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A STUDY OF THE SHAPE OF CHANNELS FORMED BY NATURAL

STREAMS FLOWING IN ERODIBLE MATERTAL

INTRODUCTION

For many centuries men has been concerned with the ection of rivers. In
most'caaes, the highest forms of the earliest civilizations developed in the
fertile river velleys, such ss the Nile, Euphmt‘:es and Indus, and the life of
the people uas_greatl& influenced by the action of these streéma. The import-
 ance 6f streams in the life of the hwaan race bhas remeined e ﬁador Tactor dowa
" to the present. In the past few centﬁﬂes rivers have been stuc].ie_d ard to a.‘
minor extent controlled, .butl in the past half century the idea of d.ev.eloping .
the total resources of our streams has evolved, which will result in meteriel.
Ichange in the conditions under vhich the stresms flow. Considersble develop-
. ment work has already been completed, and importent changes are becoming evi-.
d.eﬁt in the forms of scme of the controlled streams, which were largely un-
anticipated when ﬁhé works were first plamned. Interest in the total develop-
ment of the streams has spread to the less developed countries, and if the
present rate of progress is ccntinued, the ;mxt half century uili see Itl‘-.-'..}
streams largely developed in the mcfe fértunate countries, and & very large
degree of progress in developmentlredched in many of the less fortunste ones.
As & result in the near future tﬁe number of cases of changed stream forms
will be greatly increacsed. Lbrecﬁvef,_ therc is ample reason to believe that
the magnitude of these effects will inérease wlth time, so that they w11l be
even more important in the i‘ﬁture. Some of these_ chenges will be beneficial
. and some, detrimental. It is very important fha.t, so far es poasible, in
plenning future water resource development projects, theses changes be anti-

cipated and adventage be taken of the favoreble changesc, and the unfavorable



ones, 8o far as possible, be guarded against. For best results thls nust be
done during the period when the works are dssigned; so that the necessary
steps can be made during the original construction, when they uaually can be
built most economically. These changes mey be of the nature of a raising or
lowering of the stream bed, or may be a change of stream width. They may also
involve a change in the stream aligmment, in a straightening of {'.he gireanm or
& change in the direction of more crooked slignment. Considersble study hes
been given to the changes involving raising or lowering oflthg stream bed,
(1,2) and some study to changes in river width (3) but except for studies of
meandering streams, little attention has been paid to changes in alignnent.
This is probably because the latter changes go on more slowly, and the effects
of past construction has not yet become evident. It is therefore not practi-~
cable to predict the nature of the future changes from a study of chenges that
have ocgurred in the past. The only approach available therefore seens to be
a study of the forms 6r netural streams and of the conditions which give rise
to these forms.l The changes which will occur can then be inferred from the
nature of the changes in conditions that have been or will be made by the

engineering works.

(1) E. W. Lane. 1955. The Tmportance of Fluviel Morphology in Hydraulic
Engineering. A.S.C.E. Proceedings Separate T45.

(2) Retrogression of Ievels in Riverbeds below Dams. Engineering News-
‘Record Vol. 112, June 28, 1934, pp 836-838.

(3) Ileopold; L. B. and Maddock, Thomas Jr. 1953. The Hydraulic Geometxry
of Stream Channels and Some Physiographic Imn1ications - U. S. Geological
Survey Professional Paper 252.



As is so often ths case when an advaﬁee is made iﬁ knowledge. in a glven
field, the new information is useful in weys which were not anticipsated when.
the study ieading to the advance was made. Therefore, in.the case of this
study, it is believed that the increased knowiedge of gtreams will ﬁe bene-
ficiél.in vays that cannot now be foreseen, in a number of‘fields. One of
these is in geology, where the study of morphology or physiogrephy is en im-
portent subject. The forms of streams is an important part of this field of

knowledge, and it is ﬁoped that this study will be useful in that field also.

Because of the great variet& of conditions affecting stream forms, to
have a study of reasonable extent, it.was necessaxy to 1limit considerably the
.-.scope of this investigation. In investigating eny complex phenomenon, it is
.necesséry to start first with the simpléf‘aspects, for wntil one can under-
st&ﬁd ﬁﬁesé, there is no hope of understending the more complex cases. The
work'will tharefore be éonfined iargely to the forms which streums carve fdf 4
themselves in erodible materiel. In order that the ideas developed may de |
useful to a wide range of persons, it will be presented in as simple éerms as
boséiﬁle, with the mathematics redﬁcéd to & minimum, since so ﬁany engineers
aﬁd geqlﬁgists have lost, through disusé, thelr ability to handle readily ex-
planaﬁions'in mathematical terms.

The channel of a str&ém mey be considered to be an irregular, three dimen-
- siouai solid. It can be adeqpaﬁely represented by & topographic map, but few
maps giving ﬁhe configuration of the stream bolttom are avaiiable. The material

" usually available consists of maps, cross sections, and profiles. In this

study, generally only the plans and profiles have been used, as the form of



cross section has been given considerablé study by Messrs. L. B. Leopold and
:Thqmas Maddock, Jr.(3) and it was believed that furtherlatudy of that Buﬁject
would be less productive. waever, since the width is an important ractof in.
stream form, this.study must eventuelly be considered. Width 1s also involved
iﬁ_the quantitative relations which it is hoped l&ter to deveiop, although_?t
has not begn included in the analysis in the staée developed in this paper..
ﬁbwever, the method of epproach used in this investigation is so differeﬁt
from that used by Leopold and Meddock that it is believed that no appreciable
duplication of their work will result.
In general this study will consist principally of:
1. A discussion of the principal factors influencing stream channel form.
2. Ajseléction of the princdipal factors involved.
3. A determination of quantitative relations iﬁvolving the principal
facfors concerning meandering sand streams and braided éand streams.
L. A preliminary analysis for streams involving coarser materia;.
5. A discussion of the nature of a number of other types of streeams as
disclosed by the foregoing analysis.
6. An attempt on the basis of the resu}ts obtained by this method of
analysis to dgvelop a bettér system of classifying types of}streams
in erodible material including new definitions of meandering and
braided streams. |
T A suggested method of quantitatively defining the shape of stream
éhannels.
8. A statement of fufther studies to carry this investigation more nearly

to completion.

(3) Ieopold, L. B. and Maddock, Thomas Jr. 1953. The Hydraulic Geometry of
Stream Channels and Some Physiographic Implications - U. S. Geological
Survey Professional Peper 252. ,
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GENERAL, ASPECTS OF STREAH FORM3

N There is a nearsvy infinite variety in stream forms, if consiueréd in de-
tail. No streem is exactly like any other stream and no part of any stream is
exactly like any other part of the same strEam This is because strean forms
- are the ‘result of a great many factors, and the snme;nOmbination of these
factors is mever exactly repeated. waevéf,tstneaﬁ forms are the results of
physical laws and if the conditions controlling the shape of any part of a
- stream vere exactly reproduced the same form of a stream would result. One
set of conditions produces one fqrm, and another set gives rise to another
form. However, certain factors 1nfiuenciné stream fonns are more effective

than others, and when similar combinations of these major factors occur,



roughly similaf streams are produced. In this study an attempt will be made
to study the principal types of streem resulting from the most common of these
coybinations of conditions.

Stresm forms is a subject which falls into the field of both the geologist
and the engineer, and both have made faluable contributions to the development
of the science dealing with them. The geologist encounters the form of streesms
in his study of the effect of flowing water on the form of-thé earth'é surface.
This study, which was formerly knoﬁn aé physiography, is now more frequently
called morphology, or the science of the form of the earth's surface. Since
this paper is concerned only with the effect of flowing water, the field of
this paper ma& be classed es fluvial morphology.

A knowledge of geology is very important in studying ‘stream forms, for
the form which streams now have is largely the result of the geological condi-
tions which have existed in the past, as well as those which exist at the
present time. The conditions which existed during end since the time of the
Wisconsin glacier (the last portion of the Pleistocene Epoch) or the great
ice age, are particularly important. The study of these conditions is a part
of what is called historical geology. |

The engineer encounters the problem of the form of rivers in his attempts
to develop the resources of streams for navigation, flood coﬁtrol, irrigation,
water power and other uses. Literature throwing light on the subject is avail-
eble from a wide variety of sources, and covers a long period of time.

In general, the geologist is interested in much longer periods of time
than the engineer. Geologists are commenly interested in millions of years,
but iﬁ fluviel morphology they study slso much shorter periods. The engineer

normally considers a century as a long time, but in dealing with water



~resources, evidenoe is rapidly accumulating to show that his viewpoint in the ?_
:past has not covered a sufficient period, and for best results e 10nger view 3
is necessary. The very short time view of the geologist and, the long time 2
. view of the engineer are much the same, and a knowledge of both should bef _
mutually beneficisl. e :

Streans hauo been classified in mahy ways.\.One'uay_thau is uoefui for
_the purposeo of this study is to divide them into three groups: (1) stréaﬁo
in which ﬁhe form is determined pfedominantly by the relaﬁively inerodiole' i
rocks forming the earth's erust in the region through which fhey flow, (2) f
streams whose fonu is deterﬁined predominantly by the action of the water of .
fhe stream itsz1f and (3) an intenmediate'claso where the stream form is

'partly determined by ths rock of the earth's crust and partly”by the stream

' 1tself.

There are, of course, no exact bourdarles between thcse classes The '
-_ form of relatively few streems of considerable size is detennined ent;foly by
‘the rocks of the oarth's crust in the region through uhich it.flous, fou the
ﬁardost rocks are worn eway by flowing water, and over & long period ofztioe-
~.great changes rosult from this actiou Similariy, vhile many strecams are.
called alluvial streams because their form has been predominantly determined
.by the scour, transportation and deposit of the material through which they
flow, in many of these streams there are rock 1edges or short sections of rock:
.._on the banks which largely influence their nature. i
This study, in the stage covered by this report, will be concerned with
£he second class, where the form is determined predOminanbly by the water
i 1tself. It will include alluvial streams as mentioned above, wﬁereithe sur—-

Irounding sollid materiel ﬁas been deposited by the flowling water, and those



flowing in ahy other material which can be scoured by the action of the flow-
ing water with sufficient rapidity to produce changes during the time interval
with which the engineer is ordinarily concerned. This study does not include
a study of rills or gulleys, which are of such importance in soll erosion, nor
does it deal with tidal streams, or the steep streams called torrenté, the
contrdl of vhich is so important in parts of Europe. So far the study has not
eovered intermittent streams, nor the arroya type of stream so common in the
western part of this country. It is hoped that this study can eventually be
extende@ to cover these forms and the previouslv mentioned third class of

rivers also.

Factors Affecting Stream Channel Forms

A great many factors affect stream channel forms. Some affect the form
directly, and others affect it because of théir influence on the directly
affecting veriables. The most important varisbles are (l) stream discharge,
(2) longitudinal slope, (3) sediment load, (4) resistance of banks end bed to
movement by flowing water, (5) vegetation, (6) temperature, (7) geology and,
(8) works of man. There are no doubt other factors involved, but these eight
ﬁre believed to be the major ones. In the following paragraphs, the influence
of these factors will be discussed in some detail. These factors afe not all
independent oneé, as many depend, to a greater or less extent on the others.
The interrelation between longitudinal slope, sediment loed and resistance of

the banks and bed to movement is particularly close and complex.

Effect of Stream Discharge

Everyone interested in the form of stream channels is aware that sonme

stream channels are large and others are small, and that, in general, the



large stream chennels carry large quentities of water and in the litvle cnes
the flows are smzll. It may be sald that the stream discharge is the most
obvious factor in dstérmining stream form. A stream channel. form, hovever,

is the integrated effect of all of the factors influencing it, and since the
discharge of any natural stream is constantly changing, as far as the influence
of discharge is concerned, the channel form of & stream is the integrated ef-
fect of all of these discharges. It is well knogn that in the forms of streem
investigated in this study, the change of the banks and bed goes on more
repidly with large flows than with small ones, eand large flows therefore have
a éreater influence on the form of streems than the small ones. Recently
there has been & tendency to analyse stream action on the assunption that this
action is largely due to a certain discharge or small range of discharges,
celled the "dominant discharge" and for some purposes this is a useful concept
.There is no doubt that usually a narrow range of discharge exercises the pre-
dominating influence of discharge on stream form and this may be considercd to
be the dominent discherge. However, it is not possible to account ‘for all the
actions of a stream by a consideration of a single discharge or e narrow range
of discharges. A determination of the dominant discharge reguires an intimate
knowledge of the characteristics of the stream, and in this study, where so
many streams are compared, it was not practicable to study them 21l in the
deteil required to determine their dominant discharges. In the United States,
however, the discharge of very many streams has been determined and their
average flows is easily obtained by consulting the publications of the U. S.
Geological Survey, which collects these data. The average discharge has
therefore been used in this study as the measure of the discharge factor,

since it is for the purposes of this study, the only flow factor readily available.



The consistency of the results obtained indicate that, while not ideaX, it is
& reasonably good parameter.

The discharge of a stream influences its form not only because of the
megnitude of the discharge, but also pecause of the fluctuations of the flow.
For example, the banks of the Lo*ér Mississippi River are scoured more on a
falling stage following a flow of bank full or higher magnitude, than et any
other time. Therefore the change of form resulting from this caving depends
to some extent on the number of times the stage rises and falls from bank full
to a considerably lower value. This seme action is kpown to occur in a similar
manner in many other streams. ;

The part'of the flow that occurs in the main channel as compared with
that which f15WS over the banks in floods, also influences the channel shape,
and therefore the form of the stream. The water that flows out of the main
channel usually has a low velocity and does not greatly influence the stream
form, while that which flows in the main channel flows with high velocity and
therefore 1s capable of cutting the banks more rapidly. Other things being
equal, the stream in which the greatest portion of the discharge flowed in the
main channel. wouird therefore scour its banks the most rapidly.

In an increésing number of cases the works of man have changed the flow
of streams, in e.ther the rate of discharge or the variability éf flow, and
frequently iﬁ both. By means of the study reported in this paper it is hoped
-that more reliable predictions can be made of the effect of these changes of

discharge on the stream forms.

The Effect of the Longitudinal Slope

Because the magnitude of the longitudiﬁal slope of a stream flowing in

erodible material cannot ordinarily be determined by a visual observation,

10



g the effect of slope on streem chennel form ié not readily obéerved. t can
only be demonstrated from a cpmﬁarison of the forms of streams having & uide“
range of slopeé. Since data on the slopeé of streams are not easy to'collect,
little work on fhe effect of slope on streem form has been carried on, end thé
tsubject hes bgen rarely discussed. These studias however have progressed far
-enough to demonstrate that'stream élope has a major effect on stream channel
form; that it is, in fect, one of the major facéoré'influencing the form of
stream channels.

The slope of 5 stream is generally expressed as & ratio'of the drop in
elevation along the stream to the length of the streem channel. This cén be
expreused as the drop per unit of length, such as feet per mile, or pveferably

.as a dimensionless ratio, such as the feet drop per foot ef length, or ths

' length for a foot drop.

The longitudinal slope of a stream is set lafgely_by the tepography of
the country through which it flows. Flat plains usgally give rise to fivers
of low slope, ereas of moderate slope usually produce streams'of intermediate
slope and mountainous country or areas of high hills usually are drained by
streams of high slopes. In an increasing nuniber of cases the ﬁorks of man
_ have changed stream slope, but in most cases the effect of these changes on
the form of streams has notv been determined. As previously mentioned, one of
the major purposes of this study is to enable reliable predictions tolbe_mada

of the effect of man-made changes on stream slope on the fbrm of streams.

' The Effect of Sediment Load

There can be little doubt that in most streams in erodible material. the
eamount and character of the particleé'composing the sediment load carried by

the stream exercise an important effect on the shape of its channel. This



is particularly true of alluvial streams, whose bed and banks are formed by

- sediment, £ranaported by them. The emount and composition of.the gsediment load
carried by a stream is affectéd by a great number of fariablea, but t?is sub-
Ject liesloutside of the scope of this paper.

Although the character of the sediment load is usually set predomindntly
by the hydrology, geology and vegetal 00vef of the watershed, sediment may
aiso exercise an important effect on the slope, particularly in those sections
of streams affected by the works of man. The nature of the sediment load also
strongly influences the resistance of the banks and bed of the stream to scour.
When the sediment carried is coarse and/or cohesive, the banks and bed are
strongly resistant to ‘scour, but when they are composed of fine, non-cohesive
material, the resistance is small. The fine cohesive material‘carried by &
stream usually has little effect on the form of'natura} streams, unless it has
.an'opportunity to settle and consolidate, but when this occurs, the effect may
be considerable. The extent to which this is true is as yet not well worﬁed
‘out. The shape of the lower Mississippi is materially influenced by the large
" beds of highly consolidated elay deposits which weré formed by the filiing of

the lakes resulting from cutting off of the bends of the river in times past.

As previouély stated, the resistance to scour of the banks and bed of
alluvial streams is usually related to the character of the sediment moved
by thé streams. Iﬁ some cases considered in this study the sﬁream flows in
erodible méterial which was not placed by.the stream itself, but was deposited
by other sgents in another geological period. The size, shape, specific grav-
ity and cohesive tendency of the particles composing the banks and bed of the

stream is very important as they control the susceptibility of the banks and
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bed to scour. OFf these factors size and cohesive tendency are the most
important.

For example, & stream flowing in meterial which is highly resistant to
scour will tend to be much narrover and deeper then one which flows through
easlly eroded material. This is because the stream widens out until the trac-
tive force on the sides 1s no longer sufficient to produce scour. When %he
materlal is very resistant to scour, it will stand a deeper flow and hence
higher tractive force in the stream without scouring, than will less resistant
naterial.. The meaning of the term tractive force, as used here, is discussed
in en appendix to this paper. Engineers are finding thet tractive force is a

more accurafe index of scouring ability than velocity.

Effect of Vegetation on Stream Forﬁs

The effect of a vegetative cover on the banks and bed of small streans
in protecting it from scour has been so amply demonstrated that it needs no
discussion here, but vegetation also affects the shape of streaﬁs of medium
siée and even large ones. Even in major streams like the Mississippi and
Missouri, the vegetation may have an importent effect. Towl¥* has stated thet
ip.lSOh the length of the Missouri between the mouths of the Big Sioux and
Platte Rivers was sbout 250 miles and in 1935 it wes about 150 miles. He
concludés—that the changed length was due to the removal of heavy timber.

Probably the outstanding case of the effect of vegetetion on the rivers
in this country is that of the "rafts" on the Red and Atchafalaya Rivers in
‘Louisiana. The Red River* was so choked by rafts of floating logs and other

% Roy N. Towl. The Behavior History of the Big Muddy. Engineering Neve-
Record Vol. 115 Auvgust 22, 1935, p. 262-26lL.

* Physiogrephy of the Eastern United States. Fenneman p. 116-117.
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vegetation thet it completely changed part of its course end caused numerous
lakes to form where tributaries entered it, probably because of the rise in
its bﬁttom and water surface which accompanied the choking. Since the raft
hes been removed, the river has materially lowered both its bedland water
surface. The Atchafelaya River in Louisiana was also complete}y_ghoke@ by e
raft, and on its removal, it materially deepened gnd widened its channel.

Another famous case wheres vegetation has effected the form of a major
river is in the femous sudd region of the Nile Rlver in Africa, where for
meny miles the river is so choked by vegetation that it spreads out in a
great swamp through vhich travel is very difficult.

Even in the case of the mighty Mississippi River, it is believed that its ‘
form is to some extent influenced by the heavy growth of vegetation which de-
velops on its banks and overflow areas. This river is very meandering, and
forms great loops, the ends of which are a short distance apart in a straight
line, but many miles distant measured along the course of the river. When
this straight line distance becomes small, during high flocds much of the
water flows along the straight line path, and when the river scours its banks
in such a way as-to meke this path short enough, the water flows with suffi-
cient velocity to scour the earth elong the short path severely enough to form
a channel, whicp gradually enlarges sufficiently to carry the entire flow of
the river, thus causing what is called a "cutoff". The length of the short
path at which scour will occur to a sufficient extent to form & cutoff, would
be much less if the ground over which the short path paséed was not grown up
with the dense vegetation which is found there. Without vegetation the shape
of the river could therefore never attain the degree of sinuousity which oc-

curs under exlsting vegetative conditions. For example, the famous bends
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which. formerly existed near the town of Greenville, Mississippi could, under
natural conditions never have had the.narrow necks which they did, without the
heavy vegetation thaﬁ existed on these bends. :

According to G. H. Matthgs, the form of £he stream channel of the
Mississippi is also influenced by the willow growths which form on thé bars.
As these growths start they cause.sediment to deposit on them, and thus build
the bars higher. “As the willows become larger they become less easily washed
- out and also more éffecéive in causing deposit. The deposits often continue
until an Island is formed, which materially changes the shape of the stream
channel from that which existed befofe the growth's£arted.

In & section 6} the Kissimmee River in Florida, the channel alignment is
very tortuous. In recent years there has been a great growth of water hya-

- cinth, a piant introduced from a foreign couﬁtry. Tﬁis plant has grown so
frofuseky in this river that at a number of places it has so choked the
channel that the water spread overbank, and flowed across the necks of bends
with sufficient velocity to cause cutoffs, which pfoduced rajor changes in
streém alignment. As this plant grows only in warm climates this change, to a
-certain extent, mﬁy be considered a temperature effect as well as a vegetétive
one, since it would noﬁ occur in a cold climate. |

In flzct temperatﬁre is.an important factor in all vegetative effects,
.since the wvegetation which affects the stream pattern in any case depends on
the growlih which can tske place with the temperature.which exists there. ‘For
example, one would.not éxpect vegetation to have much effect on stream patterns
in a regium whevre the‘t;mperature was so low thqt only a tundre growth.0ccurred.

* As an actuel case it mey be mentioned that the density of vegetation along the

streams In the warm state of Florida is very much greater than along the



streams in the cold state of Montena, and therefore changes in the stream
1patterns ﬁill usually occur less frequently, or more slowly, other conditions
than temperature being the séme, in Florida than in Montana.

It is probable that the differences of density of vegetétidn in f&orida
‘and Montana is partly a result of the higher rainfall in the former. This
adds another factor to those previously discussed as inflqencing stream forms;
-Rainrall elso has an important effect on stream diséharge, vhich, as previously -
mentioned, is a major facltor in stresm patterns. Since in.both cases the effect
of rainfall is indirect, its influence will not be considered further, but this

mention of it does serve to indicate the complexity of the subject of stream

forms, and of the interrelation .of the influencing factors involved.

The Effect of Temperature

Temperature effects stream forms in various ways (in addition to its effect
on vegetatioﬁ previously mentioned). These may be classified under four heads
as follows:

lj Effect of temperature on resistance of banks and bed to scour.

2) Ice effects.

3) Glacier effects.

L) Effect of temperature on transportiég povwer of flowing watér.

These wili be discussed in more detail in the following paragraphs.

Temperature ig some cases affects the resistance of the banks and bed of
‘e stream to being scoured or wérn away by the flowing water in.addition to its
effect on vegetation. A change of resistance is brought about by the freézing
of the banks, vhich occurs in winter in northern rivers, such as the Yukon
- River in Alaska. 1In some areas the ground is permdnently frozen, except that

a thin layer on the surface thaws out in summer. Unless the banks are thawed
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out; they would be much less subject to scour than when in their unfrozen
conditions. |

In northern regions glaclers frequently form in ths vglleys vhich affects
l:he‘ streem discharge and sediment load. The stream has its maximum flow when
the temperature is high enough to melt the ice. The flow may cease entirely
during the winter and at night during the summer. Most of the runoff 't.:’(:curs
during & short part of the time and therefore produces high pesk discharge
rates, which are able to produce greater. transportatioﬁ of sediment than if the
flow was more uniform. Alsc the glaciers usua]l.ly bring down great quentities of
sediment, which they supply to the streams, causing overloaded streams and
streams with braj.ded or interlacing pattern.

An .exa.minat’ion of detailed topographic meps In Alaske shows a large
number ef very crooked streams. The cause of this stream pattern is not evi-
dent, There is a possibility that it is due to the high resistance of the
bank material to scour, since there is some evidence that highly resistant
bank materizl tends to produce crocked streams. The high resistance in this
case vould be because of frozen.ba.nk material.

In northern regions the streams frequently freeze completely tp the
‘bottom in winter. In the spring_; they thaw out and the ice flows down with s
great rush, causing jams which naturally raise the water level and cause cut-
offs; and'seriously scour the banks end bed. -

That streams tend to carry more sediment in suspension in winter than in
summer has been cbserved on th;e lower Colorado River*, the Loup River in

Nebraska,, Niobrara River in Nebraska and the Missourl River. The effect of

s
-

¥ E, W. lane, E. J. Carlson and O. Hanson. 1949. ILow Temperature Increases
Sediment in the Colorado River. Civil Engineering, Vol. 19, To. 9,
Septesber 1949. pp. 619-620.
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temperature on suspension has also been demonstrated in artificielly created
imrbulence. The effect of temperature on the movement of the coarser particles
. on the stream bed has been investigated but there is not complete egreement re-
gﬁrding the reliability of £he conclusions drawm., It is believed however that
the evidence shows that under some conditions at least, such effects exist,‘
but the nﬁture and megnitude of them is in doubt.

Although the effect of temperature on the transportation of sediment
can be demonstrated, it is difficult to show just how this effect influences
the form of streams. However, since the form of streams is so much influenced
by the sediment carried by them, as shown in a previous section of this repords,
it seems reasonable that anything which would materially effect the transporia-

tion of sediment in streams would also have some effect on their form.

Effect of Geology of Watershed and Stream Channel

The importance of geclogy in stream channel forms has already been briefly
mentioned. Geology is perhaps the most important fector in stream forms because
of its effect not only on the form of the stream directly in man& ways, but
' also'indifectly in its influence on many of the other variables which‘directly
affect stream form.

For example, the geology influences both the amount and the variahiiity
of stream flow. It gives qise_to mountaiﬁ ranges, which increase the rainfall
in certaiﬁ arees and decrease it in others, thus increasing or decreasing the
stream flow. It also affects the flow variability by producing lakes or swanps
which tend to equalize the stream flow, or porous rocks or earth, which have a
'similar‘effecﬁ. The slopes of the streams are largely set by geological
action, as previously explained, and the slopés of alluvial rivers are some-

times controlled by rock ledges which cross them at intervals. Geology also
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materleliy influences the sediment load by providing easily eroded material
vhich produces heevy sediment lozds, or .resistent ﬁaterial which produces
light loads. It-also tends to cause high or low sediment loai.d.s ‘by producing
high or low stream slcopes. It further affects the_ stream form by_ providing
easily eroded or resistant material in the stream bed or banks.

This study has shown that the geologleal history of many strezuns_ ‘1n‘ the
_past is an importaﬁt Tactor in the form of many stresms in erodible material.
The influence of the glaciers which covereti most of northern North Americe
1n_ recent geclogical tiﬁles ; particularly the last grest advance of the
glaciers in what is celled the Wisconsin glacial stage of the Pleistocens
epoch, and the recession as the ice maés_es nelted away, and largely dis-
appeared,. is-still materially influencing the foxrm of many streams, although
this glecler reached -its greatest advance at least 5-10,000 years ago. Among
_‘ ;he st-;'c'eams studied in which_ this glacier still largely influences the fomm
are the Upper Mississippi, Webash, Illinois, Minnesota, Red River of the North
and the Milk River (Montana). Although geology is no doubt the most important
factor influencing stream forms, it will not be discussed at length hereln,
since within the limited scope of this report it is usually not dirvectly &
méjor factor, and the éeology of most alluviel velleys is, for the purposes
of this stt;dy, very nearly the same. In some cases, however, the past geolog-~
ical history of the stream gives rise to streems of unusuel. form, which come
within the scope of this paper snd in these cases the geological aspects must

" be treated, in order that the forms may be understood.

Ihe Vorks of Men
The works of man have materially changed the forms of chennels in numerous

large and small rivers. The Lower Mississippl has been materially straightened,
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shortenéd and steepened by cutting off numerous bvends. Many miles of the
Missouri have been narrowed and straightened by contraction works. Numerous
small rivers in Iowa, Illinois, Oklahoma and Missouri have been straightened.
by cutoff and auxiliary channels. Dams have been constructed forming lerge
reservoirs. Most of these works have been so recently completed that théir
permanent effect on river forms is unknown, but it is believed that as time

goes on, these effects will become more evident and their importance will be

greater than is now the case.

Common Classification of Stream Forms

There are a number of forms of streams that are so frequently encountered
~ that they have been gliven names by persons dealing with rivers. The names
most commonly mentioned are meandering, braided, incised or entrenched
meanders, and misfit or underfit streams. It is probable that most.readers

of this report will have at least a general idea of what is meant by meander-
ing and braided streams. Because there is no generally accepted exact deflini-
tion of either, they are discussed at length in later sections of this report,
and what is believed to be better definitions are proposed. Those who are not
familiar with the genersl meaning of these terms should read these definitions
first. The definition on meandering streams is on page 52, and that on braided
streams is on page 89.

An incisé& or entrenched meandering stream is formed by a meandering
stream cutting downward into rock or other material usuelly highly resistant
to scour, so that while it maintains its meandering form it no longer scours
its banks or shifts its horizontal position rapidly. A misfit stream is one

that occuples a valley formed by a stream of considerably larger or smaller
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discharge, so that it has a different channel size and probably different plen
form than the channel had which formed the velley. An undeyfit river is one
which occupies e valley which was formed by e stream of much larger discharge

than the present one.

Misfit and Underfit Streams

As previously stated, a misfit stream is one that occuples a valley formed
by a streem of materislly different discharge. The valley forming discharge
could be either smaller or larger than the present é.ischa.rge. An underfit
stream occupies a valley formed by o stream ol greater discharge. A miasfit
streem can therefore be either an underfit streem or en overfit stream, but a
natural streem which occupies a valley formed by a streem of much smaller dis-
charge i.e., an overfit stream, would usually soon remove all signs of the
former smaller stream channel and widen its valley to confomm to its present
discharge., Therefore overfit streams are rarely found.

Since the term underfit is more definite end accurately descriptive than
the term misfit, it is believed that it would be betier to drop the use of the
designation misfit, and use only the term underfit fox the streama of the
underfit type, If one of the opposite type is encountered, it may be called
an overfit stream. Streams of the underfit type covered in this study ere
the Milk Riwver of Montane, which flows in & former course of the Missouri River
and the Minnesota River, which was the outlet of ILake Agassiz. In one sense,
the Middle Kississippi from St. Paul to St. Louvis and the lower Illinois,
vhich was the former course of the no longer existing Teays River, moy be
considered to be underfit streams since the present discharge is much less
than that which flowed in them during one stege of Pleistocene time. However,

in the case of these two streams it is doubiful if this high flow continued
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long enough to form & valley commensurate with the larger discharge. The

‘writer therefore prefers to consider these streams as refilling streams. The
Minnesota valley may also not have been enlarged to a size comhensurate_with
its high flows, but its valley seems much larger in comparison to its present

discharge than do the vaelleys of the Middle Mississippi and the lower Illinois.

QUANTITATIVE STUDY OF STREAM FORMS

The Formulation of Plan for
Attacking the Stream Form Problem

Although a number of attempts have been made to develop a science explain-
ing the formation of meandering streams, an extensive search of the literature
in the field of stream forms has disclosed very few articles attempting to
develop a science cowvering other than meandering forms. As the subject is
obviously very complex, it has seemed to the writer that the best line of
attack would be to find out from measurements on existing naturgl streams the
conditions under which the various forms developed. A study of the relations
of the principal variablee should give clues to the reasons for the varilous
forms, and if a general fundamental relation could not be developed, at least
empirical relations could be developed in various areas which would be very
useful in many of the problems which.arise in stream engineering.

To carry out such a plan reqguires a determination of the principal factors
involved in the formation of stream channels, and data on these factors for a
considerable number of streams covering a wide range of conditions. |

Selection of the Principal Factors Influencing
the Form of Stream Channels Flowing in Erodible Material

In the foregoimg sections of this report it has been pointed out that
there were eight major factors which influenced the form of streams flowing in

erodible material, and that each of them, in some streams, exercised a major
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effect on the channel form. With so meny varisbles it was net practicable to
appraise separately the effect of each fa.ctaf, end analyze their interrelation,
by treating all of the factors at the same time since scme of the factors are
interreleted. The best procedure in a case of this kind is to select vhat
appears to be the most importsnt varlebles and to try to esteblish the rela-
tion between these. If such relations can be established, it is then usually
possible to proceed to dgtermine, to some extent at least, the effects of some
- of the other variables. |

Other points which h;a.d to be considered in selecting & plan of attack for
appraising the effect of the various varieblees and their interrelations are
(1) the posslibility of expressing the magnitude of these varisbles quantita-
tively aﬁd (2) the availebility of date on the magnitude or extent of them on
a8 large number of streams. It can readily be seen that the vegetational condi~
.tions; the effect of the works of man and fhe geological conditions cannot be
directly expressed in quantitative terms, nor is there extensive data readily
available on them. The temperature of the water can be expressed guantitatifely,
but very few date on it are availeble. The sediment load transported by the_
afream cen also be measured, end expressed quantitatively, but dafa on it also
are comparaiively meag}e. The nature qf the benk and bed material can, to some
extent be-expressed quantitatively, especially if it is non-cohesivg, but data
on it are widely available only in general terms, such as sand, gravel, and
clay. The slope and dischafge of streamé hovever can be readily expressed
quantitatively, the élope used being the longitudinal slope along the channel
of the stream, and the discharge can best be expressed es the average discharge
" over a long period. The plan form of sireams can be expressed in quantitative

terms, as will be shown later, but this is laborlous, and no data on streem
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forms of this type are availlable. The tortuosity ratio of a stréam (the ratio
of the stream length to the valley length) which iﬁ scme cases can be used as
en index of stream pattérn cen be expressed quantitatively, but a determination
of it is time consuming and requires detailed maps of the streem.

In studying quentitatively the form of a large number of streams, we are,
therefore, at preseht limited to expressing the form in general terms, such as
meandering and braided, and comparing this with the variebles; slope and méan

“discharge, the bed-bank meterial, the latter expreséed in general terms such

as sand, gravel and clay. If more time and funds for the study vwere available,
it would be possible to extend the relations for a number of streaﬁs to include
tortuoéity retio and other quantitafive expressions of plan form and quantite-
tive size of non-cohesive bank and bed materisl.

As will‘be shown later, a comparison of stream plan forﬁs when using
only the factors of slope, discharge, and bed-bank meterial, gives very con-
sistent results, with comperatively little scatter of cbserved points when
presented in graphicel form. This consisteﬁcy strongly indicates that the
siope, dischaerge and bed-bank material are the most important factors influ-
encing stream form. This is particularly fortunate, since it is these that
are the factors on which data are most readily available. This shows that the
best plan of attack to the problem of analyzing stream forms is along the line
of a quantitative comparison of these variables, as far as it is possible to
do so.

Because of the importance which the sediment load transported has in
determining the shape of artificial channels for conveying water, such as

irrigation canals*, it may seem surprising that comparatively consistent

. s e e . e i e il . 2 e o e L e g e e

* Lane, E. W. "1955. Sediment Ioad Charge es a Factor in Steble Irrigation
Canals. Journsl, Central Board of Irrigation and Power (of India) Vol.XII
To. 2, ‘PP ]."‘8‘,b APril 1955.




results are obtained when ignoring this varisble. That tﬁe sediment load
transported is en important factor_in shaping the form of streams cannot be
'denigd. That comparatively consistent results cen be obteined in analyzing
data based on a large number of natural streams without considering this
factor arises from the fact thet this factor is largely the product of the Y
other factors treated, and in natural streams may be considered as a dependent
variable. In a stream in regime of eqnilibrium‘(also sonetimes called a graded
or poised stream) the stream form is very largely dicteted by the load of
coarse material transported, but this load is thg result of the factors: .dis-
charge, slope and bgdnbank materiel. Since most of the natural streams on
vwhich data were secured for usé in this study are probably epproximately in
régime, the coarse sediment load is the result of factors: slope, discharge,
and bed-bank material, and therefore docs not have to be treated as en inde-
.pendeﬁt variebls. In artificial channels, the coarse load is not a result of
the élope, discharge and bank-bed material, but is imposed on the chénnel by
being introduced into it from the stream from which the channel draws its
water supply. In studying the sediment problems of thése axtificial channecls .
the sediment load must be considered as an independent variable,

Obtaining -Date from Many Streams” on the
Principal Factors Controlling Streasm Channel. Form

Having selected discharge, slope and bank-bed material as the threg prin-
cipal varisbles controlling stream form, it is necessary to find the magnitude
_of these three factors, together with the channel form produced by them in the
~case of a large number of natural streems. Since no compilation of these data
ﬁas a?ailable, it was necessary to collect it from eany source where it could be

found.
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The data on the mean discharge of the stream was usually coﬁparatively
easily obtained from the very complete records of the U. S. Geological Survey_
- and published in their Water Supply Pepers. Nearly all of the mean discharge
values for the streams used in this study were obtained from this source. .

The slopes of the streams were largely determined from profiles, pub-
lished in the‘reports on engineering studies of the streams made in connection
with their development for various purposes, such as flood control, irrigation,
navigation, and water power. DPublished reports of the U. S. Army Engineers,

U. S. Bureau of Reclemation, and Miami Conservancy District were extensively
used. A series of theses of the State University of Iowa, developed under the
supervision of Professor C. J. Posey contained vsluable date on slope and other
characteristics of streams.

Data on the bank-bed material was also largely drawn from these reports
and from the writer's knowledge of nunerous streams scattered-over the country
gained in engineering studies dealing with them over a period of mecre than
forty years.

The siream channel form developed was also determined from maps in the
various engineering reports, from the quadrangle sheets 5f the U. S. Geological
Survey and from the writer's personal observations.

The data used in the study is tabulated on pages 103 thru 106. More de-
tailed data covering some of the individusl streams is given in Appendix I.

Determination of Quantitative Relations Between

the Principal Factors Controlling Stream Plan
Form in Meandering Sand Streams

The principal fectors controlling stream plan form are believed, as
previously stated, to be discharge, slope, end bed-bank material. To deter-

mine the.relation between form, discharge, slope and bed-bank material,
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involves four varisbles. To determinz thelr interrelation for a considerable
_rangé of ell of these variables with a single solution is difficult, aipce no
theory is avallable to guide the trial analysis,.and ell that is available is
widely scattered date glving the values of these four vafiabies:for e lsrge
number of streams only part of which data is in a quantitative form. By

; selecting data, however, it is possible to reduce the variables to two. This
can be done by selecting only streams having one pattern and one material size.
B; choosing only date from streams which have & meandering pattern and & bank-
bed material of sand, & plot can be made showing the relation between the
Blopé and the discharge for this type of stream. Figure 1 shows such a plot
using the available data, ﬁlotted on logerithmic co-ordinates.

The'stream of this type having the greatest discharge is the Lower
Mississippi, the two main sections of which have mean discharges of about
500,000 cfs. The smallest stream of this type for which data was found is
the model of the Lower Mississippi River constructed at the Waterways Exper;
iment Station at Vicksburg, Mississippli. This model had a discharge of 0.10 -
0ﬂ15 cfs and was constructed with banks and bed of Mississippli River sand. If
one draws a straight 1iné through the points (1,2)% representing the model and.

averaging those represénting the two sections (3,4) of the Lower Mississippi
0.0017

; V[ ; .
form of ‘eguation was found to fit approximately & large amount of the data

River, the line will be found to have an equation's'= . Since this
on meandering sand streams, as will be shown later, it can be expressed in
.. general texms'S = EfE- end for this line the value of K is 0.0017.
™\ ’ Q g
Other fortucus streams with sand beds have been plotted on this diagram.

These are Repid (S), Clear (6) and 0ld Man Creeks (7) and Maquoketa (8),

Raccoon (9),. Iowa (10), Cedar (11) and Des Moines (12) Rivers, =2ll in Tova,

¥  These numbers refer to the item numbers for these streams in Tebls I and
point numbers' on Figure I.
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‘the Milk River (13) fn Montana, Big Black River (14,15) in Mississippi, the

- Minnesota River (16} in Minnesota, Missouri River near Ft. Peck (17), Montena,
. the. lower part of the Webash River (18) in Indisna end Illinois, and ﬁﬂe
Middle Mississippi im Illinois and Missouri (19,éo)' the Verdigris River t22)
in Oklahoma and the Sssiniboine River (23) in Mznitobae, Canada, Big Blue,
Kansas (137), and the Smoky Hill, Kahsas (135,136). Also included is the
Buyuk Menderes River {2L) in South-eastern'Turkey, which is the streem from
which the term meander was derived. Tor all of these streams the points
showiﬁg the relation of slope to discharge falls near- the line indicated by
the Lower Mississippi River and 1its quel. In other words, in all of these
rivers the relation of “he slope to discherge is approximately represented by

the équation 8 = QLOOQT as they all have K values reasonably close to
Q

0.0017.

Howéver,‘all of" the points do not lie exactly on this line, or have K’
value of exactly 0.0017, but this is not to be expected., One reaéon is that
the streams are not.likely to be all of the same degree of sinuosity, es will
be explained later fm this report. Another reason is that the size of the
sand is not the same in all cases. The éedimant sizes for the lowver
Mississippi River Model (1;2)Iaﬁd the Iower Mississippi (3,4) should be close
to the same size, as. Miesissippli River sand was used in constructing the
model. The sizes of send in most of the other streams probably differs from
that of the Iower Mimsissippi. For example, the Iowa River (10) material is
known to contain some small gravel, and that in the Des Moines (12) and
Raccoon (9) probably does also. The same is true of the Missouri (17) near
Ft. Peck. The Milk Bi;gr (13) and the Minnesota River (16) are both "underfit
rivers" since they owcupy valleys which were formed by a larger discharge than

now exists, the Milk (13) occupying a former bed of the Missouri River and the
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Minnesota {16) formerly being the outlet of the great Lake Agassiz which
drained a wvery large area and carried off the water of the melting_glaciers.
These two streams are very tortuoué, and appear to have a more crooked elign-
ment than the lower Mississippi (3,k4). -There is & slight poaaibility that
these rivers are still refilling the valleys left by their larger flows, apd
are hence not in equilibrium. These rivers are unusually sinuous, but so also
1s the Assinboine (23), which is not known to be & refilling river. As will
- be shown later, the sinuosity of these send streams tend to increase with the
decreasing slope. It is, the:efore; probable that the explanation of the
highly sinucus pattern of these three streams, i.e., the Milk (13), the
Minnesota (16) and the Assiniboine (23), is their low slope, since this would
explain 81l three cases. There is one meandering stream, the Red River of the
North (140,1%1) which does not agree, even epproximately, with tha other
streams. As will be explained later, this is a speciel case. |

Although the plotted polnts for meandering sand streams do not all fall

i 0'09£¥ for the following four reasons, it

Q :
is believed that this line very accurately represents the relation between

close to the line representing S

discharge and slope for gll meandering streams under equilibrium conditions,
with sediment of the size end tortuosity ratio present in the lower Mississippi.

(1)- The fact that this line is based on points having a wlde range of
discharges hes elready been mentioned, in fact, they include the smallest and
the next to iargest dischafgas used in this study, the next to largest ﬂeing
over a million times the smallest. The greal range of the data used tends to
make the slope of the line very accurate.. There ig a possibilify that the

model experiments may not represent a condition of exact equilibrium, but a
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very thorough study* of the Léwer Mississippi River (perhaps the most thorough
geological study ever made of any river) led to the conclusion that this stream
;had_been in equilibrium for about 2000 years; Because of the great fange of
discharges, the magnitude of any correction qf the observed slope in the model,
which it is reasonable to expect might be necessary to obtain in it the cor-
rect equilibrium slope, is not sufficiently large to changé appreciably.the
slope or position 6f this line. ‘

(2) The fact that the material used in the model was Mississippl River
sand, indicating, as previously mentiored, that both model and prototype used
the same éand size.

(3) Accurate discharge and slope data on both model and prototype were
aveilable.

(4) The foregoing points deal with the position of the .line at its ends.
Tbe reliaﬁilityhof the position of it between the ends is indicated by its
general agreement with the data on other meandering sand stresms, the position
of the line in nearly ell cases deviatihg from the positions of the points
repreéenting other meandering streams in a systematic and logical manner, in
the direction that would be expected from the deviations of these streams
from the méterial size, tortuosity and slope of the Mississippi River model

and prototype.

Although most of the meandering sand streams agree epproximately with
0.0017

. Q
lover slope than this relation gives. This indicates that there is more than

the equation S = , the Red River of the North (140-141) has a much

¥ H., N. Fisk, 1952 Mississippi River Valley Geology in Relation to River Regime.
Trens. A.S.C.E. Vol. 117, pp 667-689.

H. N. Fisk, 194k Geological Investigation of the Alluvial Valley of the Lower
Mississippi - Mississippi River Commission, Vicksburg, Miss.
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honq type of meandering stregm. Although the banks are of cohésive material,
the bed cﬁntains sand. This is also the case.of the Verdigris River (22)
which conforms reasonably well with the other sand streams. The explanation
§f the unﬁsual characteristics of this streem and of the U—sﬂaped bends which
‘cussed in detail in Appendi% I, this river is a very young one, having been
formed in the bed of an immense lake, formed by the Wisconsin. glacier, as the
lske drained out when the glacier retreated northward. The reason fo; the
U-sﬁaped bends is nct known.

As previously shown, scme very tortﬁous meandering sand stresms have the
very low slopes and values 6f K, and it appears probable that high tortuosity
gepérally-accompanies low slope. As will be pointed out later in the dis».
cussion of braided streams, for braided sand streams the_lower the slépe the
more tortuous the etréams become. It appears that this tendency of braided
streams continues into the range of meandering sand streams and that there is
a gradual transition through both braided and meandering streans with de-
creasing braiding tendencies and increasing tortuosities as the slope de-
creases. There is some evidence, however, that there is a lower limit to this
.situation since a number of streams of very low slope tend to be relatively
straight. Examples of this are the Yangtze River in China (66,67) and the _
St. Clair in Michigan and Canada (1:3), and the Lower Nile (115). All three_
of these streams have considerable cohesive material in their chennels, but
1n.the case of the Verdigris River (22) cohesive materials seem to have little
"~ effect on the meander pattern.

An interesting conclusion follows, if this gradual reduction of tor-

tuosiﬁy with increase of slope exists through most of the range of meandering
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Btreamé: namely, that there is probably no simple relation of meander belt
width‘ci‘meandering.é£reams to stream width, which makes meander belt width
e function of stream width only, ms Jeffersoné, Bates®* and others have
suggested. For a given stream width, the meander belt wi@th tends t6 be &
- function of the degree qf sinuosity or the tortuosity ratio of the stream
since the more tortuous a stream is, ﬁhe wider the meander belt will tend
to be. Since tortuosity seems to vary with the stream slope the width of
mean@er belt probably aléo is a function of streem slope. The data showing
the relations of meander belt, to stream width as shown in the wofk of
Jefferson and Bates scatter widely, but all give meander belt widths much
wider than the stream widths. This results because only highly tortuous
rivers are included in the data, as they are the only ones which a}e considered
to be meandering streams. If the less sinuous rivers were 1nclqded the |
Ifallacy of the simple relation of meander belt width éo stream width would be
demonstrated.

It is well known, that by making the slope of a straight artificial
chennel low enough, it can be made to maintain a straight course, but it will:
also maeintain a crooked course if originally given that alignment. A smaller
Bl&pei however, is necessary to maintgin a stable crooked artificial channel
than a straight one. The determination of the dimensions of such stable
channels from the standpoint of this investigétion would probably lead to
valusble insights on the patterns bf low slope streams. A preliminary in-
vestigation of this point, made in connection with this s£udy indicates that
the slopes uséd in irrigation canals are considerably less then is usually

found in meandering rivers.

L e S — — —— ———

¥  National Geographic Magazine, October 1902, pp 373-38L. ;
¥¥% Bulletin of the Geological Society of America, Vol. 50, 1939, pp 819-830
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The relation S = H—Eﬂ s thowing that the slope varies inversely as the

Q. ;
fourth root of the discharge, is quite different from the results obteined for

regime channels by Lacey, which was that S varles inversely as the sixth root
of Q. For meandering sand streams, this fourth root relation seems well es-
‘taﬁlished, and lacey's relation does not fit the data available. As will be
shown iater for other stream patterns and other sizes of materisl the-data
avalleble were not sufficient to indicate unquesfionably that the fourth root

relation holds for them. Further study 1s needed to settle this point.

Determination of Quantitétive Relations for Braided
- Streams of High Slope and Sand Beds.

As will be shown later, braiﬁing may be caused by the streem having e
steep slope or because it is overloaded with sediment. By using only the data
from saﬁd streams having steep slopes it is possible to makKe a gquantitative
comparison of the, slope-discharge relations for this typé of stream. The
stream most frequently referred to in this country as & braided séream is the
Platte River in Nébfaska. This stream'ia steep end is highly braided. At thé
present time the watef of this river, except near the lower end, is so nearly
cqmpletely used fof irrigation, that its discharge is very different from the

- natural flow which produced the braided condition, which originally existed in
this stream®*. From Colorado State governmentel authorities concerned with
_ watér control the best estimate they could give of the original. flow of the-
Platte rivef (25), has been obtained and plbttéd‘on TFigure 2. dther sand bed.
rivers which are highly braided are the Niobrara (25,27 end 28) the lower ends
of the North Platte (29)%* and South Platte (30)%* in Nebraska, end Cherry
'

Creek (31) in Colorado. Other streams which ere believed to be of less

*¥ U, S. Engineer Department, 1934 Platte River, Colorado, Wyoming, srnd Nebraska,
T3rd Congress Session, House Document No. 197, p 377.

*¥% The originel discharge was also used for these streans.
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‘highly braided form than the Platte River are the main Loup River (39) and its
branches, North Loup (L0O) and Middle Loup (41), all in Nebraska.

A model of the Yower Colorado River (32-38) constructed with séand coarser
then that in the Iower Colofado, to study the intake at the Imperisl Dam,‘also
‘had highly braided channels. The diécharge-slope relations of these streams

can be epproximately represented by ea line having an equation S =_g19; ; Llees,

(K = 0.01). This represents a slope ebout six times as steep &s tha% repre-
‘senting the meandéring sand streams. In this case, the EJE; relation is not
as well established as for meandering streams, since it is more difficult to
estimate the degree of braiding by visual means than it is to determine the
degree of meander;ng. It may not become possible fo determine the degree of
braiding with sufficient accuracy to establish this slope relation until the
quantitative measures fof determining stream form are worked out, as discussed
iater in this ﬁaper. Until more precise determinations are availsble, the K
value of 0.0l can be taken as representing approximately a highly btraided form
of stream in sand.

It seems likely that theoretically there is no upper limit to the slope
of braided river, until the limitation is reached of the concentration of
sediment that can flow as a fluid. If the slope becomes too steep; the con~
centration of sediment necessary to provide the wdter with sufficient load to
maintain the slope may become so great that it ceases tq be a water flow and
becomes a mud flow. Time is not avaiiable at present to speculate on the
probable result of this situation, and its limitations, where the concentra-
tion becomes so high' that ;movement nearly ceases.

However, there are streams vwhich have interlacing channels and are said

to be braided, but do not have steep slopes, as is shown on Fig. 2. One sec-

tion of the Upper Mississippi River (120-121) which is said to be braided has
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.a relatively low slope, much less thﬁn the other braided rivers 6f ginilar dige
chargé. A mep of this section of this stream is showm on Figure 12, Rnotﬁer
stream which may havelsome braided sections is the lower Tlinois River (142),
As will be shown later, these two afreams.ara formed under entirely different
conditicns than are the steeﬁ-s;ope braided stresums ¢of the Platte River type.

For purposes of comparison of braided and meandering streams repvesented

by the equation, S = 9{;9-@5 is elso drawn on Figure 2.
\JQ

Sand. Streams Between Highly Braided and Meandsring

There are a number of sand streams which have K values between those
which are discussed as meandering‘ani those which are discussed es being
highly brai&ed end of the steep slope type. The slope~discharge relations for
these streams are shown on Fiéure 3. In order to show their generél relation
to meandering end highly bfa;dea gand streams ghovm on Figurés ) end 2 the
lines representing K = 0.00}7 and 0.0l are also placed on thié'Figure.

Among these are the Republican (142,43), Red River of the South (&%), south
Canadian (45), Iower Arkansas et four points (46 to_k9 incl. ), Kansas (139),
iowef Colorado (50,51), and most of the Missouri River (54 to 65 incl.). Many
‘of these streans have meandering es well es braided tendencies, and although
no quantitative study of the degrée of breiding end meendering has bgeh made
of these rivers there appears to be a st;ong tendency for the bfaidiﬁg to be
less pronounced_and the meandering tendency to become more pronounced as the
K velue decrcases.

Except for the Upper Mississippi and Illinois Rivers there is thus a
gradual transition from braided to meendering send streems end from slightiy
meendering to highly meandering s=nd streams. In general the steeper the

slope "the more braided the streem becomes and the flatiter the gradient the
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more tortuous it beeomes‘extending down through the meandering streams,
possibly dowm to é certain 1limit below which the streams may-become more

straight.

Some Conclusions Regarding High Slope Braided and Meandering Streams

Considering streams in erodible material as a whole, the steepest streams,
other conditions being the.same, tend to adopt a braided form, which is rela-
tively straight and those of smaller slope tend to be more sinuous in align-
ment, even into the typically meandering streams. This fsct presents étrong
evidence to disprove the view widely held by engineers that a river meanders
_becausé its valley has too much slope and has lengthened its channel tolre-
duce the slope to & value which produced a stable channel. If this view is
sound, How cen it be that for the same discharge and material size streams
in non-cohesive material tend to be more nearly straight when they are steeper
than the meandering streams. Why do these steeper.streams not® léngthen out by
meandering to the slope of the typigally'meandering stream, as the above
mentioned common_belief contends.

In this argument it should be recognized that, to be entirely sound, the
comparison of streams should be made on the basis of valley slopes rather than
stream channel slopes, since the valley slope would represent more nearly the
oriéinal slope if the stream had, not.lengthened itself as this common hypothesis
assumes. Since high-slope braided streams are relatively straight, their valley
slopes are more nearly equal to the stream slope than is the case of the mean-
dering river in which the stream channel slope may be much less than the valley
slope. The valley slopes of the steep~slope braided streams are, therefore,
not as_much grgatef than the valley slopes of the meandering ones, ag a com-

parison of their stream channel slopes (which are the values used in this study)
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would indicate. It is unfortunate that sufficient time has not been ayailable
to compare the two types of stream on éhe basis of their valley slopes, but it
appears to be certain that the length of even vefy tortuous-stream; is ﬁot
enﬁugh different from the vélley length to invalidate the conclusion drawn in -
the above argumegt. For example, it is doubtful if any stream is so fortuous
that-its stream length is six times the valley length, as wsuld have to be the
case 1f & meéndering strean with K = 0.00017 like the Lower Mississippi‘has a
falley slope equal to a steep-slope braided river like the Platte with a

K = 0,0L. If these valley siopes,were equal, it would invelidate the arguf
ment presented above thet méandering st;eams are not formed because the valley
is too steep‘and that the river lengthens out to reduce the stream slope to &

value vhich will produce a relatively stuble éhannel. There is no doubt that

if a study of the relation of valley sldpes of alluvial streams to discharge

vas nade, simiiar to that mede in this study, i1t wduld show that steeper
valley slopes tend to prodqce streighter chanﬁels, as do £he éteepef stream
slopes. The value of the conétants-ccmparable to X developed from this new
study, howsver, would differ less for the two types of streams than do the
values of K obtaiged_in the study reported herein. It is hoped thet a
study of this kind will be made in the future.

As previously mentioned in general in non-cohesive matefial, as the
slope flattens, the braided streams become less braide& and more ﬁeandsring
ﬁntil the typical meendering pattern‘is reached. There is some e*idence that
as the slopes become still flatter, the streaﬁs tend to become mors tortuous,
and abandon the regular bend pattern of the typically meanderipé shape'and
adopt a tortuous alignment in which there is little similarity in the bends.

But in any event a few streams of very low slope studied such as the Yangtze
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(66,67) and the upstream section of the St. Clair (143) (Figqre 3) tend to
have comparatively straight alignment, indicating %hat there may be a minimum
slope for meandering streams and that still lower slopes tend to pro?uce.
straight streams. In other words, there are indications that the slope of
meandéring streams is intermediate between the straighter steep slope braided
stresms and some very low slope relatively straight streems.

Determination of Quantitative Relations for
Gravel and Cobble Streams

The data found for streams with bed-bank materiel of gravel and cobbles
‘are not extensive. Considerable data for discharge, slope and material size
‘are availaﬁle but only in a few cases were there data on the stream pattern.
All the availaﬁle data on these streams are plotted on Figure k.

One of the streams on which detailed data are svailable is a meandering
section of Fall River (68-69) in Rocky Mountain National Park, which was sur-
veyed under the direction of Professor C. J. Posey. This is a smell, highly

ismeandering stresm in gravel. The mean flow from a five year record is 38.7
zsec. ft. The slope varies from sbout 0.0030 at the upper end. to 0.00081 at
the lower end. The over-all average bed material size vas ebout 25 mm, and
the average size of the largest bed particles varied from about 160 mm et the
upper end. to 18 mm &t the lovwer end. In most of the stretch the average size -
of the largest particles was not far from 26 mm. Most of the data are from a .
thesis entitled "A Study of Stream Meanders" written at the University of Towa
in 194k by D. E. Escobar under the direction oé-Professor C. J. Posey.

Another stream i~ coarse material on which considerable data were ob-
tained was the Nooksack River (70-76) 'in nérthwestern-Washington. This stream

covers a considerable range of material and stream pattern. The lover end is
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comparatively straight, and formed in fine material._ It also appears to be of
considerable depth, as it approaches the sea. As this part is also subject to
tidal influence, it is probably too complicated a condition to analyse at the
present time. Above this the stream is moderately tortuous and fiows in sand.
Still further up it has a meandering pattern and flows in sand end gravel;
above which is & stretch which is slightly braided in sand and gravel and
another which is moderately braided also in sand and gravel, The uppermost
section cglassified was highly braided in sand, gravel and cobbles up to sbout
6 inches in size. It is not unlikely that this stream may be somewhat over-
.loaded, as it has shifted its location for the lower 30 miles of its length

in the not too remote past.

Another stream. on which data were available is the Willeamette River (77,78)
in Oregon. The material through which this stream flows is medium to coarse
gravel.l From a detailed map of fhis stream in USGS Water Supply Paper No. 890
the channel seems to have a meandering pattern. It also seems to have a
relatively low slope. It 1is probable that this is an overloaded stream. In
his Physiography of the Western States, 1913, Fenneman states (p. 450) "Above
(south of) Oregon City, the Willamette River is a sluggish stream with an in-
triEate series of meandérs. Apparently a Tault crosses the stream at phis
place, the block on the south side being uplifted at the edge and tilted
south, thus helping to stagnate the stream higher up. --~- By reason of in-
sufficient fall and ample load of sediment from the adjacent mountains, it is
an overloaded stream'.

The Miami River (85-88) runs in a bed of sand and medium size gravel.
Most of the stream is relatively straight but at the city of Dayton there is a
well formed meander bend, which gives datae on the conditions in a meandering

stream in gravel.
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jPe lower ?nd of the Tennessee River (91) runs in a bed of sand and

gravel, but the banks seem to be straight and quite-stable. The upper
Colorado River for about 27 miles below Grand Junction (92) Colorado runs in
a bed of sand, gravel and small cobbles, and shows a tendency to form a braided

‘pattern.'

Datae on the discharge, slope and material size of a.considerable numbef
of other gravel streams were obtained, but the dats on the stream pattern were
not sufficiently well defined to be used. The data is listed ;n the table
however, end shown on Figures k. It is hoped that it will be Epssible tb get
date for classifying these streams later. -

The Ohio River (93-97) from Pittsburg to Iouisville has a bed vhich is
believed to be predominantly sand and gravel, the banks are relatively stable
and the slopes of this part of the river are about that for a meandering sand
river of equal.discharge. This is a low slope for e gravel river. It is not

-unlikely that the low slope was established vhen the Wisconsin glacier was
retreating, with its face & considerable distance north of the Ohio, the Ohio
being the only outlet for the melted ice from e long face of the glacier
extending from central Illinois to middle Pennsylvaﬁia. Under these circum-
stances the flow would be 1argé, and a low slope was produbed by this large
flow. Uhdér the present condition this stream may receive more sediment from
its tributaries than it is capable of transporting and the Ohio may also be
somewhat of a refilling stream. _

The Yellowstone River (98-99) in Montana for the length near Billings

and at qufalofRapids is a ﬁeandaring stream in sand, gravel and cobbles,

General Equations Ipi Comparing Streams
0.0017

va

As previously pointed out, the relation of S = is well established



for gompering meandering sand strcems, and S = gﬁgl is less well established

for highly braided sand streams of the steep slogga;ype. For streams of larger
bed-benk material size, relations of this type have not yet been well estab-
lished, but the data available indicate that an equation of this type may be
applicable. To carry this study farther, it is desirable to get more data for
gravel and cobble rivers to see how closely they follow this general form.

Perhaps the best approach for the presenﬂ is to express the formula in
general terms, as S =-?£%: , where K is roughly 0.0017 for meandering sand
streams, and roughly O.OIQfor high slope braided sand streems. IT it is found
that this form of equation also epproximately holds for streams in material
coarser than sand, perhaps .K can be expréssed as a function of the particle
gize, in such a way that all meandering rivers of the ssme pattern would have
tﬁe same value of this function regardless of material size, (as long as the
material was non-cohesive ).

By determining the degree of sinuosity of a large number of the streams
in terms of their tortuosity ratios (i.e., the ratio of the stream length to
the valley length), it is believed that an equation can be derived relating
slope, discharge, material size and streaﬁ pattern as represented by this
ratio at least for tﬁe‘streams of considerable sin;bsity.

For the present stage of development of the stream forms it will be
convenient to compare streams in terms of their K vaiues, and this value
has therefore been computed for each of the streaﬁs studied, and is given in
pages 103 thru 106.

As previously mentioned, the relation for meandering sand stream forams,
which seems well established by the data available, does not agree with the

Lacey relations, which indicate that for regime channels the slope varies as
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the six£h root of the discharge. The slope also plﬁinly veries with the stream
patt;rn end the material size as well as Q. ILacey's relations indicate-that.it
varies directly as f, his fsilt factor" as well as .{i&;, but Lacey Felated £

only to material size. Thie indicates that for natural streams the stream
pattern is a factor which Lacey omitted.

Of course Lacey's relations vere primarily intended for use in the de-
sign of stable irrigation canals, but since he compafes them with the dimen-
sions of natural streams,  such as the Mississippi, he obviously expected that
"~ they would be used for such streams. They have been extensively used by
others in dealing with river controi problems.

In this study to date the principal effort has been expended in getting
the data and in dfawing the more plainly evident conclusions, No time has_
been available to compare extensi#ely the results obtgined with thg results
" obtained ?y othér authoriﬁiés, especially Lacey, Blench, Ieopold and Maddock.
In extending this study further, the relation of ﬁhe data it develops to the

relations of these other authorities should be investigated,

A STUDY OF THE TERMINOLOGY OF MEANDERING STREAMS

In add;tiqn to the quantifative studies previously described, consider-
able thought was given to improving the terminology of méandering streams.
The most common word used in classifying crooked streams is the term
"meandering”. This word comes from the neme of a very crooked rivér in
south~eastern Turkey, which name has had a variety of spellings but is now
known as the Buyuk Menderes River, regarding vwhich more dates is given in
Appendix I. The crookedness of this stream has been proverbisl since ancient

times and has come into the English language as the words meander and



meandering, vhich are used in a veriety of wa&s, and are not confined to
éescriptions of rivers. The word ceme into the English language from the
Greek via the Laiin. It is aléo found in the German, French{ Dutch and
Spanish languages, where it no dqubt had the séme origin, end is probably
found in the Ttalian also.-

In Webster's New International Dictionary the noun meender ié defined ss .
"(1). & turn or vinding, as of a stfeam; hence, é winding path or course; a
labyrinth.” (2) A toftuous or intricate mdvement or journeying. (3) A Creek
fret or key pattern ---." The {ntransitive verb meander is defined "(i) To
wind, turnlor twist; to make flexiqus; also to entangle, as in a'labyrinth.
(2) To follow by meandering." In surveyiné there is the well knowm éerm,
meander line, which is defined as "A surveyed 1ine; usually irregular, not
a boundary 1iné, especially one following the outline of a stream, lake or
swamp.ﬁ _ ¢ : .

It will be seen that'this';orﬁ usuélly means & -non-systematic motion

or direction, although in the Greek fret the direction ié,systemaﬁic. From

. Figure 5, a map of a typical part of the river from vhich the name was de-

rived, (kindly supplied to the writer by the engineering fimm Knappen,
Tifpetts, Abbett and MﬁCarthy) it canrbe seen.that; vhile there is a tendency
toward systematic (i.e., alternate rigﬁt éhd left) bends, this tendency is |
much less than in a large number of st;eams,’and in mahy parts the alignment
of this stream is quite unsystematic. ‘The form of the bends also is not uni-
form, in fact, there does not seem to be any one typical form of bend.
As applied to streams in the past, the terns meander and meandering have
come to be used to designate almost any crooked river, but usuélly one whose

pattern is formed by the action of the stream itself on readily erodible



materiai. It has been widely used to designate both streams which have no

systematic pat£ern and those whose pattern is partly;of é;en disfinctly

! systematic.b When one considers the origin of the term mean@er end its sur-

_ vival, through centuries largely devoid of scientific viewpoint, it is obviéus .
that in its common use it could not mean anything very definite, end that an&

‘.attempt to give it &n eﬁaet or narrow use would be a restriction of the common

use.

Previous Efforts to Improve Ténninology cf liandering Streams

Advence in any field of science is necessarily accompanied by the devel-
opment of the more exact terminology which is required to express the va?ious
ideas which this edvance dévelops. In conformity with this general pattern,
efforts have previously been made to give a more definite meaning to the term
meander, as applied to streams, than could be obtained from the ﬁpplication
of the widely varying concepts in general use vhich have developed as the
ﬁeaning of the term meander.

In India, the problem of control of its great rivers led to a:ﬁajor ad-~
vance in the science of stream céntrol vhich required a more exact termin-

. ology than was then in use., In July 1939, the Research Coymittee cf the
'Ceptral Board (Aﬁnual Report, Technical, 1938-39 p. 49 &nd l9§9-h0 p. 98) re-
solved that: Meandering is definédlas the adoption of a continually varying .
sinuoué path by the deep water channel (thalveg) of an alluvia; river, not
imposed By external "restraint", and at its meéting in November 1939, the
Central Board of Irrigetion tentatively accepted this definition. At its
meeting in Novenber 1gho, however, the Board adopted a revised recommendation
of the Research Commkttee ﬁy resolving that "A meandering riverffollows a
sinuous path due to natural physical causes not imposed by external restraint,
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and occurs where varying discharges and silt charges lead to curved flow and
«erosion of its banks”. (Ann. Rept. Technical, 1939-40 p. 115). This meaning.
of the term meander seems to have been widely adopted in India abecut that time.
. In a paper published by the American Geophféical Union, Mr. G. H. Matthes
Hon. MASCE*, a noted river engineer in the United States, states tﬁat, "The '
term meand;r is here applied to any letter S channel pattern, fashioned in
alluvial materials, which is free to shift its.location and adjust its shape
as part of a migratory movement of the channel as a whdle down the valley."
He aiso states the terﬁ is held "to be strictly sppropriate oply when the
channel ﬁigration affects both bends and intervening straight reacheé, end is
in the nafure of a fairly consistept and more or less continuous process in
which banks‘are torn down and others é;e built up throush & transfer of
materials. Mere tortuosity, or crooked channel alignments, are not claséified
as meanders. When the materials.composinglthe alluvium are fairly uniform as
to grain size and erodibility, migratory processes of the meander-type produce
definite sinuous pattefns andJafe noteworthy for the consistency with which
the channel-dimensions are reﬁroduced."

A. Schoklitsch*¥* stales that when the length of a bend becomes greater
than -g‘if' , (where DI is fhe distance from the Beginning to the end of the
bend), the bend is called e meander. Where less_than tﬁis length, it is
serpentining.

Although ordinary dictionﬁries defipe the term meandering, they do not
definé the term meandering river. The geologist also has felt the need of

more exact terminology. In "A Glossary of the Mihing and Mineral TIndustry'¢*

*  Matihes, G. H. Basic aspects of Stream-Meanders, Transactions American
Geophysical Union, 1941, p. 632-636. ‘ :
¥¥% Scholklitsch, A. Hydraulic Structures, Vol. I. p. 149, translated by S. ’
Shulits, 1937, American Society of Mechanical Engineers, New York.
*¥¥% U, S. Bureau of Mines Bulletin 95 (1920); also in Dictionary of Geological
Terms, C. M. Rice.
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A. H. Fay gives.the following definition of & meander as ascribed to L.La Forge:
“"One of & series of somewhat regular and loopliﬁe bends in the course of &
stream, developed, when the stream is flowing at grade, thrqugh lateral shift-
ing of its course toward the convex sides of the original curves." This def-
1n£t10n is also given by Rice* and is ascribed to Fay. C. A..Cotfon**-states,
"The develop;ent of curvature in the stream channel tends eventually toward

the production of regular flowing curves, (termed meanders)---"

Disadvantages of the Suggested Definitions

Although these suggestions for improvement of the terminology are the
results of & gfeat deal of study by eble and experienced engineers and geol-
ogists, and have added to the knowledge of the subject ana thus have resulted
in a further advance of the science, the writer believes they do nof completely
meet theJneeds of the science of rivers. The writer is well awafe of the dif-
ficulties of trying to improve on them, but believes that scientific advance
is possible only by ﬁeans of coﬁstructive criticism of_the existing status.

He will therefore present what he hopes are constfuctive criticisms of these
definitions, and then present what he believes are improvements thereon.

It will be noticed that all of these definitions someyhat_arbitrarily
narrow the field which has previously been covered by the term meandering
stream. There are a number of disadvantages in the attempt to improve the
ferminology of rivers by restricting the use of the widely and loosely used
term meander to a much narrower class of streams than it has covered in its

common usage. One disadvantage is that the more extended use is so genefal

that the restricted use will not be adopted, except by a few persons or where

o e m e m— — e b e A e o — et — s

¥ Rice, C. M. 1945. Dictionary of Geological Temms. p. 240.
*%¥ (Cotton, C. A. 1945. Geomorphology, p. 100. John Wiley and Sons, Co.

L6



the nev use is required by some strong organizational authqrity. At best it
could only come into use slowly, over a considereble period of times. Outside
of the scope of such an authority, even when it is used in the restricted
sense, one cennot be sure thet it is being used in this sense, and therefore

a good deal of the adventage of the use 1s lost. Even if its restricted sense
ceme into use by euthority or general acceptance, in reading the literature én
Ithe subject one would have to know when the chaﬁge took place, to know wiether
or not the article in which it was used was written before or after the re~
striction came into effect.

. Another objection to restricting a certein term to & narrower meening is
that, if one wishes to have & terminology covering the whole range of stream
fofms, it is tﬁen necessary to invent new terms to cover the cases which have
been excluded by thé restriction. Such a complete terminology will be neccess-
ary if.we are ever to have an adequate science in this field.

Considering now the individual definitions, and first, the final defin-
ition of the Central Board of Irr{gation given on page hh, the writer feels
that the words "follaws a sinuous path due to natural physical causes not im-
posed by external restraint,"”" is somewhat vague. This author presumes that it
means that the sinuous fath is due to natural physical czuses, but that.the
. éinuosity is not caused by the restraint of the path of the flowing water by
relatively inerodible natural material or the works of men.

Another objection is the statement, "... and occurs where varying dis-
charges and silt charges lead to curved flow..." Model tests show that meand-
ers can be formed by uniform flow; in fact, meny if not most of the.model ex=-
Periments on meanders have been performed with such flow. In many cases in

models the meandering has been formed with a constant flow and constant
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sediment charge, end often with the use of a constant flow of water without an
initiel sediment load. There is no reason to believe thap meanders could not
form in streams of very uniform flow. The meanders at the lower erd.of the
St. Claeir River in Michigan and Canada is one case and the outlet to Lake
‘Maxinkukee is enother case. Botﬁ of these streams are described in Appendix I.

Still another objection to this definition is that, with it, until one
has established that in a certain stream bank erosion and its curved flow
were "due.to varying discharges and silt charges,"” he has not proved that the
stream is a meandering one, Since the writer does not know pf any case vhere
he is sure these conditions exist, he is not 'sure that he knows of a single
stream that is "meandering" as thus defined. It would seem that an extensive
study of any stream would have to be mede to prove that it was a "meandering"
one according to this definitlion, as the author understends it.

Still another objection to this definition is that it probably places
the engineers in the anomalous position of deciding that the Buyuk Menderes
River, from which the term ﬁeander originﬁted, is not known to be a meandering
stream, since probably no one knows that the varying flow and silt charges on
it lead to its curved flow. .

The objections to Mr. Matthes' definition is that it.limits meandering
streams to those having Ssshaped bends, thus eliminating many streams previ- -
ously considered to be meandering. This definition also brings in difficul-
ties when one wishes to designate what 1s commonly called an incised or en-
trenched meander. With the restriction to streams in which the bends bodily
move downstream, there are few entrenched meanders, since usually the bends
cease to move downstream when they become entrenched.

A disadvantage of limiting meandering streams to those whose bends migrate



downstreem is that the existence of this action can only be established by
observing the river over e long period, preférably with a series of meps show-
1ing the position of the river at different_dates. For practical purposes
therefore, meéndering streams would be limited {o those for which there is a
long record of behavior, rather then those physical cheracteristics or actions,
which could be readily determined. Both the migrating bend and the S-shaped
bend requirements would definitely eliminate the Buyuk Menderes as a meander-
ing stream. The 1imit1ng of meandering to alluviel streams would eliminate_
those streams in rock, which form the 71 meander cutoffs describéd by Macar¥,
ﬁnd many other cases of entrenched or incised meanders. It would not appear
that this definition would be scceptable to geologlsts.

IThg principal objection to the definition of L. Ia Forge is that it is
necessary to esteblish that the stream is flowing at grade, to classify the
stream as meandering. This would often be very difficult to do, especially in
view of the widely different.opinions among geologists of whatlconstitutes a
graded stream.

The writer's objections to‘tha statement of Cotton is that ths develop-
ment of curvature in the stream channel does not always tend toward the pro-
duction of regular, flowing curves. It does only whére the conditions are
favorable. The development of curvature vhere cogditions favored braiding
would tend toward straightening of the channel rather than the formation of
more bends. Cotton's definiiion also limits meanders to curves which are
regular and flﬁwing vhich has the disadventages previously mentioned of elim-
inating some of the forms ﬁhich have in the past béen considered by some as
meandering. The meaning of a "flowing curve" is very indefinite, but probsbly’

means the same as the S-shaped bends discussed later.

R i e e ey

¥  Macar, P. F. 1934. Effect of Cut-off Meanders on Longi{udinal'Profile of
Rivers. Journal of Geology, Vol. 2, p. 523-536.
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Proposed New Definition’ of Meandering Streams '

In the studies leading to this report, inecluding the examination of =&
large nuuber of maps, in the streams encountered in his past forty-odd years
of hydraulic engineering experiencesk from the reading of numerous books and
articles, and from observations of the country traversed on a considerable
number of airplane trips, the writer has come in contact with a very large
number of streams. Based on this experience, he believes that there are so
many varisbles ihvolved'in meandering streams that the number of combinations
of these variebles, in what might be considered as meandering streams alone,
mekes it evident to him that a very extensive classification will be necessafy,
including the invention of a number of new terms, if the whole range of cases
is to be covered by classes of limited range in a systematic and logical
classification. To devise a classification of this type, which would be un-
questionably sound with the present state of kﬁowledge, may not, in the
writer's opinion, be possible. Until the causes of meandering are completely
understood, there is always danger in adopfing a definition., However, the
writer believes that sufficient knowledge is available to take a forward step
in this direction, and that such a step would represent progress and therefore
should be taken.

After considerable study the writer has concluded that it is possible to
attein the above mentioned desirable end for the present by adopting a compre-
hensive definition of meandering which will not seriously conflict with the
widely different uses of the past, and then list a series of qualifying cerms,
the appropriate ones of which could be applied to each individual stream.

This would serve to accurately describe that stream's important attributes,

and thus serve to classify it.
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Before proposing a definition of the term "meandering stream" it is
desirable that one give some thought to the qualities which, to the extent
that this is possible, it would be very desirable that the definition possess.
The writer believes that the foliowing are the qualities which would te very
desirable in e definition of a meandering stream: (1) that it depart as little
as feasible from past usage, (2) that it cover as wide & range of streams as
feasible and thus reduce the number of primary classifications of streams, (3)
that it enable é classification to be made with a minimum éf investigation,
end (4) that it be acceptable to geologists as well as engineers.

, As previously pointed out, there is a serious objection to a definition
of meandering wnich departs materially from thet used in the past, as this is
sure to lead to confusion. Also any definition adopted should, as fer as can
be foreseen, be a rational part of a classification which will cover the whole
range 6f streams., It is evident from the extensive literature dealing with
meandering streams that they form a large section of streams as a whole and
therefore a definition of this term should cover the whole of this section,
thus avolding the necessity of inventing new classifications of the streams
which might be placed outside the previcus classifications, in addition to
thé difficulties of secﬁring the acceptance of thié new addition. Unless a
) classification can be made with a minimum of investigation it will be of
limited usefulness, because t me and effort required to secure the data re-

_ quired to meke tﬁe classification will, in most instances, prevent the cless~
ification from being carried out. Since the subject of streem forms is &
field where the interest of geologists and engineers overlap, and where the
mutual exchange gf information would be of great benefit to both, it is highly
desirable that they both use the same terminology, and therefore that any

nev classificatigns introduced be acceptable to both Eroups.
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fhere are two general aspects of the term meandering which may be used
when one wishes to define the term meandering streesm. ,One describes the path
or course, with its many changes of direction, vhich the flowing water takes
4n passing down the stream, the pattern of which is often quite unsystematic
2 and\apparentiy hephazard. The other one describes the shifting which takes
.place in the channel in which the water flows, due to scour, transport end
deposit of sediment by the flowing water. The first emphasizes the direction .
of the alignment of the channel, and the second, thé shifting of the position
of location of the channel. The second of these has been advocated by
R. F. Griggs¥.

The first of these aspects is much broader, and covers a much greater
range of cases (ihcluding the one covered by the second classification). It
can include practically the whole range covered by past usage of the tenul
meander. The scope of the second aspect can be included in the first by the
use of a qualifying term, but the first caﬁnot similarly be included in the
second. The use of the second aspect in classifying streams as mzandering
limits such streams to those which are known to be actively shifting their
channels end eliminates those which are not, thus necessitating enother
classification for the non-shifting ones. 1In view of these objections to the
second approach, the writer believes that the first of tHese alternatives is .
much more satisfactory and should therefore be used in the definition.

After a great deal of study and many trials, the writer has arrived at
the following definition:

"A meandering stream is one whose channel alignment consists principally
of pronounced bends, the shapes of which have not been deteﬁﬁined predominantly

by the varying nature of the terrain through which the channel passes."

— s e ——

¥  Griggs, R. F. The Buffalo River, An Interesting Meandering Stream.
Bulletin, American Geological Society, Vol. 38, 1906. pp. 168-177.
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It is believed that this definition meets the four requirements previously
discussed, in that (1) it departs es little as feasible from paét usage, since
it appears to cover prectically ell cases of streams that have been referred to
as meandering streams in the past, (2) that it covers a wide range of streans,
which will enable it to include a large proportion of them into one of the pri-
mary classifications of streams as a whole, (3)lthat streams can be determined
to belong to this classification with a high degree of certainty end compara=
tive ease, and (4) that this definition will be acceptable to most geologists
as well as engineers, since it is believed to cover the class of streams which
they have feferred to in the past as meandering streams.

To classify a stream as meandering, it is only necessary to know two
things. (l) That its alignment consists principally of pronounced bends. This
can be determined from any map or a photograph or view from an airplene or
other high point. (2) That the chennel shapes have not been determined pre-
dominantly by the varying nature of the terrain through which the chamel
passes.

It is believed that using this definition & sﬁfeam can be determined to
be a meandering stream by a reconnaissance trip down the stream in a boat
(except during floods) or by the exemindtion of aeriel photographs covering
the stream taken when the.stream is not in flood.

Classification can also be made with a high degree of accuracy from a
geological-topographic map since such a map would show the pronowiced bends
and probebly indicate any variations of terrain which could predominantly
influence the bend shape. A topographic map without geological formations
would usually serve the purpose, and, for one experienced in this field, =&

plain map without geology or topography would often be sufficient.
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In an earlier draft of this definition of a meandering stream, the writer
included the statement that the form of the curves was determined predominantly
by the action of the flowing water. While the writer believes that it is true
that in meendering streams the shape of the bends is predominantly due to the
- aetion of the flowing water, it would be more difficult to prove than that
their form was not predominantly due to a variable terrain. Geologists and
engineers commonly (and the writer believes correctly) assume fhat the form of -
many streams is due to the action of the flowing watef, with iittle or no
proof beyond the fact that the pattern of the curves is that commonly observed
to be caused by flowing water. The accuracy of this Judgment is so high that
the wfiter believes that no good purpose is served in requiring proof that
each individual case is so caused, which would be the case if the statement
ﬁere included. in the definition.

One of the advantaggs of the definition proposed is that it includes
incised meenders which usually are located in solid rock. These bends can be
inactive, that is, not shifting their location, as, for example, the famous
"goosenecks" of the San Juan River in Uteh and also those that are slowly
shifting, such as the bends treated by Macar* previously mentioned. Incident-
ally 'a sign of shifting me@ndefs is the formation of natural bridges.in

incised streams.

Improvements in the Terminology Associated with Meandering Streams
The adoption of the foregoing broad definition of a meandering stream is
only a part of the development of an adequate nomenclature for the science of
meandering streams, and the producing of the nomenclature vhich is & necessary

accompaniment of this science. This broad class of meandering streams covers

——— - e

%  Macar, P. F. Effect of Cut-off Meanders on Longitudinal Profile of Rivers =
Journal of Geology Vol. 42, pp. 523-536.
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a wide range of conditions and a nomenclature must be worked out to classify
the vérious forms which these conditions produce. .
It was .hoped that a stdﬂy of the words which ha§ meaning; similar ©o
meandéring would be useful in making such & classification. A search was
therefore made in the dictionaries for such words, and the following were
found:- crooked, circuitous, tortuous, wandering, winding, twisting, se;pen-
tine, snaeky, sinuous, sinusoidal, ﬁivagating, undulating, flexious and flex=
uose, roaming. Of ?hese words 6nly crooked tortuous, winding and serpentine
are frequently used in descriptiOHS of stream forms.
It wes hoped that certain of the words would indicate systematic
patterns and others would indicate unsystematic patterns, and that these
-names could be givén to streams having pétterns of these types. To & certain
extent this was found to be the case. For example, sinusoidal end unaﬁlating
do indﬁcate a definite back and forth pattern which may be thought of as
systematic. Serpentine, shaky and sinuous are probably more commonly used
to inéicate the back and forth pattern but are not limited to such & meaning.
ﬁowever, meny, if not all, of the ?thers can indicate either systematic or
non-systematic courses. None of them seemed to indicate exclusively non-
sfstematic_bourses.. Since no word was found which'would serve to definitely
indicate only a non-sfstematic pattern, this apﬁroach to a better classifi-
cation of streams proved unfxuitful: Ahother disadvanfage of this type of
nomenclature would be that it would restrict certain terms to a narrowef

meaning than is nov in use, and would thus have the same drawbacks as those

mentioned later in discussing a restricted use of the term meandering.



A Search of Previous Literature and
Nomenelature of Ezandering Streams

A great deal of study has been givén to meandering streams in the past
by very able engineers and geologists, and much information on this subject is
#v’ailﬂ.’ble in their writings. Many helpful suggestions on classification and.
nomenclature for meandering etreams are given in this literature. Some of the
nomenclature developed thereip has been widely used and should be adopted in
eny attempt to improve the present state of the science. In the following
paragraphs the most important of the existing literature in thi's field, from
the standpoint of the scope of this report, it; discussed and the nomenclature
developed therein is pointed out.

One of the earliest papers dealing with meandering weas a paper on river
terraces publ?‘.shed in 1902 by the great American.geologist ¥W. M. Davis®. In
this paper Davis treats meanders at considerable length, as an aid to under-
standing the formation of river terraces. This paper includes the following
statements: "The space inclosed between tangents draun outside of the curves
or meanders of the streem is the meander belt". "The progressive movement of
the meandez-'s down the valley will be called sweeping". "The lateral movement
of the meander iaelt from one side of the valley floor to the other will be
referred to as swinging". "The compound movement of sweeping meanders in a
svinging meander belt will be called vande'ring". |

In the seme year, 1902, as the Davis pap;:r appearad, one by Professor

Mark Jefferson was published on "The Limiting Width of Meander Belts".¥*¥* The

* River Terraces in New England, W. M. Davis. Bulletin of Maseum of Compara- -
tive Zoology, 1902, XXXIII, pp. 281-346. Republished in 1909 in & collection
of Davis's esszys, portions of which were recently republished in Geograph-
ical Essays - ¥W. M. Davis, 1954, pp. 514-586, by Dover Publications, Ine.

#%  National Geographic Magazine, October 1902, pp. 373-38%.
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writer has not succeeded in examining a copyl of thié a.r“biulu, but 1t gives the
results of a study measuring the widths of meander belts on nope of 23 non-

. incised meandering rivers and 30 incised maanﬁaring rivers, in the United Statos.
This répmsenta onea of the earliest att-cm];:ts to deal quentitetlvely with nean- -
iering rivers. He deals principally with the rclation between the width of the
neander belt, finding the average non-incised meaunder telts to average 17.6
times as wide as the river, but for ;nciaed meandering streams the ratio aver-

“aged 30.6. |

~ In 190% en article was published by W. S. Tower# in which he intrcduces

.the term "migration” to deacri];u the movenent of bends downstresm. He also
defines incised or cntrenched neanders, meﬁn&er belt, meanderiug and a neander.
He also states that stecp sloped rivers tenﬁ to have smaller meander widths
and the bends miéfate more rapldly downstresm.

In 1938 the Central Board of Irrigstion of India sent cut & questionnaira
on meandering to a large nu@har of perscns end organize.tionﬂ vhom they thoughi
might supply some information on this aﬁ‘bject. Tile replies to this question-
naire werc summarized by Sif Claude Inglis,.¥## In J‘uly 1940 the fioe.rd.'s Re-
secarch Commitltee recommended .certain definltions concerning mzandering s.treams ’
and in Fovember 1940 the Board edopted these xv'a.solutiona with a number of
modifications ond eliminations. %he definitions a.d_.optad by the Board are &s
follows!

A "meander" consists of two consecutive loops, one flowing clockwiee,
the other anti-cloclaise.

A "meandering river" follows a sinuoug path due to _ms.tuz"al physical

# fTower, W. S. 190%. The Development of Cutoff Meanders. American (eo-
grephicsd. Society Bulletin - Vo. 36. October 190%. p. 590.

#% Annual, Reports Tachnleal, Central Boa.nl of Irrigation, India. 1938-39,
p. 149, 1939-h0, pp. 100-116.
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causes not imposed by external restraint, andloccurs vhere varying discharges
and silt charges lead to curved flow and erosion of the benks.

A "warp" is & bend in a river imposed by external restraint.

“Mnander length" is the tangential distance between corresponding points
at extreme limits of Tully developed nmcanders.

" "Mdander belt" is the distance between lines drawn tangentiel to the
extreme points of successive fully developed meanders.

"Meander width" is the amplituvde of swing of a fully developed meender
from midetrcom to midstream. .

"aonder ratio” is the ratio "meander width" to "meander length".

"Limits of oscillation" is the width within vwhich a river has ronged
during historic times.

A "sub-nmcander"” is a sxall moonder contoalned within the benks of a
perennial rivcr channel. These are caussd by rcletively low discharges
aefter the flood has cubsided.

An "ineised river" is one which has cut 1ts chonnel through the bed of
thé-valley floor, as opposcd to one flowing on o flood plain.

Somz of these definitions can best be illustrated by Fig. 6 (C3I 1939-Lko,
p. 116). They also adopted & définition of meander ratio as the ratio of
meander width to meander length.

In 1939 R. A. Bates wrote a pap<r® which included a study he made
bringing up-to-date the study of Jefferson pzv;iously montioned. Botes de-
rived & ratio of mcander belt width to stream width of 1 for non-inciscd

rivers and 30.8 for incised rivers, as compared with 17.6 and 30.6 obtained by

#  Geomorphic History of the Kickapoo Region, Wisconsin. Bulletin of
Geological Society of America. Vol. 50, 1939, pp. 819-880.
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‘Jefferson. He elso sttempted to develop a mathemotical anelysis of the cause
of meanders.

In 19%) & peper on "Basic Aspects of Stream Meanders"# was published by
G. H. Hatthes, Fon.. M.A.S.C.E,, in shich he defines a meandering stream es
previously discussed. He also gives other valuable definitions and ideas,
many of which are indicated graphlicelly on Fig. 7, which is taken from hi;
report.

Another veluable peper on meanders ﬁas published entitled "Factors
Affecting Meanders of Channels" by Sir Claude Inglis in 1942%# dealing lergely
with mbdel tests on meanders.

An extensive study of meandering by Capt. J. F. FTiedkiﬁ was published
by the U. s. Watervays Experiment Station at Vicksburg, Miseissippi, in 1945

entitled "A Laboratoﬁy Study of the Meondering of Alluvisl Rivers". 'This
reporteﬁ on the results of & very thorough investigation made in their
laboratory. :

- Tyo veluable paﬁers dealing with meanders by Sir Cleude Inglis eppeared
in 1947 and 1949. The first of these is a list of dofinitions end & chepter
on "Meardering of Rivers in a two volume report on "The Behavior and Control
ofIRivers and Cansls***; The second was & paper on "Meanders and Theiy '
Bearing on River Tralning#cik, |

In these papers Sir Clande Inglis uses the definitions adopted by the
Central Board of Irrigation except that he defines meander ratio as '"the

ratio of meander belt to meander length" instead of the ratio "meander width

— i = - - —

* Matthes, G. . Basic Aspects of Strcem Meanders. American Geophyslcal
Union. 1941, pp. 632-635.

*¥ Central Research end Hydrodynemic Station. 1942-43. pp. 51-55.
%%%  Research Station, Poona, Tndia. Part I, pp. 1-5 and 143-166.

¥t  TInstitution of Civil Engineers, Maritime & Weterways Englneering
Division Paper No. 7, Session 19%5-47.
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to meander length"™ as adopted by the Central Board of Irrigation. He elso

adopts the term tortuwosity, which he defines as "the ratio of the length of

‘the river channel to the exial length of the river". This definition is

practically the seme as the definition of tortuosity recommended in 19kb by
the Research Committee of the Central Board of Irrigation of India, but which
was not adopted by the Board.

Two interesting papers contalning valuable materiai on nmeandering

streams, written by A. P. Grant are entitled "Channel Improvements in Alluvial

Streams, 1948% and "Soil Conservations" in New Zealand, 1950%%, and. another

valuable one by M. S. Quraishy giving a detailed description of the formation
of meanders in a laeboratory channel was published in 19k, #¥»

After the text of this part of his study was completed, the writer
received from the authors a copy of a paper by them entitled "River Channel
Patterns; Braided, Meandering and Straight" - L. B. Leopold and M. G. Wolman.
(U. 5. Geological Survey Professional. Paper 282-B 1957). This paper covers
the same general field as the.author's paper and contains a great deal of
valuable analysis, materiel and date. The suthor regrets that the urgency of
completing his paper promptly prevented him from treating it at length in his
paper. Those vho wish to make ﬁ thorough study of the field covered by the

author's paper should include this paper in their study.

x Proceedings New Zealand Institution of Engineers, Vol. XXXIV, 1948,
Ppa 230-30]"‘ -

¥% - Proceedings New Zealand Institution of Engineers, Vol. XXXVI, 1950,
pp. 269-313.

¥¥%*  The Origin of Curves in Rivers - Current Science. February 194l,
pp. 13, 36-39.



Author's Recomnmendations for
Nomenclature of Meandering Streems

The foregoing listed literature contains a great many valuable defihi-
tions for mse in developing the sclence of ﬁeandering streams, but they cennot
be.adopteﬂ.bodixy‘from this literature, since the meaning of the same term ia.
not.the szme in 211 the pepers. A careful selection of definitions should be
made to remove these conflicts. As the result of his studies, the author
yelievés that & number of other terms are necessary in the development of this
science. In the following section of thils report he has attempteé to select
from the previous literature a series of definitions which are consistent and
he has added to these a number of new definitions which he believes are nceded
for en adequate development of the science. These latter definitions will
generaliy be accompanied by & discussion of the reasons why they were selected.
In prder to have the list complete, it will start with fhe definition of mean-

dering stream previously discussed.

A Mesndering Stream is one whose channel aligoment consists principallf of
pronounced bends, the shapes of which hafe not beeh determined predoﬁinantly

: bj the varying nature of the terrain throush which the channel passes.

A Meander consists of two consecutive loops, in one of which the water is
flowing im a clockwise di?ection and in the other anti~-clockwise. This is
practically the same as the definition adopted by the Central Board of Irriga~-
tion of Imdia (page 13) and as used in Inglis' papers. It aiso agrees with -
Matthes' wse as indicated in Fig. 7. .

Meander Length is the tangential distance betwszen corresponding points at

the extrems limits of fully developed meanders. This 1s the same as the
definition of the Central Board of Irrigation of India (Fig. 6) and agrees

with the wsage of Inglis and Matthes.
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Meander Width is the emplitude of swing of fully developed meanders, from

| midstream to midstream. This is the same as adopted by the Central Board of.
Irrigation of India. Inglis does not use the term and Matthes uses this

| tern to designate the distancé from outside to outside of bendé rather than
from midstream to midstream, as shown on Fig. 7. The distanée used by Matthes
is the meander belt width, as defined later.
A Meander Belt is the space ipclosed betwveen tengents draﬁﬁ outsidelof the
curves or meanders of the stream. This is the definition gifen by Davis¥,
The Central Board of irrigation and Inglis define meander belt as the wiéth
of this space or.strip, in other words, the width of the space rather than
the space itself.. The later usage makes the word "belt" have a significance
vhich it never has in ordinary usage,'and therefore the writer believes sheuld

; be éfoided, especially sincé this can easily be done by adopting the term

. meander belt width for the width of this strip. Matthés (Fig. 7) uses .

meander belt to cover the width over which the streem has wandered in the past

time, as shown by the position of present meanders and past meanders, as in-

dicated by pxhow lakes. Since none of the other authorities use £§eﬁ@ m
meander belt as the name of this wide zone, it is believed to be und;;irable
to adopt such a major chénge of terminology, and instead (if there is suf-
ficient use for sucﬁ a term) tq give this wide belt a new name which will
not conflict with past usage. |

Meander Belt Width is the width of the space previously defined as "reander

belt". This is the same dimension which is defined as "meander belt" by the
Central Board of Irrigation. 1Inglis also calls this dimension meander belt
in the text of his papers and in his lists of definitions, but in his graphs

showing the relation of the width of this strip to the width of the river

#  Geographical Essays. W. M. Davis. 1954, p. 537.
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channel. he calls it "width of meander belt", the same as the usage vhich the
author has recommended ebove in this paragraph.

The author has not included the term meander ratio in his list of sug-
gested definitions, since it does not esppear to have much use end has been
ugsed with different meanings. The Central Board of Irrigation defines meandsr
retio as the ratio of meander width, to meander length (as showvn on Fig. 6)
end Inglis defines it as the ratio of meander belt width (using the termin-
ology recommended by the author above) to meander length. As the meander
width differs from the meander belt width by the width of the river, the
euthor suggests that to avoid confusion, if one wishes to use the retio recom-
mended by the Central Board of Irrigation, he call it the "meander width.
meander length ratio”, and if he wishes to use the ratio used by Inglis he

call it the "meander belt width-meander length ratlo".

Tortuosity Ratio 1s the ratio of the length of the stream channel to the
length of tﬂe stream measured along the axis of the valley. This has the sana .
meaning as the term tortuosity which was recommended by the Research Commitice
of the Central Board of Irrigation in 1940 but which was not adopted by the
Board. It was, however, used by Inglis in his papers. The author believes
that this is en Important definition iﬁ the development of the science of
stream pattern, as it gilves en easily.measured quantitative value for the
crookedness or tortuosity of ihe stream.  Over a long section of the river the
"slope of the river multipliéd by this ratio gives.the slope of the valley.
This value then is also the ratlo of the valley slope to the river channel
élope and should be extensively studied in fuéure research in the field of

river pattern.



The author prefers the term tortuosity ratio to the term tortuosity

alone, since the former indicates direcctly that this term denotes a
quantitative rather than & qualitative value; that it is the ratio of two
other quantities, end that it is a dimensionless number, the same in all
systems of units.

Migration. Grant* states "By migration of meanders is meant the tendency of
the whole pattern of meanders to travel bodily downstream without much change
in pattern". This term wvas probably first introduced by Tower**, Davis
(page 537) uses the term "sweeping" to designate this action, and in a later
peper Grant®** uges the term "meender creep" insteed of migration of meanders
vhich he used in his earlier paper, but he gives no reason for his change of
terminology. The author believes that the term migrﬁtion better describes
this action than the term sweeping used by Davis end mesnder creep later
adopted by Graﬁt. The author therefore believes that Grant's first defini-
tion, as given above, is an adequate definition for this phenomenon.

Deformed Meanders. This term was probably introduced by Matthes®¥¥¥%, yho

stateg, "Major departures from the meander patteén (Fig. 7) are usvally
attributable to interference with the methodical transfer of the bank mater-
ials, ceusing the river to chaﬁge its mode of migration by seeking a path of
less resistance. large-scale interference results primarily from three
natural causes: (a) accelerated ersion of the banks composed of soft or
highly erodible alluvium, (b) resistance to bank caving due to the presence

of lenses of compacted silts or clays, and (c) contacts with non-alluvial

* Channel Improvement in Alluvial Streams, p. 24k,

e Tower, W. S. 1904, The Development of Cutoff Meanders. American
Geographical Society Bulletin. Vol. 36, October 190%, p. 590.

3% Soil Conservation in New Zealand, p. 279.

¥¥%% Basic Aspects of Stream Meanders, p. 635.
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formations..." The alluvium laid down by & river, if not homogeneous in
character, wields a marked influence in promoting distortions of the meander
pattern. This term has much the same meaning as the term warp, adopted by the
Central Board of Irrigation, as previously mentioned. The author believes
that "deformed meanders" is a very useful term in studying the science of
stream forms. It can be defined as followa: '

A Deformed Msander is one, the patiern of which differs mater-
ially from that which the stream would form in a homogeneous deposlt
of the prevailing material, and is dve to encountering materisl of
non-uniform composition. This definition considers the change of
pattern due to encountering materiaels both more and less erodible
than the prevailing material, or in other words, due to encountering
both more or less external restraint than usual.

Channel Shifting. The definition of a meandering stream proposed by the
author, and also those proposed by the Central Becard of Irrigation, Matthes
and La Forge, as well as the meaning of this term used by Inglis and Grant
in their papers, all consider meander or meandering in terms of the shaps

of the pattern of the stream channel. None of them define or use these terms
as meaning the shifting of the channel due to scour and deposit of sediment,
which latter procedure was recommended by Griggs*. Frequently in the liter~
ature on meandering streams a movement of the position of the channel of the
stream, due to scour or deposit of sediment, has in the past been referred to
as meandering. For example, if a section of a stream that has experienced
little change suddenly begins to change its positioﬁ due to scour, it is

frequently said that the stream suddenly started to meander. Foir one who

A s i s e i S i, A . g, - —— - —— e —— ——

¥ Griggs. The Buffalo River, An Interesting Meandering Stream.
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: _. accepts any of the sbove mentioned definitions of a meandering stream of a
meander, this use of the term meandering also to denote & changing of position
of the stream is not permissible, sinee it is using the sams term with two
conflicting mnaninga. To avolid this undesirable situation, the term shifting
should. be used in these cases of change of channel positlon due to scour or
deposit, rather than to use the term meandering. Another permissible course '
is to state that the channel "became active", as will be explained later in

- this report.

Suggested Additional Terms for Use
in the Science of Meandering Streams

The author pelieves that there are a nu.mbér of terms which can be used
in describing stream patterns which have been used little or not at sll in the
past. Thosge which will be found most useful are: regular, systematic or _
repetitive meander pattern, S-sheped meanders, U-shaped meanders, active and
inactive meanders, confined meanders and restrained meanders.

In no stream Is the pattern at one place exactly the same as at any
other, but in some streams there may be found a long series of meanders which
are ver:;r similar. IIII others there are many meanders which are somevhat
similar to the others, and still- other streams in which the bends are highly
irregular and few, If any of the bends are of the same shape. All of these
streams moy be meandering streams under the definition recommended by the

-a.uthor, or have been so classified under the common usage fourd in most of
the literature in the past. All three of the terms, regular, systematic, and
repetitive, have much the same meaning, but the last two seem to the author

to be somevhat more definitive than the first, as the term regular has so many
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meanings. At presen® 1% eppcars that the lest two can be used interchenge-
ﬁbly. A weandering stream can be sald to be very systematic, or repetitive
in its pattern, ©r waly slightly systematic, or repetitive, or one may be
describe& as belng Wnsystematic, or non-repetitive. For example, the Red
River of the North (Fig. 8%) has a very systematic and repetitive pattern;
the lover Mississippi (Fig. 9) has a moderately systematic or repetitive

pattern; the original Meander River has an unsys£ematic and non-repetitive

pattern, snd the Souris River (Fig. 10%) of North Dskote has a very nen-

. systematic and very non-repetitive pattern. In the present state of the
science of stream pattemrns, it is not poseible to establish the boundery litnes
between these clessifications, but it is probable that when the qua?tit&tive
measures of stream pattern recommended elsewhefe in this réport have been

 d¢ve1oped, it will be possible to establish such limits. -

| Anothker set of terms is necessary to describe the shape of the bends.
Most meandéring streams of systemstic pattern and moderate to high tortuosit&
ratios have bends with a shape somevwhat like the letter S as shown on &ig. 9,

- which is & map of the famous Greenville Bends on the Miésissippi Rivaz. 'The

necks of these bends frequently come so ciose together that a cutoff mesulis.

On the Red River of the‘North, hovwever, (Fig. 8), the bends take the tfomm of

the letter U, and except near the lower end of this stream there is 'Iitile

if any tendency to formrcutcffs. As mentiored-€lsewhere in this report, 'this

stream was formed “in "the'ted of “an immernse 'loke 'that became emply and the

reason why it developed its system of highly systematic U-shaped mesnders is

¥ Figure 8§ is taken from the map of the Drayton Quedrangle North Dakota and
Minnesote of the U. S. Geological Survey and Figure 10 is from their
Voltaire Quadrangle North Dakota.
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not known, There seems to be no question, however, that this is a distinetiy
different form of bend than the common S-shaped ones.

The meanders of some streams appear to change their positions rapidly,
and some shift their positions little, if eny. It is believed that these two
.Iclasses éould be distinguished from each other by calling the former en
actively shifting stream, and the letter an inactive one. For example, ﬁhe
Lower Mississippi is & relatively actively shifting streaﬁ, and the Red Biver
' of the Forth is an inactive one. It might be argued that it would be better
to call the Iower Mississippl River a relatively actively migrating stream
-and thé Red River of the North a non-migrating one. This classification of
these rivers 1s also a scund one, but in the éase of the Mississippi ﬁe have

a detalled record of its positions:.over a long enough period to eetablish.
that it is & migrating stream, and in the case of the Red River of thé North
the topography shows quite conclusively that it ﬁa§ not migrated. In most
cases it is difficult to establish that & river is migrating,lbut to determine
whether it is active it is necessary only to prove that it is eroding its
banks, vhic?xordinarily can be easily established.

St&@s are not infrequently found which run through s valley, the
bottom of which is_filled with-alluvium, and the sides of which are forméd by
relatively pérallel’walls of rock or other relatively inerodible material.
Many but not all of these are rivers in the stage of early mhtu%ity and have
been formed in conformity with the classical Davis¥® morphologicél scheme. In
some the conditions of discharge, slope and sediment size are such that an

actively meandering stream is formed, the channel of which frequent)y crosses

* Davis, W. M. Geographical Essays. p. 249-295,




from side to side of the valley and impinges on the rock valls.. An outstanding
case of such a strean is the Klaralfvens River in Sweden described in great
detail by DeGreer¥*. In this cass the rock walls are close together, their
‘distance apart being less than the width of the meander belt which the river
would form if the walls did not exist. As a result the river impinges strongly
on the rock bluffs at intervals, first on one side and theﬁ on the other, as
shown in Fig. 11, the impingements on the same side occurring roughlv at I
distances of a meander length spart. In this section of the stream all of
the meanders are deformed. (Incidentally, this river is & migrating one, and
the period during which it migrates e distance of one meander length is sald
to be 2000 years.) Thé Missourli River for much of its length runs betweea
roughly parallel rock walls, the distance apart of which in some cases is
less than its naturasl meander belt width. In other pérts of the stream the
§a11ey width is greater, and the stream impinges irregularly on the wzll on
one side or the other at interv%ls averaging more fhan one méander 1eng£5
apart. At the points of impingement of the stream and rock walls deformed
meanders result. |

It is suggested that in such streams where the walls are less than s
meander width apart, the stream be refefred to as a confined heandering
stream, aﬁd where the width is greéter than the meander belt width but narrowl
enough tg form impingements at frequent intérvals, it be referfed to as s
restrained meéndering stream. The upper limit of valley wldth of restrained

streams is at present Indefinite, but a reasonable basis for its determinetion

¥  Klaralfvens Serpentinlopp och flod plan. Sveriges Geologisks Undersokning
Ser. C N:0 236, Arsbok 4(1910) No 8.
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- might be wofked out by further study. Of course nearly all streams are inter-
fered with somewhat, for exemple, the Lower Misslssippili swings back and forth
across its valley, which averages T9 miles.in width, the river channel itself
being about a mile wide. In the author's opinion, such a stream should ﬂot be

considered as being restrained.

A FURTHER STUDY OF BRAIDED AND SIMILAR STREAMS

_ Grant* has given a definition of a braided stream, which is as followss:
fﬂyla braided—river is ﬁeant the typically uide, steep end shallow course of
an alluviel river consisting of a number of channels with islands between,
mecting and dividing agsin, and presenting from the air the intertwining
effect of braid". Friedkin*¥* states qsﬂj@}lgggj "Rivers are described as
ﬁraided when the channel is ext;emely wide and shallow,-ana the flow_pasggs

through a number of small, interlaced channels separated by bars. The chennel

as & whole does not meander although local meandering in minor channels gener-

ally occur'.

Authorities differ on the cause of braiding but most of them*** contend

that braiding is due to deposits in the river resulting from the fact that

* Grant, A. P. 1948, Proceedings, New Zealand Institute of Engineers,
p. 231. Channel Improvements in Alluvial Streams.

% Friedkin, J. F. 1945. A ILaboratory Study of the Meandering of Alluvial -
Streams. U. S. Waterways Experiment Station, pp. 16-17.

¥%X  Thornberry, W. D. 1954. Principles of Geomorphology, p. 126.
John Wiley and Sons.
Hinds, N.E.A. 1943. Geomorphology pp. 492, 495, 496, 5h6, S48. Prentice-
Hall, Inc. .
Cotton, C. A. 195k. Geomogpholdgy pp. 193, 194, 196. John Wiley and Sons.
von Engeln, 0. D. 1942. Geomorphology pp. 234, 252. The MacMillan Co.
Worcester, P. G. 1948. A Textbook of Geomorphology. pp. 66
D. Van Nostrand Co., Inc.
TLobeck, A. K. 1939. Geomorphology. pp. 213-214. MeGraw-Hill Book Co.
Grabau, A. W. 1920. A Textbook of Geology: Part I, General Geology.

70



the stream is supplied with more meterial then 1t can transport.

- An overlo%d-ing of & stream may be caused in any of many weys. Thornberry
(P 164) glves & long list of poesible cauees of stream deposition any of which
could be the cause of overloading which woul& produce braiding.

*  The Platte River in Nebraska hes often been mentioned as a typical
breided streem. Hinds mentions the Upper Misslssippli River in the vicinity of
Waukon, Towa as being braided, see Fig. 12 which is teken from the Waukon, Iowa -
and Illinois USGS quadrangle mep. The question whether or not the Mississippi
at th;s point should be considered s breided river wes raised by Nemenyi¥*(62€),
 but he glves no reason, mefely stating that the Mississippi "is probably
.dynamically different" from other bralded streams. Since both rivers, however,
have the interiacing chennels with many islands which, from thelr resemblance
to braid, give risc¢ to the term dbraided even though there may be dynsmicel
differences as Nemenyl contends, the writer believes that the Mississippi at
. this point should be considered to be a braided stream.

The data for these rivers are in Table I and Figure 2 and show that
while thé Platte River is quite steep, the Mississippil bhas a much flatter
slope, the slope of the Platte being about twenty times as steep as the Upper
Mississippi. In fact, £he Mississippi at this point is, in comparison with
other rivers of cowparable discharge, a stream of quite 16w slope while the
Platte has a relatively high slope. If both the Platte and thg Mississippi
at Waukon are considered to be braided strszams, it follows that braided streoms

are not necessarily steep, but may have either flat or steep slopes.

% Nemenyi; P. F. 1952. Annotated and Illustrated Bibliographic Material. on
the Morphology of Rivers, Bulletin of the Geologlcal Society of America.
Vol. 63, June 13952, pp. 596-64h.
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Two Causes 9£ Braided Chennels

As a result of the studies discussed in this report and his studies on
the design of steble channels in irrigation canals, the author*¥,#¥¥ has
concluded that tﬁere are two primary causes of braided streams, not just the
_oné, i.e., overloading. Either one of these two causes alone may be respons-
ivle for the braided pattern, or they mey both be acting to cause it. These
causes are (1) overloading, i.e., the stream may be supplied with more sedi-
ment that it can carry and part of it may be deposited, and (2) steep slopes
causing a wide, shallow channel, in which bars and islands readily form. This
second cause has been largely overlooked by those engaged in this field, but
the writer believes that it may be as frequently a cause of braiding as over-
loading.

All stecp slope type braided chamnels, have meny characteristics in
common, in addition to thet of multiple channels. These are as follows: (1)
relatively straight course of the main channel, (2) steep longitudinel slopes,
(3) wide channel, (L) shallow depth, (5) flet bottom, (6) sand or coarser bed
material, and (7) usvelly relatively high sediment loed. Rivers having these
characteristics may be overloaded, but all overloaded ?ivers do not necessar-
ily have this braided form, nor are all braided rivers necessarily overloaded.
For example, a part of Sunshine Creck, near Cody, Wyoming, (Fig. 13) has a
braided form, with steep slope, but is a degrading stream, due to the addition
to it of water from another stream.

Since the cause which is most important in gliving the distinctive form

" to this most common type of braided stream is the steep slope, this type is

- e o i e i s i i e et a2 i b S S e S 1 i e i A e i e ot

*% Lane, E. W. 1937. Stable Channels in Erodible Material, Trans. ASCE,
Vol. 102, pp. 123-16k.

#%6%  Lane, E. W. 1955. Design of Stable Channels, Trans. ASCE Vol. 120
pp. 123%-1279. -
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designated as the steep-slope type. From this cause usually result the rela-
tively straight course and the wide, shallow, flat-bottomed channel with coarse
bed materiel. In general the slope of a river is determined by the formdtion
of the land through which the stream flows and the form is usually determired
in a large measure by geological causes, such as general land slope, lend up-
1ift and glacier action, which are independent of the river asction. The.form
of the land may be modified by flowing water, but the effect of this on the
slope of long lengths of the river is usvally secondsry to other causes; In
certain relatively short lengths 6f & stream, hovever, andbparticularly where
the works of man have interfered with the naturcl river, the slope may be
principally determined by the interaction of the water flow snd sediment load.

A stream with a steep slope tends to have a wide, shaliow cross section
because with this shape of cross sesction the shear or tractive force exerted
by the water on the sides of the channel is below the value which they can
stand without scouring awsy more material than tends to deposit elong the
sides of the channel during low flows. The ability of flowing water to scour
banks of & stream depends on the shearing or tractive force which the water
exerts on them. In the past it bas been common to think of the velocity of
~the flowing stream as the factor which causes scour, but recently engineers
concerned with sedimeﬁt motion have shifted theilr viewpoint end now coansider
the shearing force as a much better criterion. The concept of shear or trac-
tive force is a simple but important one. However, as it requires consider-
able space to explain, it is preferable not to divert the reader's attention
by explaining it et this point in the report, but rather to cover this in °
Appendix II.

If & large steady flow of water is turned into a’small, steep channel,
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the channel will be made wlder by scour of the banks until the shear on the
banks 1s reduced to a magnitude equal to that which the material composing
them can resist. In the case of variable flows, such as occurs in natural
stireams, stream width becomes stable when the shear is great enough during
times of high flow to scour the banks enough to remove an amount of material
equal to that which is deposited along the banks during thg periods of low
fiow. In other words, when high flow scour and low flow Ceposit on the banks
" balance each other.

Since for a given slope of stream the shear is proportional to the depth
of flow, a wide, .steep stream produces less shear on the sides than a decp one
of equal slope, and the banks of the wide, shallow, steep streams can, there-
fore, resist scour better than deep ones of the same slope. Consequently,
when a natural stream with steep slope is formed in erodible material, it
tends to adopt this wide, shallow shape. If the shape at any point is such
that the shear value on the banks is too high, bank scour occurs and the
channel widens until the shear is reduced to a value vhich does not produce
too severe bank scour.

A given value of shear in s stream will scoyr the banks more severely
than the bed because the force of gravity acting on the materiel on the banks
essists the scouring by the moving water, but in a stream cross section the
maximum value of the side shear is less than the bed shear and the effect of
gravity is thus offset. The more easily eroded the bank material is, the
wider will be the channel formed. This is probably the origin of Friedkin's
view that braided channels result when the banks are extremeiy easily eroded.

The writer believes that the relatively flat bottom of steep-slope

braided streams can be explained as follows: In flowing streams most of the.

Th



sediment of sand and larger sizes 1s transported on ox near the strean bottom.
Much of 1t msy be rolled along the bottom. If one part of the bottom tends to
become scoured desper then another a greater slove is set up in the streams
between the scour=d pert and the remainder of the gtream bed which is greater
than the general slope of the streaw, Hence there 18 & tendency for more of
‘the moving material to roll down toward this low spot, sinee in thia directlon
it has, not only the force of the flowing water ’.co meve 1t, but also the force
of gravity tending to roll the particles down the slope. Depressions in the
bottom thus tend to be filled and the deeper the depression the greater the
tendency. Stream beds tend to have coarse material on the bed beczuse such
streams produce high turbulence in the flowing water and any fine material
which comes into them is kept up in the water in suspension and flows down the
stream without depositing on the bottom. As previcusly pointed out, the wids,
shallow, flat-bottomed channel of the steep, common type of a braided stresm
is caused largely by its steep slope. The multiple.Eﬁéﬁnels can be formed by
deposits of a small part of the heavy load being carried in certain places
forming bars which often cause small islands at low flows, and thus multinle
channels. In times of low flow the bars themselves form the multiple channels,
although they are usually rapidly changing. On some of these bars vegetation
grows, which cavses still more deposit, and islands form which persist for
some time, even with high water flows. These deposits are the result of local
overloading et the points where they are formed, but the river as e whole may
be transporting dowvnstream as much sediment as is being brought to it, the bars
and islands at some places being formed and enlarged by a rate of deposit equel
to the rate of scouring with which bars arnd islands at other points are being

removed.



It is thus possible to have a-balance of scour and deposit which forms a

.&iver which is in equilibrium and which has been deslgnated as, graded, in
regime, in quasi-equilibrium, or. poised, by various authorities. A braided
stream is therefore not necessarlily overloaded. In fact, there is no reason
why it is not possible to have a braided river which is underloaded, and is
therefore degrading its bed rather than filling it up, since the predominant
factor in forming this common type of & braided st?eam is khe steep slope.

A stream of this degraded braided type is Sunshine Creek in Wyoming, part of
which is_shown on Figure 13.

The writer has not found in the literature any explanation of why the
general course of this type of braided channel usuelly tends to be relatively
straight. It is easy to see, why an extremely meandering &lighment, in which
the stream at the two ends of a bend come close together, is less likely to
o;cur in steep streams than in ones of flatter' gradient. When a stream is
steep the differences of elevation of the water surface at the two ends_of the
bend is much greater for a given length of bend than when the gradient is
small. Flows across the neck between the ends of the bend, in times of flood,
with sufficient slope to produce scouring velocities which will cause a
channel to form and cause a cufoff. Such cutoffs will take place when the
ends of the bend are much farther epart for a steep étream than for a flat
gradient one. Cutoffs will therefore occur in a steep stream of less tortuos-
ity than in one of flat gradient and the steep streams will therefore tend to

' be straighter. It is the writer's belief that a similar ection takes plece in
the multiple channels of & braided stream, the straighter ones of the many
cﬂannels, which all flow in the general direction of the valley slope, have

steeper slopes than the other multiple channels and therefore tend to scour
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out and carry the most water. Channels which depert widely from this direct
path have much lower velocities, end with the heavy sediment loads usuelly
found in bralded channels, have & strong tendency to fill with sediment.
There is therefore a strong tendency for the steep streams with the multiple
channels chayacteristic of the steep-slope braided stream to flow in straight
courses.

Steep-Slope Braided Streams and the Lacey
Wetted Perimeter-Discharge Relation

Iff the foregoing analysis of the cause of the steep-slope braided streazms
is sound, since it indicates that the stream width is & function of the stream
slope as well as the discharge, it follows that the Lacey relation P = 2.67Q
cannot epply gererally to natural streems. Since the welted perimeter P of
most natural streams, particularly of wide ones, differs relatively very
little from the stream width, if the wetted perimeter is & function of the
discharge alone, the channel width must be also very closely a function of the
discharge alone. This conflicts with the conclusion drawn in this report that
steep slope streams of the same discharge tend to be wider and shzllowsr than
streams of the same discharge and of low slope, in other words that the width
is at least partly a fﬁnction of the stream slope, and not of the discharge
alone.

Conditions Resulting in Braiding
in the Upper Mississippi River

As previously stated, the conditions producing braiding in the upper
Mississippi River are unusual. The braiding there is of the overlcading type
and is indirectly due to glaciers, but in & totally different way from that

which usually exists in breided streams near glaclers previously described.
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The Upper Mississippi may not be unique, in this respebt, hovever, es simllar

conditions may exist imn the lower part of the Illinois River, from the same

causes. To understand the conditions in these streams it is necessary to con-

sider the recent geological history of them.
Both of these streams were greatly affected by the glaciers which covered
much of thelr drainage basins during the Pleistocene time. The glaciers

advanced southward over all of Canada and the northern part of the United

~ States, and then mélted avay, thé'front of the glacler moving gradually back

toward the north, leaving in North America only small remnants of this great
glacierlin mountainous regions of the West. When the front of thelretreating
glacier moved northward past the divide between the Mississippi.River water-
sheds and those of the St. Lawrence River and sﬁreams leading into Kudson Bay,
the melt water could mot flow down the St. Lawrence nor reach the Hudson Bay
because these stresm channels were sﬁill blocked by the glacier. Water was
then ponded between the front of the glacier and the crest of the divide,
forming immense lakes. The levels of these lakes was at a height such that.
the melting water could flow over low places in tﬁe divide into the Mississippi
River watershed, dowm which it f;owed to the Gulf. Some of these lakes
occupied areas partly covered by the present Great Lakes and water reached the
Mississippi from them, by flowing down the channels of the Wabash, Illinois,
Rock, Wisconsin, Chippewa, and St. Croix Rivers. Wést of the present Greaf
Lakés, a very large lake called Lake Agassiz was formed in Minnesota, North
Dakota, and Cahada, which was larger in area than all §f the present lakes
combined. This immense lake discharged into the Mississippi River through the
channel now occupied by the Minnesota River. The water from this lake combined

with the runoff from the drainage basin of Upper Mississippl River and the
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large lekes formed in the St. Lawrgnce basin south of the frount of the re-
treating glscier to produce & much larger flow in the Mississippi than would
result from the normal watershed of this streem.

Beéause most of this water came from large lskes, and only a small part
‘from watersheds which could produce sediment, it carried very little sediment.
This large flow of relatively clear water from the lakes increased the velocity
end shear in the Mississippl over that which resﬁlted from the runoff of its
norma). drainage aresa. This greater shear carried awey a iarge quantity of
se&iment from the stresam bed, lowering its level, except at plsaces whgre there
were rock ledges of very resistant material. Upstream from each of these
ledges the river was excavated deeper and with a flatter slope than it had
before the glacier advanced. |

Another important factor in the lowering of the gradient of the Mississippi
end I;linois Rivers was the degrading effect of the clear water from the lakes,
which existed at their upper ends. The clear water from the leke, stariting
to flow down the river, within a short distance continuously picked up largely
from the stream bottom, as great a load of sediment as the stream was capable
of carrying, and transported it on down the stream. That this effect is of
great importance is shown by the repid lowering of the bed of the Colorado
River, caused by the release of clear water from Lake Mead; which is formed
by the dem. Similar action due to the release of clear water, has caused
extensive lowering below many other dams. It is not unlikely tﬁat the effect
of the discharge of clear water down the Upper Mississippi and Illinois Rivers
has caused even more lowering of their beds than was caused by the increasesd
flow in them due to the blocking by the glaciers of the streams which formerly

eventually discharged into the ocean through the St. Lawrence and Fudson Bay.
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As the glaciers contimmed to melt and retreated northward however, fhey
finally uncovered the entire channel of the St. Lawrence and the rivers lead-
ing to Hudson Bay and the water from the lakes escaped to the sea through
them, ceasing to flow down the Mississippi. The channel which was excavated
by the great flow of water from these glacial lakes, plus the normal runoff
of the river watershed how=ver, was on too flat a slope to transport all the
sediment brought in from the Mississippi watershed with the smaller flow which
was produced by normzl runoff from the Upper Mississippi watershed without the .
glacial water. A great filling of the stream valley then began, which is
still going on. In this filling braided channel with a multiplicity of inter-
lacing channels, islands hswve been formed as shown in Figure 12 which was
taken from the Wauken, Jowa and Wisconsin Quadrangle of the U. S. Geological
Survey. The slope of the Mississippi River is still too flat to move all of
the sediment brought to it, and filling will continue until the slope is
steep enough; probably about that which the river had before the glaciers
arrived. A similar condition exists in the lower end of the Illinois River,
where much the same actiomz occurred.

The aggrading of this valley goes on very slowly, as it has to fill the
entire width of the valley andhthe snnual sediment discharge of the tributar-
ies is small. The most of the sediment deposit probably takes place in the
ponds, lakes, and secondary channels, where the conditions are very favorable
for deposition, rather tham in the main streem. In fact, the main channel may
even tend to enlarge, since the tendency is to fill up the side channels and

thus force the entire flow into the main channel. When the aggredation has

progressed to the stage where the river can carry the entire sediment load

brought to it by its tributaries, it seems probable that there will be a main
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channel Xargely free from islends, sloughs, lakes, pounds end secondary
channels.

From his study of the lower end of the Jllinois River, Rubey -concluded
that this stream was £n equilibriun. This may be true of the main chennel

'itself, but, considering the river as e whole, including ell of the areea in
the valley, the suthor is c&n&inced that the lower Illinois and the middle
Mississippi are both eggrading streams.

The epndition of interlacing stream channels formed in the Mississippiv
near Weukon, Iowa which the writer believes should be considered to be braided
is not confined to the part of the Mississippl appearing on the Waukon USGS
quadrangle., There are other areas however dlong the Mississippi River between
St. Paul, Minn. and St. Louis, Missouri in which stream forms are such that
some persons will probebly not consider them to resemble braid closely enough
to justify calling them braided. In some sections there are larger lakes end
fewer channels than are present in the Waukon region. In the lower Yllinois
River are sections which.do not aeppear to the writer to be sufficiently like
braid for it to be considered a braided river. Unfortunately, time was not
available to study the Upper Mississippi and Lower Illinois Rivers in detail
and it is hoped that further studies of this situation can be made later.

It is the %riter’s view, however, that both of these streams are low slope,
aggrading streams of the refilling type, since they are refilling their beds
back to their normal pre-glacial levels, and are, of course, overloaded. They
may also be classified as "underfit", @s these valleys are now occupied by a
smaller stream than that which formed their present shapes. From the geolog-

ical history of these streams it is believed that the refilling process has

¥ W, W. Rubey; Geology end Mineral Resources of Hardin end Brussels Quad-
rangle (in Illinois) U. S. Geologlcal Survey Professional Paper 218,pp.129.
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" gone on longer in the Illinois River than in the Upper Mississippi, and that
the Illinois has approached more nearly to a condition of equilibrium than the
", Upper Mississippi. It is believed that the upper end of the Wabash River pep-.
resents a later étage of the same action that now exists in the Mississiﬁpi and
J1linois since the‘Wabash was the outlet of & large lake at the site of the
west end of the present lLake Erie, and the geological history shows that this
drained out through the St. Lawrence at an earlier date thgn the lakes which
" temporarily discharged through the Illinois and Upper-Mississippi Rivers re=-
tﬁrned to their originel outlets. The present Wabash River (described in
Appendix I) therefore, represents a later stage of the progress through which
tﬁe other two streams are likely to pass in the future.

It is probable that this braided type of refilling river will be formed
only undér special conditions. One of these is that the valley is relatively
~marrow. This condition exists in both the portions of the Upper Misﬁissippi
end Illinois under consideration. These streams are cut down in the surround-
ing terrain in a relatively narrow gorge, but wide enough that the river in
its present condition does not cover the entire bottom of the gorge. If the
valley is very wide with respect to the size of the river, it may be that this
form of river ﬁill not result. IAnother requirement probably is that consider-
able sediment is brought into the valley by small tributaries along the stream.
In this way the valley is filled up, although the major stream can transport
comparatively little sediment, and is responsible only for part of the filling
of the valley;

Another requirement probably is & low slope. A medium or high slope

probably would not form the deep, narrow channels characteristic of the

Middle Mississippi and Illinois.
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In this study the braided rivers investigated were either of relatively
steep or of relatively flat slope. Are there braided rivers of mcderate slope
also? The writer believes that a severely overloaded river of moderate slope
would also adopt a braided pattern, at least in some cases, but none of the
rivers on wvhich the writer obtained adequate data appear to be cf ﬁhis class.
It is probable that parts of the Washita River in Oxlahome and the Cimarron
River in Kansas* are of this type, but sufficient time has nol been available

to esteblish this.

Classification of Braided Streams

In the foregeing discussion it has Peen shown thal the braided form of
a stream nay be due to the steep slope of the siream, or due to aggradation
resulting from the overloading of the stream with sediment, or to a combina-
tion of these two causes. Braided streams mzay therefore be classified accord-
ing to these two causes into two main divisions, (1) braiding due to steep
slopes, and (2) braiding dve to agpgradation. These two main divisions may be
subdivided? to include ccmbinations of these two causes, as shﬁgn in the
following classification:

1. Braiding dve to steep slope with
degradation

I. Braiding due to

o

Braiding duve to steep slope with

steep slope approximate equilibrium
Braided
3. Braiding due to stecp slope with
Streams aggradation
II. Braiding due to . Braiding due to moderate slope with
zggradation aggradation

5. Braiding due to low slope with
ageradation

* Accelerated Channel Erovsion in the Cimarron Valley in Southwestern Konsas.
T. G. McLaughlin, 1947. Journal of Geology, Vol. LV No. 2, March 1947,
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In this classification the first three secondary subdivisions are types
of steep-slope stremsms, and thé last three are types of aggmdirig streams, the
two groups overlapping to include the type which is both steep-sloped and
aggrading. An éxample of & Class 1 stream is Sunshine Creek in Wyoming,
ﬁhowri on Figure 13. | It 1s probable that there are many such stresams, ﬁarﬁicu-
iariy in a reglon of .considerable relief where active channel erosion is in
progress. Class 2 probebly includes a large nunber of the steep slope braided
streams where conditions ;re not changlng appreciebly. Class 3‘ia typified by
many streams cerryimg an overload of glacial debris. |

It is well known thst glaclers move like rivers of ice, and carry down
to their ends large quantities of sediment on their surface and imbedded in the
~ice. Also large quantities of rock debris are moved slong the under surface
of the icg, by the ice and by streams of water under the ice. Much of this
sediment is produced by the very severe abrasive action of the moving glacler
ice with its imbedded rocks on its bed and banks. Therefore & glaclier can
or&inarily transport much lerger quantities of sediment than can be moved by
the stream of water which is produced by the melting ice, that flows away from
the glacier. Unless the stream flowing away from the melting ice is very
steep, therefore, the water coming from the melting front of a glacier ie over-
loaded. Tt continu=mlly drops part of itg loed in its channels, filling the
channels, forming bars and islands and reising the level of. its bed. As
channels fill they build up higher then adjacent areas and the water bresaks
out into these lover areas and foirms a new channel. Such channels are there-
fore not only braided, but are rapidly shifting. The cﬁannels from glaclers
are usually also relatively steep, so that braiding in them is partly due to

the steep slope.
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Many streams of this type are found in the watershed of the North
Saskatchewan Rivér and other streams in the Rocky Mountain Parks region of
Alverta, Canada. As previously stated{ Class 4 probably includes relatively
few streams. Class 5 is prcbably also relatively infrequent, and is typified
by parts of the Upper Mississippi between St. Iouils, Missouri end St. Paul,
Minnesota.

As previously stated, in the steep-slope type of braided stream, where
not inflﬂenceﬁ by non-erodible material, the channel as a whele is relatively
straight, steep, wide and shallow, and carries a heavy sediment load. The
bottom iIs relatively flet and comvosed of sand or coarser materizl. The
interlacing channels frequently shift rapidly and the banks are relatively
unstable. Frequently these channels are overloaded with sedimenﬁ. The inter-
lacing channels are not necessarily separated by islands, but may exist only
At lovw flows, and be in the form of bars of small height which rapidly shift
thelr position &nd are entirely covered during high flows.

Class 5, the flat-slope, sggrading type of braided stream consists of
interlacing channels, with many ponds, sloughs and lakes. The banks are
relatively stable and the interlacing channels do not shift rapidly and tend
to bg deeper and nerrover than in the steep-slope types. The smeller chonnels
of this tjpe are likely to be formed of fine sediments, such‘as silts and
clays. As previously mentioned, parts of the Upper Mississippi end possibly
of the Iower Illinois Rivers are examples of this class. -

It will be seen from this classification that braided sfreams due to
overloading can have any slope, but braiding without aggrading can only occur
in steep streams. Braiding in a stream in bﬁlance, or in a degrading stream

is possible only if the slope is great.
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The Engineering Significence of High Slope Braided Streams

From the definition of a bralded stream as previously given, it will be
seen that this type of stream is distinguished by its appearance, due to its
interlacing or anastomosing channels, and covers streams in which the other
characteristics are quite different. It is the appearance rather than the
nature of the stream that distinguishes them, as they have in common only the
one characteristic of muitiple channels. ‘This'characteristic is a very good
one for visual classification, but it is one which seems to have very little
other practical importance. From an engineering standpoint the branching
channels ordinarily have little, important effect on engineering structures,
such as dams, bridges or revetments which are constructed on them, .a.nd on the
overloaded, low-slope type the engineering works ordinarily do not differ much
| from other streams except that there may be several small bridges rather than
one large one. However, the steep-slope form of braided river, from an
engineering standpoint, is important, since it gives rise to quite different
forms of engineering structures from those on most other streams. This type
of’stream is characterized, in addition to its multiple channels, by a steep
slope, r?latively straight alignment, wide, shallow, flat bottomed channel.
with high velocity flow end usually with relatively coarse bed material and a
high sediment load.

These characteristics give rise to very different forms of bridges, dams
and revetment and stream training works than are usudlly found in other types
of streams. For smaller braided streams in the United States, long pile
supported bridges are commonly used rather than masonry piers supporting

longer steel or concrete spans such as are commonly used on other type streams.
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In china; & plle type bridge hus ‘t;een used on the Yellow Rlver, vhich is & very
large braided stream, to carry the Peking-Hankow Pailrcad. It has been in use
for over_fbrty years, and 1s supporied on screw piles.

The dams on braided rivers are also commonly confined to long, low head
structures of the barrage typs. They are now usually construqted with p%ers
with gates between, although originally they were built of lcose rock, some-
times with some masonry walls and paving. Although the barrage type with
plers and gates is frequently used on other types of rivers, in these other
rivers dams are not limited to this type. High dexs of lerge storage capacity
are not usually bullt on high slope bralded strecoms becausé of the wide, shal-
low valleys in which these streamg usually flow makes high dams on them very
exﬁensive because of the great length and the deep foundations usually re-
quired, and the high sediment content usually pressnt in the waier csuses then
to fi1ll rxapidly with sediment.

The form of bank protection on high slope braided riverﬂlis usuallf quite
different from those used on the deeper, less gwllt streams. In India anq
Pekisten, extehsive uvse of dikes or groinsg for steqp—slopé braided stresms has
been developed, largely based on model tests. In this country permeable pile
dikes heve been exﬁensively used. In this country also for amailer streams
"Jacks", ususlly of steel, have been extensively used. These are formed of
unite consisting of three straight tars of equal length, all connected at
their mid points and exﬁending at right angles to each other, as in the
children's toy Jacks. None of these three t;pes of revetment except the pile
dike is ccommonly used on lov slops stresms. For low slope, deep streams, ro-
vetments in the shepe of a mattress of planks, woven willows, asphalt or con-

crete blocks are widely used, but only infreguently used on braided, stecp-
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slope rivers. All of these differences of engineering structures are almost
entirely due to the characteristices of steep-slope brailded rivers rather than

to the multiple channels.

Suggested Nomenclature EQE Braided Egﬁ Similar Streams

The term braided stresm has been s0 extensively used in sclentific
literature that it is unlikely that it will be dropped in the near future.

The aeleétion of the term to ildentify one type of stream is obviously because
of the resemblance of the form of these streams to braid. This resemblanﬁe
can never be very close since all streams differ considersbly from vwhat is
commonly designated as a braid. When epplied to streams, therefore, it is not
e very exact term because its use depends only on & resemblancé. A wide dif-
ference of opinion can, therefore, exist in many cases between well-qualified
persons on how closely a given stream pattern resembles brald. The writer
believes, however, that at the rather elementary state of development of the
science of stream forms at the present, it is not desirable to try to depart
too widely from the pest usage of this term, because further study mey show
that the proposed changes are undesirable. .

Many streams exist which have certain properties in common with streams
which have as close & resemblance to braid as is possible for 5 stream, but do
not in their eppearance resemble braid. It is the writer's opinion, however,
that these streams should not be arbitrarily put in a bralded classification
but that the braided classification shculd be confined to those resembling

braid.
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Author'e Suggested Dafinition of a Brajded Strean

The only common characteristic of 8ll streams which in the past hava
been considered to be brailded seems to be that they have paﬁterns of dividing
and reuniting channels from which the word breid originated. From the fore-
going definitions and from the analysis of the date asssmbled in this study,
the following definitlon end desgcription of a braided stream has been evolved,
the definition being a slight modification of éhat of Grant, préviously glven.
"A breided stream is characterized by having a nuober of ailuvial channels
with bars or islands between meeting and dividing ég&in, and presenting from
the ailr the intertwining effect of a braid". This definition differs from
that of Grant in omitting the terms steep, wide eand shallow gince this study
has shown that channels which resemble braids do not necessgrily have these

properties.

Anastomosing Streams

In resding the geological literature dealing with stream fofms, one
sonetimes finds the term "enastomosing”. This term is practically unknown to
engineers but is occasionally used by geologlstg$ in desceribing stream patterns.
It is vsually not defined, but is used as if its meaning was practically the
same as braided. The word is deriyed from the word anastomosis, for which
the dictionary definitions are as follows:

- "Fne rejoining of different branches which have arisen-from e common
- trunk, so a3 to form a natwork",* 5

"Union or intercommunication of any system or network of lines, branches,

streams or the like".*

. | L i o i e A e 3 ke Lk o Lt ¢ s e e K kg, o | o i il i et et e i o e . 2 . o e O

¥  Webster's New Iﬁternational Dictionary, 2nd Edition, Unabridged.
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"A union, interlacing or running together as of two or more arteries,
veins or other vessels, whereby their canals have become common and freely
intercommunicating" *

These meanings of anastomosis do not apply directly and exactly to
stream pattern, but with a little adjustment, they can be expanded to cover
the case of streams with little violence to the original meaning of the term.

Based largely on the dictionary definitions given sbove and a knowledge
of éxisttng streams, the writer believes that en anastomosing stream can be.
defined as: "a watereou;se consisting of channels, with or without lekes and
ponds, which usually arise from a common trunk and divide, intercommunicate
and rejoin as the flow moves downstream". Lakes and ponds have been included
in the definition to cover the condition in the Upper Mississippl and Illinois
Rivers.

This definition is a broader and more exact one than the definition of
braiding, as it does not depend on a similarity on which even experts opinions
could widely differ. The writer believes that it includes most, if not &ll,
of the bralded streams with the five subdivisions previously mentioned. It
also includes many sections of the Upper Mississippl and Lower Illinois which '
do not sufficiently resemble braid to be classified as braided rivers. It

would also include such streams as Cooper's Creek** in Australias, the plain

. ® New Standard Dictionary - Funk and Wagnall, 1957.
*x Discussion by W. H. R. Nimms of Paper on the Importance of Fluviel

Morphology in Hydraulic Engineering published in ASCE Journsl of the
Hydraulics Division No. HYI, February 1956, Paper 881, pp. 38-Ll.
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sections of the Kosi River®®¥ in India end the lower end of the Lower Colorado
River in Mexico,¥##¥

These last three sections of river are all.what nay be called land
deltas, and are formed where a relatively steep channel reaches a flatter
Iarea vhers the streem hes a lesser slope and is unsble to continue to carry
its load. It drops & part of the load end breaks up into muliiple channels
forming a sort of delta. It differs from the or&inary form of delta in that
the streames do not flow into a lake or other body of quiet water, but the
channels réjoin and reform & continuation of the original stream. This land
delte form could be a subdivision of non-braiding anastomosing streeam.

It is possible thaf, as the science develops and the term anastomosing
stream, as previously defined, becomes more famillar, it would come into
general use and to a large extent replace the tenm'braided stream. It &aleo
might be sdopted &s one of the major divisions of the whole field of étream
patterns, with braided streams included ss one main subdivision and non-

braided forme the ofher main subdivision under it.

Multiple Channel Streams

Because of the fact that the word multiple is more widely used than the
vord anastomosing, and its meening Jis clearer ito engineers, since it is in
current use among them, the writer believes that a better nomenclature of

braided and similar streams would be secured if the streams in that class

*¥*% C. C. Inglis. Denudation, Erosiocn and Floods, Central Board of Irrigation
India (Technical) 1944, pp. 136-141.
Rapid Westerly Movement of the Kogi River. Centrasl Board of Irrigation
Indie (Technical) 1942 pp. 7, 8.

#ex Y. Kelly, 1925. The Colorado River Problem. Trans, ASCE Veol. 88, p. 312.
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be called Multiple Channel Streams rather than Anastomosing Streams, es dis-
cussed in the previous section of this report.
| Webster's New International Dictionary, 1935, defines multiple as
"confaining moré than once, or more thap cne; consisting of more than one,
‘menifold"”. The term multiple channels could therefore be used in place of
both the terms braided and anastomoéing as previously dispussed.
A multiple channel stream can be defined as "a stream in which the flow,
for a considerable part of its length, is d;vided up between two or more
channels or paths”. This definition is very broad and includes the various
types of braided and anastomosing streams previously discussed. Its scope
is showvn on Figure 1. It can therefore be used to cover a large class of
streams, which constitute an apprecisble par£ of streams as a whole. For
example, all streams could be divided into two classes, (1) single channel
~ streans, and (2) multiple channel stréams. Multiple chennel streams cover
the land delta forms previously mentioned and can also cover the channels
forming & delta in a body of quiet water. There is considerable doubt
ﬁhether this ordinery form of delta channels should be included in anastomos--
ing streams since the channels in thiﬁ case do not rejoin. Isolated casce
can ﬁé‘fouhd wheré_ﬁhis definition ﬁould cover sfreamé with many islﬁnds
which were of nﬁn-erodible material such as the Thousand Island aeetion of the
St. Lﬁwrence Ri;e;, but the greater part of this class is probably found in
readily‘éroéible‘alluvial formations.

| _Thé writér believes that this classification 1s the besf that has beén

developed, and should be used until & better one is found.
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THE FORM OF AN ALLUVIAL STREAM ERTERING A LAKE OR OCEAN

. The vritef some years ago was.puzzied by the fact that the ﬁottom of ths
Mississippi River, for over & hundred miles upstream from the point near its
mbuth vhere it subdivides into several channels, averages about sixty feet
Ibelow the level of the water surface of the Gulf of Mexico, into which i?
discharges. He wondered what the resson for this great depth was. He elso
wondered why small streams tributary to the Great Lakes; which for most of
their length were so shallow that at low water they were scarcely navigeble
in & canoe, formed at their mouths & harbor of considerable depth, and gave
rise to great poris such as.chicago, Cleveland end numerous othe?s.

From time to time the §riter thought about this phenomenon ﬁnd has
devised what he belleves is a satisTactory exﬁlanation. As this condition is
a common form of the channel of natural streams flowlng in erodible materlel,
; iE comes withiﬁ the sccpe of this report on stream channel forms. As will be
péinted out, the action which causes this condition may be of considerﬂﬁle
importance in the design of a levled floodway discharging into a lake, and
considerable trouble will probably hé avolded if this action is adequétely
considered when such a floodwey 1s designed.

It is believed that a deep chennel will always form at the mouth of a

stream entering a lake if the following conditions are present: (1) the
material in the stream and lake bed is resadily erodidle, (2) the lake level
is comparatively constant, (3) the stream is subject to occasionel high floﬁs,
and (&) the streaﬁ does not carry a high cbnéentration of sediment icad.\'The
cause of the action which produces thic condition can be easily understood by

visuelizing what would teke place at the end of en ertificisl channel
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discharging into a lake under the four conditions named above, if the channel
was not constructed with a bottom considerably below leke level where it joined
the_lake, IFor example, suppose the artificiel channel wae bullt as shown in
Fig. 15-A, with its pottOm A-B reaching the lake.at a depth below lake level
equal to the depth of low water flov in the stream. Immediately after com-
pletion, at lo? vater the surface profile would occupy the position C-D, but a
high water flow vouldiproduce a surface such as that at E-F, with a drop down
curve in the surface profile sdjacent to the lake. Such a condition would
produce_high velocities that would cause erosion of the sides and bed of the
channel near the.lake and the lake beq for some distance out from the end of
the channel. This scouring of the channel bottom will cause the flood surfeace
profile to be lowered and produce more scour farther ana farther upstrean.
The flood flow will therefore cause a deepening of the channel and lske ad-
.Jacent to the channe;, as represented by the crosshatched area JHK in Fig.
15-B, and would thus provide & deep water "harbor". In Figs. 15-A end 15-B
the vertical ;cale ;s greatly exaggerated and the deep water extends much
f&rther up the stream and into the lake than the figures indicate if the
scale exaggeration is ignored. In times of low flow the harbor will tend to
i1l up with sediment, and on sﬁreams carrying heavy sediment load, the
harbor may be entirely filled before another flood comes to scour it out. If
the lake level should rise rapidly as the flood enters 1t, the drop down curve
might be too small to produce sufficient scour to produce a harbor of consié-
erable size. ‘

Most natural streams in erodible meterisls tend to approach s condition
. of equilibr;um.‘_Under these conditions the movement of sediment past any

crosg-section of the stream over any period of a considerable number of years
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tends to be the same, end equal to the sediment load brought down by the
stream from its watershed. If the bottom of the stresm wes not decpened near

the leke, therc would be severe scour at that point and more sediment would be

" moved awsy than ceme down, gilving risc to a net scour and deepening of the bed.

Hence, usuelly the bed tends to deepen until, over & considerable period of
time, the emount of sediment moved at &ll points in this deepened section will

equal the sediment load carried by the streem in this period. This_section

- will tend to fill in times of low water, aﬁd the deposited sediment will scour

out inrﬁimes of high water. .

In at lgast one case this sctlon has proved important in the ma;ntenaﬁee
of a levied floodway leading inﬁo & leke. Such floo&w&ys are usually coﬂ-
structed by building two roughly para}lelllevees, to confine thé vater, by
excavating earth from borrow plts sdjacent to and between the two levees; The

borrow pits ere usually placed between the levees rather than outside of them;

‘since in the former procedufa the excavated borrow pit provides additional

discharge capacity for the floodway with little, if any, edded expense. Thei
floodway under discussion followed this procedure, aund the scour in the 5orr03
vit near the iake, dve to the high velocities produced by the drop dowvn curve
&8s ghown in Fig. 15-a, was so graat that the channel bottom and sides were
séoured to'such an extent that the safety of the levee near the léke vag sore
jously threatened. 1In the designlof levied floodwﬁys leading into a lske,
the possibili%¥ of such action should be investigated, and‘guarded ag&inét it
necessary. In long floodways the borrow pits could be plgced inside the |
levees, ﬁo take advantage of thelr carrying capaclty, down tb the point where

the too severe scour will eventually reach, a5 the end of the channel enlarges.



Below this'point the levees should be bullt from outside borrow pits end the
inside borrov pits could be connected to & pilot channel, excaveted with dis-
continuous spoil banks, down the middle of the floodwoy. As'thesa channels
enlarged they would drav the woter awey from the levee end tend to prevent the
drop at the end of the channel from endangering the levees. If the floodway
is very wide, it mey be desirable to construct pllot channels between tr
levees on each slde of the floodway, far enough out from the levees to e__..n-.
ate the possibility that scour from thgm vould endanger the levea. The poss-
ibility should be ihvestigated to determine the probability that natural
stream channels or other depressions in the flaoduay near the lake might czuse
scour which would progress upstream and endanger fhe levees. If the floodway
is short end has s control structure at ite upper end, care should be exer-
cised so that the scour in the borrow pit or pilot chgnnal does not extend far
enough upstreem to endanger this structure. If such scour will take place the

control. structure must be designed to be stable in splite of this scour.

-

QUANTITATIVE REPRESENTATION OF CHANNEL PLAN FORMS

It has been sald that no subject has been perfected to the extent where
it can be called a sclence until it can be discﬁssed in quantitative terms.
This is probably an overstatement, since some fields do not lend themselves to
quantitative measurements. It is true, however, that in any field where quan;
titative relations ere possibie, the best results cannot be secured if they are
neglected. |

.An attempt should therefore be made to express the planlform of stream
channels in quantitative form, 80 that the forms of the verious streems may be

_ compared on this basis, rather than by the use of loose descriptive texrms such
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es meandering and braided. In the followling paragraphs an epproach to this
problem is suggested.
One of the simplest dimensions of a stream channel form i1s the vidtp of

K
the channel. Obviously, & natural chennel does not have a uniform width, but

rather a varying width., The width can therefore be expressed as an éverag;.
width, fownd by dividing the plan area of the atretéh under consideration by
its length. A wmore accurate description of 1ts ﬁidth will be given, however,
by a frequency diagrem of stream widths. This cag perhaps best be presented
by a curve showing the percent of the stream length in which the wildth 1is less
(or more} than verious values. |

Another property of streamlchannel forms is curvature., Some stresms
heve a great deal of curvature and zome ve?y little. One of the dimensions
of curveture i1s the radius of the bends. Hewever, stream bends do not have
a coﬁstant radivs of curvature, but a continuaily verying one. This variation
for any streteh of the river mey be expressed by a frequency diagrem showing
the proportion of the length of the streem which has ra@ii of curvature greater
(or less) thon various values, or in other words, a frequency curve of the
: §ariou3 redil of curvaturé:

The width of a stream and the redii of curvature are dimensional quan-
tities. For many purposes the channel. form of ﬁhe stream can probebly bes best
expressed in nﬁn—dimensional terms. Such & non-dimensiconal basis would be
obtained‘by‘dividigg the radii of curvature values of the frequency curve of
stream curwvature radii by the mean’ or medlan ;idth of the stream. Perhaps a
- better way would b= to determine the ratio of the radius of curvatuvre to the
stream width at a large nunber of equally spaced points along the stream end

construet -2 frequency curve of these values.
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Another factor in a stream channel form is the angle the stream turns in
‘one direction (for example, clockwise) before it reverses direction and flows
in the other direction (counter clockwise).: A frequency curve in terms of the
percentage of the total number of these stretches between reversals for ﬁhich
the angles of deflection were greater (or less) than various values, could be
constructed. These angles could be expressed in degrees, or radians, and
would be non-dimensional. -

It is pfobable that the length of the siream befween points of revérsal
from clockwise to counter-clockwise and vice versa is a factor in representing
the shape of the Triver, and & frequency curve of these‘distances could be
developed. To make these lengths non-dimensional, they could be divided by
the mean or medien stream width.

In the studies covered by this report.the slope vﬁlue used is the
longitudinal slope of the river or the ratig of the fall in the section of
river under coﬂsideration to the length of the stream in that section,
measured along the main chennel or talweg. In the case of meandering streecms,
the general slope of the valley is considerably steeper than the slope of the
stream. As previously discussed, the best index -of the tortuosity of the
stream'aﬁpears to bg the ratio of the stream length to the length of the
valley covered by that length of stream. The ratio of valley slope to the
stream slope will be the seme as the ratio of the .strecam length to the valley
length. It will probably be found that in deseribing quantitatively thé form
of stream, this ratio will be found to be convenient, and study of thesze
relations should therefore be mede. Thought should be given to the possibility

that other and better methods of expressing chennel form than those discussed
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sbove might be devised. It seems proboble that there are qpantitative rela~-
tions between the factors influencing stream form previously discussed.and the
valueg of these ratios, which could be developed. It is believed that when
quantitative data on shape of stream chaunels is developed, it will lead to &
much more exact classification of streem types and a much better understanding
of their aection.

It is.probable that the #bove guggested quantitative representations of
stream channel form cannot be applied to braided channels, but if so, the fact
that they cannot be used for all forms of stream does not mean £hat they could
not be useful in scme czses. If braided streams cannot be handled by the’
methods previously suggested, further study should be given to the problem to
see 1f some other method could be devised which would handle them. For
exemple, a plot could be made of the variation of the number of channels in
cross sections at any plece along the stream by plotting the ﬁumher of channelé
in the cross séétion against the distance along the stream.from some initial
point. Another way might be a plot of the ratio of the total width of the
bars and islands to the total channel width at the varioﬁs points along the

'channel.

SUGGESTED FURTHER STUDIES

This report may be regarded as a progress report, as 1t doeg not repre-
sent a completed study. The following studies arz suggéated in this field- |
vhich seem most likely to incresse our knowledge of the plan forms pf stream
channels. Mary of these have been previously suggesfed in this papér, but
to make this statement complete, are repeated herein.

‘Additional data should be collected on the slope, discharge and meterial

size of natural streams, partlcularly those with banks end beds of gravel and
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coarser material, in order that the relations between the factors affecting
.the form for these material sizes cen be more closely determined. Data of a
quantitative nature on msterisl sizes should be collected, in order that more
accurate quantitative relations Involving size may be obtalned.

These data should be analyzed in an aﬁtempt to find a generai equation
for streams in erodible material which would have one constant for a glven
stresm pattern regardless of the size of sedimentary material involved, and a
.general equation including slope, discharge, material size and stream form all
expressed quentitatively.

Data should be collected on the relation of valley slope to stream slope
or the tortuﬁs%ty ratios of meandering and other streams in order that their
form may be expressed in quantitative terms. The other methods of quantita-
tively expressing the form of rivers, as discussed previously in this peper,
should be studied, in order that the best methods may be determined, and that
the laws governing the form may be developed in the best quantitative terms.
An attempt should then be made to relate these quantitative expréssions of
shape to the other variasbles such as slope, discharge and material size.

Since tortuosity ratio is the easiest method of expressing streem pattern in
gquantitative terms, at least for the relatively sinuous streams, perhaps one
of the first studies should be the relation of this ratio to the discharge,
slope and material size for meandering streams.

A comparison of discharge to valley slope of meandering streams should
be made, similar to the one made herein comparing discharge end stream channel
slope, to prove or disprove the author's contention previously mentioned that

the streams do not lengthen their channels to reduce their slope to a value

which will produce relatively stable channels.
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A study should be made of the verious attempts® to develop qpantita-
tively the causzs of meandering streamg, as glven in the literature on the
subject, and to see to what extent they agree with the relations developed
so far in this study. Since this study does not disclose any satisfactory
relations or rational reason for the formation of meanders, an attempt'ahould
be made to develop one. _

X comparison should be mode of the relations developed by lacey, Blench,'
ﬁnd Leopold and laddock, to explore the interrelation of the data, ideas and
conclusions given In their reports to those developed by the method of
epprecach used herein.

Data should be collected on the properties of stable éh&nnels used for
.irrigation end. other purpoaés, to study the relation of such chennels to the
patterns of natural channels, as developed in this study.

This study should be extended to some of the more unusual types of
streams, such 2s the arroyo type so common in the western portion of tﬁis
country. Other types of streams which should be studied are misfit or underfit
- streams, deltas, tidal streams, alluvial cones, and the effect of confinement
by ﬁon-erodible.material in the valley wails of & meandering stream. Estuvaries
should also be included. An attempt should be made to develop a systematic
classification of all streams. A detailed study should be made of the Red
River of the North and its tributaries to see if an explanation of the form of

this unusual streem can be found. As many of the tributaries of this stream

%  Uber die Urschen der Maanderbildung der Flusse und des Baer'schen Geselze
Albert Einstein (the Senior Einstein) - Die Naturwissenschaften Vol. 1k
1926 pp. 223-225 (abstracted by Nemenyi Bull. Geological Society of
America June 1952 pp. 613-614) Republished in Ideas and Opinions -
Albert Einstein 1954 or 1955 Crown Publishers Inc..

Geomorphic History of the Kickapoo Region, Wisconsin R. E. Bates 1939.
Bull. Geologlcal Society of America Vol. 50. pp. 84i:-850.

On the Origin of River Meanders, Werner, P. W. 1951 Trens. AGU Vol. 32
No. 6 Dec. 1951 p. 898. :
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have .a form similar to that of the maln stream, they should therefore be in-
cluded in the study. The Souris River of Montana and the Tisza River in
Hungary, which are vexry tortuous and probably were formed in an old lake bed,
should also be examined.

A stﬁdy should be made of the lower end of the Illinois River and the
Upper Mississippl to determine the extent of braiding in these two streams
and the conditions which result in this braiding. Also the sequence of steps
through vhich they (together with the Wabash River) hive passed or m;y be
expected to pass in the future.

Included in°this study should be an examination of the effect, if any,
on the present form of the Upper Mississippi, Illinois and Vabash Rivers of

the earth tilt wvhich is still_going on in this region.
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BATA OM STREAM CHAMEL FORMS

Remarks

Contains soee small gravel

Contalns scce small gravel

Contalns some mall gravel

L000165 Contsing scoe small gravel

J00H105 Some cohesive caterial

SIoEE
Averegn
Fall Tength Diachargs Value
Hase Locatton Stretch Frfiitle Length  Fall in Sec. Pt._  Matertwl  Pattern of X .
1. [Lower Misalssippl
Model Model Platz b 1.7 0028 5.2 0.15 Sand Meardering 00174
g, = lam . Plate 15 17.6 003l 296.6 0.10 ¥ " .00192
3.  Lover Missigsippt Cairo-Arkanzas Clty 0.4 L000N76  13,200.0 B43, 000 L " 00154
., Arkansas City - Sed 0,29 L000053  18,857.6 537,000 ot 2 J001k1
3 River Ldg, S
5. Reptld Creek Tova Mear Iowva City, In, 3.6% 00069 1,550.5 13.0 - L 00131
6. Clear Creek . g o " - 3.75 «000T1 1,h08.0 70.0 = = J00205
T. 0Ol ¥an Creek = B e ® "0 00057 1,754.2 105.0 e e .00132
8. Maquoketn River > Just Above Mouth 2.2 00043 2,158 921 & £ 00237
9., Pacccon River b Adel Dun - Coemerce 2.1 Joo0k0  2,51h.3 1,000 L ¥ 00225
10, Toua River L) Below Tewn City 1.16 00013 3,000.0 1,476 ] " 00205
11, Cedar River Ly The 20 miles belov  1.55 o009 3,b05.5 3,020 » . . 00215
Moscov, Iovm
12, Des Molnes River L Des Molnes - Ped Sock 1.4 000265 3,771 3,40 » - 0020
13, M1k River Fontana Havre = Vandalia 1.12 00021 &,71h,3 712 " ¥ 00105
1k, Big Black River Mississippl Near Plckens, Miss, 99 L000180  5,333.3 1,966 " ™ 00125
T " = Bear Bovinda 1.k 000265 3,T7LA 3,677 " X 00207
16. Minnesata River Minnesota 3 miles below 0.76 ook 6,0hT b 2,160 " »: 00085
- Hankato
17. Missouri River Mentans  Below Ft. Pesk Dus 0,925 JL00175  5,700.1 7,519 - »
18, Webash River Illincis  Mear Mt, Carmel 0.76 o1k 6,547 25,450 » ™ 00153
19. ‘mcau MWississippt  Misscurl  5t, Louts - Chester 0.52 L0008 10,153.8 171,000 i » 00195
20. ol " L Chester - Caps 0.57 Jocowed  9,261.2 172,000 2] ] L0215
) Glradeou
21. Ohio River - Loutsville to 0.28 000053 18,857.1 111,300 = " 00132
Evansville
22. Verdigrls River Oklahora  Miles 23 to 43 above 0.73 L0013 T,232.9 5,170 i -
Kouth
23, Assinibolre River Hanitoba, L0 to 75 miles above 1,05 00020 5,028.6 1,650 * W 00128
Canada Mouth
2h, Bunuk Menderes Turkey Below Aydin for 80 1.05 J00020  5,020.6 3,000 o - 00143
kllometers
25, Platte River Febraska 85 miles below Junction
of N & G Flatte 6,5 00123 812.3 4,850 - Brotding L0102
26, Ricbrara Febrasks  Venlel, Nebroska 6.7 00127 83,1 1,595 » a 008
7. " L Spencer, Webraska 7.2 L0136 733.3 1,260 = " L00815
28. " " s ‘Meadeville, Nebr, 8.8 J00157 636.1 1,068 = L S00953
29, HNorth Platte River 2 Juat above mouth 6.32 L0012 835.k 2,2 - - L0085
30. South Platte River b/ » ) n 7.68 L00145 6587.5 2,620 " » J01ko
31. Cherry Creek Colorada 3.5 miles nbove 3
Melvin, Cola, 22.6 00h2T 234 .6 2.6 L = 00535
32, Colorade River - Fodel 7.0 L00TOL k2.7 2.08 » " 003k
13. L " - Model 2,0 00795 125.7 2.08 * " 0095
., L " - ] 29.0 00548 182.1 5.54 " " L0091
35. el o - o 26.h 00518 200.0 2.08 L » L0062
36, " " - . T 00500 166.6 2.08 . * 0072
. " - = - 21,5 Jcahor 245.6 3.9 B = .00572
38, L & - W 21,5 o007 245.6 1. - . LOOATO
39. Leup Piver Rebraska  Near Oalusbus,Mebr, B.00 L0076 1,320.0 295.2 = - 0056
4o, Forth Loup River L Above St, Paul,“ebr. 5.25 00069 1,005.7 e73 " " o5k
k1, Middle Leup River " S R S 5,48 JooLoh 963.9 1,1f2 " Batween braided ,00£05
& moardering
A2, Republicaa River " Belov Bloomingtem, . 3.T1 00070 1,b23.2 T30 - Between highly .0035h
Nebr, bralded & seandering
b3, bl * Kansns Below Clxy CanterXs, 2.80 L0053 1,50s.7 1,11% 3 " 00307
&b, Red River Texas-Okla, Dennfson - Freerve 1,63 SOOI 31,2393 5,862 ' » LJOR6T
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DATA ON STFFAM CHANIEL FORMD
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it 4 *
Average
¥eil Length Diucharge
Nese Iocation Stretch re/Mile Lenzth rall in Bsc, Ft.  Matarial Pattern
b5, Bouth Canadian Oklahoma  Mouth to Mouth of 1,94 000268 2,721.6 6,52 Band  Betvesn bighly
K. Canadtan bralded &
Meandaring
BB, Arksnses River Arksnsas  Mouth to Little Rock 0.70 000132 7,542.8 b3, 100 g "
Y ‘ . Littla Fock to 070 ooz 7,5h28 k2,88 . .
Dardsnells o 2
M, . - Arkansas  Mouth of Oresd River 0,95 00015 5,957.9 32,000 L L
& Cklahoma = Dardsnalle J
3. " " OXlehcma  Tulsa to Mouth of Grand) .
River 2,07 +00033 2,530.7 7,714 " 5
$0, Colorado River California & Palo Verde Vallay 1.57 00030 3,363.1 17,90 » "
. Arizons .
51, Colorsds River Callifornfa & Rear Meeldles 1.67 <0002 3,161.7 17,500 - "
Arizcua
$2. Missouri River Montana Ft. Feck to Welf Pt. 1.05%  0.0002 §,009.5 T.2% *  Meandering
Mont,
8" " kontana® Vol Pioatanats 860 00015 60029 13,0 . .
Fo « Dmkota Williswon, N,.D.
. . » Morth Dakots Williston to Bissarck, .T78 Lok 6,785.6 13,5% *  Batween braided
F. D, . d & peandering
55, L * N, &S, Dakota Biscarck, ¥,D, to 18 000136 7,353.8 20,5% - ¥
Mobridge, B, D.

. o
56. - *  South Dakota Wobridge to Pierrd,  B72  .0ODLES 6,046,0 21,915 F e
T, ok . " ik Plerre to Yankton,S5.D, 5853 L000163 5,945.9 23,880 » *

8, b * 8, Dakots & §. Dakota b Iova 1.023 000154 5,161.3 27,220 " -
Iowva Yankton to Sioux Clty
9. . ®  lova & Bebraska Bicux City, Tow to  O78 000166 6,013.7 28,310 A o
Omaha, Nebraska . -
0. - *  Bebraska Omaha to Fabrasks Cityl.060 000205 b,501.1 30,210 - .
61, - " Febraska & Babruzka City to 528 000176 5,609.7 3, k0 o o
. Missourl 8t, Josezh, Mo,
62, bl - Missouri Bt, Joseph to Kancas 915 L0001T3 5, T70.5 ko,370 LS *
City
6. L % » KC to Waverly, Mo, 853 009163 6,118,2 &, 330 - -
6. - . . Vaverly to Boorville, 802  ,000152  6,58.5 50,040 . -
65, ks " % Bacavilla to Hernan, )
; “ B850 J000163 €,132.5 63,100 " .
65, Yangtze River China HEankov to Kiukiang 123 L0000233  52,526.8 900,000 - Braldsd
67. ‘ " - Kinkiang to Wuhiu 105 00002 50,205,717 900,000 - L
&, il River M ing Section - 16,0 L0304 330.0 » Gravel Righly
b Wper Ed Meandering
. Wi " Borse Shoe Park - %4 Loo081 1,235.5 39 . 2
"Lower End
70, TNocksack River Weshington Proo O to 6,57 milea = - - -
1. N L w Fron 657 to 14 © 2.4 Lo0hs 2,200.0 3,300 Tine Corgaratively
Material Straight
T2 = " - froa 16 to 15.8 3.9 0007k 1,353.8 3,30 e
T3. - - o Prom 15.8 to 18.5 .7 00070 1,827.0 3,200 Band  Moderately
] Tortuous
Th. - L/ y From 18.5 to 20.5 5.0 L0005 1,056.0 3,200 # .
5. LA . Prew 205 t0 23,2 6.5 L00123 812.5 3,100 Sand 8 Meandering
. ! Gravel
76. n L] " From 23.2 to 35.7 9.3 00176 567.7 3,100 Gravel & Bratded
Cobble
7. Willanetts River, Oregen ‘Balem (pear) 1.8 000351 2,933.3 22,110 Oravel Meardering
1. - . ' Altery (nesr) 1.5 00000 3,520.0 13,790 - L
79, Wabesh River  Indisna Latuyette (near) 0.76 000145 €,557.4 6,170 Sand Betwren bratded
. & meandering
8a. o . Indisna Corirgton (raar) o = - 6,229 » 2y
81. o - o Fontezuea (near) e - - 8,894 H =
82, L bl - Terre Baute {near) * - - 9,723 v -

Value
of K Resarks

+0033

400151

JOAIET
ST

00177
40017k

00168

000T18 " b "



CATi O STHESM CHANRYL PO

SLOFE
Averace
Discharge Value
Meme Location Stretch Fr/Mle langth Fell in Fec. Fr.  Material Pattern of X Rerarks
83, Wabash River Indiana Riverton (near) 0.76 J000185  6,947.h 9,00k Sand  Between brmided 001551
& meandering
Bh, Wnbash River = Near Vincennes 0.76 Jo001hs 6,547.% 10,510 Oravel Comparatively .00WhS
s Stralght
B85. Miaml River Ohio Below .S;H’.ney 6.50 00123 12,3 L8 Sand k . LO0575
Gravel
8., = " L Taylorville - 2.4 00050 2,000 950 - " S02TTS
Duytan .
4 . e o From Dayton to 2.6h 00050 2,000 2,202 - . Joo3ha
Mimnisburg .
8, - " ” Wenr Eamilton 3.70 00070 1,427.0 3,332 it * J00LEG2
89. Mad River * Abovs Mouth fer 6.68 L0016 T90.% g ., g L0063
99 miles ¢
90. Stillwater River . Above Mouth .20 00030 1,25T7.1 554 " - 0038
91, Tennessee River Tennessee  Abave Mputh 0.36 o000 1k, 666,7 64,000 - - 00103
92, Colorado River Colorade Belov Grend Junction 5.9 L0012 B3k .9 6,900 Sard,Gravel Brafded 00102
& Ccbble
93, Ohio River Peansylvania Pittsturg to 0.7T77 JHOWT 6,795, 31,820 Send & Meanfering 00195
& Vest Va, Wheeling Gravel
o, "~ " U, Virginia Wheeling to 0.587 L0011 B,594.5 55,000 ' L L0019
Buntington
95. *~ ” W. ¥Virginla Muntington to 0.352 L00006E6  15,000.0 ég.mo » " LO0LL:
: & Keatucky Lewleville
o5, = = Kentucky &  Loulaville to 0.2% L000050h  19,243,6 111,300 h - o2t
Indiana Evansville
w. = " Indiana Below Bwmnsville - - - - -
58, Tellowstone River Montans Mear Billings 8,2 00155 #3.9 A,406 sand, Cravel * 01395
& Cobble
9. . - " " Buffalo Rapids h.oh JO0OTE 1,306.9 10,700 " - 00860
100. Gunnicon River Colorads Below Gunnison 17.2 L0032k 308.8 b7 - Bot Known 0175
101, B3ig Thomwpscn L} Below Estes Park  15.6 JO0GTS 143.3 131 - Meandering Joead :
102, Susqueharna River Fenn, Vilkes Barre 1.6% w0031 3,219.5 13,h50 Sand & Wr;tlﬂly L0033%
% Gravel Straight
103. Twin Creek Chio Abgve Mouth 6.90 100130 765.2 265 o " L0525
104, Hieni River Ohio Misnisburg = 25 of. 3.70 L00070 1,k27 3,332 " * 005376
' belov Hamilten
105. Scioto River - Above Dublin, Ohie 7.5 L001k2 7,060 'Fu'.l Fot Knowva J0007hS5
e, ™ - w Wear Colusbus,Ohie  1.65 L000312 3,200 1,330 = Comparatively .00169
Straicht
7. - - - Mear Circleville,™ 0.93 000176 5,677.h 2,109 Mot Known 06122
. -~ » * Near Chillicothe,” 1.90 000360 2,773.9 ‘3,345 Fot Known 0015k
». " " g Fear Higby, Ohio 1.90 000350 2,T13.9 5,215 LI 00164
110, Cowlitz River Washington  Above Mossy Sock  15.2 L00285 k7.4 5,311 e a L0137
111. Susquehanna River Pennaylvanis Rear Danville, Pa, 1.69 L000321 3,126.3 15,220 " - 00355
na, i} g L Wear Towunda, Pa. 2,70 L000521 1,955.5 10,310 ” " L0052
113. Juniata River " Bear Mouth 2.31 W000532 1,679 b,305 o 00k
14, Susqueh River F Wear Williameport 2,31 L000h38 2,285.7 8,300 . ook25
115, Nile River Beypt Asvan to Foda 0,b1 J000078 12,870 90,200 Send Bralded L00135 Banks clay, bed sand
116, TYellow Rlver China 134 At belov AH,  0.9% 000178 5,617 bz, 800 Very fine sand Braided LO0255
Ry. Bridge
ny. = . » 8% ni, sbove Tainan 0.58 000111 9,103.% 55,000 . i " et Known <O0LTO
tung,
U8, Upper Misslanipri Minnescta St, Poul = Pedwing, 0.379 LOoonT2 13,9316 11, b0 ‘Sand Braided 00075
Minn. .
ug. = =l Hinn - Wis. Winona, Minn - 0.k59 L000037  11,503.3 25,78 = = 00110
LaCroane, s,
»o. L 3 Wis, = Iova  TaCrosae, Wis = 0.3570 000658 1%, 790 25,730 . * 00086
lansirg, Towa
2, " » Iown = W3, Lanairg, fown - 0.257 L0000hn  20,58k,7 31,520 L = SOUOES
Prairie du Chisn,
Wisconain
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DATA ON STPEAN CHAMCL YORMS

Sylwvan Grove

106

SLOPE Averzge
Discharge
Fall Teogth in Sec. rt. Valua
Fame Location Stretch Ft/Mile Length Fall Matarial Pattern of K Reznrks
+ 122, Upper Misslssippl Wis, = Iowva Prairie du Chiea, 0©.346 000056 15,260,1 ho,160 Sand Braided 00093
Wis, -Dubuque, Ia,
123, . - Iova Dubugue, Iowa =  0.293 L000056  18,020.5 56,670 - " o036
Clinton, Iove -
12k, " ¥ - Clinton, Towa =  ©0.220 W000083 . 23,157.9 56,670 N ] . JO0E63
LeClaire, Iocva )
1vs. * . - Davenport to 0.337 (o006 15,667, 63,70 . . L0011
Muzcatine, Iowa
26, - L Mlinots Warsaw to Quircy, 0.479 L00001  11,022,9 61,150 " yo N 00153
Illinois
T P b Diinois-Mo, Quincy, T1L - 0.M57 W000085 11,8121 61,770 » . J0013h
Eannibel, Mo, > .
128, * - MWiesouri  Banalbal to 0.h37 000082 12,0824 61,770 - " 00129
Loutsians
wy, " . ¥o.-Illinots Loutsinna, Mo, - ©.A55 000006 11,6084 63,440 . . L0136 '
Grafton, ILl. r
130, Soutl Cansdian Few Maxico Below Conchas 6,06 00115 mna 216 8and, gravel Canyon 00453
Reservolr & bouldars Saction
131,  Korth Caradimn Cilahoma Watumka Mile 2.5h L000hT6 2,078.7 =2 Sard Bralded 00255
< 185.3 to 1h1.8
132, Cimarron Oklahces Perkins, Mile 2.0 000385 2,601.0 1,1k3 L - o0esh
87 o b6 .
133. Deep Fork River . Beggs, Mile 85.2 1.87 000354 2,823.5 966 Bot Known Meandaring 00196
to Mile 159 .
© 13k, Papaloopan River  Mexico Below Coosamaloapan 0.004% L0000159  62,85T.1 15,200 . L = 0017
135. Seoky FLll River  Kansas Ellsworth to 3.22 00061 1,639.8 252 Sand - 00283
Marquetts
. W O E e . Merguette to Salioa 2,36 000 2,231.3 252 L o 00178
137. Big Blue River L Randelph to Cleturnel,B8 000355 2,800.5 1,488 L L 00228
138, Republican River w Clny Center to 2.38 000k52 2,018.5 1,155 Band bed  Both bretded & 00265
Junction City _ meandering
139. Kansas River b Mouth to Mile 50  1.73 000328 3,052.0 6,858 Sand Betwvesn braided 00259
y . & meandering
. 180, Red River of Morth Minnescta - Mear Fargo, W. D. 0.67 000127 7,880.6 hé2 Sand Highly .000588 Banks of cohesive
Eorth Dakota Meandering material, Some Tine
i send in bed,
W, W - & = L w Kear Grand Forks, 0,258 ooockBy  20,b65.1 2,198 L " SLo03h2  * " o
142, Tllinots River Illtnots Lower 120 milss 0,172 0000326 30,697.7 15,000 " Bratded 000324
143. St. Clair River _ Michigan Part Buron = 0.121 Jo00023 3,636 189,000 L) " JO000480 Some cobesive material
1kk, EBaline River Kansas Downstrens from 3.20 000607 1,650.0 156 : Keandering Joo21h



MORE DETATIED DATA ON CERTAIN RIVERS

Iﬁ these studies & number of rivers were ehcmmtéred. vhich -wera eitiaer
unuaua.l in some way or had a speciel significance in ;regan’.i‘. to streen forms.
. I As their cha.racteristics cannot adequately be given in the bﬁef notes 01;‘ the
- tabuler data, there are deseribed ia the followlng paragraphs 1n. terms of the
"tact'a. regearding then .which' geem to the writer to be .m.oé't #ignificant fro_:-:_x tha

gtandpoint 61’ streani Torms,

. Buyuk Menderes (Meande“) River

This stream, 'hich in aacient times vas called tha I’nander, is the

atrea.m from which the temm "meander" ceme. It has also been varloualy spelled.

LM u.nderaa, Mn.eandﬂr, Haia.nd.roa, and Menderez, but is now }mcmn os the Euyu}:.

"~ Menderes. I‘t is located. in south‘:restarn Tumey' a,nd diemargﬂa into th
' Mediterranecan Sea sbout 265 miles soutbﬂast of Istanbul (Constuntinople) 1t
.:has a valley sbout 115 miles long and 6 miles wide. The longitudinal slope

18 comparatively small, end over much of 148 length it is venrl meendering.

"' See Fig. 5.

. This s-..ream has z\.cently been studied for the Turkish Governuent by the
engineering fim cf Kna.ppﬂn, Tippetts § Ab'bett, and IrcCarthy of New York.

'I'ha folloving infor:mtion has been supplied by the lata Hr. Charles F. 'I’mvis,

s ~vho was in charge of this study.

"“Ine Mernderes ie & very sinuous stream, It severcly erxodes 1ts banks
3 aﬁd' has. formed and still foms mam,' cut-offs. The banks of the strean are
erodible but it is believed that the torm "ailt.vv sand" would better designate

the type of 5011, rather than "sond"."
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"Having been here only from 19%9 to date (1955), 1t is not possible to
‘determine from observation whether or not the bends of Menderes move uniformly
downstream. From observation of past occurrences, we do not believe this to
be the case. There are many old ox bows and silted up channels which are now
under cultivation, but there is no presently visible evidence to indicate
that these bends were formed by uniform movement dovnatmafn. The evidence is
that the river has made cut-offs of considerable length and that these cut-
offs eventually atteined about the same length as that of the previous
channel. For exemple, there is positive evidence that in the lower valley
above the towa of Soke, the river made a cut-off of over six kilometers and
the present channel is on an average more than two kilometers south of the
previous channel. Without actusl measurement 1t is believed that the present
channel is gbout the same length es the previous channel."

"Below Soke the river switched from the north side of the plain to the
south eide, & distance of ebout twelve kilometers maximum. The distance from
the head of this cut_;-off or switch-over to the sea is about forty kilometers
alrline &and the length of the present channel, again without actual measure-
ment, is probably sbout the seme &s the previous chaumnal."

"From these q‘bserva.tions,- it would seem to me therafore that there has
ﬁot been pio;gressive novement of the bends downstream but rather a lateral
movement of the channel back and forth across the valley, with the over-all.
length of channels remaining approximately the same and without any spprecisble
uniform downstream movement of the bends." | |

"About the only other characteristic of the Buyuk Menderes River which
may be of interest is that while it is a'percnnia.l stream, there is o

distinct wet and dry season and during the dry season which corresponds to the



sannual cropping season, the river carrles progressively less water downstrean,
and below the town of Aydin in years of unusually low rainfall, all the water
has been removed from the river for irrigation, and the chennel is-dry."

The slope of the stream, as determined from the report, seems to be
" about as follows: Yenice to Aydin, 174 km, slope 0.0007h. Aydin-Eski
Menderes 91 km; slope D.OOOéO, Eski-Menderes to the sea, 83 km, slope 0:0003.9.
At the time the report was preparcd, the stream flow date was meagre, & 15
month re-corﬂ. at Aydin indicating giving a mean discharge of ver& éloae to 3000
cfs. As shown on Figure 5 the strecam alignment is very crooksd end the bends

do not bhave eny typical shape, radius of curvature, or ceniral angle.

Red River of the North (Wos. 140-1k1)

The Red River of the North is a very wueusl stream from the .stanﬁ.point
of streem forms; since it is very meandefing, but has 2 alope.vhich 1s vexy
much flatier than most meandering rivers ,- and the shape of the meaﬁdera is
sonevhat different from the ususl form.

- Thie stresm, which forms the boun@w between the Stete of Minuesola
~and North Dakote, is czlled the Red River of tne North, to distinguish it fmﬁ
~the Red River of the South which forms the boundary 11_1'19 5etwe&n the States
~of Oklaﬁorna and Texés. It is one of the few larger streams in the United
~ States that flows northwaxrd, its course leading into Canada, the water even-
tually reanhing Hudson Bay. The stream is formed by the ;jﬁnction_ of the B(;ia
de Sioux end the Otter Tall Rivers and hr_:.s d length of 394 miles to the
Cana;dian lire ard about 140 more to its mouth in Iake Winnipeg. Detaile@ mEps
and considerable other information on it was given by P. T. Simons and
F. V. King in 1922 in a "Report cn Drainsge end Prevention of Overflow in the

VYalley of the Red River of the North" - U. S. Department of Agriculture
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Bulletin No. IOlT'and much of its course 1is now covered by U.5.G.S. topographi-
cel quadrangle maps.

The material through which the stream flows is clay, clay loam and &
very little fine sand. There is some fine sand in the stream bottom. The
stream is unusually crooked, the length along the stream being about twice the
length of the stream valley. There are very few natural cutoffs énd ox~bow
lakes, Unlike many meandering streams in which many of the curves are abgut
the same shape, those in this stream are of a wide variéty of shapes; vafying
from bends of very small radius to those having very large ones, but in general
the bends tend to be U-shaped rather than S~shaped. A typical section of the
river is shown in Figure 8 which is taken from the USGS Drayton Quadrengle Map
North Dakota -‘hinnesota. This river has a very flat slope, for the first 100
miles bging about 1 foot per mile and below this to the Canadian border it de=-
creases from 0,6 to 0.3 foot per mile. |

In his paper, "The Buffalo River, an Interesting Meandering Stream*"

R. F. Griggs describes in the following three paragraphs the lowgr part of the
Buffalo River, which he says is typical of the streams of the Red River Valley,
which 1lie in the old lske bed, since tihey are all formed in the same material.

"Like all streams of the Eed River Valley, it is extremely.crooked; but
its crooks are relatively stationary, not rapidiy shifting. Though bends
often approach quite close to each other, cutoffs are of rare occurrence,
Frequently the river is actively cutting on both sides of its bed, and de-
position, such as is a necessary part of meandering in filliné up the cut-offs,

is eﬁtirely insignificant. There is no flood plain, but the crooks are deeply

sunken into the plain over which the river flows. They telong, therefore, to

*  Am, Geos. Soc. Bull, Vol. 38, 1906, pp. 168-177.
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:.the.ciass of entrenched meanders. In the lower portion, though fhe veloeity
is lower, lateral wandering goes on only very slowiy,'eyen.where the atreﬁm ié
not sunk below the level of the cowntry."

"™he Buffelo, in portions of ite lower course, is cutting both of its
ﬁanks: and vhile the cut on the inside bank seems not to be sufficient in
thiglcase to result in straightening the stream, it certalnly must retard
its lateral wendering end tend to kéep it in its bed." '

"The’aticky gunbo clsy of the Red Rifer Valley through vhich the lower
reaches flow, 1s only with dirfieulty taken up by running water, avnd is then
in & finely-divided state, giving the water the turbid sppearance character-
istic of the streams of the reglon. This gumbo, once in suspanéion, satﬁles
out bul very slowly, so that there ere no deposits in bars and thé like
along its bed, but its chennel is swept deep and cleen like a canal."

Most streams that meander are what is known geologlcally as meture or
old streams, but the Red River of the Korth is a very young stream, since it
is probably less than 5000 years old. The history of this stream is quite
. well known. It bas been formad in the bed of an extinet lake, called Iske
Agaésiz, vhich was formed by the glaciers in the latter part of the glacial
epoch. This lake covered parts of the States of Minnesota and Forth Dakota
_.and & large arca in Canada. It was.formed wnen the giaciefs, coning .dowm
from the north, formed a dam across the outlet of the valley of this north’
flowing river, end formed a great shallow lske with an areca greater than the
combined erea of all five of the present Great Lﬁkes. The level 6f thié
lake rose until it ran over the divide between its watershed and that of the
Minnesota River. The outflow of the lake then flowed &dvn vwhat 1s now the

‘valley of the Minnesota River to the Missiasipbi River et St. Paul. Near
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the end of the glecial epoch the glacler retreated northward sufficlently to
allov the water impounded in the leke to escape northward, draining the lake,
the bottom of which had been covered with fine sediment brought in and depos-
ited in the leke. As the lske water receded, a stream to carry the runoff of
the ﬁatershea formed, running down the lowest part of the lake bottom. Just
how the bends were formed is not clear, because the lake bed material was very
fine but little solidified, the flow, even on the flat slope existing in the
stream was sufficlient to carry away material from the stream bed. It there-
fore started to deepen its course, forming what emounts to incised (intrenched
or entrenched) meenders in the fine material of the old leke bottom forming e
deep groove in a very flat plain. The tributery streems where they flow
through the old lake bed are similer to the main stream in having low slopes
and very crooked alignment. The current is not strong enough to attack the
_banks severely, and therefore the stream does no% repidly widen or change its

position, ceusing cutoffs.

The Illinois River (MNo. 142)

The following paregraphs contain sowe facts not brought but in the
previous discussion of the Illinois River. This stream, like the Upper
Mississippl below St. Paul, is composed of many sloughs, lekes and islands,
but for most of its length seems to have a fairly well defined main channel.
The refilling process here 1s probably further developed than the Middle
Mississippl, since a longer £ime has probably elapsed since it served as an
outlet for water from the gleciers. The main chennel is quife stralight end
stable and there is little 1f any bank cutting. The slope is very low; in the

lower 261 miles of its length it is ebout 0.172 feet per mile. Another
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i -_"unusual condition on this stream has been repor{ed by Rubey™. Mr. Rubey

_Igtﬁtes, "The currenf a8 marked by fhe main channel on the dﬁepest.part of the.
Illifiois River has the almqsf uvnique char&dterigtic.of flowing, not lilke mosf:
;ﬁreamé aga;nst the outsida, but close agaiﬁst the inside of ﬁhé curves in.fhe
‘river's course. The channel of tﬁe Illineis River is proportionﬁtely mucﬁ
deeper than any of the 0the£ fivers of the region." It is believed that tﬁe
uvnusual phenomenon of the éurrent following the inside of the bends in this
very low slope river may furnish a valuable clue in the séarch Tor the ex-
planation of meandering.
A channel in whiéh there is é great thickness of sediment betweén the

.river bottom and the bedrock exists at the lower end of the Illinois River.

It ip probably related to the fact that this section of the Iliinois occuples
the site of a part of the Teays River*%, wh;ch ﬁas the encestor of the Ohio_
River. It started in North Carolina, crossed Virginia, Ohio and Indiéna tﬁ
Central. T11inois where it was jJoined by its principal tributary, the Upper
Mississippi, which had a somewhat different locafion than at present, end
flowéd into the Gulf.of Mexico which then reached to near St. Iouis, }ﬁséouri.
Parte of this streem survive as parts of the llew and ﬁanawha Rivers, a véry
short section of the Ohio River and the lower end of the illinois, but all
that part of it in Ohio end Indiana has been filled with glacial debris.

The channel of thié extinet stream hes been located principally from thg

records of borings.for water wells, but at Lafeyette, Indiana, and perhaps in

*  Geology and Mineral Resources of Hardin and Brussels Quedrangles
(in Illinois) W. W. Rudbey. U. S. Geological Survey Professional Paper
218, po 129- - e =y y

¥* Jesnssen, R. E. 1952. The History of a River, Scilentific American,
Vol. 186, June 1952, pp. Thk-80.
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other places, it can be traced on eirplane photographs.

If a detailéd, thorough study of this river is undertaken, an investiga-
tion should be made to determine what effect, if any, the earth tilting which
18 now going on in the Great Lakes region.may ha#e had on the slope of the
stream. The existence of such a tilt since glacial times is shown by the
slope which now exists in the beach lines of the lakes which were in this
region during the glacial periods. That such earth movement is now going on
is proved by the changing elevation of the zeros of the water level gauge$
which is tsking Place, as indicated by the continuous.readings of the lake

level on these gauges.

The Wabash River (No. 84)

Another gravel siream for which data are available is the Wabash River
in Indiana and Illinois. This is an unusual stream iﬁ having & very uniform
slope over a considerable part of its courﬁe. This stream served as an cutlet
for the glacial lekes which were located at different times at what is now the
western end of Leke Erie, but these laskes drained out to the eastward much
earlier than the lakes which formed at the lower end of Lake Michigan and
drained down the Illinois. The stages the Waebash passed through are thus the
same as the Upper Hississippi and the Illinois but the process has gone
farther than in the other two streams. In the vicinity of Lafayette, Indiana,
the bed of the Vabazh (79-84) is formed of sand and gravel and the sides are
of a resistent, cohésive material. As a result the channel is very steble
except at & few places where islands tend to form. Under the present condi-
tions it may be & refilling stream. Between Terre Haute, Indiana and the

mouth of this stream there are & number of bends which are cutting the banks



.and threatening te cut-off, or have been cut-off ertifiecially. It is believed
that the materiel in the lower end of this stream is Bénd, and these meander-
ing sections are, therefore, classgified with the other meandering send

streams.

Lover Yangtze River, China (No. 67)

The lower Yengtze River, extending from the ocean to Hankow, is aﬁ unug-
uval river because of its flat slope and greaf discharge. It shifts ité
cﬁannel to scme extent although its movement 1s somewhat restrained by nﬁmer-
ous rock out-erops. In some places there are bends resempling meanders, but
the stream shifts very slowly and it is not a meandering river as is the Lower
Mississippl. The bed is of fine sane and the banks are probably largely of
silt and eclay. The writer believes that the low slope 1s due to the rising
of the sea level énd the low sand load of the str;am. A large part of the
sediment from the Middle Yangtze and three of its four principal tributurieé
is stopped by Tungting and Pao Yang Lekes, and the remaining sediment 16ad |
has not been large enough to form deposits Iin excess of those required to keep
up with the rise in sea level, to form a steeper river. It is probable that
these two large lekes huve been formed because the sediment load of the trib-
utaries in whose valley they were formed waslinsufficient to fili thelr
valleys es fast as the Yangtze raised its bed, as the sea level rose Auring_
the latter part of the last glacial period as a result of the melting of the

glaciers.

The St. Clair River (Wo. 1h3)
This stream connects Lake Huron with lake St. Clair, which in'turn,

connects with Lake Erle through the Detroit River. At its lover end it forms
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what 18 probably & deltas in Lake St. Clair, depositing here the sand which it
| brings dovn from the wearing awey of the beaches on the east side of the
southern end of lake Huron, and which is carried into the river at its upper
end by iittoral-currents. The upper end of the stream runs through a dense
cley deposit in a very straight channel with almost no shifting. Near the
lover end, in the delta section, the river divides end the streams have a
meandering pattern. The water is clear and the sediment loed is probably far
" less than the stream would Earry if it were supplied with es much as it could
carry. Slope data is availabie only in the upper, straight section. The
river is unusual because of its relatively high discharge, low slope, low sed-

iment content and very uniform flow.

The Nile River in Egypt (No. 115)

Another interesting river is the famous Nile in Egypt. This stream also
has & low slope and & comparatively straight channel with a deep sandbed and
banks of tenaceous clay which fills the valley from bluff to bluff. This
stream shifts very little. The clay valley fill is believed to have been de-
posited by the river as the level of the stream rose, following the rise of
the Mediterranean water levels due to the melting of glacial ice since the
glaciel epoch. The composition of the beﬁ sand 1s said to be very siﬁilar to

that in the Missouri River.

The Yellow River in China (116-117)

This stream carries probably the heaviest sediment concentration of eny
large stream in the world, its annual sediment production being about 2000
million tons. In the plains region there are two sections with somewhat

different characteristics. In the upper section the stream has a braided
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pattern, but the slope is about that which, in the ordinary'sand stream, would
produce a meandering stream. It carries a very heavy sediment load, at times
reaching a concentration of sbout 50 per cent. The lower section is much
narrover and has a lower slopes than the upper section. It has a gently sinu-
ous alignment, but does not cut its banks as actively as does the lMississippi.
The sediment load in the downstream section is much less than the upstream
one, the difference of the two loads being largely deposited overbank, as the
stream bresks its levees in large floods. Near the upper end of the lover
‘section during extreme floods the largely clarified water from this overbank
flow rejoins the main stream. Both sections of this stream are rapidly

. building up thelr beds (which are composed of very fine sand and si1t), and

are therefore not in equilibrium.

Maxinkuckee ILske Outlet

The outlet of a small lﬂke of unknown name which 1s just downstream from

Iaske Maxinkuckee in northern Indiana, is extremely sinuous. The bendshare .
believed to be of the letter S type similar to the former famous Greenville
bends on the Lower Mississippi. The inflow into Lake Maxinkuckee is sald to
be largely due to springs. No data on discharge or slope of this stream is
available. The purpose of recording this case is that since the stream is the
outlet of & spring Ted lske, it has a relatively constant flow and carries
very little, if any, sediment load.. It therefore indicates that this type
of meanders may form in & stream with a practically constant flow of clear
. water, a fact which mey have a bearing in developing the reason for the

formation of meanders, since it has been claimed that variable flow end

sediment movement are causes of meaﬁdering.
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Appendix II

THE CONCEFT OF TRACTIVE FORCE OR SIFAR
APPLTED §0 U1 FORI OF STIGAN CHAILELS

Hydraulic engineers and geologists have been accustomed to explaining
the action of rivers in the terms of the velocity of the flowing water.
Although velocity is a useful concept for this purpose, it does not satiafac-
torily explain many phenomena. In recent years hydrauliec englnecers have been
using more widely the concept of shear or tractive force to explain many
phenomena, and have found it to give e clear explanation of them. The con-
cept was first applied to rivers by M. P. du Boys® in 1879, but it has only
recently come to bs extensively used prineipally in the field of fluld mechan-
ies, but to some extent in river engineering. It has been found to be partic-
ularly valusble in studying the laws of the movement of sediment by flowing
water and the writer believes that it offers & means ﬁf better insight into
the causes of the shapes of meny channels. Beceause this concept of ghear or
tractive force is unfanillar to many englneers end geologists, end 18 used
in numerous places in this report, it seems desirable to explain it at some
length, in order that this paper may be more clearly understood, and that
enginecrs gnd geologists who are not acquainted with it mey acquire a very
useful tool for their work. 2

~ When one starts to coast dowvn a hill on a bicycle or in an sutomobile,
his spced gradually increasses until (if the slope of thé hill is uniform) he
reaches a nearly constant speed, beyond which no apprecisble change of veloc-
ity occurs, no m=tter how long the hill is. This constant speed is reached

when the redistance to the motion ¢f the bicycle or auto from the air or the

o

%  The Rhone and Streems with moveble Beds, Anals des Ponts et Chausseeﬁ
Tome XVIII, 1879.
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ground, or from the friction o; the internal moving nnchinery, becones equal
to the force which causcs the bleycle or autermobile to move dowm the hill.
This latter force is due to the force of gravity ond is cqual to the weight
of the moving body times the sine of the angle of slops of the hill. if
there were no resistance to the movement of the bicyele or asutomobile, 1t
vould continue to speed vp indefinitely.

Similarly, when water at rost starits to flow doun & chonnel of uniform
slope and cross section, it inercases in speced untild it reaches & velocity
at which the recistence to its motion is equal to the force causing it to
move, and after this point is reached, no further increcase in velocity of the
water occurs as it moves on down the channcl. Vhen this condition of uniform
motion 18 reeched, both the force cousing motion end the resistance to moticn
of the water down the channel, is equal to the welght of the water times the
sine of the angle of slope of the channel. This resistence to the motion of
the water is in the form of & force vwhich the air above the channel and the
sldes and bottom of the channzl exert on the moving weter. The air resistance
force however is so small in comparison to the bed and bank resisting force
that the air resistance usually cen be ignored. In practicaliy all natural
channcls therefore, except vhere the vater is specding up or slowing down,
- the force that the banks snd bed exerts on £he water is practically equal to ;
. the weight of the water times the sine of the glope of the stream. Unless the
slope is very lerge the sine of the angle of slope is practically equal to the
tangent of the slope, which tangent is the gradient of the channel or the fall
or drop in elevation of the water surface elevation per foot of horizontal
distance of travei along the channal. According to one of Nlewton's fundamental
laws of motion, when the bank and bed exerts a force on the vater retarding

its moticn, the wvater must exert en equal force on the banks and bed, dbut
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in the oppesite direction. The banks end bed excrt & force on the moving
water In the direction opposite to that of its movement, and the water exerts
on the benks and bed an equal force in the direcction of flow. This force in
the case of moving water is called the tractive force, and is also called the
shearing force or more frequently is referrcd to es the shear.

In & section of chanﬂél with constant shepe and slope in which the'water
is flowing at & unlform velocity, let us consider the water between two verti-
éal planes et right angles to the direction of the channel and a unit length
apart. The weight of the water between the plenes is equal to the area of
cross section of the water in the channel times the unit weight of the water,
end this weight, times the slope of the ‘chann2l is equal to the forece which
the benks end bed exert on the flowing water in a directlon opposite to that
of the flow. I%t is also equal to the tractive force or shear which the water
exerts on the banks and bed in the direction of flow. This tractive force is
not equally distributed over the bed and banks but is greater on those ﬁarta
vhere the wvelocity islhigher. The average tractive force per unit erea wvhich
the water exerts on the banks and bed between the two planes, is equal to the
totél tractive force due to the woter betwecen the two planes, divided by the
ares of the bed and banks between thé planes, with which the water is in
contact. Since the planes are one unit disi@ice apart,’ the average tractive
force is numerically equal to the total fraééive force divided by the length
of the strip of unit width on which the water i1s in contaet with the bed and
banks. This length is called the wetted perimeter of the cross section of the
stream. In a section vhich is very wide, the wetted perimeter is very close
to being the geme as the width, and the average tractive foree per unit area
on the bottom end banks is practically numerically equal to the total tractive

force divided by the channel width.



‘Conai.der noxt, the case of uniform flow in an infinitely wlde channel of
constant slope. The volume of water in s prism between the two verticel planes
e unit distence apart across the channel and elso between two other vertical
plenes & unit distance epart, et right apgles to the other planes, or in the
direction of thg channel, forms g vertical rectanguler prism one squares unit
in oross sectional erea. Then the tractive force exerted by this water on the
'Bottom u:lll-'be equal to the weight of the water in this pirism times the slope
of the charnel. 'Since the prism has a cross section of one unit ares, its
volume is numericolly equai to the depth of the flow, and its weight is numer-
icelly equal to.this 'depth rultiplied by the veigh‘c of wnter per unit of
volume. The tractive force which it exerts on the bottom is therefore the
depth of the water, times the unit welight of the water, times the _slopa of tho
channel. Since the area of contact of this prism with {ihe bottom iIs one unit
of area, the.intensity of this tragtiva force or shear per‘unit of area is

-equal- to the product of the depth of water and the unit weight of water end
the slope of the chennel. Studies to develop the bast method for the design
of artificlal channels through erodible materisls have shown thet the trac.f;iva
force is the best cerlterion for analyzing this problem, end it is believed
that it will also be found to bé en equally «wsceful tool in the analysis of
natural stresm channels. The concept of tractive force or shear iz wideiy '

used in solving meny other hydraulic and P£luid wechanics problems.
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MAP OF A TYPICAL SECTION OF THE RED RIVER OF THE
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MAP OF A SECTION O? THE SOURIS RIVER NEAR VOLTAIRE, NORTH DAKOTA
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