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Instruments, Methods, Rationale, and Derived Data Used
to Quantify and Compare the Trapping Efficiencies of
Four Types of Pressure-Difference Bedload Samplers

By John R. Gray,! Gregory E. Schwarz,2 David J. Dean,2 Jonathan A. Czuba,? and Joel T. Groten?

Abstract

Bedload and ancillary data were collected to calculate
and compare the bedload trapping efficiencies of four
types of pressure-difference bedload samplers as part of
episodic, sediment-recirculating flume experiments at the
St. Anthony Falls Laboratory, University of Minnesota,
Minneapolis, in January—March 2006. The bedload-sampler
experiments, which were conceived, organized, and led by the
U.S. Geological Survey’s Office of Surface Water, were part
of a broader suite of experiments performed in the rectangular,
concrete-lined, sediment-recirculating Main Channel
Facility (“main channel flume”). Collectively referred to as
“StreamLab06,” the experiments were conducted under the
auspices of the National Center for Earth-Surface Dynamics,
University of Minnesota.

Four pressure-difference-type bedload samplers—a
standard Helley-Smith, US BLH-84, Elwha, and Toutle
River-2—were deployed by using hand-held rods in the main
flume in a series of trials during steady flows as part of the
first two of seven phases of the StreamLab06 experiments.
The Phase I flows were released over a sand bed. Gravel
composed the bed during the Phase II flows. Bedload samples
were collected during flows ranging from 2.0 cubic meters per
second (near the incipient motion of bed material) to 5.5 cubic
meters per second. A total of 2,030 bedload samples were
collected—1,000 as part of 19 sand-bed trials, and 1,030 as
part of 27 gravel-bed trials.

Bedload was captured in five contiguous weigh drums
inside a slot spanning the full width of the main flume channel
8.5 meters downstream from the cross-section in which
the bedload samplers were deployed. The contents of each
drum were automatically weighed and recorded as a time

U.S. Geological Survey, Scientist Emeritus.
2U.S. Geological Survey.

3Department of Biological Systems Engineering, Virginia Tech.

series about every 1.1 seconds. Each drum automatically,
independently, and episodically dumped its contents into the
bottom of the slot upon the accumulation of a pre-determined
mass of entrapped sediment, after which the drum continued to
capture and weigh bedload. An auger at the bottom of the slot
evacuated the accumulating sediment to a side-channel pump
that piped the captured sediments upstream and discharged
them back to the flume.

Bedload-transport rates were calculated from
measurements of the masses of material trapped by the
bedload samplers and from the data produced by the
automated bedload capture-and-weigh system of the main
channel flume. These data were used to compute at-a-point and
mean bedload-transport rates for subsequent use in developing
bedload-trapping efficiency (calibration) coefficients for each
bedload sampler and for comparing the relative trapping
efficiencies of the manually deployed bedload samplers. The
data were collected to enable the use of several computational
methods for deriving bedload-trapping coefficients.

Continuous ancillary data including stage, water
discharge, and water temperature were automatically collected
and stored. Flow depths were manually measured and
recorded concurrent with each at-a-point bedload-sampler
deployment. Other information obtained during parts of
the experiments included longitudinal water-surface slope,
bedload particle-size distributions, and suspended-sediment
concentrations and percent sand analyzed from samples
collected by depth integration with a US DH-48 isokinetic
suspended-sediment sampler.

This report describes the types and availability of the
bedload and ancillary data derived through the StreamLab06
experiments. The data are available from the St. Anthony
Falls Laboratory and the U.S. Geological Survey through
a data release (Groten and Gray, 2021). Also included are
selected descriptive and historical information as well
as the background, experimental design, experimental
caveats, and other factors relevant to the production of
the bedload-transport and ancillary data produced through
Phases I and II of the StreamLab06 experiments.



2 Instruments, Methods, Rationale, and Data Used to Quantify the Trapping Efficiencies of Bedload Samplers

Introduction

Bedload and ancillary data were collected to calculate
and compare the bedload-trapping efficiencies (otherwise
referred to as “calibration coefficients”) of four types
of pressure-difference bedload samplers in a newly
refurbished sediment-recirculating flume at the University
of Minnesota’s St. Anthony Falls Laboratory (SAFL).

The bedload-sampler experiments, which were conceived,
organized, and led by the U.S. Geological Survey’s (USGS)
Office of Surface Water, took place during the first two of
seven experimental phases performed in the rectangular,
concrete-lined, sediment-recirculating main channel flume
at the SAFL in January-March 2006. Collectively referred
to as “StreamLab06,”(Marr and others, 2010a, 2010b; Singh
and others, 2013), the experiments were conducted under the
auspices of the National Center for Earth-Surface Dynamics
(NCED) at the University of Minnesota (University of
Minnesota, 2021). An overview of all seven StreamLab06
experiments is available from Singh and others (2013).

Nine steady flows (“runs”) ranging from 2.0 to
5.5 cubic meters per second (m3/s) were released for the
bedload-sampler trapping-efficiency experiments. The bed
material in the Phase I tests was composed of a well-sorted
siliceous sand of 1.0 millimeter [mm] median diameter* and a
range of 0.6—1.8 mm. The bed material in Phase II was made
up of a gravel mixture median diameter of 11.2 mm and a
range of 1-32 mm.

Four types of pressure-difference bedload samplers
were tested under steady flow conditions. Each sampler was
manually deployed by a hand-held rod anchored in a single
cross-section by a tether line. Most deployments involved
repeated at-a-point sampling, and several involved sampling
laterally in the cross-section. Each combination of a deployed
sampler, bed type, and flow rate are referred to as a “trial.”

Nineteen such bedload-sampler trapping efficiency
trials took place over a sand bed, and 28 over a gravel bed.
At-a-point and mean bedload-transport rates for each trial
were derived from the duration a sampler rested on the bed,
the width of the sampler intake nozzle, and the measurements
of the equivalent dry mass of each bedload sample.

A cross-channel slot in the main channel flume 8.5 meter
(m) downstream from the sampler-deployment section was
designed to temporarily retain and weigh the bedload material
falling into the slot. The captured bedload was automatically
and continuously weighed in five drums that contiguously
spanned the flume’s 2.74-m width within the slot. Sediments

4Hereafter, all references to sediment sizes are for the median diameter of a
particle unless otherwise indicated or required for clarity.

episodically dumped by the weigh drums into the bottom of
the slot were automatically transferred to the right side of the
flume via a horizontally imposed auger. A trash pump recessed
in the right flume wall evacuated the augered sediments and
recirculated them to an upstream section of the flume.

Data derived from the bedload samplers and the weigh
drums were used with ancillary data to enable subsequent
evaluations of the bedload-trapping efficiencies of the
samplers tested in sand- and gravel-bedded conditions during
nine steady flows. These data also enabled comparisons
of the samplers’ bedload-trapping characteristics. The
bedload-sampler calibrations and comparisons enabled
by these tests may be used by the Federal Interagency
Sedimentation Project (FISP) to endorse one or more of the
tested bedload samplers for use by its member organizations
and others.

This report summarizes the trapping-efficiency
(calibration) test results of four types of pressure-difference
bedload samplers conducted during Phases I and II of the
StreamLab06 experiments. The report includes:

» A summary of the relevance of bedload data and
an overview of available means for quantifying
bedload-transport rates.

* Factors that led to the bedload-sampler experiments
and concomitant challenges and caveats.

» Summaries of selected relevant historical research on
bedload-sampler calibrations and comparisons.

» Relevant attributes and function of the St. Anthony
Falls Laboratory main flume.

* Attributes of pressure-difference bedload samplers,
including the four types used in these experiments.

» Experimental procedures and the derived data that
enable subsequent calibration and comparison of the
bedload-trapping efficiencies of the bedload samplers.

* Selected historical descriptions considered potentially
relevant to those interested in the collection of physical
bedload samples.

Bedload-transport data automatically collected from the
main flume and selected ancillary data are available through
the St. Anthony Falls Laboratory NCED Data Repository
(https://repository.nced.umn.edu/) under the heading “St.
Anthony Falls Lab/Streamlab 2006” and in a U.S. Geological
Survey data release (Groten and Gray, 2021). Manually
collected bedload-transport and ancillary data are also
available in the USGS data release (Groten and Gray, 2021).


https://repository.nced.umn.edu/

Background

Relevance of Bedload Data

Bedload—that part of the total sediment load that
is transported by rolling, skipping, or sliding along the
streambed (ASTM International, 1998)—provides the
major process link between the hydraulic and material
conditions that govern river-channel morphology. An
understanding of bedload-transport mechanisms and
what constitutes technically supportable, reliable data
describing bedload-transport rates is important to engineers,
scientists, managers, and others interested in the causes
and consequences of changes in channel form and to make
informed management decisions that affect a river’s function
(Gomez, 2006). Additionally,

» Bedload is part of the river’s total sediment load (fig. 1)
that represents net erosion by runoff from a watershed.

* When accelerated, bedload transport can result in bed
and bank scour that, in turn, can have catastrophic
consequences, including the failure of bridge piers or
other hydraulic structures through bed denudation or
collapses of structures abutting the river caused by
riverbank instability.

* When deposited as bed material, bedload can have
deleterious effects, including reducing the capacity
of reservoirs, estuaries, harbors, and other receiving
waters; impeding river navigation; impairing aquatic
habitat; reducing hydropower capacity; compromising
public water supplies; increasing the frequency and
severity of floods; or, in extreme cases, contributing to
channel avulsion.
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* Technically supportable efforts to manage and restore
watercourses and assess channel stability require
reliable bedload data.

* The most credible and useful equations for estimating
bedload and total load are empirically based and, thus,
require demonstrably reliable bedload data for their
development or calibration.

As part of the 2003 Federal Interagency Sediment
Monitoring Instrument and Analysis Research Workshop
(Gray, 2005), a workgroup led by Ryan and others (2005)
recognized an “overarching need for more thorough
testing of the accuracy of existing [bedload samplers],”
along with, “...better documentation of existing samplers,
including information on limitations and uncertainty of the
data obtained.”

A study of sediment transport logically begins with
theories of bedload movement, because the discharge of
bedload provides a basis for the computation of bed-material
discharge and is also closely related to processes of erosion
and deposition (Colby, 1963)

Sources of Bedload Data

Information on bedload-transport rates can be derived
indirectly from empirical equations, inferred directly from
bedload-surrogate monitoring technologies, and (or) measured
by physical samplers. The quality of the data, which can be
difficult or impossible to quantify or to reliably infer from
these various sources, can have an inordinate influence on the
reliability and usefulness of these data.

Total Sediment Load

By Origin

By Transport

By Sampling Method

Wash Load

— > Suspended Load

| |
Bed-Material Load 4;1 Bed Load 4
|

|

: Suspended Load

|
<Unsampled Load

|

Bed Load

Figure 1.

Diagram illustrating the components of total sediment load considered by origin,

transport, and sampling method. The unsampled load is the part that is not collected by the
depth-integrating suspended-sediment and pressure-difference bedload samplers used,
depending on the type and size of the samplers(s). Unsampled-load sediment can occur in

one or more of the following categories: (1) sediment that passes under the nozzle of the
suspended-sediment sampler when the sample is touching the streambed and no bedload
sampler is used; (2) sediment small enough to pass through the bedload sampler’s mesh bag;

(3) sediment in transport above the bedload sampler that is too large to be sampled reliably by
the suspended-sediment sampler; and (4) material too large to enter the bedload-sampler nozzle.

From Diplas and others (2008, p. 306).
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Empirical equations are predicated on the presence of
specific relations among hydraulic variables, sedimentological
parameters, and bedload-transport rates. They also
are predicated on the availability of relevant, reliable
bedload-transport rates from measurements and related
sedimentological and ancillary information. Gray and Simdes
(2008, p. 1083) observed the following problems,

“which range from [bedload and ancillary]
data-collection procedures, interpretation, and
manipulation to the principles (or absence thereof)
behind the [bedload-transport] equations employed—
burden these methods with uncertainty, inconsistency,
and inaccuracies of unknown magnitudes. They

also contribute to considerable difficulty in the error
analysis of the methods’ results, therefore severely
compromising their reliability.”

Numerous surrogate technologies for quantifying
bedload-transport rates exist (for example, Ryan and Porth,
1999; Rubin and others, 2001; Abraham and Kuhnle, 2006;
Barton and Pittman, 2010; Gaskin and Rennie, 2010; Gray,
2005; Gray and others, 2010; Holmes, 2010; Ramooz and
Rennie, 2010; Wood, 2014; Marineau and others, 2015, 2016;
Wyss and others, 2016; Geay and others, 2017; and Redolfi
and others, 2017). Although some of these technologies are
compelling, as of 2006 none had been proven to be sufficiently
reliable and robust for deployment in large-scale operational
programs (Laronne and others, 2007; Gray and others, 2010).

The reliability and accuracy of riverine bedload data
derived from empirical equations or surrogate technologies
cannot be quantified, let alone verified, in the absence
of applicable and reliable ground-truth data. Thus, all
technically supportable bedload-transport data are predicated
on—that is, directly or indirectly derived from—physical
bedload-transport measurements using data from properly
designed and deployed bedload samplers. Hence, absent
comparative, reliable physical bedload measurements, few if
any derived bedload-transport data from empirical equations
or from surrogate technologies, can be certified to be valid.

Overview of Types of Bedload Samplers

Bedload samplers can be classified according to one or a
combination of the following types (Hubbell, 1964; Tacconi
and Billi, 1987; Kuhnle, 1991, 2008; International Standards
Organization, 1992; Carey, 2005; Gray and others, 2010):

* box or basket,

° pan or tray,

* vortex tube,

* trough or pit, or

* pressure-difference.

Box or basket samplers operate by retaining sediment
that is deposited in the sampler that results from a reduction in
the flow velocity and (or) that is captured by a sampler screen
(Hubbell, 1964; Carey, 2005). Early box samplers required
manual excavation and measurement. A schematic of an
automated box sampler is shown in figure 2 (Kuhnle, 1991).

An example of a technologically advanced box-type
(basket) sampler is described by Rickenmann and Fritschi
(2010). The electric-powered basket sampler collects bedload
by automatically traversing through the outfall of a check
dam on the Erlenbach streams, a steep pre-alpine channel,
in Switzerland.

Pan or tray samplers operate by retaining the sediment
that drops into one or more slots after rolling, skipping, or
sliding over an entrance ramp (Hubbell, 1964; Carey, 2005).

Vortex-tube samplers have been used to sample bedload
successfully at several locations (Kuhnle, 2008). Their
design is based on a vortex-tube sand trap that originally was
developed to exclude unwanted bedload from irrigation and
other canals. The vortex-tube sampler consists of a 45-degree
diagonal slot in a concrete broad-crested weir constructed
across the channel. As a mixture of water and sediment enters
the tube, a circular or vortex flow pattern is established. With
one end of the tube open, this mixture is discharged into a
sampling area adjacent to the channel where flows can be
bypassed back into the stream between sampling periods or
deposited into a sampling box. Bedload particles are deposited
in the sampling box, and the overflow water is returned to
the stream (Beschta and others, 1981). Figure 3 shows a
sketch of a vortex-tube bedload trap on the Virginio Creek
in Italy. “Left bank™ and “right bank™ are referenced to the
downstream direction.

./
7

-4

Figure 2. Schematic cross-section of an automatic-weighing
box sampler: (1) outer box, (2) inner box, (3) slotted cover,

(4) pressure pillow, (5) bubble tube outlet, (6) water

surface, (7) tubes from bubbler and pillow, (8) stream bank,

(9) instrument house, (10) air trap, (11) valves, (12) pressure
transducer, (13) power supply, (14) bubble gage, and (15) wires
to remote telemetry system. From Kuhnle (1991, p. 4-141).
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UP STREAM VIEW

Figure 3. Sketch of bedload measuring station using

a vortex-tube bedload trap on Virginio Creek in Italy:

(1) data-recording station, (2) unloading conveyor belt,

(3) weighing machine, (4) loading conveyer belt, (5) rotating
sieve, (6) manifold, (7) sluice gate, (8) vortex trap, (9) flow
gage, (10) automatic suspended-sediment sampler, (11) flow
gage intake, (12) right bank, (13) concrete flume, (14) left bank,
and (15) road bridge. From Kuhnle (2008), originally published
by Tacconi and Billi (1987).

Troughs or pits are rectangular holes, each constructed
with a floor and walls in the streambed into which bedload
material drops and is retained. Troughs (or “slots”) typically
are continuous across the channel width, as described by
Emmett (1980) and Leopold and Emmett (1976, 1997),
whereas pits span only part of the channel width. Various
approaches have been used to empty the trough or pit prior
to over-filling, including conveyor systems (Emmett, 1980;
Leopold and Emmett, 1976, 1997), auger-pump assemblies
(Hubbell and others, 1987; Marr and others, 2010a; Singh and
others, 2013), and pumping or excavating the pit’s contents
after the cessation of runoff (Hubbell, 1964).

The magnitude and temporal variability in
bedload-transport rates using a real-time sediment removal
and measurement technique can be inferred with relative
confidence. Post-runoff pit excavation and mass measurement

of material from an unfilled trough or pit after cessation of
bedload movement can provide a discrete value for the mass
of material transported over the measurement period. The
mass of material excavated from a filled trough or pit can only
be inferred as being equal to or less than the total bedload
mass transported during the period monitored.

Challenges in collecting reliable bedload data with trough
or pit samplers compared to other types of bedload samplers
can be substantial. Trough or pit samplers are the easiest to
calibrate in rivers, but the most difficult to deploy. Calibration
only requires that the opening be sufficiently large to ensure
that all particles, regardless of the size, moving as bedload are
captured. Deployment typically requires excavation so that
the sampler can be emplaced into the streambed. In addition,
a reliable system for emptying the sampler prior to overfilling
is required.

Pressure-difference bedload samplers are one of
numerous types of bedload samplers designed so the velocity
of the flow entering a sampler’s nozzle is equal to or greater
than that which would have occurred in the same section of
the bed in the absence of the sampler (Federal Interagency
Sedimentation Project, 1940; Hubbell, 1964; Helley and
Smith, 1971; Carey, 2005; Gray and Gartner, 2010; Gray and
others, 2010). This attribute is important because, in general,
reductions in flow velocities entering a nozzle typically result
in spurious decreases in time-averaged bedload-transport rates.

No universally agreed-upon method exists for
calibrating portable bedload samplers. Given appropriate
deployment gear, however, portable samplers can be deployed
by hand-held rod or by suspension cable from bridges,
cableways, or boats without the need for pre-existing on-site
support equipment.

Historical Pressure-Difference
Bedload-Sampler Trapping Efficiency
Comparisons and Calibrations

Physical Characteristics of Pressure-Difference
Bedload Samplers

A pressure-difference bedload-sampler is composed of a
nozzle, mesh collection bag, and a means for supporting the
trailing end of the bag. Cable-deployed versions include a
supporting frame terminating in a stabilizing tail fin and a bag
fastener. Rod-deployed versions typically are equipped with a
horizontal rod extending rearward from the top of the sampler
with a bag fastener attached to its tail end. The sampler’s key
component—the nozzle—is a single feature composed of an
upstream-oriented intake and a downstream-oriented outlet to
which the mesh collection bag is affixed (fig. 4).
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Figure 4. Schematic diagrams of the original Helley-Smith
cable-suspended, pressure-difference bedload sampler.

(A) Sampler and detached mesh sample bag. (B) Plan and side
sampler views. (C) Upward-U-facing nozzle, overhead view (left)
and side view (right). Dimensions are in centimeters. From Druffel
and others (1976, p. 4-5).

Bedload-sampler nozzles with equal intake and outlet
dimensions cause an increase in flow resistance, which in
turn results in the flow velocity through the sample being less
than the ambient flow velocity. Reductions in shear stress
concomitant with lower flow velocities can result in spurious
reductions in the mass of bedload captured by the sampler.
This is due to the accumulation of particles in the nozzle
entrance and others being diverted away from the intake
(Kuhnle, 2008, p. 340-341).

Equalization of the flow velocity at the intake with
respect to the ambient flow velocity is approximated
through the creation of a pressure drop at the nozzle outlet
by constructing walls that diverge toward the rear of
the sampler nozzle (Hubbell, 1964). The cross-sectional
area of the outlet divided by that of the smaller inlet is
referred to interchangeably as the “nozzle-flare ratio” or
“nozzle-expansion ratio.” Although the nozzle-flare ratio is a
fixed quantity for a given bedload sampler, pressure-difference
samplers have been constructed with nozzle-flare ratios of 1.0,
1.11, 1.13, 1.4, 1.66, 1.96, 2.62, and 3.22 (Druffel and others,
1976); 1.10 and 3.07 (Hubbell and others, 1987); and possibly
others. Additionally, samplers with varying dimensions have
been constructed to measure particles as small as fine sand
(0.125-0.25 mm in diameter) or as large as cobbles (less than
200 mm in diameter) (Hubbell, 1964). There is evidence that
even slight design modifications can impinge on sampler
performance (Ryan and Porth, 1999). Although the accuracy
of data produced by a pressure-difference bedload sampler can
be influenced by numerous factors even discounting vagaries
associated with improper deployment techniques (Hubbell
and Stevens, 1986), a key determinant in bedload-trapping
efficiency is the nozzle-flare ratio.

Factors and Challenges

The capacity to sample any medium representatively—
that is, to obtain a sample that proportionally reflects the
presence of an attribute of interest—is a fundamental
prerequisite of any credible sampling scheme. Assuming
selection of an appropriate bedload sampler and its proper
deployment based on approved guidelines (U.S. Geological
Survey, 1990; Edwards and Glysson, 1999) for the ambient
flow, bed, and sediment-transport conditions, the capacity
to obtain a representative bedload sample is determined by
the bedload sampler’s sediment-trapping efficiency: the ratio
resulting from the mass of captured bedload divided by that
which otherwise would have passed the intake-nozzle section
in the absence of the sampler (U.S. Geological Survey, 1990).
For example, a trapping efficiency of 1.5 indicates that the
bedload mass captured by the sampler is 50 percent larger than
the mass that would have passed the width of the streambed
occupied by the intake nozzle for the same duration but in the
absence of the deployed bedload sampler.
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Quantifying a bedload sampler’s sediment-trapping
efficiency—usually referred to as, “calibrating the bedload
sampler”—is of fundamental importance in the collection
of quality-assured bedload-transport data. The use of a
bedload sampler with an unknown trapping efficiency
inevitably introduces uncertainty as to the reliability and
usefulness of the derived data. This contrasts with the use
of a FISP depth-integrating suspended-sediment sampler
(Davis, 2005; Gray and others, 2008; Gray and Landers,
2014, 2015), which are designed to achieve a hydraulic
efficiency within £10 percent of unity over most or all of its
operational range. This fundamentally important characteristic
of FISP depth-integrating samplers is referred to as being
“isokinetic.” Properly deployed isokinetic suspended-sediment
samplers, at least in theory, exhibit negligible bias, at most, in
suspended-sediment sampling (Edwards and Glysson, 1999;
Gray and others, 2008, p. 326; Gray and Landers, 2014).

Ascertaining reliable bedload-sampler trapping
efficiencies is complicated by an inherent inability to quantify
the bedload-transport rate that would have occurred in the
absence of a bedload sampler deployed at the same time
and location on the streambed, unless the efficiency of the
deployed bedload sampler is known. Recognition of this
“which comes first, the chicken or the egg?” conundrum led
to the StreamLab06 bedload-sampler trapping-efficiency
tests (Marr and others, 2010b), which took advantage of the
relative utility and accuracy of a state-of-the-art automated
system that produced a dense time series of captured masses
of bedload by continuously collecting and weighing bedload
falling into a slot across a sediment-recirculating flume.
These measurements were made to enable production of
ground-truth bedload-transport data that, in turn, could be used
to calculate absolute bedload-trapping efficiencies for each of
four types of portable pressure-difference bedload samplers,
and to quantitatively compare the relative performances of
the samplers.

Previous Research

The efficiency with which a sampler traps bedload can
be described in relative (comparative) or absolute terms.
Relative efficiencies are derived from bedload measurements
in adjacent or otherwise proximate parts of the riverbed with
two or more bedload samplers, or from alternating bedload
samplers deployed as part of an at-a-point sequential sampling
scheme. Such comparisons yield potentially useful information
on any differences in trapping efficiencies among co-deployed
samplers, particularly to give data users a sense of the variance
and potential bias associated with the performance of one type
of sampler compared to another.

Although sampler comparisons can be informative
and, in some cases, provide data useful for inferring reliable
bedload-transport rates, actual transport rates can be derived
only if the sampler’s trapping efficiency, otherwise referred to
as its calibration coefficient, is known. Thus, bedload-sampler
comparisons—although inferentially indicative of differences
in trapping efficiencies among bedload samplers and
potentially useful from a general, relative perspective—fail to
address the aforementioned “chicken-or-the-egg” conundrum.

Absolute trapping efficiencies are calculated
using bedload-sampler data in conjunction with known
bedload-transport rates such as from a river or flume
equipped with an adequate bedload-metering system. Such
tests are performed to identify the ratio, or range of ratios,
that quantifies the presence or absence of bedload-sampling
bias and, in turn, may enable subsequent mathematical bias
corrections to raw-sampled bedload-transport rates.

Thus, data produced by a bedload sampler, the trapping
efficiency for which has been calibrated against ground-truth
data, meet the requisite requirement for computing technically
supportable bedload-transport rates. Trapping efficiencies
inferred from sampler comparisons may yield useful
information but cannot be used to compute certifiably reliable
bedload-transport data.

Comparisons of Sampler Trapping Efficiencies

Numerous studies have been conducted, mostly
in field settings, to compare the trapping efficiencies of
pressure-difference bedload samplers. For example, Childers
(1999) compared the relative sampling characteristics of six
pressure-difference bedload samplers in high-energy flows of
the Toutle River at the Coal Bank Bridge near Silver Lake,
Washington. The ratio of bedload-transport rates derived
from each pair of samplers tested was computed from the
mean bedload-transport rate determined for one sampler
divided by that for a comparative sampler. Ratios of paired
bedload-transport rates calculated for each sample set ranged
from 0.40- to 5.73-variations exceeding an order of magnitude
in relative trapping efficiencies.

Gray and others (1991) compared the trapping
efficiencies of two pressure-difference bedload samplers with
different nozzle-flare ratios that were concurrently deployed
2 meters (m) apart from a cableway over the active bedload
zone within the middle third of the 76-m-wide, sand-bedded
Colorado River above National Canyon near Supai, in the
Grand Canyon, Arizona, under steady low-flow conditions.
The samplers exhibited divergent sampling efficiencies with
increasing bedload-transport rates (fig. 5).
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Figure 5. Graph showing differences in bedload-transport rates concurrently measured with a Helley-Smith sampler

(3.22 nozzle-flare ratio) and a BL-84 sampler (formerly BL-86-3; 1.4 nozzle-flare ratio) compared to those measured by just the
Helley-Smith sampler during October 1989, at Colorado River (above National Canyon) near Supai, Arizona (USGS streamgaging
station 09404120). From Gray and others (1991).

Figure 6 shows differences in transport rates measured sampler was redesignated as the cable-suspended US BL-84
by two concurrently deployed bedload samplers, each with and the rod-deployed US BLH-84% and was formally endorsed
a 76-mm-square intake: a standard Helley-Smith sampler by the FISP for use by its member agencies.

(3.22 nozzle-flare ratio; hereafter, all references to the
Helley-Smith sampler are for this original design) and a SFederal Interagency Sedimentation Project (FISP) isokinetic sampler

designations are prefixed “US” (Beverage, 1988), followed by a 2-3 letter
acronym denoting the type of sampler, and concluding with a 2-digit number
corresponding to the year that the sampler was either produced or certified
by the FISP. Hereafter, this report dispenses with the “US” prefix for
FISP-developed samplers. Additionally, the words, “bedload sampler” are
hereafter dropped when reference is made to any of the four types of bedload
samplers tested.

BL-86-3 sampler, which in 1989 was experimental, with a
1.4 nozzle-flare ratio. Note that in 1989, the BL-86-3 bedload
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Figure 6. Graphs showing variability in sand bedload-transport rates that were measured two meters apart with a Helley-Smith
sampler (3.22-nozzle-flare ratio) and a BL-84 sampler (1.40-nozzle-flare ratio) during October 1989, at Colorado River (above National

Canyon) near Supai, Arizona (USGS streamgaging station 09404120). Modified from Gray and others (1991).

Although short-term transport rates—minutes to
hours—measured by both samplers varied considerably
(fig. 6), the cross-sectional distribution of bedload based on
results from all 390 bedload samples collected over a 5-day
period, assuming bedload-trapping efficiencies of unity for
both samplers, indicated that bedload was transported at
a mean rate of 2.8 megagrams per day (Mg/d) per meter
of width. Most bedload moved in an approximately 16-m
interval near the middle of the 76-m-wide river (fig. 7). The
study demonstrated potential inconsistencies in sampler
collection efficiencies and the need for a relatively large
bedload-transport rate dataset to adequately describe spatial
and temporal characteristics of bed-load transport even under
steady-flow conditions.

Ryan and Porth (1999) compared the trapping
efficiencies of three bedload samplers in field settings: the
BLH-84 and two Helley-Smiths—one of standard steel
composition and the other fabricated from sheet metal. The
authors determined that the relative trapping efficiencies
from a gravel-and-cobble-bedded stream for the standard
Helley-Smith and a sheet-metal version of this sampler

were 1.6 and 2.4 times, respectively, those of the BLH-84.
Their conclusion was limited to observing that the measured
transport rates varied depending on the type of sampler used.
Vericat and others (2006) evaluated bias in
bedload-trapping efficiencies collected by two Helley-Smiths
with 76- and 152-mm square-intake nozzles in Spain’s lower
Ebro River. Bedload-transport rates computed from samples
collected by the sampler with the larger nozzle tended to
be greater than those for the smaller sampler. Under the
conditions sampled, the authors inferred that 43 percent of the
samples collected by the larger sampler were biased, compared
to 65 percent of those for the smaller sampler. The authors
surmised that larger grains on the bed (presumably either
as bed material or as bedload) tended to block the nozzle of
the smaller sampler at a relatively greater frequency or that
the samplers may have perched atop clasts, thus permitting
smaller-size bedload to pass beneath the samplers. The authors
concluded that the use of bedload samplers with intake widths
about 5 times that of the diameter of the largest bedload clasts
in the water body of interest will result in an increase in the
accuracy of bedload grain-size distributions and, consequently,
in the precision of annual load estimates in gravel-bed rivers.
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Figure 7. Box and whisker plots showing the cross-sectional distribution of bedload transport during steady flow of 165 cubic meters

per second, using results from all 390 bedload samples collected in October 1989, assuming sampler trapping efficiencies of unity,
Colorado River above National Canyon near Supai, Arizona (U.S. Geological Survey streamgaging station 09404120). Modified from

Gray and others (1991).

Bunte and others (2005, 2010), Bunte and Swingle
(2007), and Bunte and Abt (2009) compared bedload-transport
rates of particles larger than 4 mm collected with bedload traps
(fig. 8) to those collected with a thin-walled Helley-Smith in
numerous mountain streams. Transport rates measured by the
thin-walled Helley-Smith were substantially greater than those
measured by the bedload traps at flows constituting 50-percent
bankfull stage, whereas similar transport rates were measured
for the two types of bedload samplers deployed at flows above
bankfull stage. Bedload traps were endorsed by the FISP
(2009) for use in wadable, coarse-bedded streams.

Calibration of Sampler Trapping Efficiencies

Due to a fundamental need for reliable ground-truth
data, most bedload-sampler trapping-efficiency tests have
taken place in settings where bedload-transport rates can be
controlled, or at least measured, with a quantifiably acceptable
degree of accuracy. Although sediment-recirculating
flumes are designed in part for this purpose, at least two
problems impinge on flume bedload-sampler calibrations:

the often-substantial temporal and spatial variabilities in
bedload-transport rates that are consistent with those observed
in natural settings. Even with a comparatively temporally
stable mean transport rate, the instantaneous bedload-transport
rate at a given “point” in a stream or flume channel® can

vary widely about the mean at that point (Hamamori, 1962;
Hubbell and others, 1985; Gomez and others, 1990; Carey,
2005; Gray and Simdes, 2008). Additionally, Fienberg and
others (2010) deduced that mean bedload-transport rates
measured in a flume at moderate flows decreased with
increasing sampling time, indicating dependence. A general
explanation for the occurrence of this phenomenon at low flow
is that instantaneous bedload-transport rates exhibit rare but
relatively large fluctuations (due to the irregular and stochastic
nature of particle movement on the bed) (Singh and others,
2012). Thus, integrating intervals of varying durations over
time alters the probability of sampling these high fluctuations.

6References to sampling bedload “at a point” in the literature is a common
misnomer; more specifically and correctly, at-a-point bedload sampling
involves deploying the bedload sampler in a discrete segment of a channel
cross-section where the “point” is actually an area formed by the geometry of
the intake nozzle when resting on the bed.
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Figure 8. Photographs of bedload traps. Left, with a ground-plate apron, which prevents inadvertent particle
entrainment and thus oversampling. Right, in Little Granite Creek, Colorado, at low flow.

Sampler calibrations also are hampered by the often
considerable spatial variability in bedload movement.
Transport rates in the section of the flume in which the
bedload sampler is deployed (with respect to the distances
from the sidewall, slot, and individual slot weigh drum) may
differ from those at the flume ground-truth measuring location,
such as a slot or a section of the slot. Spatial variability can be
a factor,

* laterally and longitudinally, depending on how the
bedload sampler is deployed,

» with increasing distance between the bedload-sample
measuring section and the ground-truth measuring
location (which, in turn, leads to uncertainties in the
temporal bedload-transport characteristics, particularly
when bedforms are present), and

 with the presence or absence of bedforms and other
factors related to the bedload-transport process.

East Fork River, Wyoming, Slot Sampler (Leopold and
Emmett, 1976, 1997; Emmett, 1980, 1981)

One solution to the previously mentioned challenges
imposed by the spatial and temporal variability in bedload
movement was to construct a concrete trough across the bed of
the East Fork River near Pinedale, Wyoming. The 14.6-m-long
trough was oriented orthogonal to the mean flow direction
to trap any sediment moving near or on the streambed. A
walkway over the slot provided the platform from which a
Helley-Smith sampler (Helley and Smith, 1971) was deployed
by a hand-held rod (fig. 9).

Trapped sediment that collected on a continuously
moving conveyer belt in the slot was transferred to a
streamside hopper for real-time weighing and subsequent

automated return to the river some 12 m downstream from the
slot. The Helley-Smith was set on the upstream side of the slot
atop the concrete apron adjacent to the slot at about 24 points
across the channel. Manual samples were collected as part

of two traverses, using the multiple-equal-width-increment
method (Edwards and Glysson, 1999), for a total of about

48 samples per measurement. The sampler was then deployed
at selected points on the concrete apron downstream and
adjacent to the slot to ascertain if any bedload bypassed

the slot.

Emmett (1980) concluded, for bedload particle sizes
between 0.5-16 mm (medium-sand to pebble-size material),
that the Helley-Smith’s trapping efficiency was “near-perfect.”
The Helley-Smith trapped material finer than 0.5 mm with
an efficiency somewhat greater than unity; however, this
departure from calibration was partly attributed to the entry of
suspended sand into the sampler. Bedload larger than 16 mm
was determined to be trapped with sub-unity efficiency.

This system was used to collect bedload data from 1973
to 1979 and to field-calibrate the Helley-Smith. This work
is notable for its considerable success in quantifying the
bedload characteristics of the East Fork River and quantifying
the Helley-Smith’s range in trapping efficiencies under the
measurement conditions as well as highlighting the difficulties
and considerable time and expense’ of obtaining reliable
bedload-transport data.

7William Emmett (U.S. Geological Survey retired, written commun., 2018)
estimated that the capital costs of constructing the East Fork River near
Pinedale bedload-monitoring facility totaled about $100,000 in 1972—73. The
facility was operated from May 1973 to 1979 when data collection ceased and
the site was decommissioned. By agreement with the landowner, the bridge
was left in place in exchange for a release from future Federal Government
obligations at the site, although the concrete trough remained after the site
was abandoned.
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Figure 9. Photographs of the bedload trap on the East Fork River near Pinedale, Wyoming. Top, view
downstream showing the suspension bridge, concrete wells on each bank, and the control trailer on the right
bank. Bottom, view from the left bank at low flow. The concrete trough in the streambed is partly emergent in
the foreground; the slot into which bedload falls is closed by metal gates in this photograph. From Leopold and
Emmett (1997, p. 28).
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St. Anthony Falls Laboratory Main Flume Slot Sampler

Recognizing that the previously described
trapping-efficiency characteristics of the Helley-Smith
warranted further research and that a bedload sampler
capable of collecting larger clasts was sought by the FISP
member agencies, Hubbell and others (1985, 1987) deployed
six pressure-difference-type bedload samplers in the St.
Anthony Falls Hydraulic Laboratory (subsequently renamed
the St. Anthony Falls Laboratory) main flume in 1977
to derive calibration curves (as opposed to single-value
trapping-efficiency coefficients) for each sampler.

The main flume was operated at various combinations of
flow rates and bed-material size compositions for 60-80 hours
before the bedload samplers were deployed. Masses of
sediment collected on 6-second intervals were automatically
measured at each of the seven contiguous weigh drums
imbedded in the flume slot. The bedload samplers were
suspended by chain hoist from points 3-8 m upstream from
the slot. A tether line (Childers, 1999, p. 12) connected the
sampler to the ceiling over the flume several meters upstream
from the deployment section. The tether line stabilized the
sampler and prevented it from being swept downstream by the
force of the flow.

The samplers were deployed at three lateral stations
in the first four series of tests and at the center station only
during the last two series of tests. The tests were performed
sequentially with three mono-size distributions of 2.1-, 6.5-,
and 23.5-mm material composing the bed and lastly with
a logarithmic mixture of these size fractions. Dunes were
present during all tests.

Because such calibrations are hampered by the previously
mentioned inability of making matched individual sampler and
trap measurements of sediment transport at the same time and
place, two methods for developing calibration curves for the
six bedload samplers were used:

1. Comparing sampled rates with corresponding estimated
ground-truth rates computed from relations between bed
elevations at the sampling point and rates at the bedload
trap, and

2. Matching probability distribution functions for sampled
transport rates and for those at the bedload trap, which
entailed comparing sampler and trap averages under a
range of steady-flow conditions.

Hubbell and others (1985), using the
probability-matching method, concluded that the close
agreement between the curves obtained by the two methods
demonstrated that accurate calibration curves can be defined
by the probability-matching method. Calibration curves,
defined in this way with data from different experimental runs,
can be characterized by a single composite curve for a given
bed-material size composition.

The primary objective of Hubbell and others (1985, 1987)
was to develop composite curves to adjust bedload-transport
rates inferred from bedload-sampler deployments to obtain

true coefficient-corrected bedload-sampler rates. Their
work, however, had a more lasting legacy in that it served
as the basis for acceptance of the 1.4-flare-ratio version
of the Helley-Smith (the BL-84 and BLH-84) as the only
portable bedload samplers endorsed for use by the Technical
Committee that oversees the FISP. The USGS, a member of
the FISP Technical Committee, formally supports this position
but continues to accept standard Helley-Smith bedload data
“until additional calibration work is performed” (Edwards and
Glysson, 1988, 1999).

Thomas and Lewis (1993) considered the
probability-matching method of Hubbell and others (1985) to
be invalid because it:

1. Implicitly assumes that neither trap nor sampler
bedload-transport rates have associated measurement or
sampling error, observing that errors are present in all
physical measurements.

2. Gives biased and highly variable results.

3. Does not contain information for determining which
independent variables to include and exclude from a
regression equation.

Thomas and Lewis (1993) developed a new model for
bedload-sampler calibrations that matches unobservable
trap rates to normally distributed populations of cube-root
transformed trap transport rates with individual rates
measured by bedload samplers. The model requires at-a-point
bedload-sampler data that correspond to trap data at a given
weigh drum. The model “regresses transformed individual
sampler measurements on daily means of transformed trap
data and incorporates within-day variation in trap rates
to explain part of the sampler variation” (Thomas and
Lewis, 1993). The parameters are estimated by maximum
likelihood using a nonstandard regression model to account
for the physical inability of matching individual trap versus
Helley-Smith sampler-type bedload measurements in time and
over the cross-section.

The Thomas-Lewis (1993) model was used to develop
calibration curves using data from Hubbell and others
(1987), even though one of the requirements for the model’s
calibration—collecting a large number of bedload samples
from at a single point—was not always met (many of the
sample runs were made using three point measurements
made laterally across the flume). The curves for the
coarsest material tested—23.5 mm in diameter—were near
unity for all samplers. The curves for the finest (smallest)
size material—2.1 mm in diameter—showed the most
calibration-curve divergence with increasing bedload-transport
rates. The results for the 6.5-mm-diameter size class
approximately ranged between the results for the coarsest and
finest material. The results for the mixture of the three size
classes were scattered around the line of equal value at lower
transport rates but were not tested at high enough transport
rates to provide a valid comparison.
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Rationale for the StreamLah06
Bedload-Sampler
Calibration Experiments

Deficiencies associated with traditional instruments
and techniques used to quantify bedload-transport rates,
and potential solutions to address those deficiencies, were
identified as part of two workshops sponsored by the
Advisory Committee on Water Information’s Subcommittee
on Sedimentation (Advisory Committee on Water
Information, 2017): The Federal Interagency Sediment
Monitoring Instrument and Analysis Research Workshop
(Gray, 2005; Ryan and others, 2005) and the International
Bedload-Surrogate Monitoring Workshop (Gray and others,
2007, 2010). Both workshops described a fundamental need
for ground-truth data to:

1. Quantify the accuracy of manual bedload
measurements, and

2. Enable verification of bedload-transport-rate estimates
derived from surrogate technologies that may provide a
continuous time series of bedload-transport data.

The four types of hand-held pressure-difference bedload
samplers that were deployed as part of the StreamLab06
(Marr and others, 2010b) experiments are shown in figure 10,
and cable-suspended versions of these samplers are shown
in figure 11. Collectively, the relevance of the tests was
strengthened by inclusion of all four sampler types; the most
recently developed—the Elwha—has been in use at least since
the 1990s (Childers, 1999).

In addition to the goal of identifying absolute trapping
efficiencies for each of the four types of bedload samplers,
the experiments were designed to provide the comparative
trapping-efficiency data that could enable inferences of the
potential for bias in data produced by a given type of bedload
sampler with respect to that of another. Such information
would be of particular relevance when considering switching
the type of bedload sampler used in a given monitoring
program or selecting a different sampler than one used for
historical measurements.

Figure 10. Photograph of four types of hand-deployed pressure-difference bedload samplers tested in the St. Anthony
Falls Laboratory main flume, January to March 2006. From left to right: BLH-84, Helley-Smith, Elwha, and Toutle River-2
(TR-2, without collection bag). All the samplers shown, except for a standard thick-walled version of the Helley-Smith (a
thin walled version appears here) were the actual samplers used in the tests. The dimensions of the deployed sampler’s
intake nozzles are as follows: BLH-84, 76.2 mm x 76.2 mm; Helley-Smith, 76.2 mm x 76.2 mm; Elwha, 102 mm x 203 mm; Toutle
River-2, 152 mm x 305 mm. All but the Helley-Smith sampler (flare ratio=3.22) have flare ratios of 1.4. Photograph courtesy of
Kurt Swingle, Ft. Collins, Colorado, May 2006.
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US BL-84

Figure 11. Photographs of cable-suspended versions of the four pressure-difference bedload samplers tested in the St. Anthony
Falls Laboratory main flume, January to March 2006 (hand-deployed versions are shown in fig. 10). Clockwise from top left: BL-84;
Helley-Smith; Toutle River-2 (TR-2) being retrieved from a cable car over the Sandy River at Marmot, Oregon; and an Elwha atop a TR-2

(the latter lacking a mesh bag).

The rationale for testing these four types of
pressure-difference samplers follows:

Elwha sampler—The Elwha was calibrated in the sand-
and gravel-bedded flume based on a perceived need for a suite
of calibrated bedload samplers for use on bed types ranging
from sand- to gravel-size material. The Elwha (Childers,
1999) had been subject to comparisons but not to calibrations
prior to the StreamLab06 experiments. It was developed by
Dallas Childers of the USGS and originally deployed in the
Elwha River, Washington, as a lighter, two-thirds dimensional
scale version of the Toutle River-2 (TR-2) sampler
(Subcommittee on Sedimentation, written commun., 1995) to:

 Retain the 1.4-flare expansion ratio of the BL-84,
BLH-84, and TR-2.

* Be safely deployed using standard USGS streamgaging
cable-suspension equipment from a boat, cableway,
or bridge (the larger and heavier cable-suspended
TR-2 sampler requires special, heavy-duty suspension
equipment than that required for the other three
cable-suspended samplers).

» Enable collection of all clasts in motion. According to
U.S. Geological Survey (1990) guidelines, the sampler
nozzle dimensions (width and height) should be at least
double the size of the largest particles in motion.
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The aforementioned nozzle-size guidance
(U.S. Geological Survey, 1990) bears scrutiny. For a bedload
sampler with a 76-mm-square intake nozzle, this requirement
corresponds to a maximum clast diameter of 38 mm. If taken
literally, however, this guidance theoretically would apply
solely to spherical clasts entering a square intake nozzle. Per
conventional sedimentological nomenclature, a clast’s “size”
refers to its median diameter. Clasts rolling on the riverbed
tend to do so with the long axis orthogonal to the ambient
(downstream) flow direction, based on the orientation of rocks
rolling downstream in rivers and in a beach swash zone as
observed by the lead author.

An example of this phenomenon is illustrated in
figure 12, which shows the BLH-84 after deployment in
the gravel-bedded main flume on March 11, 2006. The

approximately 80-mm-long diameter of the clast lodged in
the sampler’s intake nozzle was substantially larger than its
median diameter.

If the intent of this USGS guideline is to ensure that more
than one natural (that is, nonspheroidal) clast can enter the
bedload sampler at one time, specifying that “the nozzle intake
be at least double the long diameter of the largest particles
in motion” would be more appropriate for a sampler with a
rectangular intake nozzle. This specification would infer that
the dimensions of an intake nozzle should be somewhat—
slightly to considerably—Ilarger than double the median
diameter of the previously mentioned particles. Because of
the variable relation between the long, median, and short axes
of natural sediments, developing precise guidelines for the
dimensions of a bedload-sampler intake on the basis of the
dimensions of clasts in transport is challenging at best and
beyond the scope of this report.

Figure 12.
during the StreamLab06 gravel-bed experiments.

Photograph of a bedload clast lodged in the entrance of the 76-mm-square BLH-84 intake nozzle used on March 11, 2006,
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Helley-Smith sampler—A Helley-Smith sampler was
included in the StreamLab06 experiments:

» Because the preponderance of 20th century bedload
data—and some 21st century data—for U.S. rivers and
many other rivers from around the world was collected
with this type sampler; and

 To evaluate its performance in a sand-bedded
system for which it was not originally designed
(William Emmett, U.S. Geological Survey,
oral commun., 1999), but in which it often has
been deployed.

TR-2 sampler—The TR-2 was tested in the
gravel-bedded flume primarily as a comparison to its
congruously configured “two-thirds scale” Elwha sampler.

BLH-84 sampler—The BLH-84 was calibrated in
the sand- and gravel-bedded flume. The primary reason for
inclusion of the BLH-84 in the StreamLab06 experiments
was its status as the only pressure-difference bedload sampler
officially endorsed by the Technical Committee of the FISP
(Edwards and Glysson, 1986, 1999; U.S. Geological Survey,
1988; Subcommittee on Sedimentation, written commun.,
1995). Thus, the strength of the tests was substantially
enhanced by enabling comparisons among the four most
commonly used pressure-difference bedload samplers.

The rationale for the 1985 endorsement by the FISP
Technical Committee of the BL-84 instead of the Helley-Smith
3.22-flare sampler, however, is not unequivocally supported by
graphs appearing in Hubbell and others (1987), even though
the results of the Hubbell and others (1987) research were
used to justify the BL-84’s endorsement and for the USGS’s
acceptance of that endorsement. According to Edwards and
Glysson (1999):

“The standard 3-inch by 3-inch [76-mm-square
intake nozzle Helley-Smith bedload] sampler has
been calibrated in two different laboratory studies
and in an extensive field study. Results of one
laboratory study (Helley and Smith, 1971) indicated
an average sampling efficiency of about 160 percent.
Emmett (1980) concluded from his field study

that the overall sampling efficiency was close to

100 percent. A laboratory investigation (Hubbell
and others, 1985) of varying bed materials and a
range of transport rates indicates that the sampling
efficiency of the standard [76-mm-square-nozzle
Helley-Smith] sampler varies with particle size and
transport rate, displaying an approximate efficiency
of 150 percent for sand and small gravel and close to
100 percent for coarse gravel. The standard 6-inch
by 6-inch sampler had generally higher efficiencies.
Tests of a Helley-Smith type sampler, which has a
[76-mm-square] nozzle with less expansion than the
standard nozzle (an area ratio of 1.40), resulted in

fairly constant efficiencies close to 100 percent for
all transport rates and particle sizes [italics added].
In May 1985, the 1.40 nozzle was approved by the
Technical Committee [of the FISP]...as a provisional
standard sampler for use by U.S. Federal agencies.
After some modifications to the frame, the [sampler
with the 76-mm-square] nozzle with 1.40 expansion
ratio was designated the BL-84 sampler. The Water
Resources Division of the USGS endorses the use

of this new sampler with the 1.40-area-ratio nozzle;
however, until additional testing is done, [bedload
and ancillary] data obtained using the original
3.22-area-ratio Helley Smith sampler will continue
to be accepted [for storage in and dissemination from
the USGS National Water Information System].”

The veracity of the above-quoted qualitative rationale
for endorsing the BL-84 may be inconsistent with the data
on which the endorsement was based. Figure 13 shows the
Hubbell and Stevens (1986) trapping-efficiency plots for the
BL-84 (referred to anachronistically as the “Helley-Smith”)
for three bed-material particle-size ranges: 1.4—4.0, 4.0-8.0,
and 11.3-32.0 mm. For comparison, similar-type plots are
shown in figure 14 for the Helley-Smith sampler and the
same size ranges (Hubbell and Stevens, 1986). The trapping
efficiency of the largest size range is consistently near unity
over a sampling rate of 0-3.0 kilograms per second-meter
(kg/(s-m)). The trapping efficiency for the smallest size range
is about 75 percent over the sampled-rate interval of 0-0.75
kg/(s-m). The intermediate size range trapping efficiency
is uniformly less than unity and diminishes with increasing
sampled rate, described in approximate terms as follows:

+ 87 percent at a sampled rate 0—1 kg/(s-m)
» 75 percent at a sampled rate 1-2 kg/(s-m)

* 63 percent at a sampled rate 2—3 kg/(s-m)

The minutes of the April 18-19, 1995, meeting of the
FISP Technical Committee (written commun., 1995) state
that “[the] FISP continues to tentatively endorse the BL-84.”
This endorsement was reaffirmed in spite of the observations
that “the committee...recognizes that there is no conclusive
scientific evidence proving that the BL-84 provides more
accurate data [than the Helley-Smith]...although there is
evidence that the BL-84 is an improved sampler relative to the
Helley-Smith.”

A comparison of figures 13 and 14 infers that the BL-84
bedload-trapping coefficient for the coarsest size fraction
tested was substantially closer to unity than that for the
Helley-Smith bedload sampler. Although both samplers
exhibited sub-efficient trapping efficiencies in the mid- and
finest-size fractions tested, those for the BL-84 were closer to
unity than those for the Helley-Smith.
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line of equal value) range from 1.4-4.0, 4.0-8.0, and 11.3-32.0 millimeters (mm). Figure modified from Hubbell and Stevens (1986, fig. 3B,
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The following list summarizes the reasons for performing
bedload-sampler trapping-efficiency tests as part of Phases |
and II of the StreamLab06 experiments:

1. Unlike the other three bedload samplers that benefited
from calibration tests, the Elwha bedload sampler had
never been calibrated. This reason alone was sufficient
to take advantage of the offer to participate in the
StreamLab06 experiments.

2. The justification for the FISP’s 1985 provisional
endorsement of the BL-84 (and, implicitly, the BLH-84)
was only partly consistent with the graphical data
supporting its endorsement (Hubbell and Stevens,
1986); thus, the BLH-84 was deemed worthy of
additional testing.

3. The FISP’s previously mentioned “provisional”
endorsement of the BL-84 in 1985—restated in 1990,
and again in 1995 as a “tentative” endorsement by
the FISP—remained unchanged in 2006 when the
StreamLab06 experiments took place. By 1990, the
USGS endorsed use of samplers “with the 1.4-flare ratio”
(for example, the BL-84, an endorsement that remains
unchanged at the time of this report’s publication).

4. The USGS’s endorsement of the BL-84 is inconsistent
with the Edwards and Glysson (1988, 1999) guidance
to continue to use the Helley-Smith until the BL-84
was “tested further and [became] available for use,”
given there is no evidence of additional testing of the
BL-84 between 1988 and 1990. Resolving dissonance
between the FISP’s and USGS’s tentative or unqualified
endorsements of the BL-84 was another potential
outcome for the StreamLab06 bedload-sampler tests.

5. Thomas and Lewis (1993) not only raised doubt of the
statistical treatment of bedload data in Hubbell and
others (1987), but they provided a statistically rigorous
“new model” for calibrating bedload samplers that
warranted application.

6. Inclusion of a bedload-sampler comparison component
as part of the requisite calibrations was anticipated
to increase the usefulness of the experiments, in part
because of any potentially unique influences the
main flume might have that would be common to all
samplers tested.

7. The refurbished St. Anthony Falls Laboratory main
flume with state-of-the-art monitoring capabilities
offered unprecedented precision and data-storage
capabilities to automatically produce bedload-transport
time-series data.

8. The considerable costs associated with refurbishing the
main flume, plus its operation as part of StreamLab06
Phases I and II experiments, were borne by the NCED

and St. Anthony Falls Laboratory (SAFL). These capital
investments enabled the participating organizations and
researchers to provide their own, relatively affordable
resources to participate in the experiments.

The StreamLab06 Bedload-Sampler
Trapping-Efficiency Tests

St. Anthony Falls Laboratory Main Flume

Background

In May 2000, the lead author of this report, his colleague
Larry Schmidt—acting in their capacities as USGS and
U.S. Forest Service representatives, respectively, of the FISP
Technical Committee—and Basil Gomez of Indiana State
University visited the SAFL to investigate the potential
for the FISP to use the main flume to calibrate the Elwha
and other selected bedload samplers. The SAFL Director,

Dr. Gary Parker, explained that the main-flume Sediment
Monitoring and Recirculation System (SMRS) had fallen into
disrepair and would require substantial rehabilitation before

it could be reused for bedload-sampler testing. Dr. Parker
estimated that $1.5 million in 2000 dollars would be required
over a 3- to 5-year period to rehabilitate the flume and perform
the bedload-sampler calibration tests sought by the FISP. Such
resource requirements substantially exceeded those available
to the FISP.

In 2005, as part of the NCED’s investment in
communitywide experimental earth-surface dynamics
research, several improvements were made to the main flume.
The goal of the NCED—funded by the National Science
Foundation as a Science and Technology Center—was to
equip the main flume with state-of-the-art technologies
and make the facility available for use by the broader
community for advancing science and practice of river
ecohydromorphodynamics. The upgrades—completed
in time for the initiation of StreamLab06 Phase I tests in
January 2006—included enhancements to the flow-control
and sediment-recirculation systems, and a state-of-the-art
sediment-flux monitoring system (Singh and others, 2013).

Description

The main flume is capable of conveying field-scale flows
and recirculating known quantities of introduced sediments
ranging from sand size to medium-gravel size continuously
for days at a time. These characteristics, along with the
automatic bedload weighing capability, led the FISP to use
the flume for advancing sediment-transport research and
bedload-monitoring technologies beginning in the early 1980s
(Hubbell and others, 1987).
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The main flume (figs. 15 and 16) is composed of an open ~ Sediment Monitoring and Recirculation System
rectangular concrete channel with flow- and stage-controlling

devices. Water from the Mississippi River upstream from

St. Anthony Falls is diverted through a screened intake to

the flume’s entrance, taking advantage of the static head
differential created by the falls. A sluice gate controls flow

to the flume at rates of 0-8.5 m3/s. The diverted flow courses
through the flume and returns to the Mississippi River (that is,
the flow is not recirculated) downstream from the falls.

The 80-m-long concrete flume is 2.74 m wide with
sidewalls that rise 1.8 m from the bed. An adjustable 1. A full-width bedload slot (trap) into which bedload
sharp-crested weir at the flume’s tailwater controls the particles fall.
stage of flow. Stage and weir elevations are automatically
monitored and, coupled with a theoretical stage-discharge
relation, are used to continuously meter water discharge.
Sand-size (January—February 2006) and gravel-size
material (March 2006) were laid atop the concrete bed for
StreamLab06 Phases I and II tests, respectively.

A fundamentally important aspect of the main flume
is the Sediment Monitoring and Recirculation System
(SMRS), the sediment-collection location of which is
approximately 65 m downstream from the flume entrance and
15.2 m upstream from the sharp-crested weir. The SMRS is
capable of continuously monitoring bedload flux during an
experimental run.

The SMRS has the following principal components:

2. A sediment-flux monitoring component (see next
section) that automatically and continuously collects and
weighs the captured bedload in drums (pans) located
inside the slot. Each of the weigh drums independently
discards its trapped sediments to the bottom of the slot
before exceeding a preset value of mass.
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Figure 15. Side-view schematic of the St. Anthony Falls Laboratory main flume showing the entire facility from the
water intake to the tailwater of the sharp-crested weir. Some length measurements are not to scale. Modified from
Marr and others (2010b, fig. 1).
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Figure 16. Plan-view schematic of the St. Anthony Falls Laboratory main flume showing the section in which bedload
is captured by the weigh drums and recirculated to the upstream approach section to the knee wall. The acronym SNR
is for the 7 sonars (SNR) and their locations deployed upstream from the flume slot. From Marr and others (2010b, fig. 5).
Abbreviation: m, meters.
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3. A horizontally imposed auger at the base of the pit that
conveys captured sediments to a pumping system that
flushes sediments as large as 76 mm to the flume about
25 m upstream from the slot.

Sediment-Flux Monitoring Component

The sediment-flux monitoring component of the SMRS
was designed, fabricated, and installed by the SAFL in 2005.
The SMRS is capable of continuously monitoring bedload flux
during a test run.

The monitoring component consists of five identical,
contiguous aluminum drums embedded in the slot that spans
the width of the flume (fig. 17). Each of the five drums
independently and continuously measures the submerged
weight of the captured bedload. Hence, each drum weighs the
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bedload captured in a one-fifth (0.55-m wide) subsection of
the slot. The drums, like the SMRS, can accommodate up to
76-mm-diameter particles.

Each weigh drum hangs from an aluminum frame
connected to a load cell affixed to the ceiling above the flume
(fig. 18). The system uses load cells manufactured by Interface
Advanced Force Measurement (SM-250) that have a capacity
of 113 kilograms (kg) and are accurate to +45 grams?® (g).

As a safety margin to avoid exceeding the capacity of the
weigh-drum system, the drum rotation that voids the contents
of each bin is triggered when a user-specified net weight
(typically 2040 kg) is reached.

8The uncertainty associated with mass-force measurements is a function
of the resolution of the analog-to-digital converter board and that of the load
cells. The accuracy of the load cells, being an order of magnitude less than
the resolution associated with the converter board, is the limiting factor. The
combined uncertainty is about 0.04 percent, which for the 113.4-kg load cells
is equivalent to 45 g.
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Figure 17.
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Schematic of the Sediment Monitoring and Recirculation System, showing the right-most of

the five weigh drums in the cross-channel slot over the auger in the bottom of the slot. View is from the
right side of the flume proper to the slot. From Marr and others (2010b, fig. 2). Abbreviation: m, meters.
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Figure 18. Photographs of the main flume sediment-flux
monitoring component of the Sediment Monitoring and
Recirculation System. Top, the slot in the partially drained flume.
Middle, the non-submerged part of the weigh-drum apparatus.
Bottom, the non-submerged apparatus during a test run.

Stainless steel cover plates with 45.2-centimeter (cm)
by 15.2-cm slots located under the bed trap (not shown in
fig. 18) serve to funnel the intercepted bedload downward
into the weigh drums. Each aluminum drum has three radial
baffles welded to a common 3.8-cm-diameter hub and
two 81.3-cm-diameter end plates. The drums are oriented
horizontally and orthogonal to the long axis of the flume
under the sediment trap. The three radial baffles form two
adjacent 120-degree “V”-shaped bins, each of which has a
capacity of 62 liters (L). The submerged weight of sediment
in a bin at maximum capacity is 62 kg. Each drum operates
independently using a tipping-bucket arrangement with
“tips” consisting of alternating 120-degree clockwise and
counterclockwise rotations. When the sediment in a weigh
drum reaches a specified threshold mass, a pneumatic piston
actuates (either extending or retracting based on the ambient
drum position), causing the drum to rotate 120 degrees.

This action results in dumping the contents of one bin and
repositioning the adjacent, empty bin under the funnel to
continue collecting bedload without interruption. All the
bedload falling into each trap is continuously weighed and
dumped in this manner.

The submerged weights of each drum measured
continuously by the respective load cell are monitored by a
central data-acquisition (CDAQ) system. Figure 19 shows the
CDAQ console and an operator.

Data on water temperatures and water-surface elevations
measured by sensors located 6 m upstream from the weir,
as well as the weir elevation, were also continuously
monitored. All data acquired by the CDAQ system were
automatically recorded and stored as an ASCII-formatted file.
The measurements were recorded by the CDAQ system at
5,000 hertz (Hz) for a user-specified period of time. Typically,
4,000 values of mass were measured in a 0.8-second interval.
A mean value from the 4,000 measurements was stored in
the ASCII file. Each measurement, processing, and recording
cycle, the duration of which was user-defined, took about
1.1 seconds to complete during the StreamLab06 experiments.
Thus, the data produced by each weigh drum were stored
about every 1.1 seconds.

The drum-weigh data were used to estimate bedload mass
flux by calculating the rate of change of the submerged weight
of sediment trapped in each drum. As entrapped bedload falls
into an initially empty bin of a drum, the load cell records an
increasing weight of material in the drum. When the drum
rotates and dumps the contents of one bin, high-frequency
(positive and negative) oscillations about the ambient sediment
mass resulting from vibrations in the weigh drums result
from the water turbulence induced by the motion of sediment
being dumped. The data recorded during and immediately
after a drum tip, as turbulence around the drum dampens,
are spurious. Post-processing of the data, including removal
of these spurious data and applying averaging techniques
to the data to remove the oscillation noise, is required for
computation of reliable sediment-flux values at 1 Hz at each of
five distinct lateral locations across the flume.
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Figure 19.
data-acquisition system console.

The first step for post-processing these data is to
rectify data recorded during tipping events and to render
the dataset to be continuous. An algorithm was developed
to identify and correct for the spurious data recorded as
part of a tipping event. Based on examination of the data
associated with a large number of tipping events, it was
determined that no more than eight consecutive mass values
recorded in the 8.8-second period following a tipping event
are spurious. To estimate mass-accumulation values for
these intervals, the algorithm performs a linear regression on
the 30 mass-accumulation values leading up to the tipping
event. The slope and offset associated with the regression
relation are used to estimate mass-force accumulations
during the tipping event and to replace the spurious data in
that interval with the regression-computed values. Use of the

Photograph of the operations controller seated at the main flume sediment-flux monitoring component’s central

normal accumulation algorithm is continued following the
removal of the tipping event. The tipping events were brief
compared to the total run time of the experiments (less than

1 percent of data points were associated with tipping events);
thus, computational errors introduced by the tipping events
and the regression-estimating algorithm are unlikely to be

of consequence in the computation of continuous bedload
transport at the flume slot. For example, with the drum net
weight limit set at 40 kg and a typical mean full channel
submerged flux rate of 0.17 kilogram per second (kg/s; 0.1-kg
dry weight), tips occur on average every 19.5 minutes, and the
approximately 9 seconds of lost data per tip accounted for only
0.7 percent of the full dataset. A diagram of a tipping event
and the procedure for removing the associated spurious data
are shown in figure 20.
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Figure 20. Graph of weigh-drum accumulation data and the removal of spurious data caused by vagaries in weights measured
during drum-tipping events (gray area). Note that the accumulation rate is idealized and exaggerated to demonstrate the method
for correcting spurious drum-tip data. Modified from Marr and others (2010b, fig. 3).

Sediment-Recirculation Component

Another feature of the SAFL main flume is its
capability to continuously and efficiently recirculate
medium-gravel-sized sediments at a rate up to about 20 kg/s
to a point 55 m upstream from the SMRS, thus enabling
continuous, long-duration bedload-transport research. The
system was designed in the early 1980s by the FISP as part of
a program for ground-truth testing of several configurations
(selected nozzle sizes and ratios of intake-to-outlet nozzle
area) of the Helley-Smith (Hubbell and others, 1987).

The recirculation system is capable of entraining and
recirculating particles with long-axis diameters of about
76 mm. The recirculation system’s intake is in the bed trap
beneath the weigh-drum system, where a horizontal auger,
driven by a variable-speed motor, spans the full width of
the channel (figs. 21 and 22). The rotating auger conveys
sediments accumulated from weigh-drum dumps toward
an outlet recessed in the right side of the flume and into
the recirculation- (dredging-) pump intake. A three-phase,
recessed-impeller, centrifugal pump transports the sediments
and a small amount of water through a 20-cm-diameter steel
recirculation pipe at an elevation about 4 m above the floor of
the flume to an upstream location, where the water-sediment

mixture is discharged back to the flume (fig. 16). The source
of water added to the slurry for the pump’s operation—about
0.25 m3/s—is from the municipal-water supply and not the
Mississippi River. The source of water is important because
use of flume water for pump operation would induce a net
downward flow of water into the bed trap that could:

1. Potentially result in the suction of sediment into the
slot, and

2. Generate a false loading onto the weigh
drums, thus potentially resulting in spurious
bedload-transport calculations.

The maximum test section length in the main flume
is 55 m; however, to minimize the total sediment mass
required for the StreamLab06 experiments, the length of the
test section during the experiments was shortened to 20 m.
The 20-cm-diameter recirculation pipe was extended to
approximately 10 m upstream from the test section (that is,
30 m upstream from the SRMS). The outlet configuration is
shown in figures 15 and 16. Sediments were reintroduced to
the channel through a recirculation pipe outlet that was aligned
longitudinally along the centerline of the channel bottom with
the outlet oriented downstream.
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A submerged 0.3-m-high knee wall weir located 1 m
downstream from the outlet pipe across the width of the
channel was designed to dissipate the large water and sediment
velocities exiting the recirculation pipe. Based on bathymetric
surveys, asymmetries in bed configuration in the 3- to 5-m
reach of the flume downstream from the knee wall were
attributable to water and sediment discharges from the return
pipe. The bedload samplers were deployed about 20.5 m
downstream from the knee wall.

Supporting and Ancillary Instruments

In addition to data obtained continuously by the SMRS,
several other types of measurements were made during
the experiments. Details on the specific instrumentation
and data-collection techniques used in the experiments are
given below.

» Water Temperatures—Water temperatures were
continuously recorded at the SRMS using a Yellow
Springs Instruments thermistor that has a measurement
accuracy of 0.1 degrees Celsius (°C). The thermistor
was mounted on the right SRMS pier (near the
right-most weigh-drum 5) at the bottom of the channel.

» Water-Surface Elevations (Stage)—The downstream
tailwater surface was continuously measured using a
sonic range finder, Model M5000/220 manufactured by
Massa Products Corporation. The sensor was located
6 m upstream from the flume tailwater sharp-crested
weir and has a measurement accuracy of 0.5 mm.

» Water Discharges—Discharges were computed by the
CDAQ software using a calibrated sharp-crested weir
equation, stage data, and weir-crest elevation data.
Stage was monitored by a potentiometer connected
to a float by way of a wheel and tape. The measured
discharge was the total flow passing the bed trap
and included the water supplied through the flume’s
vertical entrance tunnel and the water supplied through
the recirculation system.

* Bottom Tracking Sonar—During most of the
experimental runs, temporal point measurements of
bed elevation were obtained at seven locations using
a down-looking submersible pulse-echo sonar system.
Five of the transducers were located 1 m upstream
from the centerline of each of the five weigh drums.
The other two transducers were located near the
flume centerline at 8 and 13 m upstream from the
weigh drums. Data from these probes were used to
determine bed elevation under each probe. One data
point for each probe was recorded to an ASCII output
data file every 10 seconds. The location of the seven
bottom-tracking sonar probes is shown in figure 16 and
tabulated in table 1.

» Water and Bed Slopes—Mean water-surface slope
was calculated by measuring the water-surface
elevation at two locations upstream from the weigh
drums and dividing the difference in elevation by the
distance between the measuring points. Water-surface
slope measurements were made manually with point
gages (Rickly Hydrological Company, accuracy of
+/— 0.1 mm) referenced to a common datum. Bed
slope was similarly calculated by measuring the
difference in bed elevation at zero flow and two
locations within the test section and dividing by their
separation distance. Bed elevation measurements were
obtained using staff rods (accuracy of +/— 1 mm). In
addition, bed slope was computed from the 0.1-Hz bed
elevation time-series data recorded by the submersible
bed-sonar system.

Pressure-Difference Bedload-Sampler Trapping
Efficiency Tests

Pressure-difference-type bedload samplers were deployed
as part of the StreamLab06 experiments during episodic,
steady flows in the main flume between January 31 and
March 28, 2006. The research involved ground-truth testing of
physical bedload samplers over a range of flow and transport
conditions and two compositions of bed material.

The experiments involved manipulations of the main
flume bed compositions and flow rates, coupled with separate
deployments of the four bedload samplers. A number of
researchers participated in the bedload-sampler deployments;
the researchers and their affiliations are listed in appendix 1.

Table 1. Location of submersible sonar probes in
the main flume.

[See figure 16 for schematic of the main flume. Note

that distances are measured from the upstream limit

of the test section and the left wall of the flume.
Abbreviation: m, meters. From Marr and others (2010b)]

Longitudinal position Lateral position

Transducer (m) (m)

Sonar 1 18.98 2.615
Sonar 2 18.98 2.075
Sonar 3 18.98 1.635
Sonar 4 18.98 1.005
Sonar 5 18.98 0.475
Sonar 6 12.00 1.410
Sonar 7 7.00 1.500
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Experimental Conditions

The StreamLab06 bedload-sampler trapping-efficiency
trials were composed of a total of 13 runs; however,
bedload-sampler trapping-efficiency trials were conducted
during nine of the runs (combinations of the main flume flows
of different magnitudes over a sand or gravel bed) (table 2).
Phase I of the StreamLab06 trials (January 31-February 9,
20006) involved five steady flows of different magnitudes over
a sand bed. Phase II (March 11-28, 2006) involved four steady
flows over a gravel bed.

The sand introduced to the main flume for the Phase I
tests consisted of well-sorted siliceous material ranging from
0.6 to 1.8 mm (d50 = 1.0 mm) in diameter. Upon completion
of the Phase I tests, the sand was removed and replaced with
a comparatively broad distribution of mostly gravel-size
material (1-32 mm; d50 =11.2 mm) for the Phase II tests
(Marr and others, 2010b). The sieved grain-size distributions
for the sand-bed and gravel-bed materials are shown in
figure 23.

Figure 24 shows the main flume in three periods: Left to
right, after flow ceased over a sand bed before March 2006;
On March 11, 2006, during a Phase II flow of 5.5 m3/s
over a gravel bed; and during zero flow on March 10,

2006, before the bedload samplers were deployed in the
gravel-bedded flume.

For each new discharge and for a shorter period of
time at the beginning of each sampling session, it was
necessary to operate the flume and recirculation system
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to establish a dynamic bed equilibration. Achievement of
dynamic equilibrium in bedload-transport rates was inferred
by observing stabilization of the computed 60-minute mean
sediment-flux rates. The 60-minute mean bedload-rate
value was continuously computed and displayed by the
CDAQ software.

Pressure-Difference Bedload Samplers Used in
the Tests

Data for calculating the trapping efficiency of the
Helley-Smith bedload sampler and three other manually
deployed samplers of the Helley-Smith (pressure-difference)
type, all of which operate on the pressure-difference principle,
were collected as part of Phases I and II of the StreamLab06
tests (fig. 10, table 3). The hydraulic efficiency of a given
sampler is determined by a number of factors, including
the sampler’s expansion ratio, its entrance nozzle size, the
ambient flow velocity in the vicinity of the sampler, the bag
mesh size, the percentage that the collection bag is filled, and
the presence of particles (inorganic or organic) of the same or
larger size as that of the mesh sieve openings that might clog
the bag. Druffel and others (1976) determined that filling the
sampler bag less than about 40 percent had no measurable
effect on the hydraulic efficiency of the six variations of the
Helley-Smith sampler that they tested. The bedload samplers
used in StreamLab06 experiments had hydraulic efficiencies
ranging from 1.35 to 1.54 (Hubbell and others, 1987).

Table 2. Summary of main flume experimental conditions as part of StreamLab06 bedload-sampler

trapping-efficiency tests.

[Table column headers (variables) explained—Qw, design: design water discharge for the run; Bed composition: bed
material type; Time, total: total duration of time at the design discharge including equilibration period; Time, eq: total
duration of time at equilibrium bed condition; Temp, mean: mean water temperature; Qw, mean: mean water discharge;
gs, mean: mean sediment transport rate computed over total duration; gs-equil, mean: mean sediment transport rate
computed for period after equilibration was reached. Abbreviations: gm, grams; hr, hours; m?, cubic meters; °C, degrees

Celsius; m, meters; ND, not determined; s, seconds]

Qw, design Bed Time, total Time, eq Temp, mean Qw, mean gs, mean' gs-equil, mean

(m¥s)  composition (hr) (hr) (°C) (m3/s)  (gm/(mxs)-dry) (gm/(mxs)-dry)
2.0 sand 12.3 11.7 0.4 2.02 13 13
2.5 sand 15.8 14.2 0.5 2.7 45 47
2.9 sand 343 223 23 2.95 77 77
32 sand 8.5 ND 0.6 3.20 126 ND
3.6 sand 11.6 10.3 1.0 3.69 180 176
4.0 gravel 56.0 43.0 2.2 4.01 3 2
43 gravel 36.3 13.0 3.5 4.32 11 15
4.9 gravel 33.9 24.2 4.7 4.90 161 168
55 gravel 29.0 28.2 2.7 5.51 785 782

IThe variable “qs, mean” is computed using a 90-second moving-average window.



The StreamLab06 Bedload-Sampler Trapping-Efficiency Tests 29

100 N ?\V%
—o—Phase |, Sand f /
90

—X%—Phase Il, Gravel </ %
80

2

/ /
g 60

2 /
& 50

q, / /I\

=

T 40 / / K/

2 4

5 30 //

%) /

20 / /

10 > /

0.1 1 10 100

Diameter (mm)

Figure 23. Graph showing the results of the sieved grain-size distributions of the original sand- and gravel-bed
materials used in StreamLab06 Phase | and |l tests, respectively. Abbreviation: mm, millimeter. From Marr and others
(2010, fig. 6).

Figure 24. Photographs of three downstream views of the St. Anthony Falls Laboratory main flume. Left, after flow ceased
over a sand bed in January or February 2006. Middle, on March 11, 2006, during a Phase Il flow of 5.5 cubic meters per
second (m?s) over a gravel bed. Right, during zero flow on March 10, 2006, before the bedload samplers were deployed in the
gravel-bedded flume.
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Table 3. Selected characteristics of bedload samplers used in the StreamLah06
Phase | and Il tests, and the median bed-material grain size (in millimeters [mm]) in
which each bedload sampler was deployed.

[See figure 10 for photograph of bedload samplers. “d50 = 11.2” means 50 percent of the bed
composition by mass is smaller than 11.2 mm and 50 percent of the bed composition by mass
is larger than 11.2 mm; and “d50 = 1.0” means 50 percent of the bed composition by mass is
smaller than 1.0 mm and 50 percent of the bed composition by mass is larger than 1.0 mm]

Nozzle
. . Nozzle Bag mesh o
dimensions; - . Bed composition
Sampler type - outlet-to-inlet  size
witdth (mm) x area ratio (mm) (mm})
height (mm)
Toutle River 2 (TR-2) 305 x 152 1.4 0.5 Gravel, d50=11.2
Elwha 203 x 102 1.4 0.5 Gravel, d50=11.2
US BLH-84 76.2x76.2 1.4 0.25 Sand, d50 =1.0
Gravel, d50=11.2
Helley-Smith 76.2x76.2 3.22 0.25  Sand, d50=1.0

Gravel, d50=11.2

Large bedload sampler flare ratios tend to be associated
with large hydraulic efficiencies; however, a bedload-
sampler’s hydraulic efficiency is relevant only as its influence
on its trapping efficiency, the derivation of which was the
focus of these tests. Generally, larger hydraulic efficiencies
occur concomitant with increases in sedimentological
efficiencies under supply-unlimited conditions.

Bedload-Sample Collection

A single bedload sampler was deployed manually by
using a hand-held rod (fig. 10) for a given trial. The key
element of a hand-held rod versus its similarly designated
cable-deployed bedload sampler—the nozzle—is the same for
both samplers. The hand-deployed version was composed of
a sampler nozzle with a bag affixed to the outlet; a horizontal,
narrow-diameter rod extending from and affixed to a connector
at the top of the nozzle and the trailing end of the bag; and a
rod extending upward from the top of the nozzle to manually
deploy the sampler. The deployment rod was graduated in
decimeters indexed to the base of the sampler to enable the
visual measurement of water depth when the sampler rested
on the bed.

Each deployed sampler was connected by a tether line
of several meters length that extended from the base of the
rod to an upstream ceiling structural beam. The tether line
served to stabilize the sampler in the measuring section and
ensure a consistent longitudinal location in the measurement
cross-section.

The pressure-difference bedload samplers were deployed
in a cross-section 8.5 m upstream from the weigh drums
in one or more of five lateral cross-sectional locations
(“sections”): 0.27, 0.82, 1.37, 1.92, and 2.47 m from the left

flume wall; that is, centered at locations directly upstream
from the center of each weigh drum (fig. 25). The majority
of bedload samples were repeatedly collected “at-a-point”
from sections 0.82 or 1.92. The BLH-84 was sequentially
deployed during some later runs at all five sections using
the multiple-equal-width-increment method (Edwards and
Glysson, 1999) to identify potential cross-section skew in
bedload-transport rates.

Sections 0.27, 0.82, 1.37, 1.92, and 2.47 were selected for
at-a-point sampling for the following reasons:

1. Use of the Thomas-Lewis (Thomas and Lewis, 1993)
model required single at-a-point sample sets.

2. The Hubbell and others (1987) bedload-transport data
included a large number of at-a-point sample sets, and
some value was presumed to be gained from consistency
with previous bedload-sampler calibrations in this
main flume.

3. Based on an unpublished project summary (Dave
Hubbell, U.S. Geological Survey, written commun.,
early 1980s), the apparent side-wall effect produced
minima bedload-transport rates averaged for test runs
in the exterior drums and maxima in the interior drums
(fig. 26).

In 2006, bedload-sampler deployments in sections 0.82
or 1.92 were hypothesized to have minimum potential sidewall
drag effects on bedload-transport rates. Additionally, the center
section was considered most likely to exhibit the highest mean
transport rate. Neither potential condition was desired for the
bedload-sampler tests. Thus, all at-a-point sequential bedload
samples (as opposed to cross-section samples) were collected
at 0.82 or 1.92 m from a sidewall.
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Figure 25. A plan-view schematic of the section of

the main flume showing the cross-section in which the
pressure-difference bedload samplers were manually deployed
to the weigh drums within the cross-channel slot. The schematic
is approximately to scale. Abbreviation: m, meters.
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Figure 26. Mean lateral distribution of mean transport

rate in the seven main flume weigh drums (David Hubbell,

U.S. Geological Survey, p. 17 of an unpublished project summary,
written commun., early 1980s) shown in the original English units.

Each trial involved repeatedly deploying a given bedload
sampler to remain stationary on the bed for one of the
following durations: 15, 30, 45, 60, 90, 120 or 180 seconds
(seven of the 2,030 discrete bedload sampler deployments
added no more than six seconds to the selected deployment
duration). The duration that the sampler rested on the bed
was, with some exceptions, constant for a given trial, and was
selected to minimize the potential for the volume of trapped
bedload to exceed about half of the mesh bag’s capacity.

A crew of 2 to 3 hydrographers collaborated to deploy,
retrieve, and empty the sampler, and subsequently weighed
each of the sand-bedload samples during a given trial by a
wet-weigh method described by Carey (1984) (fig. 27). Gravel
samples were dry- or moist-weighed on a floor-mounted scale.

One hydrographer deployed the bedload sampler from
a platform spanning the flume. Each successive deployment
included setting the sampler on the bed, measuring the
water depth on the graduated-sampler rod, and, on cue from
a second flume-side hydrographer after a pre-determined
duration on the bed, retrieving the sampler.

The retrieved sampler was transferred in a nozzle-up
orientation to the flume-side hydrographer, with the
deployment hydrographer retaining a firm grip on the
deployment rod. A bag was placed over the nozzle, the rod
was rotated to a nozzle-down orientation, and the contents
of the mesh bag and residual material in the sampler nozzle
were dumped into the sample bag. Each sample bag was
labeled with the information relevant to that single bedload
sample that it contained. Figure 27 shows photographs of the
bedload-sampler deployment-and-emptying sequence.

The wet-weighing process involved suspending the
bagged samples from a hanging scale and submerging the
sample bag into a bucket of river water, taking care to ensure
that no air remained trapped in the bag. The submerged mass
was recorded in an Excel spreadsheet, and the dry mass of the
trapped bedload was calculated according to equation 1:

SG, |
= X
st SGS -1 VVss ( )

where
is the dry mass of bedload trapped by the
pressure-difference bedload sampler,
in grams,
W, isthe submerged (wet) mass measured by the
scale, in grams, and
SG is the mean specific gravity of the sediment
material (for example, 2.65 for quartz).

AY
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Figure 27. Photographs showing the sequence of deploying a
bedload sampler in the gravel-bedded main flume, St. Anthony
Falls Laboratory, March 6, 2006. Top, a hydrographer holds a
graduated rod affixed to a BLH-84 sampler resting on the bed
of the main flume; the rod is held 0.82 meter from the left wall
and 8.5meters upstream from the weigh-drum slot. Center,
after recording the water depth, the BLH-84 is retrieved from
the bed after a pre-determined duration on the bed. Bottom,

a hydrographer empties the contents of the BLH-84 bag for
weighing.

Samples were subsequently stored, and some eventually
dried and sieved to derive grain-size distribution statistics
(all samples have since been discarded). Several samples that
had been wet-weighed were oven-dried to compare the actual
dry weight to the computed dry weight from the wet-weigh
process. Dry-weight comparisons to same-sample values
computed by equation 1 confirmed the applicability of the
wet-weighing system.

The dry mass of a captured bedload was used with
ancillary data to compute the bedload-transport rate by
equation 2:

BLq = st / ((Wsampler)x(Ton bed)) (2)

where
BL, is the transport rate measured by the bedload
sampler, in grams per meter per second,
W, is the dry mass of bedload trapped by the
pressure-difference bedload sampler,
in grams,
is the width of the bedload sampler, in
meters, and
Toupea 1S the duration that the sampler rested on the
bed, in seconds.

W

sampler

Suspended-Sediment Sample Collection

Depth-integrated suspended-sediment samples were
collected isokinetically upstream and downstream from the
weigh drums before and after several of the bedload-sampler
deployment runs to determine whether sand-size sediments
were being introduced from the Mississippi River or if any
sand-size material was bypassing the bed trap either as
suspended sediment or as saltating bedload (the latter of which
was of particular concern during the sand-bed experiments).
A rod-deployed DH-48 suspended-sediment sampler
(Edwards and Glysson, 1999; Davis, 2005; Gray and others,
2008; Gray and Landers, 2014, 2015) was used to collect
the water-sediment samples. The USGS Cascade Volcano
Observatory Sediment Laboratory analyzed the samples for
suspended-sediment concentrations and, in some cases, the
percentage of sand (>0.062 mm) in the sample (Guy, 1969;
ASTM International, 2000).



Bedload and Ancillary Data

The primary goal of the StreamLab06 Phase I and II
bedload experiments was to identify the trapping efficiencies
of each of four types of pressure-difference bedload samplers
deployed over sand and gravel beds, and to compare those
efficiencies among the tested bedload samplers. To this end,
data were manually collected with the pressure-difference
samplers, and ground-truth bedload measurements were
made by the main flume automated Sediment Monitoring and
Recirculation System (SMRS).

Bedload-transport data automatically collected from the
main flume and ancillary data are available through the:

 St. Anthony Falls Laboratory NCED Data Repository
(https://repository.nced.umn.edu/) under the heading
“St. Anthony Falls Lab/Streamlab 2006,” and

» USGS data release (Groten and Gray, 2021).

Manually collected bedload-transport and ancillary
data are also available in the USGS data release (Groten and
Gray, 2021).

The following sections describe the types of the bedload
and ancillary data produced as part of Phases I and II of the
StreamLab06 experiments.

Bedload Accumulation, Flux, and Ancillary Data
Measured by the Sediment-Monitoring and
Recirculation System

The bedload time-series flux data automatically measured
and stored for each of the five weigh drums—and the average
values of the data—are available for use in developing
trapping-efficiency values in conjunction with the data
produced by the pressure-difference bedload samplers.

In the “Streamlab 2006 directory within the “Metadata/”’
folder is a spreadsheet, “StreamLab Metadata.xls.” The
spreadsheet describes the experimental conditions, data
collected, and file names for those data collected during
the experiments. This folder includes a comprehensive
report, “StreamLab06_FinalReport.docx,” which is also
archived at the University of Minnesota digital conservancy
(http://purl.umn.edu/144023) that provides details on the
experimental setting and the instrumentation used in these
experiments.

Per USGS data-storage requirements, the weigh-drum
data—which were not collected by any USGS-approved
technique or stored consistent with USGS data-archiving
protocols—were duplicated and are available in a USGS data
release (Groten and Gray, 2021).

A number of methods can be used to compute bedload
fluxes from the accumulation data. The most appropriate
method depends on the time scale of fluxes sought by the
user. For this reason, only the most basic form of the data,
weight accumulation in each weigh drum, is provided by the
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SAFL, and researchers are free to choose their own method
of computing bedload flux. SAFL also provides flux data for
each weigh drum and the mean flux value for all weigh drums
corrected for weigh-drum tipping events using the method
described below.

Sediment flux was computed by:

1. Computationally filtering the equivalent dry sediment
accumulation data with a 90-second moving average
window, and

2. Computing flux by subtracting filtered weights lagged in
time and dividing by the lag time (90 seconds) (eq. 3).

ttn

t
%Zweight(i) - % > weight(i)

accumulation =t =t
Qs(r)= decmuation | T 3)
where

Qs(?) is the sediment discharge for a given time

interval, and
n is the selected averaging window size and
differencing period (typically 90 seconds).

Appendix 2 is a series of temporal plots depicting
bedload-transport, water-discharge, and ancillary information
for each run. Spurious data caused by vagaries in weight
measurements during drum-tipping events have been replaced
by smoothed data in the temporal plots in appendix 2.

Bedload Flux and Ancillary Data Measured by
Pressure-Difference Bedload Samplers

Bedload-transport rates and associated ancillary data
associated with each bedload sample are available through
the USGS data release (Groten and Gray, 2021). Summary
statistics related to each bedload sampler sand-bed trial are
provided in table 4.

Particle-size distributions were performed on 145 of the
gravel-bedload samples collected from the pressure-difference
samplers (Groten and Gray, 2021). Median diameters of
clasts were calculated for size percentiles from the samples
as were percentages of the bedload-mass collected for half
-phi sieve sizes. A table listing statistics associated with each
of the gravel-bedload sample analyzed for size distribution
is available in Groten and Gray (2021). Summary statistics
related to each bedload sampler gravel-bed trial are provided
in table 5.

Suspended-sediment samples collected with the DH-48
suspended-sediment sampler upstream and downstream from
the weigh-drum slot were analyzed for concentrations and
in some cases, the percentage of sand in the samples. A table
listing concentrations and percentages of sand versus fine
material in the suspended-sediment samples is available in
Groten and Gray (2021).


https://repository.nced.umn.edu/
http://purl.umn.edu/144023
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Table 4. Summary statistics for bedload-sampler trapping-efficiency trials in flows over a sand bed (d50=1.0 millimeter) during Phase |
of the StreamLab06 experiments, January 31 through February 9, 2006.

[The pressure-difference bedload samplers were deployed at one or more of five selected points in a cross-section 8.5 meters upstream from the weigh-drum
slot spanning the 2.74-meter-wide main channel flume. Backslash (/) when used in the 11th column shows the most common duration on the bed (first number),
next most common duration on the bed (second number), and least most common duration on the bed (last number). Abbreviations: ID, identification number;
m?, cubic meters; s, seconds; temp., temperature; m, meters; v, velocity; g, a constant for the acceleration of gravity; d, depth; No., number; °C, degrees Celsius;
kg, kilograms; m, meters; s, seconds; varies, sampler location varied in the flume during the trial]

Distance from

Sand- Mean Mean Mean Range in Froude center of No. of Mean Duration on Mean
bed Bedload water water depthat depth at water bedload-
trial samplertype discharge velocity! sampler? sampler? numbe1rz samplerto  samples . bed for each transport rate

D (m¥s) (m/s) (m) (m) ((v/(gd)"?) Ief’:mw)all collected °C) sample (s) (kg/(mxs))
S1  BLH-84 2.9 0.72 146 1.35-1.65 0.200 1.92 75 2.3 90/60 0.039

S2  Helley-Smith 2.9 0.83 1.27 1.15-1.35 0.241 0.82 42 1.8 90 0.235

S3  Elwha 2.9 0.85 1.24 1.15-1.3  0.249 1.92 42 1.8 30 0.172

S4  BLH-84 2.9 0.77 1.38 1.25-1.5 0212 0.27 30 23 90 0.086

S5  BLH-84 2.9 0.78 1.36 1.25-1.5 0.216 0.82 30 2.3 90 0.048

S6  BLH-84 2.9 0.78 1.36 1.3-1.5 0.216 1.37 30 23 90 0.064

S7  BLH-84 2.9 0.78 1.36 1.25-1.5 0216 1.92 30 23 90 0.082

S8  BLH-84 2.9 0.76 1.40 1.25-1.5 0.208 2.47 30 2.3 90 0.064

S9 BLH-84 3.6 0.93 1.41 1.3-1.55 0.25 1.92 80 2.0 45 0.207
S10  Elwha 3.6 0.98 134 1.25-145 0.273 1.92 50 0.5 15 0.31146
S11  Helley-Smith 3.6 0.96 1.37 1.25-1.45 0.262 0.82 50 0.5 15 0.63126
S12  BLH-84 2.0 0.51 142 1.32-1.49 0.139 1.92 60 0.34 120 0.009167
S13  Elwha 2.0 0.52 1.39  1.37-142 0.144 1.92 50 0.34 60 0.016
S14 BLH-84 2.0 0.52 1.40 1.37-1.47 0.14 1.37 51 0.34 120 0.005745
S15  Helley-Smith 2.0 0.52 1.41 1.38-1.48  0.140 0.82 50 0.34 120 0.04196
S16 BLH-84 2.5 0.66 139 1.31-148 0.179 varies 120 0.6 120/121-126  0.02395
S17  Elwha 2.5 0.67 1.36 1.29-1.41 0.183 1.92 56 0.4 45 0.037304
S18  Helley-Smith 2.5 0.64 143 1.29-1.49 0.171 0.82 50 0.4 60 0.0887
S19 BLH-84 3.2 0.86 1.35 1.25-147 0.188 1.92 74 0.4 60 0.113297

Mean velocity computed as a product of the 2.74-m-wide flume and the mean value of depths measured at the sampling vertical(s) and divided by the water

discharge during a bedload-sampler trial.

2Depth from bottom of the bedload sampler resting on the bed to the water surface as indicated on the graduated deployment rod.

3Froude number equals mean flow velocity divided by the square root of the product of the acceleration of gravity and mean depth of flow.

“Water temperatures over the duration of a trial rarely varied more than 0.2°C from the mean value, and never varied by more than 0.5°C.
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Table 5. Summary of bedload-sampler trials during runs over a gravel bed (ds,=11.2 millimeters) during Phase Il of the StreamLab06
experiments, March 11 through March 28, 2006.

[The pressure-difference bedload samplers were deployed at selected points in a cross-section 8.5 meters upstream from the 2.74-meter-wide main channel
flume weigh-drum slot. Backslash (/) when used in the 11th column shows the most common duration on the bed (first number), next most common duration
on the bed (second number), and least most common duration on the bed (last number). Abbreviations: ID, identification number; m?3, cubic meters; s, seconds;
m, meters; temp., temperature; v, velocity; g, gravity; d, depth; No., number; °C, degrees Celsius; kg, kilogram; m, meters; s, seconds; cross-section, multiple
samples collected from the cross-section of the flume; varies, sampler location varied in the flume during the trial]

Gravel- Bedload Mean water Mean Mean Range in Froude Distance from No. of Mean Duration on Mean
bed sampler discharge wau_ar depth at  depth at numbers center of sampler samples water bed for each bedload-

wiallD  type (m¥s) velocity! sampler? sampler? ((v/(gd)) to left wall collected teTp.“ sample transport rate

(m/s) (m) (m) (m) (°C) (s) (kg/(mxs))

Gl Elwha 5.5 1.64 1.22 1.15-1.25 0.47 varies 6 4.6 15/19 0.501
G2  BLH-34 5.5 1.68 1.19 1.05-1.3 0.49 0.27 28 4.7 15/30 0.599
G3 BLH-84 5.5 1.70 1.18 1.05-1.34  0.50 0.82 28 4.7 15/30/18 0.897
G4 BLH-34 5.5 1.68 1.19 1-1.35 0.50 1.37 28 4.7 15/30/16 0.829
G5 BLH-34 5.5 1.68 1.19 1.03-1.35 0.50 1.92 28 4.7 15/30 0.767
G6  BLH-84 5.5 1.71 1.17 1-1.34 0.51 2.47 28 4.7 15/30/16 0.757
G7  Elwha 5.5 1.73 1.16 0.99-1.3 0.51 1.92 65 3.7 15 1.130
G8  BLH-34 5.5 1.66 1.21 1.03-1.48 048 0.82 75 3.7 15 0.842
G9 BLH-84 5.5 1.59 1.26 1.08-1.38 0.45 cross-section 25 1.9 15 0.515
G10  TR-2 5.5 1.67 1.2 1-1.4 0.49 1.92 40 1.8 15 1.009
Gll BLH-84 5.5 1.73 1.16 1.04-1.28  0.51 cross-section 25 0.8 15/18 1.026
G12 BLH-84 5.5 1.64 1.22 1.05-1.4 0.48 cross-section 25 1.25 15 0.702
G13 TR-2 5.5 1.66 1.21 1.05-1.3 0.48 1.92 22 1.1 15 1.042
Gl4 BLH-84 4.0 1.31 1.11 1.08-1.14 0.40 cross-section 25 1.2 120 0.019
G15 TR-2 4.0 1.17 1.25 1.2-1.28 0.33 1.92 40 1.5 120 0.018
G16  Elwha 4.0 1.15 1.27 1.25-1.28 038 1.92 40 2.1 120 0.013
G17 BLH-84 4.0 1.19 1.23 1.2-1.26 0.34 cross-section 25 2.8 120/180 0.005
G18 BLH-84 4.0 1.23 1.19 1.16-1.23 0.25 cross-section 25 2.6 180/120 0.006
G19 TR-2 4.0 1.23 1.19 1.17-1.21 0.36 1.92 51 32 120 0.024
G20  Elwha 4.0 1.24 1.18 1.81-1.19  0.36 0.82 51 32 120/140 0.024
G21  BLH-84 4.0 1.21 1.21 1.16-1.19 0.36 cross-section 25 3.6 180/120 0.005
G22 BLH-84 43 1.34 1.17 1.14-1.18 040 cross-section 25 3.3 180/120 0.005
G23  BLH-84 4.3 1.35 1.16 1.13-1.2 0.40 cross-section 25 33 120 0.009
G24  Elwha 43 1.33 1.18 1.15-1.22 039 1.92 55 3.6 120 0.033
G25 TR-2 43 1.33 1.18 1.15-1.21 0.39 1.92 55 3.6 120 0.038
G26  BLH-84 4.9 1.51 1.18 1.12-1.23 0.44 cross-section 25 4.7 60 0.148
G27  Elwha 4.9 1.53 1.17 1.03-1.24 045 1.92 70 4.8 30 0.323
G28 TR-2 4.9 1.53 1.17 1.07-1.25 0.45 1.92 70 4.7 30 0.340

'Mean velocity computed as a product of the 2.74-m-wide flume and the mean value of depths measured at the sampling vertical(s) and divided by the water
discharge during a bedload-sampler trial.

2Depth from bottom of the bedload sampler resting on the bed to the water surface as indicated on the graduated deployment rod.

3Froude Number equals mean flow velocity divided by the square root of the product of the acceleration of gravity and mean depth of flow.

4Water temperatures over the duration of a trial rarely varied more than 0.2°C from the mean value, and never varied by more than 0.5°C.
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Experimental Caveats

Most if not all recirculating flumes have unique
characteristics that might affect the comparability of the
data produced and the validity of subsequent analyses. A
number of factors associated with the St. Anthony Falls main
flume facility during the StreamLab06 experiments warrant
description for those considering use of the derived data,
including the following:

1. Test section entrance condition—The entrance
condition into the test section near the discharge end of
the recirculation pipe was altered several times at the
beginning of the sand runs. Various issues including
air entrained by plunging inflow complicated the
sonar measurements, and jet plumes and secondary
circulation resulted in scour along the sidewalls in
the upstream-most 3—5 m over the 20-m test section
length. The final configuration shown in figure 19
was considered to be the most amenable for the
bedload-sampler experiments.

2. Test section exit condition—The sand and gravel at
the end of the test section ending at the slot terminated
in a slope at an angle of repose. Movement of sediment
down this sloping face was often episodic, occurring as
sloughing events that were asynchronous with the rate of
bedload in transport upstream from the face of the slope.
Similar observations were made in the earlier Hubbell
and others (1987) experiments. These slough events
may influence the sediment accumulation measurements
and should be considered when selecting a time step for
computing sediment flux.

3. Transport equilibration—In all but one case (run
number 4 at about 11 a.m. local time) the flume was
operated for at least a half hour prior to initiation of
sample collection as part of a bedload-sampler trial
to enable “equilibration” of the bedload-transport
process in the flume. The determination of (dynamic)
equilibrium in bedload-transport rates was inferred by
observing continuous plots of sediment accumulation
in the weigh drums and computing 60-minute averages
of sediment flux using the CDAQ system. Future
experiments could adopt more rigorous methods of
determining when the flume is in transport equilibrium.

4. Water-surface slope—Estimates of water-surface
slopes were made using relatively infrequent point
measurements of stage at multiple points in the
section of the flume upstream from the weigh drums.
Water-surface slope is a key variable in the flow-energy
calculation, which in turn has a direct bearing on
estimates of bedload-transport capacity (Meerovich and
others, 1998). Although water-surface slope was not a
variable in the derivation of bedload-sampler trapping

coefficients, future experiments would benefit from
state-of-the-art continuous recording technologies for
stage at multiple points in the flume to provide more
accurate water-surface slope values. The measurements
could also benefit from the inclusion of a physical
means for damping short-term water-surface elevation
fluctuations, such as by enclosing the sensor in a

static tube.
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Appendix 1.

Table 1.1. Participants and advisors involved in the bedload monitoring research program and their
affiliations (as of 2006) for StreamLab06 bedload-sampler trapping-efficiency tests.

[Those denoted with "*" were involved in the manual deployment of the bedload samplers and (or) in mass
determinations of captured bedload. All information herein as of March 2006. Adapted from table 2 in Marr and others
(2010b). Abbreviation: NCED, National Center for Earth-Surface Dynamics]

Affiliation

Project managers

Jeft Marr
John R. Gray*

NCED, University of Minnesota
U.S. Geological Survey

NCED partners, visitors, or advisors

Steven Abt
Kristin Bunte
William Carey
Broderick Davis*
Panayiotis Diplas
William Emmett
Dave Gaeuman*
Basil Gomez
Robert Hilldale*
Andreas Krause*
Roger Kuhnle
Jack Lewis
Johnny McGregor*
John Pitlick*
Smokey Pittman*
John Potyondy
Rauf Ramooz
Colin Rennie

Kurt Swingle

Colorado State University

Colorado State University

Bureau of Land Management

Federal Interagency Sedimentation Project
Virginia Tech

U.S. Geological Survey (retired)

U.S. Geological Survey

Indiana State University

Bureau of Reclamation

Trinity River Restoration Program
Agricultural Research Service

U.S. Forest Service

Federal Interagency Sedimentation Project
University of Colorado, Boulder

Graham Mathews and Associates

U.S. Forest Service

University of Ottawa

University of Ottawa

Independent Contractor, Boulder, Colorado

Wes Smith* Graham Mathews and Associates
Robert Thomas U.S. Forest Service
Peter Wilcock Johns Hopkins University

Staff
Richard Christopher St. Anthony Falls Laboratory
Dave Dean* NCED, University of Minnesota
Chris Ellis NCED, University of Minnesota

Ben Erickson

Sara Johnson*

St. Anthony Falls Laboratory
NCED, University of Minnesota

Students

Travis Kluthe
Adam Markos
Nick Olson

Andrew Sander

NCED, University of Minnesota
NCED, University of Minnesota
NCED, University of Minnesota
NCED, University of Minnesota
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Appendix 2.

Appendix 2 shows the shows the results of weigh-pan bedload-transport rates in kilograms/(meter x second) (kg/mxs) for
each of the nine StreamLab06 Phase I sand and Phase II gravel runs in which bedload samplers were deployed. The following
describes information common to the figures:

* There were 13 runs, but manual bedload samples were not collected for four of the runs.

» Each figure (fig. 2.1 to fig. 2.9) depicts the mean transport rate from the run along with the duration of the run. Parts 4
and B of each figure (for example, fig. 2.14 and 2.1B) reflect the same bedload-transport data.

* Figures are ordered by increasing discharge except for run 1 because runs 4 and 5 were sequential to one another, and run
1 is shown after run 5 in appendix 2.

* During run 4, discharge was increased to 3.2 cubic meters per second (m3/s) near the end of the run. The data-collection
systems were not stopped and restarted; thus, sand trial 19 (S19) occurred at the end of run 4 (after discharge was
increased) to the same discharge that was maintained for run 5. Run 5, during which no trials occurred, is included in
appendix 2 because trial 19 (S19) occurred at the end of run 4 at the same discharge as run 5.

» Each figure represents an individual run, and part 4 of each figure shows (1) the average, maximum, and minimum
bedload transport rates for all five pans, along with the start-and-end of each bedload-sampler trial (top plot in 4); (2) the
trapping rates for the individual weigh pans (middle 5 plots in 4, drums 1-5); and (3) the water-discharge time series in
cubic meters per second (m?¥/s) (bottom plot in A4).

* Part B for each figure shows the accumulation of bedload in each pan and the average accumulation across the five pans
expressed in kg/(mxs).
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Figure 2.1. A, Plots showing the results of the StreamLab06 Run No. 3 at a steady flow of 2.0 m3/s over a sand bed (d50=1.0 mm).
Starting and ending days and times for the run are shown under the flow rate (top left). Abbreviations: kg, kilograms; m, meters;
mm, millimeters; m3, cubic meters; s, seconds; Q, discharge. “d50” means 50 percent of the bed composition by mass is smaller than
1.0 mm and 50 percent of the bed composition by mass is larger than 1.0 mm. For the explanation of trials, see figure 2.1B.
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Figure 2.1. B, Plot showing the results of the StreamLab06 Run No. 3 at a steady flow of 2.0 m3/s over a sand bed (d50=1.0 mm).
Starting and ending days and times for the run are shown under the flow rate (middle left). “d50” means 50 percent of the bed
composition by mass is smaller than 1.0 mm and 50 percent of the bed composition by mass is larger than 1.0 mm. Trial S12: distance
from center of sampler to left wall is 1.92 m, and bedload sampler is BLH-84. Trials S13—15: distance from center of sampler to left wall
is 1.92 m, 1.37 m, and 0.82 m, and bedload samplers are Elwha, BLH-84, and Helley-Smith, respectively. Abbreviations: kg, kilograms;
m, meters; mm, millimeters; m3, cubic meters; s, seconds.
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Run Number: 4

Bed Composition: 1.0 mm sand (d50)
Flow Rate: 2.5m*/s

2/8/2006 10:26 - 2/9/2006 17:32

Experimental Time, hours

Figure 22. A, Plots showing the results of the StreamLab06 Run Nos. 4 and 5 at steady flows of 2.5 m3/s (Run No. 4) and 3.2 m%/s (Run
No. 5) over a sand bed (d50=1.0 mm). Starting and ending days and times for the run are shown under the flow rate (top left). “d50”
means 50 percent of the bed composition by mass is smaller than 1.0 mm and 50 percent of the bed composition by mass is larger than
1.0 mm. Abbreviations: kg, kilograms; m, meters; mm, millimeters; m3, cubic meters; s, seconds; Q, discharge. For the explanation of
trials, see figure 2.2B.
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Figure 2.2. B, Plot showing the results of the StreamLab06 Run Nos. 4 and 5 at steady flows of 2.5 m3/s (Run No. 4) and 3.2 m%/s (Run
No. 5) over a sand bed (d50=1.0 mm). Starting and ending days and times for the run are shown under the flow rate (middle left). “d50”
means 50 percent of the bed composition by mass is smaller than 1.0 mm and 50 percent of the bed composition by mass is larger
than 1.0 mm. Trial S16: distance from center of sampler to left wall is variable, and bedload sampler is BLH-84. Trials S17-19: distance
from center of sampler to left wall is 1.92 m, 0.82 m, and 1.92 m, and the bedload samplers are Elwha, Helley-Smith, and BLH-84,
respectively. Abbreviations: kg, kilograms; m, meters; mm, millimeters; m?3, cubic meters; s, seconds.
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Run Number: 5
Bed Composition: 1.0 mm sand (d50)
Flow Rate: 3.2 m*/s
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Figure 2.3. A, Plots showing the results of the StreamLab06 Run No. 5 at a steady flow of 3.2 m3/s over a sand bed (d50=1.0 mm).
Starting and ending days and times for the run are shown under the flow rate (top left). “d50” means 50 percent of the bed composition
by mass is smaller than 1.0 mm and 50 percent of the bed composition by mass is larger than 1.0 mm. Abbreviations: kg, kilograms;

m, meters; mm, millimeters; m3, cubic meters; s, seconds; Q, discharge.



4000 T
drum 1
........ drum 2
B drum 3 _
3500 — — drum4
—-=-drum5
average
3000 V4 o

| Run Number: 5 e
Bed Composition: 1.0 mm sand (d50)

Flow Rate: 3.2m*/s IR oid
2500 - 2/13/2006 15:57 - 2/14/2006 16:43 — = i

2000
1500

1000

Cumulative Bedload-Transport Rate, kg/(m*s)

500

0 I I I I I I I I
0 1 2 3 4 5 6 7 8 9
Experimental Time, hours

Figure 2.3. B, Plot showing the results of the StreamLab06 Run No. 5 at a steady flow of 3.2 m3/s over a sand bed (d50=1.0 mm).

Starting and ending days and times for the run are shown under the flow rate (middle left). “d50” means 50 percent of the
bed composition by mass is smaller than 1.0 mm and 50 percent of the bed composition by mass is larger than 1.0 mm.
Abbreviations: kg, kilograms; m, meters; mm, millimeters; m3, cubic meters; s, seconds.
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Run Number: 1
Bed Composition: 1.0 mm sand (d50)
Flow Rate: 2.9 m?/s
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Figure 2.4. A, Plots showing the results of the StreamLab06 Run No. 1 at a steady flow of 2.9 m3/s over a sand bed (d50=1.0 mm).
Starting and ending days and times for the run are shown under the flow rate (top left). “d50” means 50 percent of the bed composition
by mass is smaller than 1.0 mm and 50 percent of the bed composition by mass is larger than 1.0 mm. Abbreviations: kg, kilograms;

m, meters; mm, millimeters; m3, cubic meters; s, seconds; Q, discharge. For the explanation of trials, see figure 2.4B.
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Figure 2.4. B, Plot showing the results of the StreamLab06 Run No. 1 at a steady flow of 2.9 m3/s over a sand bed (d50=1.0 mm).
Starting and ending days and times for the run are shown under the flow rate (middle left). “d50” means 50 percent of the bed
composition by mass is smaller than 1.0 mm and 50 percent of the bed composition by mass is larger than 1.0 mm. Trial S1: distance
from center of sampler to left wall is 1.92 m, and the bedload sampler is BLH-84. Trials S2-3: distance from center of sampler to left
wall is 0.82 m and 1.92 m, and the bedload samplers are Helley-Smith and Elwha, respectively. Trials S4-8: distance from center of
sampler to left wall is 0.27 m, 0.82 m, 1.37 m, 1.92 m, and 2.47 m, and the bedload sampler is BLH-84. Abbreviations: kg, kilograms;
m, meters; mm, millimeters; m3, cubic meters; s, seconds.
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Run Number: 2

Bed Composition: 1.0 mm sand (d50)
Flow Rate: 3.6m?/s
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Figure 25. A, Plots showing the results of the StreamLab06 Run No. 2 at a steady flow of 3.6 m%/s over a sand bed (d50=1.0 mm).
Starting and ending days and times for the run are shown under the flow rate (top left). “d50” means 50 percent of the bed composition
by mass is smaller than 1.0 mm and 50 percent of the bed composition by mass is larger than 1.0 mm. Abbreviations: kg, kilograms;

m, meters; mm, millimeters; m3, cubic meters; s, seconds; Q, discharge. For the explanation of trials, see figure 2.55.
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Figure 2.5. B, Plot showing the results of the StreamLab06 Run No. 2 at a steady flow of 3.6 m3/s over a gravel bed (d50=1.0 mm).
Starting and ending days and times for the run are shown under the flow rate (middle left). “d50” means 50 percent of the bed
composition by mass is smaller than 1.0 mm and 50 percent of the bed composition by mass is larger than 1.0 mm. Trial S9: distance
from center of sampler to left wall is 1.92 m, and the bedload sampler is BLH-84. Trials S10-11: distance from center of sampler to left
wall is 1.92 m and 0.82 m, and the bedload samplers are Elwha and Helley-Smith, respectively. Abbreviations: kg, kilograms; m, meters;
mm, millimeters; m3, cubic meters; s, seconds.
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Run Number: 10
Bed Composition: 11.2 mm gravel (d50)
Flow Rate: 4.0 m*/s
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Figure 2.6. A, Plots showing the results of the StreamLab06 Run No. 10 at a steady flow of 4.0 m3/s over a gravel bed (d50=11.2 mm).
Starting and ending days and times for the run are shown under the flow rate (top left). “d50” means 50 percent of the bed composition
by mass is smaller than 11.2 mm and 50 percent of the bed composition by mass is larger than 11.2 mm. Abbreviations: kg, kilograms;
m, meters; mm, millimeters; m3, cubic meters; s, seconds; Q, discharge. For the explanation of trials, see figure 2.65.
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Figure 2.6. B, Plot showing the results of the StreamLab06 Run No. 10 at a steady flow of 4.0 m3/s over a gravel bed (d50=11.2 mm).
Starting and ending days and times for the run are shown under the flow rate (middle left). “d50” means 50 percent of the bed
composition by mass is smaller than 11.2 mm and 50 percent of the bed composition by mass is larger than 11.2 mm. Trial G14: multiple
samples collected from the cross-section of the flume (referred to as “cross-section”), and the bedload sampler is BLH-84. Trials
G15-16: distance from center of sampler to left wall is 1.92 m and 1.92 m, and the bedload samplers are TR-2 and Elwha, respectively.
Trial G17: multiple samples collected from the cross-section of the flume (“cross-section”), and the bedload sampler is BLH-84. Trials
G18-21: multiple samples collected from the cross-section of the flume (“cross-section,” G18), 1.92 m (G19), 0.82 m (G20), and multiple
samples collected from the cross-section of the flume (“cross-section,” G21); and the bedload samplers are BLH-84, TR-2, Elwha, and
BLH-84, respectively. Abbreviations: kg, kilograms; m, meters; mm, millimeters; m3, cubic meters; s, seconds.
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Run Number: 12
Bed Composition: 11.2 mm gravel (d50)
Flow Rate: 4.3m?/s
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Figure 2.7. A, Plots showing the results of the StreamLab06 Run No. 12 at a steady flow of 4.3 m3/s over a gravel bed (d50=11.2 mm).
Starting and ending days and times for the run are shown under the flow rate (top left). “d50” means 50 percent of the bed composition
by mass is smaller than 11.2 mm and 50 percent of the bed composition by mass is larger than 11.2 mm. Abbreviations: kg, kilograms;
m, meters; mm, millimeters; m3, cubic meters; s, seconds; Q, discharge For the explanation of trials, see figure 2.7B.
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Figure 2.7. B, Plot showing the results of the StreamLab06 Run No. 12 at a steady flow of 4.3 m3/s over a gravel bed (d50=11.2 mm).
Starting and ending days and times for the run are shown under the flow rate (middle left). “d50” means 50 percent of the bed
composition by mass is smaller than 11.2 mm and 50 percent of the bed composition by mass is larger than 11.2 mm. Trial G22: multiple
samples collected from the cross-section of the flume (referred to as “cross-section”), and the bedload sampler is BLH-84. Trial

G23: multiple samples collected from the cross-section of the flume (“cross-section”), and the is bedload sampler is BLH-84. Trials
(G24-25: distance from center of sampler to left wall is 1.92 m and 1.92 m, and the bedload samplers are Elwha and TR-2, respectively.
Abbreviations: kg, kilograms; m, meters; mm, millimeters; m3, cubic meters; s, seconds.
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Run Number: 13

Bed Composition: 11.2 mm gravel (d50)
Flow Rate: 4.9 m*/s
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Figure 2.8. A, Plots showing the results of the StreamLab06 Run No. 13 at a steady flow of 4.9 m3/s over a gravel bed (d50=11.2 mm).
Starting and ending days and times for the run are shown under the flow rate (top left). Abbreviations: kg, kilograms; m, meters;

mm, millimeters; m3, cubic meters; s, seconds; Q, discharge. “d50” means 50 percent of the bed composition by mass is smaller than
11.2 mm and 50 percent of the bed composition by mass is larger than 11.2 mm. For the explanation of trials, see figure 2.85.
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Figure 2.8. B, Plot showing the results of the StreamLab06 Run No. 13 at a steady flow of 4.9 m3/s over a gravel bed (d50=11.2 mm).
Starting and ending days and times for the run are shown under the flow rate (middle left). “d50” means 50 percent of the bed
composition by mass is smaller than 11.2 mm and 50 percent of the bed composition by mass is larger than 11.2 mm. Trial G26: multiple
samples collected from the cross-section of the flume (referred to as “cross-section”), and the bedload sampler is BLH-84. Trial G27:
distance from center of sampler to left wall is 1.92 m, and the bedload sampler is Elwha. Trial G28: distance from center of sampler

to left wall is 1.92 m, and the bedload sampler is TR-2. Abbreviations: kg, kilograms; m, meters; mm, millimeters; m3, cubic meters;

s, seconds.



60 Instruments, Methods, Rationale, and Data Used to Quantify the Trapping Efficiencies of Bedload Samplers

Run Number: 8
Bed Composition: 11.2 mm gravel (d50)
Flow Rate: 5.5 m*/s
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Figure 29. A, Plots showing the results of the StreamLab06 Run No. 8 at a steady flow of 5.5 m%/s over a gravel bed (d50=11.2 mm).
Abbreviations: kg, kilograms; m, meters; mm, millimeters; m3, cubic meters; s, seconds; Q, discharge. “d50” means 50 percent of the bed
composition by mass is smaller than 11.2 mm and 50 percent of the bed composition by mass is larger than 11.2 mm. For the explanation
of trials, see figure 2.9B.
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Figure 2.9. B, Plot showing the results of the StreamLab06 Run No. 8 at a steady flow of 5.5 m3/s over a gravel bed (d50=11.2 mm).
“d50” means 50 percent of the bed composition by mass is smaller than 11.2 mm and 50 percent of the bed composition by mass

is larger than 11.2 mm. Trials G1-6: distance from center of sampler to left wall varies (G1) and is 0.27 m, 0.82 m, 1.37 m, 1.92 m, and
2.47 m (G2-G6, respectively), and the bedload samplers are Elwha and BLH-84. Trials G7-8: distance from center of sampler to left
wall is 1.92 m and 0.82 m, and the bedload samplers are Elwha and BLH-84, respectively. Trials G9—10: multiple samples collected from
the cross-section of the flume (referred to as “cross-section,” G9) and 1.92 m (G10), and the bedload samplers are BLH-84 and TR-2,
respectively. Trials G11-13: multiple samples collected from the cross-section of the flume (“cross-section,” G11-12) and distance
from center of sampler to left wall is 1.92 m (G13), and the bedload samplers are BLH-84 and TR-2. Abbreviations: kg, kilograms;

m, meters; mm, millimeters; m3, cubic meters; s, seconds.
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