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SYMBOLS

Description
Area of channel _ _ ___________________________
Width of channel _____ ______________________

Chezy coefficient of discharge, (V/Vx) \/q— Sub-
seript 1 and 2 indicate lower and upper regimes
respectively.

Concentration of measured suspended sediment
by weight.

Concentration of measured suspended sediment by
volume.

Concentration of measured suspended sands
(>0.062 mm) by weight.

Median diameter of bed material ______________

Average depth of flow__._____________________

Darcy-Weisbach friction factor equals 8 (V/V)2_

Froude number, V/+/gD . __________

Gravitational constant_ ______________________

Friction head loss______ .. ____________.._______

Constant ________________________ . .

Manning’s coefficient of roughness_____________

Total sediment discharge in Bagnold equation.__

Discharge of water-sediment mixture_________.

Discharge of measured suspended sediment_.___

Discharge of computed total sediment___._____

Hydraulie radius_ - ... _____________________

Slope of water surface, assumed to equal energy
gradient, except where noted.

Water temperature__ .. _____________________

Average velocity of flow__ .- ____________

Shear velocity which is \/ gDS or Vroflp oo ___

Elevation above an arbitrary datum___________

Specific weight of water, 62.5.____________._____

Specific weight of sediment, 165.6______________

Difference between specific weights of sediment
and water, 103.

Kinematic viseosity__ ... . ____________

Mass density of water, at 60°F equals 1.94______

Mass density of sediment, at 60°F equals 5.14___

Bagnold transport rate function ¢=g./bge.d
By Avsd/p.

Tractive or shear force developed on the bed,
vDS:

Bagnold shear function, or overall tangential stress
parameter =7o/Av,d+ DSCwn/2.65d.

Fall velocity of sediment particles (median diam-
eter of bed material).

vI

Units
sq ft
ft

ppm
ppm
ppm

ft

ft

0

0

ft per sec 3
ft
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ft 1/6

Ib per sec per ft
cu ft per see
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°C
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STUDIES OF FLOW IN ALLUVIAL CHANNELS

A STUDY OF FLUVIAL CHARACTERISTICS AND HYDRAU-
LIC VARIABLES, MIDDLE RIO GRANDE, NEW MEXICO

By JamEes K. CuLerTsoN and Davip R. Dawpy

ABSTRACT

Extensive data concerning water discharge and suspended-sediment transport
for many sand-bed cross sections in the middle Rio Grande basin are analyzed.
A discontinuity in the velocity-hydraulic-radius relations of these reaches is shown
to occur, with velocity doubling for a constant depth. The roughness parameter,
Chezy C, is relatively constant for discharges beyond the discontinuity, and mainly
is a function of the size of bed material.

A discontinuity in the hydraulic-radius suspended-sand loads relation is shown
to coincide with the discontinuity in depth discharge. Suspended-sand loads
increase 8 to 10 times for a constant depth at the point of discontinuity.

The mechanies of scour and fill are studied, and it is indicated that contracted
sections of a reach generally will scour on a rising stage and fill on the recession.
The stream system apparently operates so as to maintain a constant energy
gradient through a reach.

The suspended-sediment data for the middle Rio Grande are used to compute
total loads according to the modified Einstein and the Bagnold methods. The
modified Einstein method gives consistent results when applied to different cross
sections of a single reach. The Bagnold method apparently predicts a correct
shape for the shear-transport relation, but it is not as suited to field use at this
time as is the modified Einstein method.

INTRODUCTION
PURPOSE AND SCOPE

The purpose of this report is to present interrelations between
hydraulic radius, median size of bed material, channel-bed roughness,
flow regime, mean velocity, and sediment transport for flow in sand
channels of the middle Rio Grande in New Mexico. Data used were
collected during the period 1952 to 1959 as part of a cooperative
program between the U.S. Geological Survey and the U.S. Bureau of
Reclamation to study sediment transport in the middle Rio Grande.

Observations were made at eight stations on the main stem of the
Rio Grande. The stations presented are in that reach of the Rio
Grande from Otowi Bridge near San Ildefonso to San Marcial, N.
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FI1GURE 1.—Location map of the middle Rio Grande.
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Mex., approximately 180 miles (fig. 1). The study sites at three sta-
tions were reaches of approximately 1% miles each. The Rio Grande
near Bernalillo reach includes 7 sections, the Rio Grande near Belen,
Casa Colorado reach, 10 sections, and the Rio Grande near Socorro
reach, 4 sections. Rates of flow ranged from 2,000 cfs (cubic feet per
second) to 10,000 cfs; frequencies of discharge being from that equaled
or exceeded 50 percent of the time to that equaled or exceeded 10
percent of the time.

Most of the observations listed in this report represent spring
runoff from the headwaters of the Rio Grande in Colorado, some minor
tributaries in northern New Mexico, and runoff from the Rio Chama.
The Rio Chama is the largest contributor of tributary inflow above the
Rio Grande at Otowi Bridge station.

Several measurements representing flow from the Rio Puerco are
shown for the Rio Puerco near Bernardo, the Rio Grande near Socorro,
and the Rio Grande at San Antonio stations. Some storm runoff
data for the Galisteo Creek at Domingo also are included.

Data observed for most of the stations include (1) stream depths
and velocities, (2) samples of suspended sediment, (3) samples of the
bed material, (4) water temperature, and (5) water-surface slope.
Slopes are not available for all observations.

Hydraulic characteristics at each station are discussed, and flow
regime based on discontinuities in the- stage-discharge relation and
visual observation of water surface appearance are noted. Sediment-
transport characteristics are described for each station and related
to hydraulic variables and regimes of flow. Most of the total-load
computations represent upper-flow regimes, that is, plane bed, stand-
ing wave, or antidune bed configuration; however, several computa-
tions are shown for lower-regime flows or dune bed configuration.
The relation between Vi/w and Vid/» is used to compare forms of
bed roughness found in the Rio Grande with those found in flume
studies. The relation between the roughness parameters, Manning’s »
and Chezy’s C, and median diameter of bed material is shown to be
well defined for stations studied in the Rio Grande basin.

Total sediment loads are computed by using the modified Einstein
method and the Bagnold method. Also, field data are used to test the
interrelation of Bagnold’s total-transport and shear functions.

PERSONNEL AND ACKNOWLEDGMENTS

This report was written under the supervision of J. M. Stow,
district chemist, Albuquerque District, Quality of Water Branch.
Field and laboratory work was under the supervision of W. G. Bratschi,
succeeded by J. K. Culbertson, hydraulic engineer, Geological Survey.
F. C. Ames and G. L. Oakland of the Geological Survey assisted
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materially in setting up the field investigations. R. W. Fife, chief
of the Hydrology Section, and E. L. Pemberton, head of the Sedimenta-
tion Section, both of the Albuquerque Bureau of Reclamation Office
planned and supervised the data collection program for the Bureau at
field level.

C. F. Nordin, Jr., hydraulic engineer, Geological Survey, aided
materially in the planning and beginning of this report.

GEOGRAPHIC LOCATION AND DESCRIPTION OF REACHES

The Otowi Bridge station is located at the lower end of an alluvial
reach, which includes the lower Rio Chama (fig. 1). Alluvium
apparently has accumulated in the Rio Grande between the mouth of
the Chama and the Otowi Bridge location as the result of flow from the
Rio Chama. Immediately downstream from the Otowi station the
Rio Grande enters a narrow gorge, which confines the river channel.
Although no data are available, it is believed that little or no aggrada-
tion or degradation occurs within the reach between the Otowi Bridge
and Cochiti stations. Data for Otowi Bridge are shown in table 5.

At Cochiti the river channel and flood plain widen considerably
and the river channel becomes characteristic of that of a sand-bed
stream. However, large gravel and rock are predominant bed mate-
rials at discharges higher than the approximate median frequency
discharges at this station, which is located approximately 1 mile below
the Cochiti diversion dam. The dam does not appear to trap any
appreciable sand loads. Data for the Cochiti station are shown in
table 6.

Eight miles below Cochiti the Galisteo Creek empties into the
Rio Grande. The Galisteo is a large contributor of sediment to the
Rio Grande. Galisteo Creek did not contribute to the spring runoff
flows that are described in this report; however, some data on flash-
flood events are presented (table 7).

The San Felipe station is approximately 7 miles downstream from
the mouth of Galisteo Creek. Tonque Arroyo empties into the Rio
Grande immediately upstream from the San Felipe station. This
arroyo runs only infrequently and did not contribute to the spring
runoff events covered in this report. The river channel at the San
Felipe station is narrow, being confined by a volcanic talus slope on
the right bank and fairly stable clay banks on the left. Velocities are
relatively high, and bed material in the sand range, which is brought
in by Galisteo Creek and Tonque Arroyo, apparently is moved on past
the station. There is little evidence of general aggradation at this
site. Samples of bed material taken at the San Felipe station during
high discharges showed sparse quantities of sand-size particles. Data
for the San Felipe station are shown in table 8.
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Angostura diversion dam is approximately 5 miles downstream
from the San Felipe station and forms the headworks for the Albu-
querque main canal. Data were collected in the Rio Grande above
the heading, in the settling basin immediately below the heading,
in the wasteway return to the river, and in the Albuquerque main
canal (table 9) as part of a study by the U.S. Bureau of Reclamation
to determine the trap efficiency of the settling basin.

The Jemez River empties into the Rio Grande, 8 miles downstream
from the San Felipe station. The Jemez River brought large sedi-
ment loads into the Rio Grande before the completion of Jemez
Canyon Reservoir, which is approximately 1% miles upstream from
the mouth. Operation of this reservoir controlled all spring runoff
from the Jemez River during the period covered by this report, and
only minor releases were made during periods of observations. Ap-
proximately 500 cfs was released for a short period on June 18, 1959.
The rise in suspended-sediment concentration can be noted in the
data table for the Bernalillo section A-2 station (table 10).

The Rio Grande near Bernalillo station, referred to in this report as
Bernalillo section A-2, is located at a comparatively narrow point 8
miles downstream from the mouth of Jemez River. The right bank
is a high bluff composed of a calcareous sandstone. The left bank
consists of a silty clay that is stabilized by salt cedar, cottonwoods,
and range grasses. Width of the river channel at this point has
remained at 270 feet +3 feet at all discharges above about 1,000 cfs
for several years. The Bernalillo section F is 8,240 feet downstream
from the Bernalillo section A-2. Section F' is comparatively wide
with varying widths for all discharges. A section of this report is
devoted to the observed differences in hydraulic and fluvial character-
istics between these two stations (tables 10-13). A sketch map of
the Bernalillo reach is shown in figure 2.

The next stations in downstream order below the Bernalillo stations
are (1) Rio Grande at Albuquerque, (2) Rio Grande at Belen, and (3)
Rio Grande near Bernardo. These three stations are measured from
bridges. No data for these stations are discussed, because the
hydraulic conditions caused by the bridge structures are extremely
complicated. The Bernardo station is approximately 65 miles down-
stream from the Bernalillo station. There is no large tributary inflow
in this 65 mile reach.

Approximately 7 miles downstream from the Rio Grande at Belen
is the Casa Colorada reach. This reach of about 3}% miles is of par-
ticular interest because of recent channel rectification work by the
Bureau of Reclamation. Kelner jetties were used extensively through
this reach in an effort to realine the river channel and to control bank
erosion. A great deal of effort has gone into a thorough study of the
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FiGURE 2.—Sketch map of the Rio Grande near Bernalillo reach.

reach before and after installation of the jetties. A model of the
entire reach was constructed for study at the hydraulic laboratory
of the Bureau of Reclamation in Denver, Colo. Total-load data
and other hydraulic measurements were collected throughout the
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upper 1% miles in the prototype reach by the Geological Survey.
Hydraulic and sediment variables are shown in table 14. A sketch
map of the Casa Colorada reach is shown in figure 3.

Three miles downstream from the Rio Grande near Bernardo sta-
tion is the mouth of the Rio Puerco. The Rio Puerco has the largest
tributary drainage area to the Rio Grande in New Mexico and yields
great quantities of sediment. Sediment concentrations in excess of
400,000 ppm (parts per million) by weight have been recorded at the
Rio Puerco near Bernardo station. Some data are shown for this
station in table 15.

Approximately 9 miles downstream from the mouth of the Rio
Puerco is the mouth of the Rio Salado. The Rio Salado is similar to
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FIGURE 3.—Sketch map of the Rio Grande near Belen, Casa Colorada reach,
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the Rio Puerco in that it is an intermittent stream yielding large
quantities of sediment. Two miles below the Rio Salado is San
Acacia diversion dam. No data are presented for the Rio Grande
at San Acacia station, which is 0.7 mile downstream from the diver-
sion dam.

Some data are presented in table 16 for a 1-mile reach of the Rio
Grande near Socorro. This reach is about 16 miles downstream
from the San Acacia station. There is no station near this reach
of the Rio Grande.

The next station downstream from Socorro reach is the Rio Grande
at San Antonio. San Antonio is about 28 river miles from the San
Acacia station. Data are presented for this station in table 17.

The Rio Grande at San Marcial station is another 21 miles below
San Antonio and is the southernmost station covered by this report.
Data for the Rio Grande at San Marcial station are shown in table 18.

DEFINITIONS

Bedload consists of particles that mainly are in continuous contact
with the bed. Movement of these particles occurs by rolling, sliding,
or jumping along the bed.

Suspended-sediment discharge is computed from total water dis-
charge and the concentration of suspended-sediment samples.

Regime of flow includes those flows for which the bed configurations
are similar.

A sand-bed channel is one in which there is an unlimited supply of
material in the sand sizes on the bed of the stream, and the median
diameter of this bed material does not vary appreciably with depth
to known maximum scour or with change in water discharge.

A sand-gravel channel is one in which the supply of sand-size
material on the streambed is limited, and median diameter varies
appreciably with discharge, ranging from sand sizes through coarse
gravel sizes.

Sediment-transport functions give the rates at which water dis-
charges of any magnitude in a given channel will transport sediment
particles of sizes which are found in the streambed.

Suspended load is that part of the total sediment load that is in
equilibrium with a normal fluid stress and for which the grains are
supported entirely by the fluid stresses. Those particles in colloidal
suspension are also part of the suspended load.

Total-sediment discharge is the rate of movement or discharge of
the suspended load plus the bedload.

Unmeasured-sediment discharge is the difference between the total-
sediment discharge and the suspended-sediment discharge.
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Fine-material load is that part of the suspended load that consists
of grain sizes finer than those found in appreciable quantities in the
bed. Fine-material load is sometimes referred to as wash load.

MEASUREMENT OF HYDRAULIC AND SEDIMENT
VARIABLES

In order to give the reader a better understanding of some of the
data presented herein, some of the measured variables will be dis-
cussed and the methods of field measurement described.

WATER DISCHARGE

The term ‘“‘water discharge’’ actually means discharge of the water-
sediment mixture and includes all dissolved and suspended matter
being transported by the fluid. However, only mean depth, mean
velocity, and width are used to compute water discharge.

CONCENTRATION OF SUSPENDED SEDIMENT

Suspended-sediment concentrations were computed from samples
taken at the same cross section used in the water-discharge measure-
ment. Samples were taken using US DH-48 or US D-49 sediment
samplers. These samplers are designed to collect a representative
sample of the water-sediment mixture from the surface to about 0.3
foot from the streambed. Samplers and sampling techniques are
described in reports 1 and 6 (Subcommittee on Sedimentation,
Federal Inter-Agency River Basin Committee 1940, 1952). All
samples were integrated vertically and were taken at equal intervals
of width and equal transit rates in the cross section, thus giving dis-
charge-weighted mean concentrations in parts per million by weight.
Particle-size distributions were determined for all samples by the
visual accumulation tube-pipette method of analysis.

SUSPENDED-SEDIMENT DISCHARGE

Mesasured suspended-sediment discharge is the product of total
water discharge in cubic feet per second, mean sediment concentra-
tion in the sampled zone in parts per million, and a conversion factor
that converts the result to a rate in tons per day. That is, all sedi-
ment discharge values, both suspended and total are shown as rate of
transport.

BED ELEVATION

Bed elevations shown in the tables of data for each station are rel-
ative to the existing station datum or to a temporary datum established
at the location. Mean depths are subtracted from the datum or gage
height to obtain bed elevation. For some stations, a constant was
added to the gage height in order to obtain positive values.
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SLOPE DETERMINATIONS

Slope is the variable most difficult to measure in the field. Water-
surface slopes and energy gradients over short reaches on sand-
channel streams vary considerably when measured at different times.
Use of instantaneous measurements in computing various parameters
involving slope tends to introduce scatter into any plot that concerns
those parameters.

Similar fluctuations of instantaneous slope measurement are ex-
perienced in laboratory flumes with sand beds. Over a period of
several hours, a flume considered as flowing in equilibrium may have
instantaneous slope values varying by 50 percent. A U.S. Geo-
logical Survey research team at Colorado State University has used
a recorder attached to a differential bubbler gage to measure slope
continuously (Simons and others, 1961). Although fluctuations are
sizable, the time average has been found to be consistent if a suffi-
ciently long time base is used.

Although the reaches used on the Rio Grande were on the order of
1,000 feet long, it was hypothesized that instantaneous measurements
of water surface slope were not significant, but could be used to deter-
mine an average slope for the reach.

Three methods were used for testing this hypothesis. First, at
Bernalillo for the 1952 data, a plot of energy gradients was used to
determine whether an average slope could be fitted to various longer
reaches through several sections for all six runs. (See fig. 4.) It was
found that a slope of about 0.00095 ft per ft could be fitted through
sections A-2 to A-1 and E to @, and often through longer reaches.
This seemed to indicate that the average slope value might be used
to compute variables for several sections and perhaps be more ac-
curate than using the instantaneous measured values. Second, the
average of the instantaneous values of slope for each station and
reach was compared with the slope as picked from a topographic map.
These slopes agreed quite well, which indicated that the variations
were about a mean value for a much longer reach than that normally
used between sections. Third, for several stations, the variation in
plots involving slope, such as those of shear and Chezy C, was com-
pared when computed for instantaneous values and for average
values. The average values gave much less scatter to the plots, in-
dicating that the average values were more meaningful than the
instantaneous values in describing effects of the slope acting upon the
system.

In addition a comparison was made of energy gradients and water
surface slopes for the 1952 Bernalillo runs between reaches A-2 to
4, a distance of 2,840 feet and F to H, a distance of 2,160 feet. The
reach from A-2 to A is narrow and that from F to H is wide. The
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FIGURE 4.—Rio Grande near Bernalillo reach, showing energy gradients,

energy gradient was computed by correcting the water-surface fall
for the change in velocity head as computed by the formula, k.= V?/2g.
Using the readings observed at these cross sections only, and giving
no weight to other sections, it was found that the average water-sur-
face slopes and energy gradients for the two reaches were in close
agreement. The results are given in figure 4 and table 1.
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TABLE 1.-—Energy gradients and water-surface slopes for the Rio Grande near
Bernalillo reach, 19562

Sections 4-2 to A Sections F to H
D
ate Energy drop | Water-surface | Energy drop | Water-surface
fall fall
April 25 __ 2. 67 2. 60 2.15 2.09
April 12 ____ 2.73 2. 63 1. 74 1. 80
June 17___ o ___. 2.73 2. 67 1. 97 1. 69
June 20 . __________ 2. 53 2. 66 1. 96 1.78
June 26 __________________ 2. 60 2. 63 2.31 2. 34
July 24 __ 2. 37 2. 46 2. 06 2. 07
Average_ .. ___________ 2. 605 2. 608 2. 032 1. 962
Averageslope_ . _______________ . 00092 . 00092 . 00094 . 00091

Similar computations were made at the Casa Colorada reach.
The results were as follows:

Average energy gradients and water-surface slopes agree sur-
prisingly well, both at a reach and between reaches. This should
be somewhat expected, however, because channel-control conditions
should prevail at all times in a sand-channel stream, and fluctuations
of both water-surface slopes and energy gradients should be about the
same stationary mean value. As a result of these studies, average
measured water-surface slopes for the range of discharge observed
for each station were determined and used for computations of all
parameters in this report.

TABLE 2.—Energy gradients and water-surface slopes for Casa Colorada reach

Reach Energy gradient | Water-surface
slope
116.87-116.47 e e 0. 00082
116.67-116.47 e e . 00078
117.62-137.43 e 0. 00085 . 00087
117.81-117.43 . _ . e . 00081 . 00085

BED MATERIAL

It will be shown in this report that particle size of bed material
at a given cross section is a very important variable in determining
sediment-transport rate, form of bed roughness, and resistance to flow.
The median diameter, d, is used in this report as the primary variable
representing bed material.

This report deals mainly with the sand-bed channels of the Rio
Grande. Sand is that material larger than 0.062 mm and finer than
2.00 mm in diameter. It is the authors’ belief that the median
diameter of bed material for a sand-bed channel, as defined in this
report, usually does not exceed 0.60 mm. For such a channel samples
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of bed material taken throughout a wide range in discharge show no
large variation of median diameter.

Most of the stations in this report can be considered as having
sand-bed channels, the exceptions being the sand-gravel channels of
the Rio Grande at Otowi Bridge, Cochiti, and San Felipe stations.
The Rio Grande near Bernalillo station is an excellent example . of
a sand-bed channel. A great number of bed-material samples have
been collected and analyzed at this station and show very little
deviation from a median diameter of 0.30 mm. For instance, of
56 individual bed-material samples collected near Bernalillo in 1958,
the median diameters for 48 samples range only from 0.20 to 0.40
mm, whereas for 53 samples the range is 0.20 to 0.48 mm. The
largest d of the 56 observations was 1.15 mm, whereas the only one
below 0.20 mm was 0.075 mm.

The stations downstream from Bernalillo are similar in that the
medians of bed-material samples vary conservatively. Upstream
tributary flows often will leave a thin film of finer material in the bed.
This fine-grained sediment apparently produces little or no pro-
Jonged changes in median diameter, because it usually is picked up
by a subsequent increase in dischage in the main channel.

The Rio Grande at Cochiti station is a good example of a nonsand-
bed channel, or a sand-gravel channel. During two high-water
periods of May and June 1957 and 1958, samples of bed material
show the median diameter to range from 0.13 to 33.0 mm, and size
distributions of the material show bimodal characteristics.

DEPTH-DISCHARGE RELATIONS

A discontinuity occurs in the depth-discharge relation of many
sand-bed stations in the middle Rio Grande. For a given depth, there
may be no unique relation with velocity. This is due to the fact
that the form of bed roughness and, hence, resistance to flow are a
function of fluid, sediment, and flow characteristics.

Laboratory studies (Simons and others, 1961) have been used to
define the various regimes of flow in terms of configuration of the
sand-bed channel as follows:

Regime of flow Description

Plane bed. __________ for flow prior to movement.

Lower jRipples_.._.___.______ small uniform sand waves, with little sediment
movement.

Dunes.______._______ much larger more irregular sand waves, with a

great deal of turbulence.

Plane bed. . _._______ dunes are smoothed out. Both the water
surface and the bed are plane, with little
turbulence.

Upper } Standing waves______ both the water surface and the bed are charac-
terized by standing waves, often termed ‘‘sand
waves.”’

Antidunes_ .. ________ the sand waves move upstream, until at some

critical point they break, then reform.
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The discontinuity occurs between the dune regime and the plane bed
regime. The roughness of the channel in the lower regimes is about
twice the roughness for upper regimes. For upper regimes roughness
is principally a grain roughness, whereas for lower regimes there is
both grain and form roughness.

The general approach to the determination of roughness is through
the Chezy formula

V=C+yRS

which means that the velocity at a cross section varies as the square
root, of the hydraulic radius, if slope and roughness are constant. For
the wide shallow channels of the Rio Grande, depth and hydraulic
radius are almost identical; therefore mean depth could be substituted
for hydraulic radius in the Chezy formula. However, both theory and
experience on relatively deeper channels indicate that hydraulic radius
is preferable to depth as a parameter to define the mean velocity of a
stream. The usual adaptation to rigid channels of this relation is the
well known Manning’s formula, where

o= pus,
n

In this relation, velocity varies as the two-thirds power of hydraulic
radius, if slope and Manning’s » are constant. Because, asstated ear-
lier, slope can be considered as a constant with only statistical varia-
tion, a comparison of the variation of velocity with hydraulic radius
can be used to study the variation of roughness, and, if roughness is
constant, to determine whether Chezy O of Manning’s » is the better
parameter for representation of roughness. Once the roughness param-
eter at a station is defined, then its variation among stations can be
related to physical properties.

Assuming all sands are of about the same specific weight, and that
temperature variations are averaged out in the relation at each
station, the parameters most likely to explain the variation between
stations would be the characteristics of the bed material.

DEPTH-DISCHARGE RELATIONS AT INDIVIDUAL STATIONS

If the Chezy C'is used as the roughness factor, the roughness appears
to be approximately constant at each main stem station from Berna-
lillo to San Antonio for all measurements of flows above the discon-
tinuity that were studied for this report. Figures 5 to 8 show plots
of hydraulic radius and velocity for Rio Grande near Bernalillo,
N. Mex., the Casa Colorado and Socorro reaches, and the San Fran-
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FIGURE 5.—Relation of velocity to hydraulic radius for Rio Grande near Bernalillo. .

cisco riverside drain near Bernardo, N. Mex. For each station plot, a
line has been drawn representing the relation

V=rkr'”?
Thus, since— V=CR'*8'7
then— C=k/S'".

The stations from Bernalillo downstream are quite similar in that
the depth-discharge relations have a discontinuity, an average Chezy C'
can be assumed for the upper regime, and the standing waves and
antidunes plot among the other upper regime flows. The San Antonio



F16 STUDIES OF FLOW IN ALLUVIAL CHANNELS

4 T
EXPLANATION

®
Standing waves or antidunes

HYDRAULIC RADIUS, IN FEET
)
-

1 1
2 4 8

VELOCITY, IN FEET PER SECOND

FIGURE 6.—Relation of velocity to hydraulic radius for Casa Colorada reach near Belen.

station is different, however, in that there seem to be definite shifts in
the relation, after the discontinuity, of velocity to hydraulic radius.
It has shown evidence of three separate relations during the period
studied (figs. 9-11). These major shifts have occurred when the
stream has been completely dry.

Because the upper regime measurements shown in figures 10 and 11
plot about an average of 25 percent greater than the BV curve shown
in figure 9, either the slope must increase or the bed-material size de-
crease, if Chezy C is assumed constant for a given bed material.
Whether the shifts in depth-discharge relation are the result of changes
in energy slope is not known, but the bed material has remained
practically constant.

Simons (oral communication) stated that in flume studies there is
a consolidation of the bed whenever the flume is dry. This may be
a partial explanation of the shifts in the hydraulic radius-velocity
relation at San Antonio, but there is no explanation as to why this
effect is selectively applicable at this one reach. In addition, San
Antonio is downstream from the Rio Puerco and thus receives large
quantities of fine material in suspension. This also may have some
effect on the bed consolidation and thus on the shifts at San Antonio.

For the station at San Marcial, only those measurements with
flows noted as being in standing waves or antidunes were used to
define the Chezy C for upper regime flows. The station is immedi-
ately upstream from a bridge, and local scour at times extends to the
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measuring section, changing the apparent characteristics of the
depth-discharge relation.

Similar plots for the two tributary stations, Galisteo Creek at
Domingo and Rio Puerco near Bernardo, are shown in figures 12 and
13. For QGalisteo Creek all measurements for which the average
velocity was greater than 4 fps (feet per second) were used to define
the curve after the discontinuity. This included all measurements
above 400 cfs. For Rio Puerco it was found that the change in
regime often did not occur until after the peak gage height. This
may be due to the large concentration of clay which is deposited
upon the bed during the recession and later hardens into an armoring

5.0

30

2.0t—

HYDRAULIC RADIUS, IN FEET

1.0

| |
2 4

o [—

VELOCITY, IN FEET PER SECOND

FIGURE 7.—Relation of velocity to hydraulic radius for San Francisco riverside drain near Bernardo.
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FI1GURE 8.—Relation of velocity to hydraulic radius for Rio Grande at Socorro reach,

layer which must be broken before the stream once again becomes a
sand-channel stream. The very rapid rises at this station also delay
the change from lower to upper regime because the depth and velocity
increase relatively more rapidly than accompanying changes in bed
configuration. Measurements made during a rising stage were not
used in defining the roughness factor for Rio Puerco because of the
dubious accuracy of such measurements. All measurements over
750 cfs other than those made on a rising stage were used.

CRITERIA FOR ESTIMATING REGIME OF FLOW

The determination of a criterion for estimating the regime of flow
that will prevail in a sand-bed stream is necessary for many problems.
In canal design the maximum capacity of discharge and sediment
transport are functions of the regime of flow at the design depth.
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In channel rectification, the regime of flow determines the capacitance
of the reach. In stream gaging, it determines the velocity of flow,
as was shown in an earlier section. In problems concerning sediment
transport, regime has an important bearing on the amount of sediment
transported.

There have been several attempts at establishing a criterion for
determination of regime of flow. Garde (1959) proposed an empirical
relation involving a shear-Froude number relation. Field data do
not verify the relation. In particular, part of the Rio Grande data
for upper-regime flows would be estimated as lower regime (fig. 14).
Disregarding the parameters used, the shape of the relation is believed
to be in error. Because the Froude number virtually remains con-
stant for upper-regime flows, any relation employing Froude number
should not present the paradoxical situation, as Garde’s does, that
with a constant Froude number increasing depth can cause a transition
from upper-regime to lower-regime flows. In addition, it is not be-
lieved that the Froude number is an adequate parameter for such a
relation, because for a given Froude number flow may be in any
regime depending upon the size of the bed material.
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FIGURE 9.—Relation of velocity to hydraulic radius for the Rio Grande at San Antonio, January 1952-June
1953; October 1954-June 1955,
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Simons and others (1961) proposed a plot of Vid/w and Vi /v, with
an empirical family of curves based on flume data which would
delineate the various regimes. The Rio Grande data do not verify
this plot (fig. 15). Because for a given stream, with a fixed slope and
bed material, all data will plot on a 45° line depending upon R, this
family of curves is not believed to be adequate. For any situation
without a unique relation of R to V, regimes of flow would overlap on
the Simons’ plot, and it has been shown that there is no unique relation
between R and V for true sand-bed streams. As an example, by
referring to figure 5, it becomes obvious that at an E of 2.1 at the Rio
Grande near Bernalillo, lower, transition, and upper regimes of flow

can occur at Vi =42.1¢S.

HYDRAULIC RADIUS, IN FEET

/ "~ Relation from figure 9

1 L 1
2 4 8
VELOCITY, IN FEET PER SECOND

FicURE 10.—Relation of velocity to hydraulic radius for the Rio Grande at San Antonio, July 1953-May 1954.
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FIGURE 11.—Relation of velocity to hydraulic radius for the Rio Grande at San Antonio, May-September
1954; July-September 1955,

RELATION OF CHEZY C TO BED MATERIAL

Figure 16 shows the variation of average Chezy C for upper-regime
flows with the median diameter of the bed material for stations covered
in this report. Average values for all available upper-regime obser-
vations are plotted for the sand-bed stations. Individual observations
are plotted for the sand-gravel stations, Otowi, Cochiti, and San
Felipe. Also included are average values for several stations distrib-
uted throughout the country. These data are abstracted from
Dawdy (1960) and show that the Rio Grande data are in agreement
with data from other streams.

In general the reach above the Angostura diversion dam is a gravel
alluvium over which a veneer of sand is transported. At higher dis-
charges and correspondingly large sediment transport, the bed
generally has areas bare of sand, with gravel exposed to the flow. At
times an entire cross section may have a gravel bed. The variable
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FIGURE 12.—Relation of velocity to hydraulic radius for Galisteo Creek at Domingo, N, Mex.

condition of the bed is indicated by samples of the highly variable bed
material obtained at Otowi, Cochiti, and San Felipe. The variation
in bed material causes a large amount of scatter in the relation of
velocity to hydraulic radius and of shear to sediment transport.
Although of the three main-stem stations above Bernalillo, Cochiti
most nearly approximates a sand-bed channel; it presents a good
example of a sand-gravel channel, that is, one without a limitless
supply of sand. As such, any relation developed for it may be used to
interpret data for the reach from Otowi to San Felipe. The bed-
material samples for Cochiti showed a large amount of variation in
median diameter as compared with those of the sand-bed channel
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stations. In addition, although the station seems to experience upper-
regime conditions, the shifts in the velocity-hydraulic radius plot are
extensive, as shown in figure 17, and often seemingly are without
reason. It was hypothesiz<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>