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Active interactions between turbulence and bed load:
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[1] This paper reports results from experiments with simultaneous measurement of areal
bed-load sediment concentration and water velocity (horizontal and vertical components)
made at 1.5 particle diameters above the mean bed. The same spatial and temporal scales
were employed to measure the kinematic properties of flowing water and sediments. The
obtained data, covering a range of low sediment discharges, were analyzed in terms of bulk
statistics, autocorrelation and cross-correlation functions, and quadrant decomposition of
fluctuations. At the lowest transport rates, the motion of sediment particles was found to be
mostly associated with sweep events. However, with increasing flow rate and bed-load
discharge, the process mechanics changed, and the transport of sediments was also found to
be significantly correlated with ejections. The obtained results are integrated into a
conceptual picture attempting to bridge previous depictions of the bed-load transport

mechanics.
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1. Introduction

[2] The traditional approach to sediment transport has
been aimed at the prediction of expected transport rates at
the given bulk hydrodynamic conditions [e.g., Shields,
1936; FEinstein, 1937, 1950; Meyer-Peter and Miiller,
1948; Van Rijn, 1984] (for review see, for example, Graf,
[1996]). Such predictions, however, often suffer from sig-
nificant uncertainty for both the incipient sediment motion
and the bed-load discharges [e.g., Buffington and Montgom-
ery, 1997; Buffington, 1999; Gomez and Church, 1989;
Martin, 2003]. The latest research efforts, therefore, have
been directed toward a more detailed description of grain
motion with the purpose of developing, in the long term,
advanced mechanism-based models of sediment transport.

[3] A dependence of the transport process on turbulence
has been proven through experimentation. For example,
Sumer et al. [2003] mentioned that “The sediment transport
increases markedly with increasing turbulence level.”
Some models incorporating velocity fluctuations in predict-
ing incipient motion have been proposed [e.g., Zanke,
2003; Vollmer and Kleinhans, 2007]. Furthermore, over
recent decades, researches have proven the existence of
coherent structures spanning in scale from small near-bed
eddies to structures occupying the entire flow depth and
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with the longitudinal extension of many depths [e.g., Kline
et al., 1967; Grass, 1971; Nezu and Nakagawa, 1993;
Shvidchenko and Pender, 2001 ; Detert et al., 2010; Maru-
sic et al., 2010]. It has thus been proposed that these struc-
tures should play a significant role in particle dislodgement
and transport [e.g., Grass, 1970; Jackson, 1976; Drake
et al., 1988; Mazumder, 2000]. Therefore, several experi-
mental works have been devoted to seeking a relationship
between the events of the burst cycle and particle entrain-
ment and motion. These studies cover a range of experi-
mental conditions and approaches (small/coarse particles,
hydraulically smooth/rough flows, fixed/loose underlying
sediment bed, measurement of kinematics of both phases or
one of them) and have highlighted a variety of mechanisms
for the sediment transport. For example, Rashidi et al.
[1990] and Nino and Garcia [1996] attributed a major role
in sediment entrainment to fluid ejections from the bed;
Nelson et al. [1995] suggested that sweeps impinging the
bed and outward interactions are most probable agents for
the transport of sediments; Drake et al. [1988], Cameron
[2006], Dwivedi et al. [2010], and Dey et al. [2011] indi-
cated sweeps as major transporting events, whereas Sechet
and Le Guennec [1999] hypothesized a double effect involv-
ing both sweeps and ejections; and Papanicolaou et al.
[1999, 2001] attributed the major role to the streamwise ve-
locity components, as representative of the drag force acting
on particles. Many of these studies suffered from a scale
mismatch in measurement techniques used for assessing
flow fields and sediment motion. For example, Nelson et al.
[1995] employed one-point Laser Doppler Anemometry
(LDA) measurements for flow velocity that were compared
with a line-averaged solid discharge; and Sechet and
Le Guennec [1999] used one-point LDA measurements for
flow velocity, while sediment dynamics was evaluated using
Lagrangian tracking of moving particles, thus making
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conclusions based on inconsistent temporal scales of turbu-
lent events and particle resting times.

[4] According to the brief literature review presented
above, recent studies have brought valuable new information
and highlighted several questions that remain presently
unanswered. Among these are the following: (1) Is it feasi-
ble to link sediment transport to a particular turbulent event?
(2) Does the mechanism of sediment transport change with
the change of the bulk flow parameters and sediment proper-
ties (as it seems from earlier results)? and (3) Is it possible
to show that different findings represent different facets of a
larger picture? The goal of this paper is to report results
from one consistent set of experiments, trying to address
these research questions. This paper continues research on
bed-load sediment transport mechanisms along the lines of
statistical descriptions of Radice and Ballio [2008], Radice
[2009], and Radice et al. [2009, 2010]. The distinctive fea-
ture of the present work is the focus on the interaction
between flow turbulence and the bed sediment transport pro-
cess. This paper is structured as follows. First, laboratory
experiments are described where we have tried to achieve a
scale consistency for flow and sediment measurements.
Then, the experimental findings are enumerated, and a syn-
optic interpretation of the obtained data is attempted, com-
pleting this paper with final conclusions.

2. Experiments

[s] The experiments used in this paper were conducted
at the Hydraulic Engineering Laboratory of the Politecnico
di Milano. A pressurized, transparent, 5.8 m long duct with
0.40 m wide and 0.16 m high cross section was used for the
experiments. Approximately midway along the duct, a
recess section was installed and filled with quasi-circular
polyvinyl chloride (PVC) cylinders of the specific gravity
1.43 (i.e., the ratio of particle density to the water’s one).
These particles were used instead of spheres because of
their easy availability (such PVC grains are typically pro-
duced as semimanufactured materials for several industrial
applications). A characteristic size of the sediments was
determined as the diameter of a sphere having the same
volume as a PVC particle; this size equals to 3.6 mm and,
in the following, will be referred to as d. In the remaining
parts of the duct, the particles were glued to the bed surface
to ensure homogeneity in bed roughness. The measurement
section was 4.8 m (or 60 duct half-heights) downstream
from the duct entrance where the flow was expected to be
fully developed or at least nearly fully developed. The ex-
perimental setup was similar to that in Radice et al. [2009].

[6] During each run, a video camera was used to film
particle movements, whereas a package of two ultrasonic
velocity profilers (UVPs) was employed to measure the
streamwise () and vertical (w) components of water veloc-
ity at an elevation of 5.3 mm above the mean sediment bed.
The UVPs were oriented at 75° in relation to the (horizon-
tal) flow direction and were also used to obtain the time-
averaged profiles of streamwise velocity, with up to 80
bins, each 2 mm thick and 10-12 mm wide. The quasi-in-
stantaneous bed-load sediment concentration (C) was
measured from the images using the method of Radice
et al. [2006]. A spatial averaging area of 3.5 cm x 3.5 cm
was used for the measurement of particle concentration and
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was selected to satisfy two requirements: (1) to be consist-
ent with the extension of the UVP ultrasonic beam at the
bed level and (2) to be appropriate for the Eulerian analysis
of sediment concentration with a resolution much finer than
the section-averaged characterization. The latter is justified
by the fact that the size of the averaging area used in our
study was much larger than the particle size but much
smaller than the flow scale. Duration of each experiment
was around 180 s, with the same sampling frequency of
25 Hz for both water velocity and sediment concentration.
Radice et al. [2009] provided arguments justifying use of
this sampling frequency for a full capture of large-scale
structures and partial resolution of smaller-scale, short-
lived turbulent events. The spatial equivalent of the mea-
surement duration of 180 s, obtained using Taylor’s frozen
turbulence hypothesis, was equal to 600900 flow half
depths or approximately to 100-200 lengths of large-scale
eddies. This value is intermediate between those used in the
field [Nikora and Goring, 2000] and laboratory [Dey et al.,
2012] experiments. Based on our assessments and these
studies, the standard errors increase from 2% 4% for first-
order moments to 6%—-9% for the second-order moments.

[7] As pointed out by Radice et al. [2009], the described
experimental setup, representative of covered flows, differs
from free-surface flows typically studied in sediment trans-
port research. The literature on sediment transport indicates
that transport mechanisms in covered flows are not signifi-
cantly different from those in free-surface flows, while defi-
nitions of the threshold conditions for both flow types are
conceptually the same (see, for example, a review by Etfema,
[2008]). The bed-load equations developed for open-channel
flows may also be used for covered flows, provided the ratio
of the shear stress to its threshold value is appropriately esti-
mated. Therefore, the outcomes of our study may have direct
applicability to both free-surface and covered flows.

[8] The characteristics of the experimental tests are shown
in Table 1 and Figure 1. The bulk Reynolds Re and Froude
Fr numbers were computed using the duct height and cross-
sectional mean velocity, whereas the grain Reynolds number
Re* is based on the particle size and shear velocity. The
latter was computed from UVP time-averaged profiles of
streamwise velocity, using the following equation:

u(z)

u*

1. =z
=—-In=+B
nnd+ ’

(M

where u is the time-mean velocity at elevation z, u* is the
shear velocity, « is the von Karman constant (a value of

Table 1. Characteristics of the Experimental Tests

Test 0 (L/s) Re Fr 0/0. u* (cm/s) Re*
1 19.0 47 x 10* 025 1.003 2.50 90
2 20.0 50x10* 026  1.056 2.60 94
3 21.1 53 x 10 0.8 1.111 272 98
4 21.8 55x10* 029  1.153 2.75 99
5 225 56x10° 029  1.185 2.79 100
6 23.1 58 x 10 0.30 1.219 2.84 102
7 23.8 59 x 104 031 1.255 2.87 103
8 245 6.1 x10* 032 1293 2.94 106
9 25.0 6.2 x 10 0.33 1317 3.01 108
10 26.0 6.5x10* 034 1372 3.14 113
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Figure 1. Flow parameters for a range of studied flow rates

at the duct symmetry plane: diamonds = u*; squares = B;
triangles = u'w' /u*? at z = 5.3 mm.

0.40 was used), and B is a parameter representing the ratio
of flow velocity to the shear velocity at z = d, i.e., B =
u(d)/u*. The origin z = 0 was found based on the vertical
profile of the echo received by the UVPs; the obtained
velocity profiles fitted a logarithmic formula within the
range from z = 15 to 60 mm. The threshold discharge for
incipient motion of the experimental sediments was Q. =
18.95 L/s, as previously measured by Radice and Ballio
[2008]. The ratio Q/Q. (analogous to the shear velocity
ratio u*/u*.) ranged from 1.0 to 1.4 in our experiments that
together with the condition Re* > 90 (Table 1) enabled the
studied flows to be defined as weakly mobile, rough-bed
flows. The short duration of the experiments prevented the
bed elevation to lower significantly during the runs, even in
the absence of sediment feeding.

[¢9] The flow parameters at the duct symmetry plane for
the range of studied flow rates are depicted in Figure 1. The
change of the shear velocity is approximately linear with
the discharge, as one would expect bearing in mind a con-
stant friction factor for a range of studied Re (i.e., u™ ~
uf® ~ Of%°, where fis Darcy-Weisbach friction factor).
The parameter B increases with increasing water discharge,
apparently toward an asymptotic value of approximately
7.3. A possible interpretation of slight variation of B at
smaller O/Q. relates to particle mobility. Indeed, the ratio
u(d)/u* may grow with increasing number of rolling/sliding
particles, and, thus, B should also increase. An attainment
of a saturation value of B at approximately 0/Q, = 1.25
(Figure 1) may be due to a diminishing effect of the particle
concentration C on the parameter B after C exceeds some
threshold value. The primary Reynolds stress at z = 5.3 mm,
normalized on the squared shear velocity (i.e., —u/w /u*?),
varied in our experiments from approximately 0.10 at the
lowest flow rate to 0.25 at the highest flow rate. This range
(0.10-0.25) is much lower than one would expect for the
two-dimensional (2-D) flow over fixed rough bed where it
should be around 0.9 or even higher. The observed discrep-
ancy is likely due to the combined effect of several factors,
related to both flow mechanics and the measurement limita-
tions in our experiments. First, it could be explained by an
effect of a “weakly mobile bed” for which the von Karman
constant may be less than the conventional value of 0.40
used in the present estimates of the shear velocity (i.e.,
smaller von Karman constant would lead to smaller values
of the shear velocity and thus to higher —u/'w’/u*?). For
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open-channel flows, such an effect was reported by Nikora
and Goring [2000] and Dey et al. [2012] and could be one
of the reasons of low values of the normalized Reynolds
stress in this study. The second factor, contributing to the
reduced values of —u/'w’ /u*?, can relate to inherent second-
ary currents, which in duct flows are typically stronger than
in free-surface flows [e.g., Nezu and Nakagawa, 1993].
Third, the reduced ratio —uw/w'/u*? may also reflect the
smoothing effect of the UVP sampling volume, i.e., the
reduction of measured values of —u/w’ as a result of filtering
out contributions to —u'w’ from the eddies comparable to
the sizes of the sampling volume (whose size is minimum 5
mm X 10 mm x 4 mm).

3. Results

[10] The research findings in this section are presented in
relation to (1) bulk statistics of bed-load sediment concen-
tration, (2) autocorrelation properties of the flow and
sediment quantities, and (3) water-sediment interaction
processes assessed using cross correlation and quadrant
analysis techniques.

3.1. Bulk Statistics of Bed-Load Sediment
Concentration

[11] The basic statistics of concentration (mean and coef-
ficient of variation, with the latter being the ratio of stand-
ard deviation to mean) are shown in Figure 2a as a function
of the test discharge. Furthermore, a comparison of the
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Figure 2. (a) Time-averaged value (mC) and coefficient

of variation (cvC) of sediment concentration for a range of
water discharges. (b) Relationship between time-averaged
concentration and coefficient of variation. Present data are
compared with those of Radice and Ballio [2008], denoted
as RBOS.
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present data with those of Radice and Ballio [2008] is also
presented. The new data are generally consistent with the
earlier experiments, even though some points show lower
mean values and higher irregularity (represented by the
coefficient of variation) than those of Radice and Ballio
[2008] for similar Q/Q.. In this respect, it should be noticed
that the configuration of the experimental duct was not
exactly the same in the two studies. In the present tests, the
duct inlet was equipped with a flow aligner that was not
present in the earlier experiments. The aligner might have
reduced the turbulence of the flow arriving at the recess
section. It has been indeed found in the literature [e.g.,
Sumer et al., 2003] that the turbulence level of a flow may
significantly influence the sediment transport rate measured
for a given flow discharge. Figure 2b presents a comparison
between the previous and the new data in terms of correla-
tion between the first-order and second-order statistics,
which yields a good collapse of data. It may thus be argued
that the relationship between water discharge and sediment
concentration is influenced by the incoming turbulence,
whereas the effect of the inlet flow condition on a relation-
ship between the time-mean concentration and concentra-
tion fluctuations is hardly recognizable.

3.2. Autocorrelation Patterns

[12] The cross-correlation function for two generic sta-
tionary random functions X; and X; can be computed as
follows:

X (Xt +7)

Ryx, (1) = o
i Aj

2

where a prime superscript indicates an instantaneous devia-
tion from the mean value, ¢ is the time argument, 7 is the
time lag, oy; is the standard deviation of X; (analogously
for X;), and the overbar denotes time averaging. For i = j,
the autocorrelation function, Ry (7), is obtained. The func-
tions Ry(7) for X = u at z = 5.3 mm and X = C are
depicted in Figures 3a and 3b for all tests (gray curves),
showing very little differences between the curves for dif-
ferent experiments (i.e., for different sediment transport
intensities). This result is in agreement with that found by
Radice et al. [2010], who evaluated the characteristic time
scales of bed-load sediment concentration at various loca-
tions within a duct bed where a significant sidewall effect
was observed (the latter led to a transverse variability of
the sediment transport intensity comparable to that
obtained from experiments with different discharges). In
the present case, the similarity of the Ry (7) curves for dif-
ferent flow discharges enabled average curves for u, w
(both at z = 5.3 mm), and C to be used for the following
analyses.

[13] The autocorrelation time scales of u, w, and C (esti-
mated as first crossings of average Ry(7) with the time
axis, Figure 3c) are similar, being of the order of about 1 s.
Yet, there are some noticeable differences between the
autocorrelation functions for u, w, and C at small time lags,
with the autocorrelation of w being lowest and that of C
being highest. The high autocorrelation of concentration at
small time lags may be related to larger inertia of sediment
particle clouds compared to water.
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Figure 3. Autocorrelation functions for (a) streamwise
velocity component; (b) sediment concentration, curves for
all tests in gray and an average curve in black; and (c) av-
erage autocorrelation functions for «, w, and C.

3.3. Turbulence-Sediment Interactions

[14] Several methods may be used to evaluate and visu-
alize the interrelations between flow turbulence and bed-
load sediment motion. In the following, analyses by means
of cross-correlation functions and quadrant-based decom-
position of turbulent fluctuations are presented.

[15] The cross-correlation functions between velocity
components # and w at z = 5.3 mm, and C are depicted in
Figure 4. As with the autocorrelation functions, the cross-
correlation curves have been averaged over all tests to
obtain mean representative curves (see examples in Figures
4a and 4b). Figure 4c shows the averaged cross correlations
u-w, u-C, and w-C.

[16] The cross-correlation function between u and w
attains a minimum at zero time lag where it is equal, by def-
inition, to their conventional correlation coefficient (which
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Figure 4. Cross-correlation functions for (a) streamwise
velocity component and C; (b) vertical velocity component
and C, curves for all tests in gray and average curve in
black; and (c) average cross-correlation functions for u-w,
u-C, and w-C.

is the primary Reynolds stress normalized on standard devi-
ations of u and w). Its value is around 0.3 (Figure 4c) and is
comparable to those reported for near-bed regions in chan-
nel flows [Nezu and Nakagawa, 1993]. The cross correlation
between the sediment concentration and streamwise veloc-
ity component is negligible at zero time lag but increases
with increase in the lag reaching a maximum at the lag of
approximately 0.9 s. The cross-correlation #>-C (not shown
here, but likely representative of the effect of drag acting on
particles) is almost the same as that for u-C. Finally, the
cross-correlation curve for w and C is essentially a mirror
reflection of the correlation between u and C, with a mini-
mum also occurring at around 0.9 s. Negative correlation
between w and C was also found by Radice et al. [2009].
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While interpreting these results (see below), it should how-
ever be kept in mind that the three cross correlations u-w,
u-C, and w-C depend on each other. During the data analy-
sis, we realized that the time lag corresponding to the maxi-
mum correlation of # and C and the minimum correlation in
w and C might actually vary with the transport intensity, but
it was fairly difficult to detect a clear tendency with confi-
dence (that is the reason why all curves are presented with-
out distinction in Figure 4). Therefore, in the following, the
(constant) average value of the time lag of extreme correla-
tions will be considered as representative (a possible rela-
tion of this time lag to expected characteristic scales of
coherent structures in the flow is suggested in section 4).

[17] The second approach of coupling flow velocity and
sediment concentration is based on quadrant decomposition
and is known as quadrant analysis. This technique, previ-
ously used mainly for velocity fields, employs separation of
the velocity fluctuations into four groups (i.e., quadrants)
depending on the combination of signs of #’ and w', where
a prime defines deviation of an instantaneous value from
the time-averaged quantity. These quadrants (also known
as turbulent events) are as follows: Ql, outward interac-
tions when both u’ and w' are positive; Q2, ejections with
u' < 0and w > 0; Q3, inward interactions when both
and w' are negative; and Q4, sweeps with ' > 0 and w < 0.
Several data sets are available for the relative occurrence
of the turbulent events. They show that sweeps and ejec-
tions occur, on average, for around 30% of time each,
whereas outward and inward interactions occupy approxi-
mately 20% of time each (Table 2). These estimates relate
to the near-bed region. In the upper flow layers, the time
contributions of all four quadrants tend to be equal [e.g.,
Keshavarzy and Ball, 1997; Nikora and Goring, 2000].
The estimates from this study, obtained from the UVP
measurements at z = 5.3 mm, are summarized in Figure 5.
The time occurrence of the events (Figure 5a) varied with
the water discharge, attaining values consistent with those
in the literature for the largest discharges used. To identify
possible effects of particular events on sediment transport,
the approach proposed by Nelson et al. [1995] was applied,
i.e., the quadrant analysis was repeated considering only
velocity samples associated with sediment motion and also
lagged by 0.9 s, obtained from the cross-correlation analy-
sis (this strategy was preferred to simple resampling of
velocities corresponding to C > 0 that produced less clear
result). Figure 5b shows that the Q1 and Q3 events remain
approximately the same as in Figure 5a, while conditioning
velocity values based on the presence of sediment motion
decreased the time occurrence of Q2 and increased it for
Q4. This simple analysis highlights a major correlation
between sweeps (i.e., Q4) and sediment motion, particularly
for the lowest transport conditions investigated. By contrast,
for the largest discharge used, the data points in Figures 5a
and 5b are similar. The time occurrence of all event types

Table 2. Relative Occurrence of Events Within the Burst Cycle

Source % Q1 % Q2 % Q3 % Q4
Nelson et al. [1995] 16 35 17 31
Keshavarzy and Ball [1997] ~20 ~30 ~20 ~30
Nezu and Nakagawa [1993] 29 £1.2 34 £0.8
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Figure 5. (a) Event occurrence; (b) event occurrence

considering only time periods when C > 0 and the time lag
of 0.9 s obtained from the cross-correlation analysis; and
(c) percentage of velocity values associated with sediment
motion (C > 0).

with C > 0 (shown in Figure 5b) is depicted for reference in
Figure 5(c); the presented percentage is a parameter com-
plementary to the intermittency factor defined by Radice
and Ballio [2008] and, as expected, increases with increas-
ing discharge.

[18] Some detailed quadrant analyses for selected tests
(test 3, low transport; test 6, intermediate transport; and
test 10, high transport) are depicted in Figure 6. Left plots
represent the three-dimensional (3-D) relationship u'-w'-C.
On the right, pictures show the probability density func-
tions (pdfs) of ' and w’, together with a 2-D plot of fluctua-
tions (contour lines proportional to point density). For all
tests, data for C = 0 were discarded (this being the reason
for increasing point number with increasing test discharge),
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and a lag of 0.9 s between water velocity and sediment
concentration was implemented. The results show that, for
test 3, the highest concentration values are correlated with
sweep events (i.e., v’ > 0, w < 0, as shown by points’ den-
sity being highest for Q4 of the 2-D plot of fluctuations in
Figure 6). Then, as discharge and sediment transport inten-
sity increase, the relationship between velocity fluctuations
and sediment concentration tends to become symmetric.
Indeed, the pdfs of «' and w' (with C > 0 and lagged time)
for test 10 are almost symmetric. The detected transition
from low-transport to high-transport tests is the same as
already highlighted in a different way in Figure 5.

4. Synthesis and Discussion

[19] The experimental data described above can be sum-
marized as follows: (i) the characteristics of velocity fluc-
tuations changed with increasing discharge, as shown by
the increasing value of the normalized Reynolds stress and
by variable time occurrences of the events within the burst
cycle (although these effects could also be partially explained
by the smoothing effect of the UVP sampling volume); (ii) a
negative (expected) cross correlation between v and w, a pos-
itive correlation between u and C, and a negative correlation
between w and C were detected, with extreme values occur-
ring at a time lag of approximately 0.9 s for correlations
between velocity components and concentration; and (iii) at
the lowest transport intensities, the sediment motion was
mostly correlated with sweep events, whereas, at higher
water discharges (and correspondingly higher bed shear
stresses), sweep and ejection events were equally correlated
with particle motion. These findings are discussed below in
light of the research questions posed at the beginning of this
paper.

[20] The brief review of existing literature in section 1
shows that a variety of possibilities have been identified in
terms of the transport-inducing mechanisms for sediments.
The results outlined in the present study have proven, on one
hand, a positive correlation between sediment motion and the
streamwise velocity component, which could be expected, in
principle, bearing in mind a relation between drag forces and
streamwise velocity. On the other hand, a significant correla-
tion between sweeps and sediment motion has been reliably
detected, particularly at low transport intensities. The two
findings are likely representing different facets of the same
mechanism, since sweeps are associated with strong positive
fluctuations of the streamwise velocities.

[21] Our findings do not highlight ejections as the events
mostly correlated with sediment motion, although this may
be the case for different experimental conditions. In this
respect, it may be noted that Nelson et al. [1995], who
documented major role of sweeps and outward interactions,
worked with bed shear stresses that were two times higher
than a threshold value (i.e., comparable to our highest dis-
charge). On the other hand, Nino and Garcia [1996], based
on their transitionally rough-bed experiments, indicated
ejections as a major transport mechanism, having values of
the Shields parameter larger than 0.25 (i.e., five to six times
higher than a threshold value). Our results might bridge
these findings. Indeed, our experiments have shown that the
prevailing correlation of sediment transport with sweeps
decreases with increasing discharge (or bed shear stress),
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suggesting that the mechanism of sediment transport
changes with the bulk flow or transport intensity. This can
be explained assuming that, at low flows, only the extreme
velocity events are responsible for particle motion [consis-
tently, for example, with proposal of Grass, 1970], whereas,
for higher flows, a wider range of velocities has the ability to
move sediments. Also, with increase in the concentration of
moving particles, the particle-particle interactions become
stronger, leading to self-enhancement of grain motion. This
interpretation is indeed consistent with a picture where, for
bed shear stresses significantly exceeding the threshold,
sediment transport is a continuous process with “smooth”
statistics [see, for example, Ancey et al., 2008; Radice,
2009], and the bulk-averaged velocities may be appropri-
ately representative of the process. Unfortunately, the range
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of transport conditions used in our study was not sufficiently
wide for a proper estimation of a “critical” value that sepa-
rates these two regimes.

[22] The next issue to discuss is the lag of 0.9 s detected
between velocity and concentration fluctuations. Roy et al.
[2004] provided a review of works in which the size of
coherent structures has been measured, highlighting that
their characteristic length typically varies between 1 and 6
flow depths. If half the duct height is considered as flow
depth, then the estimated streamwise dimension of the
coherent structures in our study ranges from 8 to 50 cm. We
may assume that the structure length L was 25 cm, while its
convection velocity was 25 cm/s, i.e., similar to the average
value of u in the tests. The second assumption is just a
rough approximation; for example, Radice et al. [2009]
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Structure shown at its initial detection in dashed line and
at particle motion in continuous line

Figure 7. Phenomenological sketch 1. Sediment motion
triggered in the tail of the coherent structure. Flow from
right to left.

showed that the signature of a large coherent structure on the
mobile sediment bed propagated downstream with a higher
speed than the near-bed average water velocity. However,
this difference should not affect the semiquantitative inter-
pretations shown hereafter. Figure 7 presents a conceptual
sketch, including a (fixed) measuring cell with side s and a
migrating coherent structure. When the structure passes over
the cell, the time over which its signature covers the cell is
T = (L + s)/u, where u is the convection velocity. Assuming
that s =4 cm, L = 25 cm, and u = 25 cm/s, we can find that
T > 1 s. Now, several scenarios may be hypothesized
according to which a lag between water velocity and sedi-
ment concentration will emerge. First, it can be assumed that
the sediments are activated by an inner part of the structure
(or even its end part), not by its front (Figure 7). In other
words, some effective length L, of the structure has to pass
over the cell before particle motion is triggered. On one
hand, this is consistent with potential effects of the particle
inertia and the force impulse concept [Diplas et al., 2008;
Celik et al., 2010; Valyrakis et al., 2011]. On the other
hand, some pressure drop occurring within the body of the
structure may also be invoked as a potential triggering fac-
tor [e.g., Detert et al., 2010]. According to this picture, L, =
22 cm would justify the lag of 0.9 s. A second potential sce-
nario is that the sediments entrained by a certain structure
upstream of the cell will reach it with some time delay, due
to lower sediment velocity compared to that of water
(Figure 8). In this context, the temporal lagisdt =#; — t, =
D/ug — Dl/u (u, is particle velocity). Although a range of
possible distances D may contribute to the cross correlation
between water velocity and concentration, its maximum is
most likely formed by highly coherent sediment “clouds”
that may be characterized by a “dispersion scale” compara-
ble to the flow depth. Assuming from previous experiments
[Radice and Ballio, 2008] that u, = 10 cm/s, it can be

Time t1: The
structure displaces
some sediments

Time t2: The

structure arrives at
the cell

Time t3: The
sediments arrive at
the cell

Figure 8. Phenomenological sketch 2. Sediment motion

obtained that D = 0.9 x 250/15 = 15 cm. Recent estimates
by Radice and Ballio [2010] support this value. Finally, a
combination of these two scenarios may also be considered
(Figure 9). In this more general case, the following relation-
ships are relevant: t, — t; = (D — L,)/uand t; — t, = [D —
udt, — t1))/us = Dluy, — (D — L,)/u. Several combinations
of L, and D may lead to 3 — t, = 0.9 s. Examples of such
combinations are as follows: L, = 10 cm and D = 8 cm;
L.=8cmand D=10cm; L, =5cmand D = 12 cm; and
L.=0cmand D= 15cm.

[23] The presented results may help in the advancement
of mathematical and computational models of the sediment
transport process. On one hand, they can be used for valida-
tion of the models that employ statistical measures of flow-
sediment interactions. On the other hand, they can improve
physical content of such models by incorporating a temporal
lag between the fluctuations of flow velocity and sediment
concentration as well as a change in the transport mecha-
nisms with increasing flow intensity.

[24] The work reported in this paper suffers from some
limitations that are listed below and that will be addressed in
the follow-up studies. First, the water velocity was measured
at a single elevation from the bed. It is possible that some
findings of this paper would have stronger (or weaker) sup-
port if a different measuring elevation was used, a possibility
highlighted by Radice et al. [2009]. Second, the UVP sam-
pling volume for velocity measurements is a disk. On one
hand, it is consistent with the quasi-two-dimensionality of
the bed-load process and with the necessary higher resolu-
tion in the vertical direction, along which velocity and con-
centration gradients are strongest. On the other hand, it
could lead to some biases in our estimates (e.g., the normal-
ized Reynolds stress has been shown to vary with water dis-
charge, i.e., with Re). Third, due to experimental constraints,
the support scale of concentration and flow measurements
was fixed to a certain value that could not be optimal for our
analysis. Another potential issue that is worth mentioning is
the Eulerian measurement of the sediment concentration
employed in our study. In fact, C > 0 at a fixed location may
mean either that something is being entrained or that some-
thing is already moving, e.g., coming from a section
upstream of the measuring area. Therefore, the correlation
between fluctuations of velocity and C may not be only due
to the entrainment process. A Lagrangian measurement of
sediment motion (presently under development) will allow
to directly correlate flow velocity and entrainment events.
Finally, spatially distributed measurements will be needed
to properly test the hypothesized sketches in Figures 7-9 to

7 SN Time t1: The
—L D Soe \) structure displaces
N ® P some sediments
~o -
/// o \\\ Time t2: The
®ee ) structure arrives at
AN N - 4 the cell
- = Time t3: The

sediments arrive at
the cell

triggered by coherent structure upstream of the cell. Flow  Figure 9. Phenomenological sketch 3. Combination of

from right to left.
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sketches 1 and 2. Flow from right to left.
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interpret the value of the temporal lag between velocity and ~ Detert, M., V. Nikora, and G. H. Jirka (2010), Synoptic velocity and pres-

concentration.

5. Conclusions

[25] Bed-load sediment concentration and water velocity
above the granular bed were measured in laboratory experi-
ments for a range of flow rates and bed-load discharges.
Maximum bed shear stress tested was equal to 1.9 times the
threshold for incipient sediment motion. The distinctive
feature of the experimental campaign was the match
between the support scales used for the measurement of
water and sediment kinematics, a condition that was often
neglected in earlier studies of the bed-load process.

[26] The main results of this study can be summarized as
follows:

[27] 1. Sediment concentration and horizontal and verti-
cal velocity components display similar autocorrelation
patterns. In addition, positive and negative cross correla-
tions were detected between u and C and between w and C,
respectively, reflecting the expected properties of the near-
bed flow structure.

[28] 2. The turbulent event mostly correlated with sedi-
ment transport was not the same for the whole range of
studied flow rates. In particular, at the lowest transport
rates, the sediment motion events were mostly associated
with sweeps. For the highest flow intensities, the correla-
tions of sweeps and ejections with the transport process
were similar.

[29] 3. The detected change of the sediment transport dy-
namics at increasing flow rate frames the results in a con-
ceptual picture that bridges existing findings from the
literature. The latter highlighted a variety of mechanisms,
likely due to different transport conditions investigated.

[30] 4. The concentration fluctuations exhibit a signifi-
cant temporal delay compared to those of water velocity.
Potential transport mechanisms were hypothesized to sup-
port the value of the measured time lag. Spatially distrib-
uted velocity measurement and Lagrangian tracking of
sediment particles are needed to corroborate these concep-
tual considerations.
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