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Diffusive Regimes of the Motion of Bed Load Particles in Open
Channel Flows at Low Transport Stages

M. Cecchetto’ (), M. Tregnaghi?, A. Bottacin-Busolin®("), S. J. Tait®, L. Cotterle®, and A. Marion?

'WET Engineering srl, Castelfranco Veneto, Italy, 2Department of Industrial Engineering, University of Padua, Padua, Italy,
3School of Mechanical, Aerospace and Civil Engineering, The University of Manchester, Manchester, UK, 4Department of
Civil and Structural Engineering, The University of Sheffield, Sheffield, UK, >Mott MacDonald, Cambridge, UK

Abstract The stochasticity of fluid and sediment parameters has been identified as a source of diffusion,
particularly anomalous diffusion at different temporal and spatial scales of bed load particle trajectories. Data
from two sets of flume experiments are presented, one data set has gravel particle trajectories tracked over a
limited area and was used in identifying the influence of different shear stress conditions on diffusive
processes. A new experiment was performed using spherical particles moving as bed load in an annular
flume in order to address concerns about censorship effects caused by the size of the detection window. An
annular flume allowed collection of practically uncensored particle trajectories over longer time period than
has been previously possible in the laboratory. Three diffusive regimes were observed at distinct stages of
particle motion: (i) ballistic regime at the local range; (i) Fickian diffusion at the intermediate range; (iii)
subdiffusion at the global range. Characteristic time scales separate the regimes and correlate with the mean
traveling and resting times of particles. Fickian diffusion in the intermediate range is first recognized as a
result of the balance between intermittent weak transport and near-bed turbulence, as first predicted by
Nikora et al. (2002, https://doi.org/10.1029/2001WR000513). In the global range, extreme values were
observed in the distribution of particle resting times, suggesting that two types of distributions (related to
surface motion and vertical mixing) were responsible for the subdiffusion at longer time scales. Diffusion was
found to be anisotropic at all stages of particle motion.

1. Introduction

Particle dynamics in natural streams has seen growing interest throughout the twentieth century, initially dri-
ven by the need for solving engineering problems relevant to flood protection and river training (Vanoni,
1975; Yalin, 1972). More recently, the study of bed load dynamics has been sustained by the growing societal
concerns over environmental problems related to both hydrogeological hazards and particulate-associated
pollution (Marion et al., 2014). Assessing the fate of a cloud of sediments in rivers is crucial for determining,
for example, the extent of a solid-phase contamination (Lajeunesse et al., 2013), the accumulation of cosmo-
genic radionuclides in sediment transport (Bradley et al., 2010), and, what is the subject of particular concern
to date, the storage and transfer of microplastics in surface waters. In their study, Hurley et al. (2018) have
shown that microplastic contamination in rivers is comparable to and, possibly, the source of ocean plastic
content. Plastic fragments (attaining the size of 4-5 mm) move as discrete particles or they can be stored into
the channel bed, where they pose a risk to the riverine ecosystem and from where they can be remobilized
and transported downstream to estuarine areas.

Recently, bed load transport models have been proposed that invoke similar equations used to predict the
advection and diffusion of solutes (e.g., Ganti et al., 2010; Lajeunesse et al,, 2013), with the additional conceptual
difficulty due to the heterogeneity that characterizes the bed compartment and the complexity of processes in
sediment mechanics. These models are built upon the stochasticity of Lagrangian descriptors of bed load motion,
for example, particle traveling and resting times, particle velocities and displacements (Nathan Bradley and
Tucker, 2012). This motivated significant attention toward the topic of sediment diffusion following on the
original impulse given by the conceptual model proposed by Nikora et al. (2002), so as to gain new evidence
on the correlation between different stages of individual particle trajectories and ensemble diffusive regimes.

In the past decades, bed load particle motion has been either manually or automatically traced along a planar
view of the bed in the longitudinal and lateral directions (e.g., Abbott & Francis, 1977; Bottacin-Busolin et al.,
2008; Drake et al., 1987; Ferguson et al., 2002; Grass, 1970; Nikora et al., 2002; Nino & Garcia, 1996; Paintal,
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1969; Tregnaghi, Bottacin-Busolin, Marion, et al.,, 2012; Tregnaghi, Bottacin-Busolin, Tait, et al., 2012), and on
the vertical coordinate in terms of burial depth (Ferguson & Hoey, 2002; Haschenburger, 2011; Hassan et al.,
1992; Hassan & Church, 1994; Wong et al., 2007). Interest in particle dynamics has also been caused by tech-
nological innovation in measurement systems allowing detailed observations not possible before. Increased
image frequency acquisition, usually tens to hundreds of frames per second, enabled researchers to record
individual grain locations and provided a reasonable Lagrangian description of particle trajectories. Results
revealed that bed load displacements can be well represented by stochastic variables (e.g., Campagnol
et al, 2013; Lajeunesse et al., 2010; Roseberry et al., 2012). This behavior derives from the combined effects
of near-bed turbulent flows and local heterogeneities of river bed surfaces as the physical sources of mass
diffusion (Drake et al., 1987; Ganti et al., 2010; Hassan et al., 2013; Martin et al., 2012; Nikora et al., 2002;
Wong et al., 2007).

Diffusion can be estimated from the ensemble variation in time of particle positions over a bed surface.
However, in riverine environments the observation of particle displacements is limited by the capability of
field survey techniques, which achieve relatively low recovery rates of tracer grains. Despite the more recent
technological improvement that led to recovery rates of 95% (Bradley, 2017), tracer particle locations are
surveyed over time scales of days, months, or even years (Ferguson & Hoey, 2002; Haschenburger, 2011) or
immediately after intense flow events (Bradley et al., 2010; Ferguson & Wathen, 1998; Hassan et al., 2013);
thus, only information on the cumulative distance traveled by a particle between consecutive observations
is available. Field studies inherently lack of a continuous record of particle locations that is needed to evaluate
the diffusive character at different stages of particle motion. Even if this has now been made possible at the
laboratory scale, the areal extent of the observed bed surface is usually restrained to a scale of tens of
centimeters due to equipment constraints for image acquisition (Heays et al., 2014; Lajeunesse et al.,, 2010;
Nikora et al., 2002; Tregnaghi, Bottacin-Busolin, Tait, et al., 2012), thus the motions of particles that enter or
leave the video sampling area are spatially censored (Fan et al., 2017; Fathel et al., 2015). Accurate reconstruc-
tion of particle trajectories is dependent on the frequency of the image acquisition, as a higher frame rate can
support more accurate measurement of grain trajectories. However, processing a large number of frames
over long experiments is time and resource consuming. These inherent difficulties in performing experiments
with tracers have produced cascading effects on the ability to gain in-depth knowledge of bed load dynamics
at the grain scale (Furbish, Roseberry, et al., 2012) and thus limit our comprehension of the diffusive behavior
of particle motion (Martin et al,, 2012).

In spite of its theoretical and practical implications, sediment diffusion is probably one of the least under-
stood mass transport mechanisms, and even fundamental questions still await clarification. There are several
reasons why the movement of bed load particles rolling or saltating on the river bed surface should not con-
form with the assumption of normal diffusion. If normal diffusion is assumed to hold, particles are expected to
move continuously, in contrast, bed load particles are observed to alternate quick movements to longer rest-
ing periods. Bouchaud and Georges (1990) described this process as “diffusion among traps”, where long-
range correlations in the flow turbulence have been claimed to occur (Nikora et al.,, 2002), and heavy-tailed
distributions of particle motion arise from the effect of local bed heterogeneities on entrainment and distrain-
ment of particles (Martin et al.,, 2012). In turn, bed load motion is likely to follow an anomalous diffusion pro-
cess, that is, ballistic, subdiffusive, or superdiffusive, as predicted in the conceptual model first presented by
Nikora et al. (2001, 2002). These authors associated the temporal and spatial scales of bed load motion with
relevant diffusive regimes and identified three well-distinguished scale-dependent ranges: (a) the local range
(ballistic diffusion), which corresponds to particle trajectories between two consecutive collisions with the
bed; (b) the intermediate range, which refers to particle displacements between two subsequent periods of
rest (normal or anomalous diffusion); and (c) the global range (subdiffusion), where the particle trajectories
consist of many intermediate steps. The type of diffusion is determined by time-dependent power laws of
the central moments of the particle coordinates:

X7 = (X(O) = X(0)) =t M
v = (Y@ V@)

where X(t), Y(t) denote longitudinal and transverse particle coordinates, g is the moment order, overbar
denotes ensemble averaging, and t indicates the elapsed time. For the second-order moments, g = 2,
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the type of diffusive regime is specified by the scaling coefficients y, and
7y: (i) anomalous diffusion (y # 0.5), being it ballistic (y = 1), superdiffusive
(y > 0.5), or subdiffusive (y < 0.5); and (ii) normal diffusion (y = 0.5).
Following Nikora et al. (2002), X2 and Y are expressed as a
function of the shear velocity, the particle diameter d and the elapsed
T time t (= total time spent in motion or at rest from the beginning of
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alous nature of bed load transport, but with scaling diffusive coefficients
falling within a relatively wide range (Bialik et al., 2012, 2015; Campagnol
et al, 2015; Furbish, Ball, & Schmeeckle, 2012; Martin et al., 2012).

[
[
|
[
[
[
| equation (2) has been applied in several studies, all confirming the anom-
[
[
[
[
I According to Fan et al. (2017), discrepancies may emerge as a consequence

T

a,s
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log(tu'/d) of selected experimental conditions, with major inconsistency resulting
from defining the accurate boundaries of the local range (because of the

Figure 1. Conceptual model of longitudinal particles diffusion. Characteristic ~ high frame rate required) and of the global range (because of the large
times 7, 5 and 7, indicate the duration of the acceleration for saltating and  temporal and spatial observation windows required; Bialik & Karpinski,

rolling particles, respectively. After Campagnol et al. (2015).

2018). Campagnol et al. (2015) revisited the original theoretical framework
to attempt to explain evidence that superballistic diffusion (1 <y < 2) was
observed in the local range during the early unsteady stage of particle entrainment (the so called near-field
subrange influenced by particle acceleration as reported in Bialik et al,, 2015). Their revised model is presented
in Figure 1 for the longitudinal diffusive process. Due to scarcity of experimental data, particularly in the range
of 3.5 10% < tu*/d < 3.0 - 10° (Bialik et al., 2012, 2015), uncertainty still affects the identification of accurate
temporal boundaries of different ranges and the correct assessment of diffusive regimes.

In this study the existing conceptual model is critically revised for both the two planar components of
sediment motion. Diffusion of bed load particles is examined accounting for two different starting points
of individual trajectories (namely, diffusion from entrainment and diffusion from randomly selected points).
The aim is to discriminate the effects on the diffusive regime of inertial and frictional forces, respectively,
which represent key drivers acting at different temporal and spatial scales of grain motion. To do this, a first
set of short-term time series data was used as part of an experiment designed to study the correlation
between grain-scale turbulence in open-channel flows and the transport of natural gravel material at weak
transport stages (Cecchetto et al., 2016; Tregnaghi, Bottacin-Busolin, Tait, et al., 2012). A new experimental
data set is then presented in this study that was obtained from longer observations carried out in an annular
flume. This enabled the acquisition of relatively long time series compared with typical laboratory-scale
experiments. A population sample of practically uncensored particles trajectories ensured that the global
range was well represented in the experiment, and that censorship effects on the identification of diffusion
regimes were critically addressed.

The paper is structured as follows: section 2 presents the experimental campaigns, including a detailed
description of the image acquisition system used with the annular flume. Section 3 specifies the methodol-
ogy applied in the data analysis for the reconstruction of particle trajectories. Results on the diffusive nature
of particles along the longitudinal and transverse directions are presented in section 4. In section 5 the con-
ceptual model of Nikora et al. (2002) is revised by linking the observed ranges of motion to well defined time-
dependent scales of bed load diffusion accounting for particle (1) acceleration time, (2) traveling time, and (3)
resting time.

2. Experimental Apparatus

Experiments were performed in two different types of laboratory flume that provided complimentary data
sets of bed load particle trajectories. In the first series of tests sediment motion was observed over a natural
gravel bed placed in a straight flume, where individual grains were traced over a 220-mm-long, 80-mm-wide
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Table 1
Experimental Parameters: Shear Velocity u*, Shields Parameter =* and Critical Shields Ratio ©*/t*.,, With t*., Following the
Expression Reported in Van Rijn"s (1984)

# of trajectories # of trajectories
TEST u* (m/s) ™ (—) */t*e (=) from entrainment from random point
B1 0.070 0.061 1.15 150 199
B2 0.074 0.068 1.28 342 512
B3 0.080 0.080 1.51 184 245
B4 0.081 0.083 1.57 167 241
B5 0.083 0.086 1.62 270 431
B6 0.085 0.090 1.70 123 241
S1 0.046 0.055 1.12 242 243

Note. u* = shear velocity; t* = shields parameter; and 7*/7*, = critical shields ratio, with *, following the expression
reported in Van Rijn’s (1984). The total number of grain trajectories in each test is reported from entrainment and ran-
domly selected points. Tests B1 to B6 were carried out in the straight flume, while test S1 in the annular flume.

observation area of the bed surface for short-duration runs (~2 min). Since these experiments were originally
planned with a stereoscopic two-camera Particle Image Velocimetry system, the size of the area and the
duration of the runs were selected as a compromise between attaining a sediment-size spatial image
resolution and detecting a statistically significant number of grain entrainments (i.e.,, >100). The second
data set of bed load particle trajectories was obtained with continuous video recording for prolonged
observation periods (up to a maximum of 6 hr) in an annular flume with glass spheres forming the bed
material. This enabled Lagrangian measurements of sediment motion with no spatial limitation in the
streamwise extent of the observation window and with practically no mass loss during the experiment.

The first series of experiments was carried out in a 12-m-long, 0.46-m-wide, straight tilting flume. The channel
bed was filled with natural gravel-sized grains with lognormal grain size distribution having mean diameter
dso = 5.0 mm and standard deviation 64 = 1.3 mm. The density of the gravel was p; = 2,650 kg/m>. The mate-
rial was arranged to form a uniform, well mixed, 60-mm-deep layer of sediment and scrapped flat at the
beginning of each test. The initial 1.5-m-long inlet reach contained static gravel to ensure the consistent
development of a stable turbulent boundary layer. For each test steady, uniform flow conditions were
attained and no significant spatial pattern nor bed forms were observed over the sediment bed for the dura-
tion of the experiment. The flume was equipped with a video camera capturing images of the bed surface ata
frequency of 45 Hz, with resolution 7.5 pixel/mm. The camera was placed vertically over the selected obser-
vation area (220-mm-long, 80-mm-wide), and located along the centerline of the flume bed 6.70 m down-
stream from the inlet. This enabled a population sample of ~800-900 individual particles composing the
surface layer of the investigation area to be observed at each recording time. In total 12 tests were carried
out with increasing bed shear stress and constant water depth h, = 100 mm (more details are in
Tregnaghi, Tregnaghi, Bottacin-Busolin, Tait, et al., 2012 and Cecchetto et al,, 2016). Following Schmeeckle
and Nelson (2003), in the selected tests B1 to B6 (Table 1) the ratio between the Shields parameter and
the critical Shields parameter, t*/t*.,, ranged from 1.15 (low transport stage) to 1.70 (moderate transport
stage), where %, = 0.053 is calculated with the reformulated Shields’ expression reported in van Rijn’s
(1984). These conditions allowed for the clear identification of a number of individual grain entrainments ran-
ging from ~120 to 350 and a total number of particle trajectories ranging from ~200 to 500 (see Table 1) over
the area of the bed surface recorded with the image acquisition system, providing values of sediment dis-
charge per unit width ranging in 2-8 g/sm. In this study 6,000 frames (about 2 min of observations) were ana-
lyzed for each test.

The second experiment was performed in an annular flume (hereafter denoted as S1). This flume setup simu-
lates a long river reach, where the bed material and the fluid are not externally recirculated, and a uniform
shear stress is applied to the bed. The flow is generated by the movement of the flume boundaries, that is,
the lower plate integral with the walls and the upper lid in direct contact with the water surface. This system
generates steady equilibrium conditions and enables long duration experiments (e.g. Booij, 1994;
Gharabaghi et al.,, 2007; James et al.,, 1996; Partheniades et al., 1966). A sketch of the flume is presented in
Figure 2. The external and internal diameters of the flume are, respectively, 2.20 m and 1.80 m. The
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Figure 2. Top view of and vertical cross section (AA) of the annular flume. All dimensions in millimeters.

rectangular cross section is b = 0.20-m-wide and the maximum available height is H = 0.48 m. The side walls
and the bottom plate are made of transparent Perspex to allow for continuous particle visualization during
the experiment. The lid is made of dark gray polyvinyl chloride and can be manually lowered or lifted to
set the desired water depth.

The generation of secondary currents due to the curvature of the flume was minimized by setting the rota-
tional velocities of the top lid, @, and of the bottom, wy, to a fixed ratio (Booij, 1994; Partheniades et al., 1966).
Calibrating the optimal ratio w./w; generated counteracting secondary currents, which ensured quasi-two-
dimensional flow conditions were attained. The determination of the optimal value of w:/®, was achieved
by direct observation of displacements of plastic beads with density slightly higher than water density
(Partheniades et al., 1966) and size smaller than the boundary layer structure of the bottom. The intensity
of secondary currents was assumed negligible when the beads were observed to move steadily along the
centerline of the channel bottom. With these conditions attained, uniform distributions of tangential velocity
and near-bed stress were reasonably assumed to hold (Booij, 1994; Partheniades et al., 1966).

Preliminary tests were performed to calibrate the optimal ratio for different water depths (Figure 3a). The
operative water depth H was set equal to 0.30 m; as for this value secondary current effects associated to
either shallow or large flow depths were observed to be negligible or almost absent (Booij, 1994). The same

(a) (b)
H/b [_] 5.00
100 110 120 130 140 150 1.60 170 180 450 * Uniform material
450 4.00 Mixed material
400 350,  — averaged o /o, =-3.73
- 'S’ 3.00
: hd 3.50 P_-'a 2.50
g 3
~ 300 & 200
8 150 bos
o
2.50 1.00
2.50 2.00 0.50
0.00 1.00 2.00 3.00 4.00 5.00 6.00 0.00 ———

0.00 0.10 0.20 0.30 0.40 0.50 0.60

o, [rad/s]
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Figure 3. (a) Magnitude of optimal rotational velocity ratio versus bed roughness dsq (solid lines and axes), and versus
water depth-to-width ratio (dashed line and axes). Both left and right vertical axes indicate the optimal ratio. (b) Bed
shear stress versus bottom rotational velocity. The black line is obtained for wy/wy, = —3.73. All data falls within the two
upper and lower boundaries obtained, respectively, for the uniformly sized mixtures d4 = 5 mm and d; = 2.5 mm (gray
lines).
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procedure was used to correlate the optimal ratio with the bed roughness, which was assumed to correlate
well with the mean size, dsq, of the relatively uniform bed material (Figure 3a) and to test the relationship
between the bed shear stress and rotational velocities against the theoretical formulation presented by
Booij (1994; Figure 3b). Following Booij's methodology, which implicitly accounted for the correction due
to the effects of the later walls, the predicted increase of the bed shear stress with the rotating velocity
was confirmed for six different sizes of bed particles, which consistently supported validation of the calibra-
tion procedure. Tests were carried out by (i) minimizing secondary current effects through the adjustment of
top-to-bottom ratio of the rotational velocities; and afterward (ii) attaining the threshold of particle motion by
direct visual inspection, with multiple assessments performed by different observers (which is graphically
represented by error bars in figures). All sizes of bed material consisted of transparent borosilicate glass
spheres with density p = 2,230 kg/m?>. Four uniform size classes were composed of similar spheres manufac-
tured with approximately 90% accuracy, that is, d; = 2.5 £ 0.3 mm, d> = 3.0 £ 0.3 mm, d3 = 4.0 + 0.3 mm,
d, = 5.0 £ 0.3, and two uniform mixtures were created out of these four classes. The first mixture consisted
of d,, d3, and d, sphere sizes, with mean diameter dsq 1 = 4.1 mm and standard deviation 6 = 1.33. A finer
mixture was composed of d,, d,, and d; sphere sizes, resulting in dso, = 3.2 mm and standard deviation
og=1.37.The increase of the shear stress as a function of the bottom velocity, originally predicted for uniform
material by Booij (1994), was confirmed also in the tests with mixed material (Figure 3b).

The image acquisition system is shown in Figure 4a. Six GoPro cameras were fixed so that they moved with
the bottom plate of the flume. Six vertical bars held the top-view cameras providing a sufficient image over-
lap from adjacent cameras (Figure 4a), and the cameras were tilted at 50° with respect to the vertical plane at
a height of 500 mm. The cameras recorded at 30-Hz-frequency for up to 7 hr with a resolution of 2 pixel/mm.
Cameras were remotely controlled and synchronized with a light pulse at the beginning of the test.

A radial-shaped checkerboard was created to transform the distorted image of the circular channel into one
representing a continuous straight bed. The radial component r was transformed into the transverse coordi-
nate y, whereas the angular component 8 was replaced by the longitudinal coordinate x (Figure 4b). Due to
the relatively small flume curvature, that is, b/R = 0.20 with R = 1 m the flume radius, the arc lengths were
marginally affected by distortion effects as illustrated in Figure 4b. To obtain a regular square grid, the algo-
rithm preserved the original crosswise dimension, stretched the inner checkers, and compressed the outer
squares. The measured distance traveled by bed load particles was then corrected depending on the particle
crosswise coordinates to counteract the effects of the stretch-compression algorithm. This correction was
applied to each recorded position of the particle trajectory (sampling rate = 0.033 s), so that the location
was continuously adjusted along the entire path traveled by each particle.

After completion of the calibration procedure a test was carried out to observe long-term diffusion of bed
load sediment transport by recording the movement of a small group of tracer particles. The bed material
consisted of a scrapped flat 35-mm-thick deposit (corresponding approximately to 10 dsg), and it was com-
posed of mixed size transparent borosilicate glass spheres distributed in particle size according to the fine
mixture (dsg = 3.2 mm, 64 = 1.37 mm). A group of borosilicate black spheres with diameter d = 4 mm were
used as tracing particles. The tracer size was comparable to the size ds of the largest particles in the fine mix-
ture. The black spheres replaced the same size material according to the mixture proportions, that is, 25% in
weight, in a surficial strip 10-mm thick (see Figure 4c). The applied shear velocity resulted in the Shields para-
meter t* = 0.055 and excess shear stress t*/t*., = 1.13, where %, = 0.049 (van Rijn, 1984). The experiment was
run for 6 hr during which the motion of the tracers was continuously recorded. The total duration of the
experiment was imposed by the maximum recording capacity of the GoPro cameras. This temporal scale
corresponds approximately to tu*/d = 0.2-0.3-10°, which ensured collection of data falling within the global
range (e.g., Bialik & Karpinski, 2018), and it extended well beyond the duration used in similar studies on bed
load sediment transport (e.g.. Campagnol et al., 2013; Lajeunesse et al,, 2010; Nikora et al., 2002; Roseberry
et al, 2012).

The trajectories of the traced black spheres from test S1 were first analyzed to confirm no appreciable
secondary current effects were observed. These are expected to be visible in the statistics of the transverse
component of the particle step. Figure 4d shows that the crosswise steps symmetrically distribute around
zero with average value of —0.22 mm, corresponding to 5% of the tracing sphere diameter, which confirms
transverse spatially uniform flow conditions were attained.
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Figure 4. (a) Top cross-sectional view of the flume with camera positions and field of view. (b) Image sample taken from
one camera overlooking the submerged checkerboard (1); actual checkerboard size (in light gray) with superimposed
checkerboard transformation (2); postcalibration image sample obtained with two overlapping frames from adjacent
cameras (3). () Schematic representation of the experimental setup of test S1 with initial locations of the tracer particle
strip. (d) Frequency distribution of the tracers’ crosswise step length. All dimensions in millimeters.

3. Methodology: Reconstruction of Particle Trajectories

Diffusion parameters were estimated from the variation in time of particle coordinates. A common reference
system was established for all the moving grains. For each test recorded grain locations, X;(t)” and Yi(t)", were
translated to the same origin point according to the transformation Xj(t) = X,-(t)*—X,-(to)* and Y(t) = Y,-(t)*—Y,-(to)*,
where X{to) and Y{(t,)" are the first recorded streamwise and crosswise positions, respectively, of the ith grain

in correspondence of particle motion state at t,.

In the next sections, the diffusive scaling coefficients were obtained for trajectories originating, respectively,
from (a) an entrainment event; and (b) a random moving state along the particle path. Accounting for dif-
ferent motion states at t, (denoting the starting time of the trajectory) supports the identification of the
effects on the diffusive regime of inertial and frictional forces, respectively, which act at different stages
of particle motion (Bialik et al., 2012, 2015; Campagnol et al., 2015). The type of diffusive processes is thus
dependent on the motion state occupied by a particle at t,, namely, an entrainment event or a moving state.
In the latter, the origin of the ensemble trajectories, Xi(to) , is defined by the position of a particle during its
motion. This either corresponds to the accelerating or decelerating phases, respectively, of an entrainment
or distrainment event (Campagnol et al.,, 2015) or can be identified as the quasi-steady stage of motion
where the particle has no memory of earlier phases (Bialik et al., 2015). In turn, this approach accounts for
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the diffusive behavior of the ensemble bed load flux, and the relevant analysis enables identification of the
diffusive regime in the local range, as entrainments will no longer significantly contribute to the
diffusion process.

A third approach based on collision points of a particle with the bed surface as the origin of its trajectory can
be applied to determine the diffusive behavior in the local range at or just after the instant of collision.
However, both experimental setups described in this study had no camera focused on a vertical plane, thus
collision events could not be assessed accurately.

In all the experiments (straight and annular flume) the reconstruction of particle trajectories required the
acquisition of the position of moving grains at consecutive times at an appropriate sampling rate. Particle
positions were extracted from the bed images using a manual tracking following the method developed
by Bottacin-Busolin et al. (2008). Each grain was classified according to its state, depending on whether it
was starting to move (start), moving (move), or stopping (stop). This information, along with the centroid
locations of the detected particles, was stored in a database and allowed the later reconstruction of
grain trajectories.

The two types of experimental setups mainly differ in that the identification and selection of grains being
tracked consisted either of the whole population of particles in motion (straight flume) or of a given subset
established a priori by the observer (black spheres for the annular experiment). The trajectory traveled by
each individual grain was reconstructed based on the following criteria: (i) definition of a temporal threshold
for the duration of a competent resting time; and (ii) definition of a spatial motion threshold to discard very
small displacements.

In order to specify the temporal criterion, from the observation of hundreds of grain movements, it became
apparent that the identification of particle resting times was dependent on the subjective judgment of an
observer. A grain during its motion was observed to halt in a resting state for a few frames (<0.1 s) and then
start moving again along its travel path. A minimum resting time t.,j, = 0.10 s was selected based on previous
findings by Nelson et al. (1995), reporting high correlations between entrainment events and near-bed
streamwise velocities measured approximately up to 0.10 s before transport occurred in weakly mobile beds.
Similar observations (from tests B1 to B6 in this study) were later confirmed by Cecchetto et al. (2016), who
found that most particles were entrained by bursting events with duration of 0.05 to 0.1 s This value provides
mean duration of normalized bursting events, Tlmax/H (With T = t.;i, the duration of the bursting event, Upmax
the surface water velocity, and H the water depth), in the range 1.0 to 3.0, in agreement with earlier observa-
tions by Nikora and Goring (2000), Nezu and Nakagawa (1993), and Dey et al. (2011).

Following the observations of Campagnol et al. (2013), the spatial threshold was identified by what is referred
to as particle vibrations, which were discarded from the population of particles in motion in this study. If a
grain moved along the longitudinal coordinate, from entrainment to rest, a distance smaller than its dia-
meter, such a short displacement was neglected, since it was considered an adjustment toward a stable posi-
tion rather than an active motion. This physical interpretation stems from assuming a grain re-adjusting its
pocket position on the bed as the latter is subject to different forces compared to a grain moving through
the fluid. The former is mainly affected by frictional forces, the latter is mostly influenced by fluid drag
(Cecchetto et al., 2016).

From an operational point of view, a further element that poses a key issue is the window effect (or censor-
ship), that is the systematic error in which those particles that potentially make a major contribution to the
diffusion are omitted (Bialik & Karpinski, 2018). For the first set of experiments having an observation area
with assigned physical boundaries, only uncensored trajectories were measured, while grain paths with a
starting position from outside and exiting the investigated area (i.e., spatially censored) were neglected. In
the initial diffusion stages boundary effects are negligible, but they become relevant in the evaluation of
the global range. For the tests in the straight flume no global trajectories consisting of more than five inter-
mediate steps were observed, with a majority of trajectories consisting of one to two intermediate steps. In
the annular flume, a particle could potentially be followed from its first entrainment to the end of the experi-
ment. However, tracking was performed only with images collected from one camera, specifically from cam-
era 4 located above the tracer strip. The 1-m-long area covered by the camera lens was sufficient to fully
describe the trajectories of all particles, so that no observations were made of displacements with missing
simultaneously start and stop positions. A fraction of particles were observed leaving to the adjacent zone
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or entering from an upstream location; however, (a) their relative occurrence was significantly lower com-
pared to the tests in the straight flume; (b) before leaving or after entering the image boundaries they moved
over a 1-m-long area performing on average nine intermediate steps.

In test S1 the full recording session (approx. 6 hr corresponding to 648,000 frames) was split into 10 subses-
sions comprising 12,000 frames each (~400 s). Tracer spheres were followed over the entire duration of each
subsession, and the resulting subdata sets were merged together to form a well-populated database of
particle trajectories. Closer inspection of particle trajectories from individual subsessions confirmed the
assumption of statistical stationarity of the process over the 6 hr. The subsession time-averaged first- and
second-order moments (mean and standard deviation) of sampled streamwise and crosswise steps traveled
by the tracers were observed to fluctuate around the full-run time-averaged values with no significant
temporal trend. This also confirms that secondary current effects were negligible or absent, and that the
stretch-compression algorithm was applied consistently throughout the whole length of the annular flume.
The total number of sampled trajectories for the tests in the straight and annular flumes, respectively, is
reported in Table 1.

4, Results

4.1. Longitudinal Diffusive Regimes

Results of the longitudinal diffusive trends are shown in Figure 5. Accounting for the initiation of motion
(entrainment events) as the starting point of grain trajectories, three distinguished regions can be clearly
identified that are denoted by constant scaling coefficients (Figure 5a). The region in the initial stage of
particle motion is apparently governed by ballistic diffusion, with y, attaining values close to 1. The solid line
corresponding to y, = 1 in Figure 5a provides a qualitative comparison between the theoretical ballistic
diffusive regime and observed trend of the experimental data.

The apparent ballistic diffusion in Figure 5a is contested by a closer inspection of data provided by Figure 5b,
where short-term fluctuations of y, were filtered by using a moving average with sample window = 3 data
points in the ballistic diffusion region, and averaged values of y, were plotted against tu"/d. For tests in the
straight flume (solid lines), y, attains values up to 1.5 (test B1) for tu'/d < 1 (except for tests B2 and B5, where
7% = 1.0), then becomes equal to 1.0 for tu’/d = 3.0. However, the initial diffusive behavior for test S1 (cross
marks in Figure 5a and dashed line in Figure 5b) shows larger values of y,, exhibiting a peak of up to 1.8 in
the very early stage of motion and a rapid decrease to the ballistic zone for larger times (tu*/d > 5).

After the superballistic region, a transition phase characterized by a rapidly decreasing diffusive coefficient
takes place till tu*/d = 10. A second region of constant diffusive coefficient develops starting from tu*/
d = 10 (Figure 5a). In this region diffusion becomes normal, exhibiting constant y, = 0.5 for tu’/d < 100.

This is apparent for the data series S1 (annular flume), whereas X2 increases at a lower rate for the B tests
(yx = 0.10) compared to the population of uncensored particle trajectories. For tu'/d > 100 a subdiffusive
regime is observed to occur with mean diffusive coefficient approaching y, = 0.30 (solid line in Figure 5a).

Following Nikora et al. (2002), X(t) was reconstructed starting from a random coordinate along the particle
path. The population sample consisted of particles with fully observed paths within the area, including those
particles that entered the area while in motion. For the latter, X{t,)  corresponded to the first detected posi-

tion when the grain entered the area. The variation in time of X2 presents three regions identified by constant
diffusive scaling coefficients (Figure 5c). The first regime takes place at the beginning of the trajectories,
covering the sequence of collisions with the bed before a final stop is achieved. Data from both B tests
and test S1 exhibit a diffusive coefficient y, = 1.0, as represented by the solid line. The ballistic regime is con-
firmed from observations of the local variation of y, with no evidence of the initial acceleration phase. When
the ensemble flux of particles is observed while in motion, disregarding the contribution of entrainment and
distrainment events, the local range closely approaches a ballistic diffusive process (i.e., y, = 1.0), regardless of
the stage of the transport conditions. For 3 < tu*/d < 10 particle motion follows a region of transition, which
starts later for test S1 (tu*/d ~ 5). As a consequence 7, in this range is not uniquely identified by a single value,
but it rather decreases smoothly to a Fickian diffusive behavior that continues invariant for 10 < tu*/d < 100.
At the end of the region with constant y, = 0.50, the process is observed to follow a subdiffusion regime, as
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Figure 5. Temporal variation of )ﬁ/d2 and yy originating from entrainment points (a and b, respectively) and from randomly selected starting points (c and d,

respectively).

found in this and previous studies, that is, y, = 0.30 (Nikora et al., 2002), although local values of y, fluctuate
over a relatively wide range (Figure 5d). In this region data from B tests tend to underestimate 7,, generating
diffusive coefficients almost equal to zero (Figure 5c).

4.2, Transverse Diffusive Regimes

Compared to longitudinal diffusion from entrainment events, particle lateral coordinates exhibit a more irre-
gular pattern identified by an initial smooth region with constant diffusive scaling coefficient, followed by a
weaker subdiffusion regime (Figure 6a).

Clearer insight is given by closer inspection of the local variation of y, (Figure 6b) as the initial acceleration
phase, characterized by superballistic diffusion in the streamwise direction (y, > 1.0), is now replaced by a
ballistic regime (Campagnol et al., 2015). This ballistic regime has relatively short duration, spreading over
the range 0.5 < tu*/d < 1.5. Closer observations of data from the annular flume reveal that the initial diffusive
regime for S1and for the tests performed at weaker transport conditions (B1, B2, B3) is superdiffusive in the
early stages of motion (y, = 0.80). After the short ballistic regime, y, decreases to a constant subdiffusive value
that is maintained invariant for tu*/d > 10. The change from ballistic to subdiffusive regime occurs gradually,

and a smooth transition can be identified for 2 < tu*/d < 10, where Y2 is no longer increasing with time with
constant v,. For tu*/d > 10, steady conditions are attained with scaling coefficient y, = 0.20, despite that
broad fluctuations can still be observed around this average value as shown in Figure 6b.
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Figure 6. (a) Change in time of Y2 and variation of Ty for the case of entrainment starting points (a and b, respectively) and randomly selected starting points (cand d,

respectively).

The character of diffusion was observed to vary if the starting point is moved to a location randomly selected
along the particle displacements. When trajectories are referenced to an arbitrary coordinate identifying a
move state, the initial regime becomes superdiffusive, with diffusive scaling coefficients y, = 0.70-0.80
(Figures 6¢ and 6d). Data from Test S1 exhibits the smallest scaling coefficient (y, = 0.5), as found for the
entrainment-based approach. This early superdiffusive regime continues for 0.5 < tu*/d < 1.5, as observed
for longitudinal diffusion. Afterward, a transition takes place where, regardless of relatively large fluctuations,
the diffusive behavior reduces to attain steady conditions with constant scaling coefficient y, = 0.20, which
confirms the presence of subdiffusion for longer time scales (tu*/d > 10) along the transverse direction. As
for longitudinal diffusion, for the B tests the interpretation of data may be misleading and the resulting dif-
fusive scaling coefficient biased by censorship effects.

4.3, Effects of Experimental Censorship of Particle Trajectories

Recognition of the importance of the size of the detection window is recently new to the study of particle
motion in laboratory experiments (Ballio et al., 2018; Bialik & Karpirski, 2018; Fan et al., 2017). The uncensored
database collected with the annular flume was used to clarify to which extent results from B tests are to be
considered reliable. By progressively reducing the longitudinal and transverse size of the observation area,

trajectories extending beyond the simulated boundaries no longer contribute to the ensemble X2, A
decrease in the growth rate of the first and second order moments of particle locations is observed for B tests
compared with results from uncensored data. Figures 7a and 7b show the effect of a reduced detection
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Figure 7. Results on (a) longitudinal and (b) transverse diffusion for different sizes of the investigated area. Test S1 from entrainment point.

window on the longitudinal and transverse diffusion, respectively, from entrainment points. For comparison
with Bialik and Karpinski (2018), the longitudinal dimension L, = kd (with d the size of the moving particle)
was reduced by applying scale factor k = 10, 15, 25, 50, 100, and 200 (corresponding to L, ranging
between 40 and 800 mm). The same scale factor was applied to the width L, with k varying up to 50,
which corresponds to the full channel width (200 mm). Decreasing k results in the portion of the plot that
provides real diffusive trend to be significantly reduced, with an apparent departure for normalized time
scales larger than the time scale corresponding to the initial motion of the particles (tu*/d > 3). For the
smallest detection windows (L, = 10, L, = 10), only the initial longitudinal superballistic and transverse
ballistic regimes can still be observed, whereas the assessment of the later diffusive behavior is
considerably biased, that is, for tu*d > 3. Censorship effects are less significant for diffusion in the
transverse dimension, where data are consistent with the uncensored data up to tu*/d ~ 10 for k = 15. This
is argued to be dependent on the different extent that particles travel along the two directions,
respectively. As particles mainly move downstream, the distance they travel in the lateral direction is
limited to a few grain diameters, with hiding effects due to the local bed geometry created by the
surrounding particles being more significant than in the streamwise direction.

The observation area used in the B tests (220 by 80 mm) is close to the case L, = 50d and L, = 15d.lt is
expected that the portion of the plot that is censorship-free extends for up to tu*/d ~ 3 (slightly further for
transverse diffusion), as also apparent from Figures 5a and 6a.

5. Discussion: Temporal and Spatial Scales of Diffusive Regimes

The analysis of bed load particle diffusion performed from different starting coordinates (entrainment and
random motion) demonstrated the existence of two distinct diffusive behaviors, composed by diffusive
regimes affecting longitudinal and transverse trajectories that can be identified with constant scaling coeffi-
cients and well-defined time scales. Evidence of these behaviors is graphically summarized in Figure 8, which
critically revise the conceptual model presented in Figure 1.

5.1. Local Range

The first regime, corresponding to continuous particle motion between collisions with the bed, is superdiffu-
sive with y,,y, > 0.50, and the initiation of movement when particles are subject to acceleration takes place
for tu*/d < 3. This is in agreement with the threshold found by Bialik et al. (2015) through the application of a
turbulent structures generator that discriminated between the near-field and ballistic subranges (Bialik,
2013), and close to the threshold observed by Campagnol et al. (2015), tu*/d = 1.5-2.5. Within this region
the longitudinal diffusive scaling coefficient indicates a superballistic regime, 1.0 < y, < 2.0, with exponents
dependent on transport conditions and bed material. Under weak transport conditions the superballistic
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Figure 8. Revised diffusive regimes for longitudinal (a) and transverse (b) displacements (after Nikora et al., 2002 and Campagnol et al., 2015). Dotted gray lines repre-
sent diffusion from randomly selected points, continuous lines diffusion from entrainment points. Characteristic times 7, s and z, , indicate the duration of the
acceleration for saltating and rolling particles, respectively, while z; indicates the mean travel time and z, the resting time of moving particles.

regime lasts over a longer period, with dimensionless times up to tu*/d = 4 to 5, due to a longer acceleration
phase of particles mainly rolling over the bed. As in these transport conditions the acceleration phase
governs a larger portion of the initial trajectory (Bialik et al., 2015; Campagnol et al., 2015), the local range
is likely to account for values of y, > 1.0. This is confirmed by direct inspection of data from test B1, which
was performed under comparable weak transport conditions as for test S1. The local values of y, for this
test are the highest among the other companion tests, and its variation with time closely resembles the
data trend obtained for test S1.

The role played by bed material is apparent from observing the magnitude of y,, with larger values of the scal-
ing coefficient for a bed made of spheres (y, ~ 2.0) than in the case of natural gravel (1.0 < y, < 1.5). Since data
from the B tests were obtained for bed load gravel moving over a natural bed, at entrainment, particles might
not experience a significant acceleration, due to the different interaction with the roughness created by the
surrounding gravel material during the initial collisions with the bed. By contrast, in an artificial bed made of
spheres, the mechanics of particle entrainment for a geometrically packed, well-organized bed material is
likely to cause a rapid acceleration phase. This explains the higher values of y, found for test S1, which is typi-
cal of a group of particles accelerating along the streamwise direction (Campagnol et al., 2015), as suggested
by Bialik et al. (2015) in their numerical study on diffusive behavior for spheres.

Although data from Test S1 (spheres in annular flume) suggest that spheres are rapidly accelerated into
motion (Campagnol et al,, 2015), values of y, reported in this study are lower than those presented by
Bialik et al. (2012) for the entrainment of fully exposed spherical particles. It is argued that the counteracting
mechanisms of the packing arrangement of bed material (frictional forces) and the protrusion of mobile par-
ticles over the surrounding bed elements (exposure to fluid drag) significantly contribute to the development
of superballistic behavior.

Once a particle is brought into motion and attains steady velocity, diffusion is dominated by inertia, with par-
ticles moving in a dynamic balance between fluid forces, submerged weight, and bed heterogeneities (Bialik
et al., 2015; Martin et al., 2012; Nikora et al.,, 2002). Ballistic diffusion is observed to occur when considering a
randomly selected coordinate along the grain path as the starting point. In this case the acceleration phase
(superballistic diffusion) does not significantly contribute, as the population sample largely included trajec-
tories from points within a steady state of motion (Campagnol et al., 2015). The superballistic regime is com-
pletely replaced by ballistic diffusion in the local range (tu*/d < 3), confirming the conceptual model of Nikora
et al. (2002) and following formulations proposed by Campagnol et al. (2015).

Heterogeneity of local grain arrangements and bed roughness significantly affect diffusion processes along
the transverse direction with near-bed flow turbulence being a minor factor in the dynamics of particle diffu-
sion (Bialik et al., 2012). Lateral motion is more erratic (Furbish, Ball, & Schmeeckle, 2012) and in its early stage,
particles do not experience significant acceleration, presenting ballistic diffusion for 0.5 < tu*/d < 1.5. This is
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ascribed to the dominant role of frictional forces on transverse diffusion, as the instantaneous drag exerted
by the fluid in the lateral direction is smaller by at least 1 order of magnitude than the forces experienced by
individual particles in the streamwise direction (Furbish, Ball, & Schmeeckle, 2012). Unexpectedly, this analy-
sis also shows that gravel experiences larger accelerations than spheres in the lateral direction, thus exhibit-
ing opposite behavior compared to findings reported for the longitudinal acceleration. It is argued that in an
artificial bed arrangement created by regular spheres, lift due to the Bernoulli pressure difference plays a
major role (compared to the lateral drag) in dislodging particles that are mainly entrained into motion with
upward acceleration (e.g., Detert et al., 2010; Dwivedi et al., 2011). With the random-point approach superdif-
fusion (0.5 <y, < 1) is found to occur for tu*/d < 3 as reported by Furbish, Ball, and Schmeeckle (2012), which
proves that the effect of bed heterogeneity on the erratic nature of lateral motion is important for already
moving particles.

No clear evidence was found on the effects of the applied shear stress on the diffusion process, except for the
two tests performed under weak transport conditions (tests S1 and B1). For all the other tests, variation in
shear velocity was not observed to affect the diffusion regime suggesting that in the early stage of motion
turbulence (and bed roughness for diffusion in the lateral direction) plays a dominant role, while for well-
developed trajectories inertia and interactions with the bed mostly control the diffusive behavior of
particle motion.

5.2. Intermediate Range

The intermediate range associated to normal diffusion is supported by experimental evidence gained from
the experiment S1, while no definitive conclusions can be drawn for data collected from the B tests due to
censorship effects reported in section 4.3. A regime of reasonably steady normal diffusion along the longitu-
dinal direction starts developing approximately for tu*/d ~ 10, close to the threshold between superdiffusive
and subdiffusive regimes as identified by Nikora et al. (2002), who obtained tu*/d = 15 from their analysis. In
the earlier transitional region, that is, 3 < tu*/d < 10, the longitudinal scaling coefficient was observed to
decrease from superballistic (or ballistic if random point analysis is applied) to Fickian values, partially in con-
trast with findings presented by Nikora et al. (2002). They postulated the existence of a steady superdiffusive
regime in the region from tu*/d = 0.2 to 7-8, that is, within a temporal window that might have partly incor-
porated the diffusive (ballistic) process occurring in the local range, thus originating a superdiffusive regime
with constant scaling coefficient y < 1.0. Similar conclusions can be found in the numerical work of Bialik et al.
(2015), who attributed such discrepancies to the mixing of bordering diffusive regimes from local and global
ranges. However, the hypothesis that in the intermediate range diffusion may be either slow (y < 0.5), normal
(y ~ 0.5), or super (y > 0.5), was indeed originally predicted by Nikora et al. (2002), arguing that this is depen-
dent on what factors dominate. Bed topography, which is inherently correlated to intermittent motion for
weak transport stages, and near-bed turbulence may have opposite effects, with the former inducing slow
diffusion processes (y < 0.5), while turbulence may enhance them (y > 0.5), or they can potentially mutually
cancel their effects (y = 0.5). This latter case is apparently the most representative of the specific experimental
conditions tested in our study.

After the acceleration phase, trajectories are found to be mostly affected by particle dynamics, as inertia and
bed heterogeneity prevail for times smaller than particle traveling times, thus resulting in the observed
superdiffusion of the transitional region (Martin et al., 2012). In this study the mean traveling time (time from
entrainment to rest) is 7, = 0.90 s for test S1 (annular flume). If normalized with the characteristic time u*/d,
this value corresponds to the beginning of the region where normal diffusion occurs for S series of data, that
is, for tu*/d ~ 10. As the observation time approaches the mean particle traveling time, diffusion is likely to
preserve those mechanical aspects defining the continuous motion in the local range, resulting in superdif-
fusion (transitional region). For longer observation periods, some particles will stop in a rest state, so that the
resting times increasingly contribute to the diffusion process, and the ensemble spreading of the plume
grows linearly with time until tu*/d ~ 100. After this time scale (which is anticipated to correspond to the
mean resting time of the moving grains) rest periods become a key factor in driving a new diffusive process.
Under these intermediate conditions normal diffusion is thus argued to arise from balancing the effects due
to near-bed turbulence and slowly intermittent but continuous particle motion, with resting times reasonably
following probability distributions having finite variance, for example, exhibiting exponential-like behaviors.
For larger times this assumption may no longer hold if bed-mixing processes become dominant and resting
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times potentially achieve nonfinite values leading to heavy-tailed distribution. This can be reasonably
expected when trapping processes are favored by the low stages of sediment transport, thus significantly
counteracting the super-diffusive effects of near-bed turbulence.

A wider range of grain sizes may result in different diffusive regimes, since the mixed bed material would
enhance hiding and exposure effects, thus considerably affecting individual grain displacements (Ferguson
et al,, 2002; Ganti et al., 2010).

The transitional region is observed also along the lateral direction, starting at the end of the superdiffusive
regime and developing for up to the time scale corresponding to the particle mean resting time, that is,
2 < tu*/d < 10. This transition is found to last longer for transverse motion possibly due to the more erratic
behavior of particle displacements in the lateral direction. The diffusive behavior thus differs compared to the
longitudinal diffusion as it evolves in a subdiffusive regime that is approximated by a constant scaling coeffi-
cient y, = 0.20. As for the transverse component of transport, frictional forces are comparable to the instan-

taneous lateral drag (for tests B, u* ~ 70-80 mm/s, maximum lateral velocity fluctuations ~ £50 mm/s), Y2 is
found to increase in time at lower rates compared to diffusion along the longitudinal direction, resulting in
anisotropic subdiffusive behavior.

5.3. Global Range

As argued by Fan et al. (2017), areal limitations, particularly along the longitudinal direction, affect the proper
assessment of the variance of particle locations. The global range consists of time periods when particles are
in motion alternated by rest periods. Proper consideration of diffusive processes in the global range requires
long enough records of particle motion, that is, longer than the mean traveling and resting times, which
means the image acquisition system and the size of the investigation area must enable observation of several
entrainment and distrainment events for each tracked particle. For the tests carried out in the straight flume
the mean resting time of particles that moved at least once ranged between 7, = 4 and 5 s, resulting in an
average 7,u*/d = 65, which is close to the largest dimensionless time explored. The reported mean resting
time is likely affected by data censorship (Ballio et al., 2018). It can be argued that the investigated area in
the straight flume was too short to enable direct observation of global ranges. For the test carried out in
the annular flume particles, positions were recorded for time periods well beyond the mean resting time
of the moving particles (z, = 11.4 s, that is 7,u*/d = 130), thus ensuring repeated observations of global trajec-
tories. However, it is remarked that, despite experimental data from the annular flume fall within the global
range according to the criteria suggested by Bialik and Karpinski (2018), the latter could possibly not be defi-
nitively assessed in this study due to temporal (rather than spatial) censorship effects. This is particularly true
in light of the evidence that resting times possibly exhibit a bimodal-like behavior (see discussion in the next
paragraph), which accounts for extremely long periods of rest that extend well beyond the observation time
window of our experiment

The third regime (or second in the case of transverse motion) denoted by constant scaling coefficient con-
firms that bed load particles subdiffusivity occurs at longer times. Diffusion in the global range is found to
be anisotropic with y, = 0.30 (longitudinal diffusion) and y, = 0.20 (lateral diffusion), in agreement with find-
ings of Nikora et al. (2002). Anomalous diffusion (subdiffusion) is expected in the global range as the statistical
distribution of particle resting times becomes increasingly central in driving the process (Bialik et al.,, 2015;
Martin et al., 2012; Nikora et al., 2002). Subdiffusion originates from heavy-tailed distributions of resting times
(Bradley, 2017) as reentrainment is a result of the dynamic balance between instantaneous drag forces and
local bed scouring (Martin et al.,, 2012). The latter is responsible for longer states of rest as buried particles
were sheltered from exposure to the fluid, while vertical mixing of surface and subsurface material was
observed to increase with time (Hassan & Church, 1994; Marion & Fraccarollo, 1997) and with the intensity
of the competent flow (Wong et al., 2007). Even if the distributions of resting times are affected by experi-
mental censorship (corresponding to the end of the observation time), the annular flume enabled measuring
resting times over significantly long observation periods. Resting times were calculated for tracers that
moved at least once and consisted of measurable resting periods for which the reentrainment event was
observed before the end of the recording subsession. For grains found at rest at the end of each subsession,
resting times could not be estimated accurately as teng < tre-entrs With teng the total duration of the observa-
tion period and t,e_entr the instant of the subsequent reentrainment event. Their extreme values are limited in
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number, representing on average 8% of the population sample; however,
they would produce heavier-tailed distributions causing an increase of

o130 statistical parameters. By monitoring the positions of this small group of

particles over the 6-hr duration of the experiment along the area observed
by the six cameras, their waiting times were found to be on average 3,000 s
with standard deviation 4,800 s. The complete population of rest times
characterized by smaller statistics (i.e., mean 7, = 11.4 s) and the subset
including extreme waiting times (i.e,, mean 7, ~ 3,000 s) are argued to iden-
tify two different rest mechanisms, respectively, with the former asso-
ciated with the continuous motion of particles, the latter with vertical
mixing. If combined together, the two population samples provide mean
resting time of about 800 s with heavy-tailed frequency distribution,
approaching zero more slowly than an exponential distribution (Figure 9).

-2 0

2 4 s However, data reported from the experiment in the annular flume include
t. [s] measurements up to tu*/d = 4,600 (corresponding to t = 400 s), which is
significantly lower than the average resting time of the second subset of

Figure 9. Distribution of the resting times for test S1. The gray area indicates  particles (exhibiting long-standing resting times), so that the vertical mix-

the population of longer resting times.

ing effect on the global regime cannot be fully accounted for in this study.

6. Conclusions

A detailed analysis of diffusive regimes at different stages of bed load transport has been carried out using
novel experimental data obtained from observations of sediment tracers in annular flume. The original con-
ceptual model proposed by Nikora et al. (2002), and subsequently modified by Campagnol et al. (2015), has
been critically revised to account for different starting points of particle trajectories and to link well-defined
time scales to the diffusion of bed load sediment.

The local range is governed by inertia and local bed heterogeneities, resulting in longitudinal ballistic (y, = 1.0)
and lateral superdiffusive regimes (0.5 < v, < 1.0), respectively, while acceleration from entrainment is the
key mechanism driving longitudinal superballistic (1.0 < y , < 2.0) and lateral ballistic regimes (y, = 1.0)
during the early accelerating stage of motion. The dimensionless acceleration time associated with entrain-
ment events is in agreement with previous findings of Bialik et al. (2015) and Campagnol et al. (2015), that is,
Taxu*/d = 3 and 7,,u*/d = 1.0-2.0, with 7, the duration of acceleration along the selected direction.

For t > 1, (= mean traveling time), inertial effects are slowly replaced by mechanisms controlling particle
resting times, leading to normal diffusive transport (y, = 0.5) in the intermediate range. As originally predicted
by Nikora et al. (2002), this is first experimentally confirmed to be the result of counteracting effects due to
intermittent weak transport conditions and near-bed turbulence. For times longer than the mean particle
resting period, that is, (t > z,), the motionless state of a significant fraction of particles becomes the key para-
meter in driving the diffusion process. The physical processes controlling the distribution of resting times,
which were observed to be heavy tailed and dependent on the vertical mixing of surface and subsurface
material, are responsible for subdiffusion for t > z,. Such anomalous diffusion is expected to arise when
the Central Limit Theorem does not hold, as broad distributions exist with diverging first or second moments
of particle motion.

Due to the short distance traveled by the particles in the lateral direction, diffusion is found to be clearly
anisotropic with y, = 0.30 and y, = 0.20.The analysis demonstrated the effects of experimental censorship
on the proper identification of diffusive regimes, due to the fixed boundaries of the investigation area and
to the temporal duration of the observations. The assigned lateral dimension is shown to play a minor role,
while the longitudinal dimension greatly influences the accurate estimation of the diffusion coefficients in
the intermediate and global ranges. Censored data could then compromise the validity of results about
diffusive behavior of bed load particles.

Although the present experimental results are limited to uniformly sized bed material, they have significant
implications for stochastic transport models that aim to predict the fate of a sediment plume (from entrain-
ment of grains) or flux (from randomly selected points), as they shade new light on the nature of the diffusive
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process at different stages of bed load motion. Even if the observed diffusive behavior is expected to find
validity also in natural rivers, a broader understanding of the physical processes governing diffusion should
consider the influence of sediment mixtures typical of natural streams, where hiding and exposure factors
might play a role in determining the diffusive character at different stages of transport.
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