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Laboratory Data on Coarse-Sediment Transport
for Bedload-Sampler Calibrations

By D.W. Hubbell, H.H. Stevens, Jr., ).V. Skinner, and J.P. Beverage

Abstract

A unique facility capable of recirculating and continu-
ously measuring the transport rates of sediment particles rang-
ing in size from about 1 to 75 millimeters in diameter was
designed and used in an extensive program involving the cali-
bration of bedload samplers. The facility consisted of a 9-foot-
wide by 6-foot-deep by 272-foot-long rectangular channel that
incorporated seven automated collection pans and a sediment-
return system. The collection pans accumulated, weighed, and
periodically dumped bedload falling through a slot in the chan-
nel floor. Variations of the Helley-Smith bedload sampler, an
Arnhem sampler, and two VUV-type samplers were used to
obtain transport rates for comparison with rates measured at
the bedload slot (trap). Tests were conducted under 20 different
hydraulic and sedimentologic conditions (runs) with 3
uniform-size bed materials and a bed-material mixture. Hy-
draulic and sedimentologic data collected concurrently with
the calibration measurements are described and, in part, sum-
marized in tabular and graphic form. Tables indicate the extent
of the data, which are available on magnetic media. The infor-
mation includes sediment-transport rates; particle-size distri-
butions; water discharges, depths, and slopes; longitudinal
profiles of streambed-surface elevations; and temporal records
of streambed-surface elevations at fixed locations.

INTRODUCTION

In 1979, the U.S. Geological Survey began the data-
collection phase of a comprehensive laboratory investiga-
tion to evaluate and calibrate several different types of bed-
load samplers. The study was conducted at the St. Anthony
Falls Hydraulic Laboratory (SAFHL), University of Minne-
sota, in a large flume that had been modified to house a
unique system for circulating bedload and continuously
measuring the rate of bedload transport. In addition, other
equipment systems were installed to facilitate the continu-
ous monitoring and the rapid and accurate periodic measur-
ing of various hydraulic and sedimentologic variables perti-
nent to the study.

Because of current interest in the Helley-Smith bed-
load sampler (Helley and Smith, 1971; Druffel and others,
1976; Emmett, 1980), the principal effort of the investiga-
tion was directed toward testing and evaluating full-scale
variations of this type of sampler; six variations were exam-

ined to evaluate the effect of different nozzle expansions and
entrance widths. Additionally, an Arnhem sampler (Water-
loopkundig Laboratorium, 1949) was tested under several
different conditions, and two versions of the VUV sampler
(Novak, 1957) were tested to a limited extent.

During the investigation, 4 different bed materials
were placed in the flume, and runs were made under 20
separate stationary hydraulic and sedimentologic condi-
tions. Three of the bed materials were composed of particles
that had been sieved to yield nearly uniform materials hav-
ing median particle diameters of 2.1 mm (5 runs), 6.5 mm
(6 runs), and 23.5 mm (5 runs). The fourth bed material was
artificially created by combining prescribed proportions of
the uniform materials to yield an approximately log-normal
size distribution of particles from 1.4 to 32.0 mm (4 runs).
Because of particle attrition due to fracturing within the
system during the first three runs with the uniform 23.5-mm
bed material, the size gradation of the bed material during
the fourth run was analogous to that of a mixture; newly
sieved 23.5-mm material was installed to replace the
nonuniform material for the fifth run. The test runs were
made in the following order: 6.5-mm bed material, 2.1-mm
material, 23.5-mm bed material, and mixed bed material.

As many as six different samplers were used in each
run to collect bedload samples for evaluating and calibrating
the individual samplers. Except for several runs involving
the Arnhem sampler, between 60 and 120 samples usually
were collected by each sampler during each run to define
sampled rates. Short-duration bedload-transport rates meas-
ured by the automated weigh pans were obtained during
each run for comparison with the sampled rates.

In addition to measurements of bedload transport,
data were collected continuously on water discharge and on
streambed-surface elevations, near the centerline of the
flume, at several longitudinal positions. Also, periodically,
longitudinal profiles of streambed-surface elevation and
water-surface elevation were defined concurrently through-
out the experimental reach. Samples of material from the
streambed and from the weigh pans were collected for
particle-size analysis periodically during runs; additional
samples were collected at the outlet of the sediment-return
line during runs with the bed-material mixture.
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These various data constitute a large body of hy-
draulic and sedimentologic information on the transport of
bedload particles that range in size from about 1.0 mm to
32.0 mm. The data are unique, not only because of the wide
range of particle sizes that were used in the investigation,
but also because of the relatively large flow depths that were
maintained in all runs and the extent to which spatial and
temporal variations in many variables were measured. How-
ever, because suspended-sediment transport had to be inhib-
ited, the experimental data characterize only hydraulic and
sedimentologic conditions attendant with low to moderate
bedload-transport rates. Also, because the experimental
flume could not be tilted, a transition zone of nonuniform
flow existed at the upper end of the channel. Statistical
procedures had to be used to ascertain the reach of channel
where the flow could be considered uniform.

This report explains in detail how the data were col-
lected, synthesized, and organized as a data base. Because
of the large number of individual values, measured transport
rates and other kinds of data are stored on magnetic media.
Complete replications of part or all of these data are avail-
able from the U.S. Geological Survey (see Availability of
Data, inside back cover). Summaries that indicate the extent
and character of the various data sets, as well as mean values
of several common variables, are presented in tables in this
report, and selected segments of the data are depicted in
graphical form to illustrate the magnitude and variability of
various quantities.
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BEDLOAD-SAMPLER CALIBRATION FACILITY

Mechanical elements of the bedload-circulation sys-
tem were designed and constructed by SAFHL personnel in
accordance with project specifications. The system (figs. 1
and 2) was incorporated into the main laboratory flume,
which is a rectangular concrete channel that has a fixed
horizontal floor and which is 9 ft wide, 6 ft deep, and 272 f'
long. Flows up to about 300 ft*/s can be diverted from the
Mississippi River through a sluice gate, into a vertical en-
trance tunnel, and from there through a baffle section into
the flume. Flow rate is controlled by the sluice gate, and an
adjustable sharp-crested weir at the end of the flume is used
to fix the depth of flow.

Bedload Trap and Recirculation System

The primary element of the system was an automatec
sediment trap situated beneath the floor of the channel. The
entrance to the trap was an adjustable-width slot across the
full width of the channel at a position, designated station O,
213 ft downstream from the channel entrance and 59 f'
upstream from the weir. The slot was divided laterally into
seven 1.3-ft sections and was adjusted to an open width o
1.0 ft in the longitudinal direction. Seven box-shaped con-
tainers open at the top, called weigh pans, were located
directly below the seven slot sections (fig. 3). The weigh
pans were fitted with doors on the bottom that were openec’
and closed by hydraulically actuated cylinders. Each weigh
pan operated independently and was suspended freely by
rods that passed vertically upward through thin struts to
triangular brackets above the channel. Each bracket, in turn,
connected to a cylindrically shaped load cell (fig. 4) tha’
continuously produced an output voltage proportional to the
submerged weight of the weigh pan and its contents. Limi'
controls caused the pan doors to open, then close, wheneve-
a preset voltage (weight) was reached. The weigh pans were
suspended within a hopper section that was shaped at the
bottom to form a tapered cylindrical channel that housed
hydraulically driven sediment-return feeder screw (auger).
The auger discharged sediment into a sump on the outside
of the hopper (fig. 2B). The sump was connected by a shor’
length of 8-in. pipe to the suction side of a recessed-
impeller, materials-handling pump. A vertical, rectangular,
constant-level water tank extended directly upward from the
sump. The discharge side of the pump connected to an 8-in.
sediment-return pipe that terminated in an inverted Y-
shaped diffusor at the upper end of the channel. The system
was designed to continuously measure and recirculate bed-
load particles ranging in size from about 1 to 75 mm, at rates
as high as about 4 Ib/s/ft, and to discharge water diverted to
the channel back into the river.

During operation of the flume, particles transported
down the channel as bedload fell through the slot and accu-
mulated in the weigh pans, while the water passed over the
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Figure 1. Schematic diagram of bedload-sampler calibration facility.

weir and out of the laboratory into large volumetric tanks
that drain to the river. Whenever the weight of accumulated
sediment in a weigh pan exceeded the preset level, the
bottom doors opened and dumped the material onto the
auger. The auger transported the material out of the hopper
into the sediment-return sump. Clear water from the
constant-level tank mixed with the sediment in the sump to
produce a slurry that was pumped back to the upper end of
the flume and discharged on either side of the centerline of
the channel through the submerged Y diffusor. The water-
surface elevation in the constant-level water tank was main-
tained equal to the water-surface elevation in the channel to
minimize flow circulation vertically through the slot.

Control and Data-Acquisition Systems

A system of relays actuated by the voltage output
from the load cells controlled automatic dumping of the
weigh pans. The electrical apparatus and override switches
for this function, as well as an electronic time base for
continuously documenting time to the nearest second and
graphic and electronic data-acquisition instruments for
recording the voltage outputs from the weigh-pan load cells,
time, and several other variables, were housed in a movable,
air-conditioned console (fig. 5). To facilitate determination
of transport rates, output voltages from all load cells were
graphed continuously on strip-chart recorders and were
recorded digitally every 6 seconds on magnetic tape. The
strip-chart records allowed the continual filling and dump-
ing of the weigh pans to be monitored, whereas the digital
data served as the primary record for transport-rate determi-
nations.

TESTED BEDLOAD SAMPLERS

The Helley-Smith bedload sampler consists of an in-
take nozzle constructed of 1/4-in. steel or brass plate, a
mesh sample bag that is attached at the rear of the nozzle,

and a supporting tubular-frame and tail assembly. The
standard (original) nozzle consists of a straight, square en-
trance section, several inches long, welded to a tapered
expansion section. The standard sample bag is 0.25-mm
mesh constructed in the general shape of an elongated pyra-
mid or cone. One standard nozzle has a 3- by 3-in. entrance
(fig. 6A), and another has a 6- by 6-in. entrance (fig. 6B).
Both standard nozzles have an area ratio, which is the ratio
of the exit area to the entrance area, of 3.22. This degree of
expansion gives the nozzles a hydraulic efficiency of about
1.54 (Druffel and others, 1976). Four modified nozzles, in
addition to the standard nozzles, were fitted with standard
sample bags and mounted into standard frames for testing.
Two of the modified nozzles had 3- by 3-in. entrances, and
two had 12- by 6-in. entrances (fig. 7). The expansion
sections of all four modified nozzles flared very little com-
pared to the standard nozzles; one nozzle of each size had an
area ratio of 1.10, and the others had an area ratio of 1.40.
In addition, a sampler having a standard 3- by 3-in. nozzle
and frame, but a 0.5-mm mesh sample bag, was tested in
one run; during the same run, a standard 3- by 3-in. sampler
was used in an untethered condition.

A standard Arnhem sampler (fig. 84) and a half-size,
modified VUV sampler were provided by The Department
of Minerals and Water Resources, Commonwealth of
Canada, for testing. Both of these samplers were supported
within a standard Arnhem frame. The unique feature of the
frame (fig. 84), which is used routinely with these samplers
in the field, is a laterally mounted leaf spring that is intended
to press the entrance nozzle of the sampler firmly onto the
bed. Although the frame worked marginally satisfactorily
with the Arnhem sampler, it apparently did not press the
entrance of the VUV sampler against the bed. As a result,
a disproportionate number of samples contained no material
whatever. Because of the questionable validity of many
samples collected with the half-size VUV, all samples were
rejected and deemed unrepresentative. The other tested
VUV sampler (fig. 88) was a full-scale replica of Novak’s
(1957) original sampler, except that the tail section was not
attached.

Bedload-Sampler Calibration Facility 3
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The 6.5-mm material consisted of particles from a
roofing-gravel mixture that had passed through an 8.0-mm,
square-mesh screen. The 2. 1-mm material was derived from
No. 10 washed filter rock and was composed of particles
that were retained by a 1.5-mm, square-mesh screen but
which passed through a 2.5- by 6.4-mm, rectangular-mesh
screen. Particles from a coarse gravel mixture that were
retained by a 12.7-mm, square-mesh screen, but which
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bedload-transport rates from samples collected with Helley-
Smith sampler no. 2.
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Figure 13. Cumulative relative-frequency distribution of
bedload-transport rates from samples collected with Helley-
Smith sampler no. 3.

passed through a 32.0-mm, square-mesh screen, com-
posed the 23.5-mm bed material. The bed-material mixture
was produced by combining particles removed from the
flume after the sixth run with 6.5-mm material and after the
fifth run with 23.5-mm material, together with 2.1-mm
material that had been prepared but never used; the propor-
tions of the mix, by volume, were 11, 3, and 4, respec-
tively.
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bedload-transport rates from samples collected with Helley-
Smith sampler no. 4.
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Measured Bedload Transport

The particle-size distribution of material in transport
was determined by analyzing samples that were collected
from the weigh pans and from the streambed surface after
the water had been drained from the flume. During runs with
the 6.5- and 23.5-mm materials, the entire size distribution
of each sample was defined. However, with the 2.1-mm
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Figure 16. Cumulative relative-frequency distribution of
bedload-transport rates from samples collected with Helley-
Smith sampler no. 6.
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Figure 17. Cumulative relative-frequency distribution of
bedload-transport rates from samples collected with the Arn-
hem sampler.

material, in addition to defining the entire size distribution
of regularly collected samples, the percentage of river sand
finer than 1.0 mm in a number of extra samples also was
determined. For the mixture runs, in addition to weigh-pan
and streambed samples, material discharged back into the
upper end of the channel through the Y diffusor was col-
lected and analyzed frequently.
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bedload-transport rates from samples collected with the full-
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Figure 19. Temporal records of bedload-transport rates, q,, measured at weigh pan 4 during A, run 1 and B, run 3, with the
6.5-mm bed material. The mean transport rate for the part of the record depicted in each graph is given in the upper left corner.

Discontinuities in the record represent weigh-pan dumps.

Particle-size distributions of all samples collected dur-
ing the uniform-bed-material runs, as well as size distribu-
tions of the raw unprocessed material, recombinations of
samples from stock piles of the excluded (reject) material,
and the retained material placed in the flume, are presented
in table 6. The distributions are expressed both in terms of
the whole sample (designated “all sizes” in table 6) and the
part coarser than the finest separation size (the part to which
sampled and measured rates pertain). Because many analy-
ses were made during runs with the bed-material mixture,
only size distributions defined near the first and last day of
each run with the mixture are given in table 6. Change in
size with time of operation can be assessed by referring to
the day number of each distribution.

Particle-size data from runs with the uniform bed ma-
terials are compiled only in tabular form. However, the size
distributions of all streambed, weigh-pan, and Y-diffusor
samples from the mixture runs are available on magnetic
media (see Availability of Data, inside back cover) in a data
file named PARTSIZE999RA.

Sampled Bedload Transport

Except for run 4 with the 23.5-mm material, samples
collected during runs with uniform bed materials ordinarily
were not analyzed to define their size distribution. How-
ever, most unanalyzed samples were wet sieved to deter-
mine the percentage of material finer than the specified
separation size. For unsieved samples, the percentage of
material finer than the separation size for each sampler was

taken as the average from sieved samples collected during
the run with that sampler. For run 4 with 23.5-mm material
and for runs with the mixture, all samples were completely
sized either by wet sieving or by a combination of wet and
dry sieving (see table 3). Available size information was
used, in turn, to determine, for each sample, the transport
rate(s) of the size range(s) of interest.
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Figure 20. Cumulative relative-frequency distributions of
bedload-transport rates measured at weigh pan 4.
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Because of the numerous size analyses and wet-sieve
separations that were made of samples collected with the test
samplers, no size information is presented in this report in
tabular form. However, defined analysis data and assigned
percent-finer values for all samples are stored on magnetic
media in the SAMPDATA file for each run (see table 3 for
complete data-file names). These data are available on re-
quest (see Availability of Data, inside back cover).

Water Discharge

The constant water discharge established for each run
was attained during an adjustment period at the beginning of
each run by varying the height of the weir at the end of the
flume and the opening of the sluice gate at the upper end of
the flume to achieve the desired flow depth and bedload-
transport rate. Sufficient time was allowed between signifi-
cant adjustments for the bed slope to change and reach a
quasi-equilibrium state. After desired transport and depth
states were established and the data-collection period was in
progress, the sluice gate and weir settings remained nomi-
nally fixed, except during startup at the beginning of each
day and shutdown at the end of each day. However, during
most runs, the sluice gate had to be adjusted slightly now
and then to compensate for changes in river elevation at the
intake structure, and during several runs, weir height had to
be adjusted to maintain a reasonably constant flow depth and
bedload-transport rate.

The water-surface elevation at a point about 25 ft
upstream from the weir was continuously monitored by an
electronic water-stage recorder mounted over a stilling well
on the outside wall of the flume. The recorder’s voltage
output, which is proportional to water-surface elevation,
was graphed continuously by a strip-chart recorder. Period-
ically during each run, output voltages were read directly
from the recorder and noted on the strip-chart record to
provide adjustment factors for correcting the pen trace.

The relation between stage (water-surface elevation)
and discharge was established through calibrations based on
measurements of the flow volume accumulated during peri-
ods of several minutes. Six sets of calibration data were
collected during the course of run sequences with the four
different bed materials. For each set, a series of discharges
was established by sequentially adjusting the sluice-gate
opening. For each discharge, voltages from the stage
recorder were read and recorded both manually and via a
strip-chart recorder while flow was accumulated to near the
top of one of two 15,000-ft> tanks outside of the laboratory.
The mean flow rate for each gate setting was determined
from the measured volume and time of accumulation.

Analysis of the sets of calibration data indicated that
discharge varied with stage, weir height, and thickness of
bed material in the flume. The dimensionless weir discharge
coefficient, C,, is plotted in figure 21 against the ratio of the

head on the weir, A, to height of the weir crest above the
channel bottom, W, for each set of calibration data. The
discharge coefficient was computed from:

0 =2/3C,bhV2gh )

where Q is discharge,

b is the channel width, and

g is the gravity constant.

Also shown in figure 21 are linear regression lines that
represent each set of calibration data. Although the slopes of
all lines are not precisely the same, they are sufficiently
close that a single slope of 0.1534 can be used to character-
ize all data sets. By averaging the intercept values of lines
having a slope of 0.1534 that pass through each point of a
data set, an overall intercept was established for each data
set. The average intercept values plotted against H,, the
height of the bed surface above the flume floor, are pre-
sented in figure 22. Values of H,, for both the calibrations
and the individual runs were determined by deducting the
mean depth of flow from the difference between the mean
water-surface elevation at station 20 (upstream from the
slot) and the elevation of the flume floor.

Differences between discharges measured during the
calibrations and counterpart discharges computed using the
relations depicted in figures 21 and 22 average 0.06 percent
and have a standard deviation of 0.81 percent. Mean water
discharges for each run listed in table 5 are believed to be
within about 2 percent of the true mean discharge.

Water-Surface Slope

Water-surface elevations were measured by using
manometers. A series of nine piezometer tubes that con-
nected to a common manometer board extended upstream
from the bedload trap (station 0) and terminated in screened
outlets that were cemented along the centerline of the hori-
zontal flume floor every 20 ft from station 20 to station 180.
Bed material covered the outlets. All manometers were read
simultaneously at intervals throughout each run. The num-
ber of sets of readings that were used to compute the average
water-surface slope for each run is listed in column 3 of
table 7. Many, but not all, of the sets of readings were
obtained concurrently with longitudinal streambed-surface
elevation profiles to facilitate computations of total depth.

Because of (1) the relatively deep depths and high
flow velocities attendant in many of the runs, (2) the pres-
ence of vertical struts at the slot (station 0), and (3) flow
expansion due to the absence of bed material downstream
from the slot, water-surface slopes were not uniform
throughout the length of the flume. To exclude data obtained
from parts of the channel where slopes were not uniform,
water-surface elevations were subjected to statistical analy-
sis. For each run, every set of water-surface elevations was
used to determine the water-surface slope for a base reach
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Figure 21, Variation of discharge coefficient with ratio of the head on the weir to the height of the weir crest above the flume floor.

Each regression line represents a different set of calibration data.

between stations 20 and 40 (upstream from the slot). Slopes
for the base reach then were compared statistically, at con-
fidence coefficients of 90 and 95 percent, with counterpart
slopes for reaches adjacent to the base reach to ascertain
whether or not the slopes of the adjacent reach were likely
to be from the same slope population as those for the base
reach. If so, elevations from the adjacent reach were in-
cluded with elevations from the base reach to form a new
base reach, and slopes for the new, longer base reach were
redetermined by linear regression. These slopes, in turn,
were compared with slopes from the next adjacent reach to
establish if all slopes were part of the same population. This
process of extending the length of the base reach was contin-
ued until it was evident that the slopes for the adjacent and
base reaches were different. The average slope for the run
was then taken as the average of the least-squares slopes
from all sets of elevations for the base reach.

The analysis procedure is based on the premise that
changes in slope occur abruptly between the uniform and
nonuniform reaches, rather than gradually throughout the
entire reach. Although the premise cannot be verified be-

cause of the considerable variations in slopes, graphs of all
computed average slopes, which also were used in making
judgments about the commonality of slopes, indicate that
slope changes in the water surface usually were reasonably
abrupt.

"The data in columns 4 and 5 of table 7 indicate, for
each run, the stationing of the end points of the reach for
which a uniform slope was presumed to exist; table 5 lists
the mean slope values for all runs. For those few runs in
which relatively long reaches of common slope were sepa-
rated by a short reach of dissimilar slopes, the average slope
was determined by using elevations from the entire reach.

The precise degree to which computed mean water-
surface slopes represent uniform-flow conditions cannot be
estimated reliably. However, on the basis of variances of the
slope sets used to define the mean slope for each run, most
mean slope values (see column 7 of table 5) can be expected
(99-percent confidence coefficient) to be well within 25
percent of the true mean slope, except for slopes for the
23.5-mm runs, which may be somewhat less accurate.
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Water-surface elevations are available on magnetic
media (see Availability of Data, inside back cover) in the
files named in column 6 of table 7. The elevation datum is
the horizontal flume floor.

Longitudinal Streambed-Surface Elevation

Streambed-surface elevations along the channel were
measured periodically during each run by means of an ultra-
sonic sounder (fathometer) capable of measuring distance to
the nearest 0.01 ft. The sounder’s voltage output, which is
proportional to the distance between the transducer face and
the bed, was graphed on a strip-chart recorder. The trans-
ducer probe was mounted on the mobile measurement cart
(fig. 10B) at a lateral position coincident with the centerline
of the channel; the transducer was submerged about 15 in.
The cart traversed the length of the channel along horizontal
steel rails. One wheel of the cart was constructed with a
milled recess at the outside. A microswitch contact mounted
on the cart was actuated with every revolution of the wheel.
Each switch closure produced a tick mark on the graphic

recorder indicative of 0.4713 ft of travel. Longitudinal pro-
files of the streambed-surface elevation were obtained by
moving the measurement cart to the upstream end of the
channel and then manually pushing the unit slowly down-
stream while the sounder produced a continuous graphic
record of depth below the transducer face and the progres-
sion of tick marks delineated horizontal distance. The
sounder was calibrated at the beginning and end of most
days to define slight shifts in the parameters of the linear
relation between voltage and distance.

The graphic records of all profiles were digitized and
then converted by using calibration curves to provide values
of actual distance between the transducer face and the
streambed at intervals of about 0.15 ft along the measured
reach. The exact lengths of the intervals varied, depending
on the recorder chart speed and the rate of movement of the
cart, because digitized values were automatically read every
0.03 in. along the graphic record. The variable-interval
data, in turn, were converted by interpolation between the
distance marks to transducer-to-streambed distances every
0.2 ft along the measurement reach. Because the transducer
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face for each profile remained horizontal along the measure-
ment reach, the transducer-to-streambed distances could be
converted directly to streambed elevations. The elevation
datum is the horizontal flume floor.

All converted streambed-elevation profiles, which de-
fine streambed configuration along the centerline of the
measurement reach, are available on magnetic media (see
Availability of Data, inside back cover) under the file names
given in column 10 of table 7. The start and ending stations
given in columns 8 and 9 of table 7 do not define the extent
of the measurement reach for which the profile data are
available. Rather, the stations pertain to the reach for which
streambed slopes were defined. Most profiles extend for at
least 100 ft. Typical profiles during high-rate runs with each
of the different bed materials are illustrated in figures 23—
26. Similar configurations were observed in all runs with all
bed materials.

Streambed Slope

Because the streambed slope usually was not uniform
along the entire length of the measurement reach, streambed
slopes were determined in virtually the same manner as
water-surface slopes. That is, for each run, a base reach near
the downstream end of the measurement reach was selected,
and bed slopes for the reach were determined by linear
regression from the streambed-surface elevations defined
every 0.2 ft. For most runs, the base reach had to be at least
30 ft long to average out the extreme variations created by

the bed forms. The slopes of the base reach were then
compared statistically with similarly determined slopes for
an adjacent reach to test whether or not the slopes of the
adjacent reach were from the same slope population as those
of the base reach. If they were, elevations from each profile
for the base and adjacent reach were joined and used to
define, by linear regression, a set of slopes for a new and
longer base reach. These slopes, in turn, were compared
with slopes from the next adjacent reach to extend the reach
length until the slopes of the base and adjacent reaches were
deemed to be from different slope populations. The average
slope for the run was then taken as the average of the slopes
for the final base reach.

In most runs, the heights of the bed forms exceeded
the average elevation change throughout the slope reach.
Consequently, computed streambed slopes for a given reach
often differed substantially from one another, depending on
the relative positions of the bed forms at the upstream and
downstream ends of the reach. To reduce the differences,
fairly long reaches were tested and later combined with the
base reach. As a result of the relatively long reaches and the
moderately large variances in slopes computed for base and
adjacent reaches, real differences may be masked in the
analysis to the degree that the slope computed for some final
base reaches is not truly a uniform slope but is a composite
of different slopes. This possibility can cause substantial
errors in streambed slopes.

The number of profiles used to determine the mean
streambed slope for each run and the beginning and ending
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Figure 23. Longitudinal profile of streambed-surface elevation during run 3 with the 6.5-mm bed material.
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Figure 24. Longitudinal profile of streambed-surface elevation during run 3 with the 2.1-mm bed material.

stations of the final base reach are listed in columns 7-9 of
table 7. The computed mean streambed slope for each run
is given in table 5. A comparison of mean streambed and
water-surface slopes for each run (see table 5) suggests that

in some runs the flow may have been nonuniform through-
out the slope reach. For example, in run 4 with 2.1-mm
material, the difference between mean depths at the down-
stream and upstream ends of the slope reach computed from
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Figure 25. Longitudinal profile of streambed-surface elevation during run 1 with the 23.5-mm bed material.
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Figure 26. Longitudinal profile of streambed-surface elevation during run 1 with the bed-material mixture.

these slopes was 0.39 ft. This difference indicates decelerat-
ing flow. In contrast, a comparable depth difference com-
puted by trial from mean water-surface and energy slopes
(table 5) indicates slightly accelerating flow. For two other
runs with 2.1-mm material and for one run with the bed-
material mixture, depth differences computed from
streambed and water-surface slopes were about 0.2 ft.
Counterpart depth differences, however, from comparisons
of water-surface and energy slopes were only several thou-
sandths of a foot. Because of the potential for relatively
large errors in streambed slopes, and the similarity between
water-surface and energy slopes, it seems reasonable to
assume that the flow was uniform throughout the slope reach
during all runs.

Energy Slope

The energy slope for each run was computed by using
water discharges and the pairs of water-surface and
streambed-surface elevations that had been measured con-
currently during the run. These data were combined by
applying the continuity and Bernoulli equations to yield, for
each elevation pair, the relative energy of the flow every
0.2 ft along the length of the reach for which both water-
surface and streambed-surface elevations had been defined.
The method was as follows: (1) Depths were determined at
0.2-ft intervals along the channel from the difference be-
tween corresponding water-surface and streambed-surface
elevations; (2) velocity heads were computed at 0.2-ft inter-

vals from the depths and from the instantaneous discharge
per unit width that existed when the pair of elevations were
measured; and (3) depths, velocity heads, and correspond-
ing potential heads (measured from the horizontal flume
floor) were summed to yield relative total energy every
0.2 ft. The total energy values then were used to determine
energy slopes by the same procedure as had been used to
compute water-surface and streambed slopes. For most
runs, the stationing of the final base reach was the same as
or corresponded closely to that for the final streambed-slope
reach. Because of the extreme variations in bed elevation
and the necessity to determine water-surface elevations by
interpolation between defined points located 20 ft apart,
final energy slopes may be slightly less accurate than water-
surface slopes. As a result, computed energy slopes proba-
bly do not reflect the true uniform energy gradient as pre-
cisely as does the water-surface slope.

The number of pairs of water-surface and streambed-
surface elevations used to determine the energy slopes in
each run and the stationing of the final slope reach are given
in columns 11-13 of table 7. The computed mean energy
slope for each run is listed in table 5.

Depth

Mean depth for each run was determined by averaging
mean depths computed from the pairs of concurrent
streambed- and water-surface profiles measured during the
run. The mean depth from each pair of profiles was obtained
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by averaging the 0.2-ft-interval depths that also were used
for the energy-slope determinations. Rather than average all
such depths available from each profile pair, or perform
statistical tests to determine which depths should be aver-
aged, only depths within the reach between stations 40 and
100 were included in the averaging process. Possibly the
most reasonable procedure would have been to average
depths for the same reach for which each energy slope was
defined. However, the energy computations required water
discharges that could be computed only with a knowledge of
mean depth (see equation 1 and associated explanation);
hence, mean depths had to be computed first for some arbi-
trary reach. The length of the reach between stations 40 and
100 is sufficiently long for the bed-form undulations to be
adequately averaged out, and, with the exception of several
profiles, the reach is included within the final reaches used
for the energy-slope determinations. Computed mean depths
for all runs are listed in table 5. These depths are estimated
to be within 2 percent of the actual mean depth in the
measurement reach.

Fixed-Location Streambed-Surface Elevations

Streambed-surface elevations at the sampling loca-
tions were monitored continuously during runs 5 and 6 with
the 6.5-mm material and runs 1 and 2 with the 2.1-mm
material. Soundings were made by using an ultrasonic
sounder similar to the one used for longitudinal profiling;
however, the transducer head was rotated from the vertical
so that the distance to the bed was measured diagonally. The
position of the head permitted the transducer probe to be
mounted offcenter and out of the way of the sampling equip-
ment, but to focus on the streambed directly in front of each
sampler’s nozzle (see fig. 9).

In all other subsequent runs, streambed-surface eleva-
tions were measured at the sampling points and in the center
of the channel at station 5. Soundings at the sampling point
also were obtained with the transducer head rotated and the
probe mounted offcenter; soundings at station 5 were verti-
cal. Because only two ultrasonic sounders were available,
and at times, only one of the two channels in each sounder
was operative, measurements had to be interrupted when-
ever longitudinal profiles were obtained. For purposes of
analysis, an effort was made to continue measurements at
the sampling point whenever possible. As a result, records
at the sampling point usually are somewhat more extensive
than those at station 5.

All graphic records were digitized and converted, by
using appropriate voltage-distance calibration curves, to
transducer-to-streambed distances. In the digitizing process,
distances were determined at a fixed length interval along
the graphic record. Then, by applying the exact chart speed,
chart distances were converted to time, and transducer-to-
streambed distances were determined, by interpolation,

every 18 seconds. The transducer-to-streambed distances
measured at the sampling point subsequently were corrected
to represent vertical distances by dividing by cos A, where
A is the angle between the transducer face and a horizontal
plane. Finally, the vertical distances were adjusted to corre-
spond to streambed-surface elevations relative to the hori-
zontal flume floor.

Typical records collected at the sampling locations for
the different bed materials are shown in figures 27-30. Each
record was obtained during the run having the highest
bedload-transport rate, except for the 6.5-mm bed material.
For all runs, the magnitude, frequency, and character of
changes in streambed elevation at station 5 virtually were
the same as those at the sampling station, regardless of
where the sampling station was located. Information, by bed
material and run, on the duration of all streambed-surface
elevation records from fixed locations is presented in
table 8. The records are available on magnetic media (see
Availability of Data, inside back cover) from the files
named in table 8.

SUMMARY

A unique facility for measuring bedload transport in a
large laboratory flume was used in an extensive program of
calibrating bedload samplers. The facility, which was situ-
ated at St. Anthony Falls Hydraulic Laboratory, was de-
signed to continuously measure the transport rate of bedload
ranging in size from about 1 to 75 mm. The primary ele-
ments of the facility were automated weighing pans, located
beneath the channel, which continuously weighed bedload
falling through a slot (trap) in the floor, and an auger-pump
assembly, which circulated sediment back to the upstream
end of the channel. Six versions of the Helley-Smith bed-
load sampler, an Arnhem sampler, and two VUV-type sam-
plers were used to sample transport rates for comparison
with rates measured at the trap.

For the investigation, three uniform bed materials and
a bed-material mixture were installed in the flume, and 20
different flow and transport conditions were established.
Detailed hydraulic and sedimentologic data collected during
the various runs with the several bed materials include sam-
pled and measured bedload-transport rates; particle-size dis-
tributions of sediment in transport and in the streambed;
water discharges; water depths; water-surface, streambed,
and energy slopes; longitudinal profiles of streambed-
surface elevations; and temporal records of streambed-
surface elevations at the sampling point and at a fixed loca-
tion close to the trap. These data are available, on magnetic
media, for general distribution and use (see Availability of
Data, inside back cover). Detailed descriptions explain how
the data were collected and synthesized, and tables indicate
the extent of the data and how the data are filed for access
by computer. Summary tables provide mean values of im-
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Figure 27. Temporal variation in streambed-surface elevation at the sampling location during run 5 with the 6.5-mm bed material.
Sampler numbers superimposed on the streambed-elevation trace show times when samples were collected with the specified
sampler. Sampler numbers also infer the relative location of the sampler entrance on the bedform when each sample was collected.
The composite-period number expresses elapsed time in terms of composite periods (see p. 9) from an arbitrary initial time.
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Figure 28. Temporal variation in streambed-surface elevation at the sampling location during run 3 with the 2.1-mm bed material.
Sampler numbers superimposed on the streambed-elevation trace show times when samples were collected with the specified
sampler. Sampler numbers also infer the relative location of the sampler entrance on the bedform when each sample was collected.
The composite-period number expresses elapsed time in terms of composite periods (see p. 9) from an arbitrary initial time.
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Figure 29. Temporal variation in streambed-surface elevation at the sampling location during run 1 with the 23.5-mm bed
material. Sampler numbers superimposed on the streambed-elevation trace show times when samples were collected with the
specified sampler. Sampler numbers also infer the relative location of the sampler entrance on the bedform when each sample was
collected. The composite-period number expresses elapsed time in terms of composite periods (see p. 9) from an arbitrary initial
time.
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Figure 30. Temporal variation in streambed-surface elevation at the sampling location during run 1 with the bed-material mixture.
Sampler numbers superimposed on the streambed-elevation trace show times when samples were collected with the specified
sampler. Sampler numbers also infer the relative location of the sampler entrance on the bedform when each sample was collected.
The composite-period number expresses elapsed time in terms of composite periods (see p. 9) from an arbitrary initial time.
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Table 8. Streambed-surface elevations at fixed locations

[Run numbers appended with a or b designate continuation of the numbered run with a new complement of samplers]

Duration of sounding record

Type of Run at indicated longitudinal location Data-file name
matzzcrjial number (hours)
Sampling station! Station 5 Sampling station! Station 5
6.5mm --------- 1 — — — —
) — —_ — —
2a — — — —
3 — —_ — _
4 — — . —
5 12.08 — SAMPBDELO65RS —
Sa 11.56 — SAMPBDELO65RS —
6 27.95 — SAMPBDELO065R6 —
6a 2.12 —_ SAMPBDELO65R6 —
2.1lmm --------- 1 42.46 — SAMPBDELO21R1 —
2 33.24 — SAMPBDELO21R2 —
3 36.32 30.73 SAMPBDELO021R3 STASBDEL(O21R3
4 34.10 32.78 SAMPBDELO21R4 STASBDEL021R4
4a 6.48 6.80 SAMPBDELO21R4 STASBDELO021R4
5 27.58 24.59 SAMPBDELO21R5 STASBDELO021R5
S5a 5.32 3,51 SAMPBDELO21RS STASBDELO21R5
23.5mm -------- 1 49.66 41.57 SAMPBDEL235R1 STASBDEL235R1
2 35.57 32.89 SAMPBDEL235R2 STASBDEL235R2
3 34.41 32.25 SAMPBDEL235R3 STASBDEL235R3
3a 9.89 5.84 SAMPBDEL235R3 STASBDEL235R3
4 22.36 — SAMPBDEL235R4 —
5 2.94 3.08 SAMPBDEL235R5 STASBDEL235R5
Mixture --------- 1 36.75 18.88 SAMPBDEL999R 1 STASBDEL999R1
2 30.90 20.62 SAMPBDEL999R?2 STASBDEL999R2
3 32.07 30.02 SAMPBDEL999R 3 STASBDEL999R3
4 5.76 7.76 SAMPBDEL999R4 STASBDEL999R4
4a 1.87 2.65 SAMPBDEL999R4 STASBDEL999R4
4b 3.87 3.58 SAMPBDEL999R4 STASBDEL999R4

1See table 3 for actual longitudinal station.

portant variables, and graphs illustrate the character, range,
and variability of elements of the data.
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Metric Conversion Factors

Inch-pound units used in this report may be converted to SI (International System) units by using the following conversion factors:

Muiltiply inch-pound unit By To obtain Si unit
inch (in.) 25.40 millimeters (mm)
foot (ft) 0.3048 meter (m)
foot per second (ft/s) 0.3048 meter per second (m/s)
cubic foot (ft3) 0.02832 cubic meter (m3)
cubic foot per second (ft¥/s) 0.02832 cubic meter per second (m>'s)
pound per second per foot (Ib/s/ft) 1.488 kilogram per second per meter (kg/s/m)
ton (t) 0.9072 metric ton (t)

“U.S. G.F.0. 1987-181-407:40073
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