2}@ to derive his law
of least time rate of ensrgy sxpenditure which states:

P during the evolutlon @ﬁ%&r@rit& equliltriue condition, a

natural stream chooges iis course of flow in such 2 manner

that the time rate of potential energy sxpendliture per unit

mass of water along ‘is course is & mindmum.” (Yang, 1971a,

Po 235},

The mathsmaticsl expression of this law is

A ,
Z% w %% = %@(Qgﬁugﬁagﬂega) w g mindmumn

where AHfﬂt ia the time rate of potential energy expenditure per unit
masgs of water in a strean reach with fall Yy M ois the average time
required for a unit mase of water te travel through the veach, k is a

conversion factor betwesn energy and fall, and ¢ is a function of
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the external constraints applied to the strean inﬁlu&ing digeharges
Qs valley siope Su, sediment concentrailen Cs, gecloglcal constraints
G, etc. The minimum valiue therefore depends on the naturs and extent
of the extermal constraints applied tc the stresm.

The law of least time rate of energy srpenditure s probably the
best approximation of why streams meander, assuming a semleireculay
- chamnel cross-section. Yang (197la, p. 238) demonstrated mathematically
that in order to mimimize SH/LE & strean must decrease iis channel slope.
Bxcluding downcutting, this ls accomplished by meandering. He also
showed that an incresse in channel widih helps minimize M,
Therefore, the overall time rate of potential ensrgy expendituwre
per unlt mass of water should decreasze in the downstress direction,
causing eh@mnel width to incresse and dwnnel slope to decrease (Yang,
1971a, pe 250). As the law is derived for a unlt mass of water, it is
appiicable to both large and smell streams and alluvial or ice
channels,

Leopold and Wolman (1960)were probably the first to recognize
that for natural river mesndsr bends the curvature ratio, or ratio of
radius of curvature to chawnel width, tends to be relatively stable
between Z and 3, DBagnold (1960), attempiing to explain this observation
concludad that the resistance %o flow im 2 sharnnsl with uniferm cross—
section falls to a well defined minlmum when the curvature ratio is
between 2 and 4, However, he d4id nob attemyt to show the sams
mintmum vesistence for channels whose cross-ssction wes not uniform, and
he was not able to suggest why nalurel chanmels should mininize the

resistance to flow in curves, Assuming that maturel chennels do minimize the
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repigtance to flow in chasnels with 2 curvature ratic batween 2 and 3,
the @ﬁ@l@ﬂ&éi@m g8 to "why" ie possibly suggested by the law of

lesst time rate of emergy expenditure. The minimm flow resistance
might suggest & minimum energy expenditure. However, this does neot imply
that the totsl enerpy expenditure has been winiwised, and only
explaing why the curvature ratie ls between 2 snd 3. If streams must
peander to minimize AM/AE, then we might expect that mest bends would
have the form and configurstion to allow both seesdeving processes

to continue snd to minimize enevrgy Loss.

The writers accept Yang's law, with its admittedly shaky assumptions,
a8 esmentially correct in emplaining vhy some siresms may meander.
However, it dees not zxplain twe importent espects of mesadering
tn giluviel chapmelz: 1) The fluvial processses which produce the
incresse iu chamnel E@@g&%; gnd 23 The natwre of vossible copstrainis
imposed by the chanvel morphology. A4 natural stream may adjust its
glope, peometry and morphology to minimize AM/Av; however, the exact
nature spnd extent of these edjustmants is stlll largely unknown.
Probably chennel morphelogy is one of the most significant counstvaints.
This is inferved bocause many appsrently stable alivvial chemmels,
although they are siuuous, are not weandering. This suggests that
the constraints in the chansel winimize M/At Defors sinwoslty increases

to o5

Channel Morshology and Morshometiy

Bagle Concepts and Definitions
Excluding the fluid phase, the most obvicus forms in an alluvial

channel are bed forms. Bed form iz a gensric term defined as any
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irregularity produced on the bed of an slluvial channel by the
interaction beiween flowing water and moving sediment {Simons and
Richardson, 1966},

Bad forms useful in deseribing the stralght, sinuous, and
meandering channel patterns are ghoals snd pools. There are two
masic types of shoels; symrmetricel and asymmetrical. The most
common symmetrical shoal is the riffle. The symmeiry is defined
only near the inflectlen point betwsen pools for about one~tenth of
the total wave lengih (Leopold ard Wolman, 1960, p. 777} The writer defines
rlffies as & tep@gﬁap&ia high ares in an alluvial channel produced by the
1obete accumulation of relatively cosrse-gralned bed material, The
inflection point of the thalweg is located on the riffle approximately
half-way beiwesn sucosssive pools, The cress-profile 1s generally
symmetrical (Keller, 1971b, pe 279}, Tt seems desivable to use the
tern riffls as just defined because it is appllcable to straight,
sinuous and meandering channels, RLT{le ﬁaﬁ alan been used €O
&esigm&%@ asymmetrical shoals that slops alternately flrst toward one
bank, then the other, producing a simacus water ?&th {Leopceld and
others, 1968, p. 203}, There has been considerable confusion in
applying these two definitions and, furthermors, the latter definltion
requires & change in symmetry in the transfommation from an
asymnetrical tiffle in a strsight channel to & symmetrical riffle in
a meandering channel. .Th@ jmportance of an invarlant transformation .
from & straight $o meandering channel has beeén well presented ﬁy
Tinkler {1970). Therefors, it is proposed that asymmeiric shoals which

seen to inliiate meandering be simply referved to as asymmetric shoals,
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or skew shoals as designated by Quraishy (1944, p. 38).

A pool is a topogr&phic.low area in an alluvial channel produced
by scour, which gemerally contains relatively fine-grained bed material,
Pools are ue ually asscclated with a point bar, which is an accumulation
ef bed materiél on the concave side of the rhalweg adjacent to a
pool. The point bar and pool together produce an asymmetrical cross-
profile (Keller, 1971b, p. 279).

Pools and viffles can alsc be defined in terms of hydraulic
c%araateristicsm At low flow, pools can be recognized by relatively
deep, slow water, wheveas riffles are areas of relatively fast,
shallow water (Laapeid.and others, 1964, p., 206). Quantitative definitions
for poocle and viffles have been suggested by Dolling {(1968) and Yang
(1971b). ﬂoiliﬁg weed the velocdty to depth ratio as a criterion, whereas
Yang used ameng gEadi&ﬁtE to distinguish pools from viffles. However,
definitions based on hydrology or energy gradient are only valid at low
fiow, and should not imply that pools and riffles no longer exist when
the water slope over the forms is constant {(poels and riffles arve
drowned oui).

It is the authors’® opinion, based on flume experiments {(Friedkin,
1945) and channel morphology studles, (Keller, 1969), that the basic form
.of the pools and riffles does not change at high flow {(bankfull
stage). Thie does not guggest that extremely high flows with a return
period of tehs of veasrs will moet wash cut the forms. It is extremely
difficuit to azccurately define the discharge which actually forms
the pools and riffles. However, most authers agree that the

necessary channel-forming discharge occurs somewhere
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between the average flow and mean annual flood (Daniel, 1971).
Three rather different studies: Daniel (1971), working with
traveltime data; Dreyfuss® (1972) theoretical model for the
development of pools and riffles; and Keller's (1971a) velocity
reversal concept, all concluded that there is a critical discharge
or threshold condition which controls the development of pools and
riffles. However, the hydrology involved with this condition remains
undiscovered. We will therefore predict, based on the cited studies
and intuition, that the critical discharge, when discovered, will
be some fraction, less than half, of the mean annual flood.

The pool-riffle sequence seems tolbe intimately related to the
evolution of alluvial chamnels. Pools are often spaced at 5~7
times the channel width, which is approximately one-half the wave
length of a meander, measured along the channel. Therefore, in its
most ideal state, each meander wavelength along the channel contains
two poocl-riffie sequences, each spaced at 5-7 channel widths (Leopold
and others, 1964, p. 203). The pools are located on the bends, and
riffies at the inflection point (¥ig. 224). “This idealized meandering
pattern is seldom found in natural stream channels for moere than a
few bends. A more common occurrence is a mixed reach containing both
straight and meandering sections. The meandering reaches themselves
do not normally fit the idealized pattern, as more than one pool may be
found on a bend and poole may be found between bends (Fig. 22B).

Pool~riffle spacing investigations on Dry Creek near Winters,
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Californila suggest that spacing is constant in both straight and
reandering reaches and, therefore, peol-riffle spacing is independent of
channel pattern (Fig. 23). The straight reaches in Dry Creek ave all
apparently owing to lateral migration of meander ben&s“ Thus new pools
are added as chamnel lemgth imcreases, to keep the constant spacing
(Keller, 1969). Paradowically, the process of meandering which produces
the most probable pattafn with minimum variability of energy dissipation
(Leopold and Langbein, 1966), also produces straight reaches which must

tend to increase the variability of energy dissipation.

Origin of Asymmetrical Shoals

Asyumetric shoals.are probably the primary bed form in the evolution
of alluvlal channels, snd it is the contention of the writer that pools,
riffles, and point bars all develop from the basic asymmetric shoal.
Unfortunately, because asymmetric shcoals are often masked by other
bed forms, they are seldom sesn in their original form in natural streams
with an sbundance of coarse-grained bed and bank material. However, evidence
for the development of asypmmetric shoals in stream channels is relatively
abundant from flume studies and limilted fieid obgervation.

Quantitative, mathematical aspects of the origin of asvmmetric
shoals are not available. However, detalled description of their
development in flumes is available. Quraishy (1944) stated that, as
soon as the flume experiment started, the topmost grains began to roll
and skip over the bed in & jerky but relatively straight path parallel
to the channel sides. However, preferential scour areas soon developed

on alternating sides of the chaonel. These appeared, to Quraishy, to
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develop as a congequence of the breaking up of the stresam at these
posltions because of a deficiency in emergy and momentum. Material
appeared to be scoured from the side and deposited in the center

in a2 systematic way. As this process continued, incipient asymmetric
shoale developed only a few grains thick with a pitch of 50 to 500 times
their thickness. These contlnued to grow until they began to look

like long drawn oﬁt dunes which piltched slternately from bank to bank.
Flume studies by Simons and Richardsen (1966, p. 12) noted that the main
current meandered from side to side in the flume, and bars of small
amplitude and large area developed in an alternating pattern. It was
upon thega‘fcrma that the ripples, dunes and other bed configurations
developed. It seems likely that these alternating bars are analagous to
the asymmetric shoals described by Qursaishy,

Classical flume experiments by Friedkin (1945} also appear to
support the thesls that asymmetric shosls are the primary bed forms in
alluvial channels. Figures Q&Iand 25, from Friedkin's work, show an
early development of asymmetric shoals. The uniform and symmetric
development of the shoals and cuyrves is probably the result of
uniform material and slope. The crosgs—sections in Figure 24 show the
effect of convergence and divergence of flow on bends, producing scour
and depesition. Figure 25 summarizes results of an experiment which
started with a sinucug channel, znd therefore probably more closely
regembles natural conditions, in which a stream msy have an initially
sinucus path owing to consitrvaints caused by heterogernecus bed-and-
bank material. Again after a short time asymmetric shoals developed

in the channel, and the cross—sections indicate scour and convergent
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Figure 25. Development of asymmetric shoals in an inizizlly
sinucus chamnnel (after Friedkin, 1945).
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flow on the outside of bends and deposition and divergent flow on the
inside of bends and on crossing. However, it must be realized that
whereas these flume studies may glve an indication of fluvial processes
in natural streams, field conditions are far more complex and the
analogy may not be entirely correct,

A cutoff occurring since March, 1948 zir photo coverage in
Wildcat Creek, Indiasna, produced 1,32G feet of new channel, and provided
a rare opgortunity to study asymmetric sheals dn the field. The new
channel containg four asymmetric shoals which slope altermately from
bank to bank (Figs. 26, 27, and 28}. Small incipient pools and riffles
{(Figs. 29 and 30) have also developed, but are not of sufficient size
to mask the asymmetric shoals.

In many streams, velict partes of large asvmmetric shoals may
remain, and influence the development of inflectionrpointﬁ on riffles.
it has long been noticed that at low flow the water may flow diagonally
acrosg the channel near the inflection point {Leopold and Wolman,

i%60, p. 777y, This diagonal flow appears to be the result of
interaction bet&een two asymmetvic sheals. This may happen even if

mest of the original asvametric shoals have been replaced by pocls

and riffles, or have become polnt bars, Figure 31 shows a fleld example
in Wildcat Creek of #n incipient pool developing at the expense of

two asymretric shoals. Tt is expected, op the basls of what is known
about comvergent end divergent flew, that eventually the divergent
diagonal flow over the partly destroyed asymmetric shoal will

become a well-developed rifflis.




60

16 2an81g wo umdys $1 syood
JustdTouT Syl 30 BOTIBL0T eyl  cew wandiy Ut
yy-¥¢ Aq waoys ST UOWSI STU) 0 UOTIBIOL By

cyewin IROPTIM WY syeons olajsumadse Jo jusudoirasg

UoIsSGie  suDg

pdogs o uousesp 1Y
Buimous (DOUS Ol4BwILASY ,ﬁ

SpoUS  UBWMASD N
yosmisq AJopunog Bibuxosddy N\,

T

cgz sandig




61

Figure 27. Downstresm view from 34 in Figure 45 of two
asymmatric shoels. A large shoal is clearly
visible in the center, anothaer sloping toward :
the opposite bank is seen in the background.

Figure 28. Upstresm view from 4A in
Figure 45.showing ssymmetric
shoals,
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Figure 29. Incipient pool in Wildcat Creek. The lecatien
of this pool is in the vicinity of 4A in Figure 45.

Figure 30. Incipient riffle in Wildcet Creek;
dizvectly upstream from the
pool in Figure 29.




Figure 31.

Upstream view from 34 in Figure 45,ghowing a
large asymmetric shoal (left) being partly
deatroyed by the development of a small pool
{center}. The inflection point is at the
upstream projection of the asymmetric shoal,which
trends diagonally acrosas the channel.

63
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If Yang (1971a) 18 corvect, and siresms <o want to minimize the
time rate of potential energy expenditure per unit mass of water, then
development of asymmetylc shoals is probably the first step. Thus,
asymmefyic shoals develop, because they are the most probable bed form
that initiates processes which will facilitate slope reduction and
thereby minimize potentlal energy ewpenditure. This appears consistent
with the concept of entropy, which tends to move the energy distribution

in a system te a more probable state,

Crigin and Bignificance of Pools and Riffles

The occurrence of shallows and deeps in alluvizl channels has been
obgerved and studled for many years. The use of the terms ?ool and
riffle for deeps and shallowe has long besn used by fishermen,
and in particularly good fishing streams the pools and riffles may be
given specific names. Although some alluvial streams with fine-grained bed
material or steep sliopes do not have well developed pools and riffles
{Lokhtine, 1909), wmost alluvial streame do. This very common occurrence
of pools and viffles was substantiated by Dearinger and Woolwine's
(1971, p. 43) inventory of natural streams. WNearly all of the 58
streams they investigated contained pools and rifflies.

Any proposed orlgin for pools and riffles must explain: 1) Why
an alluvial channel deform ite bed inte regularly spaced pools
and riffles; 2} Why pool-riffle spacing is independent of channel
pattern; 3} The fluvial processes and fluvial hydrology which produces
the peols and viffles:; 4) The generally observed areal sorting of

bed material, i.e., relatively fine-grained bed material im pools and
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relatively coarse~grained bed materisl in riffies; and 5) Why, in
streams that occasionally scour to older alluvium or bed rock in
pools, there may be no bed load waterial cbserved at low flow and no
bed load transport in the pools, whereas the adjacent point bar and
riffles contain sbundant bed material.

Pools are basically areas of scour, whereas riffles are areas of
deposition and therefore, according to de Leliavsky'’s {(1894)
criterion, must be assoclated with convergence and divergence of flow.
The morphology of a typical poel in Dry Creek is shown in figure 32.
Notice the almost complete lack of coarse-gralned bed material.
Figure 33 ig an upstream view of the adfacent riffle to the pool in
figure 32. WNotlce the abundance of coarse-grained bed material.
Figures 34 and 35 show a downstream view of & well developed pool and
point bar iﬁ Wes Creek. The lighter area in the center of the pool is

scoured into an underlying basal till unit. Although the point bar

and adjacent riffle contain abundant bed load material, the center part of

the pool is completely void of bed load material. Oﬁher good exanples of
povi-riffie segquences in Wea Creek are shown in Figures 36 and 37. The
peols are recognized by the relatively dull, slow, flat water surface
whereas riffles are recognized by the broken water surface and
relatively fast water which reflects more light.

At low flow, the water surface over pools is relatively flat
compared with that of adjacent riffles. However, with increasing
discharge the water surface over the pool increases, whereas it
decreases over the adjacent riffle. At bankfull stage the difference

in water slope has disappearved, and the pool-riffile sequence is said




Figure 32.

Figure 33.

Upstream view from 2B in Figure 43 showing a
well developed poocl im Dry Creek.

Upstream view of a well developed riffle in
Dry Creek. This riffie is directly upstream
end adjacent to the pool in Figure 32,
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Figure 34. Downstream view from 3C in Figure 45 showing a well
developed riffle, pool and point bar In Wea Creek.

Figure 35. Close up view of the peol in Figure 34, The lighter
area in the central part of the pool is a well compacted
till. This pool is completely devoid of bed material.




Figure 36. Downstream view from 1C in Figure 45 gshowing a
well developed riffle (center) and pool
{background) in Weaz Creek.

¥igure 37. Dowmstresn view from 2C in Figure 435 showing
pool (foreground) riffle {(center) and pool
(background) in Wea Creek.
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Figure 38, Morphologic map of bed forms along a short reach of
Wildeat Creek. The location of this reach is shown by 1A
to 24 in Figure 45,
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to be "drowned out" (Leopold and others, 1964, p. 206). A detailed
morphologic map of bed forms along a short rveach of Wildeat Creek

(Fig. 38) shows a series of pools on a bend. The pools are poorly
deveioﬁedﬁ but can be recognized from the morphology, thalweg, and

water surface at low flow (Fig. 39). The cross-sections in figure 38
are typical for a pool and riffle, and indicate convergent flow for the
pool and divergent flow for the riffle. Detalled topographic maps for
Dry Creek {(Keller, 1969, plate 3) and Seneca Creek {Leopold and

others, p. 204~205) also suggest convergent flow for the pools and
divergent flow for the riffles. This suggests that pools are produced by
convergent flow which causes increased tractive force and scour, wheresas
riffles are produced by divergent flow and deposition. FEssentially this
1s correct, but the entire process is considerably more complex. What
must be considéred is why there is periodic scour and deposition, and
when the forms are produced.

Flume 3tudiess‘because of obvious comstraints, have not produced well
developed pools and riffles. However, the characteristic spacing of
shallows and deeps produced by asymmetric shoals has been observed
in flumes (Friedkin, 1945), and this is significent because it may reflect
the periodic séour and deposition characteristic of pools and riffles.
Figure 40 summarizes an experiment im which asymmetric shoals produced
alternating deeps and shallows. The thalweg profiles indicate that the
basic form of the channel bottom, in a vertical scale, deoes not change
with increasing discharge up teo bankfull stage, where the forms are
considered drowned-out. Furthermore, lateral changes in the main

current with increasing discharge may help explain why pools are mearly
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. DEPOSITION OF SAND WITHC

Figure 40, Flume generated seriles of asymmetyic shoals
producing deeps and shallows (after Friedkin,

1945) -




73

always located slightly downstream from the point of greatest curvature of
asymmetric shoals or point bars.

Another important characteristic of pools and riffles is their
apparent stability., Although, bed forms controlled by the flow regime
appear and disappear as flow conditions change (Simons and Richardson,
1566), pools and riffles tend to remain in essentially the same spot
during a series of fiows éKeller, 1972a). Even though small shifts must
take place as the stream wanders back and forth across the flood plain,
this apparently has nothing to do with the flow regime. This was
further substantiated by Langbein and Leopold's (1968) study. They
found that in a typical pool-riffle sequence, in which they painted
cobbles on the riffle at low flow, after a high flow the painted rocks
were gone, but the position and morphology of the riffle unchanged.

Even artificial pools and riffles, when spaced at 5-7 channel
widths apart, are relatively stable {Stwart, 1953},

The observed areal sorting of bed-load material, that is,
relatively large material in riffles and finer material in poeols, has
been a subject of vigorous debate. Any solution must explain both
areal distribution 6f bed material and the lack of any bed material
in some pools. It seems obvious that in many alluvial channels the
velocity distribution at low flow, with little or no sediment transport,
is such that bottom or bed velocity in poolis is.significantiy less than
in adjacent riffles. A% this low stage, normal hydraulice apply and
de Leliavsky's criterion may not be applicable. The riffles at tﬁis
stage act as small, dewnstream, dams to the slower, deeper water in

the pools. There may not be sufficient traction to transport the bed-lcad,
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and the cnly‘moving sediment may be relatively fine-grained material
which is winnowed off the riffles and settles in the pools. Therefore,
at low flow the steeper slope of the viffle 1z more significant in
producing tractive forece than any convergence of flow in the pools.
However, it alsc seems obvisus that pools have to scour at some flow,
and if not at low flow, then certainly at high flow. Along this line
of thinking, Carey and Keller (1952) stated, "It may develop that in
effect the bends are scoured out at high stages, and that much of the
scoured material is simply moved te the first crossing.” They also
concluded that slope (in a local sense) is a vesult rather than a cause,
and suggested that bed-load movement in bends (peols) may be completely
different from bed~lcad movemeni in crosgsings {riffles). 'Agsuming
that the characteristiec cross-sections, surveyed at low flow, depict
relict forms produced at high flow, then pools converge flow and riffles
dive?ge flow. This implies that at high flow the tractive force in
pools exceeda that in riffles. G. K. Gilbert stated in 1914 {p. 221):
"The deeps at high stage arve pools at low stage and have currents
too feeble for traction. As the reduced stream passes from pool
to pool it crosses the shoal formed at high stage with quickened
currvent. The velocities are stlll diversified, but the greater
and smaller velocities have exchanged places.”
Gllbert further concluded (p. 220} that if sediment is belng actively
transported, and thus arealily sorted, bed velocity near the cuter
bank 1s much greater than that on the inner bank, and alsoc greater than
that on any relatively straight part of the stream. This is consistent
with Leliavsky's (1966, p. 164-165) conclusion that accelerated flow
is associated with pools, and decelerated flow with riffles. Gilbert

suggestad that at low flow the velccity of the water in pools ds less than
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for adjacent riffles. However, at high flow conditions are reversed
and pools have faster moving water than adjacent riffles. This
phenomencn has been observed and measured by Keller (1971a, p. 753).
Furthermore, the senior author named this phenomenocn velocity
reversal' and used it to explain the areal sorting of bed-load material
in pools and riffles. Bed-load movement through a pool-riffle
sequence might be as follows:

"After a storm, discharge increases, but below the velocity
reversal only relatively fine material is transported. The
bottom velocity of the pool is less than that of the riffie,

soc the largest material which can be moved through the riffle
is trapped in the pool. With increasing discharge a transitional
peint is reached where the botrrom velocity of the pool equals
that of the riffle:; at this point, material that can be frans—
ported through the riffle iz also transported through the pool.
Above the reversal velocity, the bottom velocity of the pool
exceeds that of the riffle. The largest bed material moves
only at flood stage, and at this point the pools can trang-
port any bed-load particle that moves into the pocl. Therefore,
at very high flow the only stabkle sreas for large bed-load
material are on bars and riffles, where there is less tractive
force. With decrease in discharge following the peak flow, the
largest bed-load material is left on bars and riffies, Below
the reversal velocity some of the particles moving through a
riffle could not be moved through the pool, and if the velocity
should fall rapidly there could be an abrupt change from
relatively coarse to fine material in some of the pools. The
size of the largest bed material in the pools beneath the fines
is dependent on the reversal velocity. The higher the reversal
velocity, the larger is the material left in the pool with
decreasing discharge and velocity,” (Keller, 1971a, p. 754).

The result of the sorting process can be seen in Figure 41 and Figure
42. The very coarse-grained material dowmstream from the pool can only
be explained by some process which produces greater tractive force in

the pool than in the adjacent riffle. The pool is scoured to
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Figure 41. Upstream view from 1A in Figure 45 showing a poecl, riffle,
and point bar in Dry Creek. The fan-shaped deposit of
coarse~grained material was deposited at high flow. !




Explanation

C
D
O

O

Point bar — 1= -

Convergenf flow
Civergent flow
Flow direction
Coorse bed
maierial

-5 Riffle

Figure 42. Idealized illustration of the convergent and
divergent flow which deposited the coarse-grained
material at high stape In Figure 43.
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older, vartly consclidated alluvium and contains no coarse-grained
bed materizl. It is assumed that the fan-shaped deposit of coarse-
grained bed material wes deposited at high f£low when convergent f£low
in the pool diverged on the adjacent rifflie.

The concept of a veloecity veversal has been challenged by Teleki
(1972). He argues that the observed areal sorting of bed~load materisi
resulte from velocities which are greater om viffles than in pocls,

He further states that the origin of coarse-grained material on

riffles is owing to a greater bottom shear stress there. The walidity
of "drag” or intensity of the tvactive force, defiped as the product

of the water depth by the hydraulic slope and by the specific welght

of water, is still being ﬁebaﬁ&& (Leliavsky, 1966, p. 40). Purthermore,
Maddock®'s (1969) work questions the validity of a unique or determinate
velationship between velocity, depth, slope, and rate of sediment
movement. Bven asauming that the depth-slope product is a measure of
the tractive force, Teleki's explénati@n appears incorrect. Fivst,

i1t violates de Leliaveky's well-founded and tested criterion, and
second, it cannot explain why cosrse-grained sediment Is not found in
poois. Assuming that areal sorting vesults from faster veloclty on
riffies, as proposed by Teleki, them one would expect that at some
time, when coarse-grained bed material is being transported, material
moved of f & viffle would become frapped in the pool by the lesser
tractive force there. However, studies by Leopold and others

(1564, p. 208) and Keller (1971a,p. 753) suggest that this is mot

the case for alluviel channels. Both authors concluded that at sowme
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stage of flew, material must be scoured from pools that cannot be
transported through the riffle. Therefore, the principal conclusion
remains that at some stage the tractive force in pools is apparently
greater than for riffles, and this must produce the areal sorting.
Assuming that the depth~slope product is valid, it does not
appear to conflict with‘the velocity reversal concept. At high flow,
when the water-slope over the poocl-riffle sequence is constant, the
greater depthlin the pool should result in greater tractive force
there. Even the Manning equation which is used to prediét mean
velocity ié éonsistent with the velocity reversal. The equation is

R2/3 S1/2
v o= 1.4 S (Leopold and others, 1964, p- 158)

n
where v is the mean velocity, R the hydraulic radius (mean depth},
S the water surface slope, and n the Manning number, which varies from
0.01 for smooth metal surfaces to 0,06 for rough natural channels.
From this equation, if the slope is constant, then velocity varles with
depth and n. Therefore, at high flow this suggests that the pools,
with greater depth and'smaller Manning number, should have a higher mean
velocity, However, this is speculative because no mean veloecity
measurements, as were measured for bottom or bed valocity (Keller, 1971a),
have been taken over a range of flows in a pool and adjacent riffle and,
furthermore, the depth-slope product may not be valid.

If future research proves the velocity reversal invalid, then it

must be abandoned as a possible mechanism to produce the known areal

sorting of bed material. However, any hypothesis will have to explain
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the apparently higher tractive force in the pool at high flow, as well
as the lack of coarse~grained bed materizl in some pools and lack of any
bed material in other pools which occasionally scour to bed rock. The
concept of a velocity réversal is the only published explanation which
gatisfies both of these criteria.

Two other important processes in pools and viffles are dispersion
and partial interaction. In riffles, the largest bed material commonly
forms a single layer on the surface (Keller, 1971a, p. 753). Bagnold
(1968) explained the tendency for large material to be deposited on
the surface of riffles by the dispersive stress. This stress is
propqrtional to the square of the particie size and, therefore, the
relatively large particles will drift toward the rvegion of least
shear at the upper surface of the bed. Whare large particles reach the
surface of the bed, hydrvaulic action concentrates them on the riffles.
Yeng (1971b, p. 1571) has used the dispersive stress to explain how
pools and riffles form. However, even though dispersive strezs may
facilitate the formation of pools and riffles, it cannot produce them.
This results because dispersive stress cannot cause the observed
gcouy Iin pools. Because riffles are concentrated areas of cosyse-
grained bed matevial, particle interaction owing to this concentration
way be significant. Laongbeln and Leopold (1968, p. 19) used this to
explain the spacing of riffles:

... the kinematics sugpest that spacing of viffles is related in

part to the thin veneer of gravel set in motion by the flow. The

bar represents an interaction between two oppesing factors:
increasing water velocity, which tends te increase wavelength, and
decreaging amplitude, due to erosion, which lends to decrease

wavelength. Such a balance results in riffle bars which do not
appreciably move downstream."™
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Although this theory explains why pools and riffles may be'relativeiy
stable, it does not explain the origin of the forme. Furthermore,
the concentration of coarse-grained bed material appears to be totally
a function of fluvial hydraulics. |

The fluvial processes which produce a typical pool-riffle sequence
can be ideally described by a two-stage transformation. Stage bne is
characterized by transformaticon from the original condition to a series
of asymmetric shoale which alternately slope, Fflrst toward one bhank thern
toward the other., Stage 2 is characterized by transformation from the
asymmetric shoals to pools, riffles, and peoint bars., The development of
agymmettic shoale has alveady been discussed. An idealized diagram
showing processes for the second stage is shown in Figure 43. The thalweg
is the dashed line, which denotes the boundary between asymmetric shoals.
The morphology of the shoals produces an asymmetyic profile at the
widest part of ﬁhg shoal, and this tends to converge flow in a restricted
area where the water is the deepest. The water, after leaving the arxea
of convergent flow, starts across the chamnel toward the opposite bank.
Heve the crose profile is move symmetrical, and divergent flow results.
It d=s emphasized that scour takes place only over a relatively
restyicted area in the channel., Furthermore, these convergent-
divergent relsticnshipe may not hold for low flow conditions. This
results because secondary scour channels may develop on riffles at
high flow, even though the flow 1s primarily divergent. These are not
significant at bankfull stage, but at low flow with a much reduced

channel widﬁh these chaonels may actually converge flow. 1If one of these
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channels heads into & large scour pool formed at high f£low, then the
water at low flow will actually diverge over the pool. This is just
the opposite of what vccurs st high flow. Therefore, the bankfull
morphology measuved at low flow depicts conditions at high flow,
but the water at low walter flow may be at the mercy of relatively
insignificant constraints which formed at bankfull stage.

The convergence and divergence of flow produces incipient pools
gnd riffié&s pools where scour is the greatest.,and riffles where

continues »the pocls and

depﬁwi&io@ is the greatest. As this process
riffles grow at the expense of the asymmetric shoals. The end result
is a well developed pool-riffle sequence (Fig. 43}, What is left of
the agymmetric shoal is referved to as a point bar. This does not imply
that point bar formation is primarily au erosional process. As pools
scour part of the original shoasl, sud riffles COver up other parts,
flow is still divergent on the upper part of the shosl, and thus
depoceition of material continues there. If this were not so, the
stresm channel woeld become wider but there would be lisrtle increase
in chanﬁel length., This argument is further supported by the fact
that meander bends migrate laterally while meintgining a relatively
constant width, & condition which would be impossible 4f there was
not a balsnce between scour on the outside and depozition on the
inside of the bend.

The formation of pools and riffles in alluvial stresms sppears to
be a self-adiuptment mechanlsm that minimizes the time rate of
potential energy expenditure per unit mass of water (Yang, 1971b,

p. 1567), This is congistent with Dolling's (1968) conclusion that
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the pocl~riffle sequence somehow maintains a balance in energy expended
by the stream, and therefore is an important element in maintaining
a state of guasi-equilibrium. However, neither of these authors were
able to completely define conditions that allow the proposed energy
relavionships te be established in the pool-riffle sequence.
Stream.length must increase to minimize the time rate of energy
expenditure {Yang, 1971); therefore, the morphology of the channel
must facilitate such an energy distribution. TFurthermore, the only way
‘a stream can increase 1ts channel length, with the excéption of headward
erosion or progradation, is by lateral erosion which increases sinuosity.
Therefore asymmetric shoals, pools, riffles, and point bars have the
most ?robable morphology to allow lateral migration as the time rate of
energy expenditure is minimized. This results because the only way
channel length between two points can increasse is for the gtream to
concentrate energy expenditure on one bank or the other. If this is
done by converging flow, according to de Leliavsky's criterion, then £he
cross—section must be asymmetrical. However, this appeérs to violate
Yang's (1971a) law of least time r&té of energy expenditure because the
convergent fléw tends to Increase energy expenditure. This would be
true if the stream reach was straight or sinuous. However, if the entire
poel~riffle sequence is considered, the increase in energy expenditure is
probably compeﬁsated for by the divergent flow on the riffles. It appears
that ﬁhe riffle with a relatively flat, asymmetrical cross—section is the

most probable morphology to cause divergence of flow. Therefore, there
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appears to Be a balance of the time rate of energy expenditure through
the pool-riffle sequence that ailows channel length to increase until a
minimum value of time rate of energy expenditure is reached. The minimum
value for any particular stream reach is determined by the external
constraints Imposed by the geology, discharge, valley slope, etc. The
above argument is only valid for high flow conditions when the forms are
being produced. It appears likely that the constraints prodﬁced by the
pool-riffle seﬁuence may best satisfy the two premises of.the concept of

entropy: uniform distribution of energy, and minimum energy expenditure.

Pool-Riffle Spacing

Pool-riffle spacing was'investigate& by field measurement of
channel width and distance between pools; For the spacing, the distances
mezeured were from center point to center point of consecutive pools.
The deepest point in the pecl was cégsidered the center point. This
hélps remove some of the subjectivity of deciding where the pool or
riffle starts or stops, and the periddicity is not affected as long as
a conatant reference point is used. For this report, channel width is
considered to be the width of the channel covered by bed material,
measured at right angles to the channel banks. Although thié distance
is normally eagy to determine, it 1s more subjéctivé than the spacing
measurements., In general, width measuremenis were made on yiffles
where the banks were well defined. The width measured is probably

close to the bankfull width of Leopold and others (1964).




86

Measuring of pool-riffle spacing along the four sampled atreams
confirmed the conclusion of Leopold and others (1964) that mean spacing
is 53-7 channel widths. However, the most frequent spacing may not be
5~7 channel widths, and this appears to have genetic impligatioﬁs
{Keller, 1972h). Table 1 and Figures 23 and 44 summarize channel
charactexisficsg and the distribution of pool-riffle spacing for the
pampled streams. It has been suggested (Keller, 1971k) that as channel
length increases new pools are added to keep the spacing constant. The
frequency distribution of pools for Wildcat Creek and Dry Creek
(Figs. 23 and 44) show that there are few pools spaced less than 3-5
channel widths, and few greater than 7-9 channel widths. This suggests
that spaclng of greater than 7-9 channel widths is unstable and breaks
up into two pocl-riffle sequences, each spaced at 3-% chaunel widths.
With ailuvial material and ideal conditions, the most stable spacing
should be 5~7 channel widths., This produces a wave length along the
channel of 10~15 channel widths and, if sinuosity exceeds 1.5 with pools
on the bends and riffles on inflections, produces the most probable
channel pattéru in terms of variance of energy expenditure {(Leopold and
Langbein, 1966). Of the four streams studied, Durkee Run and Wea
Creek (Fig. 45C, 45D), with mean and mode gpacing of 5-7 channel widths
most closely approaches this ideal and most probable state., Wildcat
Creek and Dry Creek, however, have a ﬁore frequent spacing of 3-5
channel widths. This suggests that these channels are in a state

of flux as part of an evolutienary pattern.
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Leopold and others (;964, p. 203) stated:
"The simtlarity in spacing of the riffles in both straight and
meandering channels suggests that the mechanism which ereates the
tendency for meandering ils present even in a straight chamnel and
that this mechanism is associated with some form of wave phenomenon.”
This statement suggests that the Significant process is the meandering,
and this produces pools and riffles. However, the important process
appears to be one that produces pools and riffles, and this may lead in
turn to meandering. One of the primary things alluvial streams are doing
is building pools and riffles. This tends to reduce the time rate
of energy expenditure (Yang, 1971b), and may reduce it sufficiently
so that a stream must increase sinucsity only a little to minimize the
energy relationship. This explaina why many apparently stable alluvial
streams do not meander. Figure 456 is Leopold's (1964, p. 296) relation betwesn
meander length and channel width with pool-riffie data supefposed,
Although the mathematical fumction is the same for both, there is less
scatter for thé pool~riffle data. This suggests tﬁat meandering starts
with the development of pools and riffles. Because pools are spaced at
5-7 channel widths a constraint is imposed on the meandering so that
one-half the wave length of meanders seldom exceeds this value greatly.
Therefore, the writers suggest that Leopold’s statement be modified
to read: the simila:ity in spacing of the pools, in both straight
and meandering channels, suggests that the processes which create the
tendency for pools and riffles are present in nearly all alluvial

streams, and the mechanism, which is associated with some wave phenomena,

may produce meandering channels.
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Developument of Alluvial Stream Chanmels

GCeneral Statement

4n alluvial stream 1= a moving, ever-evolving svstem, and as
the channel wanders back and forth across the flood plain,new
meandering, sinuous, and straight reaches are both created and
destroyed (Keller, 1972b). The evolution of natural stream channels
can be approached from either a qualitative or quantitative standpoint,
but any solution is ameliovated when oﬁ@ method compiements the other,

This study will demonstrate that a five-stage model is adequate
to explaln the development of an ailuvial stream channel. The model is
based on quantitative measurements of pool-riffle spacing frequency

and qualitative conclusions from fleld cobservations.

Previous Work

Evolution of alluvial stream channels is usuaiiy approached
from the position that there is a transformation from a straight to
meandering channel {(Quraishy, 1944, Dury; 1969, and Tinkler, 1970).
Quraishy's model (Fig. .47) suggeste that meandering 1s initiated
by the development of asymmetric shoals. The writer agrees with
Quraishy's inferencés as to the initiation of ﬁeandering, but development
beyond asymmetric shoals must also be comsidered, Dury (Fig. 48)
suggests that transformation from a straight to meandering channel
primarily involves an increase in amplitude of the wave form. However,
this model 1s not adequéte for two reasans:- 1) the end result is

a meandering channel with all pools on bends and riffles between




Flgure 47,

Quraishy's transformation from a
atraight to meandering chaanel.
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Direction of flow
Point bhar

Skew shoaol
{(osymmetric shoal)
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After Quraishy, 1944
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After Dury, 1969

Figure 48, Dury’s transformation from a
straight to meandering channel.
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bends, a condition seldom found in natural streams for more than a

bend or so; and 2) the initial channel, with pools in the center of

the channel, will have a symmetric crogss—section, a condition that

will not allow the alternating bank scour which is necessary to

increase channel Iength. Tinkler's transformation (Fig. 49) suggests
thét riffles and pools in straight channels are transformed into point
bars and riffles respectively in meandering channels. However, what
Tinkler comsiders a riffle we have called asymmetric shoal, and what

he calls incipient deposition or central channel bar, we consider a
ritfle. Tinkler (1971) has agreed that the writers' definitions of
pool, riffle and point bar remove possible ambiguities which arise

when using his model. Therefore, with appropriate changes in termiﬁology,
Tinkler's transformaﬁion appears consistent with the opinion that
asymmetric shoals are transformed to point bars. However, Tinkler's
madel is not complete because it does not explain the formation of
incipient riffles and pools. Furthermore, his model is only applicable
to meandering streams wherein all pools are on tﬁe bends and all riffies

on the inflections, a conditien found in few natural streams.,

Five Stage Model of Development
A five-stage model (Fig. 50) is proposed to explain the development
of alluvial stream channels (Keller, 1%72b)., The model is based on
evidence from quantitative data for pool-riffie spacing (Fig., 23 and 44),
interpretation of morphogenetic maps and cross sections (Figs. 26 and 38),
longitudinal profiles (¥Figs. 39 and 53), and field observations. Bach

stage is recognized by general characteristics (Table 2) that may appear
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as the channel changes from one stage into the next. Furthermore,
because different styream reaches evolve at differeﬁt fates at different
times, one stream may have any or all of the étages in different
reaches, It is emphasized that for some stream reaches considerable
field observation may be necessary to determine what stage the reach is
in. Although the idealized diagram (Fig. 50) lndlcates an increase in
sinuosity and decrease in channel slope from stage 1 to stage 5, there
are no fixed criteria for either of these variables. The reason is
that whereas for a particular reach the development through various
stages increasés sinuosity and decreases slope, not enough streams have
been sampled to determine if threshold limits between stages can be
delineated on the basis of slope or sinuosity. Hypothetically, such
limite probably do not exist because of the wide variety of constraints
imposed'upcn alluvial channels. Especially important constraints are
the nature of the bed and bank material and relief. Flume studies
emphasize the need of using caution in trying to use channel slope or
sinuosity to determine stage. Experiments by Friedkin (1945, plate 4),
and Simons and Richardson (1966, Fig. 17}, produced a series of asymmetric
shoals, and yet the sinuosity in Friedkin's flume channel ls considerably
greater than for Simon's. Therefore, two channels may be in the same
stage of dévelopment and have a quite different sinuvosity,

The five atages appear to be the most reprasenta#ive in the
continual development of alluvial streams. Although any one of the stages
may, under certain coﬁditions, be stable in nature, stages 3 and 5

seem to be most common. Stage 3 is not necessarily a straight channel
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as ideally illustrated in figure 50, and many sinuous chaonels in
stage 3 appear to be stable, Therefore, stage 3 may be the last stage
in the development of some stream reaches. An example of thisg is
indicated on Wea Creek (Fig. 45}, Furthermore, it is not necessary
that all other stages be developed prior to the appeafancé of stage 5.
For example, stage 3 may be transformed to stage 5 without going
through stage 4. The transformation to stage 5 is critical because
820 many streaﬁ reaches fit this stage. It apparently is a logical
consequence of meandering processes which lead to an increased channel
length. The‘developmant is reinitiated whenever a new channel is
produced suddenly, as commonly happens when a meander cutoff ocecurs.

A cutoff that has occurred in Wildeat Creek since March, 19268 produced
1,320 feet af.naw channe1. Thie reach now has four pocls and is in stage 2
(Fig. 51}. TFigure 52 from Friedkin's (1945) model stﬁd§ shows the
development of asymmetric shoals. The associated thalweg profile, low
water surface, and cross-sectiong arve remarkably similar to those for
the section of Wildeat Creek in stage 2 (Fig. 51 and Fig. 53). The
analogy of flume studies with stage 2 of the five stage model suggests
that for the sandy bed load material usually used in flume studies

and the congtraints of the flume, stage 2 1s stable. However, it may
be that flume studies are not continued long enough for well developed
pools and riffles characteristic of later étages to appear. Examples
of stages 2, 3, 4, and 5 are given in Figure 45. The existence of
stage 1 is largely hypothetical and, while its duration is probably

very short, it is necessary if stage 2 is to develop.
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DEVELOPMENT OF MEANDERING CHANNEL

Developvment of & meandering channel in g

flume (after Friedkin, 1945).

Figure 352.
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The five-stage model is more complete than the transformations
from a straight to meandering channel proposed by Dury (1969, p. 422)
and Tinkler (1970, Fig. 3); furthermore, these transformations appear
tc be subsets of this five-stage model. Dury's transformations would
be the transformation from stage 3 to stage 4, whereas Tinkler's
transformation corresponds, with appropriate términology changes
(See Tinkler 1971, p. 281), to transformations from stage 2 to stage 3
to stage 4. The five-stage model has the advantage'that it can be |

applied to nearly all alluvial channels.

Discussion

The five-stage model of alluvial stream channel development
provides a gemetlc basig for labeling, with the possible exception of
braided patterns, of most alluvial stream reaches. However, there 1is a
close relationship between meandering and braiding {(Leopold and others,
1964, p. 292) and future research may be able t¢ add the braided
pattern to g developmerital model. Stage 1 is largely hypothetical as
I have not found examples of it in natural streams; however, it is a
necessary and logical step to precede stage 2, which is more stable
and does occur in nature. The asymmetical shoals in stage 1 cause
convergence of flow in inclpient bends and divergence of flow batweén
the bends. This leads to scour and deposition which forms the
incipilent pools and riffles of stage 2. Duriﬁg the transformation from
stage 2 to stage 3 the pools and riffles increase in size at the expense
of the asymmetrical shoals, which become point bars. Stage 3 can be

relatively stable, and transformation to stage 4 imvolves primarily
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an increase in amplitude, decrease in radius of curvature, and decrease
in variability of energy expenditure. The transformation to stage 5 is
primarily the result of meandering processes which increase channel
length. 4s poo;wriffle spacing is independent of channel pattern, new
pools may be added to keep the spacing constant. Whereas this decreases
the energy expendituve per fooi of channel, it increases the variability

of energy expenditure by the addition of short, straight reaches,

Tentative Clagsification of Bed Forms

. General Statement

“Classifications are contrivances derived by men to fulfill certain
purposes. Because they are not themselves truths capable of being
discovered, the best classification is that which best serves the purpese
for which it was derived" (Soil Survey Staff, 1960, p. 6).

The purpose of classifying bed forms in alluvial stream channels
is to arrange the forms so that an orderly sequencé of ideas; concepts,
and processes, which define and control the chaﬁnel, is produced.
Such a classification must be, "born from the river“,.fof it is the
natural fluvial processes which produce the forms. This would exclude
classification based on flume studies, an idea apparently consistent
with Neill's (1968, p. 83) conclusion that excessive study and analysis
of bed forms in flumes may result in an over-simplified classification of forms.

Bed fo:ﬁs have been defined or classified on the basis of the flow
regime (Simons and Richardson, 1963, 1966), relative size (Neill,l
1969), and morphology {Leopold and others, 1964 and Keller, 1971b).

Terminclogy for description of bed forms in alluvial channels is not
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yet standardized. An attempt to do so by ASCE Task Force (1966)
resulted in a fairly good descriptive classification of MRy common

bed fc%ms, but it completely neglected some major forms inm stable channels

such asg pools and riffles. This study suggests that a generic classification,

which permits hierarchical ranking of bed forms in alluvial stream
channels, may be an improvement on existing classifications. However,
it is emphasized that the proposed classification is tentative and
subject tec change as better understanding of fiuvial processes is
achieved. Furthermore, the proposed classification is only applicable

to stralght, sinuous or meandering alluvial channels.

Classification of Bed Forms

The proposed classification of bed forms in alluvial channels
includes two major subdivisions: 1) chanﬁelwforming bed forms, and
2) channel-altering bed forms (Fig. 54). Channelmforming bed forms
are those forms which control the development of the channel pattern,
whereas éhannel—altering bed forms generally do not control the
channel pattern and are usually superposed on the channel-forming forms.
Channel-forming bed forms are further subdivided intoc first- and second-
order forms‘and the channel-altering bed forms are subdivided into third-

and fourth-order forwms.

FirstQOrder Bed Forms ave asymmetric sheoals which alternately slope
first toward one bank, then toward the other (Figs. 26, 27, and 28},
These shoals, as already defined, appear to be the primary
bed form in ﬁhe evolution of alluvial channels (Keller, 1972b).

Given a stabie channel, il.e., a channel which develops pools -and

riffles, the asymmetric shoals will be transformed to point
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Figure 54, Tentative classification of bed forms for alluvial
stream channels.
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bars as pools and riffles develop. Given an unstable channel with

relatively fiﬁe~grained bed material or steep slope, pools and riffles may
not develop. In this case, the asymmetric shoals may be-maaked by the
channel-altering bed forms. Howevers‘these conditions are not always

clearly defined, and an intermedizte zone exists for channele that have
poorly developed pools and riffles. These channels have some characteriétics
of both stable and unstable channels.

Second~Order Bed Forme consist of pools, riffles, and point bars.

Examples of these forms, defined previously in this dissertation,

are shown on Figures 32, 33, 34, and 38 . Pools, riffles, and point
bars control the development of many alluvial channels, and therefore
are channel-forming forms. However these forms may be altered or
partially masked by third- or fourth-order bed forms.

Third-Order Bed Forms ave those forms shown to be controlled by

the flow regime. Simons and Richardson (1966) defined flow regime as
a range of flows characterized by similar bed forms, resistance to
flow, and mode of sediment transport. Two flow regimes, upper and
~lower, separated by‘a transition zone, are generally recognized in
alluvial channels. The bed forms of the lower flow regime are vipples,
rippies on dunes, and dunes, whereas the bed forms of the upper flow
regime are plane bed, antidunes, and chutes and pools (Fig. 55).
These forms are defined as follows:
"Ripples. Small triangular-shaped bed forms that are similar
to dunes but have much smaller and more uniform amplitudes
and lengths. Wave lengths are less than about 2 feet, and
heights are less than about §.2 foot,
Dunes. Large bed forms having triangular profiles, a gentle
upstream slope, and a steep downstreamslope. They form
in tranquil flow and, thus, are out of phase with any water-

surface disturbance that they may produce. They travel
slowly downstream as sand 1e moved across. their comparatively
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geniie, upstream slopes snd deposited on their stegper,

downstrean slopes. The downstream sicopes are approximstely

equal to the angle of repose of the bed material. Dunes

are smaller than ssnd bavs but larger than ripples. They
generally form at higher velocivies and larger sediment discharges
than do ripples, but at lower velgcities snd smeller sediment
discharges than do entidunes., However, ripples form on the
wpetresw slopes of dunes at lowver velocities.

Plane bed. A bed form in which there are no irregulavities
larger in smplitude than a few grain diametera.

Mtidunes. Bed forms of curved symmetrically shaped sand
waves that may move upsiyeam, remain atationary, or move
downstream. They occur in trains thar are inphase with and
strongly interact with gravity water-surface waves. The
water-surface waves have larger amplitudes than the coupled
sand waves. At large Froude number, the wavee generally move
upstream and grow until they become unstsbie and break 1ike
surf (bresking antidunes). The agitation sccompanying the
breaking obliteratee the antidunes, and the process of
antidune initiation and growth is repeated. At smaller
Froude numbers the antidunes generally remain stationary and
incresse and then decresse in amplitude without breasking
{stending waves).

Chutes and pools. The flow phenomenon and bed configuration
accompanying flows that cccur at steep slopes and large
bed-material discharges. The flew occurs at slopes steaper
than for antidunes and consists of 2 series of poola in
which the flow is tranquil, comnected by steep chutes where the
flow 18 rapid. A hydraulic jump forme at the downstream end
of each chute where it enters the pool. The bed configuration
conslets of trisangle-shaped elements with a steep upsirean
slope, a flat, alwost hordzontal back, and a gentle
dovnstream slope. The chutes and pools move glowrly
upstream.” (Simons and Richardson, P. ¥-VI),

These forms are not gemerally significant in controlling the
development of a chawmnel, but they may significantly alter a channel.
In channelswith pools and rviffles, ripples and ripples on dunes can
sometimes be seen superposed on and slowly moving through the larger
channel»forming forms at low flow.

Fourth-Order Bed Forms are accidental forms produced by obstruction

to flow. They comsist of variously shapsd scour areas and bars which
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can be quite large. An example of an accidental form is the scour area
and bar produced when a large tree falls into a stream and obstructs
flow.. Scour will take place upstream of the tree and a depositional
bar will fqrm downstream of the tree. Fourth-order bed forms are
usually observed at low flow conditions and high flow tends to remove
obstructions and destroy the bed forms. These forms do not appear to
control (excepﬁ perhaps locally) the development of a chammel, but

théy can significantly alter it. Third~ovder forms may be superposed
on fourth-order forms, but the converse is not generally true

because a sudden obstruction would destroy the flow regime, destroying

any previous third-order forms.

Discussion

The tentative classification of bed forms presented herein
.is primarily baged on numercus field ohservations, messurements of
bed forms, and avallable quantitative data from stream and flume
studies. The channel-forming bed forms are most likely produced by
channel-~forming flows (bankfull) with recurrence interval of one to
LWo years. Wﬁeu observed and measured at low flow, they may be partially
altered or masked by third- or fourth-order bed forms. Detailed
observation at high flow when the channel~forming forms are produced
would be extremely valuable. However, cwing to hazardous conditions
during flood stage when the channel-forming forms are being produced,
few observations have been made. The ASCE Task Force on the nemenclature
for bed forms in zlluvial channels stated:

"It is often difficult or impossible to obtain data en.the flows

that generate bed forms in alluvial channels because the features
often cannct be measured until the flow has diminished or completely
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stopped, and the bed forms then seen are the result of earlier flows,
including those that occurred while the discharge was decreasing. ..
(45CE Task Foree, 1866, p. 52).

These authors further stated:

"... However, quantitative data on bed forms should be obtained

whenever possible. WNo definition or description, no matter how

carefully phrased, can substitute for good quantitative data."

(ASCE Task Force, 1966, p. 52)

The writers essentially agree with both statements, Qualitative

and quantitative methods are complementary, and both are needed for a

complete study., Furthermore, a qualitative, generic model of chanmel
development, inferred from and based on limited quantitative information

and abundant field observatigns, seems superiocr to a descriptive classification
based only en quantitative data,

The evidence necessary to understand alluvial streams can be found
in the field; a pool with ripples on the stream bed, éumes superposed
on an asymmetric gheoal at low flow, or a tree obstructing current
all suggest that there is order in the genesig and spatial relations
of the forms.

the distinction between channel-forming and channel-altering bed
forms is significant and should be Justified. Channel pattern, whether
straight, sinvous, or mneandering is primarily a function of rhe
interaction between the moving waterland movable bed and bank material.
Therefore, channel-forming bed forms are those forms which allow rhe
development of the channel pattern. Asymmetric shoals ére probably
the primary bed form in the developmént of alluviazl channels (Keller,

1972a). These shoals produce the convergence and divergence of

flow necessary to develop pools, riffles, and point bars (Fig. 51).
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Furthermore, pools, riffles, and point bars appear to be the forms which
help some stream channels minimize the time rate of potential enmergy
expenditure (Yang, 1971b). Therefore, pools, riffles, and point
bars are channel~forming forms. Bed forms controlled by the flow
regime and accidental bed forms, heowever, do not appear to control
the deveiopmeﬁt of alluvial channels. Locally there are, of course,
exceptionsité this as exemplified by large obstructions to flow such
as debris islands or landslides.

It is empected that, as our understanding of fluvial processes
increase, the classification will be modified. However, with the
present degree of knowledge, the basic components of the classification

and their relatlionship to each other appear essentially correct.
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CHAPTER 5

SUMMARY , CONCLUSIONS, AND RECOMMENDATIONS

Summary

A system 1s any part of the universe that is isolated in thought
or in fact for the purpese of studying or observing changes that take
place under various imposed conditions (Ehiers, 1968). A fluvial system
includes three parts: 1) the drainage network, 2) the geology (alluvium
and/or rock), and 3) the hydrology (liquid). As a drainage basin evolves
or changes, all parts mutually adjust to each other and each exerts a
partial control on the other,

48 a drainage network develops, the bifurcation.ratio fluctuates
between a maximum and minimum as stream order increases. This fluctuation
appears to have the form of an absolute convergent series which results
in a nearly éoﬁstant bifurcation ratio at high orders. The relationsghip
between the number of links and number of segments in a network is
valuable as an indicator of drainage netwérk evolution. An.&nVElﬂpe
contalning all possible combinations of links and segments for drainage
networks can be illustrated on a single graph, and theoretical threshold
conditions for changes in order as well as boundaries between constant
bifurcation ratios can be shown within this envelope. Although a
number of possible Strahler ordefs for a given set of links and segments

exist, only one order is likely to be found in nature.
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Alluvial stream channels are natural channels in which movable
bed and bank ﬁaterial islpredominantly unconsolidated to partially
consolidated sediment. There are two fundamental classes of chanfiels:
stable and unstable. Stable channels are characterized by pools
and riffles, whereas unstable channels lack pools and riffles.
Asymmetric shoals which slope alternately, first toward one bank and
then the other, appear to be the primary bed form in the evolution
of alluvial channels. Pools, riffles, and point bars are common bed
forme in straight, sinucus, and meandering stable, alluvial channels,
and there is no significant change in symmetry of these forms with
different channel pattern. Mean spacing of pools and riffles is
constant in straight, sinuous, and meandering channels and thus is
independent of chamnel pattern. Furthermore, the most-frequent
spaciog of pools and riffles is variable and this has genetic significance.
Processes which laaé te meandering as the most probable channel pattern
paradoxically aisa produce siralght reaches by lateval migration of
bends or cutoffs, which seem to increase the variability of energy
expenditure. _As an alluvial channel migrates back and forth across
the flood plain, new straight, sinucus, and meandering reaches ave
constantly being created, maintained, or destroyed. 4 proposed five~
stage model of stﬁeam channel development provides a genetic basis
for classifying most alluvial stream reaches.

An many alluvial channels, characteristic forms are produced
at relatively high, chanpel forming flows, and are only modified at low
fiows. Under these conditions, conventional hydraulics apply at low

flow when the chapnnel is essentially a rigid container for the liquid




phase. However, at high flow with moving sediment, conventional
hydraulics no longer are applicable and fluvial bydraulics must be
considered. The most significant principle of fluvial hydraulics is
de Leliavsky's (1894) convergence-divergence criterion which states
that erosion is due to convergent flow, whereas deposition results
Lrom divergent flow. This criterion may not be applicable at low
flow with lirtle sediment transpert, but is probably very significant
in forming pools and riffles at high flow. 1In fact, the distribution
of tractive force at low flow may be entirely different than that of
high flow. That is, at low flow pools are apparently areas of relative—
1y low tractive force and riffles are areas of relatively high tractive
force, whereas during high, channel-forming flow, pools may be areas
of high tractive force and riffles of low tractive force. The writers
believe that this distribution of fractive force is produced by conver~
gence of flow in pools and divergence of flow in riffles at high flow.
The concept of entropy, as applied to fluvial systems, has been
used by Yang (1971a) to show why a stream must increase its path
length. Yang's Law of Least Time Rate Energy Expenditure explains why
streams meander. Tt is the authors’ hypothesis that the morphology
of the pool-riffle sequence is the most probable channel configuration
to allow lateral migration of the channel, thus increasing channel
length, meanwhile conforming to Yang's Law. Therefore, the similaricy
in gpacing of pools and riffles in straight, sinuous, and meandering
channels suggests that the processes which create the tendency to form
pools and rifflies {convergent and divergent flow) are present in nearly
all alluvial streams, and the mechanism, which is associated with some

wave phenomena, may produce meandering channels.
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The purpeose of classifying bed forms is to arrange the forms in a
way tenable with known ideas, concepts, and processes which define and
control alluvial strveam channels. A generic classification is suggested,
which permits hieravchical ranking of common bed forms in straight,
sinuous, and meandering alluvial channels. Bed forms'such ag asymmetric
shoals (first-order bed forme), and pools, point bars, and riffles
{second~order bed forms) are considered as channalmforming bed forms,
whereas flow regime controlled forms such as ripples, dunes, and
antidunes {third-order bed forms) and zceidental forms {fourth—-order
forms) are considered as channel-altering bed forms. The proposed
classification is tentative. However, the basic components and their

relationship to each other appear valid.

Conclusions
New models to explain the deﬁelapment of drainage networks and
straight, sinucus, or meandering alluvial stream channels have been
presented. Based on an investigation concarning the development of
dralnage networks, it is concluded that:

1} M envelope defined by the lines vy = x and v = Zx - 3 containg
all possible combinations of links and segments for drainage
networks {Fig. 6). Theoretical threshold conditions fer changes
in order {(Fig. 7}, and bifurcation {(Fig. 8) can also be fitted to
the envelope.

2} As a drainage network develops from simple fo complex, bifurcation
ratio fluctuates between indefinite maximum and minimum values
as order increases. This fluctuation appesrs to have the form of
a convergent series, resulting in a nearly constant bifurcation

ratlo at high orders.
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4)

1i8

The relation between links and segments (Fig. 7) can be used to
predict order and possible growth of a network.

The model presented in this thesis to explain the development of
networks can be combined with C. T. Yang's (1971z) work to
explain both horizontal and vertical dimensions of nefwork

development.

Based upon the investigation concerning the development of alluvial

channels, it is conciluded that:

1)

2)

3)

4}

Asymmetric shoals, which slope alternately fivst towsrd one bank
and then toward the cthér, may be the primary bed form in the
evolution of alluvial channels.

Pools, riffles, and point bars are‘common bed forms in straight,
sinuous, and meandering chanmels, and there is no significant
change in symwetry of these forms with change in channel pattern,
Mean spacing of pools and riffles is constant, at six Cimes

channel width, in straight, sinuous, and meandering channels

and therefore is independent of chamnel pattern. However, the

moét frequent spacing of pools and riffles is variable {(Figs. 23
and 44). Furthermore, as channel length increases due to lateral
migration of meander bends, unew pools are added to keep the

spacing constant. |

A five-stage model (Fig. 50) is proposed to explain the development
of alluvial stream channels. The medel is based, in part, on
conclusions 1 ~ 4 above, and provides a genetic baeis for classifving

most alluvial stream reaches.
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REecommendations

The research presented in this report has contributed to our

understanding of some selecred aspects of fluvial processes. TIn

addition, new problems have been identified. It is recommended thar

vesearchers interested in fluvial morphology consider:

2}

4)

5)

6}

Why pools and riffles are spaced at seix times the channel

width. It is expected that thils is related to the digtri-
bution of energy expenditure as well as ﬁexagonai packing of

the network.

Investigate the relarions hetween mid-channel islands and fluvial
processes in straight, sinuocus, and meandering alluvial channels.
it is expected that thev are relared fo central channel-bar

deposition characteristic of riffle formation.

Py

Development of an improved generic classification of bed

forms din alluvial channels.

Investigate the significance of bedrock control on stream
morphology. It is expected that processes and forms in

alluvial and bedrock channels will be similar, but rthat con-
straints in bedrock channels will tend ro mask both form and
process typical of alluvial channels.

Apply the knowledge concerning relations bet&een form and process
to river-training projects. It is expected that Such application
might be used to minimize the adverse effects of channelization.
Based on known channel morphology, sediment size, and discharge
dttempt o determine rates of potential energy loss in a pool and
adjacent riffle. This should he done for low, average, and high
discharge. Such a study may assist in understanding, from a

quantizative base, why a channel should form pools and riffles,

and how this facilitates meandering processes,
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