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A STUDY OF THE SHAPE OF CHANNELS FORMED BY NATURAL

STREAMS FLOWING IN ERODIBLE MATERTAL

INTRODUCTION

For meny centuries man has been concerned with the action of rivers. In
most cases, the highest forms of the earliest civilizations developed in the
fertile river valleys, such as the Nile, Euphrates and Indus, and the life of
the people was greatly influenced by the action of these streams. The import-
ance of streams in the life of the human race has remained a major factor down
to the present. In the past few centuries rivers have been studied and to a
minor extent controlled, but in the past half century the idea of developing
the total resources of our streams has evolved, which will result in material
change in the conditions under vwhich the streams flow. Considerable develop-
ment work has already been completed, and important changes are becoming evi-
dent in the forms of some of the controlled streams, which were largely un-
anticipated when the works were first planned. Interest in the total develop-
ment of the streams has spread to the less developed countries, and if the
present rate of progress is continued, the next half century will see the
streams largely developed in the more fortunate countries, and a very large
degree of progress in development reached in many of the less fortunate ones.
As a result in the near future the number of cases of changed stream forms
will be greatly increased. Maredirer, there 1s ample reason to believe that
the magnitude of these effects will increase with time, so that they will be
even more important in the future. Some of these changes will be beneficial
and some, detrimental. It is very important that, so far as possible, in
Planning future water resource development projects, these changes be anti-

cipated and advantage be taken of the favorable changes, and the unfavorable



ones, z20 far as possible, be guarded against. For best results this must be
done during the period when the works are designed, so that the necessary
steps can be made during the original construction, when they usually can be
built most economically. These changes may 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 alignment, in & straightening of the stream or
a change in the direétion of more crooked alignment. Considerable study has
been given to the changes involving raising or lowering oflthe stream bed,
(1,2) and some study to changes in river width (3) but except for studies of
meandering streams, little attentidn,has been pald to changes in alignment.
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 changes that
have ocqurred in the past. The only spproach available therefore seems to be
a study of the forms of natural streams and of the conditions which give rise
-tc -these forms. The changes which will occur can then be inferred from the
nature of the changes in conditions that have been or will be mede by the

engineering works.

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

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

(3) LlLeopold; L. B. and Maddock, Thomes Jr. 1953. The Hydraulic Geometry
of Stream Channels and Some Physiographic Implicetions - U. S. Geological
Survey Professional Paper 252. '



As is so often the case when an advance is made in knowledge in a given
field, the new information is useful in ways which were not anticipated when
the study leading to the advance was made. Therefore, in. the case of this
study, it is believed that the increased knowledge of streams will be bene-
ficial in ways that cannot now be foreseen, in a number of fields. One.of
these is in geology, where the study of morphology or physiography is an im-
portant subject. The forms of streams is an important part of this field of

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

Scope of the Study

Because of the great variety of conditions affecting stream forms, to
have a study of reasonable extent, it was necessary to limit considerably the
scope of this investigation. 1In investigating any complex phenomenon, it is
necesséry to start first with the simpler aspects, for until one can under-
stand these, there is no hope of understanding the more complex cases. The
work will therefore be confined largely to the forms which streums carve for
themselves in erodible material. In order that the ideas developed may be
useful to & wide range of pérsons, it will be presented in as simple terms as
possible, with the mathematics reduced to a minimum, since so many engineers
and geologists have lost, through disuse, their ability to handle readily ex-
planations in mathematical terms.

The channel of a stream may be considered to be an irregular, three dimen-
sional solid. It can be adequately represented by a topographic map, but few
maps giving the configuration of the stream bottom are available. The material
usually available consists of maps, cross sections, and profiles. In this

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



cross section has been given considerable study by Messrs. L. B. Leopold and
Thomas Maddock, Jr.(3) and it was believed that further study of that subject
would be less productive. However, since the width is an important factor in‘
stream form, this. study must eventually be considered. Width is also involved
in the quantitative relations which it is hoped later to develop, although it
has not begn included in the analysls in the stage developed in this paper.
Howéver, the method of approach used in this investigation is so different
from that used by Leopold and Maddock 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. A selection of the principal factors involved.
3. A determination of quantitative relations involving the principal
factors concerning meandering sand streams and braided sand streams.
4, A preliminary analysis for sf.reams involving coarser material.
5. -A-discussgion of the nature of a number of other types of streams as
disclosed by the foregoing analysis.
6. An attempt on the basis of the results obtained by this method of
analysis to develop a better 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 stresm
channels.
8. A statement of further 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 STREAM- FORMS

There is a nearry infinite variety in stream forms, if considered in de-
tail. No stream is exactly like ahy other stream and no part of any stream is
exactly like any other part of the same stream. This is because stream forms
are the result of a great many factors, and the same combination of these
factors is never exactly repeated. However, stream forms are the results of
physical laws and if the conditions controlling the shape of any part of a
stream were exactly reproduced, the same form of a stream would result. One
set of conditions produces one form, and another set gives rise to another
form. However, certain factors influencing stream forms are more effecfive

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



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

Stream forms is a subject which falls into the field of both the geologist
and the engineer, and both have made valuable contributions to the development
of the science dealing with them. The geologist encounters the form of streams
in his study of the effect of flowing water on the form of the earth's surface.
This study, which was formerly known as physiography, is now more frequently
called morphology, or the science of the form of the earth's surface. Since
this paper is concerhed only with the effect of flowing water, the field of
this paper may be classed as 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 and since the time of the
Wisconsin glacier (the last pqrtion of the Pleistocene Epoch) or the great
ice age, are particularly important. The study of these conditions is & 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 control, irrigation,
water power and other uses. Literature throwing light on the subject is avaii-
- able 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 commonly interested in millions of years,
but in fluvial morphology they study also much shorter periods. The engineer

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



resources, evidence is rapidly accumulating to show that his viewpoint in the
past has not covered a sufficient period, and for best results a longer view
is necessary. The very short time view of the geologist and the long time
view of the engineer are much the same, and a knowledge of both should be”
mutually beneficial.

Streams have been classified in many ways. One way that is useful for
the purposes of this study is to divide them into three groups: (1) streams
in which the form is determined predominantly by the relatively inerodible
rocks forming the earth's crust in the region through which they flow, (2)
streams whose form is determined predominantly by the action of the water of
the streem itself and (3) an intermediate'class where the stream form is
partly determined by the rock of the earth's crust and partly by the stream
itself.

There are, of course, no exact boundaries between these classes. The
form of relatively few streams of considerable size is determined entirely by
the rocks of the earth's crust in the region through which it flows, for the
hardest rocks are worn away by flowing water, and over a long period of time
great changes result from this action. Similarly, while many streams are
called alluvial streams because their form has been predominantly determined
by the scour, transportation and déposit of the material through which they
flow? in many of these streams there are rock ledges or short sections of rock
on the banks which largely influence their nature.

This study, in the stage covered by this report, will be concerned with
the second class, where the form is determined predominantly by the water
1fself. It will include alluvial streams as mentioned above, where the sur-

rounding solid material has been deposited by the flowing water, and those



flowing in ahy other material which can be scoured by the action of the flow-
ing water with sufficient rapidlity 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 soil erosion, nor
does it deal with tidal streams, or the steep streams called torrents, the
control of which is so important in parts of Europe. So far the study has not
covered 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

extended to cover these forms and the previouslv mentioned third class of

rivers also.

Pactors 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 variasbles. The most important variables are (1) stream discharge,
(2) longitudinal slope, (3) sediment load, (4) resistance of banks and 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
are believed to be the major ones. In the following paragraphs, the influence
of these factors will be discussed in some detail. These factors are not all
independent ones, as many depend, to a greater or less extent on the others.
The interrelation between longitudinal slope, sediment load 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 some

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



large stream channels carry large quantities of water and in the litvle ones
the flows are small. It may be said that the stream discharge is the most
obvious factor in determining stream form. A stream channel form, however,

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 a stream is the integrated ef-
fect of all of these discharges. It is well known that in the forms of stream
investigated in this study, the change of the banks and bed goes on more
rapidly with large flows than with small ones, and large flows therefore have
a greater influence on the form of streams than the small ones. Recently
there has been a tendency to analyse atream action on the assumption that this
action is largely due to & certain discharge or small range of discharges,
called the "dominant discharge" and for some purposes this is a useful concept
There is no doubt that usually & narrow range of discharge exercises the pre-
dominating influence of discharge on stream form and this may be considered to
be the deminant discharge. However, it is not possible to-account ‘for all- the-
actions of a stream by a consideration of a single discharge or a narrow range
of discharges. A determination of the dominant discharge requires 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 all in the
detail 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 availsble.



The consistency of the results obtained indicate that, while not ideal, it is
&8 reasonably good parameter.

The discharge of a stream influences its form not only because of the
magnitude of the discharge, but also pecause of the fluctuations of the flow.
For example, the banks of ‘the Lower Mississippl River are scoured more on a
falling stage following & flow of bank full or higher magnitude, than at 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 same 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 flows 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 & low velocity and does not greatly influence the stream
form, while that which flows in the main channel flows with high velocity and
“therefore is capaﬁie 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 wowad therefore scour its banks the most rapidly.

In an increasing number of cases the works of man have changed the flow
of streams, in either the rate of discharge or the varisbility of flow, and
frequently in 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 longitudinal slope of a stream flowing in

erodible material cannot ordinarily he determined by a visual observation,

10



the effect of slope on stream channel form is not readily observed. It can
only be demonstrated from a comparison of the forms of streams having a wide
range of slopes. Since data on the slopes of streams are not easy to collect,
little work on the effect of slope on stream fonm has been carried on, and the
subject has been rarely discussed. These studles however have progressed-far
enough to demonstrate that stream slope has a major effect on stream channel
form; that it is, in fact, one of the major factors influencing the form of
stream channels.

The slope of a stream is generally expressed as a ratio of the drop in
elevation along the stream to the length of the stream channel. This can be
expressed as the drop per unit of length, such as feet per mile, or preferably
as a dimensionless ratio, such as the feet drop per foot of length, or the
length for a foot drop.

The'longifudinal slope of a stream is set largely by the topography of
the country through which it flows. Flat plains usually give rise to rivers
of low slope, sreas of moderate slope usually produce stresms of intermediate
slope and mountainous country or areas of high hills usually are drained by
streams of high slopes. In an increasing number of cases the works of man
have changed stream slope, but in most cases the effect of these changes on
the form of streams has not been determined. As previously mentioned, one of
the major purposes of this study 1s to enable reliable predictions to be made

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

The Effect of Sediment Load

There can be little doubt that in most streams in erodible material the
amount and character of the particles composing the sediment load carried by

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



is particularly true of alluvial streams, whose bed and banks are formed by
sediment; transported by them. The smount and composition of the sediment load
carried by a stream is affected by a great number of variables, but this sub-
Ject lies outside of the scope of this paper.

Although the character of the sediment load is usually set predominsntly
by the hydrology, geology and vegetal cover of the watershed, sediment may
also 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 a
stream usually has little effect on the form of natural 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 a&s yet not well worked
out. The shape of the lower Mississippi is materially influenced by the large
beds of highly consolidated clay deposits which were formed by the filling of

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

The Effect of Resistance of the Banks and Bed to Scour

As previously stated, the resistance to scour of the banks and bed of
alluvial streams is usually related to the character cf the sediment moved
by the streams. In some cases considered in this study the stream flows in
erodible material which was not placed by the stream itself, but was deposited
by other agents 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



bed to scour. Of these factors size and cohesive tendency are the most
important.

For example, a stream flowing in material which is highly resistant to
scour will tend to be much narrower and deeper than one which flows through
easily erodsd material. This is because the stream widens out until the trac-
tive force on the sides is no longer sufficient to produce scour. When the
matefial 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
material. The meaning of the term tractive force, aé used here, is discussed
in an appendix to this paper. Engineers are finding that tractive force is a

more accurate index of scouring ability than velocity.

Effect of Vegetation on Stream Forms

The effect of a vegetative cover on the banks and bed of sm#ll streams
in protecting it from scour has been so amply demonstrated that it needs no
discussion here, but vegetation also affects the shape of streams of medium
size and even_large ones. Even in major streams like the Mississippi and
Missouri, the vegetation may have an important effect. Towl* has stated that
in 1804 the length of the Missourl between the mouths of the Big Sioux and
Platte Rivers was about 250 miles and in 1935 it was about 150 miles. He
concludes that the changed length was due to the removal of heavy timber.

Probably the outstanding case of the effect of Qegetation 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

a——— g e i o e . - e —— e - — " o . o el 2 . e—

* Roy N. Towl. The Behavior History of the Big Muddy. Engineering News-
Record Vol. 115 August 22, 1935, p. 262-26l.

* Physiography of the Eastern United States. Fenneman p. 116-117.
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vegetation that it completely changed part of its course and caused numerous ‘
lakes to form where tributaries entered it, probably because of the rise in
its bbttom and water surface which accompanied the choking. Since the raft
has been removed, the river has materially lowered both its bed and water
surface. The.Atchafalaya‘River in Iouisiana was also completely choked by a
raft, and on its removal, it materially deepened and widened its channel.

Another famous case where vegetation has affected the form of a major
river is in the famous sudd region of the Nile River in Africa, where for
many miles the river is so choked by vegetation that it spreads out in a
great swamp through which travel 1is very difficult.

Even in the case of the mighty Mississippi River, it is believed that 1ts
form is to some extent influenced by the hegvy 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 floods much of the
water flows along the straight line path, and when the river scours its banks
in such a way as to make this path short enough, the water flows with suffi-
cient velocity to scour the earth along the short path severely enough to form
a channel, which 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 a cutoff, would
be much less if the ground over which the short path passed 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 existing 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 that existed on these bends.

According to G. H. Matthes, the form of éhe 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 éffecﬁive 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 a section o} 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 couhtry. This plant has grown so
profusely 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 bendé
with sufficient velocity to cause cutoffs, which pfoduced major changes in
stream alignment. As this plant grows only in warm climetes this change, to a
certain extent, méy be considered 8 temperature effect as well as a vegetﬁtive
one, since it would not occur in a cold climate. |

In fact temperature is an important factor in all vegetative effects,
since the vegetation which affects the stream pattern in any case depends on
the growth which can take place with the temperature‘which exlsts there. ‘For
example, one would not expect vegetation to have much effect on stream patterns
in a region where the temperature was so low thgt only a tundra growth occurred.
" As an actual case it may be mentioned thaﬁ the density of vegetation along the

streams in the warm state of Florida is very much greater than along the -
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streams in the cold state of Montana, and therefore changes in the stream
‘patterns ﬁill usually occur less frequently, or more slowly, other conditions
than temperature being the same, in Florida than in Montana.

It is probable that the differences of density of vegetﬁtidn 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 influencing stream forms.
Rainfall also has an important effect on stream diséharge, which, as previously
mentioned, is a mejor factor in streem 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 vegetatioh previously mentioned). These may be classified under four heads
_as follows:

1) Effect of temperature on resistance of banks and bed to scour.

2) Ice effects.

3) Glacier effects.

4) Effect of temperature on transporting power of flowing water.

These wil; be discussed in more detail in the following paragraphs.

Temperature iﬁ some cases affects the resistance of the banks and bed of
a stream to being scoured or wbrn away by the flowing water in addition to its
effect on vegetation. A change of resistance is brought about by the freezing
of the banks, which occurs in winter in northern rivers, such as the Yukon
River in Alaska. In 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 glaciers frequently form in the valleys which affects
the' streanm d.ischarge and sediment load., The stream has its maximum flow when
the temperabture is high'enough to mélt the ice. The flow may cease entirely
during the winter and at night during the summer. Most of the runoff occurs
during a short part of the time and therefore produces high peek discharge
rates, which a.re‘able to produce greater‘ transportatioh of sediment than if the
flow was more uniform, Also the glaciers usua.ily hring down great quantities of
sediment, which they supply to the streams, causing overloaded streams and
streams with braj.ded or interlacing pattern.

An examina.tion of detailed topographic maps in Alaske shows & large
number of very crooked streams. The cause of this stream pattern is not evi-
dent, There is a possibility that 1t is due to the high resistance of the
bank material to scour, since there is some evidence that highly resistant
bank materisl tends to produce crocked streams. The high resistance im this-
case would be because of frozen‘bank 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 a
great msh, causing jams which naturally raise the water level and cause cute
offs,' and'seriously scour the banks and bed. -

That streams tend to carry xhore sediment in suspension iri winter than in
sumer has been observed on thé lower Colorado River*, the Loup River in

Nebraska, Nlobrara River in Nebraska and the Missouri River. The effect of

* E, W, Lane, E. J. Carlson and O. Hanson. 1949. Iow Temperature Increa;ses
Sediment in the Colorado River. Civil Engineering, Vol. 19, No. 9,
September 1949, pp. 619-620.
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temperature on suspension has also been demonstrated in artificially created
turbulence. The effect of temperature on the movement of the coarser particles
on the stream bed has been investigated but there is not complete agreement re-
garding the reliability of ihe conclusions drawn. It is believed however that
the evidence shows that under some conditions at least, such effects exist,

but the nature and magnitude 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 s0 much influenced
by the sediment carried by them, as shown in a previous section of this report,
it seems reasonable that anything which would materially effect the transporta-

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

Effect of Geologx of Watershed and Stream Channel

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

For example, the geo;ggy'i;fluences both pﬁe amount and the variabiiity
of stream flow. It givéé rise to mountain ranges, which increase the rainfall
in certain areas an&/decrease it in others, thus increasing or decreasing the
stream flow. It also affects the flow variability by producing laskes or swamps
which tend to/bqpalize the stream flow, or porous rocks or earth, which have a
similar'effect. The slopes of the streams are largely set by geological

action, as previously explained, and the slopes of alluvial rivers are some-

times controlled by rock ledges which cross them at intervals. Geology also
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materially influences the sediment load by providing'easily eroded material
which préduces heavy sediment loads, or resistant material which produces
light loads. It-also tends to cause high or low sediment loads By producing
high or low stresm slopes. 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 geological history of many streams in the
past is an important factor in the form of many streams in erodible material.
The influence of the glaciers which covered most of northern North America
in recent geological times, particularly the last great advance of the
glaclers in what is called the Wisconsiﬁ glacial stage of the Pleistocene
epoch, and the recession as the ice masses melted away, and largely dis-
appeared, is-still materially influencing the form of many streams, although
this glacier reached its greatest advance at least 5-10,000 years ago. Among
the streams studied in which this glacier still largely influences the form
are the Upper Mississippi, Wabash,‘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 %e discussed at length herein,
since within the limited scope of this report it is usually not directly a
major factor, and the geology of most aslluvial valleys is, for the purposes
of this study, very nearly the same. In some cases, however, the past geolog;
ical history of the stream gives rise to streams of unusual form, which come
within the scope of this paper and in these cases the geological aspects must

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

The Works of Man
The works of man have materially changed the forms of channels in numerous

large and small rivers. The Lower Mississippi has been materially straightened,
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shortened and steepened by cutting off numerous vends. Many miles of the
Missouri have been narrowed and straightened by contraction works. Numerous
small rivers in Jowa, Illinois, Oklahoma and Missouri have been straightened‘
by cutoff and auxiliary channels. Dams have been constructed forming large
reservoirs. Most of these works have been so recently completed that their
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 given 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 defini-
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 general meaning of these terms should read these definitions
first. The definition on meandering streems is on page 52, and that on braided
streams is on page 89.

An incised or entrenched meandering stream is formed by a meandering
stream cutting downward into rock or other material usually 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 occupies 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 plan
form than the channel had which formed the valley. An underfit river is one
which occupies a valley which was formed by & stream of much larger discharge

than the present one.

Misfit and Underfit Streams

As previously stated, a misfit stream is one that occupies a valley formed
by a stream of materially different discharge. The valley forming discharge
could be either smaller or larger than the present discharge. An underfit
stream occupies a valley formed by a stream ot greater discharge. A misfit
stream can therefore be either an underfit stream or an overfit stream, but a
natural stream which occupies a velley formed by a stream 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 conform to its present
discharge. Therefore overfit streams are rarely found.

Since the term underfit is more definite and accurately descriptive than-
the term misfit, it is believed that it would be better to drop the use of the
designation misfit, and use only the term underfit for the streams of the
underfit type. If one of the opposite type 1s encountered, it may be called
an overfit stream. Streams of the underfit type covered in this study are
the Milk River of Montana, which flows in a former course of the Missouri River
and the Minnesota River, which was the outlet of Lake Agassiz. In one sense,
the Middle Mississippi from St. Paul to St. Louis and the lower Illinois,
which was the former course of the no longer existing Teays River, may be
considered to be underfit streams since the present discharge is much less
than that which flowed in them during one stage of Pleistocene time. However,

in the case of these two streams it is doubtful if this high flow continued
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long enough to form a 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 commensurate with
its high flows, but its valley seems much larger in comparison to its present
discharge than do the valleys 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 covering 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 natural streams the
conditions under which the various forms developed. A study of the relations
of the principal variables should give clues to the reasons for the various
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 requires a determination of the principal factors
involved in the formation of stream channels, and date 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 foregoing 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



effect on the channel form. With so many variables it was not practicable to
appraise separately the effect of each factor, and analyze their interrelation,
by treating all of the factors at the same time since some of the factors are
interrelated. The best procedure in a case of this kind is to select what
appears to be the most important variables and to try to establish the rela-
tion between these. If such relations can be established, it is then usually
possible to proceed to determine, to some extent at least, the effects of some
of the other variables.

Other points which had to be considered in selecting a plan of attack for
appraising the effect of the various varisbles and their interrelations are
(1) the possibility of expressing the magnitude of these variables quantita-
tively and (2) the availability of data on the magnitude or extent of them on
a large number of streams. It can readily be seen that the vegetational condi-
tions, the effect of the works of man and the'geological conditions cannot be
directly expressed in quantitative terﬁs, nor is there extensive data readily
available on them. The temperature of the water canm be expressed guantitatively;
but very few data on it are available. The sediment load transported by the
stream can also be measured, and expressed quantitatively, but data on it also
are comparatively meagre. The nature of the bank and bed material can, to some
extent be expressed quantitatively, especially if it i3 non-cohesive, but data
on it are widely available only in general terms, such as sand, gravel, and
clay. The slope and discharge of streams however can be readily expressed
quantitatively, the slope used being the longitudinal slppe along the channel
of the stream, and the discharge can best be expressed as the average discharge
over a long period. The plan form of streams can be expressed in quantitative

terms, as will be shown later, but this is laborious, and no data on stream
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forms of this type are available. The tortuosity ratio of a stream (the ratio
of the stream length to the valley length) which in some cases can be used as
an index of stream pattern can be expressed quantitatively, but a determination
of it is time consuming and requires detailed maps of the stream.

In studying quantitatively the form of a large number of streams, we are,
therefore, at present limited to expressing the form in general terms, such as
meandering and braided, and comparing this with the variables; slope and mean
discharge, the bed-bank material, the latter expressed in general terms such
as sand, gravel and clay. If more time and funds for the study were available,
it would be possible to extend the relations for a number of streams to include
tortuosity ratio and other quantitative expressions of plan form and quantita-
tive size of non-cohesive bank and bed material.

As will be shown later, a comparison of stream plan forms when using
only the factors of slope, discharge, and bed-bank material, gives very con-
sistent results, with comparatively little scatter of observed points when
presented in graphical form. This consistency strongly indicates that the
slope, discharge 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

irrigetion canals*, it may seem surprising that comparatively consistent

* Lane, E. W. 1955. Sediment Load Charge as a Factor in Stable Irrigation
Canals. Journal, Central Board of Irrigation and Power {of India) Vol.XII
No. 2,-pp 1-8, April 1955.
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results are obteined when ignoring this variable. That the sediment load
transported is an important factor in shaping the form of streams cannot bhe
denied. Thaf comparatively consistent results can be obtained in analyzing
data based on & large number of natural streams without considering this
factor arises from the fact that this factor is largely the product of the
other factors treated, and in natural stresms may be considered as a dependent
variable. In a stream in regime or equilibrium (alsoc sometimes called a graded
or poised stream) the stream form is very largely dictated by the load of
coarse material transported, but this load is the result of the factors: dis-
charge, slope and bed-bank material. Since most of the natural streams on
which dats were secured for use in this study are probably approximately in
regime, the coarse sediment load is the result of factors: slope, discharge,
and bed-bank material, and therefore does not have to be treated as an inde-
pendent varieble. In artificial channels, the coarse load is not a result of
the slope, discharge and bank-bed materiel, but is imposed on the channel by

’ being introduced into it from the stream from which the channel draws its
water supply. In studying the sediment problems of these artificial channels
the sediment load must be considered as an independent variable.

Obtaining -Date from Many Streams on the
Principal Factors Controlling Stream Channel Form

Having selected discharge, slope and.bank-bed material as the three prin-
cipal variables 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 streams. Since no compilation of these data
was available, it was necessary to collect it from any source where it could be

found.
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The data on the mean discharge of the stream was usually comparatively
easily obtained from the very complete records of the U. S. Geological Survey
and published in their Water Supply Papers. Nearly all of the mean discharge
velues 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. Published reports of the U. S. Army Engineers,

U. S. Bureau of Reclamation, 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 conteined valuable 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 numerous streams scattered over the country
gained in engineering studies dealing with them over a period of more than
forty years.

The stream channel form developed was also determined from maps in the
various engineering reports, from the quadrangle sheets of 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 individual streams is given in Appendix I.

Determination of Quantitative Relations Between

the Principal Factors Controlling Stream Plan
Form in Meandering Send Streams

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

mine the.relation between form, discharge, slope and bed-bank material,
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involves four variables. To determine their interrelation for a considerable
range of all of these variables with a single solution is difficult, since no
theory is available to guide the trial analysis, and all that is available is
widely scattered data giving the values of these four variables for a large
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 data from streams which have a meandering pattern and a bank-
bed material of sand, a plot can be made showing the relation between the
slopé and the discharge for this type of stream. Figure 1 shows such a plot
using the aveilable data, plotted on logarithmic 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 Waterweys Exper-
iment Station at Vicksburg, Mississippi. This model.had a discharge of 0.10 -
0.15 cfs and was constructed with banks and bed of Mississippi River sand. If
one draws a straight liné through the points (1,2)* representing the model and
averaging those representing the two sections (3,4) of the Lower Mississippi

River, the line will be found to have an equation S = Qﬁggiz . Since this

Ve
form of ‘equation was found to fit approximately a large amount of the data
on meandering sand streams, as will be shown later, it can be expressed in

general terms:S = E—E— and for this line the value of K 1is 0.0017.
Va
Other tortuous streams with sand beds have been plotted on this diagram.

These are Rapid (5), Clear (6) and 0ld Man Creeks (7) and Maquoketa (8),

Raccoon (9), Iowa (10), Cedar (11) and Des Moines (12) Rivers, all in Iowa,

*  These numbers refer to the item numbers for these streams in Table I and
point numbers on Figure I.
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the Milk River (13) in Montana, Big Black River (1%,15) in Mississippi, the
-Minnesota River (16) in Minnesota, Missouri River near Ft. Peck (17), Montana,
the lower part of the Wabash River (18) in Indiana and Illinois, and the
Middle Mississippi in Illinois and Missouri (19,20) the Verdigris River (22)
in Oklahoma and the Assiniboine River (23) in Manitoba, Canada, Big Blue,
Kansas (137), end the Smoky Hill, Kansas (135,136). Also included is the
Buyuk Menderes River (24) in South-eastern Turkey, which is the stream from
which the term meander was derived. For all of these streams the points
showing the relation of slope to discharge falls nearbthe line indicated by
the Lower Mississippi River and its model. In other words, in all of these

rivers the relation of *he slope to discharge is approximetely represented by
0.0017

the équation S =
\}Q

as they all have K values reasonably close to
0.0017.

However, all of the points do not lie exactly on this line, or have K
value of exactly 0.0017, but this 18 not to be expected. One reason is that
the streams are not likely to be all of the same degree of sinuosity, as will
be explained later in this report. Another reason is that the size of the
sand is not the same in all cases. The sediment sizes for the Lower
Mississippi River Model (1,2) and the Lower Mississippi (3,4) should be close
to the same size, as Mississippi River sand was used in constructing the
model. The sizes of sand in most of the other streams probably differs from
that of the Lower Mississippi. 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 River (13) and the Minnesota River (16) are both "underfit

rivers" since they occupy 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 very large area and carried off the water of the melting glaciers.
These two streams are very tortuous, and appear to have a more crooked align-
ment then the Lower Mississippi (3,4). There is a slight possibility that
these rivers are still refilling the valleys left by their larger flows, apd
dre hence not in equilibrium. These rivers -are unusually sinuous, but so also
is the Assinboine (23), which is not known to be a refilling river. As will
be shown later, the sinuosity of these sand streams tend to increase with the
decreasing slope. It is, therefore, probable that the explanation of the
highly sinuous 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 all three cases. There is one meandering stream, the Red River of the
North (140,141) which does not agree, even approximately, with the other
streams. As will be expleined later, this is a special case.

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

0.0017 ' .
~ for the following four reasons, it

Va
is believed that this line very accurately represents the relation between

close to the line representing S =

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

(1) The fact that this line is based on points having a wide range of
discharges has elready been mentioned, in fact, they include the smallest and
the next to largest discharges used in this study, the next to largest being
over a million times the smallest. The great range of the data used tends to
make the slope of the line very accurate.. There is a possibility that the

model experiments may not represent a condition of exact equilibrium, but a



very thorough study¥* of the Lower 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 greet range of
discharges, the magnitude of any correction of 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 change eppreciably the
slope or position of this line.

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

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

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

and prototype.

Although most of the meandering sand streams agree approximately with
0.0017

Q
lower 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.
Trans. A.S.C.E. Vol. 117, pp 667-689.

H. N. Fisk, 1944 Geological Investigation of the Alluvial Valley of the Lower
Mississippi - Mississippi River Commission, Vicksburg, Miss.
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one type of meandering stream. Although the banks are of cohesive material,
the bed contains send. This is also the case.of the Verdigris River (22)
which conforms reasonably well with the other sand streams. The explanation
of the unusual characteristics of this stream and of the U-shaped bends which
are typical of it, no doubt lies in its past geological history. As is dis-
cussed in detail in Appendiﬁ 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
lake drained out when the glacier retreated northward. The reason for the
U-shaped bends is not known.

As previously shown, some very tortuous meandering sand streams 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 slope the
more tortuous the streams 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 streams 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 & 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 (143), and the Lower Nile (115). All three_
of these streams have considerable cohesive material in their channels, but
in 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-

tuosity with increase of slope exists through most of the range of meandering
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streams: namely, that there is probably no simple relation of meander belt
width of meandering streams to stream width, which makes meander belt width

a function of stream width only, as Jefferson*, Bates** and others have
suggested. For a given stream width, the meander belt width tends to be a
function of the degree of sinuosity or the tortuosity ratio of the stream
since the more tortuous & stream is, the wider the meander belt will tend

to be. Since tortuosity seems to vary with the stream slope the width of
meander belt probably also is a function of stresm slope. The data showing
the relations of meander belt, to stream width as shown in the work 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 are considered
to be meandering streams. If the less sinuous rivers were included the
fallacy of the simple relation of meander belt width to stream width would be
demonstrated.

It is well known, that by making the slope of a straight artificial
channel low enough, it can be made to maintain a straight course, but it will:
also maintain a crooked course if originally given that alignment. A smaller
slope, however, is necessary to meintain a stable crooked artificial channel
than a straight one. The determination of the dimensions of such stable
channels from the standpoint of this investigation would probably lead to
valuable insights on the patterns of low slope streams. A preliminary in-
vestigation of this point, made in connection with this study indicates that
the slopes used in irrigation canals are considerably less than is usually

found in meandering rivers.

*  National Geographic Magazine, October 1902, pp 373-~38k.
*% Bulletin of the Geological Society of America, Vol. 50, 1939, pp 819-880
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The relation S = EfET , showing that the slope varies inversely as the
fourth root of the dischaggé, is quite different from the results obtained for
regime channels by Lacey, which was that S varies inversely as the sixth root
of Q. For meandering sand streams, this fourth root relation seems well es-
tablished, and lacey's relation does not fit the data available. As will be
shown later for other stream patterns and other sizes of material the data
available were not sufficient to indicate unquestionably that the fourth root
relation holds for them. Further study is needed to settle this point.

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

As will be shown later, braiéing may be caused by the stream having a
steep slope or because it is overloaded with sediment. By using only the data
from sand streams having steep slopes it is possible to make a quantitative
comparison of the slope-discharge relations for this type of stream. The
stream most frequently referred to in this country as a braided stream is the
Platte River in Nebraska. This stream is steep and is highly braided. At the
present time the water of this river, except near the lower end, is so nearly
completely used for 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 governmental authorities concerned with
water control the best estimate they could give of the original flow of the:
Platte river (25), has been obtained and plotted on Figure 2. Other sand bed
rivers which are highly braided are the Niobrara (26,27 and 28) the lower ends
of the North Platte (29)%* and South Platte (30)** in Nebraska, and Cherry

'

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

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

**% The original discharge was also used for these streams.
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‘highly braided form than the Platte River are the main Loup River (39) and its
branches, North Loup (40) and Middle Loup (41), all in Nebraska.

A model of the Lower Colorado River (32-38) constructed with sand coarser
than that in the Iower Colorado, to study the intake at the Imperial Dam, also
had highly braided channels. The discharge-slope relations of these streams

can be approximately represented by a line having an equation S =_§?9£ sy il.e.,

(K = 0.01). This represents a slope about six times as steep as tha% repre-
senting the meandering sand streams. In this case, the %[5' 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 meandering. It may not become possible to determine the degree of
braiding with sufficient accuracy to establish this slope relation until the
quantitative measures for determining stream form are worked out, as discussed
later in this paper. Until more precise determinations are availeble, the K
value of 0.0l can be taken as representing approximately & highly braided 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 water with sufficient load to
maintain the slope may become so great that it ceases to be a water flow and
becomes a mud flow. Time is not available 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 which 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 then the other braided rivers of similar dis-
chargé. A map of this section of this stream is shown on Figure 12. Another
stream which may havé some braided sections is the Lower Illinois River (142).
As will be shown later,>these two streams are formed under entirely different
conditions than are the steeé-slope braided streams of the Platte River tyﬁe.
For purposes of comparison of braided and meandering streams represented

by the equation, S = gﬁgglz ié also drawn on Figure 2.
Q

Send Streams Between Highly Braided and Meandering

There are a number of sand streams which have K values between those
which are discussed as meandering.and those vhich are discussed as being
highly braiaed end of the steep slope type. The slope-discharge relations for
these streams are shown on Figure 3. In order to show their generél relation
to meandering and highly bfgided sand streams shown on Figurés 1 and 2 the
lines representing K = 0.00;7 and 0.0l are also placed on thiS'Figure.

Among these are the Republican (4#2,43), Red River of the South (kk), South
Canadian (45), Iower Arkansas et four points (46 to #9 inecl.), Kensas (139),
Iower Colorado (50,51), and most of the Missouri River (54t to 65 incl.). Many
"of these étreams have meandering as well as braided tendencies, and although
no quantitative study of the degrée of braiding and meandering has been made
of these rivers there appears to be & st;ong tendency for the braiding to be
less pronounced and the meandering tendency to become more pronounced as the
K value decreases.

Except for the Upper Mississippi and Illinois Rivers there is thus a
gradual transitlion from braided to measndering sand streams and from slightly
meandering to highly meandering sand streams. In general the steeper the

slope ‘the more braided the stream becomes and the flatter the gradient the
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more tortuous it becomes'extending down through the meesndering streams,
possibly down to a certain limit 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 streanms,
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 sinﬁous in align-
ment, even into the typically meandering streams. This fact presents strong
evidence to disprove the view widely held by engineers that a river meanders
because its valley has too much slope and has lengthened its channel to're-
duce the slope to & value which produced a steble channel. If this view is
sound, how can 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 lengthen out by
‘meandering to the slope of the typically 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
original 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 1s 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 greatef than the valley slopes of the meandering ones, aé 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 available
to compare the two types of .stream on the basis of their valley slopes, but it
appears to be certailn that the length of even very tortuous streams is not
enough different from the valley length to invalidate the conclusion drawn in
the above argumegt. For example, it is doubtful if any stream is so tortuous
thathits gtream length is six times the valley length, as would have to be the
case if a meandering stream with K = 0.00017 like the Lower Mississippi has a
valley slope equal to a steep-slope braided river like the Platte with a

K = 0.01. If these valley siopes.were equﬁl, it would invalidate the argu-
ment presented above that méandering st;eams are not formed because the valley
is too steep'and that the rivér lengthens out to reduce the stream slope to a
valué.which will prodﬁce a relatively stable channel. There is no douft that
if a stud& of the relation of valley sldpes of alluvial Streams to discharge
was made, similar to that made in this study, it would show that steeper
valley slopes tend to produce stralghter channels, as do the steeper stream
slopes. The value of the constants comparable to K developed from this new
study, however, would differ less for‘the two types of streams then do the
values of. K obtained in the study reported herein. It is hoped that a

study of this kind will be made in the future.

As previously mentioned in genersl in non-cohesive matefial as the
slope flattens, the braided streams become less braided and more meanderlng
until the typicel meandering pattern is reached. There is some evidence that
as the slopes become still flatter, the streams tend to become more tortuous,
and abandon the regular bend pattern of the typically meanderiné 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 (lh3) (Figure 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 produce .
straight streams. In other words, there are indications that the slope of
meandéring streams is intermediate between the straighter steep slope braided
streams and some very low slope relatively straight streams.

Determination of Quantitative Relations for
Gravel and Cobble Streams

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

One of the streams on which detailed data are available 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 small, highly
meandering stream in gravel. The mean flow from a five year record is 38.7
sec, ft. The slope varies from about 0.0030 at the upper end to 0.00081 at
the lower end. The over-all average bed material size was about 25 mm, and
the average size of the largest bed particles varied from about 160 mm at the
upper end to 18 mm at the lower 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 Iowa
in 1944 by D. E. Escobar under the direction of Professor C. J. Posey.

Another stream j» coarse material on which considerable data were ob-
tained was the Nooksack River (70-76) in nérthwesteranashington. This stream

covers a considerable range of material and stream pattern. The lower end is



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 flows in sand.
Still further up it has a meandering pattern and flows in sand and gravel;
above which is a stretch vwhich is slightly braided in sand and gravel and
another which is moderately braided also in sand and gravel. The uppermost
section classified was highly braided in sand, gravel and cobbles up to about
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 Willamette River (77,78)
in Oregon. The material through which this stream flows is medium to coarse
gravel. From a detailed map of this stream in USGS Water Supply Paper No. 890
the channel seems t0 have a meandering pattern. It also seems to have a
relatively low slope. It is probable that this is an overloaded stream. In
his Physiography of the Western States, 1913, Fenneman states (p. hSO) "Above
(south of) Oregon City, the Willamette River is a sluggish stream with an in-
tricate series of meanders. Apparently a fault crosses the stream at this
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 data on the conditions in a meandering

stream in gravel.
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Tye lover gnd of the Tennessee River (9l)lruns in a bed of sand and
gravelz but tbe banks seem to be straight and Quitg-stdble. The upper
Colorado River for about 27 miles below Grénd:Jun;tion (92) Colorado runs in
a bed of sand, gravel and small cobbies, anﬁ shows a tendency to form a braided
pattern.

Data on the discharge, slope and ﬁaterial size of a considerable number
of other gravel streams were obtained, but the data on the stream pattern were
not sufficiently well defined to be used. The data is listedvin the table
however, and shown on Figure 4, It is hoped that it will be possible to get
data for classifying these streams later.

The Ohio River (93-97) from Pittsburg to Louisville has a bed which 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 a gravel river. It is not
lunlikely»that-the low -slope was!sstablished when the Wisconsin glacier was
retreating,'with its face a considerable distance north of the Ohio, the Ohio
being the only outlet for the melted ice from a long face of the glacier
extending from central Illinois to middle Pennsylvahia. Under these circum-
stances the flow would be large, and a low slope was produced by this large
flow. Under the present condition this stream may receive more sediment from
its tributaries than it is capable of transporting and the Ohio may also be
somevwhat of a refilling stream.

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

and at BuffalolRapids is a meandering stream in sand, gravel and cobbles.

General Equations for Comparing Streams
0.0017
'\)Q

As previously pointed out, the relation of S = is well established
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for gomparing meandering sand streams, and S =‘9ﬁ9£ is less well established

for highly braided sand streams of the steep slogga;ype. For streams of larger
bed-bank materisl size, relations of this type have not yet been well estab-
lished, but the dats 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 present is to express the formula in
general terms, as S = —EE— , where K 1is roughly 0.0017 for meandering sand
streams, and roughly 0.0leor high slope braided sand streams. If it is found
that this form of equation also approximately holds for streams in material
coarser than sand, perhaps K can be expréssed as a function of the particle
size, in such a way that all meandering rivers of the same pattern would have
the 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 velley length), it is believed that an equation can be derived relating
slope, discharge, material size and stream pattern as represented by this
ratio at least for the streams of considerable sinuosity.

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

As previously mentioned, the relation for meandering sand stream forms,

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 sixth root of the discharge. The slope also plainly varies with the stream
pattern and the material size as well as Q. Lacey's relations indicate that it

varies directly as f, his "silt factor" as well'as 6 [, but Lacey related f

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

Of course Lacey's relations were 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 control problems.

In this study to date the principal effort has been expended in getting
the data and in drawing the more plainly evident conclusions. No time has
been available to compare extensively the results obtained with the results
obtained.by other authoritiés, especially Lacey, Blench, Leopold and Maddock.
In extending this study further, the relation of the data it develops to the

relations of these other authorities should be investigated.

A STUDY OF THE TERMINOLOGY OF MEANDERING STREAMS

In addition to the quantitative 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 name of a very crooked river in
south-eastern Turkey, which name has had a variety of spellings but is now
known as the Buyuk Menderes River, regarding which more data is given in
Appendix I. The crookedness of this stream has been proverbial since ancient

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



meandering, which are used in a variety of wa&s, and are not confined to
Aescriptions of rivers. The word came into the English languagé from the
Greek vie the Iatin. It is aléo found in the German, French, Dutch and_
Spanish languages, where it no dpubt had the séme origin, and is probably
found in the Italian also.-

In Webster's New International Dictionary the noun meander is defined as .
"(1)_a_tnrn or winding, as of a stfeam; hence, a winding path or course; a
lebyrinth.' (2) A tortuous or intricate movement or journeying. (3) A Greek
fret or key pattern ---." The intransitivevverb meander is defined "(1) To
wind, turn or twist; to make flexiqus; also to entangle, as in a‘labyrinth.
(2) To follow by meendering.” In surveyiné there is the well known ﬁerm,
meander line, which is defined as "A surveyed line, usually irregular, not
a boundary liné, especially one following the outline of a stream, leske or
swamp. " ‘ |

It will be seen that this:word usually means a -non-systematic motion
or airectioh, although in the Greek fret the direction is systematic. From
Figure 5, a map of a typical part of the river from which the name was de-
rived, (kindly supplied to the writer by the engineering firm Knappen,
Tippetts, Abbett and McCarthy) it can+be seen that, while there is a tendency
toward systematic (i.e., alternate right and left) bends, this tendency is
much less than in a large number of streams,.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 terms meander and meandering have
come to be used to designate almost any crooked river, but usually one whose

pattern is formed by the action of the stream itself on readily erodible
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material. It has been widely used to designate both.stregms which have no
systematic pat%ern and those whose pattern is partly;of ésen distinctly
systematic.' When one considers the origin of the term meander and its sur-
vival,K through centuries largely devoid of scientific viewpoint, it is obviéus-
that in its common use it could not mean anything very definite, and that any

attempt to give it an exact or narrow use would be a restriction of the common

use.

Previous Efforts to Improve Terminology of Meandering Streams

Advance in any field of science is necessarily accompanied by the devel-
opment of the more exact terminology whicﬁ is'required to express the various
ideas which this advance develops. 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 application
of the widely varying concepts in general use which have developed as the
meaning of the term meander.

In India, the problem of control of its great rivers led to a major ad-
vance in the science of stream céntrol which required a more exact termin-
ology than was then in use. In July 1939, the Research Committee of the
Central Board (Annual Report, Technical, 1938-39 p. k9 and 19;9-&0 p. 98) re-
solved that: Meandering is defined as the adoption of a continually varying
sinuous path by the deep water channel (thalyeg) of an alluvial river, not
imposed by external "restraint”, and at its meéting in November 1939, the
Central Board of Irrigation tentatively accepted this definition. At its
meeting in November l9h0, however, the Board adopted a revised recommendation
of the Research Committee by resolving that "A meandering river follows a

sinuous path due to natural physical causes not imposed by external restraint,



and occurs where varying dischargesvand 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 about that time.
| In a paper published by the American Geophysical Union, Mr. G. H. Matthes
Hon. MASCE*, a noted river engineer in the United States, states that, "The
term meander 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 also states the terﬁ is held "to be strictly appropriate only when the
channel higration'affects both bends and intervening straight reacheé, and is
in the nature of a fairly consistent and more or less continuous process in
which banks‘are torn down and others a;e built up through a transfer of
materials. Mere tortuosity, or crooked channel alignments, are not classified
s meanders. When the materials composing the alluvium are fairly unlform as
to grain size and erodibility, migratory processes of the meander-type produce
definite sinuous patterns and are noteworthy for the consistency with which
the channel-dimensions are reﬁroduced.”

A. Schoklitsch** states that when the length of a bend becomes greater
than g'f s (where D is the distance from the Eeginning to the end of the
bend), the bend is called a meander. Where less.than this length, it is
serpentining.

Although ordinary<dictionéries defige the term meandering, they do not
define the term meandering river. The geologlst also has felt the need of

more exact terminology. In "A Glossary of the Mining and Mineral Industry'#¥*

* 'Matthes, G. H. Basic aspects of Stream-Meanders, Transactions American
Geophysical Union, 1941, p. 632-636.

¥*  Scholklitsch, A. Hydraulic Structures, Vol. I. p. lh9, translated by S.
Shulits, 1937, American Society of Mechanical Engineers, New York.

*¥% U, S. Bureau of Mines Bulletin 95 (1920); alsoc in Dictionary of Geological
Terms, C. M. Rice.
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A. H. Fay gives the following definition of a meander as ascribed to L.La Forge:
"One of & series of somewhat regular and loopliﬁe bends in the course of a
stream, developed, when the stream is flowing at grade, through lateral shift-
ing of its course toward the convex sides of the original curves." This def-
inition is also given by Rice* and is ascribed to Fay. C. A..Cotton**-states,
"The development 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 & great deal of study by able and experienced engineers and geol-
ogists, and have added to the knowledge of the subject and thus have resulted
in a further advance of the science, the writer believes they doc not completely
meet the/needs of the science of rivers. The writer is well aware of the dif-
ficulties of trying to improve on them, but believes that scientific advance
'iS—possible—enly—byréeans—efrcenstructivercriticismAef 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 somewhat 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
terminology of rivers b& 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 i1s that the more extended use is so genefal

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

* Rice, C. M. 1945, Dictiorary of Geological Terms. p. 240.
*¥ Cotton, C. A. 1945, Geomorphology, p. 100. dJohn Wiley and Sons, Co.
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the new use is required by some strong organizational authority. At best it
could only come into use slowly, over a considerable period of time. Outside
of the scope of such an authority, even when it is used in the restricted
sense, one cannot be sure that it is being used in this sense, and therefore

8 good deal of the advantage of the use is lost. Even if its restricted sense
came into use by authority or genersl acceptance, in reading the literature on
the subject one would have to know when the change took place, to know whether
or not the article in which it was used was writtenlbefore or after the re-
striction came into effect.

Another objection to restricting a certein term to & narrower meaning is
that, if one wishes to have a terminology covering the whole range of stream
forms, it is then necessary to invent new terms to cover the cases which have
been excluded by the restriction. Such a complete terminology will be necess-
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 Irrigation given on page L4, the writer feels
that the words "follows a sinuous path due to natural physical causes not im-
posed by external restraint,” is somewhat vague. This author presumes that it
means thet the sinuous path is due to natural physical causes, but that the
sinuosity 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 dig-
charges and silt charges lead to curved flow..." Model tests show that meand-
ers can be formed by uniform flow; in fact, many 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, and often with the use of a constant flow of water without an
initial sediment load. There is no reason to believe that meanders could not
form in streams of very uniform flow. The meanders at the lower erd of the

St. Clair River in Michigan and Canads is one case and the outlet to lLake
Maxinkukee is another 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 of 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 streem would have to be made to prove that it was a "meandering"
one according to this definition, as the author understands 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 meander originated, 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 S-shaped bends, thus eliminating many streams previ-
ously considered to be meandering. This definitlion also brings in difficul-
ties when one wishes to designate what is 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 dovnstream when they become entrenched;

A disadvantage of limiting meandering streams to those whose bends migrate



downstream is that the existence of this action can only be established by
observing the river over a long period, pfeférably with a series of maps show-
ing the position of the river at different dates. For practical purposes
therefore, meandering streams would be limited to those for which there is a
long record of behavior, rather than those physical characteristics or actions,
which could be readily determined. Both the migrating bend and the S-shaped
bend requirements would definitely eliminate the Buyuk Menderes as s meander-
ing stream. The limiting of meandering to alluvial streams would eliminate
those streams in rock, which form the 71 meander cutoffs described by Macar*,
and many other cases of entrenched or incised meanders. It would not appear
that this definition would be acceptable to geologists.

.The principal objection to the definition of L. La Forge is that it is
necessary to establish 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 what constitutes a
graded. stream.

The writer's objections to the statement of Cotton is that the develop-
ment of curvature in the stream channel does not always tend toward the pro-
duction of regular, flowing curves. It does only where the conditions are
favorable. The development of curvature where conditions favored braiding
would tend toward straightening of the channel rather than the formation of
more bends. Cotton's definition also limits meanders to curves which are
regular and flowing which has the disadvantages previously mentioned of elim-
inating some of the forms which have in the past been considered by some as
meandering. The meaning of a "flowing curve" is very indefinite, but probably

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

*  Macar, P. F. 193k, Effect of Cut-off Meanders on Longiﬁudinal'Profile of
Rivers. Journal of Geology, Vol. 42, p. 523-536.
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Proposed New Definition’ of Meandering Streams

In the studies leading to this report, including the examination of a
large number of maps, in the streams encountered in his past forty-odd years
of hydrauvlic engineering experiences, 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 & very large
number of streams. Based on this experience, he believes that there are so
many variables involved in meandering streams that the number of combinations
of these variables, in what might be considered as meandering streams alone,
makes it evident to him that a very extensive classification will be necessary,
ineluding the invention of a number of new terms, if the whole range of cases
is to be covered by classes of limited range in & systematic and logical
classification. To devise a classification of this type, which would be un-
questionably sound with the present state of knowledge, may not, in the
writer's opinion, be possible. Until the causes of meandering are completely
understood, there is always danger in adopting a definition. However, the
writer believes that sufficient knowledge is available to take s 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
attaein 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 terms,
the appropriate ones of which could be applied to each individual étream.

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 extént
that this is possible, it would be very desirable that the definition possess.
The writer believes that the foliowing are the qualities which would be very
desirable in a definition of a meandering stream: (1) that it depart as little
as feasible from past usage, (2) that it cover as wide a range of streams as
feasible and thus reduce the number of primary classifications of streams, (3)
that it enable a classification to be made with a minimum of investigation,
and (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 which departs meterially from that used in the past, as this is
sure to lead to confusion. Also any definition adopted should, as far as can
be foreseen, be a rational part of a classification which will cover the whole
range of streams. It is evident from the extensive literature dealing with
meandering streams that they form & large section of streams as a whole and
therefore a definition of this term should cover the whole of this sectionm,
thus avoiding the necessity of inventing new classifications of the streams
which might be placed outside the previous classifications, in addition to
the difficulties of securing the acceptance of this new eddition. Unless a
classification can be made with a minimum of investigation it will be of
limited usefulness, because time and effort required to secure the date re-
quired to make the classification will, in most instances, prevent the class-
ification from being carried out. Since the subject of stream forms is a
field where the interest of geologists and engineers overlap, and vwhere the
mutual exchange of information would be of great benefit to both, it is highly
desirable that they both use the same terminology, and therefore that any

new classifications introduced be acceptable to bothr groups.
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There are two general aspects of the term meandefing'which mey be used
when one wishes to define the term meandering stream. One describes the path
or course, with its many changes of direction, which the flowing water tﬁkeé
in passing down the stream, the pattern of which is often quite unsystematic
and apparently haphazard. The other one describes the shifting which takes
place 1n the channel in which the water flows, due to scour, transport and
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 (including the one covered by the second classification). It
can include practically the whole range covered'by past usage of the tenm'
meander. The scope of the second aspect can be included in the first by the
use of a qualifying term, but the first canpot gimilarly be included in the
second. The use of the second aspect in clessifying streams as meandering
iimits such streams to those which are known to be actively shifting their
channels and eliminates those which are not, thus necessitating another
clagsification for the non-shifting ones. In view of these objections to the
second approach, the writer believes that the first of tlese 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 determined predominantly

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

*  QGriggs, 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 definjition meets the four requirements previously
discussed, in that (1) it departs as little as feasible fromvpaét usage, since /
it appears to cover practically all cases of streams that have been refefred to
as meandering streams in the past, (2) that it covers a wide range of streams,
which will enable it to include a large proportion of them into one of the pri-
mary classifications of streams as a whole, (3) that streams can be determined
to belong to this classification with a high degree of certainty and compara-
tive ease, end (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 referred to in the past as meandering streams.

To classify a stream as,meandering; it 1s only necessary to know two
things. (1) That its alignment consists principally of pronounced bends. This
can be determined from any map or a photograph or view from an airplane or
other high point. (2) That the channel shapes have not been determined pre-
dominantly by the varying nature of the terrain through which the chammel
passes.

It is believed that using this definition & stream can be determined to
be a meandering stream by a reconnaissance trip down the stream in a boat
(except during floods) or by the examindtion of aerial photographs covering
the stream teken when the streem 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 pronounced bends
and probably 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, a

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. Wﬁile the writer believes that it is true
that in meandering streams the shape of the bends is predominantly due to the
- action of the flowing water, 1t would be more difficult to prove than that
pheir‘form was not predominantly due to a variable terrain. Geologists and
engineers commonly (and the writer believes correctly) assume fhat the form of
many streeams is due to thg action of the flowing weter, 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 writer believes that no good purpose is served in requiring proof that
“each individusl case is so caused, which would be the case if the statement
ﬁere included in the definition.

One of the advantages of the definition proposed is that it 1ncludes
incised meenders which usually are located in solid rock. These‘bends can be
inactive, that is, not shifting their location, as, for examplé,‘the famous
"goosenecks" of the San Juan River in Utah and also those that are slowly
shifting, such as the bends treated by Macar* previously mentioned. Incident~
ally a sign of shifting meéndérs 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 which is & necessary

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

—— . P,

* 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.

Tt was hoped that a stddy of the words which had meanings similar to
meandéring would be useful in making such a classification. A search was
therefore made in the dictionaries for such words, and the following were
found:_ crooked, circuitous, tortuous, wandering, winding, twisting, serpen-
tine, snaky, sinuous, sinusoidal, divagating, undulating, flexious and flex-
uose, roaming. Of phese words only crooked tortuous, winding and serpentine
ar? frequently used in descriptions of stream forms,

It was hoped that certain of the words would indicate systematic
patterns and others would indicate unsystematic patterns, and that these
names could be given to streams having patterns of these types. To a certain
extent this was found to be the case. For example, sinusoidal and undulating
do indicate a definite back and forth pattern which may be thought of as
systematic. Serpentine, snaky and sinuous are probably more commonly used
to in&icate the back and forth pattern but are not limited to such a meaning.
ﬁowever, many, if not all, of the Pthers can indicate either systematic or
non-systematic courses. None of them seemed to indicate exclusively non-
systematic courses. Since no word was found which would serve to definitely
indicate only a non-s&stematic pattern, this apﬁroach to a better clasgifi-
cation of streams proved unfruitful: Another disadvantage of this type of
nomenclature would be that it would restrict certain terms to a narrower
meaning than ;§ now in use, and would thus have the same drawbacks as those

mentioned later in discussing a restricted use of the term meandering.
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A Search of vaious Literature and
Nomenclature of )kanderin; Streams

A great deal of study has been given to meandering streams in the pest
by very able engineers and geologists, and much information on this subject is
available in their writings. Many helpful suggestions on classification and.
nomenclature for meandering streams are given in this literature. Some of the
nomenclature developed therein has been widely used and should be adopted in
any attempt to improve the present state of the science. In the folloving
paragraphs the most important of the existing literature in this field, from
the standpoint of the scope of this report, ii discussed and the nomenclature
developed therein is pointed out.

One of the ea.rliea‘t papers dealing with meandering was a paper on river
terraces publ;shed in 1902 by the great America.n-geologist W. M. Davig*. 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 aspace inclo.sed between tangents d.ravn outside of the curves
or meanders of the streem is the meander belt”. "The progressive movement of
the meanders down the valley will be called sweeping”. '"The lateral movement
of the meander belt from one side of the valley floor to the other will be
referred to as swinging”. "The compound movement of sweeping meanders in a
swinging meander belt will be called wandering".

In the same year, 1902, as the Davis pa.p'er appeared, one by Professor

Mark Jefferson was published on "The Limiting Width of llea;nder Belts".** The

—

* River Terraces in New England, W. M. Davis. Bulletin of Museum of Compara-
tive Zoology, 1902, XXXIII, pp. 281-346. Republished in 1909 in a collection
of Davis's essays, portions of which were recently republished in Geogreph-
ical Essays - W. M. Davis, 1954, pp. 514-586, by Dover Publications, Inc.

#%*  National Ceographic Magazine, October 1902, pp. 373-36k.
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writer has not succeeded in examining a copy. of this article, but it gives the 7
results of a study meeasuring the widths of meander belts on maps of 23 non-
incised meandering rivers and 30 incised neendering rivers, in the United States.
This represents one of the earliest attempts to deal quantitatively with mean-
dering rivers. He deals principally with the relation between the width of the
meander belt, finding the average non-incised meander belts to average 17.6
times as wide as the river, but for incised meandering streams the ratio aver-
aged 30.6. |

In 190k an article was published by W. S. Tower* in which he introduces
.the term "migration” to d.escr.l];e the movement of bends downstream. He also
defines incised or entrenched meanders, meander belt, meandering and a meander,
He alaso states that steep sloped rivers tend to have smaller meander widths
and the bends niéfa.te more rapidly downstream.

In 1938 the Central Board of Irrigation of India sent out & questionnaire
on meandering to & large number of persons and organizations whom they thought
might supply some information on this subject. The replies to this question-
naire were summaerized by Sir Claude Inglis.** In July 1940 the Board's Re-
search Committee recommended certain definitions concerning meandering streams,
and in November 1940 the Board adopted these fesolutions with a number of
modifications and eliminations. The definitions adopted by the Board are as
follows:

A "meander" consists of two consecutive loops, one flowing clockvise,
the other ant&-cloukwise.

A "meandering river" follows a sinuocus path due to natural physical

*  fTower, W. S. 190k. The Development of Cutoff Meanders. American Geo-
graphical Society Bulletin - Vo. 36. October 190k. p. 590.

** Ammual, Reports Technical, Central Board of Irrigation, India. 1938-39,
P h‘9: 1939"‘0: PP. 100-116.
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causes not :uu;oud bj external restraint, a.nd ogours vherc varying discharges
and silt charges lead to curved flow and erosion of the 'ba.nks_.

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

")bandcr' length" is the tangentisl distance between corresponding points
at extrenc. limits of fully developed meanders. |

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

"Meander width" is the amplitude of swing of a fully developed meander
from midstream to midstream.

"Meander ratio" is the ratio "meander width" to "meander length".

"Limits of oscillation" is the width within which a river hes ranged
during historic times.

A "sub-meander" is a small meander contained within the banks of a
perennial river channel. These are caused by relatively low discharges
after the flood has subsided.

An "incised river" is one which has cut its channel through the bed of
th'el valley floor, as opposed to one flowing on a flood plain.

Some of these definitions can best be illustrated by Fig. 6 (CBI 1939-40,
p. 116). They also adopted a definition of meander ratio as the ratio.of
meander width to meander length.

In 1939 R. A. Bates wrote a paper* which included a study he made
bringing up-to-date the study of Jefferson previously mentioned. Bates de-
rived a ratio of meander belt width to stream width of 14 for non-incised

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 also attempted to develop a mathematical analysis of the cause
of meanders.

In 1941 a paper on "Basic Aspects of Stream Meanders"¥* was published by
G. H. Matthes, Hon. M.A.S.C.E., in which he defines a meandering stream as
previously discussed. He also gives other valuable definitions and ideas,
many of which are indicated graphically on Fig. T, which is taken from his
report.

Another valuable paper on meanders was published entitled "Factors
Affecting Meanders of Channels” by Sir Claude Inglis in 1942%% dealing largely
with model tests on meanders.

An extensive study of meandering by Capt. J. F. Friedkin was published
by the U. S. Waterways Experiment Station at Vicksburg, Mississippi, in 1945
entitled "A Laboratory Study of the Meandering of Alluvial Rivers". This
reported on the results of a very thorough investigation made in their
laboratory.

Two valuable papers dealing with meanders by Sir Claude Inglis appeared
in 1947 and 1949. The first of these is a list of definitions and & chapter
on "Meandering of Rivers in a two volume report on "The Behavior and Control
of Rivers and Canals®*¥%, The second was a paper on "Meanders and Their
Bearing on River Trainingee¥,

In these papers Sir Claude 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 ratlio "meander width
N

* Matthes, G. H. Basic Aspects of Stream Meanders. American Geophysical
Union. 1941, pp. 632-635.

L Central Research and Hydrodynamic Station. 1942-43. pp. 51-55.
#%%  Research Station, Poona, India. Part I, pp. 1-5 and 143-166.

**¥%  Institution of Civil Engineers, Maritime & Waterways Engineering
Division Paper No. 7, Session 1945-47.
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to meander length™ as adopted by the Central Board of Irrigation. He also
adopts the term tortuosity, which he defines as "the ratio of the length of
the river channel to the axial length of the river". This definition is
practically the same as the definition of tortuosity recommended in 1940 by
the Regsearch Committee of the Central Board of Irrigation of India, but which
was not adopted by the Board.

Two interesting papers containing valuable material on meandering
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 laboratory channel was published in 19k, %xx

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. S. 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, material and data. The author regrets that the urgency of
completing his paper promptly prevented him from treating it at length in his
paper. Those who wish to make a thorough study of the field covered by the

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

* Proceedings New Zealand Institution of Engineers, Vol. XXXIV, 1948,

pp. 230-30k4.

*% Proceedings New Zealand Institution of Engineers, Vol. XXXVI, 1950,
Pp. 269-313.

#%%¢  The Origin of Curves in Rivers - Current Science. February 19uk,
pp. 13, 36-39.
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Author's Recommendations for
Nomenclature of Meandering Streams

The foregoing listed literature contains & great many valuable defihi-
tions for use in developing the science of meandéring gtreams, but they cannot
be adopted bodily from this literature, since the meaning of the same term is
not the same in all the papers. A careful selection of definitions should be
made to remove these conflicts. As the result of his studies, the author
believes that a number of other terms are necessary in the development of this
science. In the following section of this report he has attempted 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 needed
for an adequate development of the science. These latter definitions will
generally be accompanied by a discussion of the reasons why they were selected.
In order to have the list complete, it will start with the definition of mean-
dering stream previously discussed.

A Meandering Stream is one whose channel alignment consists principally of

pronounced bends, the shapes of which have not been determined predominantly
by the varying nature of the terrain through which the channel passes.

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

Meander length 1s the tangential distance between corresponding points at

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

with the usage of Inglis and Matthes.
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Meander Width is the amplitude 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

term to designate the distance from outside to outside of bends rather than
from midstream to midstream, as shown on Fig. 7. The distance used by Matthes
is the meander belt width, as defined later.

A Meander Belt is the space inclosed between tangents drawn outside of the
curves or meanders of the stream, This is the definition given by Davis¥.

The Central Board of Irrigation and Inglis define meander belt as the width
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
which it never has in ordinary usage, and therefore the writer believes should
be avoided, especially since this can easily be done by adopting the term
meander belt width for the width of this strip. Matthes (Fig. 7) uses
meander belt to cover the width over which the stream has wandered in the past
time, as shown by the position of present meanders and past meanders, as in-
dicated by oxbow lakes. Since none of the other authorities use the term
meander belt as the name of this wide zone, it is believed to be undesirable
to adopt such a major change of terminology, and instead (if there is suf-
ficient use for such a term) to 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 "meander

belt". This is the same dimension which is defined as "meander belt" by the
Central Board of Irrigation. Inglis also calls this dim;hsion 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. 195k, p. 537.
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channel he calls it "width of meander belt", the same as the usage which the
author has recommended above in this paragraph.

The author has not included the term meander ratio in his list of sug-
gested definitions, since 1t does not appear to have much use and has been
used with different meanings. The Central Board of Irrigation defines meander
ratio as the ratio of meander width, to meander length (as shown on Fig. 6)
and 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
author suggests that to avoid confusion, if one wishes to use the ratio 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 ratio".

Tortuosity Ratio is the ratio of the length of the stream channel to the

length of the stream measured along the axis of the valley. This has the same
meaning as the term tortuosity which was recommended by the Research Committee
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 an important definition in the development of the science of
stream pattern, as it gives an easily measured quantitative value for the
crookedness or tortuosity of the stream. Over a long section of the river the
slope of the river multiplied by this ratio gives the slope of the valley.
This value theg is also the ratio of the valley slope to the river channel
slope and should be extensively studied in future research in the field of

river pattern.
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The author prefers the term tortuosity ratio to the term tortuosity

alone, since the former indicates directly that this term denotes a
quantitative rather than a qualitative value; that it is the ratio of two
other quantities, and 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 was probably first introduced by Tower**, Davis
(page 537) uses the term "sweeping" to designate this action, and in a later
paper Grant*** uses the term "meander creep" instead of migration of meanders
vwhich he used in his earlier paper, but he gives no reasson for his change of
terminology. The author believes that the term migration better describes
this action than the term sweeping used by Davis and meander creep later
adopted by Grant., 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¥¥#¥¥, who

states, "Major departures from the meander pattern (Fig. 7) are usually
attributable to interference with the methodical transfer of the bank mater-
ials, causing the river to change its mode of migration by seeking a path of
less resistance. large-scale interference results primarily from three
natural causes: (a) accelerated erosion 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. 2bk4,

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

%  Soil Conservation in New Zealand, p. 279.
#%%% Basic Aspects of Stream Meanders, p. 635.
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formations..." The alluvium laid down by a 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 follows:
A Deformed Meander is one, the pattern of which differs mater-
ially from that which the stream would form in a homogeneous deposit
of the prevailing material, and is due to encountering material of
non-uniform composition. This definition considers the change of
pattern due to encountering materials 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 Board of Irrigation, Matthes
and La Forge, as well as the meaning of this term used by Inglis and Grant
in their pepers, all consider meander or meandering in terms of the shape
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 position due to scour, it is

frequently said that the stream suddenly started to meander. For one who
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¥  Griggs. The Buffalo River, An Interesting Meandering Stream.
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accepts any of the above mentioned definitions of a meandering stream or a
meander, this use of the term meandering also to denote a changing of position
of the stream is not permissible, since it is using the same term with two
conflicting meanings. To avoid this undesirable situation, the term "shifting"
should be used in these cases of change of channel position 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 bpelieves that there are a number of terms which can be used
in describing stream patterns which have been used little or not at a&ll in the
past. Those which will be found most useful are: regular, systematic or
repetitive meander pattern, S-shaped 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 very similar. In others there are many meanders which are somewhat
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 may be meandering streams under the definition recommended by the
author, or have been so classified under the common usage found 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 somewhat more definitive than the first, as the term regular has so many
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meanings. At present it appears that the last two can be used interchange-
ably. A meandering stream can be said to be very systematic, or repetitive
in its pattern, or only élightly systematic, or repetitive, or one may be
described as being unsystematic, or non-repet;tive. For example, the Red
River of the North (Fig. 8%) has a very systematic and repetitive pattern;
the lower Mississippi (Fig. 9) has a moderately systematic or repetitive
pattern; the original Meander River has am unsysteﬁatic and non-repetitive
pattern, and the Souris River (Fig. 10*) of North Dakota has a very non-
systematic and very non-repetitive pattern. In the present state of the
science of stream patterns, it is not possible to establish the boundary lines
between these classifications, but it is probable that when the quantitative
measures of stream pattern recommended elaewhefe in this report have been
developed, it will be possible to establish such limits.

Another set of terms is necessary to describe the shape of the bends.
Most meandéring streams of systematic pattern and moderate to high tortuositj
ratios have bends with a shape some@hat like the letter S as shown on Fig. 9,
which is a map of the famous Greenville Bends on the Mississippi River. The
necks of these bends frequently come so close together that a cutoff results.
On the Red River of the North, however, (Fig. 8), the bends take the form of
the letter U, ard except near the lowér erd of ﬁhis stream there is little
if any tendency to form cutoffs, As mentiored elsewhere in this report, this
stream was formed in the ved of an immense lake that became empty and the

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

* Pigure 8 is taken from the map of the Drayton Quadrangle North Dakota and
Minnesote of the U. S. Geological Survey and Figure 10 is from their
Voltaire Quadrangle North Dakota.
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no£ known. There seems to be no question, however, that this is a distinctly
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 any. It is believed that these two
classes could be distinguished from each other by calling the former an
actively shifting stream, and the latter an inactive one. For example, the
Lower Migsissippi is a relatively actively shifting stream, and the Red River
of the North is an inactive one. It might be argued that it would be better
to call the Iower Mississippi River a relatively actively migrating stream
and the Red River of the North a non-migrating one. This classification of
these rivers is also a sound one, but in the case of the Mississippi we have
a detailed record of its positions over a long enough period to establish
that it is a migrating stream, and in the case of the Red River of the North
the topography shows quite conclusively that 1t has not migrated. 1In most
cases 1t is difficult to establish that a river is migrating, but to determine
whether it is active it is necessary only to prove that it is eroding its
banks, which ordinarily can be easily established.

Streams are not infrequently found which run through a valley, the

"bottom of which is filled with alluvium, and the sides of which are formed by
relatively parallel walls of rock or other relatively inerodible material.
Many but not all of these are rivers in the stage of early maturity and have
been formed in conformity with the classical Davis¥* morphological scheme. In
some the conditions of discharge, slope and sediment size are such that an

—
actively meandering stream is formed, the channel of which frequently crosses

—— PRSN

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




from side to side of the valley and impinges on the rock walls. An outstanding
case of such a stream is the Klarelfvens River in Sweden desgscribed in great
detail by DeGreer*. In this case 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 then on the other, as
shown in Fig. 11, the impingements on the same side occurring roughlv at |
distances of a meander length apart. In this section of the stream all of

the meanders are deformed. (Incidentally, this river is a migrating one, and
the period during which it migrates a distance of one meander length is said
to be 2000 years.) The Missouri River for much of its length runs between
roughly parallel rock walls, the distance apart of which in some cases is

less than its natural meander belt width. In other parts of the stream the
valley width is greater, and the stream impinges irregularly on the wall on
one side or the other at intervals averaging more than one meander lengfh
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 a
meander width apart, the stream be referred to as a confined meandering
stream, and where the width is greater than the meander belt width but narrow
enough to form impingements at frequent intervals, it be referred to as a
restrained meandering stream. The upper limit of valley width of restrained

streams is at present indefinite, but a reasonsble basis for its determination
\

¥ Klaralfvens Serpentinlopp och flod plan. Sveriges Geologiska Undersokning
Ser. C N:0 236, Arsbok 4(1910) No 8.
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might be worked out by further study. Of course nearly all streams are inter-
fered with somewhat, for example, the Lower Mississippl swings back and forth
across its valley, which averages 75 miles in width, the river channel itself
being about a mile wide. In the author's opinion, such a stream should not 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 follows:
"By a braided river is meant the typically wide, steep and shallow course of
an alluvial river consisting of a number of channels with islands between,
rectinzg and dividing again, and presenting from the air the intertwining
effect of braid". Friedkin*¥* states as follows: "Rivers are described as
braided when the éhanngl'is extremely wide and shallow, and the flow pagses
through a number of small, interlaced channels separated by bars. The channel
as a whole does not meander although local meandering ip 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.

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

*#%  Thornberry., W. D. 1954. Principles of Geomorphology, p. 126.
John Wiley and Sons.
Hinds, N.E.A. 1943. Geomorphology pp. 492, 495, 49¢, 546, SUB. Prentice-
Hall, Inc.
Cotton, C. A. 1954. GeomogpholQgy 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.
Lobeck, A. K. 1939. Geomorphology. pp. 213-214. McGraw-Hill Book Co.
Grabau, A. W. 1920. A Textbook of Geology: Part I, General Geology.
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the stream is supplied with more material than it can transport.

An overloading of a stream'may be caused in any of many ways. Thornberry
(P 164) gives a long list of possible causes of stream deposition any of which
could be the cause of overloading which would produce braiding.

The Platte River in Nebraska has often been mentioned as a typical
braided stream. Hinds mentions the Upper Mississippi River in the vicinity of
Waukon, Jowa ag being braided, see Fig. 12 which is taken from the Waukon, Iowa
and Illinois USGS quadrangle map. The question whether or not the Mississippl
at this point should be considered a braided river wvas raised by Nemenyi¥(626),
but he gives no reason, merely stating that the Mississippi "is probably
dynamically different"” from other braided streams. Since both rivers, however,
have the interlacing channels with many islands which, from their resemblance
to braid, give rise to the term braided even though there may be dynamicel
differences as Nemenyl contends, the writer believes that the Mississippi at
this point should be considered to be a braided stream.

The date for these rivers are in Table I and Figure 2 and show that
while the Platte River is quite steep, the Mississippi has a much flatter
slope, the slope of the Platte being about twenty times as steep as the Upper
Mississippi. In fact, the Mississippi at this point is, in comparison with
other rivers of comparable discharge, a stream of quite low slope while the
Platte has a relatively high slope. If both the Platte and the Mississippi
at Waukon are considered to be braided streams, it follows that braided streams

are not necessarily steep, but may have either flat or steep slopes.
\
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* RNemenyi, P. F. 1952. Annotated and Illustrated Bibliographic Material on
the Morphology of Rivers, Bulletin of the Geological Society of America.
Vol. 63, June 1952, pp. 596-6uk,
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Two Causes of Braided Channels

As a result of the studies discussed in this report and his studies on
the design of stable channels in irrigation canals, the author¥¥,¥%¥* hag
concluded that there are two primary cauges of braided streams, not just the
one, i.e., overloading. Either one of these two causes alone may be respons-
ible for the braided pattern, or they may 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 steep slope type braided channels, have many cheracteristics in
common, in addition to that of multiple channels. These are as follows: (1)
relatively straight course of the main channel, (2) steep longitudinal slopes,
(3) wide channel, (4) shallow depth, (5) flat bottom, (6) sand or coarser bed
material, and (7) usually relatively high sediment load. Rivers having these
characteristics may be overloaded, but all overloaded rivers do not necessar-
ily have this braided form, nor are all braided rivers necessarily overloaded.
For example, a part of Sunshine Creek, 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 giving the distinctive form

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

% Lane, E. W. 1937. Stable Channels in Erodible Material, Trans. ASCE,
Vol. 102, pp- 123-19k4.

*#% Lane, E. W. 1955. Design of Stable Channels, Trans. ASCE Vol. 120
pp. 1234-1279.
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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 material. 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 determined
in a large measure by geological causes, such as general land slope, land up-
1ift and glacier action, which are independent of the river action. 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 usually secondary to other causes. In
certain relatively short lengths of a stream, however, and particularly where
the works of man have interfered with the natural river, the slope may be
principally determined by the interaction of the water flow and sediment load.

A stream with a steep slope tends to have a wide, shallow cross section
because with this shape of cross section 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 away more material than tends to deposit along the
sides of the channel during low flows. The ability of flowing water to scour
banks of a stream depends on the shearing or tractive force which the water
exerts on them. In the past it has been common to think of the velocity of
the flowing stream as the factor which causes scour, but recently engineers
concerned with sediment motion have shifted their viewpoint and now consider
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 explainingxkt at this point in the report, but rather to cover this in
Appendix II.

If a large steady flow of water is turned into a’small, steep channel,
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the channel will be made wider by scour of the banks until the shear on the
banks is reduced to a magnitude equal to that which the materiel composing
them can resist. In the case of variable flows, such as occurs in natural
streams, 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 the periods of low
flow. In other words, when high flow scour and low flow deposit 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 deep 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 naturel 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 which does not produce
too severe bank scour.

A given value of shear in a stream will scour the banks more severely
than the bed because the force of gravity acting on the material on the banks
assists 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
wvider will be the channel formed. This is probably the origin of Friedkin's
view that braided channels result when the banks are extremely easily eroded.

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

brajided streams can be explained as follows: In flowing streams most of the.
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sediment of sand and larger sizes is transported on or near the stream bottom.
Much of it may be rolled along the bottom. If one part of the bottom tends to
become scoured deeper than another a greater slope is set up in the streams
between the scoured part and the remainder of the stream bed which is greater
than the general slope of the stream. Hence there 1s a tendency for more of
‘the moving material to roll down toward this low spot, since in this direction
it has, not only the force of the flowing water to move it, 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 because 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 previously pointed out, the wide,
shallow, flat-bottomed channel of the steep, common type of a braided stream
is caused largely by its steep slope. The multiple channels can be formed by
deposits of a small part of the heavy load being carried in certain places
forming bars which often cause smwall islends at low flows, and thus multiple
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 causes still more deposit, and islands form which persist for
some time, even with high water flows. These deposits are the result of local
overloading at the points where they are formed, but the river as a whole may
be transporting downstream as much sediment as is being brought to it, the bars
and islands at ;ome places being formed and enlarged by a rate of deposit equal
to the rate of scouring with which bars and islands at other points are bveing

removed.

5



It is thus possible to have a-balance of scour and deposit which forms a
river which is in equilibrium and which has been designated as, graded, in
regime, in quasi-equilibrium, or.poised, by various authorities. A braided
stream is therefore not necessarily 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 cémmon,type of a braided stream is the steep slope.

A stream of this degraded braided type is Sunshine Creek in Wyoming, part of
which ig 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 usually tends to be relatively
straight. It is easy to see, why an extremely meandering alighment, in which
the stream at the two ends of & bend come close together, is less likely to
occur 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 cutoff. Such cutoffs will take place when the
ends of the bend are much farther apart for a steep stream 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 & similar action takes place in
the multiple channels of a braided stream, the straighter ones of the many
channels, 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 depart widely from this direct
path have much lower velocities, and with the heavy sediment loads usually
found in braided channels, have a strong tendency to fill with sediment.
There is therefore a strong tendency for the steep streams with the multiple
channels characteristic of the steep-slope braided stream to flow in straight

courses.

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

If theforegoing analysis of the cause of the steep-slope braided streams
is sound, since it indicates that the stream width is a function of the stream
slope as well as the discharge, it follows that the Lacey relation P = 2.67Q
cannot apply generally to natural streams. Since the wetted perimeter P of
most natural streams, particularly of wide ones, differs relatively very
little from the stream width, if the wetted perimeter is a 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 shallower then
streams of the same discharge and of low slope, in other words that the width
is at least partly a function 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 RfVer are unusual. The braiding there is of the overloading type
and is indirectly due to glaclers, but in a totally different way from that

which usually exists in braided streams near glaciers previously described.
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The Upper Mississippi may not be unique, in this respect, however, as similar
conditions may exist in 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 their drainage basinsg during the Pleistocene time. The glaciers
advanced southward over all of Canada and the northern part of the United
States, and then melted away,‘th;'front of the glacier moving gradually back
tovard the north, leaving in-North America only small remnants of this great
glacier in mountainous regions of the West. When the front of the retreating
glacier moved northward past the divide between the Mississippl River water-
sheds and those of the St. Lawrence River and streams leading into Hudson Bay,
the melt water could not flow down the St. Lawrence nor reach the Hudson Bay
because these stream channels were still 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 the divide into the Mississippi
River watershed, down which it flowed 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. West of the present Great
Lakes, a very large lake called Lake Agassiz was formed in Minnesota, North
Dakota, and Canada, which was larger in area than all of 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 Mississippi River and the

78



large lakes formed in the St. Lawrence basin south of the front of the re-
treating glacier to produce a much larger flow in the Mississippi than would
result from the normal watershed of this stream.

Because most of this water came from large lakes, and only a small part
from watersheds which could produce sediment, it carried very little sediment.
This largé flow of relatively clear water from the lakes increased the velocity
and shear in the Mississippi over that which resulted from the runoff of its
normal drainage area. This greater shear carried away a large quantity of
gsediment from the stream bed, lowering its level, except at places where 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
and Illinois Rivers was the degrading effect of the clear water from the lakes,
vwhich existed at their upper ends. The clear water from the lake, starting
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 rapid lowering of the bed of the Colorado
River, caused by the release of clear water from Lake Mead, which is formed
by the dam. Similar action due to the release of clear water, has caused
extensive lowering below many other dams. Tt is not unlikely that 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 increased
flow in them due to the blocking by the glaciers of the streams which formerly

eventuslly discharged into the ocean through the St. Lawrence and Hudson Bay.
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As the glaciers continued to melt and retreated northward however, they
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 gsea 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 however, 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 normal runoff from the Upper Mississippl 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 have been formed as shown in Figure 12 which was
taken from the Waukon, Iowa 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 f£illing 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 action occurred.

The aggrading of this valley goes on very slowly, as it has to fill the
entire width of the valley and the annual 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 favoreable
for deposition, rather than in the main stream. 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 aggradation 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 largely free from islands, sloughs, lakes, ponds and secondary
channels.

From his study of the lower end of the Illinois River, Rubey ‘concluded
that this stream was in equilibrium. This may be true of the main channel
itself, but, considering the river as & whole, including all of the area in
the valley, the author is convinced that the lower Illinois and the middle
Mississippi are both aggrading streams.

The condition of interlacing stream channels formed in the Mississippi
near Waukon, Iowa which the writer believes should be considered to be braided
is not confined to the part of the Mississippi appearing on the Waukon USGS
quadrangle. There are other areas however along the Mississippi River between
St. Paul, Minn. and St. Louis, Missouri in which stream forms are such that
some persons will probably not consider them to resemble braid closely enough
to justify calling them braided. In some sections there are larger lakes and
fewer channels than are present in the Waukon region. In the lower Illinois
River are sections which do not appear 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 writer'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", as 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 and Mineral Resources of Hardin and Brussels Quad-
rangle (in Illinois) U. S. Geological 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 rep-
resents a later stage of the same action that now exists in the Mississippi and
Illinois since the-Wabash was the outlet of & large lake at the site of the
west end of the present Lake Erie, and the geological history shows that this
drained out through the St. Lawrence at an earlier date than the lakes which
temporarily discharged through the Illinois and Upper Mississippi Rivers re-
turned to their original outlets. The present Wabash River (described in
Appendix I) therefore, represents a later stage of the progress through which
the other two streams are likely to pass in the future.

Jt 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
narrow. This condition exists in both the portions of the Upper Mississippi
and 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 will not result. Another requirement probably is that consider-
able sediment 1s 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 a 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 moderate 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 which the writer obtained adequate data appear to be of this class.
It is probable that parts of the Washita River in Oklahoma ard the Cimarron
River in Kansas* are of this type, but sufficient time has not been available

to establish this.

Classification gg-Braided Streams

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

1. Braiding dve to steep slope with

degradation
I. Braiding due to 2. Braiding duve to steep slope with
steep slope approximate equilibrium
Braided
3. Braiding due to steep slope with
Streams aggradation
II. Braiding due to L4, Braiding due to moderate slope with
apgradation aggradation

5. Braiding due to low slope with
aggradation

* Accelerated Channel Erosion in the Cimarron Valley in Scuthwestern Kansas.
T. G. McLaughlin, 1947. Journal of Geology, Vol. LV No. 2, March 19.47.
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In this classification the first three secondary subdivisions are types
of steep-slope streams, and the laat three are types of aggrading streams, the
two groups overlapping to include the type which is both steep-sloped and
aggrading. An example of & Class 1 stream is Sunshine Creek in Wyoming,
shown on Figure 13. It is probable that there are many such streams, particu-
larly in a region of considerable relief where active channel erosion is in
progress. Class 2 probably includes a large number of the steep slope braided
streams where conditions are not changing apprecisbly. Class 3 is typified by
many streams carrying an overload of glacial debris.

It is well known that glaciers 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 along the under surface
of the ice, 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 glacier
ice with its imbedded rocks on its bed and banks. Therefore a glacier can
ordinarily transport much larger 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 is over-
loaded. It continually drops part of its load in its channels, filling the
channels, forming bars and islands and raising the level of its bed. As
channels fill they build up higher than adjacent areas and the water breaks
out into these lower areas and forms a new channel. Such channels are there-
fore not only braided, but are rapidly shifting. The channels from glaciers
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 River 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 probably also relatively infrequent, and is typified
by parts of the Upper Mississippi between St. Louis, Missourli and St. Paul,
Minnesota.

As previously stated, in the steep-slope type of braided stream, where
not influenced by non-erodible material, the channel as a whole is relatively
straight, steep, wide and shallow, and carries a heavy sediment load. The
bottom is relatively flat and composed of sand or coarser material. The
interlacing channels frequently shift rapidly and the banks are relatively
unstable. Frequently these channels are overloaded with sediment. The inter-
lacing channels are not necessarily separated by islands, but may exist only
at low flows, and be in the form of bars of small height which rapidly shift
their position and are entirely covered during high flows.

Claess 5, the flat-slope, aggrading 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 be deeper and narrower than in the steep-slope types. The smaller channels
of this type are likely to be formed of fine sediments, such as silts and
clays. As previously mentioned, parts of the Upper Mississippi and possibly
of thé Lower Illinois Rivers are examples of this class.

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

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

From the definition of a braided 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 multiple 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, and 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, relatively straight alignment, wide, shallow, flat bottomed channel
with high velocity flow and 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 usually 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 & pile type bridge has been used on the Yellow River, which is a very
large braided stream, to carry the Peking-Hankow Railrcad. It hé.s been in use
for over forty years, and is supported on screw piles.

The dams on braided rivers are also commonly confined to long, low head
structures of the barrage type. They are now usually constructed with piers
with gates between, although originally they were built of loose rock, some-
times with some masonry walls and paving. Although the barrage type with
piers and gates is frequently used on other types of rivers, in these other
rivers dams are not limited to this type. High dams of large storage capacity
are not usually built on high slope braided streams because of the wide, shal-
low valleys in which these streams usually flow makes high dams on them very
expensive because of the great length and the deep foundations usually re-
quired, and the high sediment content usually present in the water causes them
to fill rapidly with sediment.

The form of bank protection on high slope braided rivers is usually quite
different from those used on the deeper, less swift streams. In India and
Pakistan, extensive use of dikes or groins for steep-slope braided streams has
been developed, largely based on model tests. In this country permeable pile
dikes have been extensively used. In this country also for smaller streams
"Jacks", usually of steel, have been extensively used. These are formed of
units consisting of three straight bars of equal length, all connected at
their mid points and extending at right angles to each other, as in the
children's toy Jacks. None of these three t’ypes of revetment except the pile
dike is commonly used on lovw slope streams. For low slope, deep streams, re-
vetments in the shape of a mattress of planks, woven willows, asphalt or con-

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

to the multiple channels.

Suggested Nomenclature for Braided and Similar Streams

The term braided stream has been so extensively used in scientific
literature that it is unlikely that it will be dropped in the near mture.

The selection of the term to identify one type of stream is obviously because
of the resemblance of the form of these streams to braid. This msmche
can never be very. close since all streams differ considerably from what is
commonly designated as a braid. When applied to streams, therefore, it; is not
e very exact term because its use depends only on a resemblance. A wide dif-
ference of opinion can, therefore, exist in many cases between well-qualified
-persons-on -how-closely a given gtream pattern resembles braid. The writer
believes, however, that at the rather elementary state of development of the
acience of stream forms at the present, it is not desirable to try to depart
too widely from the past usage of this term, because further study may show
that the proposed changes are undesirable.

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

braid.



Author'’'s Suggested Definition of a Braided Stream

The only common characteristic of all streams which in the past have
been considered to be braided seems to be that they have patterns of dividing
and reuniting channelsvfrom which the word braid originated:. From the fore-
going definitions and from the analysis of the data assembled in this study,
the following definition and description of a braided stream has been evolved,
the definition being a slight modification of that of Grant, previously given.
"A braided stream is characterized by having a number of alluvial channels
with bars or islands between meeting and dividing again, and presenting from
the air the intertwining effect of & braid". This definition differs from
that of Grant in omitting the terms steep, wide and shallow since this study
has shown that channels which resemble braids do not necessarily have these

" properties.

Anastomosing Streams

In reading the geological literature dealing with stream forms, one
sometimes finds the term "anastomosing”. This term is practically unknown to
engineers but is occasionally used by geologists in describing stream patterns.
It is usually not defined, but is used as if its meaning was practically the
same as braided. The word is derived from the word anastomosis, for which
the dictionary definitions are as follows:

"The rejoining of different branches which have arisen from a common
trunk, so as to form a network".*

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

streams or the like".%*
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*  Webster's New International 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 above and a knowledge
of existing streams, the writer believes that an anastomosing stream can be
defined as: '"a watercourse consisting of channels, with or without lakes 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 Mississippi 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 all,
of the braided streams with the five subdivisions previously mentioned. It
also includes many sections of the Upper Mississippi 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 Australia, the plain

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

Morphology in Hydraulic Engineering published in ASCE Journal of the
Hydraulics Division No. HYI, February 1956, Paper 881, pp. 38-41.
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sections of the Kosi River®** in India and the lower end of the Lower Colorado
River in Mexico.¥#%®

These last three sections of river are all what may be called land
deltas, and are formed where a relatively steep channel reaches a flatter
area where the stream has a lesser slope and is unable to continue to carry
its load. It drops a part of the load and breaks up into multiple channels
forming a sort of delta. It differs from the ordinary form of delta in that
the streams do not flow into a lake or other body of quiet water, but the
channels rejoin and reform a continuation of the original stream. This land
delta form could be a subdivision of non-braiding anastomosing stream.

It is possible that, as the science develops and the term anastomosing
stream, as previously defined, becomes more familiar, it would come into
general use and to a large extent replace the term bralded stream. It also
might be adopted as one of the major divisions of the whole field of stream
patterns, with braided streams included as one main subdivision and non-

braided forms the other main subdivision under it.

Multiple Channel Streams

Because of the fact that the word multiple i1s more widely used than the
word anastomosing, and its meaning is clearer to 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, Erosion and Floods, Central Board of Irrigation
India (Technical) 1944, pp. 136-1k1.
Rapid Westerly Movement of the Kosi River. Central Board of Irrigation
India (Technical) 1942 pp. 7, 8.

*+ex W, Kelly, 1925. The Colorado River Problem. Trans, ASCE Vol. 88, p. 312.
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be called Multiple Channel Streams rather than Anastomosing Streams, as dis-
cussed in the previous section of this report.

Webster's New International Dictionary, 1935, defines multiple as
"containing more than once, or more than one; consisting of more than one,
manifold". The -term multiple channels could therefore be used in place of
both the terms braided and anastomosing as previously discussed.

" 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 shown on Figure 14. It can therefore be used to cover a large class of
streams, which constitute an appreciable part of streams as a whole. For
example, all streams could be divided into two classes, (1) single channel
streams, and (2) multiple channel streams. Multiple channel streams cover
the land delta forms previously mentioned and can also cover the channels
.forming a delta in a body of quiet water. There is considerable doubt
whether this ordinary form of delta channels should be included in anastomos-
ing streams since the channels in this case do not rejoin. Isolated cases
can bé found whére this definition would cover streams with many isiands
which were of non-érodible.material such as the Thousand Island section of the
St. Lawrence River, but the greater part of this class is probably found in
readily erodible alluvial formations.

The writer believes that this classification is the best that has been

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

The writer some years ago was puzzled by the fact that the bottom of the
Mississippi River, for over a hundred miles upstream from the point near {ts
mouth where it subdivides into several channels, averages about sixty feet
below the level of the water surface of the Gulf of Mexico, into which it
discharges. He wondered what the reason for this great depth was. He also
wondered why small streams tributary to the Great Lakes, which for most of
their length were 8o shallow that at low water they were scarcely navigable
in a canoe, formed at their mouths a harbor of considerable depth, and gave
rise to great ports such as Chicago, Cleveland and numerous others.

From time to time the writer thought about this phenomenon and hes
devised what he believes is a satisfactory exﬁlanation. As this condition is
a common‘form of the channel of natural streams flowing in erodible material,
it comes within the scope of this report on stream channel forms. As will be
pointed out, the action which causes this condition may be of considerable
importance in the design of a levied floodway discharging into & lake, and
considerable trouble will probably be avoided if this action is adequately
considered when such a floodway 1s designed.

It is believed that a deep channel 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 readily erodible, (2) the lake level
is comparatively constant, (3) the stream is subject to occasional high flows,
and (4) the stream does not carry a high concentration of sediment losd. The
cause of the action which produces this condition can be easily understood by

visualizing what would take place at the end of an artificial channel
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discharging into a leke under the four conditions named above, if the channel
was notvponstructed jith_g bottom considerably below lake level where it joined
the lake. Forlexample,_suppose the artificial channel was built 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 vﬁter flow in the stream. Immediately after com-
pletion, at loy water the surface profile would occupy the position C-D, but a
high water flow would produce & surface such as that at E-F, with a drop down
curve in the surface profile adjacent 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 bed for some distance out from the end of
the channel. This scouring of the channel bottom will cause the flood surface
profile to be lowered and produce more scour farther and farther upstream.
The flood flow will therefore cause a deepening of the channel and lake ad-
jacent to the channel, as represented by the crosshatched area JHK in Fig.
15-B, and would thus provide a deep water "harbor". In Figs. 15-A and 15-B
the vertical scale is greatly exaggerated and the deep water extends much
further 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 streams 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 it, the drop down curve
might be too small to produce sufficient scour to produce a harbor of consid-
erable size.

Most natural streams in erodible materials tend to approach a condition
of equilibrium. Under these conditions the movement of sediment past any

cross-section of the stream over any period of a considerable number of years
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tends to be the same, and equal to the sediment load brought down by the
stream from its watershed. If the bottom of the stream was not deepened near
the lake, there would be severe scour at that point and more sediment would be
" moved away than came down, giving rise to a net scour and deepening of the bed.
Hence, usually the bed tends to deepen until, over a considerable period of
time, the amount of sediment moved at all points in this deepened section will
equal the sediment load carried by the stream in this period. This section
will tend éo £ill in times of low water, and the deposited sediment will scour
out in times of high water.

In at least one case this action has proved important in the maintenance
of a levied floodway leading into a lake. Such floodways are usually con-
structed by building two roughly parallel levees, to confine the water, by
excavating earth from borrow pits adjacent to and between the two levees; The
borrow pits are usually pilaced between the levees rather than outside of them,
since in the former procedure the excavated borrow pit provides additional
discharge capacity for the floodway with little, if any, added expense. The
floodway under discussion followed this procedure, and the scour in the borrow
pit near the iake, due to the high velocities produced by the drop down curve
as ﬁhown in Mig. 15-a, was so great that the channel bottom and sides were
scoured to such an extent that the safety of the levee near the léke was ser-
iously threatened. In the design‘of levied floodways leading into a lake,
the possibili%& of such action should be investigated, and guarded against if
necessary. In léng floodways the borrow pits could be plgced inside the
levees, fo take advantage of their carrying capacity, down to the point where

the too severe scour will eventually reach, as the end of the channel enlarges.
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Below this'point the levees should be built from outside borrow pits and the
inside borrow pits could be connected to a pilbt éhannel, excavated with dis-
continuous spoil banks, down the middle of the floodway. As-these channels
enlarged they wpuld draw the water away from the levee ﬁnd tend to prevent the
drop at the end of the channel from endangering the levees. If the floodway
is very wide, it may be desirable to construct pilot channels between the
levees on each side of the floodway, far enough out from the levees to elimin-
ate the possibility that écour from them would ehdanger the levee. The poss-
1bility should be investigated to determine the probability that natural
stream channels or other depressions in the flﬁoduay near the lake might cause
scour vhich would progress upstream and endanger £he levees. If the floodway
is short and has a control structure at its upper end, care should be exer-
cised so that the scour in the borrow pit or pilot channel does not extend far
enough upstream to endanger this structure. If such scour will take place the

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

-

QUANTTITATIVE REPRESERTATION OF CEANNEL PLAN FORMS

It has been said that no subject has been perfected to the extent where
it can be called a science until it can be discussed in qnantita£ive terms.
This is probably an overstatemént, since some fields do not lend themselves to
quantitative measurements. It is true, however, that in any field where quan-
titative relations are possibie, the best results cannot be secured if they are
neglected.

An attempt should therefore be made to express the plan form of stream
channels in quantitative form, so that the forms of the various streams may be

compared on this basis, rather than by the use of loose descriptive terms such
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as meandering and braided. In the following paragraphs an approach to this
problem is suggested.

One of the simplest dimensions of a streaﬁ chgnnel form is the widtp of
the channel. Obviously, a natural channel does nottﬁave a uniform width, but
rather & varying width. The width can therefore be expressed as‘an ﬁverag;
width, found by dividing the plan area of the stretéh under consideration by
its length. A more accurate description of its width will be given, however,
by a frequency dlagram of stream widths. This caﬂ perhaps best be presented
by a curve showing the percent of the stream length in which the width is less
(or more) than various values. "‘

Another property of stream channel forms is curvature. Some streams
have a great deal of curvature and some ve;y little. One of the dimensions
of curvature is the radius of the bends. However, stream bends do not have
a constant radius of curvature, but a cbntinuaiiy*vuryingréne: This variation-
for any stretch of the river may be expressed by a frequency diagram showing
the proportion of the length of the stream which has radii of curvature greater
(or less) than various values, or in other words, a frequency curve of the
various radii of curvature.

The width of a stream and the radii of curvature are dimensional gquan-
tities. For many purposes the channel form of the stream can probably be best
expressed in non-dimensional terms. Such a non-dimensional basis would be
obtained by dividihg the radii of curvature values of the frequency curve of
stream curvature radil by the mean or median ;1dth of the stream. Perhaps a
better way would be to determine the ratio of the radius of curvature to the
stream width at a large number of equally spaced points along the stream and ‘

construct .a frequency curve of these values.
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Another factor in a stream channel form is the angle the stream turne 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 vwhich
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 probable that the length of the siream between points of reversal
from clockwise to counter-clockwise and vice versa is a factor in representing
the shape of the river, and a frequency curve of theseAd.istances could be
developed. To make these lengths non-dimensional, they could be divided by
the mean or median stream width.

In the studies covered by this report .the slope vé.lue used is the
longitudinal slope of the river or the mti§ of the fall in the section of
river under coﬁsidera.tion to the length of the stream in that section,
measured along the main channel or talweg. In the case of meandering streams,
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‘appears to be 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 same as the ratio of the .stream length to the valley
length. It will prohably be found that in describing quantitatively th'e form
of stream, this ratio will be found to be convenient, and study of these
relations should therefore be made. Thought should be given to the possibility

that other and better methods of expressing channel form than those discussed
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above might be devised. It seems probable that there are quantitative rela-
tions between the factors influencing stream form previously discussed and the
values of these ratios, which could be developed. It is believed that when
quantitative data on shape of stream channels is developed, it will lead to a
much more exact classification of stream types and a much better understanding
of their action.

It is.probable that the above suggested 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 that they could
not be useful in some cases. If braided streams cannot be handled by the
methods previously suggested, further study should be given to the problem to
see if some other method could be devised which would handle them. For
example, a plot could be made of the variation of the number of channels in
cross sections at any place along the stream by plotting the number of channels
in the cross section against the distance aloug the stream from some initial
point. Another way might be & plot of the ratio of the total width of the
bars and islands to the total channel width at the various points along the

channel.

SUGGESTED FURTHER STUDIES

This report may be regarded as a progress report, as it does not repre-
sent & completed study. The following studies are suggested in this field
which seem most likely to increase our knowledge of the plan forms of stream
channels. Many of these have been previously suggested in this paper, but
to make this statement complete, are repeated herein.

Additional data should be collected on the slope, discharge and materi#l

size of natural streams, particularly those with banks and beds of gravel and



coarser material, in order that the relations between the factors affecting
the form for these ‘materia.l sizes can be more closely determined. Data of a
quantitative nature on material sizes should be collected, in order that more
eccurate quantitative relations involving size may be obtained.

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

Data should be collected on the relation of valley slope to stream slope
or the tortuosj,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 paper,
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 expressions of
shape to the other variables such as slope, discharge é,nd material size.

Since tortuosity ratio is the easiest method of expressing stream pattern in
quantitative 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 and 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 variocus attempts* to develop quantita-
tively the causes of meandering streams, as given in the literature on the
subject, and to see to what extent they agree with the relations developed
s0 far in this study. Since this study does not disclose any satisfactory
relations or rational reason for the formation of meanders, an attempi should
be made to develop one.

A comparison should be made of the relations developed by Lacey, Blench,
and Leopold and Maddock, to explore the interrelation of the data, ideas and
conclusions given in their reports to those developed by the method of
approach used herein.

Data should be collected on the properties of stable channels used for
irrigation and other purposes, to study the relation of such channels 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 as the arroyo type so common in the western portion of this
country. Other types of streams which should be studied are misfit or underfit
streams, deltas, tidal streams, slluvial cones, and the effect of confinement
by non-erodible material in the valley walls of a meandering stream. Estuaries
should elso be included. An attempt should be made to develop a systematic
clagsification 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 stream 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. 14
1926 pp. 223-225 (abstracted by Nemenyi Bull. Geological Society of
America June 1952 pp. 613-61%) 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. Geological Society of America Vol. 50. pp. 84k-850.

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

A study should be made of the lower end of the Illinois River and the
Upper Mississippi to determine the extent of braiding in these two streams
and the conditions which result in this braiding. Also the sequence of steps
through which they (together with the Webash River) have passed or may 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 Wabash Rivers of

the earth tilt which is still going on in this region.
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DATA ON STREAM CHANNEL, PORMS

SLOPR
Average
Fall Length Discharge Yalue
Name Loostion Streteh Ft/Mile length Fall in Sec, Ft. Material Pattern of K - Remarks
1. Lower Mississippi
Model Model Plate 4 14,7 0028 359.2 0.25 Sand Meandering Re ¥ ("
2, . Plate 15 17.6 003 296.6 0.10 . " .00192
3. Lower Mississippl Cairo-Arkansas City 0.40 .000076 13,200.0 443,000 " " 00194
\, " M Arkansas City - Red  0.28 000053 18,857.6 537,000 " . 00141
River ldg. N
5. Rapid Creek Towa Near Iowa Clty,' Ia. 3.64 00069 1,450.5 13.0 " " .00131
6.  Clear Creek " oo R L0071 1,hk08.0 70.0 - " 100205
T. 014 Man Creek " .o " " 3.01 +00057 1,754.2 105.0 " " .00132
8. Maquoketa River " Just. Avove Mouth 2.28 00043 2,315.8 921 " " 00237
9. Raccoon River " Adel Dam = Cormerce 2,1 0000 2,514,3 1,000 " " .00225 - Contains some smell gravel
10, Iowa River " Below Iowa City 1.16 00033 3,000.0 1,476 " " 00205 Contains some small gravel
11, Cedar River " The 20 miles below 1.55 00029 3,406.5 3,020 " . " ,00215
Moscow, Iowa
12, Des Moines River " Des Moines - Red Rock 1.k .000265 3,771k 3,480 " “ .0020 Contalns some small gravel
13. Milk River Montans Havre - Vandalie 1l.12 +00021 L,714.3 712 “ " 00109
14, Big Black River Mississippi Near Pickens, Mise, .99 .000188  5,333.3 1,966 " ' v 00125
5, " " " Near Bovinda 1.k0 000265 3,771 3,677 " " 00207
16. Minnesota River Minnesota 68 miles below 0.76 L0001 6,947k 2,160 " " 100095
- Mankato
17, Missouri River Montana Below Ft, Peck Dam 0,925 000175  5,708.1 1,519 " " .000165 Contains some small gravel
18, Wabash River Illincis Near Mt, Carmel 0.76 L0001k 6,974 as5,b0 " N 00183
19. 'M.i.ddle Missiesippi Miesouri S‘t. Louts - Chester 0.52 000098  10,153.8 171,000 " . " 00158
20, " " " Chester « Cape 0.57 000108 9,263.2 172,000 " " 00215
Giradesu-
21, Ohio River - Louisville to 0.28 .000053 18,857.1 111,300 o " .00192
Evansville
22, Verdigris River Oklahoma Miles 23 to 43 above 0.73 .000138  7,232.9 4,170 " oo .001105 Some cohesive material
Mouth in bed
23, Assiniboine River Manitoba, 40 to 75 miles sbove 1,05 .00020 5,028,6 1,650 v " .00128
Canada Mouth
2k, Buyuk Menderes Turkey Below Aydin for 80 1.05 00020 5,028.6 3,000 " " 00148
kilometers
25. Platte River Nebraske 85 miles below Junction
of N & S Platte 6.5 .00123 812.3 4,850 " Braiding L0102
26, Niobrara Nebraska Verdel, Nebraskas 6.7 00127 768.1 1,595 oor ” .008
27. N " Spencer, Nebraska 7.2 00136 733.3 1,260 " " 00815
28, " : " Meadeville, Nebr, 8.8 .00157 636.1 1,048 " " .00999
29, North Platte River N Just above mouth 6,32 0012 835.4 2,200 " " L0084
30. BSouth Platte River " " " " 7.58 00145 687.5 2,620 " " 0150
31. Cherry Creek Colorado 3.5 miles above
Melvin, Colo. 22.6 ook 234.6 22.6 " " 00935
32. Colorado River - Model 37.0 00701 k2,7 2,08 N " 0084
33. ° " - Model L2.0 00795 125.7 2.08 " " 0095
3h, " " - " 29.0 00548 182.1 5.94 " " 40091
35. . " - " 26.4 .00518 200.0 2.08 " " 0062
36. " " - " 31.7 00600 166,6 2,08 v " L0072
t. " " - N 2L.5 ooko7 245.6 3.96 " " 00572
38, " N - " 21,5 .o0koT 245.6 1.87 N " 00470
39. Loup River Nebraska Near Columbus,Nebr, 4,00 00076 1,320.0 295.2 " v 0056
40, North Loup River " Above St, Paul,Nebr, 5.25 00099 1,005.7 873 " " L0054
L), Middle Loup River " “om " " 5.48 Reate 963.5 1,162 " Between braided ,00605
& meandering
42, Republican River " Below Bloomington, 3.72 00070 1,k23.2 730 " tween highly  ,00364
Nebr., braided & meandering
k3, " " Kansas Below Clay CenterKs, 2,80 200053 1,885.7 1,114 " " 00307
4%, Red River Texas-Okla, Dennison - Reserve 1,63 400031 3,239.3 5,462 " " 00267
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DATA ON STREAM CHARNEL FORMS

SLOPE .
Average
Fall Tangth Discharge
Hame Iocation Stretch Ft/Mile Length Fall in Sec, Pt, Material Pattern
45, South Canadian Oklahoma  Mouth to Mouth of 1.94 000368 2,721.6 6,452 8and  Between highly
N. Canadien braided &
Meandering
46, Arkensss River Arkansas Mouth to Little Rock 0,70 .000132 7,542.8 43,700 " "
47, " " " Iittle Rock to 0.70 4000132 7,542.8 k42,880 " "
Dardenelle ]
48, u " Arkansas  Mouth of Grand River 0,95 .00018 5,557.9 32,000 . "
& Oklehoma - Dardenelle
9. " N Oklahowa  Tulsa to Mouth of Grand| :
River 2.07 +00039 2,550.7 7,714 " "
50. Colorado River California & Palo Verde Valley 1.57 ,00030 3,363.1 17,900 " "
. Arlzons
51, Colorado River Californla & Near Needles 1.67 .00032 3,161,7 17,900 " "
Arizona
52, Missouri River Montana Ft. Peck to Wolf Pt, 1,054  0,0002 5,009.5 7,240 " Meandering
Mont,
53. " " Montana & Wolf Pt.,lontans to  ,860 000164 6,082,9 13,440 " "
No . Dakota Williston, N.D.
sk. " " North Dekota Williston to Bismarck, .778 +O0014T 6,786.6 19,960 " Between breided
« Do & meandering
55. " "  N. &S, Dakota Bismarck, N.D. to T8 000136 7,353.8 20,980 " N
Mobridge, S. D.
56.- " " South Dakota Mobridge to Pierre, 872 000165 6,046.0 21,915 N "
5T, " " N " Pierre to Yankton,S.D. .888 000168 5,945.9 23,880 " "
58, ", * 8, Dakota & S. Dakota & Towa 1.023 000194 5,161.3 27,220 " "
Tova Yankton to Sioux City
59. " " Iowe & Nebraska Sioux City, Iova to 878 000166 6,013,7 28,370 " "
Onuaha, Nebreska .
_£0. " " Nebraska Omaha to Nebraska Cityl.060 000205 4,981.1 30,210 " "
6, v " Nebraska & Nebraska City to 928 .000176  5,689.7 34,4k " "
MHissours St, Joseph, Mo,
62, " " Missouri 8t, Joseph to Kansas ,915 .000173 5,770.5 Lo,370 " *
City
63. . " " KC to Waverly, Mo, 863 ,000163 6,118,2 4,330 " "
6, " N " averly to Boonville, .802 000152 6,583.5 50,060 " "
65, " N " Boonville to Herman, )
Mo. 860  .000163  6,139.5 63,180 " !
66. Yangtze River China Hankow to Kiukiang .123 .0000233  42,926.8 900,000 N Braided
67. " " " Kiukiang to Wuhiu 2105 00002 50,285,7 990, 000 " "
63, Fall River Colorado Meendering Section - 16.0 00304 330,0 39 Gravel Highly
' Upper End Meandering
6. o i " Horse Shoe Park = (%44 00031 1,236.5 39 " "
- lower L
70. Nooksack River Vashington From O t0 6.57 miles =~ - - -
. " " " From 6.57 to 14 " 2 L0005 2,200.0 3,300 Fine Comparatively
Material Straight
T2, . " " From 1k to 15.8 3.9 00074 1,353.8 3,300 "
73. " " " From 15.8 to 18.5 3.7 .00070 1,427,0 3,200 Sand  Moderately
. Tortuous
T " .. From 16.5 10 20.5 5.0 100095 1,056.0 3,200 . "
75. o " " From 20.5 to 23.2 6.5 00123 812.3 3,100 Send & Meandering
Gravel
76. " " " From 23.2 to 35.7 9.3 00176 567.7 3,100 Gravel & Braided
Cobble
77. Willamette River, Oregon ‘ Salem (near) 1.8 .000341 2,933.3 22,370 Gravel Meandering
8. " " " Alveny (near) 1.5 000284 3,520,0 13,790 " "
79. Webash River  Indiana Lafayette {near) 0.76 .0001k5 6,947 .4 6,170 sand Between braided
& meandering
80. " " Indiana Covington (near) W .. N 6,229 " "
81, " " v Montezuna (near) " " " 8,894 " "
8. " » " Terre Haute (near) " " ) 9,723 f "
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of K Remarks

<0033

00191
L0019

<4367
00347

0037
00184

00177

400174

00164

00245

| 00236

00227

+00257

.000718 Some cohesive material
L000718 " " "
00204

00341

- Subject to tidal influence

00308
001285
001287

001407
001438
LO0LU



DATA ON STREAM CHANNEL FORMS

SIAPE
. Average
Fall Length Discharge Value
Neme Location Stretch Fi/Mile length _ Fall in Sec, Ft, Material Pattern of K Remarks
83. WVebash River Indiana Riverton (near) 0.76 .000145  6,947.4 | 9,89% Sand  Between braided ,001451
& meandering
84, Wabash River " Near Vincennes 0,76 000145 6,947 .1 10,510 Grevel  Comparatively 00145
Straight
85, Miami River Ohio Belmr.sydnzy 6.50 00123 812.3 L Sand & . 00575
Cravel
8, " " " Taylorville - 2,64 00050 2,000 950 " " 002775
Dayton .
87. " . " From Deyton to 2.64 00050 2,000 2,202 " " ,00342
Miamisburg
88, " " " Fear Hamilton 3.70 00070 1,k27.0 3,332 " " 001682
89. Mad River " Above Mouth for 6.68 00126 T90.b - 628 " " .0063
99 miles
90. Stillwater River N Above Mouth 4,20 00080 1,257.1 554 " N 00368
91. River Te: Above Mouth 0.36 .000008  14,666.7 64,000 " " .00108
92.. Colorado River Colorado Belov Grand Junction 5.9 ,00112 894,9 6,900 Sand,Gravel Bratded 00102
& Cobble
93, Ohio- River Pennsylvania Pittsburg to 0.7T7 000147 6,795 31,820 Sand & Meandering 00196
& West Va. Wheeling Gravel
g, " " W. Virginia Wheeling to 0,587 +000111 8,99k.9 54,000 " ". L0019
Runtington
95, " " W. Virginia Huntington to 0,352 0000666 15,000.,0 95,000 " " 001164
& Kentucky Louisville
g6, " " Kentucky &  Louisville to 0,266 0000504 19,849.5 111,300 "o " 00207
Indiana Evansville
97. " " Indiana Below Evansville - - - - -
98. Yellovstons River Montana Near Billings 8.2 100155 643.9 6,496 Sand, Gravel " .01395
& Cobble
99, " " " Buffalo Rapids 4,0k 00076 1,306.9 10,700 " v 00866
100. GCunnison River Colorado Below Gunnison 17.1 .0032k 308.8 a7 . Not Known L0175
101. Big Thompson " Below Estes Park 35.6 00675 148.3 131 " Meandering L0228
102, Susquehanna River Fenn, Wilkes Barre 1.64 00031 - 3,219.5 13,440 send & Comparatively .00334
Rk Gravel Straight
103, Tvin Creek Chio Above Mouth 6.90 +00130 765.2 265 " " 00525
104, Miami River Ohio Mianigburg - 25 mi. 3.70 00070 1,427 3,332 " " 005376
below Hamilton
105, Scioto River " Above Dublin, Ohio 7.5 00142 7,040 760 ot Known 000745
106. " " " Near Columbus,0hio  1.65 .000312 3,200 1,330 " Camperatively .00189
Straight
7. “ " " Near Circleville,” 0.93 .000176  5,677.h4 2,153 Not Known 00122
08, " « " Neer Cnillicothe,” 1.90 ,000360  2,778.9 3,345 Not Known L0015k
109, " v " Rear Higby, Ohio 1.90 000360 2,778.9 4,218 v " L0015k
110, Cowlitz River Washington Above Mossy Rock 15.2 00286 347.4 5,311 " " 0137
111. Susquehanna River Pennsylvania Near Danville, Pa. 1.69 ,000321 3,124.3 15,220 " " 00356
na, v " " Near Towanda, Pa.  2.70 L00052F  1,955.5 10,310 oo L0052
113. Juniata River " Near Mouth 2.81 .000532 1,879 4,305 v 00431
114, Susquehanna River Pennsylvania Near Williamsport 2.31 000438 2,285,7 8,303 v " 00425
115, Nile River Egypt Aswan to Roda 0.4 000078 12,878 90,200 Sand Braided 00135 Banks clay, bed sand
116, Yellow River China 134 m¢ below R.H. 0.5% 000178 5,617 42,800 Very fine sand Braided 00256
Ry. Bridge
n7y. " " " 8k mi, above Tsinan 0,58 .000111  9,103.4 55,000 " " " Not Known .00L70
Shantung
118. Upper Mississippi Minnesota St. Paul - Redwing, 0.379 000072 13,931.4 11,410 "Sand Braided 00075
Minn, .
us, " " Minn - Wis. Winona, Minn - 0.459 000087 11,503.3 25,780 " " <00110
LaCrosse, Vis,
wo, " " Wis, - Iova laCrosse, Wis = 0.3570 000068 14,790 25,730 " " -00086
Lansing, Iowe
121, " " Iowa - Wis. Lansing, Iowan - 0.257 000049 20,5kk .7 31,520 " " 00065

Prairie du Chien,
Wisconsin
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DATA ON STREAM CHANRET, FORMS

SLOPE Average
Dt
TeIT Tength in Sec. Pt.
Name Location Stretch Ft/Mile Length Fall Materisl Pattern
122, Upper Mississippl Wis, - Iowa Prairie du Chien, 0,346 000066 15,260,1 40,160 Sand Braided
Wis.-Dubuque, Ia.
123, " " Iova Dubugue, Tova -  0.293 000056 18,020.5 56,670 ! !
Clinton, Iowa
124, " " " Clinton, Iowa - 0,228 000043 23,157.9 56, 670 " "
LeClaire, Iowa
125, " " " Davenport to 0,337 L00006%  15,667,7 63,470 " "
Muscatine, Iowa
26, " " Dlinots warsaw to uincy, 0.479 000091 11,022,9 61,150 " "
Illinots
27, " " Illinois-Mo, Quincy, Il 0,447 L000085  13,812,1  61,770 " N
Hannival, Mo.
128, " " Missouri Hannibal to 0.437 000082 12,0824 61,770 " "
Louisiara
129, " » Mo.-Illinois Louieiana, Mo. = 0,455 ,000086 11,6044 63,40 . "
Grafton, Ill.
130. South Canadian New Mexico Belov Conchas 6,06 00115 871.3 276 Sand, gravel Canyon
Reservoir & boulders Section
131. North Canadian Oxlahoma Wetunka Mile 2,54 000476 2,078.7 222 Sand. Brailded
. 185.3 to 141.8
132. Cimarron Oklahome. Perkins, Mile 2,03 000385 2,601,0 1,149 " "
87 to b6 :
133, Deep Fork River " Beggs, Mile 85.2 1.87 000354 2,823.5 966 Fot Known Meandering
to Mile 159
134, Papaloapan River  Mexico Below Coosamaloapan 0,084 .0000159  62,857.1 14,200 " " "
135, Smoky Rill River  Kansas Ellsworth to 3.22 00061 1,639.8 252 Sand "
Marquette
136, " " " " Merquette to Salina 2.36 ,000kNT 2,237.3 252 " "
137. _Big Blue River " Randolph to Cleburmel .88 ,000355 2,808.5 1,688 " "
133, Republican River " Clay Center to 2,38 000452 2,218.5 1,195 Sand bed  Both braided &
Junction City . meandering
139, Kansas River “ Mouth to Mile 90 1.73 .000328 3,052,0 6,868 Sand Between braided
A & meandering
140, Red River of North Minnesota - Near Fargo, N. D, 0.67 000127 7,880.6 w62 Sand Highly
Rorth Dakota Meandering
w, "o " " Near Grand Forks, 0.258 .0000489  20,465,1 2,198 . "
N. D.
142. Illinois River Illinois Lover 120 miles 0.172 .0000326  30,597.7 15, 000 " Braided
143, St, Clair River Michigan Port Huron - 0.121 .000023 43,6364 189,000 " "
Algonac
1k, Saline River Kansas Downsgtrean from 3.20 000507 1,650.0 156 " Meandering

Sylvan Grove
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000663
.00101
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00134

00196

(00178
00243

00178

00265

00293

000342

000324
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Banks of cohesive
material, Some fine
sand in bed.
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Amndix I
MORE DETAILED DATA ON CERTAIN RIVERS

In these studies a number of rivers were encountered vwhich were either
unusual in some way or had a special significance in regard to stream forms.
As their characteristics cannot adequately be given in the brief notes of the
tabular data, there are described in the following paragraphs in temms of the
facts regarding them which seem to the writer to be most significant from the

standpoint of stream forms.

Buyuk Menderes (Meander) River

This stream, which in ancient times was called the Meander, is the
stream from which the term "meander" came. It has also been variously spelled
Meanderes, Maeander, Malandros, and Menderez, but is now known as the Buyuk
Menderes. It 1s located in southwestern Turkey and discharges into the
Mediterranean Sea about 265 miles southeast of Istanbul (Constantinople). It
has a valley about 115 miles long and 6 miles wide. The longitudinal slope
is comparatively small, and over much of its length it is very meandering.
See Fig. 5.

This stream has recently been studied for the Turkish Government by the
engineering firm of Knappen, Tippetts, Abbett, and McCarthy of New York.

The following information has been supplied by the late Mr. Charles F. Travis,
who was in charge of this study.

" “The Menderes is a very sinuous stream. It severely erodes its banks
and has. formed and still forms many cut-offs. The banks of the stream are
erodible but it is believed that the term "silty-sand" would better designate

"o
.

the type of soil rather than "san



"Having been here only from 1949 to date (1955), it 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 ovid?nce to indicate
that these bends were formed by uniform movement downstream. The evidence is
thet the river has made cut-of'fs of considerable length and that these cut-
offs eventually attained about the same length as that of the previous
channel. For example, there is positive evidence that in the lower valley
above the town of Soke, the river made a cut-off of over six kilometers and
the present channel is on an average more than two kilométerl south of the
previous channel. Without actual measurement it is believed that the present
channel is about the same length as the previous channel.”

"Below Soke the river switched from the north side of the plain to the
south side, a distance of about twelve kilometers maximum. The distance from
the head of this cut-off or switch-over to the sea is about forty kilometers
airline and the length of the present channel, again without actual measure-
ment, is probably about the same as the previous channel."

"From these observations, it would seem to me therefore that there has
not been progressive movement 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 appreciable
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 & perennial stream, there iz a

distinet wet and dry season and during the dry season which corresponds to the
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annusl cropping season, the river carries progressively less water downstream,
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 channel is -dry."

The slope of the stream, as determined from the report, seems to be
about as follows: Yenice to Aydin, 17h km, slope 0.00074. Aydin-Eski
Menderes 91 km, slope 0.00020, Eski-Menderes to the sea, 83 km, slope 0.00019.
At the time the report was prepared, the stream flow date was meagre, a 15
month record at Aydin indicating giving a mean discharge of very close to 3000
cfs. As shown on Figure 5 the stream alignment is very crooked and the bends

do not have any typical shape, radius of curvature, or central angle.

——  a————— — ——

The Red River of the North is a very unusuel stream from the standpoint
of stream forms, since it is very meandering, but has a slope which is very
much flatter than most meandering rivers, and the shape of the meanders is-
somevhat different from the usual form.

This stream, which forms the boundary between the State of Minnesota
and North Dakota, is called the Red River of tne North, to distinguish it from
the Red River of the South which forms the boundary line between the States
of Oklahoma and Texas. It is one of the few larger streams in the United
States that flows northward, its course leading into Canads, the water even-
tually reaching Hudson Bay. The stream is formed by the junction of the Bois
de Sioux and the Otter Tail Rivers and has a length of 394 miles to the
Canadian line and about 140 more to its mouth in Lake Winnipeg. Detailed naps
and considereble other information on it was given by P. T. Simons and
F. V. King in 1922 in a "Report on Drainage and Prevention of Overflow in the

Valley of the Red River of the North" - U. S. Department of Agriculture
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Bulletin No. 1017'and much of its course is now covered by U.5.G.S. topographi-
cal quadrangle maps.

The material through which the stream flows is clay, clay loam and a
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 and ox-bow
lakes, Unlike many meandering streams in which many of the curves are about
the saime shape, those in this stream are of a wide variety of shapes, varying
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 Quadrangle Map
North Dakota - hinnesota. This river has a very flat slope, for the first 100
miles being 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. ¥. Griggs describes in the following three paragraphs the lower part of the
Buffalo River, which he says is typical of the streams of the Red River Valley,
which lie in the old lake bed, since they are all formed in the same ‘material,

"Like all streams of the‘Red 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 hoth sides of its bed, and de-
position, such as is a necessary part of meandering in filling up the cut-offs,

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

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

¥  Am. Geog. Soc, Bull. Vol. 38, 1906, pp. 168-177.
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the class of entrenched meanders. In the lower porticn, though the velocity
is lower, lateral wandering goes on only very slovly, even where the stream is
not sunk below the level of the country."

"he Buffalo, in portions of its lower course, is cutting both of its
banks: and while the cut on the inside bank seems not to be sufficient in
this case to result in straightening the stream, it certainly must retard
its lateral wandering and tend to keep it in its bed."

"Phe sticky gumbo clay of the Red River Valley through which the lower
reaches flow, is only with dirficulty taken up by running water, and is then
in a finely-divided state, giving the water the turbid appearance character-
istic of the streams of the region. This gumbo, once in suspension, settles
out but very slowly, so that there are no deposits in bars and the like
along its bed, but its channel is swept deep and clean like a canal.”

Most streams that meander are what is known geologicelly as mature or
old streams, but the Red River of the North is a very young stream, since it
is probably less than 5000 years old. The history of this stream is quite
well known. It has been formed in the bed of an extinct lake, called Lake
Agasslz, which was formed by the glaciers in the latter part of the glacial
epoch. This lake covered parts of the States of Minnesota and North Dakota
and & large area in Canada. It was formed when the glaciers, coming dowm
from the north, formed a dam across the outlet of the valley of this north
flowing river, and formed a great shallow lake with an area greater than the
combined area of all five of the present Great Lakes. The level of this
lake rose until it ran over the divide between its watershed and that of the
Minnesota River. The outflow of the lake then flowed down what is now the

valley of the Minnesota River to the Mississippi River at St. Paul. Near
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the end of the glacial epoch the glacier retreated northward sufficiently to
allow the water impounded in the lake to escape northward, draining the lake,
the bottom of which had been covered with fine sediment brought in and depos-
ited in the lake. As the lake water receded, a stream to carry the runoff of
the watershed 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 exiqting in the
stream was sufficient to carry away material from the stream bed. It there-
fore started to deepen its course, forming what amounts to incised (intrenched
or entrenched) meanders in the fine material of the old lake bottom forming a
deep groove in a very flat plain. The tributary streams where they flow
through the old leke bed are similar 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 not rapidly widen or change its

poaition, causing cutoffs.

The Illinois River (No. 1k2)

The following paragraphs contain some facts not brought out in the
previous discussion of the Illinois River. This stream, like the Upper
Mississippi below St. Paul, is composed of many sloughs, lakes and islands,
but for most of its length seems to have a fairly well defined main channel.
The refilling process here is probably further developed than the Middle
Mississippl, since a longer time has probably elapsed since it served as an
outlet for water from the glaciers. The main channel is quite straight and
stable and there is little if any bank cutting. The slope is very low; in the

lower 261 miles of its length it is about 0.172 feet per mile. Another
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unusual condition on this stream has been reported by Rubey*. Mr. Rubey
states, "The current as marked by the main channel on the deepest part of the
Illitois River has the almost unique characferistic of flowing, not like most
streams against the outside, but close against the inside of the curves in the
river's course. The channei of the Illinois River is proportionately much
deeper than any of the other rivers of the region." It is believed that the
unusual phenomenon of the current following the inside of the bends in this
very low slope river may furnish a valuable clue in the search for the ex-
planation of meandering.

A channel in which there is a great thickness of sediment between the
river bottom and the bedrock exists at the lower end of the Illinois River.
It is probably related to the fact that this section of the Illinois occupies
the site of a part of the Teays River®*, which was the ancestor of the Ohio
River. It started in North Carolina, crossed Virginia, Ohio and Indiana to
Central Illinois where it was joined by its principal tributary, the Upper
Mississippi, which had a somewhat different location than at present, and
flowed into the Gulf of Mexico which then reached to near St. Louis, Missouri.
Parts of this stream survive as parts of the New and Kanawha Rivers, a very
short section of the Ohio River and the lower end of the Illinois, but all
that part of it in Ohio and Indiana has been filled with glacial debris.

The channel of this extinct stream has been located principally from the

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

*  Geology and Mineral Resources of Hardin and Brussels Quadrangles
(in Illinois) W. W. Ribey. U. S. Geological Survey Professional Paper

218, p. 129.

** Janssen, R. E. 1952. The History of a River, Scientific American,
Vol. 186, June 1952, pp. T4-80.
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other places, it can be traced on alrplene photographs.

If a detailed, thorough study of this river is undertaken, an investiga-
tion should be made to determine what effect, if any, the earth tilting which
is now going on in the Great Lakes region may have had on the slope of the
stream. The existence of such & 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 gauges
which is taking ?lace, ag indicated by the continuous readings of the lake

level on these gauges.

The Wabash River (No. 84)

Another gravel stream for which data are available is the Wabash River
in Indiena and Illinois. This is an unusual stream in having a very uniform
slope over a considerable part of its course. This stream served as an outlet
Tor the gi=mcial lmkes which were located at different times at what is now the
western end of Lake Erie, but these lakes 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 Wabash passed through are thus the
same as the Upper Mississippi 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 Wabash (79-84) is formed of sand and gravel and the sides are
of a resistant, coheésive material. As a result the channel is very stable
except at a few places where islands tend to form. Under the present condi-
tions it may be a refilling stream. Between Terre Haute, Indiana and the

mouth of this stream there are a number of bends which are cutting the banks
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and threatening to cut-off, or have been cut-off artificially. It is believed
that the material in the lower end of this stream is sand, and these meander-
ing sections are, therefore, classified with the other meandering sand

streams.

Lower Yangtze River, China (No. 67)

The lower Yangtze River, extending from the ocean to Hankow, is an unus-
ual river because of its flat slope and great discharge. It shifts its
channel to some extent although its movement is somewhat restrained by numer-
ous rock out-crops. In some places there are bends resembling meanders, but
the stream shifts very slowly and it is not a meandering river as is the Lower
Mississippi. The bed is of fine sane and the banks are probably largely of
silt and clay. The writer believes that the low slope is due to the rising
of the sea level and the low sand load of the stream. A large part of the
sediment from the Middle Yangtze and three of its four principal tributaries
is stopped by Tungting and Pao Yang lakes, and the remaining sediment load
has not been large enough to form deposits in 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 lakes have been formed because the sediment load of the trib-
utaries in whose valley they were formed was insufficient to fill their
valleys as fast as the Yangtze raised its bed, as the sea level rose during
the latter part of the last glacial period as a result of the melting of the

glaclers.

The St. Clair River (No. 1k3)

This stream connects Lake Huron with lake St. Clair, which in turn,

connects with Lake Erie through the Detroit River. At its lower end it forms
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what is probably & delta in Lake 8t. Clair, depositing here the sand which it
brings down from the wearing away of the beaches on the east side o;.the
southern end of lake Huron, and which i8 carried into the river at its upper
end by littoral currents. The upper end of the stream runs through a dense
clay deposit in a very straight channel with almost no shiftipg. Near the
lower end, in the delta section, the river dividcs and the streams have a
meandering pattern. The water is clear and the sediment load is probably far
less than the stream would carry if it were supplied with as much as it could
carry. Slope date 1s available only in the upper, straight section. The
rivér 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 a low slope and a 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 meléing of glacial ice since the
glacial epoch. The composition of the bed sand is said to be very similar to

that in the Missourl River.

The Yellow River in China (116-117)

This stream carries probably the heaviest sediment concentration of any
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 meendering stream. It carries a very heavy sediment load, at times
reaching a concentration of about 50 per cent. The lower section is much
narrover and hes a lower slope than the upper section. It has a gently sinu-
ous alignment, but does not cut its banks as actively as does the Mississippi.
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 breeks its levees in large floods. Near the upper end of the lower
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 their beds (which are composed of very fine sand and silt), and

are therefore not in equilibrium.

Maxinkuckee Leke Outlet

The outlet of a small lake of unknown name which 18 just downstream from
Lake Maxinkuckee in northern Indiana, is extremely sinuous. The bends are
believed to be of the letter S type similar to the former famous Greenville
bends on the lLower Mississippi. The inflow into Lake Maxinkuckee is said 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 a spring fed lake, it has a relatively constant flow and carries
very little, if any, sediment load.. It therefore indicates that this type
of meenders may form in a stream with a practically constant flow of clear
water, a fact which may have a bearing in developing the reason for the
formation of meanders, since it has been claimed that variable flow and

sediment movement are causes of meandering.
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Appendix II
THE CONCEPT OF TRACTIVE FORCE OR SHEAR

APPLIED TO THE FORM OF STREAM CHANNELS

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 satisfac-
torily expleain many phenomena. In recent years hydraulic engineers have been
using more widely the concept of shear or tractive force to explain many
phenomene, and have found it to give a 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 1o be extensively used principally in the field of fluid mechan-
ics, but to some extent in river engineering. It has been found to be partic-
ularly valuable in studying the laws of the movement of sediment by flowing
water and the writer believes that 1t offers a means of better insight into
the causes of the shapes of many channels. Because this concept of shear or
tractive force is unfamiiifar to many sngineers and geologists, and is 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
engineers and geologists who are not acquainted with it may acquire a very
useful tool for their work.

When one starts to coast down a hill on a bicycle or in an automobile,
his speed gradually increases until (if the slope of the hill is uniform) he
reaches a nearly constant speed, beyond which no appreciable change of veloc-
ity occurs, no matter how long the hill is, This constant speed is reached

vhen the resistance to the motion of the bicycle or auto from the air or the

#  The Rhone and Streams with movable Beds, Anals des Ponts et Chaussees
Tome XVIII, 1879.
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ground, or from the friction of the internsl moving machinery, becomes equal
to the force which causes the bicycle or automobile to move down the hill.
This latter force is due to the force of gravity and is equal to the weight
of the moving body times the sine of the angle of slope of the hill. If
there were no resistance to the movement of the bicycle or automobile, 1t
would continue to speed up indefinitely.

Similarly, when water at rest starts to flow down a channel of uniform
slope and cross section, it increases in speed until it reaches a velocity
at wvhich the resistance to its motion is equal to the force causing it to
move, and after this point is reached, no further increase in velocity of the
water occurs as it moves on down the channel. When this condition of uniform
motion is reached, both the force causing motion and the resistance to motion
of the water down the channel, i1s equal to the weight of the water times the
sine of the angle of slope of the channel. This resistance to the motion of
the water is in the form of a force which the alr above the channel and the
sides and bottom of the channel exert on the moving water. The air resistance
force however is so small in comparison to the bed and bank resisting force
that the air resistance usually can be ignored. In practically all natural
channels therefore, except where the water is speeding up or slowing down,
the force that the banks and bed exerts on the water is practically equal to
the weight of the water times the sine of the slope of the stream. Unless the
slopé is very large 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 travel along the channel. According to one of Newton's fundamental
laws of motion, when the bank and bed exerts a force on the water retarding

its motion, the water must exert an equal force on the banks and bed, but
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in the opposite direction. The banks and bed exert a force on the moving
water in the direction opposite to that of its movement, and the water exerts
on the banks and bed an equal force in the direction 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 referred to as the shear.

In a section of channel with constant shape and slope in which thé water
is flowing at & uniform velocity, let us consider the water between two verti-
cal planes at right angles to the direction of the channel and a unit length
apart. The weight of the water between the planes 1s equal to the area of
cross section of the water in the channel times the unit welght of the water,
and this weight, times the slope of the channel is equal to the force which
the banks and bed exert on the flowing water in a direction opposite to that
of the flow. It is also equal to the tractive force or shear vwhich 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 parts
where the velocity is higher. The average tractive force per unit area which"
the water exerts on the banks and bed between the two planes, is equal to the
total tractive force due to the water between the two planes, divided by the
area of the bed and banks between the planes, with which the water is in
contact. Since the planes are one unit distance apart,” the average tractive
force is numerically equal to the total tractive force divided by the length
of the strip of unit width on which the water is in contact with the bed and
banks. This length is calléd the wetted perimeter of the cross section of the
stream. In a section which is very wide, the wetted perimeter is very close
to being the seme as the width, and the average tractive fqrce per unit area
on the bottom and banks is practically numerically equal to the total tractive

force divided by the channel width.
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Consider next, the case of uniform flow in an infinitely wide channel of
constant slope. The volume of water in a prism betvaén the two vertical planes
a unit distance apart across the channel and also between two other vertical
planes a unit distance apart, at right angles to the other planes, or in the
direction of the channel, forms a vertical rectangular prism one square unit
in cross sectional area. Then the tractive force exerted by this water on the
bottom will be equal to the weight of the water in this prism times the slope
of the channel. Since the prism has a cross section of one unit area, its
volume is numerically equal to the depth of the flow, and its weight is numer-
ically equal to this depth multiplied by the weight of water per unit of
volume. The tractive force which it exerts on the bottom is therefore the
depth of the water, times the unit weight of the water, times the slope of the
channel. Since the area of contact of this prism with the bottom is one unit
of area, the intensity of this tractive force or shear per unit of area is
equal to the product of the depth of water and the unit weight of water and
the slope of the channel. Studies to develop the best method for the design
of artificial channels through erodible materials have shown that the tractive
force is the best criterion for analyzing this problem, and it is believed
that it will also be found to be an equally useful tool in the analysis of
natural stream channels. The concept of tractive force or shear is widely

used in solving many other hydraulic and fluid mechanics problems.
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