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STUDIES OF FLOW IN ALLUVIAL CHANNELS

DETERMINATION OF THE
MANNING COEFFICIENT FROM
MEASURED BED ROUGHNESS
IN NATURAL CHANNELS

By J. T. LIMERINOS

ABSTRACT

This report presents the results of a study to test the hypothesis that basic
values of the Manning roughness coefficient of stream channels may be related
to (1) some characteristic size of the streambed particles and to (2) the distri-
bution of particle size. These two elements involving particle size ‘can be
combined into a single element by weighting characteristic particle sizes.
The investigation was confined to channels with coarse bed material to avoid
the complication of bed-form roughness that is associated with alluvial
channels composed of fine bed material.

Fifty current-meter measurements of discharge and appropriate field sur-
veys were made at 11 sites on California streams for the purpose of comput-
ing the roughness coefficient, n, by the Manning formula. The test sites were
selected to give a wide range in average size of bed material, and the dis-
charge measurements and surveys were made at such times as to provide data
covering a suitable range in stream depth. The sites selected were relatively
free of the extraneous flow-retarding effects associated with irregular channel
conformation and streambank vegetation.

The characteristic bed-particle sizes used in the analyses were the 16,- 50-
and 84-percentile sizes as obtained from a cumulative frequency distribution
of the diameters of randomly sampled surficial bed material. Separate dis-
tributions were computed for the minimum and intermediate values of the
three diameters of a particle. The minimum diameters of the streambed
particles were used in the study because a particle at rest on the bed invariably
has its minimum diameter in the vertical position; this diameter is, therefore,
the most representative measure of roughness height. The intermediate diame-
ter was also studied because this is the diameter most easily measurable—
either by sieve analysis or by photographic techniques—and—because it is
the diameter that had been used in previous studies by other investigators.
No significant difference in reliability was found between the results obtained
using minimum diameters and those obtained using intermediate diameters.

B1



B2 STUDIES OF FLOW IN ALLUVIAL CHANNELS

n
R%

hydraulic radius), was related to relative smoothness, % (where d is a char-

In analyzing the field data, the roughness parameter, (where R is

acteristic, or weighted characteristic, particle size). The parameter%é, rather

than n, was used because it is directly proportional to the square root of the
Darcy-Weisbach friction factor, f, which is more widely used in theoretical

studies of hydraulic friction. If the transformation of fﬁz to VF is made,

the relations obtained in this study are of a form that is identical with that
of the theoretical friction equation obtained by several investigators and that
derived from field data by Leopold and Wolman (1957). The constants in the
equation vary, of course, with the characteristic particle size used.

The relations best fitting the field data for this study were obtained by
using either a characteristic particle diameter equal to the 84-percentile size
(dgy, the size equal to, or exceeding, that of 84 percent of the streambed
particles), or a diameter obtained by weighting three characteristic particle
sizes (d,, the size obtained by assigning a weight of 0.1 to d;4, a weight of
0.3 to dy, and a weight of 0.6 to dg,). The use of dy, alone gave slightly
better results than the use of d,, and, in addition, the use of dg, alone is
attractive from a standpoint of simplicity. It is difficult, however, to rationalize
the use of dg, alone because of the implication that the distribution of sizes
is irrelevant, and it matters not at all whether 84 percent of the bed material
is sand or whether it is large cobbles, as long as 16 percent of the material
is of greater size. Consequently, the author recommends the use of d,, rather
than dg,, although there was no unanimity of opinion on this recommendation
among his colleagues who reviewed this paper. The reader is free to make
his own choice between the use of dg, and d,,.

As an adjunet to this study an attempt was made to relate the roughness

parameter,%, to the ratio of velocities at two-tenths depth (V,,,) and at

eight-tenths depth (Vy.sy)- These are the two depths at which velocity is
usually observed when current-meter measurements of discharge are made.
Twenty-seven sets of such velocity data, obtained at seven sites, were avail-
able from the discharge measurements made in connection with this study
of the effect of streambed-particle size. If a suitable relation were found, the
myriad of current-meter measurements of discharge in U.S. Geological Survey
files could be used to compile an extensive library of » values for streams in
the United States. Unfortunately, the range in magnitude of the 27 values of

-I%:—é- was small, and therefore the small standard error of estimate obtained

by correlating "Rﬁl,{; with the velocity ratio had little significance by itself.

The correlation coefficient, 0.41, was low, and it was therefore concluded that,
on the basis of the available data, the velocity ratio is an unsatisfactory
index of the roughness parameter.
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INTRODUCTION

The Chezy equation with the empirically determined resistance
coefficient n, ascribed to Manning (1891), has been used by many
engineers in design of waterways and in other hydraulic applica-
tions. Under steady-state, uniform-flow conditions, satisfactory
results can be obtained by the equation

__ 1.486R% S*%
- n

14 (1)

where

V=mean velocity, %‘— ,

R=hydraulie radius, % ,

S=energy slope,

n=Manning roughness coefficient,
Q=total discharge at a cross section,
A—cross-sectional area of the channel, and
P—wetted perimeter.?

Equation 1, commonly referred to as the “Manning formula,”
has been used extensively as an indirect method for computing
flows in natural channels. Although this equation was theorized
and developed for uniform-flow conditions, adjustments for
assumed energy losses attributable to an expanding or contracting
river reach permit its use in channels with gradually varied flow.
These assumptions have led to relatively reliable results when used
within the range of verified channel-roughness data.

Confident selection of values of the Manning roughness coeffi-
cient, n, usually requires considerable experience. Tables of com-
puted » values for various channel conditions, and illustrations
and stereoscopic color slides of channels for which n has been
verified, are available to help the practicing engineer select an
appropriate n value. Barnes (1967) has presented color photo-
graphs and descriptive data for 50 stream channels, including the
average values of the Manning roughness coefficient for each
channel. These aids show various channel conditions and the com-
bined effect of the several factors that influence channel resistance.
However, the lack of complete similarity in channel conditions and
geometry from stream to stream makes it difficult to estimate
channel roughness from illustrations and stereoscopic slides.

1 In this paper a uniform set of symbols has been adopted. Symbols in formulas of other authors
have been changed where ry for consistency, but the definitions remain the same.

397-414 O - 70 - 2



B4 STUDIES OF FLOW IN ALLUVIAL CHANNELS

In streams with relatively stable boundaries, the total resistance
to flow or retardation of velocity results from the interaction of
many elements. Among them are particle size of streambed ma-
terial, bank irregularity, vegetation, channel alinement, bed con-
fiiguration, channel obstructions, converging or diverging stream-
lines, sediment load, and surface waves. With our present knowl-
edge the quantitative effect of most of these factors is not determi-
nable and must be estimated subjectively.

In many channels streambed particle size exerts a major in-
fluence on the flow. Fortunately, the quantitative effect of this
factor can be determined more accurately than most of the other
parameters involved in resistance to flow. Engineering knowledge
and confidence would be increased if an objective relation between
Manning’s » and streambed-particle size could be shown. An ob-
jectively obtained basic value of n—that is, the value of n for a
straight uniform channel in the materials involved—ecould then be
adjusted for any of the other flow-retarding effects mentioned in
the preceding paragraph, in the manner described by Chow (1959,
p. 101-123). Some of the numerous theoretical studies and labora-
tory and field experiments made in attempts to solve the problem
of determining basic values of flow resistance are noted in the
next section of this report.

The investigation here described was conducted to provide an
improved method for estimating the Manning roughness coefficient
used in indirect measurement of high-water discharges at gaging
stations operated by the U.S. Geological Survey. Rating curves
showing the stage-discharge relation at those stations are norm-
ally defined by velocity-meter measurements of low- and medium--
stage flows. Similar measurement of the maximum or peak dis-
charge is often not possible because of impassable roads, destroyed
measuring structures, or excessive flood drift. Extension of the
rating curves to include flood flows are therefore commonly made
on the basis of some type of indirect measurement of maximum
discharge such as the slope-area method, and in those methods
evaluation of the Manning roughness coefficient is a critical factor.

PURPOSE AND SCOPE

The primary purpose of this study was to define the relation
between basic values of the Manning roughness coefficient, #, and
an index of streambed-particle size and size distribution. The index
used for particle size was a characteristic particle size obtained
from a cumulative frequency distribution of the diameters of ran-
domly sampled surficial bed material—that is, the size correspond-
ing to a selected percentile of the frequency distribution. By
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weighting selected characteristic particle sizes, a single index was
obtained that combined both size and size distribution. The re-
tarding effect of a particle of given size is relative; it will have
greater retarding effect on shallow flow than on deep flow. There-
fore, instead of directly using the particle-size index, d, it was
combined with the hydraulic radius, B, in the term, .
an index of relative smoothness. The parameter %,}—é-, rather than
n, was used in this study because it is directly proportional to the
square root of the Darcy-Weisbach friction factor, f, which is
more widely used in theoretical studies of hydraulic friction. Thus,

to provide

the relation sought was one between T’Br% and %— This course of

action was consistent with that taken by the more recent investi-
gators of friction in open channels.

A lack of agreement exists in the results previously obtained
in laboratory and field studies of open-channel friction. The theo-
retical and laboratory studies have been helpful to the investigator
in the field because they define the types of equations to be ex-
pected in the relation of the roughness coefficient to hydraulic
radius and bed-particle size. The constants in the laboratory-
derived relations cannot be corroborated in the field because they
are predicated on the condition of a channel uniformly covered by
roughness particles of uniform height, a condition that is never
found in natural channels. The field studies themselves do not
give results that are entirely consistent, and it is probable that
the inconsistencies are due primarily to the inadequacy or incom-
pleteness of the data used. Where data in sufficient volume were
available for analysis, they usually consisted of information not
specifically collected for the purpose of the study and were incom-
plete; where complete data were available, they were often too few
for the purpose. This study should be free of those shortcomings.

Fifty current-meter measurements of discharge and appropri-
ate field surveys were made at 11 sites on California streams for
the purpose of computing the roughness coefficient, n, by the
Manning formula. The investigation was confined to channels
with coarse bed material to avoid the complication of bed-form
roughness that is associated with alluvial channels composed of
fine bed material. The test sites were selected to give a wide range
in average size of bed material, and the discharges and surveys
were made at such times as to provide data covering a suitable
range in stream depth.

All discharges tested were in the tranquil range, their Froude
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numbers being less than unity. The sites were selected to be as
free as possible of flow-retarding effects that are not associated
with particle size.

Separate analyses involving characteristic particle size were
made for the minimum and intermediate values of the three diam-
eters of a particle. The minimum diameter of the streambed par-
ticles was used in the study because a particle at rest on the bed
invariably has its minimum diameter in the vertical position; that
diameter is, therefore the most representative measure of rough-
ness height. The intermediate diameter of the streambed particles
was studied because that is the diameter most easily measurable—
either by sieve analysis or by photographic techniques—and is the
diameter that had been used in previous studies by other investi-
gators.

The spacing and spacing pattern of streambed particles are
also important elements in the retardation of flow by bed particles.
However, it is extremely difficult, if not impossible, to obtain a
quantitative index for those elements in a natural channel, and
they, consequently, were not considered in this study. Because
they were eliminated from consideration, despite their importance,
there was little point in considering other factors of probably
lesser importance, such as Froude number; width-depth ratio;
sediment transport; and statistics, other than characteristic sizes,
of the distribution of particle size. It was, therefore impossible to
isolate completely the effect of particle size and size distribution on
flow retardation, and, consequently, deviations from the relation of

—I% to dﬁ are to be expected. It is not likely that the determina-

w

tion of n values for natural channels will ever be an exact science.

Bed roughness is known to affect the vertical-velocity distribu-
tion (distribution of horizontal velocities in a vertical plane).
When current-meter measurements of discharge are made, veloci-
ties are usually observed at two-tenths depth (V,.,) and at eight-
tenths depth (V,s,), and those velocities may be considered to be
characteristic, or index, values of the vertical-velocity distribution.
Twenty-seven sets of such velocity data obtained at seven sites
were available from discharge measurements made in connection
with the study of the effect of streambed particle size. As an ad-
junct to this study, those data were used in an attempt to relate

the roughness parameter, 2 %o the ratio, Vo . The values of
R% VO.81/

Vo.0y and Vs, for each discharge measurement were weighted with
respect to subsection area in the measured cross section to provide
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a single velocity ratio for each discharge measurement. If a suit-
able relation were found, the myriad of current-meter measure-
ments of discharge in U.S. Geological Survey files could be used
to compile an extensive library of n values for streams in the
United States.
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PREVIOUS INVESTIGATIONS OF CHANNEL RESISTANCE
COEFFICIENTS

A review of the literature on flow-resistance investigations in
open channels has made it apparent that little agreement exists on
a practical method of objectively evaluating the roughness coeffi-
cient. However, Carter and others (1963) have prepared a report
on friction factors in open channels. Their comprehensive report
summarizes the numerous investigations made of this subject.

The findings or results from several well-known studies of the
relation of the roughness coefficient to the size of streambed
particles or to the velocity distribution are included in this report
because they provide valuable background for the study.

Investigation of fixed-bed, open-channel resistance reportedly
begins with the unpublished work of Antoine Chezy. According to
Herschel (1897), Chezy inferred that channel resistance varied
directly with the wetted perimeter and the square of the velocity,
and inversely with the cross-sectional area and the hydraulic
slope. Thus,

. V2P
resistance o S’ (2)

or, as expressed in the Chezy equation,
V=C Vv RS (3)
where
—a resistance coefficient (Chezy coefficient).
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Experiments by Darcy (1854) and Bazin (1865) on arti-
ficially roughened surfaces showed that

C= Lt 5
\/ “+®
where

(C’'=a resistance coefficient, and
a and b=constants dependent on boundary roughness.
Additional experiments by Bazin (1897) resulted in a similar
relation for English units of measure,

C'= —1§7_7(r;z’_ (English units) (5)

1+——
v R
where m'=a roughness factor, such that 0.109<m’<3.17.
Manning experimentally determined that the Chezy coefficient
varied as the sixth root of the hydraulic radius, and in metric
units,

(metric units) 4)

C:Ii—%. (6)
According to Rouse and Ince (1957), Hagen in 1821 and
Gauckler in 1868 had made similar determinations of the Chezy
coefficient.
Substitution of the value for C from equation 6 into the Chezy
equation 3 results in the widely used equation, ascribed to Manning,
which in English units is

__1.486R% S*%

4 p (1)
Consequently, the equation for discharge is
% Q%
0= 1.486AR% S ) N

n
Strickler (1923) derived the following equation for n for stream-
beds composed of cobbles and small boulders,

n=0.039d;,% (8)

where dsy—median size of streambed particles, referred to the
intermediate diameter.

INVESTIGATIONS INVOLVING RELATIVE SMOOTHNESS
An equation describing the vertical distribution of velocities in
turbulent flow was derived by Prandtl (1926), and verified by
Von Karman (1930). This equation, known as the Prandtl-Von
Karman universal velocity-distribution law, is

7

v=2.5V,In Z—, 9)
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where
v=velocity at a point in the vertical,
V;=friction velocity, v gRS, (10)

In—natural logarithm to base 2.718 .. .,

y"”"=vertical distance measured from channel bottom to a point
in the vertical,

Y,—constant of integration, % ,

g=acceleration due to gravity, 32.16 feet per second per sec-
ond, and

k=roughness height.

Equation 9 indicates that turbulent-flow velocity varies logarithm-
ically in the vertical with the ratio of distance from the channel
bottom to roughness height. The roughness height, k, is the effec-
tive height of the roughness elements. Linear dimensions of rough-
ness elements may vary and yet produce the same effective rough-
ness because of difference in shape and position or orientation.
Vanoni (1941) observed a close relation between observed and
theoretical velocity distributions.

The Keulegan (1938) equation,

V=V, (6.2545.75 log %), (11)

was derived from equation 9 and the Nikuradse (1933) experi-
ments which used pipes on whose inner surface sand grains had
been cemented. Note that common logarithms to base 10 are used
in equation 11, whereas natural logarithms to base 2.718 are used
in equation 9.

By combining equations 3, 10 and 11, the Chezy C can be ex-
pressed as a function of the hydraulic radius and effective rough-
ness height, k. The resulting equation is

C=32.6 log 12'102R . (12)

The term “relative smoothness” has been applied to the ratio

% ; the inverse ratio, % , is known as relative roughness.
Expressed in English units, the relation between the Chezy C
and the Manning = is given by the equation
%
¢ 1486R% (13)
Chow (1959) combined equations 12 and 13 to obtain the following

comparable relation between a roughness parameter and

n
’mv
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relative smoothness
n o 1

N N—
B 91910122 %

Robinson and Albertson (1952) developed a relation between a

(14)

resistance parameter,i,__, and the ratio of depth of flow to height

g
of discrete regularly spaced roughness elements. Their experi-
mental data conformed well to the equation

C—26.65 log 1'8,31?4

(15)

where
k'=height of discrete roughness elements and
y—=depth of flow.
Boyer (1954), in a theoretical analysis and a study of several

streams in northwestern United States, concluded that for fully
developed turbulence in very wide rivers,

n 0105

where

Ym—the mean depth in the channel cross section, or % ;

w=top width of channel; and

ke
¥=30"

The term ¥ is identical with the term v, in equation 9 and repre-
sents the thickness of the boundary layer within which the velocity
is considered to be zero.

Leopold and Wolman (1957) developed an empirical relation
between a particle-size parameter and the resistance factor, f.
Their equation is

1 R
T:]..O 2.01 e 1
NT +2.0 log s (17)
where
_ 8gm? 1 _ 0.0926
I=Tagemmz *5="n - (18)
R%

and dg,—the particle size, referred to intermediate diameter, that
equals or exceeds that of 84 percent of the streambed
particles.
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The resistance factor, f, was derived by Weisbach (1845) for flow
in pipes. Related studies by Darcy (1854) resulted in f being
subsequently designated as the Darcy-Weisbach resistance factor.
By combining equations 17 and 18, the equation of Leopold and
Wolman can be put in the form,

n _ 0.0926

== . (19)
%
E 1.04-2.0 log di
84
The Vennard (1961) equation for flow in pipes,
1 pipe diameter

p (20)

was developed from the Prandtl-Von Kirméin equation 9 and the
Nikuradse experiments on rough pipes. By combining equations
18 and 20, we obtain equation 21, which again relates the rough-

—:::1.14 2.01
V7 +2.0 log

ness parameter,%, to a measure of the relative smoothness.
Equation 21 is
0.0926

1.144-2.0 log (B@%@)

The similarity in form of equations 17 and 20, or 19 and 21, is
striking. Furthermore, if we take the right-hand side of Chow’s
equation 14, multiply numerator and denominator by 0.0926, and
substitute for log 12.2 its equivalent value, 1.086, we get another
similar equation,

n
= (21)

n _ 0.0926

o — . (14a)
%
R 2.24-2.038 log %—

INVESTIGATIONS INVOLVING VELOCITY RATIOS

At this point we turn our discussion to a summary of investiga-
tions relating the Manning » to z, the ratio of velocities at the
0.2 and 0.8 depths.

The Prandtl-Von Karman equation 9 and the results of the
Nikuradse experiments on turbulent flow in pipes were combined
by Chow in the following equation for vertical-velocity distribu-
tion over rough surfaces,

v=5.75V,log 3‘;3) : (22)

Equation 22 was used by Chow to show the Manning coefficient,
n, for a wide, rough channel to be a function of mean depth and
the ratio of velocity at 0.2 depth to the velocity at 0.8 depth. This
is seen in the equation,

397-414 0 - 70 -3
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(x_'l) ym%

=618 (40.95) ° (23)

Kolupaila (1930) used data from 34 discharge measurements

at eight stations on the Nemunas River in Lithuania to substanti-

ate his theoretical determination for the relationship between the

roughness coefficient and the velocity distribution. His analysis
resulted in the equation,

71=0.240 log z. (24)
The Boyer theoretical analysis of the Manning coefficient as a
function of the velocity distribution resulted in the equation,

Ym _ 1.612—0.22
In Yo a1 (25)

Boyer also graphically related the roughness parameter, yn—%, to
m

Vo.oy
’ VO.Sy
at each of seven streams. He concluded that there was insufficient
data to define precisely a curve for the relation between the rough-
ness parameter and the velocity distribution.

Toebes (1955), using the Boyer equation 25, determined an
exceptionally good relation between the roughness parameter and
the velocity ratio using eight discharge measurements at one
gaging station.

Graf (1966) related the friction parameter to the velocity dis-
tribution for several ratios of water-surface width to mean depth
in the cross section. The Graf equation, in English units, is

the velocity ratio , for average values of three measurements

no_ 0.26
B% ™ o051 5.5 [< o.7sf::.33) _log (wtozym >] (26)

where w=—top width of channel.

CONCLUSIONS
The results of theoretical studies cited, relating the roughness

parameter, B%’ to relative smoothness, are not entirely consistent.

The results are basically similar in that they all show an inverse
relation between the roughness parameter and relative smooth-
ness, but there is variation in the form of the relation, as in
equations 16 and 21. Field corroboration of the theoretical relations
has usually been hampered by the use of data that were inadequate
in quality because they were originally collected for other purposes,
or because the data were insufficient in quantity. Even with ade-
quate data, complete agreement between field results and those
derived from theoretical studies or laboratory experiments is not
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to be expected. Two reasons for this are: (1) The theoretical and
laboratory-derived relations are predicated on the condition of
uniform size and distribution of channel roughness elements—a
condition that never exists in natural channels, and (2) complete
freedom from the many velocity-retarding influences other than
the size distribution of streambed particles cannot be achieved in
natural streams. The agreement in the form of relation derived
from field data by Leopold and Wolman (eq 19) and the theoretical
equations presented by Vennard for flow in pipes (eq 21) and by
Chow (eq 14a) is, therefore, noteworthy. It might be mentioned
at this point that relations of similar form evolved from the study
being reported here.

Little agreement is found among the results of previous investi-
gations relating the Manning n, or some function of %, to the
ratios of velocities at the 0.2 and 0.8 depths.

COLLECTION AND ASSEMBLAGE OF DATA

The 11 study reaches used in this investigation were located
near U.S. Geological Survey stream-gaging stations because facili-
ties for measuring discharge by current meter were available at
the stations. The test sites, shown in figure 1, are given with
identifying number and drainage area in table 1. Seven sites are
on streams in north coastal California, and the other four sites are
on streams draining the west slopes of the Sierra Nevada.

Fifty current-meter measurements of discharge and appropriate
field surveys were made for the purpose of computing the rough-
ness coefficient, n, by the Manning formula. The test sites were
selected to give a wide range in average size of bed material, and
the discharge measurements and surveys were made at such times
as to provide data covering a suitable range in stream depth. The
maximum discharge used at the various sites was that equivalent
to a flood of about 1-year recurrence interval, but the ratios of
depth to vertical height of streambed particles of median size
reached values as high as 300. Because values of Manning’s n—not

to be confused with the roughness parameter, %—show little

change with ratios greater than 30, the stream depths used in this
study cover an adequate range.

DETERMINATION OF THE MANNING ROUGHNESS COEFFICIENT
The most important criteria in selecting a site for study was
that it be relatively free from velocity-retarding influences other
than those associated with the size and size distribution of stream-
bed particles. The spacing and spacing pattern of roughness ele-
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F1GURE 1.—Index map of California showing location of study reaches.

ments have an effect, of course, but they were given no considera-
tion in site selection. It was expected that the use of 11 sites would
randomize the effect of natural particle spacing on the velocity.
Sites that had an appreciable percentage of particles smaller than
about three-quarters of an inch in diameter were eliminated from
consideration to avoid the complication of having bed forms at a
site—ripple, dune, or plane bed—that varied with discharge.

In other words, a basic value of the Manning coefficient was
sought—that is, one that could be related to streambed particle
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size alone. Therefore, the following additional criteria were used

in site selection:

1. Straight channel alinement with little increase in width in the
downstream direction.

2. Minimal vegetation on the banks and in the channel.

3. Stable banks and bed, both devoid of major irregularities.

4. Relatively wide stream of simple trapezoidal shape that will
contain the entire discharge without overflow.

The first criterion concerning expansion in width in the down-

stream direction was used because of the uncertainty regarding the

magnitude of energy losses attributable to channel expansion. The

last criterion, concerning trapezoidal cross section without over-

flow plain, was used to avoid the complications associated with (1)

a cross section of complex shape that required subdivision in

computing Manning’s #, and (2) differing values of # in the main

channel and overflow plain.

After selecting a site, cross sections were established at the
upstream and downstream ends of the study reach. At all but one
gite, a third or intermediate cross section was established, dividing
each study reach into two subreaches. The exception was site 3,
Middle Fork Eel River below Black Butte River near Covelo, where
the length of reach was not much greater than the width. Table
1 gives the length of each reach.

The following description of the fieldwork and computational
procedures is brief because the details are known to most hydraulic
engineers that are concerned with open-channel flow. For detailed
discussions the reader is referred to reports by Benson and
Dalrymple (1967) and Dalrymple and Benson (1967). Those re-
ports are concerned primarily with the determination of discharge
when values of » are known or have been subjectively estimated.
In this study we will start with a measured value of discharge and
solve the equations for Manning’s 7, but otherwise the procedures
used in this study follow those given in the two reports.

Stakes for referencing water-surface elevations were installed
at the ends of each cross section, and the reach and cross sections
were surveyed. When a current-meter measurement of discharge
was made, concurrent elevations of the water surface were
obtained at the ends of each cross section. Those elevations and the
measured discharge were used with cross-section dimensions from
the original survey to compute = by means of the Manning equa-
tion. The simple Manning equation, shown as equation 7 in this
report, is used only for uniform flow—that is, flow in a channel
whose cross-sectional area does not vary within the reach. A
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modification of the equation for use with gradually varied flow is
shown below as equations 27 and 28 for unit (unsubdivided)
cross sections.

The equation for a reach with two cross sections is

Z+\Z )F _ ZZy Ey» [1 0_(&)2]
@ 4% 29 [T \4 27)
n— .
L1.2
The equation for a reach with three cross sections is
n—
Z\ZZsF 2,77 As\2 As\ 2
= —Fua(52) + () EraEe E]
\/ @ 2479 | 12 A, + A2) (E12—E:235)+ (E2s)
Z3Lyo+4-Z1Lo 3
(28)
where

subscripts denote cross-section number in downstream order
A=—cross-sectional area, in square feet;

E=a coefficient (1.0 or 0.5) representing the proportion of
velocity head recovered;

F=fall, in feet, in water surface between the most upstream
and downstream cross sections of a reach;

L—distance, in feet, between cross sections; and

Z=1.486 AR%.

The value of the velocity-head coefficient of energy recovery, E,
in the equations depends on whether the subreach is hydraulically
contracting or expanding. Because all cross sections were of
simple geometric shape and therefore required no subdivision, it
was assumed that no adjustment to the velocity head was required
for the effect of variation of point velocities within the cross
section. Consequently, whether a subreach was hydraulically con-
tracting or expanding depended entirely on the relative size of the
upstream and downstream cross-sectional areas. If the area of
the upstream cross section was equal to, or greater than, that of
the downstream section, £ was assumed to equal 1.0; if the
upstream area was smaller than the downstream area, £ was
assumed equal to 0.5. The 50 measured discharges at the 11 sites
and the corresponding computed values of the Manning coefficient,
n, are given in table 1. Also given in table 1 are values of the
hydraulic radius, R, each of which represents the average of R
values for the two or three cross sections in the reach of channel
studied.
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DETERMINATION OF CHARACTERISTIC STREAMBED-PARTICLE
DIMENSIONS

Because the roughness parameter —R% was to be related to

characteristic bed-particle size, it was necessary at each site to
(1) sample the bed material objectively, (2) obtain a cumulative
frequency distribution of the dimensions of the particles, and
(3) select sizes for study that corresponded to some predetermined
percentiles of the distribution.

The sampling procedures used was patterned after the Wolman
(1954) method. In each reach a grid system was established in the
transverse and longitudinal direction of the channel to obtain 100
intersections. The streambed particle at each intersection was
measured along the implied maximum, intermediate, and minimum
diameters. The ease with which the Wolman method is performed
suggests measuring more than 100 particles for more reliable size
distributions of the bed material. However, Wolman made a sta-
tistical test of the median diameter using nine samples of 100
pebbles and found that one sample of 100 pebbles would result in
a value within 12 percent of the median of the 900 pebbles, about
two-thirds of the time. The samples of 100 particles were, there-
fore, considered adequate for this study.

The sampling of bed material was done during periods of low
flow. Because of a change in channel conditions that occurred
during the flood of December 22, 1964, two sets of bed samples
were obtained at site 8, Outlet Creek near Longvale. The samples
obtained before December 1964 supplied data for use with dis-
charge measurements, cross-section measurements, and water-
surface profiles obtained before the flood; the samples obtained
after December 1964 were used similarly with measurements and
surveys made after the flood.

Individual cumulative frequency-distribution curves were fitted
graphically for the maximum, intermediate, and minimum diam-
eters of each sample of 100 particles. The data were plotted on
logarithmic normal probability paper. Plotting positions for points
on each curve were cumulative values of P;, computed by use of
the formula,

_m_

Pv=160

(100) =m (29)

where
P,—=percent of bed material within an arbitrary range of size,
and
m=number of particles within that arbitrary range of size.

397-414 O - 70 - 4
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FI1GURE 2.—Size distribution of bed material, site 1, Austin Creek
near Cazadero.

The distributions of bed-material sizes in seven of the eleven
reaches sampled were approximately logarithmic normal—that is,
the data plotted on straight lines as illustrated in figure 2, which
shows the distribution for site 1, Austin Creek near Cazadero.
The distribution for the remaining four reaches were skewed;
that is, lines fitting the plotted data were curvilinear as illustrated
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FI1GURE 3.—Size distribution of bed material, site 4, Kaweah River
at Three Rivers.

in figure 3, which shows the distribution for site 4, Kaweah River
at Three Rivers.

The curves in general were not well defined for sizes that did
not lie between the 16 and 84 percentiles, and, consequently, data
outside those percentiles were not used for analysis. The 16 per-
centile represents a size whose logarithm is one standard deviation
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smaller than the mean of the logarithms of the sizes in the array;
the 84 percentile represents a size whose logarithm is one standard
deviation greater than the mean. The three characteristic dimen-
sions of streambed particles selected for study were those corre-
sponding to the 16 percentile, 50 percentile (median of the loga-
rithms), and 84 percentile. Those sizes are given in columns 8-13
of table 1 for the minimum and intermediate diameters. Values for
the maximum diameter of bed material are not tabulated because
they were not used in the correlations with the roughness param-
eter that are discussed in this report (p. B23). The maximum diam-
eter is the least effective of the three diameters as a measure of
roughness because bed particles usually orient themselves so that
the maximum diameter or axis of each particle is parallel to the
streamlines.

DETERMINATION OF VELOCITY RATIOS

It was mentioned above that as an adjunct to this study, the
roughness parameter would be related to the ratio of velocity at
two-tenths of the depth below the water surface (V,z,) and to
velocity at eight-tenths of the depth below the water surface
(Vo.sy). To obtain a single composite ratio, z, for each discharge
measurement, the following formula was used,

= Voo S(AiVi)o.2y

T Vos  3(AVi)osy

(30)
where
A;—area of ith subsection of the cross section measured, and
V:=velocity in the ith subsection.

Velocity ratios could not be computed for all the current-meter
measurements of discharge because, for some of the low-flow
measurements, the depths in some subsections were too shallow to
permit observation of velocities at the 0.2 and 0.8 depths. In those
subsections, velocities were observed only at the 0.6 depth to give
the mean velocities in the subsections. At three of the sites the
high-flow discharge-measurement section lay outside the reach
used for determining », and the measured velocities therefore could
not be used in a correlation with the roughness parameter. Con-
sequently, usable velocity ratios could be obtained for only 27 of
the 50 current-meter measurements of discharge; the 27 ratios are
given in the last column of table 1.

RELATION OF ROUGHNESS PARAMETER TO
RELATIVE SMOOTHNESS

The basic data assembled in table 1 are pertinent to the study

of the relation of the roughness parameter, ?!n% , to the relative
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smoothness, % , where d is a characteristic size of the streambed

particles. It has already been established that the largest of the
three diameters of the bed material will not be used in the study,
but that separate analyses will be made using the intermediate
and minimum diameter. Reasons for using those two diameters
were given on page B6. It has also been established (p. B 00) that
such factors as Froude number and width-depth ratio will not be
considered in the analyses, and they therefore have not been given
in table 1.

In the correlations of roughness parameter to relative smooth-
ness that follow, individual characteristic particle sizes are first
used, without regard for any other characteristics of the distribu-
tions from which those individual sizes were selected. Thus, in the
first three sets of correlations, d will have values corresponding to
the 84-, 50-, and 16-percentile sizes of bed particles. In the correla-
tions that are next made, consideration is given to the parent
distributions of size of bed material, and the three individual
characteristic sizes will be weighted and combined into a value of
d representing a single composite size.

In making the correlations discussed in the preceding paragraph
it was found that equations expressing the relations were of a
form similar to those presented by Chow (eq 14a), Leopold and
Wolman (eq 19), and by Vennard (eq 21) in which

R%: 0.0926 - (31)
a-+b log T
where a and b are constants.
Because the procedure used was common to all the correlations,
it will be described at this time. For each discharge measurement,

—1% was computed and tabulated in tables 2 and 3. Values of the

roughness parameter were then converted to corresponding

n
meter, o
values of 1/v/ f by means of equation 18, which states that
— 0.0926
1/v F=202
R%
intermediate step in the correlation procedure, and therefore
values of 1/v/ f are not given in the tables.) Values of 1/ f versus

. (The computation of values of 1/+/ f is merely an

% were then plotted on semilogarithmic graph paper, the values

of 1// f being plotted as the dependent variable on the vertical
natural-scale ordinate. The best fit to the plotted points of each
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set of data was a straight line that had an equation of the form,

— R
1/ f=a+b logz. (32)
Equation 32 was then transformed to equation 31 by means of the

relation between 1/ \/—f and 7{%, given by equation 18. In all cor-

relations except those involving only the 16-percentile size of bed
material, the constant b was found to differ only insignificantly
from 2.0, the coefficient in equations 14a, 19, and 21. Where appli-
cable, therefore, the theoretical values of 2.0 was used as the

coefficient of log g—

For each of the relations obtained, the standard error of estimate
and coefficient of correlation were computed. The standard error
of estimate is in units of —1?—1/6 and, therefore, has very limited
significance to the engineer who is interested in the percentages by
which computed values of % differ from the observed values. There-
fore, percentage differences were computed for each of measured
discharges. The percentage differences associated with each of the
relations were found to be distributed about a mean value that
differed oniy negligibly from zero percent. Therefore, the standard
deviation of those percentage differences was used as an index of
error, because it showed the approximate range within which the
percentage differences for two-thirds of the measurements lay.
The standard deviation of the percentage differences was the basis
on which the equations were compared with respect to their ade-
quacy for predicting values of n from particle size and hydraulic
radius.

RELATIVE SMOOTHNESS BASED ON 84-PERCENTILE SIZE OF PARTICLES

The roughness parameter was first related to relative smooth-
ness based on the 84-percentile size of particles. It is well known
that the larger elements of streambed roughness in a channel have
a disproportionately large retarding influence on the velocity, and
it was expected that a highly significant relation would be found.
That expectation was realized.

The relation using the minimum diameter (d’s;) is described by
the equation,

'"R% _ 0.0926 - (33)
84

and has a standard deviation of percentage differences of +=18.6
percent. The data used in the analysis are given in table 2, which
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also shows a comparison between observed values of % and those

computed by equation 33. The relation is shown graphically in
figure 4.
The relation using the intermediate diameter (d“s,) is described
by the equation,
% _ 0.0926 . (34)
1.16+2.0 ].Og "dT
84
and has a standard deviation of percentage differences of +=19.0
percent. The data used and a comparison between observed and
computed values of % are given in table 3. The relation is shown
graphically in figure 5. The similarity between equation 34 and
equation 19 of Leopold and Wolman, also based on the intermediate
diameter, is remarkable.

RELATIVE SMOOTHNESS BASED ON 50-PERCENTILE SIZE OF PARTICLES

The roughness parameter was next related to relative smooth-
ness based on the 50-percentile size of particles. It was expected
that the 50-percentile size would not correlate so well as did the
84-percentile size, and that proved to be the case.

The relation using the minimum diameter (d’s,) is described by
the equation,

n_ 0.0926

R 2.0 log E%
and has a standard deviation of percentage differences of +22.7
percent.

The relation using the intermediate diameter (d”;,) is described
by the equation,

(35)

'}% _ 0.0926 5 (36)
0.354-2.0 log v
50
and has a standard deviation of percentage differences of +=22.4
percent.

The data used in the correlations and a comparison between
observed and computed values of % are given in table 2 for the
analysis using minimum diameter, and in table 3 for the analysis
using intermediate diameter. The curves of relation for the mini-
mum and intermediate diameters are not given, but they
closely resembled those in figures 4 and 5, and the pattern of
deviations of the plotted points was similar to that for the 84-

percentile size.
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FIGURE 4.—Relation of roughness parameter to relative smoothness based on

84-percentile size of minimum diameter of streambed particles.
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RELATIVE SMOOTHNESS BASED ON 16-PERCENTILE SIZE OF PARTICLES

The roughness parameter was also related to relative smooth-
ness based on the 16-percentile size of particles. From comparison
of the correlations previously made using 84- and 50-percentile
sizes, it was virtually a certainty that inferior correlations would
result from using the 16-percentile size of particles. Nevertheless,
correlations using the 16-percentile size were made in the belief
that the results obtained might be helpful in determining methods
for weighting particle sizes for the correlations to be described
in the next section of this report.

The relation using the minimum diameter (d'i¢) is described by
the equation,

n 0.0926
-
B 5.9511.3310g 71,?—
16

and has a standard deviation of percentage differences of +25.5
percent.

The relation using the intermediate diameter (d”i¢) is described
by the equation

37

‘En%_ _ 0.0926 - (38)
0.10+ 1.60 IOg BT
16
and has a standard deviation of percentage differences of +25.7
percent.

Again, the data used in the correlations and a comparison be-
% are given in table 2
for the analysis using minimum diameter, and in table 3 for the
analysis using intermediate diameter. The curves of relation for
the minimum and intermediate diameters are not given, but they
closely resembled those in figures 4 and 5, and the pattern of
deviations of the plotted points was similar to that for the 84-
percentile gize.

tween observed and computed values of

RELATIVE SMOOTHNESS BASED ON WEIGHTED PARTICLE SIZE

The three preceding relations using individual characteristic
particle sizes ignore all other characteristics of the distributions
from which those individual sizes were selected. To give considera-
tion to the entire cumulative frequency curve of particle sizes
between the 84- and 16-percentiles, the 84-, 50-, and 16-percentile
sizes were weighted and combined into a single composite size, d,.
Other methods of considering the cumulative frequency curve
might have been used—for example, the three percentile sizes
might have been used in a multiple correlation, or the slope of the
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cumulative distribution curve might have been used by including

an additional term in the equation for either of the ratios, ﬂ’i or
0

ds
Z—: . It was thought, however, that the most desirable course of
action would be to maintain the theoretical form of the equation,
and, consequently, a single weighted composite size was used. Two
methods of weighting suggested themselves.

The most obvious method was to weight each of the three per-
centile sizes in inverse proportion to the square of the individual
standard errors of estimate given in tables 2 and 3. When this was
done, almost identical results were obtained for both the minimum
and intermediate diameters. After rounding each weighting factor
to a single significant figure, the resulting weights were as follows:

Characteristic size Weighting factor
84 percentile . 0.6
50 percentile. . . .3
16 percentile . ... B |

Actually, the weighting factors obtained were in the order of
6, 3, 2, but the weighting factor of the 16-percentile size was re-
duced from 2 to 1, because the smaller weighting factor would have

resulted had the theoretical coefficient of 2.0 for log% been used

in equations 37 and 38. Particle sizes weighted as shown above are
given in table 4 for both minimum (d’,) and intermediate (d“y)
diameters. Each value represents a composite size for the sampling
site, and each was obtained by multiplying dgsy by 0.6, d;, by 0.3,
and d;¢ by 0.1, and then adding the three products.

The second weighting method tried was based on rank correla-

tion. All values of the roughness parameter,—% , were ranked in

order of magnitude. A set of composite values of d,, was then
computed. (The values of d’, or d”,, are such a set, using the pre-
viously mentioned weightings of 0.6, 0.3, and 0.1 for the three par-
ticle sizes.) The next step was to compute the relative smoothness,

di’ for each of the weighted particle sizes; the results of that

computation are given in table 4. Because

a varies inversely with
w

n R .. .
% the values of . Were ranked in inverse order of magnitude.
w

Differences between the rank of each value of —& and the rank

dw
P were squared, and the squared

of corresponding values of %
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differences were added to give a sum of squares for the particular
weighting system used. The process was repeated for other arbi-
trarily selected weightings of the three particle sizes. The weighting
gystem that gave the smallest sum of squares was considered to be
the one, of all the weightings tested, that would correlate best with

R% The logic behind this test is easily understood. In a perfect,
or near perfect, correlation, the highest values of W would be

associated with the lowest value of di; the second highest value of

R% would be associated with the second lowest value of f ; and

so on. The better the correlation, the smaller the differences in
inverse rank, and the smaller the sum of squares of those differ-
ences.

The three arbitrarily selected weightings, shown below, were
tested.

Characteristic size Weighting factors tested
84 percentile__.____________ 0.5 0.6 0.7
50 percentile.. . . 4 3 2
16 percentile... .. 1 1 1

For the minimum diameter, the weighting of 0.6, 0.3, and 0.1 gave
the smallest sum of squares; for the intermediate diameter that
weighting gave the second smallest sum of squares, the smallest
being associated with a weighting of 0.7, 0.2, and 0.1.

The results of the two weighting methods were then examined.
Both methods showed the weighting of 0.6, 0.3, and 0.1 to be best
for the minimum diameter, d',. For the intermediate diameter,
d”,, the rank correlation method showed the weighting of 0.7, 0.2,
and 0.1 to be best, whereas the method based on the standard error
of estimate indicated an optimum weighting of 0.6, 0.3, and 0.1
From working with the figures it was evident that there would be
little difference in the results of final correlations regardless
of which of those two weightings was used. In the interest of
consistency, therefore, a weighting of 0.6, 0.3, and 0.1 was used
for both d’,, and d”,,.

The relation found between % and‘dii, when minimum
diameter was used, is described by the equa':ion,
n 0.0926

. . (39)
B2 050420108 -

The standard deviation of percentages differences is *=19.1 per-
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cent. The data used in the analysis are given in table 4, which also
shows a comparison between observed values of R% and those
computed by equation 89. The relation is shown graphically in
figure 6.

The relation using the intermediate diameter (d“,) is described
by the equation,

n 0.0926
RS = R (40)
0.90+2.0 log

and has a standard deviation of percentage differences of +19.5
percent. The data used and a comparison between observed and

computed values of —- are given in table 4. The relation is shown

Rl,e-
graphically in figure 7.

DISCUSSION OF RESULTS

In general, the observed values of —- R% for each individual site
had a fairly consistent plotting pattern with respect to all curves
relating the roughness parameter to relative smoothness. The
observed values of R% for four sites plotted consistently above
the curves, values for four other sites plotted below the curves,
and values for the remaining three sites straddled the curves. That
consistent pattern suggests that systematic factors other than size
of bed material affected the roughness coefficients at the sites, and

and that a curve of relation for basic values of % —that is, values

based on size of bed material alone—should perhaps be drawn on

the basis of the lowest plotted values of — R% However, the 11

selected stream sites all gave the appearance of being relatively
free of extraneous roughness effects, and an experienced hydraulic
engineer viewing those sites would select # values on the bagis of
bedparticle size alone. If the curves of relation are to be of prac-
tical value to engineers in selecting n values in the field, it is there-
fore necessary to assume, erroneously or not, that extraneous
roughness effects were negligible at all 11 sites and that the scatter
of all plotted points about the curves is random.

The possibility that some of the systematic scatter might be due
to the positioning of the coarser bed material in individual reaches
was also considered. However, no relation was apparent; for

example, of the four sites whose values of — - 7 plotted above the

R
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curves of relation, one site had its coarser material evenly distrib-
uted through the reach, two sites had their coarser material con-
centrated along the centerline or thalweg of the channel, and one
site had its coarser material concentrated in the shallower water
near the right bank.

The relations of — to v that best fit the field data were ob-
tained using either of the two characteristic particle sizes, dg,
or d,.. From the standpoint of best fit, there was negligible differ-
ence between using intermediate or minimum diameter, but
because of the relative ease of obtaining measurements of inter-
mediate diameter—either by sieving or by photographic methods—
it is expected that the relations using intermediate diameter will
have more popular appeal.

It is not surprising that the larger particle sizes (ds,) were
shown to have greater effect on flow retardation then the smaller
particle sizes, because the influence of the larger particles ex-
tends over a relatively greater volume of channel. Furthermore,
the smaller particles are often in the wake of the turbulence created
by the larger particles. Leopold and others (1964) have stated
that a single flow-resistance parameter involving bed-particle size
should use a size larger than d;,. Finer particles in the channel
also have a lesser retarding effect during high flow because at that
time they may move as suspended or bedload material, although
this fine material is commonly replaced by the deposition of ma-
terial of similar size when the stage of the stream falls. Large
quantities of fine material in suspension may also reduce the re-
tardation effect by dampening turbulence, but in this study the
sites were so selected that they were relatively free of bed material
that was as fine as sand.

The results obtained by the use of ds, and d,. are summarized in
table 5 which shows that the equations using ds; gave slightly
better results than those using d,. The failure of the use of d,, to
improve the results obtained using ds, is attributed to the fact that
the pattern of scatter of points about the curves was consistent,
regardless of the characteristic particle size used. Usually, it is
found that, if the pattern of scatter varies in individual correla-
tions involving each of several elements of similar type, an im-
proved correlation results if a weighted composite value of the
individual elements is used.

The slightly better results obtained by using ds,, combined with
the fact that the computations using dg; are somewhat simpler than
those using d,, makes the use of dg, attractive. It is difficult, how-
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TABLE 5.—Comparison of results of correlations using dgs and dw

Minimum diameter, d/ Intermediate diameter, d*
d'ge dlw di’ge d”w
LI _n_ P _n_
r% '; % R R%
Correlation equation..... .0926 = 0.0926 = 0.0926 — 0.0926 R
0.76-42.0 log d'—s.; 0.50+4-2.0 log 7 1.164-2.0 log Tias 0.90+2.0 log —E/-l:
Coeflicient of
correlation. ... 0.89 0.87 0.88 0.87
Standard error of
estimate, in units of
n
M ................................... .0087 .0092 0087 .0092
Mean percentage
difference without
regard tosign_......... 15.1 15.6 15.5 16.1
Standard deviation of
percentage differences . +18.6 *+19.1 *19.0 +19.5

ever, to rationalize the use of ds; because of implication that the
distribution of sizes is irrelevant, and it matters not at all whether
84 percent of the bed material is sand or whether it is large cobbles,
as long as 16 percent of the material is of greater size. Conse-
quently, the author recommends the use of d, rather than dg,,
although there was no unanimity of opinion on this recommenda-
tion among his colleagues who reviewed this paper. The reader is
free to make his own choice between the use of dgy and d,.

RELATION OF ROUGHNESS PARAMETER TO
VELOCITY RATIO

The twenty-seven velocity ratios (2) given in the last column of
table 1 were correlated with corresponding values of the roughness
parameter (—R%) . It will be recalled that 7 is the area-weighted
ratio of velocities at the 0.2 and 0.8 depths. Figure 8 shows the
roughness parameter plotted against natural values of Z; figure 9
shows the roughness parameter plotted against logarithmic values
of Z. Equations of the straight lines best fitting the plotted points

are shown in figures 8 and 9. The two correlations had identical

standard errors of estimate, 0.011 in units Of}% , and identical

correlation coefficients, 0.41. Although the magnitude of the
standard error of estimate is on the order of those found in the
previously described relations using relative smoothness, the cor-
relation using velocity ratios is poor. This seeming anomaly re-

flects the fact that the 27 values of —1%5’ for which velocity ratios
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were available, have a very much smaller range in magnitude than
the 50 values used in the studies involving relative smoothness.
On the basis of the available data, it was concluded that the
velocity ratio is an unsatisfactory index of the roughness param-
eter.

SUMMARY

Fifty current-meter measurements of discharge at 11 sites on
California streams were use to relate the roughness parameter,
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"
B to relative smoothness,% , where d is a characteristic bed-

particle size obtained from a cumulative frequency distribution of
the diameters of randomly sampled surficial bed material. Separate
distributions were computed for the minimum and intermediate
values of the three diameters of the particles measured. The in-
vestigation was confined to channels with coarse bed material to
avoid the complication of bed-form roughness that is associated
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with alluvial channels composed of fine bed material. Because basic
values of n were sought—those attributable solely to the size and
gize distribution of bed material—the sites selected for study
were relatively free of the extraneous flow-retarding effects asso-
ciated with irregular channel conformation and streambank vegeta-
tion.

Three characteristic bed-particle sizes were investigated—the 84
percentile (ds4), the 50 percentile (ds0), and the 16 percentile (d;¢).
In addition, a weighted composite size (d,) was tested, using a
weight of 0.6 for the 84-percentile size, a weight of 0.3 for the 50-
percentile size, and a weight of 0.1 for the 16-percentile size. Best
results were obtained using either dgs or d,, but it made little
difference in the reliability of the results whether the study was
confined to the minimum or to the intermediate diameter. Results
obtained using ds, and d, for both minimum, and intermediate
diameters are summarized in table 5. Because of the relative ease
of obtaining measurements of the intermediate diameter—either
by sieving or by photographic methods—use of the intermediate
diameter will probably have more appeal. The relations obtained

n R
between % and = were of the form

n o 0.0926

B* a-+2.0 log %
the only difference in the equations being in the values of the con-
stant a, which varied with size (ds, or d,,) and diameter (minimum
or intermediate) used. The above equation is virtually identical
with the theoretical equations presented by Chow (1959) and
Vennard (1961) and that derived from field data by Leopold and
Wolman (1957).

The standard deviation of the percentage differences between
observed and computed values of 7;% was about 19 percent when
dss was used, and only slightly more than 19 percent when d,, was
used. The slightly better results obtained by using dgs,, combined
with the fact that the computations using dg, are somewhat simpler
than those using d,, makes the use of dg, attractive. It is difficult,
however, to rationalize the use of dg, because of the implication
that the distribution of sizes is irrelevant, and it matters not at all
whether 84 percent of the bed material is sand or whether it is
large cobbles, as long as 16 percent of the material is of greater
size. Consequently, the author recommends the use of d, rather
than dgs, although there was no unanimity of opinion on this
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recommendation among his colleagues who reviewed this paper.
The reader is free to make his own choice between the use of dg,
and d,.

As an adjunct to this study an attempt was made to relate the

roughness parameter, _I%% , to the ratio of velocities at two-tenths

depth (V,.2,) and at eight-tenths depth (V,g,). These are the two
depths at which velocity is usually observed when current-meter
measurements of discharge are made. Twenty-seven sets of such
velocity data, obtained at eight sites, were available from the
discharge measurements made in connection with this study of
the effect of streambed particle size. Unfortunately, the range in
)
‘R%
small standard error of estimate obtained by correlating —}% , with

magnitude of the 27 values of was small, and therefore the

the velocity ratio had little significance by itself. The correlation
coefficient, 0.41, was low, and it was therefore concluded that on
the basis of the available data the velocity ratio is an unsatis-
factory index of the roughness parameter.
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