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ABSTRACT

The dynamics of river bedforms is still not well understood and detailed
experimental investigation may provide significant insight into the process
mechanisms. In this study, results are presented for a laboratory experiment
that returned long time series of sediment kinematics for bed-load dunes.
The run was performed in a closed conduit but, in the light of prior litera-
ture, the results are also representative of dunes under open-channel flows.
A flow rate of 1.4 times the threshold for sediment transport was used, and
the experiment lasted long enough to measure the sediment kinematics for
four full dunes. This enabled a stability of mean values to be obtained for
the key properties; concentration of moving sediment, sediment velocity and
sediment transport rate, that were measured over a Eulerian grid. At a mea-
suring location, all the properties present an oscillation pattern that resem-
bles the passage of the dunes, also including higher-frequency oscillations
(due to the flow turbulence) superimposed onto the low-frequency ones
related to the dunes. The time evolution of the sediment transport rate is
more similar to that of the sediment concentration than to that of the sedi-
ment velocity, which varies comparatively less. A multi-scale propagation is
demonstrated considering the propagation of the dunes, of the sediment
grains, and of quick ‘sediment gusts’ triggered by the flow field. Taking
advantage of a Taylor-like hypothesis, that is assumed to be valid as a first-
order approximation, a mean temporal evolution of the sediment-kinematics
properties is determined. Although limited to a single hydro-dynamic condi-
tion, and thus in need of further testing, the present results are of interest
for a number of applications, including bedform analysis, live-bed scour pro-
cesses, and quantification of sediment transport rates by measuring surrogate
quantities.

Keywords Bed-load transport, celerity of propagation, dunes, mean sedi-
ment motion pattern, sediment concentration, sediment transport rate, sedi-
ment velocity, Taylor-like hypothesis.

INTRODUCTION free-surface flows, as well as flows of fluid/sedi-

ment mixtures in pipelines. In this manuscript,
Bedforms are ubiquitous in natural and indus- attention is focused onto dunes created by a uni-
trial flows, developing in a number of processes directional flow of water, like river dunes. The
where loose sediment is transported by a fluid; interest for this kind of form has been tradition-
examples include aeolian transport, subaqueous ally stimulated by relevant applications (trans-
forms under unidirectional or oscillating port of sediment and attached substances,
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implications for the flow field over an oscillating
boundary, bed roughness and hydro-dynamic
resistance); comprehensive reviews of these
applications have been provided, for example,
by Engelund & Fredsge (1982), Best (2005), Cole-
man & Nikora (2011) and Charru et al. (2013).

Coleman & Nikora (2011) reported that the for-
mation of dunes from an initially planar bed
had been attributed to instabilities of the flow/
bed system (e.g. Engelund & Fredsge, 1982), to
the bursting structures of turbulent boundary
layers (e.g. Jackson, 1976), or to granular trans-
port mechanics. Therefore, Coleman & Nikora
(2011) proposed a two-stage phenomenological
description according to which eddy-transport
events create small initial disturbances that later
grow until reaching a stable size. Some debate
still exists on the triggering factors of the initial
disturbances, but the idea of a growth of the lat-
ter to developed bedforms is common. Further-
more, Engelund & Fredsge (1982) argued that
the mechanism responsible for the formation of
bed waves could be the same for open-channel
and closed-conduit flows. In this respect, Cole-
man et al. (2003) and Cardona Florez & De Mor-
aes Franklin (2016) studied the formation and
development of bed oscillations in closed con-
duits. Coleman et al. (2003) attributed the forma-
tion of initial wavelets to discontinuities in the
bed, while the growth of the forms to some
stable shape was attributed to sediment trapping
by the wavelets and bedform coalescence.

Once developed, bedforms make the near-bed
flow field differ from that over a flat sediment
surface. The essential description of a two-
dimensional flow field over a train of dunes (e.g.
Best, 2005) involves flow detachment at the crest
of a dune, a recirculation zone downstream of
the crest, then flow reattachment and develop-
ment of a boundary layer over the tail of a down-
stream dune. The process is then cyclically
repeated as the boundary layer reaches the front
of the next dune. Numerous studies have been
performed to characterize the motion of the fluid
or of suspended sediment above dunes (e.g. Nel-
son & Smith, 1989; Kadota & Nezu, 1999; Wilson
& Hay, 2016; Unsworth et al., 2018). As men-
tioned above, the local features of the flow field
determine the head losses of the bulk flow. Fur-
thermore, developed dunes migrate along a chan-
nel as a result of sediment mass conservation.
Sediment is eroded from a dune tail and deposits
in the recirculation region downstream of the
next dune crest, thus determining dune propaga-
tion. These considerations have stimulated,

during the past decades, extensive research on
the features of bed-load dunes, mostly focused
on their size (amplitude and length, which result
in total roughness height) and temporal proper-
ties (period and celerity of migration, which are
important propagation scales of the sediment
transport process). Examples of contributions to
this research field are those of Van Rijn (1984),
Julien & Klaassen (1995), Kuhnle et al. (2006)
and Venditti et al. (2016), among others.

The bulk properties of the bed-load dunes are
obviously a result of local sediment transport,
but the latter has received little attention in the
past, presumably due to the inherent difficulty
of measuring it. On the other hand, studies of
the sediment mechanics over a flat bed have
considerably benefited from detailed investiga-
tion of the sediment motion patterns, mostly by
image-based measurement methods (recent
examples include those of Lajeunesse et al,
2010; Roseberry et al., 2012; Radice et al., 2013;
Heays et al., 2014; Fathel et al., 2015; Heyman
et al., 2016; Fraccarollo & Hassan, 2019).
Recently, Tsubaki et al. (2018) presented
detailed measurements of sediment motion pat-
terns  over two-dimensional and @ three-
dimensional bed-forms; Terwisscha van Schel-
tinga et al. (2018, 2019) also adopted a Eulerian
approach and provided measurements of sedi-
ment velocity over the tail of bed-load dunes in
a laboratory flume, in an attempt to: “bridge the
gap between measurements of bedload transport
at the particle-scale and at the bedform-scale”.
Ashley et al. (2020) instead took a Lagrangian
approach to analyze the probability distributions
of travel time and hop distances for bed-load
particles over equilibrium mobile bedforms;
Wenzel & De Moraes Franklin (2019), finally,
presented results for particle tracking over a
barchan dune, that is a different case since it
involves migration and lowering of an isolated
sediment heap over a smooth bed. However,
measurements of the bed-load sediment motion
over bed dunes are still extremely scarce, and
frequently limited in space and time. For exam-
ple, Tsubaki et al. (2018) presented results from
75 s acquisitions over a bed area of 10 x 20 cm?
(reported as a scale for one dune) and with a
frame rate of 120 frames per second (fps). The
measurements of Terwisscha van Scheltinga
et al. (2019) included several 10 s, 90 fps series
acquired at intervals of some minutes over one
dune with a length of approximately 0.7 m. By
contrast, characteristic temporal scales of dunes
(for example, a period) may be easily as large as
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some hundred seconds in experimental installa-
tions; in addition, dune trains typically include
an indefinite series of bedforms which are simi-
lar to one another but not always the same, call-
ing for long experimental durations to be used
in bedform observation and analysis.

This paper thus presents long time series of
the sediment motion over bed-load dunes in a
closed laboratory conduit that was also used by
Radice (2019) to perform several experiments
with a range of flow rates from 1.2 to 1.6 times a
threshold value for sediment transport. In those
earlier experiments, the bed elevation was mea-
sured at some locations along the conduit. For
increasing discharge, the dunes: (i) were pro-
gressively higher (actually they were detected
for a minimum flow rate of 1.3 times the thresh-
old value, while they were not emerging by the
lowest flow rate), with a trend of increase simi-
lar to that predicted by the equation of Van Rijn
(1984), albeit with a factor of overestimation
around 2; (ii) had lower period and auto-
correlation length; (iii) migrated faster along the
conduit; and (iv) had a wavelength apparently
independent of the flow properties, as men-
tioned also in other works (Coleman et al., 2003;
Cardona Florez & De Moraes Franklin, 2016),
and in satisfactory agreement with the predictor
of Julien & Klaassen (1995). Frequency spectra
of the bed elevation presented a scaling range
with a slope of around -3, in agreement with a
value reported by Coleman & Nikora (2011) and
references therein. The present study is instead
for a single experiment with a flow rate of 1.4
times the threshold one. Sediment kinematic
properties (concentration of moving sediment,
velocity and solid discharge) were measured
over a Eulerian grid, for a relatively large area
and a duration of 35 min that was long enough
to get data for a sequence of four complete
dunes. The experiment duration also enabled
stable mean values to be obtained for the sedi-
ment kinematic properties. Based on the data
analysis, the manuscript provides an answer to
the following question: how are the sediment
kinematic properties distributed in time and
space over a train of dunes? The manuscript first
presents the experiment and the methods used
to measure the sediment kinematics. Experimen-
tal results are described and discussed in terms
of: (i) a general phenomenology; (ii) a multi-
scale propagation of different features (the
dunes, the bed-load sediment and ‘sediment
gusts’ to be better defined later); and (iii) mean
sediment motion patterns over a train of dunes.

Sediment kinematics in bed-load dunes 3

Finally, the impact of this study is argued and
concluding remarks are provided.

MATERIALS AND METHODS

The experiment

The present experiment was performed at the
Hydraulics Laboratory ‘Fantoli’ (LIF) of the
Politecnico di Milano, Milan, Italy, using a rect-
angular, covered channel that is 5.8 m long,
0.4 m wide and 0.16 m high. A sediment layer
of 3 cm was spread along the entire conduit,
resulting in an average flow height of 0.13 m.
Sediment material (a mixture of white and black
particles) was uniform Polybutylene terephtha-
late (PBT) with a density of 1.27 kg m™?, equiva-
lent particle size (diameter of a sphere having
the volume of one grain) of 3 mm, and aspect
ratio of roughly 2 as the ratio of the longest axis
to the shortest one (Campagnol et al., 2015). The
conduit is equipped with an electro-magnetic
flow-meter to measure the discharge and an
upstream sediment feeder to run experiments in
equilibrium transport conditions. The feeder is
based on the forward-backward motion of a slot-
ted plate placed beneath a hopper; when the slot
is beneath the hopper it gets filled and when it
is pushed forward it releases sediment into the
flume. The sediment feeding rate is adjusted,
changing the slot size and period of forward-
backward motion. The accuracy of the feeder for
time-mean sediment rates was determined as
around 1% by Campagnol et al. (2013).

The threshold flow rate for sediment transport
and the feeder settings for a range of flow rates
were established in preliminary runs of Radice
& Lauva (2017) and Radice (2019). It is known
that large uncertainties exist in the estimation of
incipient-motion conditions for sediment (e.g.
Buffington & Montgomery, 1997; Buffington,
1999); in order to cope with these, Radice &
Lauva (2017) determined a threshold flow dis-
charge (Q. = 13.2 1 s7") as that inducing a weak
sediment transport rate, following a proposal of
Schvidchenko & Pender (2000). The threshold
dimensionless sediment transport rate per unit
width was equal to 5.6 x 107> as proposed by
Radice & Ballio (2008). Radice (2019) showed
that this approach returned a sediment transport
capacity curve that was valid for a variety of lab-
oratory experiments (using sand or lightweight
sediment, as well as open-channel or closed-
conduit flows) with ratios of the flow rate to the

© 2021 The Author. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology



4 A. Radice

threshold value from 0.9 to 1.6, and dimension-
less sediment transport rates for unit width
®=Q,/[B(gAd®)*’]=6.8x107 to 9.7 x 107
(Qs = sediment transport rate; B = flume width;
g = gravity acceleration; A=s—1 with s = ratio
of sediment density to water density; d = parti-
cle size).

The experiment presented in this manuscript
had a discharge to threshold ratio Q/Q. = 1.4.
This is in the middle of the range experienced
by Radice (2019) and was a convenient compro-
mise between obtaining well-developed dunes
and maintaining a relatively low bed-load (to
avoid hindering the measurement of the sedi-
ment motion with the image-based methods
described below). The bed was initially scraped
to make it flat and was sprayed with water to
avoid particles being lifted by flowing water that
would be supplied afterwards; the conduit was
carefully filled with water until a depth of few
centimetres; after checking that the bed had not
been altered significantly by the water arrival,
the lid was installed and the conduit was com-
pletely filled with water flowing at a discharge
of a few litres per second; finally, the flow rate
was then increased up to a desired value of
18.5 1 s7*, corresponding to 1.4 times the thresh-
old value. During the run, frequent checks were
made at the electro-magnetic flow-meter to
ensure that stationary flow conditions were
maintained. The sediment feeding rate per unit
width was equal to 6.2 x 107® m* s™".

The bed elevation was not recorded during the
present experiment, while it had been measured
extensively in the runs of Radice (2019). Figure 1
presents a sample temporal evolution of the bed
elevation (run 5 of Radice, 2019) at a measuring
location 5 m downstream of the conduit inlet. The
succession of the dunes is evident, as well as the
possible alternation between trains of smaller
dunes and others of larger ones. These dunes had

0.12

an amplitude of 22 mm, corresponding to 0.17
times the average flow height, and a mean period
from spectral analysis of around 750 s; further-
more, repeated runs of Radice (2019) demon-
strated a good repeatability of these
measurements. The plot of Fig. 1 actually reveals a
weak tendency of the mean bed to lower, indicat-
ing that the sediment feeding rate was slightly
below the transport capacity. However, over
14 000 s this lowering determined an increase of
the water height of only around 3%.

The present study considers a movie of the sed-
iment motion taken in 2015. The flume bed was
captured from above, at a working section
approximately 4.5 m from the flume inlet, using
an action camera (GoPro Hero 4 Black Edition;
San Mateo, CA, USA). Action cameras have a
good resolution and give the possibility to record
for a long time, the shortcoming being instead a
limited control of the focus length. The focus was
thus not tuned specifically, and the image analy-
sis involved a pre-processing phase as mentioned
later. The camera was shooting at 30 fps with an
image resolution of 1920 x 1080 pixels. The
movie comprehends a total of 63 720 frames for a
total duration of 35 min.

Sediment-kinematics parameters and
image-based measurements

The movie frames were first converted into grey-
scale images. Then, image distortion due to a
short lens was removed as described in the
video article of Radice et al. (2017). In order to
save disk space, images were then cropped
excluding unnecessary portions (basically, only
a full width of the conduit was preserved). A
sample cropped image is depicted in Fig. 2A,
while a short video is provided as File S1
(downsampled at 15 fps and with a lower reso-
lution to reduce the file size).

m)

bed distance (

0.14

0.15

Fig. 1. Temporal evolution of the
bed elevation in an experiment with
Q/Q. = 1.4 performed by Radice
(2019). The ordinate axis is reversed

0 3000 6000 9000
time (s)

12000 15000

as it represents a distance measured
from the conduit lid to the bed.
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Fig. 2. (A) Sample image (flow is leftward) with the
Eulerian grid used for the measurements (the square
cells have a 5 cm side). (B) An image obtained by sub-
tracting the frame in panel (A) from the following one
in the experiment movie, with a dune front qualita-
tively sketched as the transition between intense sedi-
ment motion over the crest and negligible sediment
motion in the recirculation zone. (C) Moving particles
visualized by binarization and filtering, starting from
the difference image.

Image analysis returned the measurement of
the concentration and velocity of moving sedi-
ment, as well as the sediment transport rate per
unit width computed as gs= Cxuxd (C=-
concentration; u = sediment velocity). Here the
term ‘concentration’ is used to quantify a rela-
tive mass of moving sediment; this parameter
takes different names in the literature since,
with appropriate factors, it can be converted into
the ‘activity’ of, for example, Roseberry et al.
(2012) or Heyman et al. (2016), or into the ‘rela-
tive number of moving particles’ defined by

Sediment kinematics in bed-load dunes 5

Ballio et al. (2018). In this study, the concentra-
tion is defined as C= (N x W)/(A x d), with N
as a number of particles moving over a measur-
ing area A in the time interval that separates
two successive frames, and W as the volume of
one particle. Moving particles were identified by
frame subtraction and filtering as depicted in
Fig. 2B and C; in fact, frame subtraction reveals
the moving particles but images obtained from
differences contain a mixture of evident moving
particles and noise, thus needing to be polished
by suitable filtering that was performed through
binarization and removal of the smallest white
blobs after Radice et al. (2006). The velocity of
the grains moving over A was measured by Par-
ticle Image Velocimetry (PIV) applied to pairs of
difference images like that of Fig. 2B, again
using the tools developed by Radice et al.
(2006). The performance of image subtraction for
recognition of moving particles is documented
by File S2 that provides a short video built with
image differences. All of the quantities were
measured with a temporal interval of 1/30s,
equal to that used for image sampling. The mea-
surement of the sediment concentration was cal-
ibrated in order to obtain a time-averaged value
of the sediment transport rate per unit width
equal to the sediment feeding rate supplied at
the entrance of the conduit (a multiplicative
constant was determined and applied to all the
concentration measurements). It was shown
before (Fig. 1) that the sediment feeding rate
employed in this experiment had led to some
bed lowering in an earlier test; one could then
put into question an assumption of equality
between the sediment feeding rate and the sedi-
ment transport rate at the working section. How-
ever, it was estimated that bed lowering could
have determined changes of the sediment trans-
port rate below 5%.

The measuring technique of Radice et al
(2006) is Eulerian, therefore a measuring grid is
needed for individual values of the key proper-
ties to be attributed to single cells of the grid. In
this work, square cells with a side of 5 cm were
employed (thus A = 25 cm?), as also depicted in
Fig. 2A. Cells of 5 cm implied a smoothing of
the dune fronts (that, based on direct observa-
tion during the experiment, was shorter than
this length); however, this size was preferred to
smaller ones, after some trials, to increase the
reliability of the measurements and because,
after all, it did not affect the measurements on
the tails of the dunes where the properties obvi-
ously vary more smoothly than at the fronts.
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The regions close to the lateral walls of the con-
duit were discarded to avoid possible wall
effects, even if these were apparently negligible
with dune fronts on average perpendicular to
the flow direction (again see Files S1 and S2),
and also to avoid the effect of the lamps used to
illuminate the system (Fig. 2A). The grid exten-
sion was limited to the central part of the
images due to degrading performance of the
image correction in the outer regions. The total
area of investigation thus spanned 45 cm and
20 cm in the stream-wise and transverse direc-
tions, respectively.

Terwisscha van Scheltinga et al. (2019) pre-
sented a comparison of sediment velocities
obtained from PIV measurement to those from
manual tracking of particles. Since any PIV algo-
rithm attributes a velocity to a group of parti-
cles, they performed a regularization by
averaging multiple velocity values from manual
tracking before the comparison with one corre-
sponding value from PIV. Also in the present
study, a comparison is presented between sam-
ple velocity values measured manually and
those measured by the PIV algorithm for the
same image pairs (Fig. 3). Manually-obtained
velocities have not been regularized by averag-
ing, thus some bias is expected because the
human eye is frequently caught by a most evi-
dent particle while the most probable displace-
ment for a group of grains depends on all the
moving particles in a measuring cell at a certain
instant. Figure 3 reports the checks performed
for a total of eight cells distributed within the
measuring domain; for each cell, consecutive
checks were separated by 1000 frames (see an
example of the procedure in File S3). The point
scatter in Fig. 3 is similar to that presented by
Terwisscha van Scheltinga et al. (2019) and is
considered satisfactory considering, moreover,
that the manual values came from a single parti-
cle within any cell of the measuring grid.

Sample temporal evolutions and convergence
of mean values

The temporal signals measured at one sample
location are depicted in Fig. 4, with plots pre-
senting time evolutions for C, u and g,. For all of
the quantities, a 0.26 s and a 10 s moving average
are shown; the former is representative of quasi-
instantaneous behaviour while the latter was
used to smooth the signals and obtain more regu-
lar patterns. Low-frequency and high-frequency
fluctuations were present in all of the time

o
[N

Sediment velocity - PIV (m s=1)
o

Sediment velocity - manual (m s~1)

Fig. 3. Comparison of cell-based velocities measured
by Particle Image Velocimetry (PIV) and velocities
measured by hand on sample images. The white cir-
cles correspond to the checks made in File S3.

evolutions. The temporal signal of C presented a
shape similar to typical records of bed elevation
at a fixed point, corresponding to the passage of
successive dunes (for example, Fig. 1). Four full
dunes were observed within the experiment
duration. The dunes were not all the same, as
one also obtains for measurements of bed eleva-
tion. The largest values of C were around 0.13,
with a mean around 0.03. The temporal signal of
sediment velocity also presented a succession of
high and low values corresponding to the crests
and troughs of the dunes, but the temporal evolu-
tion of u was flatter than that of C along the dune
tails. Maximum and mean values were around
0.25m s ' and 0.06 m s~ (versus a bulk flow
velocity of 0.36 m s™. Finally, the time evolu-
tion of the sediment transport rate was a mixture
of the two behaviours, more similar to that of C
than to that of u. Maximum value of g, was
around 4 x 10™° m? s™! (more than six times the
sediment feeding rate).

As mentioned above, the measurement of the
concentration of moving sediment was calibrated
in order to meet a prescribed value of the sedi-
ment transport rate per unit width (equal to the
sediment feeding rate). Soundness of this
approach requires a stable mean value of the sed-
iment transport rate to be achieved at the end of
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the experiment duration. Therefore, Fig. 4 also
includes a check of the convergence of the values
computed by progressive means, where 95% con-
fidence limits are computed as the final mean
+26/(j/T)*® with o as the standard deviation of
a sample, j as a value counter and T as the inte-
gral scale of auto-correlation. The latter was set
at 5400 values (corresponding to 180 s) following
the quantification of Radice (2019) based on the
records of bed elevation. This estimate was also
checked by computing an auto-correlation func-
tion (not shown here) for a concentration signal
that returned an integral scale of a bit more than
4000 values, then the estimation of Radice (2019)
was preferred as being related to a longer mea-
surement; however, this only impacts the ampli-
tude of the confidence bands. The analysis of
convergence shows that the line for the progres-
sive mean was always within the confidence
limits, this being actually caused by the large
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fluctuations that induced high values of the vari-
ances. The progressive means were reasonably
flat in a last portion corresponding to the last
two dunes. As remarked by Ballio & Guadagnini
(2004), these analyses should be depicted using a
logarithmic scale for the horizontal axis. Dia-
grams with a log axis are not shown here to save
space and are included in File S4; however, the
semi-log counterparts of the plots of Fig. 4 con-
firm the indication of a reasonable stability
achieved in the last two dunes. This demon-
strates that four dunes were enough to obtain
stable values of the properties and, in turn, sup-
port the calibration of the concentration measure-
ment based on the sediment feeding rate.

Estimation of propagation celerities

Since sediment transport is a propagation pro-
cess, celerities were estimated for different
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features (that are specified in a later section with
experimental results) using cross-correlation
analysis. Cross-correlation functions between
two temporal signals f; and f, were computed
as:

(S1(B)x f5(t+7)) 4y

0102

R(r) = (1)

where R is a cross-correlation coefficient, 7 is a
temporal lag, ¢, and o, are the standard devia-
tions of the two signals, a prime denotes a devi-
ation from the mean value and a subscript ‘av’
denotes averaging over all the possible pairs of
products. A peak in a cross-correlation function
enabled an associated temporal lag to be deter-
mined; the distance between the locations to
which any f; and f, referred was divided by this
lag to find a celerity of propagation.

RESULTS

Phenomenological description and interplay
between the key quantities

The grains were sparsely entrained, transported
for some distance, and then disentrained, as
generally described for bed-load transport. Polar
diagrams of sediment velocity (Fig. 5A) reveal
the mainly one-dimensional nature of the parti-
cle motion. Some transverse motion was rela-
tively more frequent in the troughs of the dunes,
where the flow had detached from an upstream
crest; in this wake region the sediment motion
direction could also be opposite to that of the
flow. Terwisscha van Scheltinga et al. (2019)
also documented that transverse particle motion
revealed the effect of the flow turbulence in the
dune troughs. However, when a moving average
over 10 s was considered, the particle motion

appeared markedly one-dimensional. Further-
more, the transverse motion of sediment typi-
cally involved few particles, since the flux was
depicted as strongly one-dimensional when a
polar diagram of the sediment transport rate was
produced (Fig. 5B).

It was mentioned above that the temporal vari-
ability of the sediment transport rate was similar
to that of the sediment concentration, while the
temporal evolution of the sediment velocity was
somehow flatter. This is also revealed by correla-
tion plots between the three quantities (Fig. 6),
that return a quasi-linear relationship between the
sediment concentration and the transport rate,
while the velocity tends to achieve some plateau.
Looking in more detail, in fact, for concentration
values larger than the average a slope of a linear
relationship between concentration and sediment
transport rate is slightly damped by a lack of a cor-
responding increase of the sediment velocity. The
observations now made for dunes are in agreement
with those from earlier investigations of the sedi-
ment transport over a plane bed that mentioned
that, once entrained by the flow, bed-load sedi-
ment presents a velocity that does not depend
much on the hydro-dynamics, and that the fluctua-
tions of the sediment transport rate are more simi-
lar to those of sediment concentration than to
those of velocity (e.g. Drake et al., 1988; Frey et al.,
2003; Ancey et al., 2008; Heyman et al., 2016).
Furthermore, the sediment concentration varies
much more than the sediment velocity as the flow
strength increases, and the mean values of the sed-
iment transport rate then reflect those of concen-
tration more than those of velocity (e.g. Radice &
Ballio, 2008).

Propagation celerity of bed-load dunes

Figure 7A compares the temporal evolution of
the bed-load concentration at two locations that

Fig. 5. (A) Polar plots of sediment
velocity (with v as transverse
component) and (B) of sediment
transport rate per unit width.
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were 0.1 m apart along the stream-wise direc-
tion. These signals were obtained from a 20 s
moving average to highlight the low-frequency
fluctuations while damping the high-frequency
ones. The two signals are evidently similar and
temporally shifted, corresponding to the move-
ment of the bed-load dunes from the upstream
to the downstream location. Applying Eq. 1 to
these two time evolutions, the cross-correlation
function depicted in Fig. 7B is obtained. This
function presents a highest peak for a time lag
of 54.5 s, with a cross-correlation coefficient of
0.92. The 7 value can then be converted into a
celerity of propagation as described above,
obtaining a celerity value of 0.0018 m s™".

The cross-correlation analysis was done for all
the possible pairs of measuring locations with a
5 cm distance in the stream-wise direction; all
the pairs for 10 cm and 15 cm distance were
also considered to increase the size of an
obtained sample of dune celerity values. The
peak of the cross-correlation coefficient R was
always quite high, ranging from 0.80 to 0.94
with a mean value of 0.89. Considering all the
pairs of locations, an average value of the celer-
ity of propagation for the bed-load dunes was
obtained as equal to 0.0018 m s™! with a coeffi-
cient of variation (ratio of the standard deviation
to the mean) of 0.08. The mean celerity value is
in good agreement with that (0.0016 m s™")
found by Radice (2019) for the same discharge
by cross-correlating measurements of bed eleva-
tion at different points spaced by 1 m.

Propagation celerity of sediment gusts

In a bed-load process, quick and short-living
gusts of sediment (collective motion of several
particles) frequently appear, an observation dat-
ing back to Drake et al. (1988). Radice et al.
(2009, 2010) applied the same image-based
methods as used in this work and considered,
for an experiment with weak bed-load transport
over a plane bed, concentration signals at neigh-
bouring cells. Furthermore, they employed
cross-correlation analysis to quantify a propaga-
tion celerity of those signals where peaks were
attributed to the mentioned sediment gusts. The
latter were attributed to turbulent events dis-
placing the sediment grains, and travelling at a
celerity larger than both the particle velocity
and a near-bed flow velocity (while being
instead lower than the bulk velocity of the flow).
Sediment gusts were observed also in the pre-
sent case; the estimation of their propagation
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Fig. 7. (A) Concentration signals (20 s moving average) at two measurement locations spaced by 0.1 m (two-cell
distance, upstream cell in black and downstream cell in grey). (B) Cross-correlation function obtained for these
two signals. Panel (A) depicts only the first 1000 s while the cross-correlation was computed for the entire signal.
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Fig. 8. (A) Concentration signals (2 s moving average) at two measurement locations spaced by 0.05 m (one-cell
distance, upstream cell in black and downstream cell in grey). (B) Cross-correlation function obtained for these

two signals.

celerity was determined applying the cross-
correlation analysis to short-term portions of the
concentration signals (because the cross-
correlation for entire signals was always domi-
nated by the migration of the dunes).

Figure 8A presents the temporal evolution of
the concentration of moving sediment for two
measuring locations that were 0.05 m apart
along the stream-wise direction. Also in this
case a moving average was applied to filter the
effect of the highest frequencies, and these sig-
nals were obtained from a 2 s moving average.
Applying Eq. 1 to these time evolutions returned
the cross-correlation function depicted in Fig. 8
B, with a highest peak at a cross-correlation
coefficient of 0.82 and determining a celerity
value of 0.188 m s~ . As done for the dunes, the
cross-correlation analysis was repeated for all
the possible pairs of measuring locations with a
5 cm distance along the stream-wise direction,

to get a sample of celerity values. Furthermore,
the estimation was done once for each of the
four dunes (the example in Fig. 8 is for a 30 s
portion of the second dune, as can be appreci-
ated by looking at the time values compared to
those of Fig. 3). The maximum value of R ranged
from 0.46 to 0.91 with a mean value of 0.73.
From all of the cross-correlation functions, an
average value of the celerity of propagation for
the sediment gusts was 0.185 m s~ with a coef-
ficient of variation of 0.38. This celerity was
thus higher than the sediment velocity and
lower than the bulk flow velocity, as for the
plane-bed cases reported above.

Mean sediment motion pattern over a train of
dunes

Starting from the multiple realizations of tempo-
ral signals (one for each measurement location,
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thus 36 realizations looking again at Fig. 2A),
mean sediment motion patterns over dunes were
computed. For the grid cells aligned by the
transverse direction, the mean was synchronous;
a similar operation could not be done for the
grid cells aligned by the stream-wise direction,
since the dunes migrated during the experi-
ments and thus a delay was present from one
signal to another (that delay was indeed the
basis for estimating a celerity of propagation of
the dunes as described above). Thus, the signals
for the cells aligned by the stream-wise direction
were averaged considering a temporal shifts
multiple of 27.2 s, that is the time needed to tra-
vel 5cm moving with a velocity of
0.0018 m s~'. It was also shown above that the
celerity of propagation of the sediment gusts,
triggered by the flow turbulence, was two orders
of magnitude larger than the celerity of the
dunes, and larger than the particle velocity;
thus, the averaging approach described above
exploits a kind of Taylor-like hypothesis, assum-
ing that the low-celerity features take a promi-
nent role in propagating the transport. Briefly,
the Taylor (1938) ‘frozen-turbulence’ hypothesis
assumes that turbulent fluctuations do not sig-
nificantly contribute to mass transport and, con-
sequently, one can pass from the temporal to the
spatial domain of investigation (and vice versa)
considering the propagation velocity that charac-
terizes the process. Figure 9 depicts the mean
signals with a range of variation of one standard
deviation (computed for each time over the sam-
ple of the realizations; symbols with a subscript
‘m’ indicate means over the realizations), and
the temporal evolution of the coefficient of vari-
ation of the samples (again, one sample is made
of the 36 values for a certain time). Actually, a
20 s moving average was applied to the signals
before averaging over the realizations, to obtain
a smoother trend and also for consistency with
the averaging applied above to compute the
celerity of the bed-load dunes. If the period of
the preliminary moving average was reduced,
the final signals would obviously be more fluc-
tuating and the coefficient of variations for the
realization samples would increase.

The plots of Fig. 9 show patterns similar to
those obtained from the regularization of the sig-
nals for a single measuring cell (Fig. 4), again
demonstrating the strong coherence of the dune
patterns. The concentration of moving sediment
is on average 3%, with a maximum value (with
the 20 s regularization) of 7%. The plateaus for
sediment velocity are around 0.07 m s™*, around

Sediment kinematics in bed-load dunes 11

20% of the bulk flow velocity; mean sediment
velocity is 0.06 m s~ (0.17 times the bulk flow
velocity). Terwisscha van Scheltinga et al
(2019), here considered for comparison, mea-
sured mean velocities around 0.08 m s~ with a
bulk flow velocity of 0.5 m s~ (with a similar
ratio of 0.16). The coefficient of variation of the
quantities (Fig. 9D) presents an opposite trend
compared with those of the concentration,
velocity and solid discharge; this is in agree-
ment with earlier findings for sediment kinemat-
ics over a plane bed, for which more intense
transport presents more regular statistics (e.g.
Ancey et al., 2008; Radice, 2009; Radice et al.,
2013).

The results presented so far answer the first
part of the question posed in the Introduction,
quantifying a temporal evolution of the sedi-
ment kinematic properties over the dunes. Mov-
ing further with the exploitation of a Taylor-like
hypothesis, the temporal signals of Fig. 9 can be
converted into spatial profiles, again considering
the celerity of propagation of the dunes as a con-
version factor. A dune profile over 3.5 m of
length is obtained (not shown here but pre-
sented in File S4). The resulting dune length is
equal to around 0.8 m; the latter is in agreement
with the evaluations of Radice (2019) that
started from measurements of the bed elevation
at some points, and with the predictor of Julien
& Klaassen (1995). Instead, the formula of Cole-
man et al. (2003) underestimated the length of
these dunes, returning a dune length value of
around 0.4 m.

DISCUSSION

Multi-scale propagation

The present results confirm a multi-scale propa-
gation associated with the motion of bed-load
dunes. Celerities were defined for the dunes
themselves and for quick sediment gusts. The
latter are reasonably induced by turbulent struc-
tures of the flow field, analogous to the eddy-
transport events introduced by Coleman &
Nikora (2011); furthermore, Terwisscha van
Scheltinga et al. (2019) also recalled Furbish
et al. (2017) who mentioned the turbulent events
travelling and influencing the fluctuations of the
sediment transport. In addition to these celeri-
ties, the sediment velocity is also an obvious
scale of propagation. Figure 10 depicts the
separation detected between these scales of
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propagation by means of Cumulative Frequency
Distributions (CFD) from data samples. For the
dune and gust celerity, the samples are those
based on which the average celerity values were
provided above. For the sediment velocity,
instead, the sample is the temporal signal with
0.26 s moving average presented in Fig. 4 (that
is representative of all of the sediment velocity
data). The sample sizes are quite different from
one another, returning more or less smooth
shapes of the distributions. A log axis is used
for the celerity values because the latter span
two orders of magnitude (the use of a log axis is
also the obvious reason for not displaying the
left tail of the distribution for the sediment
velocity). The distribution for the sediment gusts
was not fully resolved, probably because the
sampling frequency of the experimental movie

was not sufficient for that purpose. However,
Fig. 10 supports a cascade where the different
scales of propagation can be related to sediment
or water waves or to the velocity of the sediment
particles.

It should be mentioned that the scale separa-
tion demonstrated in the plot of Fig. 10 is some-
how determined by the choice of the features
whose propagation was investigated (for exam-
ple, the presence of smaller bedforms super-
imposed to the main dunes - e.g. Venditti &
Church, 2005 - was neglected or filtered out by
long-term averaging), while the sediment trans-
port in bed-load dunes is rather a process with a
continuous spectrum (e.g. Nikora et al., 1997;
Singh et al.,, 2011; Guala et al., 2014). A fre-
quency spectrum for a time signal of concentra-
tion is depicted in Fig. 11, starting from the
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Fig. 10. Multi-scale propagation in bed-load dunes:
(A) conceptual picture, where the upper line corre-
sponds to the flume lid and the celerity of individual
features is sketched only once; (B) experimental evi-
dence by Cumulative Frequency Distributions of the
measured celerity of bed-load dunes, sediment veloc-
ity and celerity of sediment gusts.

time history of Fig. 4 (but without any moving
average). Major peaks in power spectral density
are obtained for frequencies of 0.002 Hz,
0.004 Hz and 0.006 Hz. The first one is consis-
tent with four dunes being present in a time his-
tory of around 2000 s and is thus related to the
period of the dunes. The others are also low-
frequency peaks, and might be related to the
periods of smaller bedforms superimposed onto
the dunes. The fluctuations related to the flow
turbulence are instead much less energetic. For
frequencies in a range approximately between
0.001 Hz and 0.01 Hz, the spectrum has a slope
of around -3, consistent with those for measure-
ments of bed elevation (Nikora et al., 1997; Cole-
man & Nikora, 2011; Radice, 2019). This
frequency range is also in reasonable agreement
with that of the runs with sand of Singh et al.
(2011), who however reported a slope of —2.5.
After a transition with a much lower slope, in a
range approximately between 0.3 Hz and 10 Hz
the slope is around —5/3, consistent with that of
a turbulence spectrum as reported by Radice
et al. (2009, 2010) for an experiment with weak
bed-load transport over a plane bed.
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Fig. 11. Frequency spectrum (with major peaks high-
lighted) of the concentration signal depicted in Fig. 4
(without any regularization by moving average). The
dashed lines are for scaling slopes of —3, —2/5 and
—5/3 (from the lowest to the highest frequencies).

The separation between the dune celerity and
the sediment velocity requires a precise defini-
tion of which sediment velocity is being consid-
ered or, in other words, of the particles with
reference to which velocity is measured. The
velocity of the surface sediment, measured in a
Eulerian manner in this work, is larger than the
dune celerity, but the particles are not always
the same as different bed-load particles lie on
the bed surface at different times. If one instead
considers the Lagrangian velocity of one parti-
cle, its relationship to the dune celerity will
depend on the scale of analysis. In the short-
term, particles over the dune tails perform bed-
load hops (e.g. Ashley et al., 2020), with veloci-
ties that may be similar to those measured in
this study for the same locations. In the long-
term, instead, one can expect that the sediment
velocity and the dune celerity will be equal to
one another, as clarified by a simple concept.
Consider a bed-load particle that: (i) travels
along the dune with a constant velocity u (in
this simplifying scheme the hops are neglected);
then (ii) passes the dune front and gets buried
just downstream of it; (iii) remains buried for
one dune period; and finally (iv) restarts the
cycle. The distance travelled by the particle is
the dune length L; the time taken to travel the
dune is L/u, but the particle then remains still
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for a time equal to T, that is the dune period,
also equal to the time needed for next particle
exhumation. Then, the velocity of the particle
is:

L L

(O (2)

Uy

with ¢ as the dune celerity of propagation. The
long-term particle velocity is indicated as u,,
meaning a ‘virtual’ particle velocity as used in
several studies of particle tracking in the field
(e.g. Mao et al., 2016; Ferguson et al., 2017; Iva-
nov et al., 2020), where the scale of observation
cannot be as fine as in the laboratory.

Mean sediment-kinematics patterns

The scale separation discussed above was used to
support a Taylor-like hypothesis, in order to find
mean sediment-kinematics patterns over a train
of dunes, and to convert a temporal signal into a
spatial profile. This assumption should be viewed
as a first-order approximation, since it is known
that the dunes in a train may have different propa-
gation celerity (e.g. Coleman et al., 2003; Guala
et al., 2014; Ancey, 2020). As a matter of fact, the
signals of Figs 4 and 9 show that a trough between
the third and fourth dune did not reach very low
values of the kinematic properties, possibly
pointing to future coalescence with the fourth
dune taking over the third. However, McElroy &
Mohrig (2009) introduced a ‘deformation flux’
related to continuous, zero-mean deformation of a
dune-train profile; they also presented an estima-
tion of such flux for a laboratory experiment
showing that, in laboratory conditions, the
deformation flux was negligible compared to the
total flux. Based on this assessment, it can be
reasonably assumed that the construction of a
mean sediment motion pattern done in this
work is sufficiently reliable. A Taylor-like
hypothesis may instead fail in cases with larger
dune deformation.

The data presented in this manuscript are
quite rich compared with analogous examples in
the literature. To the best of the authors’ knowl-
edge, the data available in the literature for
image-based measurement of sediment transport
in bed-load dunes are those of Tsubaki et al.
(2018) and Terwisscha van Scheltinga et al.
(2018, 2019), that were already mentioned
above. The added value of the present study
compared to those prior ones lies in the consid-
eration of the sediment concentration that

enabled a sediment transport rate to be com-
puted, and in the long duration that enabled a
statistical stability of the mean sediment flux to
be achieved after four full dunes. Furthermore,
large spatial domains may be beneficial when
analyzing morphological processes (e.g. Redolfi
et al, 2017). In the present work the area of
investigation was not very long in the stream-
wise direction, and the presence of multiple
measurement cells was actually used to produce
realizations of a temporal signal for averaging,
rather than showing spatial distributions. How-
ever, the successive conversion from the tempo-
ral to the spatial domain allowed a depiction of
a dune profile along more than 3 m.

Impact of the present findings

The above Results and Discussion provide sig-
nificant phenomenological insight into bed-load
dunes for the applied flow condition, answering
the key question posed in the Introduction. The
present sub-section answers a further question:
‘what is the usefulness of these results?’, with
reference to three issues.

First, the present results fill an existing gap
because previous research on sediment kinemat-
ics for subaqueous bed-load dunes has mostly
considered the sediment velocity without a sys-
tematic consideration of the sediment concentra-
tion (Terwisscha van Scheltinga et al, 2018,
2019; Tsubaki et al., 2018). On the other hand,
sediment transport fluxes are related to both
concentration and velocity of transported parti-
cles. Thus, formulations of the bed-load trans-
port rate involving the concentration of moving
sediment may benefit from the present results
that include long-duration time evolutions of
sediment concentration, velocity and transport
rate along four full dunes. The measurements
presented in this manuscript also enabled the
correlations between the properties to be quanti-
tatively assessed, and the computation of mean
sediment motion for the investigated portion of
a dune train. Further work may shed light on
how the sediment motion over a dune reacts to
spatial changes in bed elevation and, in turn,
near-bed flow velocity and shear stress.

Second, field monitoring of sediment trans-
port sometimes involves the measurement of
surrogate quantities that can be later converted
into a sediment transport rate by a calibrated
transfer function. The typical case is that of
measuring an apparent velocity of the bed with
acoustic instruments and converting this
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velocity into a sediment transport rate (see, for
example, Rennie & Millar, 2004; Gaeuman &
Jacobson, 2006; Conevski et al., 2019). A multi-
scale propagation, like the one demonstrated in
this manuscript, thus requires an appropriate
assessment of the sediment velocity under con-
sideration and of its link to the sediment trans-
port rate.

Finally, quantitative results on dune propaga-
tion and associated sediment transport rates are
crucial in scour research under the so-called
live-bed conditions, because generalized sedi-
ment transport and dune migration are the back-
ground for these local processes. A general
description of live-bed scour processes is that a
measured scour depth fluctuates in time as a
result of the fluctuations of the sediment trans-
port rate into the scour hole. However, for a
detailed investigation of the link between the
two fluctuation patterns, a time record of dune-
induced sediment transport rate is essential. In
the absence of this, one has to use simplified
models for the oscillations. For example, Hong
et al. (2017) presented a mathematical model of
the scour process at a bridge pier and, lacking a
typical time series of sediment discharge from
the upstream reach, used a sinusoidal function
for the incoming sediment transport rate. The
present results instead demonstrate that the sed-
iment transport flux for a dune train is not sinu-
soidal; using a sediment flux signal as measured
in this study would make mathematical models
of the live-bed scour process much more similar
to reality.

CONCLUSIONS

This study presented a long-duration laboratory
experiment where the kinematics of bed-load
grains were measured by image processing over
a succession of dunes. The observation of the
sediment motion over the dune surface revealed
phenomenological properties that go much
beyond what can be observed by bed scanning,
and are thus important for process investigation
and validation of theories. On the other hand, a
detailed investigation of the sediment kinemat-
ics is demanding and unavoidably hinders the
possibility to perform extensive experimental
campaigns with a variety of hydro-dynamic con-
ditions (this remaining a challenge for future
research).

In the present investigation, a sequence of four
dunes was sufficient to obtain a statistical
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stability of the mean values for sediment-kine-
matics properties at a single measuring location
(the analysis of the stability of mean values is
needed because all of the investigated properties
- sediment concentration, velocity and transport
rate — fluctuate in time). The temporal evolution
of the sediment transport was similar in shape
to that of the concentration of moving particles,
while the sediment velocity presented a differ-
ent, and smoother, fluctuation pattern. Fluctua-
tions occurred at a wide spectrum of scales; a
multi-feature, multi-scale propagation dynamics
was demonstrated by observing how the tempo-
ral signals for neighbouring locations were offset
in time.

In the presence of a wide range of propagation
scales, the lowest one (the celerity of the dunes)
could be used in a Taylor-like hypothesis to
determine a mean sediment motion pattern over
a dune train. The Taylor-like hypothesis must
be viewed as a first-order approximation while,
in more detail, the different parts of the dune
train may propagate at different celerities.

The results of this investigation are relevant
for a variety of studies and applications, ranging
from detailed investigations of dune dynamics
to applications where the time evolution of the
sediment motion over a dune train represents a
boundary condition for the investigation of
another process (for example, local sediment
erosion at a key spot).
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File S1. This is a short video representative of the
experiment (with image size and sampling rate
reduced).

File S2. This is a video that corresponds to File S1
but was produced with images created as differences
between successive frames, to highlight the moving
sediment.

File S3. This is a screen-capture video that demon-
strates the procedure followed to obtain Fig. 3.

File S4. This file presents a few plots that were not
included in the manuscript to save some space: plots
like those of Fig. 4 with a logarithmic time axis and
plots like those of Fig. 9 but with a conversion to a
spatial profile.
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