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INVESTIGATIONS OF SEDIMENT TRANSPORTATION,
MIDDLE LOUP RIVER AT DUNNING, NEBRASKA

By D. W. HusBeLL and D. Q. MATEJRA

ABSTRACT

An investigation of fluvial sediments of the Middle Loup River at Dunning,
Nebr., was begun in 1946 and expanded in 1949 to provide information on sediment
transportation. Construction of an artificial turbulence flume at which the total
sediment discharge of the Middle Loup River at Dunning, Nebr., could be
measured with suspended-sediment sampling equipment was completed in 1949.
Since that time, measurements have been made at the turbulence flume and at
several selected sections in a reach upstream and downstream from the flume.

The Middle Loup River upstream from Dunning traverses the sandhills region
of north-central Nebraska and has a drainage area of approximately 1,760 square
miles. The sandhills are underlain by the Ogallala formation of Tertiary age and
are mantled by loess and dune sand. The topography is characterized by north~
west-trending sand dunes, which are stabilized by grass cover. The valley floor
upstream from Dunning is generally about half a mile wide, is about 80 feet lower
than the uplands, and is composed of sand that was mostly stream deposited.
The channel is defined by low banks, Bank erosion is prevalent and is the source
of most of the sediment load. The flow originates mostly from ground-water
accretion and varies between about 200 and 600 cfs (cubic feet per second).
Measured suspended-sediment loads vary from about 200 to 2,000 tons per day,
of which about 20 percent is finer than 0.062 millimeter and 100 percent is finer
than 0.50 millimeter. Total sediment discharges vary from about 500 to 3,500
tons per day, of which about 10 percent is finer than 0.062 millimeter, about 90
percent is finer than 0.50 millimeter, and about 98 percent is finer than 2.0 milli-
meters. The measured suspended-sediment discharge in the reach near Dunning
averages about one-half of the total sediment discharge as measured at the
turbulence flume.

This report contains information collected during the period October 1, 1948,
to September 30, 1952, The information includes sediment discharges; particle-
size analyses of total load, of measured suspended sediment, and of bed material;
water discharges and other hydraulic data for the turbulence flume and the
selected sections.

Sediment discharges have been computed with several different formulas, and
insofar as possible, each computed load has been compared with data from the
turbulence flume. Sediment discharges computed with the Einstein procedure
did not agree well, in general, with comparable measured loads. However, a
satisfactory representative cross section for the reach could not be determined with
the cross sections that were selected for this investigation. If the computed cross
section was narrower and deeper than a representative cross section for the reach,
computed loads were high; and if the computed cross section was wider and shal-
lower than a representative cross section for the reach, computed loads were low.

1



2 SEDIMENT TRANSPORTATION, MIDDLE LOUP RIVER, NEBR.

Total sediment discharges computed with the modified Einstein procedure com-
pared very well with the loads of individual size ranges and the measured total
loads at the turbulence flume. Sediment discharges computed with the Stravb
equation averaged about twice the measured total sediment discharge at the
turbulence flume. Bed-load discharges computed with the Kalinske equation
were of about the right magnitude; however, high computed loads were associated
with low total loads, low unmeasured loads, and low concentrations of measured
suspended sediment coarser than 0.125 millimeter. Bed-load discharges computed
with the Schoklitsch equation seemed somewhat high; about one third of the
computed loads were slightly higher than comparable unmeasured loads. Al-
though, in general, high computed discharges with the Schoklitsch equation were
associated with high measured total Joads, high unmeasured loads, and high con-
centrations of measured suspended sediment coarser than 0.125 millimeter, the
trend was not consistent. Bed-load discharges computed with the Meyer-Peter
and Miiller equation varied progressively with changes in several hydraulic
parameters, compared reasonably with total and unmeasured sediment discharges,
and increased fairly consistently as the concentration of measured suspended sedi-
ment coarser than 0.125 millimeter increased.

Size analyses indicated that bed material varies both laterally and vertically.
Composites of at least five samples, but preferably more, seem to be necessary for
an adequate determination of the bed-material size distribution. The size distri-
bution for the top 1 inch or so of the bed is generally finer than that for the top 6
inches. The bed-material size distribution determined from 6-inch core samples
does not seem to vary with either water temperature or water discharge.

Values of z;, the measured exponent for the equation of the vertical distribution
of suspended sediment, that are less than about 0.7 are generally larger than asso-
ciated 2's that are determined from the theoretical equation. Values of z varied
inversely with about the 0.6 power of k, the Von Karman coefficient tor turbulent
exchange, throughout a range for k of 0.4-4.00.  Also, z; can be expressed roughly
a8 8 power of z; the power depends on which system of fall velocities is used.

INTRODUCTION

The investigation of fluvial sediments of the Middle Loup River at
Dunning, Nebr. (fig. 1), was begun on April 11, 1946. This investiga-
tion was undertaken at the request of and in cooperation with the
U. S. Bureau of Reclamation and was made as a part of the program
of the Department of Interior for the development of the Missouri
Riverbasin. Initially, suspended-sediment measurements were made
at a partly contracted section. In 1948, at the request of the Bureau
of Reclamation, an artificial turbulence flume at which the total
sediment discharge of the Middle Loup River could be measured was
designed and constructed. After the turbulence flume was com-
pleted in May 1949, the investigation was expanded to include periodic
measurements in an alluvial reach upstream and downstream from
the flume. In this reach, measurements were made at six river sec-
tions (fig. 2), which represent different channel configurations, in
order to relate the characteristics of the flow and sediment with sedi-
ment discharge. However, no more than five sections were used
-during the same period of time; consequently, the periods of record
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INTRODUCTION 5

for the different sections varied. -After March 20, 1950, daily meas-
urements of suspended-sediment discharge were discontinued at the
partly contracted section, and the daily total sediment discharge was
measured at the flume.

This report was prepared to summarize the data from this investiga-
tion and to show the results of sediment-transport studies that are
based on these data—particularly comparisons of measured sedi-
ment discharges with sediment discharges computed from formulas.
Specifically, the report contains a summary of sediment data and as-
sociated hydraulic information for the turbulence flume and the six
river sections during the period October 1, 1948, to September 30,
1952; computations of sediment discharge by several different methods,
including a modification of the Einstein functions (Colby and Hem-
bree, 1955); evaluations of several methods for computing sediment
discharge; and a discussion of some aspects of sediment transport on
the basis of the field data.

Included in this report are data presented by Vice and Serr.
(written communication) for the period August 17 to September 14,
1949, some computations of sediment discharge by E. L. Pemberton
in 1950 (written communication), and some of the information from
P. C. Benedict, M. L. Albertson, and D. Q. Matejka (1955).

DEVELOPMENT OF THE TURBULENCE FLUME

The turbulence flume was constructed to provide information on
total sediment discharge. ‘Such imformation was needed for deter-
mining accurately the annual total sediment discharge of the Middle
Loup River at Dunning, Nebr.; for evaluating formulas and methods
that could be used to compute sediment discharge at other locations
in the Loup River basin; for modifying or developing, if necessary,
formulas or methods that compute sediment discharge; for studying
various sediment and hydraulic relationships; and for designing
proposed river structures in the Loup River basin.

The idea that a structure could be designed so that it would pro-
duce sufficient turbulence to suspend the total sediment discharge of
8 stream prompted the development of the turbulence flume. Con-
sideration was given at first to a modified Parshall flume and later to a
straight-sided flume having vertical baffles or water jets in the floor.
The flume having vertical baffles was selected as the most feasible.
design because it was independent of mechanical operation and would
only affect the stream regime initially.

Model studies of the flume and subsequent preliminary designs
for the prototype were made by the Civil Engineering Department,
N. A. Christensen, Dean, and M. L. Albertson, Head of Fluid
Mechanics Research, through the Research Foundation, Colorado
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Agricultural and Mechanical College, Fort Collins, Colo. P. C.
Benedict, W. M. Borland, Thomas Maddock, and J. H. Honnold
conferred frequently with representatives of the college during the
model studies.

R. E. Oltman prepared the structural design and the construction
plan and specifications for the prototype. The turbulence flume was
constructed by the U. S. Geological Survey under the supervision of
R. E. Oltman, who was succeeded by R. B. Vice. Permission was
granted by the Nebraska Department of Roads and Irrigation for the
construction of the flume beneath the bridge on State Route 2 at
Dunning, Nebr.

The characteristics of the Middle Loup River at Dunning were
especially favorable for the construction and operation of a turbu-
lence flume. The stream is representative of other streams in the
Loup River basin; the streamflow, which is derived mostly from ground
water, remains fairly constant throughout the year; the stream bed
consists almost entirely of sands; the stream channel for about 1,500
feet upstream from the flume site is straight and has a uniform and
nearly constant cross section; the reach at Dunning was downstream
from a proposed reservoir and upstream from a proposed diversion
structure; and a U. S. Geological Survey stream-gaging station was
already in operation at Dunning.

PERSONNEL AND ACENOWLEDGMENTS

The part of the investigation by the Geological Survey was under
the supervision of P. C. Benedict, regional engineer. Operation of
the flume and of the selected river sections was planned by the person-
nel of the Geological Survey and by W. M. Borland and K. B. Schroed-
er, Hydrology Branch, and J. H. Honnold, O. H. Hansen, and J. F.
Mayne, Region 7, of the Bureau of Reclamation. The collection of
basic data was under the supervision of R. B. Vice, of the Geological
Survey. E. F. Serr III, and later D. Q. Matejka, of the Geological
Survey, were in charge of fieldwork. J. F. Mayne assigned engineers
from the area office at Grand Island, Nebr., to help with fieldwork
from August 17 to September 14, 1949. K. B. Schroeder supervised
the Bureau of Reclamation personnel who computed some sediment
discharges with the modified Einstein procedure. Mean daily and
certain other water discharge data were furnished by D. D. Lewis,
district engineer of the Geological Survey.

BASIC INFORMATION

In this part of the report, the turbulence flume and the six selected
river sections are described, and the basic data are discussed. In
addition, lateral distributions of stream velocity, of stream depth,
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and of measured suspended-sediment concentration as well as vertical
distributions of velocity and of measured suspended sediment are
shown. Water- and sediment-discharge measurements, water temper-
atures at times of measurements, and water-surface slopes are given
in table 1. Data from cross-section soundings are given in table 2.
Particle-size analyses of measured suspended sediment, bed material,
and point-integrated samples are given in tables 3, 4, and 5, respec-
tively. Point velocities given in tables of particle-size analyses and
shown in vertical distributions are nozzle velocities, which are com-
puted from the time required to accumulate the sample, the volume
of the sample, and the cross-sectional area of the nozzle opening.

DEFINITIONS

To help clarify a few general terms used in sedimentology and some
specific terms used in this report, definitions and a brief discussion on
various systems of nomenclature are given.

Sediment particles move by sliding or rolling, by skipping (salta-
tion), and in suspension. Ordinarily, large heavy particles move by
rolling or sliding, and small light particles move by saltation and in
suspension. However, the mode of movement of any particle depends
not only on the size of a particle but also on other physical character-
istics of the particle and on the forces exerted on the particle. There-
fore, many particles probably move by all the modes of transport
rather than by only one mode. Quantitatively, the rate of sediment
movement by each mode is probably fairly constant for any sustained
flow condition.

Most existing sediment-discharge formulas have been developed
for computing only some part of the total sediment discharge or only
the discharge of the sediment that is moved by one of the modes of
transport. As a result, various systems of nomenclature have been
used to distinguish between the parts of the total sediment discharge.
Usually, the total sediment load is divided into bed load and suspended
load, and the saltation load is considered to be either insignificant or a
part of the bed load and the suspended load. Bed load, sometimes
called surface creep, is the moving sediment that is in contact with
the bed or that is very near the bed; thus, bed load includes all sliding
and rolling sediment and some skipping sediment. The suspended
load includes all suspended sediment and some skipping sediment.

Most bed-load formulas are based on the theory that particles are
set in motion if the forces exerted on the particles are sufficient to
lift the particles from the bed and (or) to overcome the frictional
resistance between the particles and the bed. However, the concept
of a shear or tractive force created by the component of fluid weight
in the direction of flow has been adopted as a measure of the forces
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by some investigators, whereas physical characteristics of the bound-
ary and various flow parameters have been considered to be the
measure by other investigators.

Suspended-sediment formulas are based on the turbulence-suspen-
sion theory, which explains the phenomena of sediment suspension
by fluid turbulence.

Einstein (1950) has divided the total sediment load into wash load
and bed-material load. Wash load is composed of the particles that,
for given hydraulic conditions, are not in significant quantities in the
bed. This load is washed through the channel in nearly continuous
suspension. Bed-material load is the part of the load that is picked
up from the bed and that is readily returned to the bed. The term
““bed-material load’” does not imply a mode of movement, for bed-
material load is conveyed as both bed load and suspended load.
Einstein has defined bed load as the sediment that moves through the
bed layer, a layer 2 grain diameters thick, above the nonmoving bed.

The total sediment load may be divided also into measured sediment
discharge and unmeasured sediment discharge. Neither of these dis-
charges is intended to pertain to any particular mode of movement;
however, measured sediment discharge is usually composed of only
suspended sediment and, therefore, is often called measured suspended-
sediment load. Measured sediment discharge is computed from the
measured suspended-sediment concentration. Because equipment
currently available for sampling suspended sediment cannot collect
water-sediment mixture close to the bed, not all the suspended sedi-
ment is represented in the samples. Unmeasured sediment discharge
is the difference between the total sediment discharge and the measured
sediment discharge;it includes all sliding or rolling, usually all skipping,
and some suspended-sediment particles—in other words, all bed-load
discharge and some suspended-sediment discharge.

Some of the specific terms in this report are defined as follows:

Fluvial sediment is sediment that is transported by, is suspended
in, or has been deposited from water.

Water discharge is the rate of flow of a stream and includes the
fluvial sediment and dissolved solids that are transported in the water.

Suspended sediment is the.sediment that at any given time is
moving in suspension in water and is maintained in suspension by
the upward components of turbulent currents or by colloidal sus-
pension. ,

Depth-integrated sediment sample is a water-sediment mixture
collected in a sampler that moves vertically at a constant transit rate
and that admits the mixture at a velocity about equal to the stream
velocity at every point of its travel. Depth-integrating samplers now
in general use are the U. S. DH-48, U. S. D-43, U. S. D—49, and U. S.



BASIC INFORMATION ‘ 9

P-46; the U. S. P-46 sampler is designed for point integrating but
can be used for depth integrating. These samplers normally collect
water-sediment mixture only from the surface to about 0.3, 0.4, 0.4,
and 0.4 foot, respectively, above the stream bed.

Point-integrated sediment sample is a water-sediment mixture ac-
cumulated continuously during a given period in a sampler that is
held as nearly as possible at a fixed point and that admits the water-
sediment mixture at a velocity about equal to the instantaneous
stream velocity at the point. The U. S. P-46 and the U. S. DH-48
are now in general use as point-integrating samplers; the U. S. DH-48
sampler is designed for depth integrating but, with certain physical
modification and (or) sampling techniques, can be used for point
integrating.

Measured suspended sediment is the part of the total quantity of
suspended sediment that is represented by samples collected with sus-
pended-sediment samplers. A sediment sample normally represents
the suspended sediment for a limited depth and a limited width of the
cross section. For a depth-integrated sample, the limited depth is
from the water surface to the lowest point of collection. Samples
from several verticals are required for representation across the entire
width.

Sediment concentration is the ratio of the weight of sediment to the
weight of water-sediment mixture, in parts per million. A part per
million is a unit weight of sediment in a million unit weights of water-
sediment mixture.

Mean concentration is a composite of the concentrations at different
points of flow and is obtained by weighting the concentration at each
point with the stream velocity at that point. Therefore, the concen-
tration of a depth-integrated sample or samples is a mean concentra-
tion.

Measured suspended-sediment concentration is the mean concen-
tration of the measured suspended sediment.

Sampling zone or sampled zone is that part of a cross section through
which the measured suspended sediment moves. For this report,
sampling zone refers to the entire width.

Measured suspended-sediment discharge or load is a rate of sedi-
ment movement and is computed as the product of the measured
suspended-sediment concentration, the total water discharge, and a
constant for converting the units to a weight per unit time, generally
tons per day. Because the total water discharge is used in the com-
putation, the measured suspended-sediment discharge includes not
only the discharge of suspended sediment in the sampled zone but
also a part of the discharge of suspended sediment in the unsampled
zone.
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Suspended-sediment discharge measurement is a determination of
suspended-sediment discharge that is made from sufficient suspended-
sediment samples at a cross section to define the mean concentration
within the sampled zone and from an adequately determined water
discharge.

Bed load is the sediment that moves along in essentially continuous
contact with the stream bed.

Bed-load discharge is the weight of bed load passing a section in
a unit of time and is generally expressed in tons per day.

Bed-material discharge or load is the part of the total sediment
load consisting of particles whose sizes are the same as those present
in significant quantities in the bed. In this report, bed-material load
includes all material coarser than the largest standard separation size
(see headings on table 4) at which no more than 10 percent of_the
bed material is finer.

Wash load is the part of the total sediment load consisting of
particles whose sizes are finer than those present in significant quan-
tities in the bed. In this report, wash load includes all sizes finer than
the largest standard separation size (see headings on table 4) at
which no more than 10 percent of the bed material is finer.

Total sediment concentration is the concentration of all the sedi-
ment passing a given section in a stream.

Total sediment discharge or load is the weight of all the sediment
passing a section in a unit time. It is also a product of the total
sediment concentration, the total water discharge, and a constant
for converting the units to a weight per unit time—generally tons
per day.

Unmeasured sediment discharge or load is the difference between
total sediment discharge and the measured suspended-sediment
discharge. More particularly, it is the sum of the bed-load discharge
and the product of the water discharge in the unsampled zone, a
constant for converting the units to a weight per unit time, and the
difference between the mean concentrations of suspended sediment
in the unsampled and sampled zones.

Geometric mean size is the size that is computed as the square root
of the product of the upper and lower limits of the size range. In this
report the range of the smallest particle sizes was arbitrarily assumed
to be 0.002-0.062 millimeter.

Effective width is the width determined by applying an appropriate
horizontal angle correction to the width rather than to the velocity
or discharge. The effective width of a channel is the sum of the effec-
tive widths for each section of a water-discharge measurement. It
is also the length of a discontinuous line that crosses the channel and
that is normal to the direction of flow at every point on the line.
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Effective area is the sum of the products of the effective width and
measured depth for each section of a water-discharge measurement.

MIDDLE LOUP RIVER

The Middle Loup River upstream and for some distance down-
stream from Dunning is in the sandhills region of north-central
Nebraska. The sandhills are underlain by the Ogallala formation
of Tertiary age and are mantled by loess and dune sand to a depth
that in some places exceeds 100 feet. The topography is formed by
northwest-trending sand dunes, which are stabilized by grass cover.
The vertical distance from the crests to the low places between the
dunes is about 50 feet. The valley floor of the river upstream from
Dunning is generally about half a mile wide and is about 80 feet
lower than the uplands. The valley floor is composed of sand that
was mostly deposited by the stream and that is topped in some places
with a thin layer of soil. Grass meadows or brush and trees border
the channel, which is defined by low banks. Meanders are not well
developed, although bank erosion is prevalent and is the source of
most of the sediment load; however, some sections of the channel
near Dunning have been stabilized by brush riprap, which generally
has been effective in protecting the banks from scour. The drainage
area of the river upstream from Dunning is approximately 1,760
square miles, of which about 80 square miles contributes directly to
surface runoff (U. S. Geol. Survey, 1954). Flow is mainly derived
from ground-water accretion along the entire channel. During the
period October 1, 1945, through September 30, 1952, at Dunning,
Nebr., the maximum daily discharge was 630 cfs (cubic feet per second),
the minimum was 100 cfs, and the mean was 381 cfs. The Dismal
River (fig. 1), which flows from the west, enters the Middle Loup
River about 1% miles east of Dunning.

TURBULENCE FLUME

The turbulence flume is under the bridge on State Route 2 at
Dunning, Nebr., about 1,200 feet downstream from the gaging station.
(See fig. 2.) Benedict, Albertson, and Matejka (1955) gave the
following physical description of the prototype turbulence flume:

The turbulence flume is a structure for inducing turbulence sufficient to suspend
substantially the total sediment load of a stream. The flume consists of a series
of 1-ft by 2-ft movable baffles, one continuous 0.5-ft permanent baffle, and a 6-in.
by 16-in. wooden baffle (measuring sill) attached to a reinforced-concrete slab
82 ft wide and 38 ft long. The 1-ft by 2-ft baffles are galvanized steel sheets
supported by two round rods inserted in pipe sockets embedded in the concrete
slab, The permanent baffle, a 6-in. by 4-in. angle, and the wooden measuring
sill are bolted to the concrete slab.

The concrete slab, which is the floor of the flume, is supported at each end by
interlocking sheet-steel piling driven to a depth of 10 ft. The top of the slab is

468443— 59— 2
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just below the average elevation of the stream bed at a discharge of approximatery
400 cu ft per sec. The wooden end sill, which is bolted to the downstream end
of the slab, was designed to produce a reverse roller to prevent scour of the stream
bed immediately downstream from the flume.

* * * Walkways were installed immediately below the upstream edge of the
slab and immediately downstream from the measuring sill to simplify the collection
of depth-integrated sediment samples. * * *

The flume operation during the test period was considered satisfactory except
for the intermittent deposition of sand on the measuring sill. This deposition
indicated that the turbulent energy was insufficient to suspend the total sediment
load during maximum dune movement through the flume. On the basis of the
results of the model studies, the first two rows of baffles at the upstream end of
the flume were raised 0.5 ft on March 29, 1951.

Plate 1 and figure 3 show the placement of the baffles, measuring
sill, end sill, and walkways.

Water-surface profiles along both banks on July 8, 1952, (fig. 4)
show that the presence of the flume in the channel affects the flow
only locally in a reach of about 300 feet upstream and 300 feet down-
stream from the flume. Beyond this reach the stream conditions
are about the same as they were before the flume was installed.
Ordinarily, the fall at the right side of the flume is greater than that
at the left, and it is associated with a greater discharge per foot of
width. Upstream from the flume, the thalweg of the flow follows the
right bank. Downstream, the left bank is overhung with brush,
and the channel bends to the right. Because the tendency of the
flow is to concentrate on the right side of the flume, flow at the left
side sometimes has velocities that are insufficient for suspending the
particles, and the baffles become partly covered; however, the
measuring sill remains clean most of the time. An average profile
of the stream probably would show backwater upstream from the
flume, an increased slope through the flume (associated with increased
velocity and turbulence), and a flatter than natural slope down-
stream from the end sill of the flume (probably resulting from a regain
in elevation head with a decrease in velocity head).

SECTION C

Section C is at the upstream side of the turbulence flume. (See
fig. 2, and pl. 2.) Streamflow measurements were made, and
suspended-sediment samples were collected at section C to define the
measured suspended-sediment concentration and discharge entering
the flume. These measurements were usually made from a walkway
that spanned the 82-foot width of the river. Particle-size analyses
of measured suspended sediment show that about 88 percent of the
sediment is coarser than 0.062 millimeter and that sieve diameters
.of about half of the total sands are between 0.125 and 0.25 millimeter.

.
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Also, only a very small percentage of the sediment is coarser than
0.50 millimeter.

Some bed-material samples were collected at or very near section
C. The particle-size analyses of these samples show that the median
sieve diggmeter is in the 0.25- to 0.50-millimeter size range. The
bed-material size distribution and the measured suspended-sediment
size distribution for two different medium flows are shown in figure 5.

The lateral distributions of depth, stream velocity, and measured
suspended-sediment concentration varied with dune movement into
the flume. Figure 6 shows lateral distributions for 3 different days.

Vertical distributions of the suspended sediment and flow entering
the flume are defined from point-integrated samples collected at
section C. These distributions indicate slightly more turbulence at
section C than at the selected river sections; z; values (see ‘Variations
in z,"’) are lower and vertical-velocity distributions are more uniform
at section C than at section B, which is probably the most turbulent
of the selected river sections. Flgure 7 shows the vertical distributions
of velocity, suspended-sediment concentration, and percentage of
particles coarser than 0.25 millimeter at section C on July 18, 1950.

Both a permanent water-stage recorder and a continuous water- and
air-temperature recorder are housed together about 15 feet upstream
from section C (pl. 2A). Daily maximum and minimum water tem-
peratures are not given here but are published annually in the U.'S.
Geological Survey Water-Supply Papers of the series, Quality of Sur-
face Waters of the United States. A staff gage on the left bank serves
as the outside gage for the recorder and is also used in association with
staff gages on the right bank at sections C and D to establish the fall
through ‘the flume.

Meastrements were begun at section C on the assumption that
possibly the difference in concurrently measured suspended-sediment
discharges at this section and at section D would be representative of
the unmeasured sediment discharge of an average reach of the stream.
However, early measurements indicated that this assumption was
generally invalid because measured suspended-sediment concentrations
and dlscha.rges at section C were not representative of those et un-
confined river sections. Suspended-sediment discharges at section C
were generally comparable to those at section B, a very narrow con-
fined section, and were often greater than those at sections A and E,
unconfined sections, by 100-200 tons per day.

SECTION D

Section D is at the downstream side of the measuring sill of the
turbulence flume (fig. 2 and pl. 34). From the walkway spanning
the section, samples normally are collected with a U. S. DH-48 hand
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sampler. (See pl. 3B.) A portable bracket, which can be hooked
over the measuring sill, guides the sampler so that, when the sampler
is moved vertically along the bracket, the nozzle of the sampler trav-
erses the entire depth of flow from the water surface down to the top of
the measuring sill. As long as the measuring sill is free of sand
deposits, all the sediment passing over the sill can be sampled regard-
less of the vertical distribution of sediment. Thus, concentrations
determined from depth-integrated samples represent the total sedi-
ment concentration, which is used in computing the total sediment
discharge.

Two different types of samples were collected at section D. Daily
samples consisted of depth-integrated samples collected at stations
10, 30, 50, and 70; cross-section samples consisted of depth-integrated
samples collected at 15 verticals or more, spaced either at equal incre-~
ments of width or according to water discharge. The daily samples
were collected once or twice a day by a local observer, and daily
samples and cross-section samples were collected periodically by
engineers. Concentrations from the daily samples were used to
define a continuous concentration curve from which a time-weighted
mean ¢oncentration for each day was determined. However, because
the time-weighted mean concentrations were sometimes unrepresenta-
tive of the cross section as a whole, they were corrected by using a
determined relation between the cross-section samples and the daily
samples. Forty-four ratios of the concentrations from daily samples
to the concentrations from cross-section samples during part of the
1950 water year and all the 1951 and 1952 water years averaged 1.03
and ranged from 0.72 to 1.61.

The relation between the concentrations of cross-section samples
and daily samples fluctuates. The relation does not seem to be affected
by any of the common flow parameters; but it is, of course, affected
by variations in the lateral distribution of sediment in the cross sec-
tion, which is in turn affected by dune movement into the flume. An
analysis of data collected on June 27, 1951, (Benedict, Albertson, and
Matejka, 1955) indicates the extent of the variations of daily sample
concentrations with time. Concentrations from depth-integrated
sediment samples collected at 5-minute intervals over a 4-hour period
at the 4 daily sampling stations indicate that the concentration of any
sample at any time might vary as much as +83.5 percent from the
true mean for the vertical. Also, the concentration determined from
1 bottle at each of the 4 stations might vary from the average con-
centration as much as 4-25 percent, and a concentration determined
from 2 bottles at each of the 4 stations might vary from the average
concentration as much as +19 percent. Two bottles at each of the
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four verticals are normally collected to obtain daily sample concen-
trations.

Records of sediment loads (total load) passing section D are pub-
lished in a continuing series of water-supply papers entitled, Quality
of Surface Waters of the United States. The published daily loads
are computed from daily mean water discharges and from daily mean
concentrations that are corrected to represent cross-section concentra-
tions. Monthly and annual sediment loads passing section D during
the period March 22, 1950, through September 30, 1952, are given in
table 6. During most of the year, monthly loads are fairly constant,
although they are usually highest in late winter and early spring.

Data from measurements of water and suspended-sediment dis-
charges indicate that @,, the total sediment discharge, varies about

1000
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F1GURE 8.—Sediment-transport curve for section D at the turbulence flume.

as the cube of @,, the water discharge, (Q,=C,Q,%); however, the
relationship is not well defined. (See fig. 8.)

Size analyses of depth-integrated samples represent the size distri-
bution of the total load of the stream and show that about 90 percent
of the sediment is coarser than 0.062 millimeter and that about 35
percent of the total is in the 0.125- to 0.25-millimeter size range.
Figure 5 shows the size distribution of the material passing the flume
on 4 different days of medium water discharge. The percentage of
suspended sediment in individual size ranges is fairly constant except
possibly at relatively high and low concentrations (fig. 9).

Generally at section D, the depth decreases and the velocity of
flow increases from the left to the right bank. However, the measured
suspended-sediment concentration follows a random pattern; the con-
centrations have a tendency to be highest in the center bay of the
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CONCENTRATION, IN PARTS PER MILLION

ALTITUDE , IN FEET (GAGE DATUM)

VELOCITY, IN FEET PER SECOND (MEAN IN VERTICAL)

SEDIMENT TRANSPORTATION, MIDDLE LOUP RIVER, NEBR.
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flume. Lateral distributions on 3 days are shown in figure 10. The
Tateral distribution of sediment depends largely on dune movement
into the flume. Consequently, concentrations are high in one part
-of the flume at one time and in another part at another time. A de-
scription of the dune movement into the flume is given by Benedict,
Albertson, and Matejka (1955).

The crest of the large dunes when approaching the flume would, at times, be
at an elevation higher then the top of the baffle plates in the flume. As these
-dunes moved toward the upstream baffle plate, it appeared that the baffle would
be covered. However, when each dune reached a point within 1 ft of the baffle
plate, the downstream side of the dune would begin to be earried into suspension;
in this manner, most of the dunes were prevented from covering the baffles. Oc-
casionally, however, the dunes were sufficiently large to cover the upstream baffle
and move on to the second baffle. In moving from the upstream bafile to the
second baffle, a higher percentage of such a dune was carried into suspension
so that the dune was never able to cover completely any of the baffles in the second
row. Asthe dune moved downstream, the upstream baffle slowly emerged through
the top of the dune. The dune was rapidly forced into suspension by the increased
turbulence and was carried downstream.

The vertical distribution of velocity and sediment as defined by
point-integrated sediment samples at section D indicates, to some
extent, the capability of the turbulence flume to suspend the total
sediment load. The sediment concentration and the distribution of
coarse sediment particles are relatively uniform throughout the depth
most of the time; therefore, the flow can be considered sufficiently
turbulent to maintain the total sediment load in suspension. Figures
11, 12, and 13 show some of the information from point samples col-
lected at the flume on 3 different days. In these figures, the percent-
ages by weight of sediment coarser than 0.25 millimeter have been
plotted against depth. The size division at 0.25 millimeter was selected
because it represents a sufficiently coarse fraction of the sediment to
reflect the capability of the flume to suspend the entire sediment load.
The basic distributions illustrated in these figures persist at all times
exeept when flow through the flume is affected by debris or ice,

Onty one sample has been collected from bed material that has
been deposited on the sill. (See table 4, sec. D.) The sample is
much coarser than bed-material samples at the selected river sections,

SELECTED RIVER SECTIONS
SECTION A
Section A, the farthest upstream section in the reach, is about 7,200
feet upstream from the turbulence flume and- about 6,000 feet up-
stream from the gaging station. (See fig. 2.) This section is the
widest selected river section in the reach (pl. 44) and is typical of
other wide sections of the stream. Bank-to-bank width is about 340
feet; however, flow usually is not distributed over the entire width but
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is interspaced with either sandbars or pools of still water. Generally,
up to one-third of the width of flow is less than 0.5 foot deep. The
sand-bed configuration is continually changing, rapidly at times, as
dunes migrate into and through the section. Dune heights and widths
vary across the section. Low (0.2 foot), wide dunes are generally
in the shallower parts of the section. However, flows at shallow
depths do not always cause low, wide dunes; sometimes they form a
flat plateaulike bed whose downstream edge is actually a long dune
crest. When flow is swift over these flat beds, bed load is transported
to and deposited at these downstream edges. In deeper flows, dune
heights range from only a few tenths to nearly a foot. Generally, the
higher dunes are relatively narrow. The upstream and downstream
faces of these dunes have relatively steep slopes, and the depressions
or troughs between successive dunes give an impression of holes in the
stream bed.

Because of the irregularities across the section in both the stream-
bed configuration and the water discharge, section A is unfavorable
for either measuring water discharge or sampling suspended sediment;
it is particularly unfavorable unless a relatively large number of
verticals are measured or sampled. However, water- and sediment-
discharge measurements are made at this section because it typifies
other wide sections of the stream.

At section A the cross-sectional area of flow in the shallow parts of
the stream represents usually a substantially larger percentage of the
total area than the discharge in the shallow parts does of the total
discharge. As a result, mean section velocities computed by dividing
the total measured discharge by the total measured area are often low
with respect to the velocities associated with the areas of major sedi-
ment discharge. Therefore, these mean section velocities are un-
suitable in computations of sediment discharge with methods in which
the mean velocity is an important parameter.

Particle-size analyses of the measured suspended sediment show
that about 40 percent is in the 0.125- to 0.25-millimeter size range and
about 75 percent is coarser than 0.062 millimeter, whereas particle-
size analyses of the bed material show that about 45 percent is in the
0.25- to 0.50-millimeter size range and about 70 percent is coarser
than 0.25 millimeter. The measured suspended-sediment size distri-
bution and the bed-material size distribution for two medium flows
are shown in figure- 14.

Lateral distributions of stream velocity, depth, and measured sus-
pended-sediment concentration on 3 days are given in figure 15, Parts
of the measured suspended-sediment concentration curves are unde-
fined because no samples were collected in the separate channels or
because the velocity of flow reached zero and no samples were collected

468443—59——8
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F1GURE 15.—Lateral distributions of depth, stream velocity, and measured suspended-sediment concentra~
tion, section A.

at or near the point of zero velocity. No point-integrated samples
were collected; so the vertical distributions remain undefined.

Staff gages were placed on both banks at section A and on both
banks 300 feet upstream and downstream from section A ; however,
the local water-surface slope determined from the readings of these
gages usually is questionable. The slope varies across the section
from one individual channel to another. Also, transverse flow at the
section causes differences in the slope along each bank. Despite these
difficulties, local slopes were determined as well as possible. In addi-
tion, overall slopes from section A to section E (fig. 2) are defined by
the gage-height traces from temporary water-stage recorders at both
sections.
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SECTION B:

Section B; is about 1,400 feet upstream from the turbulence flume
and about 200 feet upstream from the gaging station. (See fig. 2.)
It is at the upstream end of the straight approach to the flume and is
narrower than most sections of the stream—usually about 95 feet
wide. The hydraulic characteristics of the section are not affected
by backwater except occasionally when ice lodges at the county
bridge, 150 feet downstream, or at the flume. The sand-bed con-
figuration changes rather slowly, and the bed is scoured at times along
the left bank to a deposit of peat. Ordinarily, the bed shape remains
fairly constant. As a result of these factors, section B, is one of the
better sites for stream gaging.

At this section, about 80 percent of the measured suspended sedl-
ment is coarser than 0.062 millimeter. Particles larger than 0.50
millimeter are rare, and the largest percentage in any size range is
about 40 percent in the 0.125- to 0.25-millimeter range. The median
diameter of bed material, as that at the other selected sections, falls
in the 0.25- to 0.50-millimeter size range. The measured suspended-
sediment size distribution and the bed-material size distribution aré
shown in figure 14. '

Stream depth and velocity are usually fairly uniform across the
section. Lateral distributions of these quantities and of measured
suspended-sediment concentration on 3 different days are shown i m
figure 16.

At this section, local water-surface slopes were not determined and
point-integrated sediment samples were not collected.

SECTION B

Section B is at the county bridge about 150 feet downstream from
soction B, and about 50 feet upstream from the gaging station.
(See fig. 2 and pl. 4B.) Both the upstream and the downstream sides
of the bridge have been designated as section B. The daily sampling
station, Middle Loup River at Dunning, was maintained at this
section from April 11, 1946, to March 21, 1950, and measured sus-
pended-sediment loads during that period are published in water-
supply papers (U. S. Geological Survey, 1953, 1954, 1955).

Because the section is more constricted than the others, the meas-
ured suspended-sediment discharges are higher than those at the other
selected river sections and the measured suspended sediment is slightly
coarser, although the bed material has about the same size distribution.
~ The flow at this section is confined by the bridge abutments to a
width of about 65 feet. Although the bed configuration changes
radically from time to time, the stream velocity across the section
is fairly uniform, and the section is usually satisfactory for stream
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tration, section Bi.

gaging. The measured suspended-sediment concentration is also
fairly uniform across the section. Lateral distributions of measured
suspended-sediment concentration, stream velocity, and depth are
shown in figure 17.

Some point-integrated samples have been collected at section B.
Vertical distributions of velocity, suspended-sediment concentration,
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and percentage coarser than 0.25 millimeter from these samples are
shown in figure 18. These vertical distributions indicate that the
flow at section B is somewhat more turbulent than would be expected
at an unconfined alluvial section.

Water-surface slopes were not determined at section B.

Measurements of water and suspended-sediment discharges were
made at a section 25 feet upstream from the upstream side of the
county bridge. This section has not been listed separately because
only three measurements were made there; however, these measure-
ments are used in subsequent computations. Information from these
measurements as well as particle-size analyses of both measured
suspended sediment and bed material is given with similar data for
section B.

Two of the water-discharge measurements show that the section
25 feet upstream from section B is about 71 feet wide. The third
measurement was evidently not made at exactly the same section as
the other two because the width is given as 77 feet. Lateral distri-
butions of depth and stream velocity for the two similar measurements
are shown in figure 19. The lateral distribution of measured sus-
pended-sediment concentration is not defined because suspended-
sediment samples were not analyzed by individual verticals.

Neither local-slope data nor point-integrated samples were collected
at the section 25 feet upstream from section B.

SECTION C;

Section C; (pl. 54) is about 600 feet upstream from the entrance
of the turbulence flume and about 540 feet downstream from the
gaging station. (See fig. 2.) Usually, it is a reasonably good gaging
section and the sand bed is no more changeable than that at any of
the other sections in the reach. However, at times the top part of
the bed approaches an almost fluid state, and then the accuracy of the
streamflow measurement is somewhat questionable.

The particle-size distributions of both the measured suspended
sediment and the bed material at section C, are about the same as
those at the other normal sections. Several distributions for section
C, are shown in figure 20.

Section C, is about 83 feet wide. The greatest depths and the
largest measured suspended-sediment concentrations are ordinarily
in the left half of the channel, although the stream velocity is usually
fairly uniform across the section. Lateral distributions of stream
depth, velocity, and measured suspended-sediment concentration are
shown in figure 21 on 3 different days.

Since the spring of 1952, both banks at and near section C, have
been stabilized with brush riprap. The addition of the riprap affected
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FIQURE 19.—Lateral distributions of depth and stream velocity, 25 feet upstream from section B.

the section only on the left bank for a distance of about 8 or 9 feet
into the channel. This effect is best seen in figure 21 by comparing
curves for May 6, 1952, with curves for the other 2 days.

Staff gages are on both banks at the section and 300 feet upstream
and downstream from the section. Local slopes have been deter-
mined from the readings of these gages except at times when backwater
from lodged ice at the flume affected the section.
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SECTION C:

Section C, is about 195 feet upstream from section C. (See fig. 2,
and pl. 54.) Only 2 water-discharge measurements and 4 suspended-
sediment discharge measurements were made at this section. Also,
1 measurement of streamflow and suspended-sediment discharge was
made at a section 300 feet upstream from section C, and data from
this measurement have been included with those from section C,.

Section C, is similar to section C, except that the depths and
velocities across the section are more uniform. No information is
available on the lateral distribution of measured suspended sediment;
so figure 22 shows only the lateral distributions of depth and velocity
defined by the two streamflow measurements at the section.

The slope of the water surface at section C, is affected by backwater
from the turbulence flume. Water-surface profiles along both banks
on July 8, 1952, (fig. 4) show that the slope is generally flatter in the
approach to the flume than in other reaches near Dunning. Because
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section €, is in the area of changing slope, measurements were dis-
continued there; subsequent measurements were made at section C,.

SECTION E

Section E (pl. 5B) is more typical of the channel in the reach near
Dunning than any of the other selected sections. It is about 700
feet downstream from the turbulence flume and about 1,900 feet
downstream from the gaging station. (See fig. 2.) The width of
the section is about 150 feet, and the highest water discharge per
foot of width is generally near the right bank. Sandbars form in
the center of the channel during periods of low flow and cause some
transverse flow. Changes in the sand-bed configuration are less rapid
at section E than at any of the other selected sections with the
exception of section B,, even though the type of dune movemeut and
the configuration of dunes are similar to those at section A. As s
result of these channel characteristics, section E is a good gaging
section,

The size distribution of the measured suspended sediment at
section E is about the same as that at the other selected river sections.
About 80 percent of the measured suspended sediment is coarser
than 0.062 millimeter, and about 40 percent is in the 0.125- to 0.25-
millimeter size fraction. Many bed-material samples were collected
at section E. Included with the ordinary samples are special samples
collected to determine the extent of the lateral variation of bed-
material size distribution. In addition, other special samples were
collected to determine the variation of bed-material size distribution
with depth into the bed. The measured suspended-sediment size
distribution and the bed-material size distribution for two medium
water discharges are shown in figure 20.

Generally at section E, the greatest depths are along both banks,
although the stream velocity is fairly constant across the section
except when sandbars are present. However, the measured suspended-
sediment concentration follows no consistent lateral pattern. Lateral
distributions of stream depth, velocity, and measured suspended-
sediment concentration on 3 days are shown in figure 23.

The turbulence flume upstream seems to have little effect, if any,
on the hydraulic or sediment characteristics of section E, The
profiles in figure 4 and the readings from staff gages on both banks
at section B and 300 feet upstream and downstream from section E
show that the local water-surface slope is about the same as that
at the other sections not influenced by the flume.

GAGING SECTIONS

The gaging sections normally used for water-discharge measure-
ments for the gaging station are included in the reach between sections



40

SEDIMENT TRANSPORTATION, MIDDLE LOUP RIVER, NEBR.

1000 MEASURED SUSPENDED -SEDIMENT CONCENTRATION ACRDSS SECTION

g

)

[-:3

8
Left [ bank

¥

>
/.
’(I
A
ﬂ’/
rx\
—n//
Right | bank

g
—
\
M
< 7
%\
-
/I
ya
¥
’
2
]

CONCENTRATION, IN PARTS PER MILLION
~n
8
—

/ e’

0
3
E . VELOGITY AGROSS SECTION
]
>
2
g sl— 2™ Ac
3 ] St al ]
o 1 % \/‘ ',\ﬁ K\
2 LN I o
5 o s W N TR B A
2 AVA =l NSV R
5 EXPLANATIONT =, | /
- A e NV
u | June 26, 1951 i
[ e -
> / Aug. 16, 1951 |
;. e |
= May- 6, 1952 i
o o .
[<]
~
w
>
2 DEPTH_OF WATER ACROSS SECTION
3
] o e e =
W == -
e } A
- i
g on i
Z T}X e’
w /
S / 4
= il P
= )
2 ¥
-2 [+] 20 40 60 80. 100 120 ) 140 180

DISTANCE ACROSS SECTIDN, IN FEET

FiGURE 23.—Lateral distributions of depth, stream velocity, and measured suspended-
sediment concentration, section E.



SEDIMENT DISCHARGES BY FORMULAS 41

B, and C; (fig. 2). Throughout this reach, the channel is straight,
and the shape and stability of the bed at any gaging section are
fairly similar to those at the nearest selected section.

In this report, the term “gaging section” refers to a section which
is not one of the selected river sections and at which only streamflow
measurements were made. Whenever streamflow and sediment
data were concurrently collected at any section other than a selected
section, these data are included with the data for the nearest selected
section and are differentiated from the selected section by an appro-
priate footnote. Such data should be treated as though they were
collected at the selected section.

SEDIMENT DISCHARGES BY FORMULAS

One of the purposes of the turbulence flume is to provide information
that can be used for evaluating the accuracy of formulas and methods
for computing the sediment discharge of streams having sediment and
hydraulic characteristics similar to those of the Middle Loup River.
The accuracy of methods that give the total sediment discharge or the
bed-material discharge can be evaluated by directly comparing com-
puted discharges with measured total sediment discharges or measured
bed-material discharges. However, the accuracy of methods that
give the bed-load discharge or the discharge of sediment on and near
the bed can only be estimated. Unmeasured sediment discharge, which
can be determined from the measured total sediment discharge, can be
used in estimating the accuracy. Ratios of the mean concentration in
the unsampled zone to that in the sampled zone can also be used. The
development of the final form of the equation for determining these
ratios is as follows (a list of definitions of all symbols is given on
p. 79): By definition (see p. 10)—

QuM = Qta_ QaM
in which—

Quar is the unmeasured sediment discharge, in tons per day.
Q:s is the total sediment discharge in the cross section in tons per
day.
Qsxr is the measured suspended-sediment discharge in the cross
section, in tons per day. (See p. 19.)
Also, by definition (see p. 10)—

Quu= Qusne+ G
=K0K00Qw (Ooncu_ Conc) +G,
in which—
Qusxr is the unmeasured suspended-sediment discharge, in tons
per day.
G, is the bed-load discharge, in tons per day.
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K, is a constant for converting the units to tons per day.

K, is the fraction of flow in the unsampled zone. (See p. 54,
step 9.)

Q. is the water discharge, in cubic feet per second.

Conc, is the mean concentration, in parts per million, of the sus-
pended-sediment discharge in the unsampled zone.

Cone is the measured suspended-sediment concentration in parts
per million (mean concentration in the sampled zone).

By expressing Conc, as a factor K times Conc—

QMM=K0K000 w (RCO’nC— OO’H,C)
=K,Q,Oonc (R—1)K,,
= QKoo (R— 1)

R= (QuM/QsMKoo) +1
= [(Qu— Qe— Gb) / QsMKoo] +1

The factor B is the number of times the mean concentration in the
unsampled zone is greater than that in the sampled zone; or, in other
words, it is the ratio of the mean concentration in the unsampled
zone to that in the sampled zone. Of course, the ratio varies with the
sediment and flow characteristics, the fraction of the depth sampled,
and particularly the amount of wash load. High concentrations of
wash load can mask out relatively large errors in bed-load discharge;
however, the concentrations of wash load in the Middle Loup River
are very low. If the ratios and any measurable parameters could
be correlated, the total load could be estimated from the measured
suspended-sediment load, the computed bed-load discharge, and a
ratio.

Six different methods for computing sediment discharge are de-
scribed and evaluated in this section of the report. These methods
include the Einstein method, which computes the bed-material dis-
charge; the modified Einstein procedure, which computes the total
sediment discharge; and the Straub, Kalinske, Schoklitsch, and
Meyer-Peter and Miiller methods, which compute either the bed-
load discharge or the discharge of sediment on and near the bed.
These methods were evaluated on the basis of computations, in many
of which the same basic data were used. For each method, except
for the Einstein procedure, enough computations were made to be
sure that the computations were representative of the different
conditions of the river and that reasonable comparisons could be
made between similar methods.

EINSTEIN PROCEDURE

H. A. Einstein (1950) has presented a method for computing the
bed-material discharge. The computation consists essentially of
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computing the sum of the suspended-sediment load (exclusive of
wash load) that is obtained from an integration of the product of the
theoretical vertical distributions of velocity and suspended sediment
and the bed-load discharge, determined from the probability of parti-
cles eroding from the bed; the probability of erosion is a function
of a flow parameter. Bed load is considered to be discharged through:
a bed layer 2 grain diameters thick, and the suspended sediment is
considered to be discharged from the water surface to the bed layer.
The concentration of suspended sediment at the top of the bed layer
is equated to the concentration in the bed layer, which is a function
of the bed-load discharge.

Computations are made for a representative cross section of the
channel and an average energy slope. Einstein suggests that the
representative cross section should be determined by averaging
the areas and the wetted perimeters of a number of sections in a
typical reach that is of sufficient length to permit an adequate defini-
tion of the overall energy slope.

The reach of the Middle Loup River at Dunning extends from
section A to section E, a distance of about 7,950 feet. (See fig. 2.)
Twenty computations of sediment discharge were made for this
reach; data from one or more sections in the reach are used in each
computation. Because only a limited number of cross sections were
selected for this investigation, the computations did not include as
many sections as recommended by Einstein to define adequately
the representative cross section. However, they do show some of
the characteristics of the Einstein method and some of the effects.
the computed representative cross section has on the computed
sediment discharge.

For the 4- and 5-section Einstein computations, water-surface slopes.
(assumed to be equal to energy slopes) were determined from gage-
height traces of temporary recorders at sections A and E. For the
1- and 3-section computations, an average overall-reach slope of
0.00132 was used. For all computations, the bed-material size
distribution was determined by averaging the mean distributions from
the included sections (see table 4 for the mean bed-material size
distribution for each section), and the representative cross sections
were determined by averaging the effective areas and the effective
widths (wetted perimeters) of the included sections. Because the
Einstein method is devised to compute only the bed-material discharge,
the load of sediment smaller than 0.125 millimeter (wash load) was.
not computed. The total load was approximated by summing the
computed load and the average measured suspended-sediment load
for the uncomputed fractions at the sections. The computed loads.
and the comparable measured loads at section D are given in table 7.

468443 59— 4
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Loads computed with data from more than one section are compared
with the daily mean sediment loads at section D, and the one-section
computations are compared with instantaneous loads at section D.

Computations other than those shown in table 7 have been made by
using various combinations of sections and also by using weighting
procedures in an effort to determine the best representative cross
section. The four-section combination of sections A, B (or B, or 25
feet upstream from B), C,, and E gave the best results. The com-
puted total loads for these 4-section combinations averaged 81 per-
cent and ranged from 26 to 150 percent of the measured total loads.
The individual percentages had a standard deviation of 49. If per-
centages are considered to be distributed normally, the standard
deviation indicates that about two-thirds of all similar computations
will be in a range of 81 £49 percent of the measured totalload. These
4-gection computations include 1 wide section, 2 narrow sections, and
1 medium-width section. When only 3 sections—2 narrow and 1 of
medium width—were combined, the computed total loads averaged
236 percent and ranged from 69 to 497 percent (standard deviation,
184 percent) of the measured total loads. The 5-section computation,
combining data from 1 wide section, 3 narrow sections, and 1 medium-
width section, was 190 percent of the measured total load.

These computations indicate that the Einstein method is sensitive
to the computed representative cross section, at least in shallow
streams (3 feet or less). For the Dunning reach, when the computed
representative cross section is narrow and deep, the computed loads
are too high; when it is wide and shallow, the computed loads are too
low. In the 4-section computations, even though the representative
cross section was weighted with 2 narrow sections (these narrow sec-
tions represent only a small percentage of the total reach length), the
average computed loads were still too low. This fact suggests that
the areas and widths were weighted too much with section A. Gen-
erally, flow through wide sections does not distribute evenly over the
entire width, but it divides into relatively shallow and relatively deep
channels. The mean depth of flow where the major part of the sedi-
ment load is discharged will ordinarily be distinctly different from
that for the entire cross section. Thus, if an alluvial channel is
wide and the flow is braided, computed loads based on average total
areas and widths may be too low. The effect of the representative
cross section on computations is emphasized by comparison of the
one-gection computations with the measured loads. Four computa-
tions for section C,, a very narrow section, averaged 540 percent and
ranged from 139 to 1,241 percent (standard deviation, 483 percent)
of the measured total loads. However, 4 computed total loads at
section E, a section with an area and width approaching those of a
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representative cross section, averaged 115 percent and ranged only
from 31 to 240 percent (standard deviation, 94 percent) of the measured
total load.

Total loads from the four-section and section E computations are
plotted against comparable measured total loads in figure 24. The
figure shows the lack of agreement between the computed and meas-
ured total loads even though the average percentage indicates a
reasonably good comparison. Included in the figure are computed
total sediment discharges for section E that are based on computations
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communication). The Pemberton computations were made by using
a slope of 0.00128 and a slightly different bed-material size distribu-
tion for section E than the one used for this report.

Comparisons of the computed loads larger than 0.125 millimeter
(bed-material discharge) to the measured loads for the same fractions
showed less accuracy (more percentage deviation) than the comparisons
of computed total loads to the measured total loads. The 4-section
computations averaged 82 percent but ranged from 13 to 167 percent
(standard deviation, 64 percent) of the measured loads; the 5-section
computation was 232 percent of the measured load; and the 3-section
computations averaged 314 percent and ranged from 65 to 756 percent
(standard deviation, 304 percent) of the measured loads. These com-
parisons are better indicators of the accuracy of the Einstein method
than are comparisons of total loads. However, none of the compari-
sons are fair tests of the accuracy of the Einstein method because the
number and location of the cross sections, which were selected for
this investigation, did not meet Einstein’s recommendations.

The size distributions of the computed loads do not compare favora-
bly with the size distributions of the measured loads. In most of the
computations the largest part of the total load was in the 0.25- to 0.50-
millimeter fraction. However, the largest part of the measured total
load was usually in the 0.125- to 0.25-millimeter fraction.

MODIFIED EINSTEIN PROCEDURE

A modification of the Einstein procedure for computing the total
sediment discharge of an alluvial stream has been presented by Colby
and Hembree (1955). The modification was developed during a
study of the Niobrara River near Cody, Nebr., and is based on
Einstein formulas (1950), but it differs from the Einstein procedure in
four phases.

The following information from a given section at a given time is
required for the computation of total load by this modified procedure:
effective width, mean depth, and mean velocity of the flow; concen-
tration and particle-size distribution of the suspended sediment in
the sampled zone; particle-size distribution of the bed material;
water temperature; average depth at the sampled verticals and dis-
tance from the bottom of the sampled zone to the stream bed.

MODIFIED FORMULA FOR SHEAR VELOCITY

For the modified formula the shear velocity is computed from a
transposed form of equation 9 of H. A. Einstein (1950, p. 10) in which
the shear velocity and hydraulic radius are the same as those given by
G. H. Keulegan (1938), except the shear velocity is designated as
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Uy and for a wide channel the hydraulic radius is replaced by the mean
depth, d.
u’”':\/(RS)mg

u
5.75 logy, (12.27 %
8

(a)

in which—
(RS),, is the quantity that is obtained by solving equation a for
(RS),, from a known numerical value of %.
g is the gravity constant, 32.2 feet per second per second.
u is the mean velocity, in feet per second, in the cross section and
is usually from a streamflow measurement.
z is a dimensionless transition parameter.
k, is the bed-material size, in feet, considered to be representative
of bed roughness—used by Einstein (1950) as equal to Des.
where—
De; is the particle size at which 65 percent of the bed material by
weight is finer.
Solution of equation a is by trial; z is the trial factor. Plate 6 shows
the relationship of  to k,/6 where—

_11.6»
= (b)

in which—
5 is the thickness, in feet, of the laminar sublayer.
v is the kinematic viscosity, in square feet per second.

MODIFIED FORMULA FOR COMPUTING TOTAL SUSPENDED-SEDIMENT
DISCHARGE OF SOME SIZE FRACTIONS

The suspended-sediment load of a size fraction moving through
a cross section can be expressed by a form of Einstein’s equation 33
(1950, p. 18).

z
Qg wuader (127 (PT+T)
in which—

Q. is the suspended-sediment discharge of a size range.

w is the effective width of the cross section.

s is the shear velocity.

¢, is the concentration of sediment particles of a size fraction at
a distance, @, above the stream bed.

A is the distance of the lower limit of integration above the stream
bed divided by the mean depth, d.

z is the exponent of the equation that describes the vertical dis-
tribution of suspended sediment.
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P is a parameter, and J; and J; are integrals.

P =2.303 10g10(30.2%
J= f 1(_1_—i/)zdy
a\ Y
1 — 2
I (=) 108, G dy
a\ Y

where—

y is a distance above the stream bed.
Also, the equation for the concentration distribution in a vertical
(Einstein, 1950, equation 29, p. 17) can be written in the form—

_ d_y z A z
=5 (Z2) ©
in which—

¢, 13 the concentration of sediment particles of a size fraction at
the distance, y, above the stream bed.
For any given distance, a, ¢, J4/(1—A)])* is necessarily constant.
Thus—

5. 75
2.303 303 Udes (1 A) =K
in which—

K is a constant.
By substitution—

Qs=K(PJ+J,).

If a single prime mark designates association with the sampling depth
and a double prime mark designates association with the total depth
through which suspended sediment is discharged, the ratio of the
measured suspended sediment of a size fraction discharged through
the sampling zone, @/, to the suspended sediment of the size fraction
discharged through the total depth, @,’’, can be transposed and ex-
pressed by—

n_ g LI+ J").
Ql _'Qs (PJI"I‘Jz’) (d)
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MODIFIED FORMULAS FOR THE EXPONENT z

In the modified procedure, computations of the total sediment dis-
charge can be made with a z determined for each size range by any 1
of 4 different methods; however, computations are generally made with
a z called z,.

In accordance with equation ¢, ¢, versus (d—v)/y plotted on loga-
rithmie coordinate paper establishes z, for a given size fraction. (2
is the slope of the line.)

Figure 25 shows z plotted against z, where z, equals V,/0.4u,.
At a given cross section and time, 0.4u,, is a constant; thus, the slope
of a line defined by any individual set of z’s shows the variation of
that set with Vi, the fall velocity of the geometric mean particle size
of a size range. The average of all the slopes indicates that z, is pro-
portional to the 0.7 power of the fall velocity when V, is from Rubey’s
equation (1933).

@s’’ can be computed from Einstein’s equation 61 (1950, p. 40) if
the equation is written as—

Qs,’ziBQB(PIIN _|_1'2/I)

in which—
1p@s is the bed-load rate for the entire width (sediment discharge,
in tons per day, through the bed layer of particles of a size
fraction).
7,’” is amathematical abbreviation that containsJ/,”’.

Az -1
3 g— r7
’=0. 216(1 A)’J
=KIJI”
I,’" is a mathematical abbreviation that contains J,’ and is
negative.
1/'=0.216 A Jo’
1—A4)
=K1J2“
where—
K, is a constant for a given section and time and equals I,""/J,”’
or I/ [J,"".

This equation combined with equation d gives—

Q _(PL+ L) P+ ) ©
Wl BIATY)
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or—

Ql ’ /
= P+ ) ®

J 77 (PJII""J?I)
Equation f is given by Colby and Hembree (1955, equation C) for
computing z,. Because @, and ixQs are computed independently
of z, only one numerical value for ¢ will determine I and J quantities
to satisfy equation f,

A z; can be computed from @,” and Q,/”’. @,’’’ is the measured total
sediment discharge of a size fraction for the entire width. Einstein’s
equation 63 (1950, p. 40) can be written in the form—

Qs”'=’53QB(P11"+Iz"+ 1) (g)
Eliminating :5@5 by use of equation e—

Q' (PL"+L")(PJ/+Jy) (b)
Q" (PL"+L"+1) (P +J5")

Only one z will give I and J quantities that will satisfy equation h
with a given @,’ to Q,”’’ ratio.

Colby and Hembree (1955) have designated a z from an empirical
equation as z,, 'They have used the equation 2,=4.6 (V,)*7; however,
they point out that an equation of this type does not oontam any
parameter of flow or turbulence and is not likely to be generally appli-
cable to streams other than the one for which it was defined.

MODIFIED FORMULAS FOR FLOW AND BED-LOAD TRANSPORT INTENSITIES

Einstein’s equation 54 (1950, p. 37) defines the flow intensity for
& size fraction by—
Y, =£Y(B/8.)*¥
in which—
£ is a hiding factor of grains in & mixture and decreases to 1.0
for particle sizes large enough to make D/X greater than 1.5.
Y is a pressure correction in the transition from smooth to rough
flow and is a function of %,/6.
B is equal to log;, (10.6).
B is equal to logy, (10.6Xxz/k,).
¥ is a function for correlating the effect of the flow with the
intensity of bed-load transport.
where—
D is the geometric mean size, in feet, of a size fraction.
X is the characteristic grain size of the bed mixture.
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For the modified procedure, ¥ is from Einstien’s equation 49 (1950,
p. 36); however, (RS),, is substituted for B’S,.

D

¥=(S,—1) ®S)
in which—

S, is the specific gravity of the solid sediment particles.
A flow intensity computed with the substitution in the ¥ equation
does not have the same numerical value as a flow intensity computed
with the original Einstein equation. Many numerical values for
Y (8/8:)? were computed by Colby and Hembree (1955); they ranged
from 0.3 to 0.6 and averaged about 0.4. Combining the 0.4 with
the modified equation for ¥ gives an average equation of the flow
intensity for particle sizes for which £ is equal to 1 (Colby and Hem-
bree, 1955, equation I).

D .
¥,=0.4(S;—1) 75— 1
&=V &), ®
For the particle sizes small enough for £ to be greater than 1.0,
a function different from equation i had to be selected. The selected
equation was Einstein’s equation 11 (1950, p. 10), which for the modi-
fied procedure (Colby and Hembree, 1955, equation H), becomes—

= (=1 e 0
in which—
Dy; is the particle size, in feet, at which 35 percent of the bed
material by weight is finer.
In a computation of the load of a size fraction, the larger ¥, from
equations i and j is used. Thus, a ¥,, from equation j is always used
for particle sizes smaller than 2.5 Dy and for all such sizes ¥, is a
constant.

This application of equations i and j is somewhat analogous to
Einstein’s use of £ Equation i replaces the part of the curve in
Einstein’s figure 7 (1950) for which £ equals 1.0, and equation j
replaces the part for which £ is greater than 1.0. Use of equation j
gives a flow intensity that does not change with particle size. A
constant flow intensity for the smaller particle sizes could be com-
puted from Einstein’s equation 54 (1950, p. 37) if the £ versus D/X
curve had a slope of 1.0 for values of D/X less than 1.0. Colby and
Hembree (1955, fig. 44) illustrate that when z is considered to be
proportional to the 0.7 power of the fall velocity, the ¢ versus D/X
curve does have an average slope of about 1.0.
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Flow intensities computed as ¥,, are different from those computed
as ¥,. However, for the modified procedure, ¥, is used for ¥,, and
the @, determined from the ¥, versus ®x curve (Einstein, 1950, fig.
10) is divided by two to obtain the intensity of bed-load transport.
A 2, determined from an 1@ that is computed from &, /2 has about
the same numerical value as a comparable z;. Also, a load computed
with such a 2; is comparable to the measured total load.

COMPUTATION PROCEDURE

Colby and Hembree (1955) have presented an explanation of the
total load computation procedure; however, a brief explanation is
presented here to review the essentials of the procedure. A sample
total load computation based on information from measurements of
water and sediment discharges made on December 14, 1950, at 3:30
p. m. is shown in plate 7. This sample computation is merely for
illustration, and none of the numerical values are referred to in the
following step-by-step explanation.

The computation form (pl. 7) is separated into four major computa-
tion blocks, which are headed: block I, preliminary data and computa-
tions; block II, computation of i5@s; block III, computation by z,; and
block IV, computation by z,.

Step 1.—Fill in line 1, block I, with the basic data in pound-foot-
second units; w, effective width; u, mean velocity; d, mean depth;
d,, average depth at the verticals sampled; Dg; (or k) and Djs, particle
size at which 65 and 35 percent, respectively, of the bed material by
weight is finer; Cone, measured suspended-sediment concentration
(in parts per million); Q,y, measured suspended-sediment discharge
(in tons per day); and Temp, water temperature in degrees Fahrenheit.
(The English system of units is used throughout the computation.)

Step 2.—Solve the converted form of equation a, line 2, block I, for
V(RS),, after assuming a trial z.

Step 3.—Compute (BS),, from the v (£S),, determined by step 2.

Step 4—Compute the shear velocity, ., from /(BS),g, in which
V(BS),, is from step 2 and ¢ is the gravity constant, 32.2 feet per
second per second.

Step 6 —Compute 8 from equation b, in which » is the kinematie
viscosity, in square feet per second, at the indicated water temperature
and u,, is from step 4. Tables or graphs of the kinematic viscosity
of water are given in most text books on fluid mechanics and engineer-
ing handbooks.

Step 6.—Calculate k,/6 and enter plate 6 for x. If the trial = is not
about the same as the 2 from the plate, repeat steps 2 through 6.

Step 7.—Solve for P, (p. 48) on line 3.



54 SEDIMENT TRANSPORTATION, MIDDLE LOUP RIVER, NEBR.

Step 8 —Determine A’, on line 4, from A’=d,/d,, in which d, is
the vertical distance, in feet, not sampled; that is, the distance from
the bottom of the sampled zone to the stream bed.

Step 9.—From fig. 26, find the percentage of flow in the sampled
zone by using the computed A’ and P.

Step 10.—Compute the load in the sampled zone (@,,") by multiply-
ing the percentage of flow in the sampled zone by the measured
suspended-sediment discharge (Q,ar).

Step 11.—List the percentage of measured suspended sediment in
each size range under the geometric mean size of the range (line 5)
on line 6 if the percentages were determined from an actual size
analysis or on line 7 if they were determined by some other means.
Line 8 is not completed unless the size distribution of the measured
total load is known and is to be used in checking the accuracy of the
computed total load.

Step 12.—List in column 1, block II, each geometric mean size of
the size ranges that have appreciable bed-load discharge (i5@Q5).
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Step 18.—Compute a ¥,, for each size range, first by equation i and
then by equation j. List the larger ¥,, in each size range in column 2.

Step 14.—Determine the &, for each size range from plate 8 by
using ¥,, in column 2 in place of ¥,. Divide each &, by 2 and enter
the quotients in column 3.

Step 15.—Einstein (1950, step 34, p. 59) has defined i5¢3, the sedi-
ment discharge in pounds per second per foot of width through the
bed layer of particles of a size fraction, as the product of the intensity
of bed-load transport, %, ss, g%, D*”?, and(S,—1)*2. For the modified
method this equation may be written as—

ina= 2k s, ADVE(S,—1)11=1,2000, D% ¥ (k)

in which—

the intensity of bed-load transport is represented by ®, in the
Einstein method and by #,/2 in the modified method. The
intensity of bed-load transport is dimensionless.

15 is the fraction by weight of bed material in a size range.

s; is the mass density of the sediment and equals the product of
2.65 and 1.94 slugs per cubic foot (5.14 slugs per cubic foot).

S, i8 the specific gravity of the sediment (2.65).
List the value of 1,200 D*? for each size range in column 4. D is the
geometric mean size of the size range.

Step 16.—Enter the fraction of bed material in each size range (4,)
in column 5. )

" Step 17.—Compute izgp for each size range from equation k in step
15 and list in column 6.

Step 18.— Compute the constant 43.2w for entry in column 7.
This w is the effective width, and 43.2 is a constant converting pounds
per second to tons per day.

Step 19.—Compute 15Q5 for each size range and enter in column 8.
48@ s is the product of izqz and 43.2w.

* Step 20.—List in column 9, block ITI, the geometric mean size of all
the size ranges that are transported. (Column numbers for blocks
III and IV are at the bottom of block IV.)

- Step 21.—Compute the load in the sampled zone of each size range
(Q,') as the product of the load in the sampled zone (@Q,’) (line 4,
block I) and the percentage of measured suspended sediment in each
size range (from lines 6 or 7, block I). If the percentages from line 6
are used, enter the product in column 10; if from line 7, enter the pro-
duct in column 11.

Step 22.—Copy in column 12 each i5Q5 from column 8, block II.
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Step 23.—Compute A’/ for each size range from 4’/=2D/d and enter
in column 15. A4’ is equal to the distance of the lower limit of inte-
gration above the stream bed, a, divided by d. Einstein (1950, p. 25)
shows the relation, a=2D.

Step 24.—The large box, headed ‘“Determination of reference z,,”
in block IIT is used in this step. Select the reference size. The
reference size should be the geometric mean size of a size range that
is represented in appreciable quantitites in both bed-load discharge
and suspended-sediment discharge. For streams in which the bed-
load discharge is a substantial part of the total load, the reference
size range ordinarily will be the range that has the greatest total
sediment discharge. Once the reference size is selected, it can be
used for all subsequent computations. Compute the value of the
ratio Q,’/izQs (left-hand side of equation f) for the reference size.
Assume a 2, for the reference size (fig. 27 will aid in & first approxima-
tion for many shallow streams) and solve the right-hand side of equa-
tion f with values from plates 9, 10, and 11, using A" and A’/ with the
assumed z; of the reference size. When the right and left sides of the
equation balance, the assumed z is the proper 2 for the reference size
range.

Step 25.—Because z varies with about the 0.7 power of fall velocity
and because flow characteristics that might cause z to vary are
constant at a given cross section and time, the 2, for the other size
ranges can be computed by proportion from the 2, for the reference
size range.

V. \o7
2ou==2g W) (m)
in which—

234 18 the unknown and required z, for a size range.

23, 18 the known 2, for the reference range.

Ve is the fall velocity of the geometric mean size of the range
requiring the 2.

V. is the fall velocity of the geometric mean size of the reference
range.

Curves for the different size ranges of (V,/V,)*7 (called multipliers)
versus temperature are plotted on plate 12; the 0.125- to 0.25-milli-
meter size range is the reference range. The 2z, for any size range is
the product of the z, for the reference range and the multiplier at the
indicated water temperature for the size range. List in column 13 the
multiplier for each size range.

Step 26.—Compute the z, for all size ranges from the 2, for the
reference range and the multiplier. (See equation m.)
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Step 27 —Complete columns 16, 17, 18, and 19 for the size ranges
where the 2, is less than about 0.9; use plates 9 and 10 and the z,, 4’,
and A’’ for each size range.

For low values of z, variations of z result in low rates of change in
PJ,’"+J,”" and high rates of change in PZ,"’+1,’”'. For high values
of z, variations of z result in the reverse. For a z of about 0.9, the
rate of change in PJ,"’+J,’’ and PI"’+ 1, is about equal. Either
equation d or equation g can be used to compute the total load of a
size fraction. (Any appreciable values of izQp must be added to
values from equation d for the total load.) If z is less than 0.9, the
load should be computed with equation d; if z is greater than 0.9, the
load should be computed with equation g. When 2, is used, the z, for
the reference size is determined by using both PJ,"’+J,”” and
PL"+1I,’. (See equation e.) Therefore, loads computed for the
reference size with either equation d or g will be about the same.

Step 28—Compute the ratio (PJy’+J7)/(PJY+Jy’) (equation
d) from P (line 3, block I) and the information computed in step 27.
J; is always negative. List the ratios in column 20.

Step 29.—Complete columns 21 and 22 for all size ranges for which
no J was determined; use plates 11 and 13 and the 2z, and A’/ for
each size range.

Step 30.—Compute P’ + 1’ +1 (equation g) for entry in column
23 from P and the information in columns 21 and 22. 71,” is always
negative. '

Step 31.—Compute the total sediment discharge of all the size
ranges for which J quantities were determined; it is the product of
the values in column 20 and in column 10 or 11 (see equation d) plus
any appreciable values of izQs. Enter the total sediment discharge
in the appropriate column—either 24 or 25.

Step 32.—Compute the total sediment discharge of all the size
ranges for which 7 quantities were determined; it is the product of
the values in columns 12 and 23. (See equation g.) Enter the total
sediment discharge in either column 24 or 25.

Whenever any type of z other than 2, is used in the computation,
steps 20 through 24 are altered. An example using a z, will be
explained in the following steps. The symbol 2, is used to represent
either z, z;, or z,.

Step 20a.—Compute z, for the reference size according to the
information on pages 49 to 51. (See explanation of reference size
in step 24.)

Step 21a.—List in column 9, block IV, the geometric mean size
of all the size ranges of sediment that are transported.

Step 22a.—Compute and enter Q,” for each size range according
to step 21.
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Step 23a.—Compute A’’ for each size range according to step 23
and enter the values in column 15, block IV.

Step 24a.—The large box, headed ‘“Determination of reference
2, and comparable i3Qz,’’ in block IV is used in this step. For a
given z,, A”, A’, and @/, only one 5@ will satisfy equation f.
In other words, at a given cross section and time and for a given z,,
only one 73¢3 will reproduce the measured suspended sediment in the
sampled zone. (For the reference size, if the z, is the same as the
computed 2, the computed ip@s will be the same as the 73Q5 in
column 8, block I1.) Solve directly for i3Qs of the reference size; use
equation f and the reference size Q,’, z,, A’/, and A’. Enter the value
in column 12, block IV.

Step 25a.—Proportion each izQs listed in column 8, block II,
in the same proportion as that between the 73Qs computed in step
24a and the 5@y listed for the reference size in column 8, block II.
Enter the value of each proportioned 5Qs in column 12, block IV.

Step 26a.—Continue as before, starting with step 25.

Ideally, the total sediment discharge would be computed by sum-
ming the sediment discharges through increments of width, through-
out each of which all the various hydraulic parameters are constant.
However, if computations are made for sections or parts of sections
through which the velocities are fairly uniform laterally, the results
will be satisfactory because lateral changes in velocity have more
effect on the total load computations than lateral changes in other
parameters—particularly if the velocities are less than 1.5 feet per
second. Colby and Hembree (1955) advise avoiding sections in
which a large percentage of the cross-sectional area has flow at veloci-
ties of generally less than 1.5 feet per second. However, they sug-
gest that the total sediment discharge of such sections can be com-
puted by summing the individual sediment discharge of segments of
the cross section; the flow in each segment should have relatively
constant velocities.

COMPUTATIONS BY THE MODIFIED EINSTEIN PROCEDURE

Sixty-three total sediment discharges for the selected river sections
were computed with the modified Einstein method. The loads, by
individual size fractions, computed for each section and time are
listed and compared with the measured loads at section D (at com-
parable times) in table 8. The computed total loads ranged from
64 to 166 percent and averaged 112 percent of the measured total
load. The standard deviation of the 63 individual percentages was
22 percent. - Thus, if an infinite number of similar computations
were made and the computed loads were expressed as percentages
of the measured total load, roughly two-thirds of the percentages

468443—59—5
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would be within 422 percent of the mean percentage, and the chances
are 19 out of 20 that the mean percentage would be within a range of
107 to 117 percent of the measured total load. A comparison between
the computed total load and the measured total load is shown on
figure 28. The discontinuous dashed lines indicate the computed
total load in percentage of the measured total load. The 112 percent
18 an unweighted average of the individual percentages. However, if
computations are made to determine & continuous accumulation of
sediment, a weighted average is more representative of the accuracy
of the method. The sum of the computed total sediment loads was
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111 percent of the sum of the measured total sediment loads at:the
turbulence flume at comparable times.

In this report, the following information from each section was
used for the computations of total sediment discharge: The average
bed-material size distribution that was determined from all available
samples, other than special samples, collected at the section; the
measured suspended-sediment concentration and size distribution;
the measured sediment discharge computed from the rated water
discharge, except when the load was computed by parts; multipliers
based on fall velocities from Rubey’s equation. Most of the com-
puted total loads for section A and some of the computed total loads
for section E were determined from individual computations for each
of two parts or more of the section. The procedure of computing
the total sediment discharge at a section by parts usually improved
the agreement between the computed and the measured total loads.

STRAUB EQUATION

L. G. Straub (U. S. Cong., 1935) developed, for various flow con-
ditions, a series of equations from the original formula by P. du Boys.
The Du Boys formula is based on the ideas that bed sediment is moved
by a shear, or tractive, force created by the component in the direction
of flow of the weight of water above the bed and that there is a critical
shear at which general movement will begin. The formula is intended
to compute the discharge of sediment that moves along or near the
bed. A form of Straub’s equation 8 (U. S. Cong., 1935, p. 1135)
was selected for this report.

G=43.2 68? [Zwd(d—d,)]

in which—
G is the sediment discharge, in tons per day.
43.2 is a constant for converting pounds per second to tons per
day. :
6 corresponds to Straub’s ¥, the transportation characteristic, in
pounds per cubic foot per second.
S is the slope of the energy gradient and in this report is con-
sidered to be equal to the slope of the water surface.
d, is the minimum depth at which bed sediment will move and
equals 7,/yS. .
where—
7, 18 the critical tractive force, in pounds per square foot, at
which general sediment movement begins.
7 is the specific weight of water and equals 62.4 pounds per cubic
foot.
468443596
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Straub determined the following values for 6 and 7,:

Mean diameter, in
millimeters, of 9

bed material Te
0.125 523, 000 0. 0162
.25 312, 000 . 0172
. 50 187, 000 . 0215
1.0 111, 000 . 0316
2.0 66, 200 . 0513
4.0 39, 900 . 089

Values of 8 and 7, for the median diameter of bed material were
determined for use in the computations in this report from graphs of
0 and 7, versus particle size that were based on the above table.
The sediment load was determined by summing wd(d—d,) for about
30 subsections of the cross section.

Loads from computations for section E are shown with other per-
tinent data in table 9. Comparisons show that the computed loads
are generally much too high and that they are, on the average, about
twice the measured total loads at section D. The equation seems to
be more suitable for deep streams or shallow streams that have flat
gradients than for streams that have hydraulic characteristics like
those of the Middle Loup River.

KALINSKE EQUATION

A. A. Kalinske (1947) has developed an equation for computing the
bed-load discharge of unigranular material. The basis for the equa-
tion is that the bed-load discharge is equal to the product of the
average velocity of the particles, the weight of each particle, and the
number of particles. From an analysis of the turbulent variations
in stream velocity in the zone of bed-load movement, the average
particle velocity is related to the ratio of the critical tractive force (or
critical shear) to the total shear. The product of the particle weight
and number simplifies to the product of a constant, the specific weight
of a particle, and the part of the bed area taking shear. Kalinske also
presented a method for adapting the equation to sand mixtures. In
the adaption, the load of each size range is computed independently,
and the part of the bed taking shear for each size range is expressed
as a proportion of the whole bed area taking shear. In this report, a
form of Kalinske’s equation 10a is used for sand mixtures.

9=43.2 wu,, v,Dp, 7.3 (U,/0)
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in which—

g» is the bed-load discharge, in tons per day, for a size range.

43.2 is a constant for converting pounds per second to tons per
day.

ux is the shear velocity, in feet per second, and equals 4/dSg
for wide channels.

7, is the specific weight of sediment particles, in pounds per cubic
foot.

D is the mean particle-size diameter, in feet, of a size range and
in this report is used as the geometric mean.

p: is the part of the bed area occupied by the particles in the size
range and is equal to p(¢y/D)/m.

7.3 is a constant.

T,/U is the ratio of the mean speed of movement of the particles
of a size range to the mean velocity of flow at the grain level
and is a function of r./r, for constant values of r, the relative
intensity of turbulence. (Fig. 29 is used to obtain U,/U from
Tc/ To-)

where—

p is the part of the bed area taking shear and has experimentally
been shown to equal 0.35 for unigranular material.

m is the summation of all values of 7,/D for the various size ranges
that compose the bed.

7, is the total shear at the bed and equals vdS.

The total bed-load discharge, @, is the sum of the g, for each size
range in the bed.

The results of 17 computations for section E by the Kalinske
equation are given in table 9. Computed discharges seem to be in
the proper order of magnitude; however, the range of the discharges
for the different hydraulic conditions was relativelysmall. In general,
low discharges were associated with high total sediment discharges
and high unmeasured sediment discharges, and high discharges were
associated with low total sediment discharges and low unmeasured
sediment discharges. In addition, figure 30, which is a graph of the
concentration of measured suspended sediment coarser than 0.125
millimeter plotted against computed bed-load discharge, shows that
low discharges are associated with high concentrations and that high
discharges are associated with low concentrations. According to
the equations for the vertical distribution of sediment and the
relationships between bed-load discharge and suspended-sediment
concentration presented by Einstein (1950), the concentration of sus-
pended bed-material load and the concentration of the measured
suspended bed-material load will generally increase as bed-load
discharge increases.
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SCHOXLITSCH EQUATION

Samuel Shulits (1935, p. 644-646, 687) has published a discussion
of the Schoklitsch bed-load equation. The basis for this equation is
that bed material will begin to move at some critical flow and that
the bed-load discharge is proportional to the work done by the part
of the tractive force in excess of that needed to overcome the resistance
along the wetted perimeter. If A, is the cross-sectional area of a
flow that is just sufficient to move the bed material and A, is the
cross-sectional area of flow, with no change in width, the effective
part of the tractive force in moving bed material is vS(A4,—A4,).
Also, if the velocity of the tractive force is proportional to the mean
velocity of flow, u, then the work done by the effective part of the
tractive force is c,uyS(A4,—A,) or ¢;yS(Q»—@.). Hence, if the bed-
load discharge is proportional to the work, G, is equal to CvS(Q,— Q,).
The constant, C, is a function of the slope and the particle size. The
final equation for the unigranular material is— ‘

0r=43.2 [8—% S*"“(Qw—wqo)]

in which—
D is the mean particle size, in inches, and in this report it is
used as the geometric mean. ,
@, is the instantaneous water discharge, in cubic feet per second.
¢, is the water discharge per foot of width just sufficient to move
bed material. It is the critical water discharge per foot of
width and equals 0.00532 D/S*3,

For sand mixtures, the bed-load discharge, in tons per day, of each
size rauge, is computed sccording to the above equation, and the
bed-load discharge for all size ranges is a weighted summation of
each individual range. The weighting factor for the load in each
range is the fraction of the total bed mixture which that range
represents.

Seventeen computations of the bed-load discharge at section E
were made with the Schoklitsch equation for sand mixtures. The
results of these computations are given in table 9. Computed
discharges tend to increase slightly as both the total sediment dis-
charge and the unmeasured sediment discharge increase; however,
five of the computations gave bed-load discharges greater than
comparable unmeasured sediment discharges. In general, computed
discharges were higher than those computed with the other bed-load
formulas. The different hydraulic conditions produced a fairly
wide range of computed discharges, but the discharges did not vary
consistently with any of the hydraulic parameters that were examined.
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Figure 30 shows that computed discharges tend to increase as the
concentrations of measured suspended sediment coarser than 0.125
millimeter increase. These computations seem to indicate that
computed discharges include the bed-load discharge and a part of
the suspended-sediment discharge.

MEYER-PETER AND MULLER EQUATION

Meyer-Peter and Miiller (1948) have presented an equation for
computing the bed-load discharge in natural streams. The equation
is based on tests that were made in laboratory flumes of various scales
and in the region of fully developed turbulence. The shearing stress
was shown to be an important factor in bed-load transport by these
tests, which were made throughout wide ranges of slope, particle size,
water depth, water discharge, and specific gravity of sediment. For
wide channels, the equation can be written—

13
&) s ()

in which—

v is the specific weight of water and equals 1 metric ton per
cubic meter (1 gram per cubic centimeter). This parameter
is called specific gravity with the units indicated by Meyer-
Peter and Miiller and is designated v,,.

k. is the coefficient of particle friction with a smooth bed and is
equal to 26/Dg®.

k. is the coefficient of roughness, given by Meyer-Peter and
Miiller as %, and is equal to u/d?/38'2.

d is the mean depth of water, in meters, and is given by Meyer-
Peter and Miiller as A.

& is a constant that equals 0.047 and is given by Meyer-Peter
and Miiller as A”’.

7¢ is the specific weight of the sediment under water and equals

1.65 metric tons per cubic meter (1.65 grams per cubic centi-
meter) for this report. This parsmeter is called the specific
gravity under water by Meyer-Peter and Miiller with the units
indicated above and is designated as v,.

D,, is the “effective diameter” of the bed-material mixture, in
meters, and is equal to ZDi,.

Fis a constant that equals 0.25 and is given by Meyer-Peter and
Miiller as B’’.

g is the gravity constant and equals 9.815 meters per second per
second.

g, is the bed-load discharge per meter of width, in metric tons
per meter per second (1 x 10° grams per meter per second), as
measured under water.

»
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‘where— :
" "Dy is the particle size, in meters, at which 90 percent of the bed
- material by weight is finer.
- u is the mean velocity of flow, in meters per second.
D is the geometric mean size, in meters, of a size fraction.

Seventeen bed-load discharges for section E that were computed
with the Meyer-Peter and Miiller equation are given in table 9.
Computed discharges compare reasonably with total sediment dis-
charges and unmeasured sediment discharges. The different hydraulic
conditions produced a relatively wide range of bed-load discharges,
‘and the discharges varied progressively with progressive changes in
several hydraulic parameters that were examined—particularly mean
-velocity. Figure 30 shows that the computed bed-load discharges
increase as the concentrations of measured suspended sediment coarser
than 0.125 millimeter increase. On the basis of these computations,
bed-load discharges computed with the Meyer-Peter and Miiller equa-
tion seem to be accurate measures of the actual bed-load discharge.

SIZE DISTRIBUTION OF BED MATERIAL

In alluvial streams, such as the Middle Loup River, the size dis-
tribution of bed material varies both laterally and vertically. The
variations have been studied from regular and special samples from
section E. Piston-type samplers that obtain cores about 2 inches in
diameter and about 6 inches in length were used for all the sampling.

Because the size distribution of bed material varies laterally across
a section (fig. 31), the size distributions of sample composites from only
a few points have less possibility of being representative of the whole
cross section than the size distributions of composites from many
points. Data on April 26 and March 30, 1951, show: the results when
different numbers of samples are composited (table 4, section E).
:For April 26 the composite of 3 samples has a distinctly coarser
distribution than the composite of 29 samples, and for March 30
.the composite of 3 samples collected at centers of maximum discharge
sections has a coarser distribution than the composite of 7 samples.
On the basis of data from section E, at least five samples, but prefer-
ably more, should be collected for a composite to define adequately
the bed-material size distribution at a cross section.

; An example of the vertical variation in the size distribution of
bed material for one time and station is given in figure 32. Size
analyses of the top 0.5 inch of 6-inch cores (table 4, section E) and
size analyses from station 77 on May 6, 1952, (fig. 32) indicate that,
in general, the material near the surface of the bed is somewhat
finer than that for an entire 6-inch core. However, at any station
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the vertical size distribution is continually changing as dunes move
through the section. ‘

The median particle size of bed material at sections A, C;, and E,
determined from 6-inch core samples, seems to have no direct relation
with either the water discharge or the water temperature (fig. 33).
First- and third-quartile particle sizes at section A also showed no
such relation.

On streams such as the Middle Loup River, where sediment is
relatively coarse and unlimited in supply and where the size dis-
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tribution is evidently unrelated to water discharge and water tempera~-
ture, the most representative size distribution can probably be de-
termined from an average of all available samples.

VARIATIONS IN gz

The equation for the vertical distribution of suspended sediment
has been recapitulated by Einstein (1950, equation 29) as—

2

o _(d—y a
& \ y d—a

in which—
z equals V/ku,.
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where—

k is the Von Karman coefficient for turbulent exchange.
Anderson (1942), Vanoni (1941), and others have found that the expo-
nential form of this equation is satisfactory but that z should be
replaced by 2, the exponent that fits the measured data. Vanoni
(1941) has proposed that differences in z and 2, for fine particle
sizes result from the derivation of z when the sediment transfer
coefficient and the momentum transfer coefficient are assumed to
be equal. Einstein and Ning Chien (1954) developed formulas for
2z, on the assumptions that mixing lengths are of variable distance in
all directions and that the concentration changes along the mixing
length. Colby and Hembree (1955) demonstrated that z, varies,
on the average, with about the 0.7 power of the fall velocity when
fall velocities are based on Rubey’s equation.

For Nebraska sandhill streams, a z; less than about 0.7 is generally
larger than an associated z that is computed with a V, from figure 34,
a k from velocities determined from the point-integrated samples used
to define the z, and a ws from +/dSg. (See fig. 35.) However, for
flumes and relatively deep streams, other investigators have found
that a z; less than 1.0 is about equal to an associated z. The differ-
ence in the 2; versus z relationship is because values of k for sandhill
streams are larger than those for flumes and relatively deep streams.

Flume experiments and measurements in relatively deep streams
indicate that £ is generally less than 0.4 and that % decreases as sedi-
ment concentration increases. However, for the Niobrara River,
Colby and Hembree (1955) found that k varies markedly; investiga-
tions for other Nebraska sandhill streams show that % varies from
about 0.4 to 4.00. This range is for k’s that are averages of the &’s
at sampled verticals in a cross section; each % at a vertical was deter-
mined from the velocity profile that was defined by point-integrated
samples at 3 or 4 points in the vertical, sampling verticals were not
consistent with respect to their position on the dune, and the relative
roughness of the bed in the vicinity of the sampling verticals varied
widely and was often very great. Because the theory of velocity dis-
tribution probably is invalid where the relative roughness is extremely
great, the significance of a £ determined from these samples is un-
known.

For sandhill streams that have a range of % from 0.4 to 4.00, z, varies
inversely with about the 0.6 power of 2. (See fig. 36.) Throughout
this range of k, the relation seems to be continuous.

For these same streams, 2, can be expressed as a power of z. Figure
37, which includes some of the data used by Colby and Hembree
(1955), shows that 2, varies with about the 0.6 power of z. The fall
velocities for this graph are based on data from figure 34. If fall
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velocities (fig. 38) are based on Rubey’s equation (1933), a graph
similar to figure 37 can be developed by plotting 2; against 2*7. Data
obtained by Anderson (1942) and data from the Mississippi River at
St. Louis generally plot within the limits of the scatter in figure 37;
however, these data have been omitted in order to avoid any impli-
cation that the relationships have any known theoretical basis or will

be representative of all streams.
CONCLUSIONS

For the normal ranges of water discharge of the Middle Loup
River at Dunning, Nebr., about 7580 percent of the measured sus-
pended sediment at the 6 selected river sections is coarser than 0.062
millimeter, and about 40 percent is in the 0.125- to 0.25-millimeter size
Also, the median diameter of bed material is in the 0.25- to

fraction.

0.50-millimeter range.
Vertical distributions indicate slightly more turbulence at section C

than at the selected river sections. Also, about 88 percent of the
measured suspended sediment entering the flume at section C is
coarser than 0.062 millimeter, and about half of the total sand is in
the 0.125- to 0.25-millimeter size fraction, although the median bed-
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