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SYNOPSIS FOOTHILLS mma ROOM

This paper presents the initial results of a
,( study of alluvial channels currently being conducted
he U. S. Geological Survey at Colorado State University.

talled classification of the regimes of flow, the forus

'kd rougimess, and the basic concepts pertaining to

|

stance to flow are discussed,

INTRODUCTION

The problem of defining roughness in alluvial
anhels dates back several centuries. The solution of this
Hei, at least the complete solution, has thus far eluded
The principle reasons why only limited answers which
ome cases are of questionable value, have been developsed
hat the scope of the problem is broad and the multitude
mriables influencing resistsnce to flow in alluvial

nels is great. Alluvial channels are more complex than
14 channels because the form of the bed is a function of
flow. That is, not only do the alluvial channel rough-
| elements resist the flow, but they in turn are shaped

he flow. Thus far, most scientists working in this

Pregsented at the New York ASCE Conventlon, October, 1958.

Hydraulic Engineer, U. 8. Geological Survey, Fort Collins,
Colorado.
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field have been limited by time, facilities, instrumentation

needs, and funds. As a result only small parts of the com=

It 1s cof interest to note, however, that sufficlent isolated
groups of data have been cecllected and are being collected so
that ultimately i1t should be possible to combine ideas and
data resulting from these separate efforts to determine a
general solution superior to any obtalned thus far.
The Importance of Roughness
in Alluvlial Channels
The importance of accurately describlng resistance
to flow or roughness in alluvial channels becomes immedietely
apparent when it is realized that the accurate evaluatlon
of channel roughness 1s essential to the solution of all
problems associated either directly or indirectly with
water flowlng in alluvial material. Citing examples, a
more precise knowledge of channel roughness would asslst
materially in the design of stable channels, and sultable
design slopes could be accurately determined consistent
with existing conditions. Furthnermore, an understanding'of
the behavior and control of rlvers and river systems could
be developed. That is, the influence of imposing changes

such as cut-offs, increasing or decreasing the sediment load,

A
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ontractions at bridges, and changing the characteristics

f the sediment load could be predicted with greater pre-

islicn.

In the design of structures which are influenced

y alluvial streams, or which influence the behavior of
1luvial streams, an improved knowledge of channel rough-

ess 1s practically a necessity. Here the applicabllity

or lack thereof) of model study data to the prototype for
lood routing, scour problems, backwater curve computatl ons
nd similar problems depends to a large extent on how
ccurately chennel roughness can be estimated.

The accuracy with which discharge can be determined
s & function of the accuracy with which channel roughness

an be evaluated. HResistance to flow in alluvial channels
aries between wide limits with discharge, temperature and
ize of bed material, and with the magnitude and type 6f
ediment load. As & result, a change in discharge may occcur
ithout a corresponding change in stage. In addition, the
ccuracy that can be attained in estimating flood flows by

y method whatsoever, excluding d rect measurement; is
rectly relsted to the precision with which roughness can

e evaluated. The accuracy with which floods can be measured

8 dlrectly related to the cost of flood control structures,

ridges and soll conservation methodse.

COLURADO STATE Uiiv. Libia. .-
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These foregoing examples as well as many others
such as the influence of roughness on sediment transport,
flow problems involving multiple roughness -- all serve to
illustrate the need to study and improve the limited knowledge
of how and why channel roughness varies and how to evaluate

its magnitude for any gilven set of conditions.

Research Program

A U, S. Geological Survey research project was
organi zed at Colorado State University in September 1956
to study the mechanics of water and sediment movement in
alluvial channels. This being an extremely broad and com-
plex field of study, it was further decided to consider
only one aspeet of the total problem at a time in order to
minimize the diffusion of effort. The initial objective of
this program was the evaluation of bed roughness in alluvial
channels -- a subject of paramount importance as already
stated., This objective was further subdivided into a lab-
oratory phase to be followed later by a field phase.

This study is a part of the research program of
the Water Rescurces Division of the U. S. Geologlcal Survey.
An advisory council consisting of P. C. Benedict, Chief of
Research, QW Branch, Washington, D. C., and R. W. Carter,
Chief of Research, SW Branch, Washington, D. C., assist
with planning the program and review the results of the

research.
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The laboratory study of roughness in alluvial

chammels is being conducted in a recirculating laboratory

flume with a sand bede. The flume 1is described in the section,

Experimental Equipment and Proceduree.

The investigational program thus far conducted in

the fiume has involved:

1, Modification of the pumping system to meet

the needs of the program,.

2 Development of speclal technigues applicable

to the reasurement of the independent variable s.

de Selection and placement of a sultable sand

to a depth of about 0.7 ft on the bed of

the laboratory flume.

4., Collection of data to obtain the following

information for the sequence of runs thus

far completed:

8o
be
Ce
de
e
f.
g
he
i.

Discharge

Velocity

Velocity distribution in the vertical
Slope

Temperature

Depth

Bed roughness

Total sediment load

Photographs
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5., Collection of data with fine sediment (100
percent passing the 200 mesh sieve) added to
the flow to assist in the evaluation of the
influence of very fine sediment on channel
roughness and sediment transport (Simons
and Richardson, 1959).

6« Currently another sequence of runs are beling
completed using a sard which has a median
diameter 4 of 0.28 mm and a standard
deviation ¢ of 1.8. Data from these runs

are not utilized in this report.

TEEORY OF FLOW IN ALLUVIAL CHANNELS

An analysis of flow in alluvial chammels 1is
extremely complex because of the many varliables involved
and the difficulty of measuring them. In the U. S. Geoclogical
Survey circular by Simons, Richardson, and Albertson (1959)
a thorough discussion of the pertinent variables and important
dimensionless parameters related to resistance to flow in
alluvial channels was presented utilizing the principle of

dimensional analysis.

Dimensional Analysis
The equation relating the selected dependeht

variable D and the independent variables states that
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depth o flow

channel width

shape factor of the cross sectlion
channel

shape factor of the reach

average veloclty of the flow
slope of energy gradient

mags density of the liquid
dynamic viscosity of the liquid

difference between the specific

welght of the ligquid and sair

cf is the concentration of fine sediment in

the liquid which has occasionally been

referred to by others as wash load

da is the median diameter of bed materisal

w 1s the representative fall velocity of

the bed msterial



0  1s the standerd deviation of the bed
material ‘
AYs 1is the difference between the specific
welght of the sediment and the liquid
Using D, V *and P as the repeating variables and spplying

the Pi-thsorem.

V2 V2
B sfc, str, 5,Y92 AvD, c,, L, % &, A%D) =
b A1 AL DV s

(2)

The parameters lnvolving AL and AY are the

Reynolds number Re and the Froude number Fr respectively.

Since j%f e« g for flow of water in open channels the

Froude number can be expressed in the form

.
-
i
O<||<
)

The last term in eg 2 1s modified to a drag coefllcient
CD for the particles by multiplying this parameter by

D/d and (w/V)2 and taking it to the minus-one power.



That is,

Eq 2 can now be rewritten as

3 4 w .
¢2(—)Sfci Sfr) S} Re} Fr) Cf 3 D 9 V ? o-, CD) O

This equation can be simplified by noting that:

1 - The width depth ratio is a term which is
probably of secondary importance provided
B/D > 5. When B/D <5 the effect of
side walls may be apprecisble.

2 - The relative standard deviation o of the
size distribution of the bed material
undoubtedly influsnces flow under certain
conditions which must ultimately be
determined. However, at this stage of

the investigation, since only one sand has

(5)
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been used, o may be eliminated.

3 - The shape factors for the chamnel sfa
and sfr may be eliminated since the
bed is completely alluv1a1,>the cross
section is uniformmly rectangular except
for variation due to bed roughness, and
the channel is stralight.

Utilizing these simplifications, eq & reduces to

03 (S, Re,Fr, G, S, % )= 0

<|s

The parsmeters in eq 4 can be modified to other
forme in the same manner that the last term in eq 2 was

modified to a drag coefrlieient Cp.

EXPERIMENTAL EQUIPMENT AND PROCEDURE

The establisiment of relationships which exist
between the resistance to flow in an alluvial channel and
the characteristics of the flow and the sediment requires

laboratory experiments in which:

(4)
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Uniform steady flow exists. This is only
possible in a statistical sense for with a
rough movable boundary the velocity is
changing both in magnitude and in dlrectlion
with time and distance. Howsever, just as
turbulent flow, with velocity fluctuations,
may be considered steady and uniform 1in a
statistical sense so may flow in alluvial
channels. Similarly in terms of scour, the
sum of the depositional forces must balance
the sum of the aggrading forces. This also
1s only possible in a statistical sense as
the bed at a cross seotlon 1s continually
changing form and the total load fluctuates
with time. However, considering a long time
average, nelther the bed nor the load is
changing with time. Possibly equilibrium
flow 1s & more sultable term than steady
uniform flow.

The variables which describe the f1l ow and
sediment characteristics must be measured
accurately. The interval of time required

to measure precisely a given variable depends
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upon the variable lnvolved and how it varies
with time. To illustrate, a sediment sample
should be collected over a relatively long
interval of time in order to average its
variation with time. Conversely, the polnt
velocities in a vertical should be measured
quickly before the bed conditlon, and con-
sequently, the form of the veloclty profile
has had an opportunity to change appreciably.

In addition, the scope of the investigation must
simulate the conditions found in nature. That is:

1. Various sizes and gradations of bed material
which are found in the field must be used,
subject to the limitations of the flume.

2. Slope, depth, and water discharge must be
varied enough to cover an adequate range of
field conditions.

3 The effect of temperature variation must be
investigated.

Thus far, forty-five runs have been completed
using one size of bed material with slope, depth, and water
dlscharge varied from run to run. The slope was varied
from 0,00014 to 0.01 ft/ft, the dlscharge was varied from

2 to 21 efs and the flow conditions ranged from no sediment



movenent to antidune flow. This 1s, to our knowledge, the
first set of data, excluding Gilbert's (1914) wnich covers

this broad range of flow conditions.

The Flume

The runs were made in a tilting recriculating flume
150 £t long, 8 ft wide, and 2 f{ deep as shown in fig. 1.
The flume 1s of wood construction resting on steel I-beams.
The slope of the flume was cheanged and adjusted by mechanical
jacks placed every 10 ft along the flume. Any slope can Dbe
set between the 1limits of O to 0.013 ft/ft. The flume is
constructed so that the water-sediment nmixture which leaves
the flume is returned to the flume entrance by centrifugal
punps. This proccdure of recirculating the water-sediment
mixture alds 1in obtaining equilibrium conditlons, and in
simulating conditions in an infilnitely long channel, because
the sediment load and size distribution are varied by the

flow -- rather than by mechanical traps and shakers.

Alluvial Bed Material
The flume was filled to a depth of 0.7 £t with a
natural river sand. This sand was obtained from a commercial
sand and gravel company located on the Cache La Poudre River.
Although this sand was supposedly free of particles larger
than 1/4-in., a few particles of this size were observed

aithough they were seldom sampled. The sand, principally
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quartz and feldspar, also contained a small amount of mica.
Thﬂ micaceous particles have a large sieve dlameter but

small fall diameter. That is, they have a émaller settling
velocity than a sand particle of the same sieve dlametsar.

The median fall diameter of the bed material is 0.45 mm
based on sample analyses by the visual accumulation apparatus
methhods The size distribution curve for the bed materisl is
given in fig. <.

The size analyses of the bed material and sedimert
load were made using the visual accumulation apparatus cited
in the foregolng paragraphe. It was developed by the Inter=-
Agency Sediment Project at Minneapolis, Minnesota. The
theory and application of this apparatus were presented in

detail by Colby (1956)}.

General Procedure

The general procedufe followed for each run in-
volved reclrculating a gilven discharge of the water-sediment
mixture in the flume at a given slope until equilibrium
conditions were established.

Slope selection was accomplished in a general
sense. In any flow system where diachgrge, depth and ¢l ope
can be varied, only two of the three variables can be con-
sidered as independent. In a natural stream the discharge

and slope are normally independent with depth dependent.
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In the flume the discharge was independent, slope waé in=-
dependent within limits, and depth was dependent. The slope
was preset at the beginning of a run by'adjusting the tail
gate. Such adjustment indirectly influences the depth as
a dependent variable. Generally, and especlally at the
flatter slopes (0.0014 to 0.006), the slope of the water
surface was adjusted parallel with the bed. With the
devel opment of bed conficuration, the slope and deprth ad-
justed to the new condition of bed roughness. Thus, for
these experiments the slope and depth are a function of
Q@ and the roughness which develops for that regime of
flowe The non-uniformity of flow caused by a change in bed
rcughness was eliminated by continuing the run untll the
bed slope and the slope of the water surface again became
parallel to each other by natural adjustment of the sand
bed.

In the trangquil flow regime the mechanics of
establishing the deslred slope at the beginning of each
run was to set rirst an M1 backwater curve, and then
alternately adjust the tail gate and measure the water
surface slope untlil the water surface is gresdually adjusted
to the desired slope. For the flatter slopes, (0.00014 to
0.0006) the bed was carefully screeded to the desired slope

before the run. With the steeper slopes since the increased
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sand movement assisted 1n‘obtéin1ng equilibrium conditlons
quickly, the bed was only raked to remove the dunes from

the revious run before starting the new mun. In the rapid
flow regime the slope was changed by altering the bed control
at the lower end of the flume. The resultant movement of

sediment quickly established equilibrium conditions.
Equilibrium flow was considered established if:
1; The same bed configuration was established
for the full length of the flume, exclud-
ing the section influenced by entrance
conditions.
2. The water surface slope remained essentially

constant with respeet to time (3S = 0).
at

The perliod of time requlred to estsblish equilibrium
condltions varled with the slope and the discharge. Some
rans with flat slopes required three and four days to
achieve équilibrium, whereas, at steeper slopes equilibrium
was established in two or three houré. Bvery run involved
continuous flume operation until it was completed. Whether
©or not equilibrium conditiocns are established 1s based on
the measured data and the judgment of the experimenter. To
insure the achievement of equilibrium conditlions most of the
experiments were continued longer than the réquired time as

indicated by measurem nts,
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Data Obtainsd

Water surface slope.--Water surface elevation was measured

every 5 ft along the flume using a precislon level and a
Lory point gage, see fig. 3. As a check on these slope
determinations and to facilitate slope control a U. S.
Geological Survey bubble gage was utilized to continuously
record the difference in elevation of the water surface
over a 100 ft interval. Slopes reccrded by this means were
in excellent agreement with measured slopes.

Discharze.--To obtein the deslred range in discharge two
punps wers used. One 1s a lZ-in. pump with a maximum
discharge capacity of 7.98 cfs and the other is a 15-in.
pump with a maximum discharge capaclty of 13.38 cfs. Care=-
fully-calibrated orifice meters and water-air manometers,
read to the nearest one-hundredth of a foot, were used to
measure the dlscharge.

Water temperature.--Water temperature was measured with a

mercury thermometer to the nearest 0.5° ¢ each time dis-
charge was determined.
Depthe.--Depth was determined:
1.~ By subtracting the actual mean bed elevatlon
from the mean water surface elevation.
2 = By subtracting the bed elevatlion of a plane
screeded reach of channel from the mean water

surface elevation corresponding to the reach.
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3 - By dividing the mean water-sedlment dis-
charge by the average veloclty of the flow
as determined from veloclity profiles.

4 - By utilizing a sonic depth sounder to
measure the distance to the alluvial bed
from a fixed distance below the water
surface.

The depths as determined by these methods are in good
agreement. ‘

Mean velocity.--The mean veloclty was computed from:

1 - The velocity profiles, and
2 = The continuity principle using the depth
as computed by methods 1 or 2.

Veloclty profiles.-=-Velocity profiles were obtained by

measuring point velocitles in the selected verticals with

a calibrated pitot tube using a water-air manometer.

Bed materlal.--Several sauples of bed material were collected
each rﬁn. The size distribution of each sample of bed
meterial was determined using the visual accumulation tube
(VA tube). The VA tube (Colby 1956) determines the fall
diameters,

Total sediment load.--Total sedliment load was determined

periodlcally after equilibrium conditicns were established,
by using a width-depth integrating total load sampler of
speclal design. A sample of the water-sediment mlixture weligh-
ing from 100 to 160 1lbs was collected 4 or 5 times

during a run. From these samples the concentration and
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size distribution of the total load were determined.

Suspended sediment sanples.-=-Suspended sediment sarples
were’collected at the same cross section as the velocity
proflle data using the DH-48 hand sampler.

Bed confilguration.--The helght and length of the various

forms of bed roughness were measured inlitially by the polnt
gage. Later a sonlc derth sounder was perfected which was
used to meassure bed configuration and rate of bed form
movement.

Standard devlaticr.--The standard deviation o~ of the bed

material and sediment tfor each run was calculsted from the

egquation
o =1 (4 + %4 (5)
‘ & (116 d
in which
d is tne median size

d16 is the size of material for which
16 percent is smaller
dgge 1is the size of the raterlial for which
84 percent is smaller
The basic variablss which were recorded for each
run are glven in Progress Report Nce. 1 by Simons, Richardson

and Albertson (1959).
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OBSERVED FLOW PHENOMENA

The form of bed roughness in alluvial channéls
is a function of the sediment charascteristics and the
characteristics of the flowe. That 1s, the bed configura-
tion may be changed by changing any one of discharge (which
affects the depth), slope, temperature, or the median
diameter or size distribution of the bed material. In the
flume experiments the bed material was not changed and the
slops, temperature, and depth were varied. Under these
conditions the followling forms of bed roughness were
observed.

Tranquil flow regime, Fr< 1

le Plane bed without movement,
2. Ripples,
S Dumnes,
4., Transition from dunes to rapid
flow,
Rapid flow regime, Fr > 1
5. Plane bed and water surface,
6. OStanding waves,
7. Antidunss, A
The major forms of bed roughness are sketched in fig. 4.
Slope and bed material are the dominant paremeters

which determine the form of bed configuration thet will occur.
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Typical ripple pattern

Typical dune pattern

Typical antidune pattern

Fig.4 Major forms of bed roughness




Although, with slope and bed material constant, the form
of the bed may be changed by varying depth (changlng Q)
or changing temperature. However, changing depth or
temperature will not change flow from tranquil to rapid
unless the slope for a given bed materlal is close to the
eritical slope. That is, for a given bed materlal with a
small slope and the dune bed form of roughness it is im-
possible to change to standing waves by changlng depth or
tenperature. Witha given depth and tenperature all bed
forms can be observed by changing slope when using a sand
bed material. This last statement has to be qualified
because with shallow depths three-dimensional flow will
occur and with it multiple bed roughness forms. It is
possible to have a size of bed material which will elim-
inate some of the bed forms regardless of the derth, slope
or water temperature. Fig. 20 in the section Analysis of
data illustrates the effect of temperature, slope, depth,
and size of materisl on the forms of bed roughness.

With a given bed materisl the change from one bed
form to another is not necessarily abrupt. Neither does it
occur at the same slope (depth and temperature held constant)
or the same depth (slope and temperature held constant) if
the change is reversed. That is, the change from ripples

to dunes méy occur at a different slope (depth and temperature
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held constant) than the change from dunes to ripples. This
gradual change and/or hysteresis affect results in a trans-
ition from one bed form to another. This transition is of
major importance when the flow changes from tranquill to
rapid or rapid to tranquil, that is, from dunes to standing
sand waves and water waves or from standing waves to dunes.
The change in flow regime from tranquil to repid or rapid

tp tranqull does occur in many natural rivers. That is, 1f
slope of the energy grade line is close to critical slope

a change 1in stage can cause a change in regime with tranqguil
flow at low stage and rapld flow at high stage. When this
change occurs there is a break in the discharge rating curve
for that stream. Because there 1s a hysteresis in the
transition from rapid to tranquil or tranquil to rapid flow
the stage where the break in the rating curve occurs depends
on whether the stage is rising or falling and also on the
rate of change.

It 1s important to note that the velocity of the
flow in an alluvial channel is not zero at the bed. The
velocity of the water through the bed even though slow is
important, especially when considering seepage force, which
is a force or form drag exerted by the liquid on the sand
gralns within the bed which form the walls of the pore

passages. The magnitude of the seepage force per unit of
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volume of bed material is equal to the hydraullc gradient
of the flow and i1t acts in the direction of flow. When
the magnitude of the seepage force is equal 1in magnitude
and opposite in direction the submerged weight of a unit
volume of bed material (inflow condition) the effective
weight of the bed material tends to zero. Conversely 1f
the seepage farce and submerged welght of bed materilal act
in the same direction (outflow or seepage) the effective
weight of the bed materiasl is increased. Actually depen-
ing upon bed 00uf1gurétion, direction of flow in the bed,
water table conditions and rsgime of flow the direction
of flow in the bed can vary from vertically upward to
vertically downward. The velocity of this flow in the
bed is largest with the dune bed form of roughness since
the porosity of the material is relatively large and
sm;llest in the rapid flow regime where the bed material
is niore ‘closely packed. In the flume, as & result of the
floor, the veloclty of the flow thmugh the bed was probably
smeller than in most natural streams with deep sand beds,
consequently, the seepage force is smaller. In a natural
stream the velocity, in addition to being larger in the
direction of flow, has vertical components of velocity in
the bed resulting from inflow or outflow. This inflow or

outflow which depends on the position of the water table of



o

the surrounding sarea can cause large seepage forces. These
forces may have a conéider&ble effect on the form ofsbed

roughness and transport of sediment.

Tranquil Flow Regime

Plane bed without movement.--The plane bed, with no movement

of bed material, was soft and easily disturbed. The word
plane is used to emphasize that the bed was not hydraulically
smooth. That 1s, for a hydraulically smooth rigid bed the
magnitude of d/'é' (the ratio of median diameter of bed
material to the thickness of the laminar sublayer) must be
such that 4/ '<0.25. The minimum &/ ! for the flume

runs was 0.40. Obviously it 1s possible to cbtein a hy=-
draulically smooth boundary without bed movement by decreasing
the slops or the depth. However, obtaining a smooth bed or

a plane bed without sediment movement in itself has 1little
practical slignificance. The important factor to consider

is at what point will movement of bed material begin when

the slope or depth or both are increased. .It 1s interesting
to note that the point where movement begins, with this bed
material, is not the point where the transition from the
hydraulicaiiy smooth to the hydraulically rough boundary of
rigid boundary hydraulics occurs. That 1s, the thickness

of the laminar sublayer must be decreased beyond that point

corresponding to the transition before movement begins. It
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must be remembered that the bed material utillized is non-
uniform and computaeions are based on a medlan dlameter
of the material, )
Movement of bed materisl began with & slope of
0.00015 when the depth was increased (by increasing Q)
from 0.61 to 0.71 ft. The /4 ' - value at the begin-

ning of movement of the bed material was between 0.48 and
0.53. The Manning n for the two runs without movemens

was 0.015, and C4/ g varied between 14.0 and 15.0.

When d/& ' approached 0.53 movement of the fine
material began and ripples started to fom. The ripples
formed at the upstream end of the flume and at any small
depression or ridge on the bed and then continued to develop
in a downstream direction below these points of minor dis-
turbance until the bed was covered. As ripples formed on
the bed, the slope and depth in the flume increased from
0.00015 and 0.71 to 0.00023 and 0.80 respectively. The
Manning n increased from 0.015 to 0.022 and C/~/ g
decreased from 15.0 to 10.3.

The change from a plane bed, with no sediment
movement, to ripples occurred at a definite depth (slope
and temperature held constant). As stated in the preceding
section the change occurred when the depth was changed from

0.61 to 0.71 £t with a constant slope of 0.,00015. With the
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bed material utilized, ripples started to fom whsn’move-
ment began. Other investigators have reported movement
with a plane bed without the formation of ripples. Whether
this movement without ripples is a physical fact or the
result of the experlmental procedure and equipment is un-
kncwn. For example, movement without ripples may result
from using a sorted bed material whereas this bed material
is unsorted.

Changing from ripples to the plane bed by alter-
ing flow condltions is a physicsl impossibllity unless
movement of sediment occurs without the formation of ripples.
By chaning depthvanq/or slope it is posaible to stop the
movement of sediment. However, the ripples stlill exist
although they may not be as angular in Iorm as when sediment .
is moving. If 4/ ¢' 1s a criteria of the change from plane
bed to ripples or ripples to plane bed 4/ ¢! must be reduced
o less than 0.48 to stop movement of sediment with a ripple
bed configuration.

Ripples.-=The form of the ripples is iilustrated graphically
in fig. 4, and a photograph of typlical ripple formation 1s
shown in fige. 5. The height of the ripples was less than
0.10 ft and their longitudinal spacing less than 2.0 ft.
Thelr length-height ratio L/h varied from 10 to 20. The

ratio of depth of flow to ripple height ranged from 4 to 24



Manning n ranged from 0.019 to 0.027, and C/+/ g ranged
from 7.8 to 12.4. The upper limit of n-values, and the
lower 1limit of C/w/F_-, in general, were associated with
the shallower depthse

There was 1ittle or no suspended sediment move-
ment with the ripple bed form. The water was sufflciently
clear so that the bed was visible at all times. The total
sediment load ranged from 1 ppm to 101 ppm and the sediment
moved in more or le ss continuous contact with the bed, roll-
ing up over the crest of the ripples and coming to rest on
thelr forward slopes The sediment on the rorward slope did
not move again until it was exposed in the upstream part of
the ripple as the ripple migrated downstream. Thus the
movement of the sedlment particles takes place in steps.

The length of the step and time interval between steps depends
on the length of the ripple and ripple velocltye.

With ripples the bed was soft but not as soft as
with dunes. The water surface was very smooth with little
visible difference from the water surface for the plain bed
without sediment movement. The separation zone downstream
from ths crest of the ripple is such thét there was 1little
evidence of jet impingement on the downstream ripple. The
reverse flow in the trough moved only the finest mica particles

and the turbulsnce was small at the interface between the

main current and the separation zone.
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As the slope and/or depth was increased beyond &

certaln 1imit the ripples were modified and the sppearance
of the bed changed. Compars the ripples shown in fig. 5
with the dunes in fig. 6.

The bed changed from the ripple pattern to a
dune pattem when the slope and/or depth were changed such
that d4/8 ' was approximately 1.0. The Froude number was
approximately 0.28. This'change was abrupt and the dunes
established themselves over the full length of the flume in

& matter of hours. To change from dunes to ripples (Q constant)

1%t was necessary to decrease the slope and/br increase depth
from those values at which ripples changed to dunes. With
the reduced transport capacity caused by the change in slope
and/or depth considerable time is required for the flow to
conpletely convert & dune configuration to ripples. However,
ripples superpose themselves on the dunes in short order.
Qgggg.--The‘graphical form of the dunes is illustrated in
fige 4 and a photograph of typical dunes is shown in fig. 6.
In the sequence of runs completed, dunes ranged in average
height from 0.15 to 0.52 ft and in length from 4.0 to 7.5 ft.
The length to height ratio L/h varied from 14 to 28. The
ratio of depth of flow to dune height D/h ranged from 15

to 5. Froude number varied from 0.38 to 0.60 with 0.60

fixing the upper 1imit of the unmodified dune bed form.




Fig. 5. View of ripple configuration, looking upstream.
Water-surface slope S = 0,000403 (run 9)

Fig. 6. View of dune configuration,

looking upstream,
Water-surface slope & = 0.00289 (run 24).



Mennings n varied from 0,018 to 0.033, although, from
observing the bed much la rger velues of Manning n would

be expected, see fig. 6. The reason for these smaller n
values is that with this large a flume, as with a natural
stream, the dunes form in a pattern that allows part of the
flow to sideslip or bypass the dune. This sideslippage or
meandering of the flow around the dunes is very obvlous when
e smaller discharge is run over a dune bed formed by a larger
discharge.

Dunes move downstream as a result of sedimeht
toppling over the crest and accumulating on the downstream
face of the dune. The larger the amplitude h of the dune
the more sediment 1s stored in the dune and the smaller
the dune velocity for a constant transport rate. Consider-
ing a particular run, dunes with & low amplitude with their
higher velocities overtake the larger dunes. This results
in a much larger dune and decreases the dune velocity.
Velocity of the dunes varied from 0,03 to 0.70 £t per minute.
The larger dune velocities were assoclated with the steeper
slopes and shallower depths. Conversely, the larger dunes
were associated with flatter slopes and deeper depths.
Knowing the average amplitude and velocity of ripples and
dunes the bed loed transport can be computed. This problem
is treated 1In Progress Report No. 2, Simons and Richardson
(1959). | |
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The L/h-ratios for dunes asnd ripples are similar.
The ratios vary from 10 to 24 for ripples and 14 to 28 for
dunes. This indicates that there i1s a correlation between
dune height and dune length for a given sediment. That 1is,
if the amplitude of the dune or ripple increases with change
in slope or depth the length also increases. The variation
in the L/h ratios umay be the result of the randomness of
the dune configuration =-- making it difficult to obtain
true average length or height. Some of the variation in
L/h may result from including the sepsration zone in measured
loengths of the dunes. That is, the true length of the dune
may extend from the end of the separation zone to the down-
stream crest. The measured length as used, however, was
from crest to crest. The magnitude of the separation zone
increases as slope increases until the transition region is
reached.

The ratio of depth of flow to dune height or relative
roughness D/h 1s different for riprles than for dunes.
Ripples have a larger D/h ratio than dunes. This paremeter
may help explain why the n values are smaller for ripples
than for dunes. Also with the ripple and dune bed forms,
the larger n velues cccurred with the smaller D/h values.

| It appears from the flume data that maximum dune
height, with two-dimensional flow, 1s limited by the depth
of flow. That is, the dune will only grow until its crest
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1s within a certain relatlive distance from ths water
surface unless three-dimensional flow exists. Also with

8 gilven slope and a continuous increase in depth the dune
helght may reach some maximum value for that size of sedi-
ment and water temperature, and increasing the depth beyond
this 1limiting depth will not increase the dune height. If
this is true, then to predict accurately the resistance to
flow in an alluvial channel the point where dune height
becomes independent of depth must be determined. This point
may be a function of the width of the channsl. If dune
heignht becomes independent of depth the n values mey de-
creass with stage. That is, h/D the relative roughness
will decrease.

With dunes the bed is very soft and fluid and there
1s considerable segregation of the bed materisl. The up-
stream slope and crest of the dune, which has a negative slope
of approximately 2 to 4 degreses, consist of the fine and coarse
material moving downstream. This slope of the upstream face
wes practically the same as that for the upstream face of
the ripples. On the upstream face of the dune, at the lower
slopes, ripples formed. At the larger slopes these ripples
on the dune wers not apparent. The downstream face, which
haes a positive slope between 31 and 39 degrees, consists of the

coarser fraction of the bed material. This coarser fraction
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is the material which could not be swept into suspenslon at
the crest but toppled over the crest and avalanched down
the fore slope. It is this avalanching which results in

the soft nature of a dune bed. The material is deposited

by the force of gravity and has relatively large volds. If
it hed béen deposited by the dynamic force of the fluid 1t
would be packed into place, with relstively small volds ratio.
Bagnold (1941, p. 238-240) observed and explained the same
phenomena with wind blown dunes. The trough of the dune
conteins a layer 1/8 to 2 inches thick of the fine material
from the bed. Part of the fines in the trough came from
the sediment which was swept from the crest and part came
from the lower part of the upstream faée of the downstream
dune where the main current which overrides the separation
zone lmplnges on the bed, see fig. 4. As the water surface
slope was increased within the dune form of bed roughness
the toe of the downstream dune was more actively blasted
and eateﬁ away by the high velocity water impinging on it.
This is & source of additional fine materiasl which is de-
posited in the trough by the reverse flow in the separation
zone. Velocitles as high as 1.3 ft/sec in the upstream
direction were measured in the separation zone.

The slope of the downstream face of the dune, which

varied from 31 to 39 degrees with an average of 34 degrees,
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was clearly defined by lines formed by the dark colored mica
particles as the dune moved downstream, fig. 4. The angle
of repose in air forldry non-cohesive sand 1 mm in dlame fer
(the bed material in the flume was 95 percent finer than

1 mm) varies from 29 to 32 degrees depending on angularity
of the particles, (Simons, 1957). That is, well rcunded

1l mm particles have an angle of repose of 29 degrees and
very angular particles 32 degrees. It is probable that the
angle of the forward face of the dune is increased above
that for angle of repose of dry sand in air as a result of
the increase in pressure in the separation zone on the fore
plain of the dune and the reverse flow in the trough moving
up the face of the dune. This is verified by the fact that
as the veloclity of flow 1s reduced to zero in the flume the
face of the crest of the dune slumps reducing its angle of
inclination.

With the dune bed form of raighness the water
surface 1s uneven and turbulent. Over the crest of the dune
the water surface is lower than cver the troughe. Tnis is
the result of the acceleration and deceleration of the flow
a3 1t contracts over the crest and expands over the trough.
This was illustrated for rigild boundaries by Rouse (1946

Ppo. 135 and 139). The degree of roughness (turbulence) of

the water surface increases with incressing bed roughness.
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The roughest water surface occurred where there were large

water surface beoils. These boils stood approximately O.l

of a foot above the surrounding water surface. However,

the roughness of the water surface was not great enough to
affect the determination of the water surface slope, see
fig. 3. The turbulence created at the interface between

the main flow and the flow in the separation zone dissipated
considerablevenergy and normally the disturbance caused by
the interference was visible on the water surfece downstream.

With the dune bed form the suspvended sediment concentration,
the intensity or the turbulence, the relative roughness,

and the velocity of the reverséd flow in the trough increased
with increasing slope. Along with the dures, potholes formed

which have a depth equal to the height of the dunes. These
as well as the dunes csasused bcills oﬁ the water surface which

were evident downstream from the dunes. The potholes and

bolls moved downstream in front c¢f the danes &t the velocity
of the dunes. There were normally from 10 to <0 potholes

and boils evident in the full length of the flume with this

type of bed rcughness. The pothole appeared to develop as

a result of the increased strength of the seccnuary clircu-

lation in the separation zone. Ths combination of the

velocity in the diréction of flow and the secondary circu-

lation causes a vertical circulation slmilar to a wniriwind.
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This rotating motion seours ow additional material at a

point in the separation zone and produces & pothole. The
existence of these potholes is indicated by the formation
of very strong bolls which visibly transport considerable
suspended sedlment upward to the water surface.

The segregation of the material by the fomation
and movement of dunes means that a largs number of bed
material samples must be obtained and analyzed before the
size distributlion can be established with confidence. With
the flume material 60 samples were needed before another
sample would not alter the niedian dlameter a significant
amount. This segregation should have some value, though,
because in the field (Fr < 0.6) it might be possible to
determine the charactsristics of the bed roughness by core
sampling the bed, conditions permitting.

Transition, dunes to rapld flow.--The change from dunes to

rapld flow is complex and the form of the bed roughness is
erratic, With small changes in depth and/or slope the bed
configuration may change from a form typical of dunes to a
form typical of rapid flow or some combination of the two.
The transition occurs when the depth and/or slope are changed

to give a/& ' > 2 and 0.6 < Fr < 1.0.
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There 18 a definite break in the Froude number
when changing from dunes to rapid flow. With dunes the
maximum Froude number was 0,60. Obviously, the minimum
Froude number is 1.0 with rapid flow. Runs with a Froude
number between 0.6 and 1.0 dlsplayed a multiple roughness,
that is, a bed form in between dunes and a plane bed con-
siasting of washed out dunes and sand bars.

It is logical that the vpper limit of the Froude
number, with the dune bed form, is considerably less than
1.0, The change in roughness, and consequently the change
in resistaﬁce to flow and the dissipation of ere rgy, is
large whsn changing from the plane bed or undulating bed
of the rapld flow regime to dunes whereas the change in
energy for changes in the Froude number in the vicinity of
Fr = 1 is small. Thus the velocity and depth, when the
bed form changes, are changed considerably resulting in a
low Froude number. Conversely, the change from dunes to
rapld flow results in smaller loss of energy because of
the reduced roughness, resulting in larger veloclitles,
small depths and Froude number = 1,0.

There is a hysteresis effect in the chAnge of bed
roughness from dunes to rapid flow and back to dunes. The
value of slope and/or depth for the change depends on the
bed configuration prior to the change., If the bed 1is
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covered with dunes a slope of 0.0035 may be required before
rapid flow wl 11l occur and the dune confizsuration is destroyed.
If the bed is plane the slope may be decreased to 0.0028
before the flow will change from rapld to tranquil and dunes
farme. This hysteresis effect may be attributed to the change
in energy with change in flow regime from tranquil to rapid

or rapid to tranquil. That is, a change from potential to
kinetlc energy with change from tranquil to rapld or change
from kinetic to potential energy with a change from rapid
to tranquil. This change in energy results from the large
change 1in roughness associated with the change in flow
regime from tranquil to rapid or rapid to tranqull. Dunes
have n values rahging from 0.018 to 0.032, whereas with
rapld flow the n-values range from 0.010 to 0.015.

The fact that, with thls bed material, a typical
dune pattern did not occur with a Froude number egual teo
or greater than 0.60 is 1mpor£ant, especially, if it holds
true for other bed materials. Runs 40 and 29 had Froude
numbers equal to or slightly greater than 0.60. Thelr bed
form is washed out dunes with rather large L/h values.
The Manning n values were 0,018 and 0,021 respectively,
these are small when compared‘with n values for dunes,
but larger than rapid flow n values. It seems that the
magnitude of Manning n 1ncreases as the percent of the

bed which is coveréd with dunes incrsasese.
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The three other runs (30, 35, 36) with 0.6 < Fpr <
1.0 had long sand bars of small amplitude which were
diagonal to the flow. These bars were 20 to 30 ft in length
with L/h values between 30 and 50.

Runs (29, 30, 35, 36) had distinctly different
types of flow occurring side by side,_see fige 7. This was
probably caused by using discharges Wﬁich were too small
with respect to slope which caused three-dimensionsl flow,
This same phenomena was 2ls80 observed in the antidune range
when the discharge was decreased beyond a given value (run 45).
With three-dimensional flow the n-values ranged from 0,014
to 0.023, whereas the n-values for standing waves i1s approx-
imately 0.012;

Three-dimensional flow probably results hecause
in conducting the experiments, discharge and slope were
controlled, and with the steeper slopes the small discharges
set up conditions favorsble for three-dimensional flow,
Other experimenters may have exéerienced this flow condition
because of the limited discharge capacity of their flume
system and the resultant large width to depth'ratio which
develops as slope 1s increased. With the dune bed form the
smallest discharge was sufficient to insure two-dimensional
flow. Presumably, however, by further décreasing the dis-

charge, three-dimensional flow could also develop.
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Pig. 7. Three~dimensional flow with multiple forms
of bed roughness (run 35).

Fig. 8. View of the plane bed in the rapid flow

regime, looking upstream. Water surface
S = 0.,00366 (run 26).
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Runs 29, 30, 35, and 36 were discounted in analysls

of data because they were three-dimensional.

Rapid Flow Regime
With rapid flow, Pr > 1.0, three forms of sand
bed and water surfaces were observed; plane, standing waves
and entidunes.

Plane bed and plane water surface.--A completely plane bed

wlth plane water surface, over the full length of the flume

was only produced once in the total sequence of runs, see
fig. 8. It was anticipated from existing literature that
this would be the most common type of bed configuration
between dunes and antidunes. Most experimenters have re-
corded a larger number of plane bed runs =-- particularly
when they worked with short flumes. In many of the runs
conducted in this study, there was a plane bed and water
surface for the first 60 to 70 ft of the flume, but beyond
that point standing waves developed. Laursen (1958), in
his experiment using a flume 105 ft long and & ft wide also
reported difficulty in obtaining a plane bed. Based on
recent tests using a fine sand 1t is apparent that whether
or not a plane bed develops is intimately related to size
of bed material. Using fine sénd plane bed runs sare & common
phenomenon and they develop at Fr < 1 in the tranquil

flow regime.
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For the plane bed of fig. 8 the Manning n-value
is extremely small (n = 0.0078), the total sediment load
is large (4580 ppm), the Froude number is 1.6 and the d/g!
value is only 2.1. This Froude number is the next to the
largest recorded even though the slope for this run is not
as great as for the runs in the antidune regime. The sand
bed was very firm.

Standing waves.--The water surface consists of symmetrical

standing waves of small amplitude, fig. 9. The standing
waves form and gradually disappear and unlike antidunes

they had no tendency to break or migrate upstream. The form
of bed roughness observed with standing waves, in the order
of increasing slope, weret

(a) & diagonal dune pattern cross-laced like

a shoe string, see fig. 10,

(b) a plane bed, see fig. 8,

(c) & symmetrical undulating sand wave

similar in form to those observed in the
antidune regime, see fig. 185.

The standing wave formed when Froude number was
approximately 1.0. The standing water waves with the diagonal
cross-laced sand bars shown in fig. 10 formed with this lower
FProude number. The standing wave with plane bed was formed

at a Froude number of about l.l and standing waves with an



Fig. 9. View of standing wave in rapid flow regime
looking downstream. Water-surface slope
S = 0,00364 (run 39).

Fig. 10. View of cross-laced configuration, looking
upstream. Water-surface slope S = 0,00435
(run 27).
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undulating sand wave bed developed when 1.2 < Fr < 1l.5.
The Manning n for standing waves is relatively small,
ranging from 0.012 to 0,015, The water surface waves are
1.5 times as high as the corresponding sand waves. Con-
current measurements of the sand bed waves and the water
surface waves are lllustrated in fig. 15,
Antidunes.-- When the Proude number, computed on the basis
of average velocity and average depth, was greater than
1,3 and d/6 ' was greater than 3.0, antidnngs formed.
Antidunes are defined as a train of symmetrical’
sand waves with a corresponding traln of symme trical water
surface waves which are in phase with each other. Both
trains of waves move upstream and grow in height until they
break, see figs. 11-14, resulting in a cyclical fluctuation
of the water surface waves and the sand waves. The waves
bulld up from a plane bed with & plane water surface. They
grow and nove upstream untll one or two of the waves become
unstable and break as shown in figs, 13 and 14, Nommally,
when one wave breaks other waves break imme dietely there-
after for a distance of one or two waves upstream and 4 or
5 waves downstream. That is, depending on discharge and
slope, from cne to eight waves at a spacing of 1 to 6 ft
usually breek within a short time interval. This chain re=-
action that follows the breaking of the first wave is



Fig. 11. Water surface before antidune wave starts

to bulld up, looking upstream. Water-
surface slope S = 0.00986 (run 42).

Fig. 12. Looking aceross the flow at

san antidune wave
starting to form.



Fig. 13. Antidune wave at point of breaking looking
upstream.

Fig. 14. Antidune wave after breaking (run 42).
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apparently triggered by the action of the first wave which
breaks.

In msking concurrent measurements of the bed and
water surface in the troughs and crests of antidunes, it
was observed that antidunes become unstable and break when
the water surface in the trough of the wave train i1s approx-
Imately the same ele vation as the crest cf the downstream
bed wave, fig. 15. The messurements also lndicated that
the water waves are 1,7 times 1a rger Iin amplitude than the
corresponding sand waves. The total height of the water
surface waves from trough to crest was from 1.0 to 1.5
times the average depth. When the waves started to breék
their heights were about twice the average depth. The break-
ing of the waves 1s very spectacular. There is considerable
turbulence, dissipation of energy and mixing of the flow.
When they break they sound like the surf in the ocean and
there is probably some resemblance in that the ocean wave
(as it climbs the sl oplng beach) also bullds up to an
unstable height before breaking.

The bed when the antidunes are bullding up is very
firm and there 1s no separation betﬁeen the flow and bed.
However, when the antidune breaks the crest of the sand wave
becomes soft and fluid and seems almost to explode. When
the waves break the flow is very turbulent, there is separation,

and consicderable sediment 1s thrown intc suspension. Normally,
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most of the sediment 1oad'is moved as contact load. Total
load concentration is very large ranging from 4240 to 15,000
ppm for these runs. It appears that the movement of the

antldunes upstream results from scour on the downstream slde

of the sand wave and deposition on the upstream side of the
wave -=- consequently, the wave moves upstream.

Except for run 45, which was consldered three-
dimensional, there was only one train of waves in the cross
section. The traln of waves was located off center at
about the left 1/3-point in the cross section. In subsequent
runs, however, two trains of waves symmetrically located 1in
the flume were observed several times. The wave train was
not continucus throughout the entire length of the flume..
That is, a traln of antidunes would bulld up and break in
one 20 to 40 ft length of flume, then repeat in another 20
to 40 ft reach, or they would bulld up and break in two or
three discontinuous lengths of the flume. The building up
and breaking in the different reaches of the flume might be
in phase or out of phase.

The beriod of time it takes for one antldune wave
to bulld up and break, and the number of antldune waves
building up at one time, varied with the slope and the dis-
charge. With run 32 only one train of 6 to € antidune waves

would build up and break at a given time. This trailn of
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waves with a total length of about 40 ft, would perhaps
build up in the lower section, then next in the middle or

uppef sections, and again near the original position.
Normally, sbout two complete cycles occurred every hour --
a cycle includes starting with a plain surface, the bulld-
ing up of waves, the breaking of the waves, and the return
to a plain surface. For other rmins with steeper slopes
there were 3 or 4 reaches in the flume in which the train
of waves built up and broke in phase and cut of phase,
almest continuously.

When the antidunes break a considerable amount of
water 1s stored in the flume. Based on observations at the
glass-walled section of the flume when an antidune breaks
the water in the crest moves upstream, and that water close
to the bed almost ceased to move until the breaking wave
vanishes, then normal flow is restored. At the larger slopes,
run 43, when 3 or 4 series of antidune waves in the train
would build up and break simultaneously water was stored in
the flume to such an extent that the pumps would surge. In
the extreme case, antidune waves would build up and break
in phase with the surging of the pumps. This resulted in
a fluctuating discharge and an increase in antidune activity.

Throughout the full length of the flume so much water was
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stored in the flume as a reéult of antidune action, that

the tall-water level in the téilbox dropped until the

pumps lost thelr prime. To eliminate this degree of surg-

ing of the pumps, the level of the water in the sump was

reised and excess water was continuously added to the sump

to replace that stored in the flume. When the antidunes

were not breaking there was a surplus of water wich was

di scharged through an overflow at the top of the sump.
Storage of water caused by the breaking of the

antidune waves probably explains the surging discharge

observed in alluvial streams with steep slopes. Thast 1s,

the antidunes store and release water in the upper reaches

of the stream in a rendom haphazard msnner, but as the flow

travels downstream this storage and release of storage causes

the antidunes to bresk in a more systematic pattern until

surges develop which cause the antldunes to form and bresk

at regular time intervals. Some field examples of surging

flow are Muddy Creek near Pavillion, Wyoming and Medeno

Creek in the Great Sand Dune National Monument, Colorado.

' Antidune flow with thls bed material, hydraullcally

speaking, is very efficient. That is, the Manning n ranges

from 0,010 to 0.013. Even though the brecaking of the anti-

dune dissipates considerable energy the period of time and
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length of flume that this breaking occuples is small In
comparison with the total time and total flume lengthe

This explains the small n values. It was observed that

as the antidune activity increased with an increase in slope

thet there was a larger dissipation of energy with a decrease

in discharge coefficient C/+/ g and an increase in
Manning n. Surface velocity measurements, obtalined by
timing floats along a centerline of a train of antidune
waves (when they were not breaking) and aldng a nearby
parallel line where the water surface was smooth, showed
ﬁhat the surface velocity was greater in the train of ﬁaves.
The velocity in the trough of the dune is considerably greater
than that in the crest. It is possible that the dunes bfeak
when thé velocity and depth over the crest decrease because
of increasing wave helght until a Froude number less than
1.0 resultse.

The standing wave and the antidune wave may be
compared to the flow regimes of rigid boundary hydraulics
illustrated by Rouse (1946). _The crisscrossed type bed
pattern, fig. 10 which was observed with both standing wave
and antidune flow resembles the shock waves which develop

with rapid flow (Fr >1.0) when considering rigid boundaries.
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ANALYSIS OF DATA

The basic data and the parameters computed there-
from have been utilized to obtain the relationships presented
in this seetion. It should alsc be borne in mind that these
relations excluding fig. 20 are based on only one group of

flume dsta, and that the size and gradation of bed materlal
remained constant except as altered by miscellanecus sort-

ing which mey or may not be of significance. That 1s, d

and O are constant and w varied only because of temperature
changes. The relationships presented in this chapter are
given in a loglcal sequence which can be subdlivided into

four major phases.

1. Relationships of a simple nature which
illustrate the interrelationships that
exist between flow variables, geometric
variables, the form of bed roughness and
the regimes of flow.

2. Relationships of a more complex nature which
illustrate the varlation of the Menning n,
tractive force and total sediment load
concentration,

3. Relationships whnich involve roughness in

alluvial channels,
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4. A plot which utillzes data from both the
laboratory and the fieldrto expand the use-
fulness of the foregolng concepts and to
accentuate the existence of two regimes of
flow and six wmajor forms of bed roughness.

Appreciable insight to the scope covered by the

deta collected and the interrelatlonships existing between
flow and gecmetric variables can be gained by considering

a few sinple dimenslonal plots.

Variation of Veloclity with Depth

The variation of velocity with depth and their
interrelationships with the slx major forms of bed roughness
are given in fig. 16. 1Isoclines of Froude number have been
superposed on the figure to illustrate the wide scope of the
data. Velocities range from those for no movement of bed
material to magnitudes far in excess of the critical velocity.
That is, V varies from 0.65 to 6.2 ft/sec. Note that the
transition roughness_includes those runs which have a bed
roughness somewhers between dunes and roughnesses associated
with rapid flow (washed out dunes or transition). Runs of
this type plot just below The eritical veloclity curve. The
lines dividing the plot into forms of bed roughness are

based on the observed roughness and the Froude number, Fr.
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A similar relation can be plotted relating D
and Q uslng slope and forms of bed roughness as the other
varlables. As 1In the preceding figure, the transition runs
willl plot Jjust below the critical depth curve.

Variation of Total Sediment Load
Concentration with Manning n

Values of Manning n have been computed. The
n~-values range from 0.008 to 0.035. These n-values have
been corrected for side effect in accordance with the
procedure presented by Einstein (1951). The magnitude of
n increases with increasing V untlil the regime of flow
shifts from the tranquil regime to the rapid flow regime
at which point the n's reduce suddenly to approximately
0.012. Undoubtedly, a better relationship of the foregoing
type could be obtained by relating Manning n or some
other measure of channel roughness with suspended sediment
load -- except that with shallow depths it is difficult to
sample suspended sediment load with significant accuracy.
More often than is desirable when taking the suspended
sediment sarmple, a part of the bed material load and in
some cases even a part of a ripple or dune may be inter-
cepted -=- particularly when the velocity is relatively
large.

By relating the concentration Cp and the Manning

n to the regimes of flow these significant conclusions can



be reached:

L.

3o

4,

As the flow is increased and the bed

form changes from a plane (no movement)

to ripples, the Manning n increases from
about n = 0,015 to n = C,025 with no
significant discontinuities.

With dunes a marked increase in Menning n
occurs, 0.020 < n < 0,033, This increase
in n 1s caused by the extreme size of the
dunes at a spacing conducive to maximum
roughness.

In the trensition from tranquil flow to rapid
flow the resistance to flow is also in trans-
ition. It shifts with small change in depth
and slope from large resistance, slightly
smaller than for the dunes, to small resistance
wirich 1s sllghtly larger than for rapid flow.
The value of the reslstance to flow is
dependent on the area of the bed covered by
dunes.

In the rapid flow regime there is a signifi-
cant decrease in Manning n. This extreme
decrease in resistance to {low can be attri-

buted to the change from dunes to symmetrical
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sand waves. Dunes have & large separation
zone with 1arge'form drag, whereas, the
symmetrical sand wave has no separation

zone and only the form drag resulting from
the particle., Possibly some of this decrease
in Manning n can be attributed to the move=-
ment of la rge quantities of sediment as bed

‘load and not entirely to the elimination of

the dunes. Insufficient turbulence is created
to hold large quantities of sediment in sus-
pension. Consequently, the sediment load
which was carried in suspension with dunes

now 1s carried near the bed. This extreme
concentration, in turn, markedly changes the
properties of the fluid-sediment mixture

which means the fluid is no longer homogeneous
and a sort of stratified flow results which
inhibits mixing and the effective bed rough-
ness 1s reduced to extremely small values,
.The flow has some similarity to plug flow in
plpes. For the single run for wnich n = 0.0078
the bed is plane‘and the resistance caused by
the standing waves is not in effeect. Under
these conditlons the plug-flow phenomenon is

even more pronounced.
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5. The largest Cp-values with standing wave
roughness occur just before these waves
begin to move.upstream as antidunes. With
antidunes the Cp-values are even larger.
The same extreme concentration of sediment
exlsts néar the bed as with standing waves
except for the.short time period while the
antidunes are breaking and the Manning n

remains small, 0.01l1 < n < 0.018&.

Varliation of Tractive Force
and Tobal Ssdiment Load

Fig. 17 1s obtained by plotting the tractive

force To, which has been calculated by the equation

To =YRS (5)

with the total sediment load concentration in ppm. Although
there is appreciable scatter, a trend definitely exists.
That is, the magnitude of total load Cqp 1ncreases with
increasing magnitude of tractive force To. Each run in

fig. 17 has been labeled in accordance with its form of bed
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roughness. Using this notation the regimes of flow and
forms of bed roughness have been indicated. There is a
definite tendency, in this case, for the trangquil flow
regime to separate from the rapid flow regime because .of
the large tractive force associated with runs with large
dune s.

. The deviation of the runs with dunes from the
gere ral trend 1s a result of an lncrease in shear To,
due to the extreme size of the dunes, without a corres-
ponding lncrease in concentration Cgp. It 1s significant
to note that a sudden decrease in <Co occurs at about
Ct « 2000 ppm as the bed changes from dunes to plans bed
or standing waves. This is caused by a reduction in
roughness wnich also decreases the ability of the flow to
transport sediment. Consequently, Cp 1srcut in half
from run 40 to run 36 -- beyond which polnt Cgp, in the
transition regime, steadily increases. No such discontin-
uity occurs at the change from ripples to dunes or at the
change from standing waves to antidunes. There is, how-
ever, conslderable scatter in the rapild flow regime which
shows that another variable is needed to define the

phenomenon more completely.
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Relationship Between

Ved , V To , and V
Y% Vi AYsd ~/gD

The relationship between Vgd/y and V To/ViAYyd
was investigated for both regimes of flow, see fig. 18, and
the form of bed roughness i1s the third variable. It 1s of

importance to note the precision wlith which the relation

V. To (6)
d = ¢ (V‘ d)

describes all forms of bed roughness. These data plot as
a eurve on log-log paper. The foregoing figure systematically
groups the various forms of bed roughness. This relation

can be modified to include the effect of varying size and

gradations of materials. It i1s also significant that eiltker
or both Fr and Cp can be utilized as third varliables in
fig. 18.

| Variation of
wdS 4 5V2  with V To 8
% gD Vi "AYsD
Additional study and adjustment of paramsters shows
thet a significant relation from which C/~/ g can be
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computed using this bed material can be obtalned by adding
the product of & constant and the square of the Froude
number Fr to the persmeter wdS/p . This is illustrated

in fig. 19 which relates

wdS _5V%, VTS
y gD Ve AYsD

such that

\‘j—:%?ﬁxlo‘-oso

Solving for V

1.85
V= 0.90x1076 I:W—;’,§x|oz+-g—‘of‘] é’%s-z-slgDS (8)

o]
~

1.85
C 6 Os |w 2  5V?
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The form of bed roughness plobs very well as a
third variable except for minor intermingling of ripple
and dune runs at the arbitrarily selscted dividing line.
It is also possible to utilize total sediment load as a
third variable with useful accuracye.

Based on & simlilar approach, but using Re or
Cp as the additive term instead of Fr, figures similar
to fig. 19 caﬁ be obtained which are only slightly less
accurate. In fact a figure of this type involving Cg
could bé used to qualitatively estimate total sediment

load in the rapid flow regiune.

Forms cf Bed Roughnéss as
Indlcated by the Variatlion of

Ve  with V.;;.q c 4
K vy &

This plot of V./w versus Vid/S ' (based on
flume date and limited field data) which was presented by
Albertson, Simons, and Richsrdson (1958) illustrates the
usefulness of a relation of this type to defire the regimes
of flow and forms of bed roughness. As a result of further
study the writers (Simons and Richardson) revised the re-
lationship to conformm with the concepts presented in this

paper, see flg, 20, The Froude number Fr, the slope S,
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and the concentretion of total losad CT all have some
merit as third veriables. Which of these is most signifi-

cant depends, at least to some extent, upon the use of the

plot.

Although the relstionship between Vi/w, Vid/Ap
and the forms of bed roughness shed some light on the mechanlcs
of flow in alluvial channels and on the design of alluvial
cnannels, there are a number of aspects o these problems
for which conclusions cannot be quantitétively drawn without
further information. For a more detalled discussionof
flge 20 and its édvaﬁ;ages and deficiencles refer to the

foregolng reference,

CONCLUSIONS
The problem of evaluating the reslistance to fiow
in alluvial channels is extremely complex as a resulft of:
l. 7The number of variables involved.
2. The difficulty of measuring these
varlables with accuracy.
3. The great range in roughness.
4. The various forms of bed roughness.
5. The influence of bank material.
6. The varicus shapes of channels involved.

7« The two regimes of flow.



8. Non=-uniformity of flow.
9. Wind effect.
10, The influence of vegetation.
11. Seepége forces.
12. Tempe rature effect,
and possibly others. In the case of a flume study, the
problem i1s somewhat simplified in that many of the fore-
going factors are eliminated. It must be remembered,
however, that ultimately their effects must be considered.
A Summary of the Characteristics
of Alluvial Channel Flow
It is apparent that several forms of bed rough-
ness are encountered in fluvlial hydraulics. The major ones
being:
Tranquil flow regime:
l. Plane bed before movement of bed
material begins
2. Ripples
3. Dunes
4, Transition from dunes to rapid flow
Rapid flow regime:
5. Plare bed and plane water surface
6. Symmetrical standing waves

7. Antidunes
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In the tranquil flow regime C/~/ g varied from
14.0 fof the plane bed without movement to 7.4 for dunes.
¢/~/ g » for ripples, varied from 7.8 to 12.4 -- the larger
C/~/ g values occurring with the deeper depths and smalle r
selative roughness values h/D. With dunes C/-/ g varied
from 7.4 to 12.2, again larger ¢/~/ g values were assoclated
with small values of h/D. Swmaller values of C/-~/ g
probebly would have occurred but for the fact that with thils
large a flume, as with a natural stream, the Led roughness
forms so as to allow part of the flow to by-pass the duns.

In the rapld flow regime C/-/ g varied from
13.9 to 27.0. The smaller C/-/ g values occurred at the
smalle r Froude numbers. The largest C/-/ g value occurred
with a plane bed and plare water surface. Standing waves
in general had larger values of C/«/ g than antidunes.
This results from the dissipation of energy by the breaking
waves. GC/+/ g would be reduced further for antidune flow
but for the fact that the period of time and length of flume
occuplied by the breaking wave 1s small in comparison wlith
the total time and length of flume.

'In the transition from tranquil to rapid flow
C/~/ g varied from 10.0 to 14.1l. The magnitude of C/~/ g
increases as the percent of the bed which 1s covered.with

dunes decreases. Also, there 1s a hysteresis in the change
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from tranquil to rapid flow whlch depends on the form of
the bed prior to the change. That is, with discharge
constant a larger slope is required to change from tranquil
to rapid than is required to change from rapld to tranquil.
This change in flow regime from tranquil to
rapid or vice versa occurs in natural streams. That is, if
the slops of the eme rgy grade line is close to critical slope
a chenge in stage results in a change in regime. When this
occurs there is a break in the discharge rating curve.
Because there is & hysteresis in the change, the stage where
the bresk occurs varies depending on whether stage is rising
or falling and the rate of chsange.
In the serlies of runs upon which this report is
based, the antidune regime of flow developed when Fr > 1.3,
This may or may not be the case for other bed materials.
For values of 1,0 < Fr < 1.3, surface waves developed which
rarely broke in true antidune fashlon snd the sand waves
underlyling the water waves stayed in essentially the same
position. There was very little tendency for these waves
to move in elther the upstream or downstream dirsection.

At values of Fr = 1.3 + the water waves developed and broke

in a rather systematic manner and the sand waves moved in

the upstream direction. The sand waves associated with the



wazter waves were approximately the same shape as the water
waves, but to a reduced scale., That 1s, sand waves were
about one-half the amplitude of the water waves. There

was a tendency for the magnitude of the sand and Qater waves
to increase in the downstream directlon elong the Tlume
particulsrly for those runs having 1.0 < Fr < 1.3 +. The
magnitude of the sand eand water waves increased with depth.
Breaking of the water waves and the sand waves occurred
when the elevation of the crest of a sand wave was approxi-
mately at the same elevation as the water suriace in an
adjacent trough. It is apparent thét antidunes reforming
and breaking result in surging flow observed in some natural
streams.

There is a definite breask in the Froude number
when changing from dunes to rapid flow. The dunes do not
occur with this bed material when Froude number is greater
than O0.6. Rapid flow starts when Fr 2> 1.0; Flow with a
Froude number between 0.6 and 1.0 had multiple roughness
(a transition condition).

Based on the observed roughnesses, how they develop,
and the way in which they move, it may be possible to
determine the magnitude and type of bed roughness (particular-
ly dunes) by checking the manrer in which the bed material

is segregated within the bed. This method could not be
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employed 1f the bed material were perfectly uniform and not
contaminated with any foreign matter, but this is a rare
situ;tion. Also, the appearance of the water surface sesns
to provide an excellent means of estimating the type and

magnitude of bed roughness.

Equations for the Roughness
Parameter _C
Vg
The dimensionless form of the Chezy coefficient
was adopted as the standard of roughness in this report.
However, values of Manning n hsve also been used to &
minor extent.
The usefulness of the various expressions for
C/~/ g  'at this stage is severely limited by the range
of data upon which they are based. As the influence of
different bed materl al, sediment loads, and a wider range
of temperature conditions are included as a result of pro-
posed future work, these expressions will undoubtedly need
alteration which will make them much more useful to the
engineering profession because of the greater range of
conditions considered. The possibility of explaining the
significance of the parameters involved willl also be

appreciably enhanced.
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It appears that C/-/ g  wmay consist of a sum

of terms each of which may nave significance for a particular

range or type of resistance to flow.

At a latter stage in the investigation it will be
necessary to modify any current expression for C/~/ g

to suit field conditions.
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GLOSSARY OF TERMS

Alluvial Channsl:s A channel whose bed 1s composed

of appreciable quantities of the sediments transported by

the flow at a gilven discharge or greater.

Antidunes: Symmetrical sand and water surface
waves which are in phase, and which rove upstrsam. The
surface waves build up wlth time becowing gradually steeper
on their upstream sides until they break like surf and
disappear. These waves usually develop, break and rsform

in groups of two or more.

Bed Material: The material of which a stream.

bed is composed.

Dune: A sand wave of approximately trlangular
cross section in a vertical plane in the direction of flow
with gentle upstream slope and steep downstream slope. It
travels downstream as a result of the movement of the
sediment up the upstream slope and the deposition of part

of this material on the downstream slops.

Egual Transite Rate (ETR): A method of sampling

suspended sediment to obtain the mean concentration of the
water-sediment mixture in the flums. By this method the
depth integrating sampler (DH~-48) 1s traversed though
equally-spaced verticals at an equal transite rate for

each verticale.
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Pall Diameter: The diame ter of a sphere that has

& specific gravity of 2.65 and also has the same terminal
uniform settling velocity as the particle (any specific
gravity) when each is allowed to settle alone in quiescent

dlstilled water of infinite extent and at a temperature of

24° C.

Median Diameter: The mld-point in the size

distribution of a sediment such that one-half of the weight
of the me terial is composed of particles larger than the
median diameter and the other one-half is composed of par-

ticles smaller than the median diameter.

Plane Bed: A bed without elevations or depressions

larger than the maximum sigze of the bed material.,

Ripple: Small ridges and/or crests, and troughs
similar to dunes in shape, but asmalle r in magnitude, which

have rather small width normal to the dirsction of flow.

Sand Wave: A rildge (such as ripples, dunes, or
symmetrical undulations) on the bed of an alluvial channel

formed by the movement of the bed material.

Sediment: Fragmental material that originates
from weathering of rocks and is transported by, suspended

in or deposited by water.
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Sediment Concentration: The ratio of dry welght

of sediment to total weight of the water-sediment mixture,

usually expressed in parts per million (ppm).

Standing Waves: Symmetrical sand and water waves

which are in phase and which gradually bulld up and just as
gradually die down. Waves of this type are stationary, or
essentlally so, and usually develop in series and often

reform, somewhat periodically, after dlsappearing.

Suspended Load: The sediment moving in suspension

in a fluld as a result of turbulent currents and/or by

colloidal suspension.

Total Load: The total amount of sediment that

is transported by water in a given length of time.
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LIST OF SYMBOLS

Description Dimensions

Width of channel

Chezy coefficient of discharge in .
dimensionless form which 1s
equivalent to V/V.

Drag coefficlent for the particle
Corc entration of total load

Coneentration of fine material

Median fall diameter of bed
material

Average depth of flow

Froude number

Averzge height of bed roughness
Any constgnt

Average spacing of bed roughness
Mannings coefficient of roughness

Mannings coefficlient of roughness
(Einstein)

Discharge of water-sediment mixture
Reynolds number

Shape factor of the channel cross
section

Shape factor for the reach of the
stream

Slope of energy gradient equal to
water surface slope in steady,
wniform flow

L

™ O B O I

L1/6
1/

L3 /7

Units
£t

£t
£t

££°/sec
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W
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IO L vl .
el o el Rl nadp

Time

Average velocity based on
continulty principal

Shear veloclty which 1s

VEDS, Ve

Fall velocity of sediment
particles

Specific weight of water
Specific welght of sediment

Difference between specifle
weights of air and water

Difference between specific
welghts of sediment and water

Thickness of laminar sublayer
Kinematic viscosity

Dynamic viscosity

Mass density of water

Mass density of sediment

Rela tive standard deviation of

the size distribution of the
sediment

Tractive or shear force developed

on the bed, YDS

Direiisions

L/P

L/T

unsita

f£t/see
ft/seec

ft/sec
1bs/ft°

1bs/ft9
1bs/rt°

1bs /It

£t

ftz/sec
1b-sec/ft<
Slu,g;/fts
Slug/ft°

1bs/ft2
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