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Abstract

The motion state of a particle is a crucial aspect in sediment transport problems. In this paper, we conceptualized three

states: stillness, ‘transport’ and ‘non-transport’. Starting from a data set of bed-load particle tracks obtained from Particle-

Tracking-Velocimetry, we removed the bias from experimental uncertainty and applied one-dimensional, instantaneous and

non-parametric criteria for distinguishing the different states. We present the distributions of particle velocity for all the

moving states and separating the transport and non-transport states, fitting a literature model to them. The transport state

is related to isotropic particle vibrations and does not significantly contribute to the bed-load rate. Vice-versa, the choice of

accounting or not accounting for the non-transport state has major quantitative impact on the mean number of moving particles

and mean particle velocity. Finally, the non-transport state has non-negligible contribution to the total kinetic energy of the

bed-load particles.
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Key Points: 9 

• We distinguish “transport” (T) and “non-transport” (NT) states of particle motion and 10 

analyse them separately. 11 

• The NT state involves isotropic vibrations, does not contribute to the sediment discharge 12 

but is significant for the kinetic energy budget. 13 

• The mean number of moving particles and particle velocity change if NT movements are 14 

included in the sample 15 

Abstract 16 

The motion state of a particle is a crucial aspect in sediment transport problems. In this paper, we conceptualized 17 

three states: stillness, ‘transport’ and ‘non-transport’. Starting from a data set of bed-load particle tracks obtained 18 

from Particle-Tracking-Velocimetry, we removed the bias from experimental uncertainty and applied one-19 

dimensional, instantaneous and non-parametric criteria for distinguishing the different states. We present the 20 
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distributions of particle velocity for all the moving states and separating the transport and non-transport states, fitting 21 

a literature model to them. The transport state is related to isotropic particle vibrations and does not significantly 22 

contribute to the bed-load rate. Vice-versa, the choice of accounting or not accounting for the non-transport state has 23 

major quantitative impact on the mean number of moving particles and mean particle velocity. Finally, the non-24 

transport state has non-negligible contribution to the total kinetic energy of the bed-load particles. 25 

Plain Language Summary 26 

Bed load is the transport of sediment particles in the vicinity of a channel bed. The transport of sediment by a 27 

turbulent flow has been widely studied in the last century. When the sediment transport rate is low, individual 28 

particles can be alternatively in motion or stillness. Quantitative determination of relevant quantities (number of 29 

moving particles, mean velocity, and others) may require a definition of criteria based on which a particle should be 30 

considered in motion or not at a certain instant (an issue that is far from being straightforward). Furthermore, 31 

particles can vibrate around fixed position, without an actual contribution to downstream transport. In this work, we 32 

proposed criteria for labelling stillness and motion states. The latter is further split into two states: ‘transport’ 33 

(associated with neat downstream motion) and ‘non-transport’ (associated with vibrations). Eventually, we 34 

characterized the properties of the states of motion and their contributions to global indicators of the bed-load 35 

process.  36 

  37 
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1 Introduction 38 

The transition between two states – motion and rest – is one of the modelling keystones in bed-load processes, 39 

where it is common experimental evidence that particle motion is intermittent rather than continuous (Ancey et al., 40 

2006). Furthermore, as discussed by, for example, (Furbish et al., 2012) and (Ballio et al., 2018), the sediment 41 

transport rate can be expressed either in a “flux form” or in an “entrainment form”; in the first case it is given by the 42 

product of a particle velocity and particle concentration, where both quantities are space-averaged (Kalinske, 1947) 43 

and, in the second case, by the product of a double-averaged entrainment rate and a mean hop length (Einstein, 44 

1950).  (Nikora et al., 2001, 2002) proposed three spatial and temporal ranges for bed-load motion: the local 45 

(between two successive collisions of a particle with the bed), intermediate (particle trajectories between two 46 

successive periods of rest), and global ranges (many intermediate trajectories). Many scholars focused their attention 47 

on studying bed-load kinematics at the intermediate trajectory scale (Lajeunesse et al., 2010; Liu et al., 2019; 48 

Roseberry et al., 2012), investigating hop length and duration or particle resting time. Finally, quantities related to 49 

single particle motion may be also used to derive others (entrainment and deposition rates, particle activity) that are 50 

commonly involved in mathematical models of the bed-load transport process (C. Ancey et al., 2008; Charru et al., 51 

2004; Fan et al., 2016) . All the mentioned approaches require a clear definition of what stillness and motion are 52 

meant to be, as well as of the transition between the two states. 53 

Bed load can be actually thought to comprise three particle states instead of two, splitting the state of motion into 54 

two different states. The first one is given by particles that, at a certain time, are displaced downstream (by saltation, 55 

rolling, or sliding); the second one corresponds to particles that vibrate around a certain position, without a neat 56 

displacement. Many names have been adopted for the vibrational state: “jiggle” (Wu et al., 2020), “rocking motion 57 

before the actual hop” (Liu et al., 2019), “shaking” particles (Shim & Duan, 2017), particles that “wiggled back and 58 

forth within their pockets” (Fathel et al., 2016), “rocking back and forth, or vibrating but not actively moving” 59 

(González et al., 2017), “wobbling but not moving” (Heays et al., 2014). Here, following (Salevan et al., 2017), we 60 

will distinguish two motion states for ‘transport’ (T) and ‘non transport’ (NT). 61 

Several operational definitions of the transition between motion and rest have been proposed in the literature. Some 62 

of them are based on classifying particle’s state based on a cut-off value that can be applied on one-dimensional 63 

(Heyman & Ancey, 2014; Lajeunesse et al., 2010; Roseberry et al., 2012), two-dimensional (Böhm et al., 2004; 64 
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Sechet & Le Guennec, 1999) or even three-dimensional (González et al., 2017) particle instantaneous velocity. 65 

Other definitions are based on properties of particle motions and rests over more than one instant: (Cecchetto et al., 66 

2018), for example, prescribed a resting time greater than 0.1 seconds and a hop length greater than 1 grain diameter 67 

for a particle to be considered at rest or in a motion, respectively. (Martin et al., 2012) stated that “a resting particle 68 

was considered entrained when it moved a complete particle diameter, while a mobile particle was considered 69 

distrained when it failed to move more than one grain diameter within a second”. (Liu et al., 2019) considered only 70 

“long particle trajectories, with integrated displacement over 10 d (here d is the particle size), and experiencing at 71 

least one step‐stop‐step sequence of motion and rest”. In this context, reference was also made to second moments 72 

of particle position; for example, (Seizilles et al., 2014) labelled a particle as moving “if the standard deviation of its 73 

position over four successive pictures is larger than 0.1 d”. 74 

The definitions of motion and the experimental investigations cited above have been aimed at excluding NT 75 

motions, considering the vibrating particles as if they were at rest. Indeed, (Cecchetto et al., 2018; Liu et al., 2019) 76 

stated that their criteria of motion were adopted to exclude the non-transport particles; (Fathel et al., 2016) did not 77 

track the latter. By contrast, just few authors have focused on the NT state of particles. (Salevan et al., 2017) 78 

concluded that it is impossible to separate the T and NT states based on a threshold velocity and, therefore, proposed 79 

a mixed model for the probability density function (PDF) of the velocity accounting for both motion states. (Liu et 80 

al., 2019) also introduced three states: “moving” (similar to T), “active waiting” (NT) and “deep waiting” (stillness).  81 

There is merit in studying the phenomenological properties of all motions (T and NT), as they may differently 82 

contribute to multiple facets of the bed-load process. However, the role of the NT state has not been clarified before. 83 

The research questions of the present manuscript are thus: (1) which are the kinematic properties of the non-84 

transport state of particle motion? (2) Which is the impact of the NT state on variables commonly used in sediment 85 

transport problems? As already highlighted above, answering these questions requires a preliminary definition of 86 

how one should distinguish T and NT. Therefore, we also present criteria for labelling a particle state at any 87 

sampling time during the process. The analysis is anchored to particle tracks from an earlier experimental campaign 88 

with weak bed load. 89 
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2 Experimental set-up and Methods 90 

The experiments analysed in this manuscript were carried out by (Campagnol et al., 2013) at the Hydraulics 91 

Laboratory of the Politecnico di Milano, employing a pressurized duct (5.80 m long, 0.40 m wide, 0.11 m high). In 92 

the downstream part of the flume, a recess section (2 m long and 0.4 m deep) was filled with Polybutylene 93 

Terephthalate (PBT) quasi-spheres with an equivalent diameter d =  3 mm and a density ρୱ = 1270 kg mଷ⁄ . The 94 

same particles were glued on a series of plates positioned in the upstream reach (3.80 m long). A detailed description 95 

of the experimental set-up can be found in (Campagnol, 2012; Campagnol et al., 2015). In this work we use the 96 

results of three experiments performed at u∗ u∗ୡ⁄ = 1.11, 1.22 and 1.30 (u∗ is the shear velocity of the flow and u∗ୡ 97 

is its threshold value for bed load). 98 

Bed-load particle motion was investigated using Particle Tracking Velocimetry (PTV) after taking videos with a 99 

digital camera (frame resolution and rate were 970 × 700 pixel and 32 fps, respectively). The framed area had a 100 

stream-wise length of 49.8 cm and a transverse one of 36.5 cm; the duration of the videos was approximately 50 s.  101 

The sediment was a mixture of black and white particles (95% and 5%, respectively) and only the white ones were 102 

tracked. We measured particle trajectories using the Streams Software (Nokes, 2012) following procedures already 103 

implemented by (Radice et al., 2017). After background removal, we converted grayscale frames into binary images 104 

using a single threshold monochrome algorithm: threshold intensity was fixed at 45 (out of 255); in addition, we set 105 

thresholds for minimum and maximum diameter of particle spots in binary images at 1.5 and 4.5 mm (the range was 106 

quite large compared to d because variable spot sizes could be obtained based on how light was reflected by any 107 

particle). Then, particle tracks were obtained using a two-dimensional search algorithm with global optimization; the 108 

searching window for a particle displacement within 1/32 s was ±20 [mm] and ±10 [mm] in the stream-wise and 109 

transverse directions, respectively. 110 

3 Framework for Analysis  111 

3.1 Conceptual definition of motion states 112 

In the present study, attention is restricted to flows that are one-dimensional on average. However, transverse motion 113 

is also possible and thus we take x and y as the stream-wise and transverse coordinates, respectively. During a small 114 
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identified particles, allowing to separate stillness from motion (Fig. 2(d-f)). Furthermore, for the time series of 146 

images the still particles (Fig. 2(a)) we excluded all the instants where we detected overlap with a white particle or 147 

hiding by a black particle (shaded area in Fig. 2(b)). In this way, we built a sample of data for particles that a human 148 

eye would soundly consider still while watching a movie. To overcome the first issue above (particle deformation 149 

due to changes of intensity, with consequent displacement of its centroid), we computed the frequency distribution 150 

function of displacements for these still particles: for the three experiments the distributions (Fig. 2(c)) were similar 151 

and, merging the three data sets, 99% of the displacements were smaller than 0.13 mm. Therefore, δr୲ = 0.13 mm 152 

was taken as the minimum measurable displacement; displacements lower than this threshold were considered to be 153 

actually null, with the particle in a state of stillness. Concerning the second issue (particle hiding or overlap), we 154 

considered the same sample mentioned above, and computed the frequency distribution of the diameter change δd  155 

(Fig. 2(c)). Distributions for the three experiments were again similar and, for the experiments together, 99% of the 156 

change values were smaller that δd୲ = 0.18 mm. Any diameter change greater than δd୲ was thus reasonably 157 

attributed to a crossing. The measured centroid's position before and after hiding/overlapping issue is the same, 158 

mimicking a NT state trajectory; for this reason, motions previously labelled as in NT state were taken back to 159 

stillness if they presented spot size changes larger than δd୲.  160 

3.3 Clipping functions 161 

Based on the conceptual and operational considerations above, the recognition/labelling of a particle state was based 162 

on the following clipping functions (as described in Fig. 2(d) and 2(e)): Mୱ(i, t) was used to recognize stillness 163 

based on a minimum displacement (i is a particle counter); 164 

 Mୱ(i, t) = ൜1, δr(t) ≤ δr୲0, δr(t) > δr୲ (1) 

 

while M୫୘(i, t) was used for the T state of motion based on a position criterion, mirroring that proposed by 165 

(Campagnol et al., 2013): 166 
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M୫୘(i, t) = ൝1, x(t) > max଴ஸதழ୲[x(τ)]0, x(t) ≤ max଴ஸதழ୲[x(τ)] (2) 

 167 

Finally, a function M୫୒୘(i, t) was used for the NT state of motion. Given that, at any time, a particle can occupy 168 

only one of the three states, it follows that M୫୒୘(i, t) = 1 − M୫୘(i, t) − Mୱ(i, t). As said, after applying (1) and 169 

(2), some NT motion events were turned into stillness event if excessive variation (δd(t) > δd୲) of particle diameter 170 

was observed (Fig. 2(f)). 171 

We also introduced a clipping function, that will be used to obtain the sediment transport rate, to label particle 172 

crossings of a transverse line. Considering a time interval δt, the sediment transport rate through a transverse line at 173 

time t was computed starting from the volume of sediment crossing the line during the time period from t − δt and t 174 

(Ballio et al., 2014). Thus, for a reference transverse line with x = x∗, the clipping function M୕(i, t) stated whether 175 

an i-th particles crossed the line and if it crossed it moving forwards or backwards during the time interval [t −176 δt, t]: 177 

M୕(i, t) = ൝+1, x(t − δt) ≤ x∗, x(t) > x∗−1, x(t − δt) ≥ x∗,   x(t) < x∗0, otherwise  
(3) 

3.4 Definition of motion variables 178 

Expressions are provided here for some Eulerian variables commonly used in bed-load modelling. Let N(t) be the 179 

total number of particles in the framed area at time t, N୫(t) the number of moving particles, N୫୘(t) the number of 180 

particles moving with state T, and N୫୒୘(t) the number of those moving with state NT. In this work, the variables 181 

were determined as follows:  182 
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⎩⎪⎪⎨
⎪⎪⎧N୫(t) = ෍ (1 − Mୱ(i, t)୒(୲)୧ୀଵ ) = ෍ [M୫୘(i, t) + M୫୒୘(i, t)୒(୲)୧ୀଵ ] N୫୘(t) = ෍ M୫୘(i, t)୒(୲)୧ୀଵN୫୒୘(t) = ෍ M୫୒୘(i, t)୒(୲)୧ୀଵ

 (4) 

Furthermore, the total number of particles that crossed the transverse line at x = x∗ at time t is given by  183 

N୕(t) = ෍ M୕(i, t)൫1 − Mୱ(i, t)൯୒
୧ୀଵ = ෍ M୕(i, t)[M୫୘(i, t) + M୫୒୘(i, t)]୒

୧ୀଵ  (5) 

We can also further subdivide N୕(t) based on the two states T and NT using the following equations: 184 

⎩⎨
⎧ N୘୕(t) = ෍ M୕(i, t)M୫୘(i, t)୒(୲)୧ୀଵN୒୕୘(t) = ෍ M୕(i, t)M୫୒୘(i, t)୒(୲)୧ୀଵ

 (6) 

Eventually, we introduce the sediment kinetic energy per unit mass, k, which can also be decomposed in the 185 

contributions of the T and NT states: 186 

k(t) = 12 ෍ V(i, t)ଶ൫1 − Mୱ(i, t)൯୒(୲)୧ୀଵ = 12 ෍ V(i, t)ଶ[M୫୘(i, t) + M୫୒୘(i, t)]୒(୲)୧ୀଵ k୘(t) = 12 ෍ V(i, t)ଶM୫୘(i, t)୒(୲)୧ୀଵk୒୘(t) = 12 ෍ V(i, t)ଶM୫୒୘(i, t)୒(୲)୧ୀଵ
 (7) 

After defining relevant variables, one can quantify how their determination depends on the operational criteria above 187 

described. For example, Fig. 3 shows the effect of the filters δr୲ and δd୲ on the number of moving particles (we 188 

show the time series) and the particle stream-wise velocity (we represent the histogram). In magenta, we depict the 189 

results considering a particle in motion if its absolute displacement is non-null. In red, we show the results using (1) 190 

to separate motion and stillness: the number of moving particles decreases by one order of magnitude and the central 191 

peak of the velocity histogram is strongly reduced. Then, we also apply the filter on the change of diameter δd୲, 192 
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obtaining the blue curve: the number of moving particles is further reduced, and many negative velocities are 193 

removed.  194 

  195 

Fig. 3. (a) Time series of N୫; (b) Histogram of the quasi-instantaneous stream-wise velocity u. Without any filter: 196 δr୲ = 0; δd୲ = ∞ (magenta). With the small displacement filter only: δr୲ = 0.13 mm; δd୲ = ∞ (red). With both 197 

filters: δr୲ = 0.13 mm; δd୲ = 0.18 mm (blue). Both panels refer to u∗ u∗ୡ⁄ = 1.22. 198 

4 Results and discussion 199 

4.1 Separation among states of motion 200 

As stated above, the first objective of this paper is the separation of two different particle motion states: T, causing 201 

net mass transport, and NT, for particle vibrations around a fixed position. Some preliminary results are depicted to 202 

check how our criteria separated the data and met the objective. Fig. 4(a) shows the cumulative number of particles 203 

crossing a line placed at mid-length of the investigation area, that represents a cumulative volume of transport 204 

sediment: the sediment transport is, indeed, almost entirely due to the T state, while the contribution of the NT state 205 

is negligible. Fig. 4(b) shows the instantaneous value of  𝑁ொ: the contribution of T (red) is always positive, while the 206 

one of NT (blue) can be either positive or negative. Considering NT, one could expect a cumulative null value; in 207 

our case the net contribution to solid flowrate is negative: we explain this finding considering that a backwards 208 

velocity is naturally appropriate for a motion in NT state, while it is less straightforward to separate forward 209 

motions. 210 

 211 
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Fig. 4(c) and (d) show results for the particle kinematics in NT state. Particles in NT state do not have a preferential 212 

direction of motion while they jiggle, as the PDFs of the instantaneous stream-wise and transverse velocity 213 

components are similar to each other (Fig. 3(b)); the distribution of u for the NT state is skewed towards negative 214 

values, reflecting the negative contribution to the sediment transport rate spotted in Fig. 4(a). The distribution of the 215 

quasi-instantaneous acceleration (Fig. 4(d)) also shows no preferential direction. 216 

 217 

 218 

Fig. 4 (a) Cumulative number of particles crossing a line: all motions (black), NT state (blue) and T state (red). 219 

(b) Number of particles crossing a line: NT state (blue) and T state (red). (c) Observed probability distribution 220 

function of: u୒୘ (red); v୒୘ (black). (d) Observed probability distribution function of a୶୒୘ (red); a୷୒୘ (black). 221 

The panels refer to u∗ u∗ୡ⁄ = 1.30. 222 

4.2 Instantaneous stream-wise particle velocity 223 

In Fig. 5 we show the histograms of the quasi-instantaneous stream-wise particle velocity. All of them present a 224 

clear peak around zero and are positively skewed to the right. Because of our definitions, all the negative velocities 225 
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are attributed to the particles in NT state; furthermore, particles in this state jiggle around a fixed position, thus the 226 

corresponding motion velocities have a positive counterpart of the negative ones, resulting in an almost symmetric 227 

histogram. On the other hand, the T state is obviously characterized by positive velocities, with a right tail of the 228 

histogram much longer than that of the particle velocity in NT state; the mode of the distribution is at the lowest 229 

values. 230 

231 
Fig. 5. Histograms of the instantaneous stream-wise velocity u: (a) u∗ u∗ୡ⁄ = 1.11; (b) u∗ u∗ୡ⁄ = 1.22 (c) 232 u∗ u∗ୡ⁄ = 1.30. In all the panels: all motions (black), NT state (blue) and T state (red). 233 

4.3 Comparison of particle velocity distribution with a literature model 234 

In Fig. 6 we depict the observed PDFs of a dimensionless particle velocity obtained using the characteristic settling 235 

velocity, Vୱ = ඥgΔd  (where g is the gravitational acceleration, Δ = (ρୱ − ρ)/ρ) and ρ is water density), as a 236 

scaling factor, following (Lajeunesse et al., 2010). The PDF of the instantaneous particle velocity has been widely 237 

studied in the literature, with most of the studies focused on the PDF of u୘. The latter has been proposed to follow 238 

an exponential (Fathel et al., 2016; González et al., 2017; Lajeunesse et al., 2010; Roseberry et al., 2012;), normal 239 

(C. Ancey & Heyman, 2014; Heyman & Ancey, 2014; Martin et al., 2012), Gamma (Liu et al., 2019), lognormal 240 

(Shim & Duan, 2019) and alpha stable distribution with power law tails (Zhu et al., 2019). To the best of our 241 

knowledge, only (Salevan et al., 2017) modelled the PDF for all the motion states, proposing the following bimodal 242 

distribution:  243 
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f(u | A, σ, ξ, μ୳) = Afଵ(u | σ, ξ) + (1 − A)fଶ(u | μ୳) 
(8) 

where: 244 

fଵ(u୒୘ | σ, ξ) = Γ ൬ξ + 12 ൰σඥξπΓ ൬ξ2൰ ⎝⎜
⎛ξ + ൬u୒୘σ ൰ଶ

ξ ⎠⎟
⎞ିஞାଵଶ

 

(9) 

fଶ(u୘ | μ୳) = 1μ୳ exp − u୘μ୳ (10) 

 245 

Fig. 6 Probability distribution function of the instantaneous velocity u: (a) all motion; (b) NT state; (c) T state. For 246 

all the panels: u∗ u∗ୡ⁄ = 1.11 (red), u∗ u∗ୡ⁄ = 1.22 (black) and u∗ u∗ୡ⁄ = 1.30 (blue). Continuous lines represent the 247 

theoretical PDFs (Eqn. 8-10), while squares are for the experimental ones. For u∗ u∗ୡ⁄ = 1.11: A = 0.63;  σ =248 4.04; ξ = 2.64; μ୳ = 34.12. For u∗ u∗ୡ⁄ = 1.22: A = 0.56;  σ = 4.36; ξ = 2.51; μ୳ = 35.72. For u∗ u∗ୡ⁄ = 1.30: 249 A = 0.45;  σ = 4.51; ξ = 2.12; μ୳ = 35.10. 250 

This model is composed by two terms describing the behaviour of the NT (fଵ) and T states (fଶ). We calibrated the 251 

parameters of (8) considering all the moving particles. Fig. 6(a) shows a satisfactory comparison between the 252 

experimental PDF and the theoretical distribution. In the caption we report the calibrated parameters: the values of 253 
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μ୳ are consistent with those of (Salevan et al., 2017); the other parameters are different but trends are preserved (for 254 

increasing u∗ u∗ୡ⁄ , σ and 𝐴 increase, while 𝜉 decreases). The detected discrepancy may be due to the many small 255 

displacements considered by (Salevan et al., 2017); in fact, the peak of their distribution was one order of magnitude 256 

bigger that that showed in Fig. 6(a). We remark that in this work many small displacements have been filtered out 257 

by the thresholds δr୲ and δd୲; in addition, our frame rate is smaller than that of Salevan et al. (32 vs 250 fps), thus 258 

causing additional filtering. 259 

In their work, (Salevan et al., 2017) did not propose any criteria for the distinction between the T and NT states. In 260 

contrast, in this manuscript we did so, and thus we were able to obtain the experimental PDF of the particle velocity 261 

for both states. Without any further calibration, in Fig. 6 (b) and (c) we compare the experimental and the theoretical 262 

distributions of the two states, separately. The agreement is satisfactory, even though the experimental PDF for the 263 

NT state is slightly skewed left.  264 

4.4 Contribution of the motion states to bulk variables 265 

We present and discuss the effect of the two states on four significant bulk variables using Tab. 1, where we report 266 

the values of: the cumulative number of particles that crossed a reference transverse line  ΣN୕; the mean kinetic 267 

energy per unit mass, kത; the mean number of moving particles, Nഥ୫; and the mean stream-wise velocity, uത. The 268 

values are provided considering the motion states together and for the T and NT states separately, finally computing 269 

the relative contributions for the states.  270 

Considering both motion states, all the variables increase for increasing shear velocity, as expected. The values 271 

obtained separating the T and NT states show that the latter has negligible contribution to  ΣN୕, generalizing the 272 

results of Fig. 4(a). By contrast, the contribution of the NT state to the kinetic energy is not negligible as, for our 273 

experiments, it is around 10%, with higher percentage for the weakest flow conditions. 274 

  275 
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Tab. 1. Cumulative number of particles that crossed the reference line, ΣN୕. Mean values of kinetic energy per unit 276 

mass, kത (mmଶ/sଶ), number of moving particles, Nഥ୫, and particle velocity, uത (mm/s).  277 

𝐮∗/𝐮∗𝐜 𝐓 + 𝐍𝐓 𝐓 𝐍𝐓 𝐓/(𝐓 + 𝐍𝐓) 𝐍𝐓/(𝐓 + 𝐍𝐓)
𝚺𝐍𝐐 

1.11 6 6 0 100% 0% 

1.22 37 37 0 100% 0% 

1.30 96 99 -3 103% -3% 

𝐤̅ 

1.11 2901 2549 352 88% 12% 

1.22 14773 13462 1311 91% 9% 

1.30 28127 26263 1864 93% 7% 

𝐍ഥ𝒎 

1.11 5.45 2.53 2.92 47% 53% 

1.22 21.24 11.92 9.33 56% 44% 

1.30 34.73 22.63 12.09 65% 35% 

𝐮ഥ 

1.11 12.67 28.24 -0.85   

1.22 16.07 29.77 -1.43   

1.30 19.52 31.04 -2.03   

 278 

We now focus on two primary variables determining the sediment transport rate, namely, the number of moving 279 

particles and the particle stream-wise velocity. The number of moving particles increases with transport intensity, 280 

for both the T and NT states, but the relative contribution of the NT state decreases. The average velocity for the T 281 

state is much larger than the average for both states, because uതே் is close to zero (and, moreover, negative in the 282 
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present experiments). The mean velocity uത் increases for increasing u∗, but much less than linearly; a low 283 

increasing rate of particle velocity close to the threshold condition has been previously reported by, for example, 284 

(Ali & Dey, 2019). The increase of uത்ାே் with u∗ is stronger, but this is due to the fact that, for progressively higher 285 

shear velocity, the proportion of the NT state is smaller, as previously mentioned.  286 

With a small increase of shear velocity, the sediment transport rate increases by one order of magnitude, this being 287 

mostly due to the increase of N୫തതതത (both for the T state and for all the moving states), consistently with the findings of 288 

(Radice & Ballio, 2008). In addition, the contribution of the NT state to the sediment transport rate is negligible 289 

because the average uതே் is close to zero.  290 

4.5 Discussion 291 

The separation between the T and NT states of motion is a tricky part of any analysis of sediment kinematics. The 292 

criterion used in the present manuscript, once biases possibly induced by experimental uncertainties are properly 293 

removed, does not depend on any threshold to be chosen by a user. Furthermore, it is based on instantaneous 294 

conditions and not on, for example, integrated displacements or durations of resting times. Our criterion also has 295 

some limitations, related to being restricted to the stream-wise particle position (a generalization to more complex 296 

motion might not be straightforward), and unable to recognize the particle state at the first instant in which a particle 297 

is observed, because information about the particle at previous time instants is obviously unavailable (thus, if a 298 

particle track starts with a forward movement, this is always labelled as in T state,. However, application of filter (2) 299 

reasonably returns the expected phenomenology of the two states: downstream mass transport (state T) and isotropic 300 

vibration (state NT).  301 

Furthermore, Fig. (5) demonstrates the existence of a transition zone where the histograms of u for the T and NT 302 

states overlap. As a consequence, any sediment transport variable can be affected by the criteria used for the 303 

distinction between T and NT particles (as demonstrated, for example, for hop length by (Hosseini-Sadabadi et al., 304 

2019)). Some authors distinguished the states of stillness and motion imposing a cutoff stream-wise velocity 305 

(Heyman & Ancey, 2014; Lajeunesse et al., 2010; Roseberry et al., 2012). Since imposing a threshold on particle 306 

velocity is equivalent to separating states based on a vertical line in Fig. (5), it inevitably induces some bias in the 307 

state separation. The experimental probability distributions obtained in the present work are in satisfactory 308 

agreement with the theoretical model of Salevan et al. (2017); it is noticeable that, once the model parameters were 309 
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calibrated for the distributions of all the velocity values, the individual distributions for the T and NT states were 310 

also well represented. 311 

After doing the exercise of separating motions in T and NT state, one can judge if the separation is worth being 312 

performed. In our opinion, from a phenomenological point of view, separation is worth, as it increases the richness 313 

of our depiction of the process. Quantitatively, we have demonstrated that the inclusion of the NT state significantly 314 

affects the primary variables N୫തതതത and uത. If the primary purpose of a study is the determination of the sediment 315 

transport rate, the NT state can be considered disregarded (that is, considered as stillness); alternatively, we suggest 316 

to exclude such state from the computation of mean values, since it does not contribute to mass transport. Vice-317 

versa, if one is interested on the kinetic energy associated to particle motion, the NT state should be either 318 

considered as motion (not distinguishing T and NT) or appropriately accounted for in the determination of the 319 

energy budget. 320 

5 Conclusions 321 

In this paper, we conceptualized bed-load particle motion using three states: stillness, transport (T) and non-transport 322 

(NT). With reference to recent laboratory experiments, we tracked individual particles, quantified experimental 323 

errors introducing objective filters and finally proposed one-dimensional, instantaneous and non-parametric criteria 324 

for distinguishing the different states.  325 

The main conclusions of this work are: 326 

• The proposed criteria clearly allow a distinction between different phenomena: particles whose mass is 327 

transported downstream and particles that fluctuate without a neat contribution to mass transport.  328 

• The histograms of the stream-wise sediment velocity for the T and NT states partially overlap, thus the two 329 

states cannot be separated by criteria based on just a cut-off velocity value. 330 

• If one fits a theoretical probability distribution to the entire velocity sample, then the distributions for the T 331 

and NT states separately are represented satisfactorily. 332 
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• Accounting or not accounting for the values for NT state changes the mean values of variables of interest 333 

for the bed-load process (number of moving particles, particle velocity, sediment transport rate, sediment 334 

kinetic energy). 335 

• The separation between the T and NT states is worth from a phenomenological point of view. Depending 336 

on what one is interested in, inclusion of the NT state in the computation of mean values can be more or 337 

less appropriate. Particularly, we recommend to exclude the data for the NT state when determining the 338 

sediment transport rate. 339 
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Notation 346 A = model parameter; 347 a୶ = instantaneous particle x-acceleration; 348 a୷ = instantaneous particle y-acceleration; 349 

d = sediment size; 350 

g = acceleration due to gravity; 351 k = particle kinetic energy per unit mass; 352 M୫ = clipping function for the motion state; 353 Mୱ = clipping function for the still state; 354 M୕ = clipping function for the particles crossing a specific line; 355 N୫ = number of particle in motion state at time t; 356 N୕ = number of particles that crossed a specific line at time t; 357 
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u = instantaneous particle x-velocity;  358 u∗ = shear velocity; 359 u∗ୡ = critical shear velocity; 360 

v = instantaneous particle y-velocity; 361 V = velocity magnitude; 362 Vୱ = characteristic settling velocity (Vୱ = ඥgΔd); 363 

x = stream-wise coordinate; 364 x∗ = transversal line where mass transport is measured; 365 X୘ = any variable related to the transported particles; 366 X୒୘ = any variable related to the non-transported particles ; 367 Xഥ = any variable averaged in time;  368 

y = transversal coordinate; 369 α = instantaneous direction; 370 δd = change of the measured diameter between two consecutive frames; 371 δd୲ = threshold for spot diameter change; 372 δr = instantaneous displacement; 373 δr୲ = minimum measurable displacement; 374 δt = small time interval; 375 δx = instantaneous x-displacement; 376 δy = instantaneous y-displacement; 377 

Δ = sediment density ratio (Δ = (ρg-ρ)/ρ); 378 

μ = water viscosity; 379 

θ = Shields number  θ = u∗ଶ /g∆dହ଴; 380 
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θc = threshold Shields number; 381 μ୳ = model parameter; 382 ξ = model parameter; 383 

ρ = water density; 384 

ρs = sediment density; 385 

σ = model parameter; 386 

σg = sediment uniformity coefficient; 387 
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