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Abstract: The motion of graded gravels under steady and spatially uniform turbulent flow is investigated in laboratory conditions using
particle tracking velocimetry (PTV). The gravel bed is subjected to flows approaching critical armor velocity, and water worked until static
armor is reached. A digital particle tracking (DPT) algorithm, based on image subtraction between subsequent frames, is developed and
applied on the particle scale as the graded gravel bed is water-worked. The dynamic evolution of graded gravels is quantified continuously for
up to 8 h. Characteristics of particle motion are identified, and movement patterns under complex flow conditions are analyzed. Particle
tracking is applied to low-frequency (0.67-fps) and high-frequency (30-fps) data. This study provides a new perspective on gravel particle
transport distances, trajectory sinuosity, sediment transport rate, fractional sediment transport rates, particle movement patterns, and instanta-
neous particle velocities. DOI: 10.1061/(ASCE)HY.1943-7900.0000850. © 2014 American Society of Civil Engineers.
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Introduction

Bedload motion refers to the transport of streambed particles in a
rolling, sliding, or saltating motion; it is the dominant form of sedi-
ment transport in gravel-bed rivers. The entrainment and transport
of bedload is the fundamental process in the formation of bedforms
and ultimately river morphodynamics. The understanding of river
morphology is of particular importance in both engineering and
ecological applications, such as local scour, river incising, stable
channel design, siltation of reservoirs, and aquatic habitat (Biggs
et al. 1997; Yalin 1977; Yalin and DaSilva 2001). Major advances
in the investigation of sediment motion under water flow have been
made in the past three decades as technology has allowed increas-
ingly sophisticated measurement of fluid and sediment dynamics
(Drake et al. 1988; Hergault et al. 2010; Lajeunesse et al. 2010;
Papanicolaou et al. 1999).

Sediment entrainment is a complex process. The role of near-
bed turbulence has been identified as a major influence on the sto-
chastic nature of sediment entrainment at the grain scale. Within a
turbulence event, sweeps and ejections, which both contribute pos-
itively to the mean bed shear stress, commonly have been identified
as the dominant phenomena responsible for particle mobilization
(Dwivedi et al. 2010; Grass 1971). Further studies have identified
that sediment entrainment is also highly correlated to streamwise

velocity fluctuations, termed outward interactions (Nelson et al.
1995; Papanicolaou 1997; Wu and Yang 2004). In addition to
those near-bed turbulence effects, sediment entrainment is influ-
enced by bed geometry, which introduces intergranular geometric
influences such as the formation of secondary flow cells around
larger particles, grain protrusion effects, and friction angle effects
(Buffington et al. 1992; Chin 1985; Wu and Yang 2004). Graded
sediment is inherently subject to these added complexities (Komar
1987; Parker and Klingeman 1982), which is reflected in an
observed reduction in bedload transport rates of natural gravel
streams compared to the rates predicted by existing bedload trans-
port formulas (Bathurst 2007; Buffington and Montgomery 1997;
Wilcock 2001).

The use of image analysis in the study of bedload motion was
first highlighted by the observations on individual and collective
particle movements by Drake et al. (1988). However, this work also
highlighted the need for automated processing of images to
avoid time-consuming manual processing. Since then, a number of
studies have used image analysis, and significant progress has been
made in the detection of particle motion (Heays et al. 2010;
Keshavarzy and Ball 1999; Lane et al. 2001; Radice et al. 2006;
Schuyler and Papanicolaou 2000).

The challenge in the isolation and identification of a discrete
particle arises from the lack of contrast between the particle and the
background. Contrast has been achieved by a number of research-
ers using various techniques. Examples include using a plate
directly downstream of the sediment entrainment area, providing
contrast to particles as they pass (Radice et al. 2006, 2010;
Zimmermann et al. 2008), using artificial particles and a fixed bed
of contrasting color (Schuyler and Papanicolaou 2000), using color
to differentiate between particles (Hassan and Church 2000;
Houssais and Lajeunesse 2012; Lajeunesse et al. 2010; Wilcock
and McArdell 1993) and observing particles from the side in a nar-
row flume, which allows the observation of only one grain width
(Böhm et al. 2004, 2006; Hergault et al. 2010).

An additional challenge in capturing particle movements is the
detection of particle pathlines. Using an approach similar to particle
tracking velocimetry (PTV) algorithms, Böhm et al. (2006) suc-
cessfully tracked two-dimensional motion of spherical glass
particles from the side of the flume. PTV uses the previous known
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positions of a particle to predict the trajectory. Böhm et al. (2006)
reported that distinguishing particles over time was critically
dependent on the displacement of the particle being less than
the particle diameter between consecutive images. This algorithm
since has been applied to two sizes of glass beads, and was used to
track the movement of every visible bead in view rather than the
common approach of tracking only those particles that are moving
(Ancey et al. 2008; Böhm et al. 2004, 2006; Hergault et al. 2010).
The ease of capturing sediment movement when observing from
above is strongly dictated by the number of particles that are in
motion on the bed surface. Particle image velocimetry (PIV) has
been applied to measure the concentration and regional particle
velocity of moving grains (Keshavarzy and Ball 1999; Radice et al.
2006). Although this method is well suited to applications on multi-
ple moving grains, it does not allow the detection of individual
particle movements.

While studying artificial gravel beds with PTV, Radice et al.
(2010) recognized that the application of PTV to the detection
of sediment motion was challenged by the frequent starts and stops
of sediment and inconsistent particle trajectories. Other studies
have successfully developed algorithms for tracking particles;
Papanicolaou et al. (1999) developed a particle tracking algorithm
to track colored glass beads on a fixed bed, and Pilotti et al. (1997)
used an overhead linear camera, which photographed a single line
of pixels, to record the passing of grains on the bed below. Houssais
and Lajeunesse (2012) and Lajeunesse et al. (2010) used PTV to
determine the trajectories of quartz grains in a moveable bed. In
those studies, a small fraction of the grains were colored, allowing
the tracking of a reduced number of grains.

Objective

To the authors’ knowledge, previous particle tracking studies have
been applied in experimental conditions that were simplified by
using idealized particles and fixed beds, tracking small fractions
of the total bed, or using short experimental run times. Thus, the
aim of this study was to investigate gravel-bed dynamics over a
long period of time with PTV, maintaining a high level of detail
in measurement and setting up a physical model capable of mim-
icking complex natural processes, such as the evolution of cluster
formations. The newly developed digital particle tracking (DPT)
algorithm used for this study is introduced in detail. It allowed
for analyzing graded gravel bed motion on the particle scale in
the high-frequency domain, as well as over extended time periods.
The characteristics of particle motion on a graded gravel bed are
quantified, and movement patterns under complex flow conditions
are detected and presented.

Experimental Setup and Testing

Experimental Conditions

Experiments were conducted in the Hydraulics Laboratory at the
University of Auckland. A glass-walled, tilting rectangular flume
which was 0.45-m wide, 0.45-m deep, and 19-m long was used.
The bed slope was kept constant for all experiments, at 1%. Water
was supplied to the flume using pumps that draw from a constant
head reservoir. The temperature was kept constant at 21°C, using a
cooling system within the reservoir. The flume was equipped with a
130-mm-high false floor within which a sediment recess was set.
The 0.95-m-long recess was located 10.4 m downstream of the
flume inlet. It extended the width of the flume and its depth
was the full thickness of the false floor (Fig. 1). The sediment

recess was filled with graded, rounded river gravels ranging from
0.15 to 27 mm in diameter and with density ρs ¼ 2,720 kg=m3.
A large stone was placed in the center of the test section to stimulate
cluster formation. A fixed bed with artificial roughness was
installed on the false floor 2 m upstream of the recess. There
was no sediment supply, and static armor conditions were achieved
by the use of a vertically adjustable table, which formed the floor of
the recess. The vertically adjustable table was monitored through-
out each experiment, and it was slowly raised to ensure the up-
stream end of the test section was flush with the upstream false
floor at all times.

To prevent disturbance of the bed, the flume was filled slowly to
maximum depth, then the flow rate increased slowly while control-
ling the water level using an adjustable sharp-crested weir at the end
of the flume. The flow rate was controlled using an orifice plate and
was measured using a differential manometer. The calibration of
the orifice plate was checked in situ using the laboratory calibration
tanks that enable flow measurement to better than 1% accuracy.
Additionally, using an acoustic Doppler velocimeter (ADV), a
velocity profile was taken 1 m upstream of the test section at
the center line of the flume to determine the flow characteristics.
In a preparatory experiment, under the same experimental condi-
tions, multiple velocity profiles were collected upstream and within
the test section, and those confirmed that the flow was uniform and
steady. The flow Reynolds number (R ¼ ūH=v, where H is the
water depth, ū is the depth-averaged streamwise velocity, and
v is the kinematic viscosity) was 160 × 103 and the grain-size
Reynolds number (R� ¼ u�D50=v, where u� is the shear velocity
and D50 is the grain size at which 50% of the sample is finer) was
356, indicating fully turbulent flow. The time-averaged streamwise
velocity profile of the flow was found to satisfy the logarithmic law.
In the experimental setup, it was not possible to maintain the log-
arithmic velocity law while maintaining minimal side wall effects.
As per Chin (1985), priority was given to maintaining the logarith-
mic velocity law, as this was used to determine shear velocities.
Additionally, the formation of secondary flows, as they would oc-
cur in a natural gravel bed, was limited by the use of a straight-
walled flume. Experiments were run at a constant flow rate for
between 4 and 8 h, until static armor was achieved.

The experimental flow rates were selected to approach those
under which the critical armor layer could form (Chin 1985).
The critical shear stresses, τ c, for entrainment were calculated (Petit
1994). D50 and D80 were 3.5 and 4.7 mm, respectively, and the
shear stress at which critical armor layer is predicted, τ ca, was
7.74 Pa (Chin 1985). The measured experimental shear stress τ
was 6.35 Pa. The conditions supported the transport of all grain
sizes and the formation of a static armor layer.

A total of 25 experiments were conducted as part of a wider
look at cluster formation. As the focus of this paper is on individual

Nikon D90

FloodlightsFlow skimmer

Test section/adjustable
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Fig. 1. Experimental setup
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particle motion, a single experiment from the wider study is chosen
for in-depth study. The flow properties of this experiment are
presented in Table 1.

Sediment Preparation

Variation in the color of gravel-bed particles allowed motion detec-
tion. The sediment was separated into five size groups, with each
group spray painted a different color (Table 2). Bright colors were
chosen to contrast with one another. The gravel was manually
mixed and placed into the test section of the flume so that it lay
flush with the false floor. The same batch of gravel was used for
all experiments, and sieve samples were taken regularly after
experimentation to ensure that the grading curve was not altered
due to loss of particles.

Camera Setup

ANikon D90DSLR camera with AF-S Nikkor 18-105mm lens was
positioned above the test section and remotely controlled through
a computer. Still frames, at a resolution of 4,288 × 2,848 pixels,
were taken at a rate of approximately 0.67 fps. The recording rate
was restricted by the data transfer capabilities of software and
hardware and allowed continuous recording of several hours. The
recording rate was high enough to monitor the motion of larger par-
ticles in the test section. The images covered the full length (940mm)
and width (450 mm) of the test section. Images were resized to
750 × 1,500 pixels, which is essential for faster data processing
and management. The smaller image size provided a minimum of
approximately 200 pixels per white particle (the smallest particle
that was tracked in the low-frequency images). This allowed the
measurement of the angle of the long axis of white particles and
the detection of small-scale movements. In the following discussion,
those data are referred to as low-frequency.

A Casio EXILIM Pro EX-F digital camera was chosen to aug-
ment the low-frequency data with 30-fps data. While this frame rate
and corresponding shutter speed allowed the clear motion capture
of all the painted particles (coarser than D38), it did not allow the
clear motion capture of smaller grains due to hardware and lighting
restrictions. In addition, the image resolution was not high enough
to capture high-quality images of the entire bed, so a central section
of the bed (approximately 200 × 350 mm2) was recorded (Fig. 2).
The resolution of this section of the bed (720 × 1,280 pixels) pro-
vided a minimum of approximately 100 pixels per yellow particle
(the minimum size of particle that was tracked). This was a suitable
resolution to collect the position and basic dimensions of the

particle; however, recording duration was limited to 20 min due
to the FAT 32 4GB file size restriction. In the following discussion,
those data are referred to as high-frequency.

To eliminate distortion of the image from reflection and
refracting light caused by fluctuations of the water surface, a 1-m-
long Perspex skimmer was placed over the test section. To mini-
mize the effects of pressurization caused by having a constrained
surface, the skimmer was adjusted to sit on the water at the level of
the free surface.

Digital Particle Tracking

An algorithm was developed to track sediment motion of the white
and red particles (those greater than the D80) in the low-frequency
data sets. The low-frequency DPT algorithm was developed so that
it does not rely on extremely small particle displacement between
frames to operate. This enabled the monitoring of long-duration
stochastic motion. The algorithm was also applied to high-
frequency images and was used to detect all moving colored
particles (D > 2.8 mm). Only transport events occurring on the
surface layer of the bed could be captured using this method.

Particle-Tracking Algorithm

The Matlab Image Analysis Toolbox was used for all image
processing and implementation of the DPTalgorithm. Where barrel
distortion of the image was greater than 2 mm (0.5% section width)
at the test section boundary, a calibration algorithm was developed
and applied to the experimental images to correct the distortion.
The RGB intensity values for each pixel were observed, and the
different color combinations for each colored fraction were deter-
mined using upper- and lower-threshold values and ratios between
the three channels. This allowed analysis of individual-sized frac-
tions, which provided a continuous quantification of the surface
layer composition over the duration of this experiment.

The particle tracking process applied a two frame tracking
algorithm based on image subtraction. (Blair and Dufresne 2005;
Keshavarzy and Ball 1999; Radice et al. 2009). The following
physical properties of the origin (a) and destination (b) of each
moved particle were collected: x- and y-coordinates, plan area (A),
particle orientation, and major and minor axis length.

Table 1. Flow Conditions

Flow rate
(Q) (l=s)

Water depth
(h) (m)

Shear velocity
(u�) (m=s)

Reynolds number
(R)

Froude number
(F)

Shear Reynolds number
[R�ðD50Þ]

Experiment duration
(t) (min)

72 0.2 0.079 160 × 103 0.57 356 350

Table 2. Sediment Grain Size Distribution and Coloring

Color Percent finer (%) Sieve size (mm)

Black 99.9 55
Red 98 25–27
White 80 9.5–25
Blue/green 55 4.5–9.5
Yellow 38 2.8–4.5
Natural (gray) 0 0.3–1.204
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Fig. 2. Particle movements over the test duration (area of high-
frequency data indicated in the box)
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Linking the particle origin to the destination was achieved
through the imposition of a number of thresholds. A survey of
90 particle movements within 60 frames was used to compile a
set of threshold values, as follows:
• Forward movement only (dx > 0) was included.
• Displacement distance was less than the maximum specified

(dx < dmax).
• y displacement was less than the maximum specified, decreas-

ing as x displacement decreases until a minimum is reached,
at which point the maximum y displacement was constant. This
accounted for the rocking motion of particles (dy < dymax).

• Particles were within the maximum and minimum specified
size (Amin < A < Amax).

• The ratio between areas was less than the maximum speci-
fied (Aa=Ab < Adiff max).
Particle pairs that conformed to these parameters then were

given a compatibility weighting based on the following factors:
• Similarity of areas
• Similarity of major axis length
• Distance traveled
• Angle of direction of movement

Once all potential pairs were assessed, the pairs with the small-
est weightings were assigned to one another as a track. Any particle
in the image that left from the same position as that of the depo-
sition of a previously tracked particle was assigned the same ID
number as the tracked particle. The same algorithm was applied
to the high-frequency images, with adjustment made to the thresh-
old values of the algorithm.

In the analysis of the data, to eliminate all wobbling but not
moving particles, only particles that were displaced a distance
greater than one particle in diameter were included in the analysis
(Drake et al. 1988; Wilcock and McArdell 1997).

Sediment Transport Rate Determination

Estimation of the sediment transport rate was obtained by summing
the mass of all particles that were transported across a particular
cross-sectional line, at a distance x along the bed. To calculate
the volume (∀), an assumption was made that the particle landed
with its short axis vertical. On a rough surface, the effect of imbri-
cation and hiding introduces errors into this assumption, which is
the limiting factor. The mutually orthogonal dimensions of a sam-
ple of 100 grains were measured, giving the short axis, C, to be on
average 0.5A, the long axis. Using the volume of an ellipsoid,
calculate the following equation:

∀ ¼ 4πabc
3

ð1Þ

where a, b, and c are mutually perpendicular radii. Therefore, the
volume of a sediment particle can be written as

∀si ¼
πA2

siBsi

12
ð2Þ

where the subscript si denotes sediment i and B denotes the
medium-grain axis length. The sediment load is given by

qbx ¼
ρs
Δtw

X∀si ð3Þ

where qbx is the sediment transport rate in g=ms,Δt is the time step
over which the sediment volume is summed, and w is the width of
the test section.

Particle-Tracking Accuracy

The accuracy of the DPT algorithm was evaluated in a 100-frame
sequence where all particle motion was manually recorded. The
tracking accuracy was evaluated from two perspectives; the first
test, termed positive detection, tallied the number of correct tracks
divided by the total number of actual particle movements. The sec-
ond test, termed false detection, tallied the number of particles as-
signed to incorrect locations divided by the number of total particle
movements. The two tests measured different types of error in the
algorithm: the first measured the percentage of fractional bedload
motion that was detected by the algorithm, and the second mea-
sured the degree of error within the tracks that were detected.
Therefore, the results of the two tests should not be added together.
In the testing, 99% positive detection was achieved for the red par-
ticles (D98), and 88% positive detection and 1.5% false detection
was achieved for the white particles (D80–D98). Random accuracy
checks were done frequently to ensure the suitability of the tracking
thresholds for each experiment. Tracking accuracy was reduced for
smaller sizes in the low-frequency data set due to their more dis-
persed nature and the 0.67 fps frame rate, which was too slow to
capture a manageable number of particles.

For the high-frequency tracking, a 200-frame detailed survey
was conducted to determine the tracking accuracy for each particle
color. The white particles (D80–D98) were the most easily identi-
fiable, with 98% positive tracking accuracy and 9% false tracks.
The yellow particles (D38–D55) were also generally easily identi-
fiable. However, due to their small size, at times they moved too
fast to be clearly detected, therefore reducing tracking accuracy to
87%, with false detection of 8%. The green particles (D55–D80)
were the most difficult to track because they were dark, and they
were more difficult to detect against the background. They had 74%
positive and 41% false detection. The red particles moved so infre-
quently that there was no opportunity to track them in the high-
frequency data. The gray particles were not tracked.

Particle-Tracking Limitations

The accuracy results show that some incorrect matches were made
in the DPT algorithm. Therefore, some outliers were expected. The
threshold system within the algorithm means that it is common for
an incorrect match of one particle to be made with another particle
of similar physical and spatial properties; however, this is not al-
ways the case. The incorrect matches and any motion that is not
detected introduced error into the results and are a likely source
of statistical outliers.

In the high-frequency DPT, if a particle track was missed, the
DPT algorithm would interpret the missed particle track as one par-
ticle landing and another being entrained. This had the effect of
shortening the perceived entrainment distances and durations,
but it had no effect on the instantaneous velocities and sediment
transport rate quantification.

Physical measurement of the sediment transport rate was not
undertaken in this study. The DPT algorithm detected only those
particles that were both entrained and deposited within the test sec-
tion, therefore eliminating any chance of detecting particles that
moved from the test section farther downstream.

Results and Discussion

DPT algorithm results are shown in Figs. 2 and 3. Fig. 2 shows the
track lines of all of the large particle movements (D > 9.5 mm) that
occurred over the 350-min duration of the experiment. To reduce
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clutter, only the motion of particles that have moved completely
outside of their previous position is shown. While the trajectories
in Fig. 2 are straight lines, this is not necessarily the case, due to the
low frame rate. The high-frequency DPT results are shown in Fig. 3.
The black arrows represent the green particle velocities and direc-
tions that were detected on the bed over a 1-min time window.
The location of the high-frequency recording area within the test
section is shown in Fig. 2.

The DPT results were used to quantify the characteristics of
particle motion as the bed was water-worked. The results from
the low-frequency particle tracking provide limited information
on the trajectory of entrained particles, but they enable the meas-
urement of the sediment transport rate of this size fraction over the
duration of the experiment, and allow investigation into the patterns
of entrainment, displacement, and deposition that are so complex in
a graded gravel bed. The high-frequency particle tracking comple-
ments the low-frequency results, in that it allows insight into par-
ticle trajectories. However, the duration of recording does not allow
observation on timescales long enough to fully explore the develop-
ment of complex bedforms.

Mode of Motion of Individual Particles

Because the DPT was applied from above the flume, no elevation
data are available for the particle trajectories; therefore, only quali-
tative data are available on the mode of sediment motion. Bedload
was the sole mode of transport, and the Rouse number (z ¼ vs=κu�
where vs is the particle-settling velocity and κ is the von Karman
constant) for the smallest particles was 2 and ranged up to 18 for the
largest size. The mode of transport for the smallest particles was
typically saltation, with rolling and sliding motion becoming more
common as particle size increased. The white particle (z ¼ 11)
motion was primarily rolling, with some saltation observed. The
red particles (z ¼ 18) moved infrequently, with their mode of
motion being either sliding or rolling. Drake et al. (1988) reported
that essentially all particles larger than 7 mm rolled. The study
observations of the saltation of particles larger than 9.5 mm indicate
that this threshold is not absolute, and as the Rouse number implies,
it also depends on the shear velocity.

Pathline of Bedload Particles

Fig. 4 shows the displacement vector measured from the point of
entrainment to the point of disentrainment for each particle in

motion in the low-frequency data series. The dashed lines indicate
the distance thresholds applied to particle displacement between
two frames, with numerous particles in motion for multiple frames.
These displacements are the collation of the movements shown in
Fig. 2. The mean streamwise displacement was 23 mm, (equivalent
to 1–2.5 particle diameters), with a maximum displacement of
688 mm. The mean transverse displacement was 8.7 mm (equiv-
alent to 0.5–0.9 particle diameters) with a maximum of 133 mm.
Papanicolaou et al. (1999) measured similar mean streamwise
displacements of 1.5–2.5 particle diameters, depending on the
availability and density of particles on the bed.

The low-frequency data series did not capture the particle
trajectory in detail; however, approximately 10% of all displaced
particles were in motion for three or more consecutive images
(3 s), allowing rudimentary evaluation of the sinuosity of these tra-
jectories. Sinuosity, defined as the ratio of the curvilinear length to
the straight-line distance traveled by a displaced particle, was mea-
sured for all yellow and white particle motion. Examples of particle
displacement and the corresponding sinuosity values are shown in
Fig. 5. The high-frequency images capture a detailed trajectory, but
the sample size for white particles is small due to the limited num-
ber of large particle movements in the observation window. Prob-
ability distributions of the two sources of sinuosity data for the
white particles, as well as the high-frequency sinuosity data from
the yellow particles, are presented in Fig. 6. Both sources of data for
white particles show that the sinuosity is closer to unity than that of
smaller particles.

Observation of the bedload motion indicated particle sinuosity
of the smaller particles arises from one of three sources. Either a
low grain-to-bed-roughness ratio causes smaller particles to be
diverted around larger particles, or particle trajectory is influenced
by turbulent fluctuations or the secondary flow patterns generated
by uneven bed surface. Larger particles are less susceptible to the
transverse flow forces and when colliding with another large stone,
they are more likely to simply stop or roll over the top (Drake et al.
1988), whereas small particles will be carried with the flow around
the particle.
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Fig. 3. Blue/green particle movements over 1 min; each arrow shows
the position, direction, and relative velocity of a particle as it moves
between frames

Fig. 4. Absolute streamwise and transverse distances traveled by par-
ticles for low-frequency data; dotted lines show the DPT distance
thresholds applied to each frame

(a) (b) (c)

Fig. 5. Examples of particle sinuosity: (a) sinuosity ¼ 1 [straight (a)
sinuosity ≈ 1]; (b) sinuosity ¼ 1.1; (c) sinuosity ¼ 3.6
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Sediment Transport Rate

The sediment transport record of the experiment shows the devel-
opment of the gravel bed toward a static armor. DPT enables
spatiotemporal interrogation of the sediment motion, allowing the
sediment transport rate to be measured at any point on the bed. A
cross section, approximately midway along the length of the test
section (x ¼ 630 mm), was chosen. This position was far enough
along the test section for the sediment transport rate to be fully de-
veloped, but not so close to the end of the section that entrained
particles leaving the bed are not detected. The rates calculated were
the average over each 60-s interval of the experiment duration.
Fig. 7 shows that the initial sediment transport rate drops quickly
within the first 20 min of the experiment. The high-frequency data
were taken at 7 min, well within this period of high transport. The
overall rate of transport fluctuates over the remaining 5 h.

The sediment transport rate from the high-frequency data can be
separated into size fractions (Fig. 8). The values shown are the aver-
age over a 10-s window. The transport rate is generally higher for
the smallest size (yellow particles), and lower for the largest size
(white particles). Other fractional transport studies (Wilcock 1993;
Wilcock and Crowe 2003; Wilcock and McArdell 1997) have
scaled the transport rates by the percentage of bed surface

comprised by that respective fraction. This allows evaluation of
the sediment transport rate with reference to the available propor-
tion of that sediment size (and therefore fraction entrainment prob-
ability). The fractional sediment transport rate, calculated using the
surface fraction of each sediment size (5%, 15%, and 60% for
yellow, green, and white stones, respectively) is presented in Fig. 9.
This significantly changes the appearance of the transport record.
Smaller particles are more frequently displaced for the majority of
the observed period. The transport rate decreases with increasing
grain size. Wilcock and McArdell (1993) observe that for smaller
grains, the sediment transport rate is virtually independent of grain
size, and transport is dependent only on the proportion of sediment
available on the bed surface and the total transport rate. Finer
division in the sediment fraction sizes would improve the detail that
further investigation could reveal.

Particle Movement Patterns

Previous studies have identified frequent, brief, localized, random
sweep-transport events of high entrainment and transport (Drake
et al. 1988; Papanicolaou et al. 1999). These events have been esti-
mated to last between 1 and 2 s and are thought to be related to
near-bed turbulence events. Localized events, such as those de-
scribed by Drake et al. (1988), were also noticed in this study. Inter-
rogation through the application of spatial and temporal limits on
the high-frequency DPT results was conducted to isolate these
events. Particle movements were digitally sorted by grouping
entrainment that occurred temporally within 1=6 s of the previous
movement and spatially within 10 mm in the transverse direction of
the bed of the most recently entrained particle in the event. Fig. 10
shows an example of two isolated localized events, one starting

Fig. 7. Sediment transport rate of particles coarser thanD80 ¼ 9.5 mm

Fig. 8. Sediment transport rate at x ¼ 550 mm, averaged every 10 s

Fig. 9. Fractional sediment transport rate at x ¼ 550 mm averaged
every 10 s

Fig. 6. Probability distribution of the sinuosity of individual particle
movements for low-frequency and high-frequency particle motion
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Fig. 10. Example of two localized entrainment events (each event
circled) occurring over a 0.9-s period
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from the upper-left corner of the frame, and the other stating from
the center. For both events, the location of initial entrainment of
particles moved downstream over time, which is exhibited in the
figure by the elongated region of entrained sediment.

Approximately 30% of all particle movements that were
recorded occurred as a part of a localized event, which is less than
the 70% observed in field observations by Drake et al. (1988).
Fig. 11 shows the rate at which particles are entrained in localized
events over time. The number of particles entrained in localized
events and the total number of particles entrained are compared.
The relationship between the two values indicates that there
may be a relatively constant baseline of particles that are entrained
at a lower and constant rate. Accordingly, the particles entrained in
the localized events are the major contributors toward fluctuation in
the sediment transport rate.

Of the events thatwere identified, themaximumdurationwas less
than 1 s, with the majority of events lasting less than 0.5 s. Longer
event durations loosely correspond to higher numbers of entrained
particles, with up to 80 particles entrained in a single event.

Velocity Distribution of Bedload Particles

Instantaneous flight velocities of particle motion were measured
from the high-frequency data. The velocity of white and yellow
particles was measured, while the velocity of green particles
was not, due to higher uncertainty in the green DPT results. Stream-
wise (Vx), transverse (Vy), and tangential velocities (Vxy) were
measured for the flight of each particle in motion between consecu-
tive frames. An example of a particle trajectory, showing the flight
velocity of the particle, is shown in Fig. 12. The graph is made up of
several thousand measurements for the yellow particles and several
hundred measurements for the white particles.

A probability density function (PDF) of the streamwise particle
velocity was estimated (Fig. 13). The exponential relationship for

streamwise velocity, developed by Lajeunesse et al. (2010), was
tested on these data:

PðVxÞ ¼
1

V
e−Vx=V ð4Þ

where V is the average streamwise particle velocity. The fit approx-
imates the PDF relationship at the faster particle velocities well.
The slower frame rate used in this study, compared to the 250-
fps data of Lajeunesse et al. (2010), was not fast enough to capture
the subtle changes at slower particle velocities, and Eq. (4) under-
represented those particle movements. QQ plots verified that the
exponential relationship was the best fit for the data.

The relationship for the estimation of transverse velocity, pro-
posed by Lajeunesse et al. (2010), was applied to the results from
the present study (Fig. 14). The Gaussian function proposed by
Lajeunesse et al. (2010) was modified to form a relationship that
fit the data:

PðVyÞ ¼
1

πδ
e−ðVy=δÞ2 ð5Þ

where δ is the standard deviation of the transverse velocity. The
relationship shows good agreement with the experimental data.

The PDFs of the tangential velocity normalized by the grain size
shear velocity (u�i ) of the yellow particles are compared with those
of the white particles in Fig. 15. The curves indicate that the white
particles have a faster velocity than the yellow particles. This is
contradictory to the observations of Drake et al. (1988), who found
that larger particles were 30% slower than smaller particles on aver-
age, and proposed that the primary mode of motion for large par-
ticles was rolling, and hence they were often slowed by contact

Fig. 11. Comparison of particles entrained in localized events, those
not entrained in localized events, and the total entrained particles

Fig. 13. PDF of Vx for the yellow (D ¼ 2.8–4.5 mm) size fraction;
crosses show experimental data, and the solid line shows the fit of data
by Eq. (5); sediment motion was measured in the 7-min observation
window of the high-frequency data

Fig. 14. PDF of Vy for the yellow (D ¼ 2.8–4.5 mm) size fraction;
crosses show experimental data, and the solid line shows the fit of data
by Eq. (5); sediment motion was measured in the 7-min observation
window of the high-frequency data

Fig. 12. Example of a particle trajectory showing the corresponding
instantaneous particle velocity (Vxy)
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with the bed, which explains their lower velocity. In the present
study, a limited number of large particles move, most of these
by saltation or rolling. The velocities of these movements are prob-
ably higher than the average velocity of the smaller particles. The
numerous small particle movements include motion from all modes
of transport, such that sliding and rolling particles will reduce the
average velocity. Observation of the bed indicates that smaller par-
ticles are entrained by a wider range of flow conditions, including
slower velocities than those that entrain the large particles.

Conclusions

Low-frequency (0.67-fps) and high-frequency (30-fps) experimen-
tal data of graded gravel sediment transport were obtained. The data
cover continuous quantitative observation of the bed for up to the
8-h duration of the experiment. Intermittent high-frequency data
were obtained to augment the low-frequency data, which allowed
observation of detailed particle motion. The grains in the graded
gravel bed were painted according to their size fraction. In this
paper, a new DPT algorithm, developed for the application on
graded gravels as they are water-worked, is presented and used
to track the motion of grains larger than the D80 for low-frequency
data, and to track all grains greater than the D38 for high-frequency
data. Very high levels of accuracy were achieved when the algo-
rithm was applied to the low-frequency data. When applied to the
faster frame rate, the tracking algorithm produced varying levels of
accuracy. High accuracy was achieved for larger or well-contrasting
particles, and poorer accuracy was achieved for particles with dull
contrast. Different aspects of sediment transport dynamics were in-
vestigated. Particle sinuosity was found to increase as particle size
decreases. Fractional transport rates indicate that smaller particles
are more frequently entrained for the majority of the observed
period and the transport rate decreases with increasing grain size.
The particle movement patterns identified by Drake et al. (1988)
and Papanicolaou et al. (1999) have been quantified using image
analysis. Approximately 30% of all particle movements that were
recorded occurred as a part of a localized event. Instantaneous
particle velocities indicate that the larger particles have a faster
velocity than the smaller particles. This is contradictory to the
observations of Drake et al. (1988), and the difference may arise
from the different mode of motion of the particles that were
observed.
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Notation

The following symbols are used in this paper:
A, B, and C = mutually orthogonal dimension of

a grain (m);
Asi = long axis of sediment i (m);

a, b, and c = mutually perpendicular radii (m);
Bsi = medium axis of sediment i (m);
Csi = short axis of sediment i (m);
D = diameter (mm);

D50 = size of grain at which 50% of the sample is
finer (mm);

D80 = size of grain at which 80% of the sample is
finer (mm);

H = water depth (m);
qbx = sediment transport rate (g=ms);
R� = grain size Reynolds number;
R = flow Reynolds number;
t = time (s);

u� = shear velocity (m=s);
ū = depth averaged streamwise velocity (m=s);
u�i = grain size shear velocity (m=s);
V = velocity (m=s);
v = kinematic viscosity (m2=s);
vs = particle-settling velocity (m=s);
w = width (m);
z = Rouse number;
δ = standard deviation of the transverse velocity (m=s);
κ = von Karman constant;
ρs = density (kg=m3);
τ c = critical shear stress (pa);
τ ca = shear stress at which critical armor layer is

predicted (pa); and
∀ = volume (m3).
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