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Abstract18

Bedload transport occurs when fluid shear stress becomes strong enough to entrain sed-19

iment. Recent studies show that the threshold for entrainment varies with the history20

of applied shear, with beds strengthening under sustained unidirectional flows and weak-21

ening when the flow direction is reversed. While stochastic bedload transport models in-22

corporate variability in estimating the onset of grain motion, they typically do not con-23

sider time dependence. Here, we investigate how directional stress history affects the en-24

semble statistics of bedload motion using a rotating sediment bed in a laboratory flume.25

We subject a uniform sand bed to an initial subcritical conditioning flow, then rotate26

the bed to angular offsets of 0◦, 45◦, 90◦, 135◦, or 180◦ before applying erosive flows at27

Shields stresses ranging from 0.78 to 1.53 times the nominal critical value. Using high-28

resolution imaging, we identify individual grain trajectories and extract statistics asso-29

ciated with entrainment probability, grain activity, velocity, flight distance, and travel30

time. Bedload motion statistics vary systematically with prior flow direction: unidirec-31

tional conditioning (0◦) reduces grain activity while producing slower, more abrupt grain32

flights, whereas reversed conditioning (135◦–180◦) results in the opposite outcome. We33

find that bulk bed statistics—grain activity and entrainment probability—retain signa-34

tures of directional stress history across all Shields stresses tested, while trackwise statistics—35

flight distance and travel time—converge toward unconditioned values above the crit-36

ical shear. These results indicate that stress history primarily modulates the entrainment37

probability rather than altering the kinematics of grains undergoing sustained transport,38

with implications for stochastic bedload models.39

Plain Language Summary40

When flowing water mobilizes sediment grains on the surface of a sand or gravel41

bed, the ease of grain movement depends not only on the current flow conditions, but42

also on the history of previous flows. Recent studies show that sustained flows from the43

same direction can strengthen a sediment bed, making it harder to erode, while revers-44

ing the flow direction can weaken the bed and facilitate erosion. It remains unclear how45

this “stress history” effect alters the sediment bed, and whether individual grain flights46

are impacted. In this study, we examine how the direction of previous flows affects the47

probability distributions that characterize grain motion, such as how fast and far they48

travel before stopping. We use a laboratory flume with a rotating sand bed to control49

flow direction history, then use high-resolution images to identify individual grain tra-50

jectories. We find that flow history affects both the number of active grains and their51

individual flight characteristics near the onset of sediment motion. However, once flows52

are strong enough to sustain vigorous transport, the effect on individual grain flights disappears—53

only the number of moving grains and their pickup probability continue to reflect the54

bed’s prior flow history.55

1 Introduction56

Bedload transport, the movement of sediment grains near the surface of a sand or57

gravel bed through rolling, sliding, and hopping motions, is a fundamental process that58

shapes fluvial, coastal, and aeolian landscapes. The accurate prediction of bedload trans-59

port rates has broad implications for water quality management, aquatic habitat assess-60

ment, and infrastructure safety. The conventional framework for predicting the onset of61

sediment motion relies on the Shields stress, τ∗, which represents the ratio of fluid-imposed62

bed shear stress to buoyancy-reduced gravitational stress (Shields, 1936). When the Shields63

stress approaches a critical value, τ∗ cr (a “threshold of motion” that also varies with on64

particle Reynolds number), sediment grains begin to be mobilized into bedload trans-65

port as the forces imposed by a shearing flow overcome those resisting entrainment (e.g.,66

Wiberg & Smith, 1987; Dey, 1999). Although this framework is widely used in bedload67
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transport models (e.g., Meyer-Peter & Müller, 1948; Engelund & Fredsøe, 1976; Ashida68

& Michiue, 1973; Luque & Van Beek, 1976; Wong & Parker, 2006), challenges emerge69

due to the wide range of reported critical shear stresses at the onset of transport in both70

field and flume studies (Buffington & Montgomery, 1997) and the reduced predictive power71

of deterministic transport equations near the threshold of grain motion (Recking et al.,72

2012).73

Predicting the onset of motion in fluid-driven granular beds is challenging due to74

factors such as the variable configuration of the sediment bed (Kirchner et al., 1990) and75

turbulent fluctuations in the overlying flow (Einstein & El-Samni, 1949), so that the phys-76

ical mechanisms driving entrainment and transport are highly stochastic across spatial77

and temporal scales (Cameron et al., 2020; Diplas et al., 2008; Escauriaza et al., 2023;78

Papanicolaou et al., 2001; Sumer et al., 2003). Statistical descriptions of bedload mo-79

tion have therefore been developed to parameterize sediment transport in probabilistic80

models (e.g., Schumer et al., 2009; Fan et al., 2016, 2014). This stochastic approach, ini-81

tially developed by Einstein (1950) and Kalinske (1947), has been significantly advanced82

in recent decades through high-speed imaging and automated particle tracking techniques83

that permit large-scale data collection of individual and collective particle motion (Lajeunesse84

et al., 2010; Roseberry et al., 2012; Fathel et al., 2015; Salevan et al., 2017; Liu et al.,85

2019; Shim & Duan, 2017, 2019; Campagnol et al., 2013). These stochastic models are86

advantageous in that they are capable of parameterizing intermittency at near-threshold87

conditions (Benavides et al., 2022) and are computationally efficient compared to direct88

numerical simulations of coupled fluid-particle dynamics (Schmeeckle & Nelson, 2003;89

Schmeeckle, 2014; Durán et al., 2012; González et al., 2017; Escauriaza et al., 2023).90

In addition to the variability inherent in the transport dynamics of individual grains,91

the macroscale properties of the bulk sediment bed vary in time. Observations of both92

experimental and natural systems find that τ∗ cr varies with the history of fluid stress93

imparted onto the sediment bed (e.g., Mao, 2018; Turowski et al., 2011). The term “stress94

history” (also occasionally called “memory stress”) generally describes the effects of sub-95

threshold flows applied to a sediment bed and incorporates both the duration and mag-96

nitude of prior fluid stress (Monteith & Pender, 2005). These subcritical flows are typ-97

ically referred to as “antecedent flows” (e.g., Monteith & Pender, 2005; A.-M. Ockelford98

& Haynes, 2013) or “conditioning flows” (e.g., An et al., 2021; Galanis et al., 2022).99

Previous research investigating stress history effects has consistently shown that100

sediment beds exhibit strengthening behavior when subjected to unidirectional fluid shear,101

even without entraining grains into the flow (Haynes & Pender, 2007; Masteller & Finnegan,102

2017; Masteller et al., 2019; Monteith & Pender, 2005; Oldmeadow & Church, 2006; A.-103

M. Ockelford & Haynes, 2013; Reid et al., 1985; Paphitis & Collins, 2005; A. Ockelford104

et al., 2019; An et al., 2021; Yang et al., 2024; Charru et al., 2004; Galanis et al., 2022;105

Bodek, Wang, Shattuck, O’Hern, & Ouellette, 2026a). This strengthening manifests as106

an increase in the critical Shields stress and a reduction in bedload transport rates, and107

can be considered as a form of strain hardening (Cúñez et al., 2022). The exact mech-108

anism by which granular beds strengthen—or become hardened—is contested, with dif-109

ferent mechanisms likely dominating depending on unique conditions of the sediment bed110

and overlying flow. One such manifestation of this phenomenon is seen in polydisperse111

granular systems as “armoring”, where fluid stress below the critical value for the bulk112

system can first entrain finer grains, leaving only coarser grains that are more resistant113

to erosion and require larger fluid stresses for mobilization (Dietrich et al., 1989; Ferdowsi114

et al., 2017). Even in uniform sediment beds or polydisperse beds without measurable115

sediment transport, fluid shear can give rise to velocity fluctuations and subtle reorien-116

tation of the grains themselves, leading to more stable grain configurations, compaction,117

and thus strengthening of the bed (A.-M. Ockelford & Haynes, 2013; Masteller & Finnegan,118

2017; Allen & Kudrolli, 2018). Additionally, as the bed experiences directional bound-119

ary shear, grain contacts can be preferentially loaded, forming anisotropic force chains120
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that bear internal stresses and stabilize the material in the direction of the shear—a phe-121

nomenon known as shear jamming (Bi et al., 2011; Cates et al., 1998; Behringer & Chakraborty,122

2018; Majmudar & Behringer, 2005). These preferentially loaded contact networks are123

fragile, however, and susceptible to disruption when the direction of fluid shear changes.124

The presence of both isotropic (compaction) and anisotropic (shear jamming) mech-125

anisms of strain hardening are supported by studies that observe bed weakening (i.e.,126

lower τ∗ cr or increased bedload transport) when the flow direction is reversed relative127

to the initial conditioning flow (Galanis et al., 2022; Cúñez et al., 2022; Bodek, Wang,128

Shattuck, O’Hern, & Ouellette, 2026a). Furthermore, in systems undergoing cyclic shear,129

the grain network must rearrange when the direction of the applied shear changes, fur-130

ther weakening the granular fabric (Slotterback et al., 2012). This effect was observed131

by Cúñez et al. (2022), who found that the granular fabric that developed from an os-132

cillating flow was weaker than the anisotropic fabric developed under unidirectional flow,133

despite greater compaction of the bed material. Recent experimental work (Bodek, Wang,134

Shattuck, O’Hern, & Ouellette, 2026a) and discrete element method (DEM) simulations135

(Wang et al., 2026) examined sediment beds exposed to multiple directions of fluid shear,136

finding that strengthening occurs when conditioning and erosive flows originate from the137

same or similar directions (0◦ to 45◦ angular offsets), while weakening occurs when flows138

are reversed or nearly reversed (180◦ to 135◦ offsets).139

While the individual and collective behavior of sediment grains are described by140

statistical ensembles in stochastic models of bedload transport, few studies examining141

stress history use probability distributions to characterize grain motion on the surface142

of a conditioned bed. Those that do typically use distributions of “bulk” metrics (i.e.,143

parameters based on the collective behavior of all grains) such as grain activity, instan-144

taneous grain velocity, or even volume fraction (Galanis et al., 2022; Bodek, Wang, Shat-145

tuck, O’Hern, & Ouellette, 2026a; Charru et al., 2004; Wang et al., 2026; Allen & Ku-146

drolli, 2017). The influence of stress history on “trackwise” statistics (i.e., metrics de-147

termined from the identification of individual grain trajectories), such as grain flight dis-148

tance, travel time, or grain rest time, has received even less attention. The character-149

ization of these trackwise statistics, however, is valuable for calibrating stochastic bed-150

load transport models and for estimating sediment flux, particularly for the advection-151

diffusion “entrainment form” of sediment flux that relies on a particle entrainment rate152

E, and the mean ⟨Lx⟩ and variance σ2
Lx

of flight distance (Einstein, 1950; Furbish et al.,153

2012). Despite this significance, stochastic formulations for estimating bedload trans-154

port rarely incorporate time dependent dynamics. Furthermore, it is still unknown whether155

well-accepted probability distributions for grain motion parameters remain valid when156

sediment beds have been subjected to directional stress history, and whether the distri-157

bution parameters themselves encode information about the anisotropic fabric developed158

during conditioning flows.159

The primary objective of this study is to investigate how directional stress history160

affects the ensemble statistics describing bedload motion. In a companion paper (Bodek,161

Wang, Shattuck, O’Hern, & Ouellette, 2026b), we examine the probability distributions162

of bulk and trackwise grain statistics for fluid shear stresses ranging from below the on-163

set of grain motion to well in excess of the critical Shields stress. Here, we build upon164

the experimental framework of Bodek, Wang, Shattuck, O’Hern, and Ouellette (2026a),165

who demonstrated that bulk transport metrics depend on the angular offset between con-166

ditioning and erosive flows, and extend this analysis to examine the probability distri-167

butions characterizing trackwise grain motion parameters, including grain flight distance168

and travel time. Specifically, we address the following questions: (1) How does directional169

stress history affect the probability distributions and corresponding statistical param-170

eters of grain activity, grain velocity, flight distance, and flight travel time? And (2) are171

the effects of stress history primarily manifested in the collective behavior of the bulk172
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bed material (e.g, number of active grains) or in the kinematic parameters identified through173

grain trajectories (e.g., flight distances), or do they appear in both?174

To address these questions, we carried out experiments in a laboratory flume where175

the sediment bed was subjected to an initial subcritical conditioning flow followed by an176

erosive flow from an offset direction. Using high-speed imaging and automated particle177

tracking, we extracted trajectories of individual sand grains and implemented a hidden178

Markov model (HMM) to segment these tracks into periods of motion and rest. From179

the segmented trajectories, we generate probability distributions for grain activity, ve-180

locity, flight distances, and travel times. We also identify the probability of entrainment181

and disentrainment using the HMM transition matrix. Our results confirm that bedload182

transport can be reduced or enhanced based on the history of directional fluid shear; how-183

ever, the trackwise variables of grain flight distance and travel time do not preserve ev-184

idence of stress history for flows sufficiently above the onset of grain motion. By char-185

acterizing how fundamental probability distributions for bedload motion parameters vary186

with stress history, we provide a framework for incorporating temporal effects into stochas-187

tic sediment transport models.188

2 Methods189

2.1 Experimental Configuration and Procedure190

Experiments were conducted by Bodek, Wang, Shattuck, O’Hern, and Ouellette191

(2026a) in an open channel flume at the Environmental Fluid Mechanics Laboratory at192

Stanford University. We direct the reader to this work as well as to O’Riordan et al. (1993)193

for a full description of the flume facility. The experimental configuration is also sum-194

marized in the companion paper (Bodek, Wang, Shattuck, O’Hern, & Ouellette, 2026b),195

and an abbreviated description is included here.196

Experiments were conducted in a recirculating, open-channel flume with a 3 m long197

by 0.6 m wide rectangular test section. An inset sediment bed was installed into the floor198

of the glass-walled test section. This sediment bed was contained in a circular dish that199

was 45.7 cm (18 in) in diameter and 7.6 cm (3 in) deep. The sediment bed was mounted200

on a rotating turntable base, permitting multiple orientations of the sand bed relative201

to the flow direction. The sediment bed consisted of uniform medium to coarse-sized quartz202

sand (median grain size D50 = 0.495 mm; mass density ρs = 2650 kg/m
3
).203

A downward-facing camera was mounted above the center of the sediment bed to204

record the motion of sand grains through a small glass window that was used to min-205

imize distortions in the flow surface. An acoustic Dopper profiling velocimeter (ADV)206

was positioned behind this window over the downstream portion of the sediment bed to207

collect fluid flow velocity measurements, which were used to characterize friction veloc-208

ity u∗, bed stress τb, and Shields stress τ∗ = τb/[(ρs−ρ)gD50], where ρ = 1000 kg/m
3

209

is the fluid density and g is the gravitational acceleration. The flow was hydraulically210

transitional, with particle Reynolds numbers Rep = u∗D50/ν ranging from Rep = 6.8–211

10.6; the kinematic viscosity of water is approximately ν = 10−6 m2/s. These flow con-212

ditions correspond to the bedload transport regime and the grains were not observed to213

travel in suspension during these experiments.214

We prepared the sediment bed prior to each experiment using the same protocol.215

We first agitated the submerged sand bed using a stirring implement, then leveled the216

sediment bed by dragging a stiff piece of mesh over its surface in the downstream direc-217

tion. For all experimental cases except the control, we subjected the sand bed to a 20218

min subcritical conditioning flow. This conditioning flow had a Shields number that was219

approximately 75 to 80% of the nominal critical value for our sediment bed, which was220

determined to be τ∗ cr ≈ 0.033 by comparison with the Shields curve. Significant grain221

motion did not occur during the conditioning, although grains were observed to jiggle222
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in place and even roll one or two grain diameters. Following the conditioning flow, we223

rotated the sediment bed to one of five angular orientations (0◦, 45◦, 90◦, 135◦, and 180◦)224

relative to the initial conditioning flow direction, where 0◦ represents the same direction225

as the conditioning flow and 180◦ represents the reversed direction. We note that the226

experimental procedure described in the companion paper does not include the 20 min227

conditioning flow (Bodek, Wang, Shattuck, O’Hern, & Ouellette, 2026b); this “uncon-228

ditioned” case is used as the control here. Next, the flow rate was increased in a series229

of 9 settings of the variable speed pump from below to above the onset of grain motion230

where bedload transport was readily observed (i.e. from τ∗/τ∗ cr = 0.78 to 1.53). Af-231

ter each increment, the flow was allowed to stabilize for 1 min, after which a 45 sec video232

of the sediment motion was collected. The bed was always reset before any new exper-233

iment was conducted; thus, observations of sediment motion were made on a newly pre-234

pared bed. Eight replicate trials were conducted for each of the six experimental conditions—235

the control and five angular orientations.236

2.2 Imaging, Tracking, and Segmenting Sediment Grain Motion237

The grain motion was imaged using a downward-facing camera at 120 frames per238

second with a 0.085 mm/pixel resolution. The camera was mounted above the center of239

the sediment bed and captured a 10.9 cm × 8.75 cm field of view. A sub-population of240

grains (17/83 mixture by volume) was spray-painted fluorescent orange and illuminated241

with ultraviolet light to facilitate particle identification. Particle trajectories were recon-242

structed using the multiframe predictive tracking algorithm of Ouellette et al. (2006),243

with approximately 800 grains identified per frame. Grain velocities and accelerations244

were computed from the trajectories via convolution with smoothing and differentiat-245

ing kernels (Mordant et al., 2004).246

An advancement in comparison to previous studies of sediment transport is the im-247

plementation of a hidden Markov model to segment grain trajectories into periods of mo-248

tion and rest. Typical threshold-based methods for automated identification of grain flights249

require the selection of velocity or distance-based thresholds, while identification of pe-250

riods of rest frequently require a minimum rest time (e.g., Martin et al., 2012; Cecchetto251

et al., 2018; González et al., 2017). The selection of these thresholds is subjective, and252

yet impacts the shape of the resulting PDF of instantaneous streamwise grain velocities253

and can significantly impact subsequent statistical analyses (Wu et al., 2020; Salevan et254

al., 2017). The HMM approach overcomes these limitations by providing an unsuper-255

vised classification that adapts to local transport conditions. Additionally, the transi-256

tion probability structure inherent to the HMM makes rapid state changes extremely un-257

likely, resulting in temporal smoothing of the velocity signal. Thus temporary low-velocity258

fluctuations (e.g., brief collisions with the sediment bed) can still be classified as part259

of a grain flight segment, while brief high-velocity fluctuations (e.g., stationary grains260

on average that jiggle in place) can be categorized as in the rest state.261

Our HMM consists of two hidden states (rest and motion) characterized by tran-262

sition probabilities between states, and emission probability distributions for observed263

velocities given each state. We model rest-state velocities with a Student’s t-distribution264

centered at zero (capturing still grains and grains that are jiggling without sustained down-265

stream motion), and motion-state velocities with an exponential distribution (consistent266

with theoretical and observed bedload velocity distributions) (Salevan et al., 2017; Fur-267

bish & Schmeeckle, 2013; Roseberry et al., 2012). For each video of the sediment bed,268

we trained a unique HMM using the Baum-Welch algorithm (Baum, 1972) to estimate269

model parameters, then used the Viterbi algorithm (Viterbi, 1967) to decode the most270

probable state sequence for each trajectory. We also adjusted the likelihood of each hid-271

den state by setting a higher threshold for the motion state based on the posterior prob-272

abilities to better match visual observations of motion and rest. Additional implemen-273

tation details are given in Bodek, Wang, Shattuck, O’Hern, and Ouellette (2026b).274
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From the HMM-classified trajectories, we extracted flight distances and durations275

based on the time difference and streamwise and spanwise grain displacement from the276

start to end of a motion segment. We only considered completed grain flights (i.e., grain277

flights that are bookended with the rest state) to avoid truncated flights that either left278

the field of view or whose trajectories were not completed. We also identified the instan-279

taneous velocities of moving grains and number of active grains using segments of tra-280

jectories identified as belonging to the motion state.281

3 Results282

3.1 Probability of Grain Motion and Rest283

The transition probabilities determined from the HMM provide direct estimates284

of the probabilities of grain entrainment P (entrainment) (i.e., the likelihood that a grain285

transitions from the rest state to the motion state at the next timestep) and disentrain-286

ment P (disentrainment) (i.e., the likelihood that a grain transitions from the motion287

state to the rest state) (Bodek, Wang, Shattuck, O’Hern, & Ouellette, 2026b). The en-288

trainment probability generally increases as a function of Shields stress for all bed ori-289

entations; however, this trend breaks down for the lowest flow settings (τ∗/τ∗ cr = 0.78290

and 0.90), which have a higher likelihood of entrainment than would otherwise be ex-291

pected (Figure 1a). We address this over-prediction of motion at sub-threshold flow con-292

ditions in Bodek, Wang, Shattuck, O’Hern, and Ouellette (2026b), noting that the two-293

state mixture model initialized for all flow settings results in over-allocation of grain ve-294

locities in the positive tail of the Student’s t distribution relative to the exponential dis-295

tribution that represents moving grains, especially at the lowest flow settings where very296

few grains are mobilized. While we correct this over-prediction in our subsequent anal-297

ysis of grain activity, velocity, and hop kinematics by setting a higher likelihood of mo-298

tion based on the posterior probabilities (i.e., the probability that an observation belongs299

to a hidden state), this adjustment does not alter the underlying transition matrix and300

entrainment probabilities seen in Figure 1a. The disentrainment probability exhibits com-301

plementary behavior, decreasing monotonically as a function of Shields stress (Figure302

1c).303

Both the entrainment and disentrainment probabilities show a clear dependence304

on the directional stress history. We find that the entrainment probability is mostly con-305

sistent with (and may even exceed) the P (entrainment) of the control case for Shields306

stresses ranging from below to slightly in excess of the critical value (τ∗/τ∗ cr ≤ 1.19)307

(Figure 1b). However, it is difficult to conclusively compare directional P (entrainment)308

estimates for sub- and near-threshold flows (τ∗/τ∗ cr < 1.03), since (as discussed above)309

the two-state mixture model used to initialize the HMM over-predicts entrainment prob-310

ability in this flow regime (Figure 1a). As the Shields stress further exceeds the critical311

value, we identify greater variation in entrainment probability for each orientation. For312

these more rapid flows above the onset of sediment motion, we generally find that the313

entrainment probability increases as a function of bed orientation, with the highest P (entrainment)314

identified for reversed and near-reversed flows (180◦ and 135◦ orientations). We also note315

that when the erosive flow is offset by 135◦ to the conditioning flow, the bed appears more316

susceptible to erosion with greater entrainment probability than the full 180◦ reversal317

case for these Shields stresses farther above the onset of motion (τ∗/τ∗ cr = 1.36 and318

1.53).319

The disentrainment probability shows the opposite trend: P (disentrainment) de-320

creases as a function of bed orientation (Figure 1d). That is, grains are less likely to be321

deposited in the reversed and near-reversed flow cases (180◦ and 135◦ orientations) when322

compared to the control. The unidirectional and near-unidirectional cases (0◦ and 45◦323

orientations) exhibit elevated disentrainment probabilities (i.e., moving grains are more324

likely to be deposited) across nearly all Shields stresses, particularly at and below the325
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Figure 1. (a) Mean entrainment probability for each sediment bed orientation as identified

by the HMM transition matrix, plotted as a function of Shields stress τ∗. (b) Mean entrainment

probability normalized by that measured for the control condition, P(entrainment)∗, plotted as

a function of the angle between the conditioning flow and the subsequent erosive flow (i.e., the

orientation angle) for several normalized Shields numbers τ∗/τ∗ cr near the critical value. Data

points for each orientation are offset horizontally to assist with visualization. The horizontal

dashed line corresponds to P(entrainment) = 1; error bars indicate 95% confidence intervals

computed for eight trials. (c) Mean disentrainment probability for each sediment bed orien-

tation as identified by the HMM transition matrix, plotted as a function of Shields stress τ∗.

(d) Mean disentrainment probability normalized by that measured for the control condition,

P(disentrainment)∗, plotted as a function of the angle between the conditioning flow and the sub-

sequent erosive flow (i.e., the orientation angle) for several normalized Shields numbers τ∗/τ∗ cr

near the critical value. The horizontal dashed line corresponds to P(disentrainment) = 1; error

bars indicate 95% confidence intervals computed for eight trials.

threshold of motion. This trend broadly applies across all bed stresses tested, although326

we note that disentrainment likelihood is elevated for sub-threshold conditions in the uni-327

directional and near-unidirectional cases, while the disentrainment likelihood is suppressed328

for above-threshold cases in the reversed and near-reversed flow directions (Figure 1d).329

3.2 Grain Activity330

We quantify grain activity by counting the number of active grains (i.e., grains in331

the motion state as designated by the HMM) in a given frame. We report this grain ac-332

tivity metric as an “activity fraction”—the ratio of moving grains to all grains identi-333

fied in each frame. Similar activity metrics were used by Salevan et al. (2017) and Bodek,334

Wang, Shattuck, O’Hern, and Ouellette (2026b), while other studies use a grain activ-335

ity normalized by unit surface area (Roseberry et al., 2012; Lajeunesse et al., 2010; Charru336
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et al., 2004). The number of active grains provides a measure of the intensity of bedload337

transport. We show in Figure 2a that the activity fraction increases monotonically as338

a function of Shields stress for each bed orientation (control, 0◦, 45◦, 90◦, 135◦, and 180◦),339

illustrating the transition from sporadic motion of a few grains at sub-critical conditions340

to sustained transport of a substantial fraction of identified grains above threshold.341

Figure 2. (a) Mean grain activity fraction ⟨nactive⟩ for each sediment bed orientation plotted

as a function of Shields stress τ∗. (b) Mean activity fraction normalized by that measured for the

control condition, ⟨nactive⟩∗, plotted as a function of the angle between the conditioning flow and

the subsequent erosive flow (i.e., the orientation angle) for several normalized Shields numbers

τ∗/τ∗ cr near the critical value. Data points for each orientation are offset horizontally to assist

with visualization. The horizontal dashed line corresponds to ⟨nactive⟩∗ = 1; error bars indicate

95% confidence intervals computed for eight trials.

Consistent with our results for entrainment probability (Section 3.1), grain activ-342

ity shows clear dependence on directional stress history. We find that unidirectional con-343

ditioning (0◦ orientation) produces a systematically lower grain activity fraction across344

nearly the entire range of Shields stresses (Figure 2b); this reduction in grain activity345

is consistent with bed strengthening as fewer grains are mobilized under the same flow346

conditions. Generally, the activity fraction increases as a function of bed orientation an-347

gle, with the highest grain activity identified for reversed and near-reversed flows (180◦348

and 135◦ orientations). We note that the activity fraction is more consistent with the349

control case for Shields stresses below and including the critical value (τ∗/τ∗ cr ≤ 1.03);350

as the Shields stress then exceeds this critical value, we identify greater variation in mea-351

surements for each orientation. For the unidirectional and near-unidirectional cases (0◦352

and 45◦ orientations), the activity fraction does not deviate significantly from the con-353

trol case for flows well in excess of the nominal critical value. However, at these faster354

flow settings, the activity fraction is persistently higher than for the control case for the355

reversed and near-reversed flow directions (180◦ and 135◦ orientations). We also note356

that when the erosive flow is offset by 135◦ to the conditioning flow, the bed appears weaker357

with more mobile grains than the full 180◦ reversal case for Shields stresses farther above358

the onset of motion (τ∗/τ∗ cr = 1.19 to τ∗/τ∗ cr = 1.53). This result is broadly consis-359

tent with Bodek, Wang, Shattuck, O’Hern, and Ouellette (2026a), who observed a per-360

sistent increase in grain activity for the reversed and nearly reversed flows (180◦ and 135◦361

orientations) when compared to the unconditioned control case, particularly for bed stresses362

at and above the critical Shields stress.363
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3.3 Grain Velocities364

Streamwise and spanwise grain velocity statistics were computed based on the prob-365

ability density function (PDF) of instantaneous velocities of mobile grains (from cate-366

gorization into the motion state by the HMM). We fit an exponential distribution to the367

PDF of instantaneous streamwise velocities ug, as given by P (ug) =
1

⟨ug⟩exp
[
− ug

⟨ug⟩

]
,368

where ⟨ug⟩ is the mean streamwise velocity. Similarly, we fit a two-sided exponential dis-369

tribution to the instantaneous spanwise velocities vg. Using the best-fit exponential dis-370

tribution to determine the mean streamwise and spanwise grain velocity components for371

each bed stress, we find that both ⟨ug⟩ and ⟨vg⟩ (for vg > 0 cm/s) increase as a func-372

tion of Shields stress for all bed orientations (Figure 3a, 3c).373

Figure 3. (a) Mean streamwise grain velocity normalized by friction velocity ⟨ug⟩/u∗ for each

sediment bed orientation plotted as a function of Shields stress τ∗; the normalizing factor u∗ also

increases as a function of τ∗. (b) Mean streamwise grain velocity normalized by that measured

for the control condition, ⟨ug⟩∗, plotted as a function of the angle between the conditioning flow

and the subsequent erosive flow (i.e., the orientation angle) for several normalized Shields num-

bers τ∗/τ∗ cr near the critical value. Data points for each orientation are offset horizontally to

assist with visualization. The horizontal dashed line corresponds to ⟨ug⟩∗ = 1; error bars indicate

95% confidence intervals computed for eight trials. (c) Mean spanwise grain velocity normalized

by the friction velocity ⟨vg⟩/u∗ for each sediment bed orientation plotted as a function of Shields

stress τ∗. (d) Mean spanwise grain velocity normalized by that measured for the control condi-

tion, ⟨vg⟩∗, plotted as a function of the angle between the conditioning flow and the subsequent

erosive flow (i.e., the orientation angle) for several normalized Shields numbers τ∗/τ∗ cr near the

critical value. The horizontal dashed line corresponds to ⟨vg⟩∗ = 1; error bars indicate 95% confi-

dence intervals computed for eight trials.
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When normalized by the unconditioned control case (Figure 3b), we broadly ob-374

serve that the mean streamwise grain velocity increases as a function of orientation an-375

gle. This trend is most evident for bed stresses below and approaching the critical Shields376

stress, although we note considerable variation in individual measurements. As the flow377

settings exceed the threshold of grain motion, we note that the mean streamwise grain378

velocity becomes largely indistinguishable from the unconditioned control case for the379

unidirectional and near-unidirectional orientations (0◦ and 45◦ cases). However, we ob-380

serve a faster mean grain velocity compared to the control for the reversed and near-reversed381

cases (180◦ and 135◦ orientations), as well as the perpendicular 90◦ case to a lesser ex-382

tent. The faster velocities of grains at 90◦ to 180◦ orientations persist for nearly all flow383

settings. We also note that when the erosive flow is offset by from 135◦ to the condition-384

ing flow, the bed appears weaker with higher mean grain velocities than the full 180◦ re-385

versal case for many Shields stresses. This result is also consistent with Bodek, Wang,386

Shattuck, O’Hern, and Ouellette (2026a), who observed lower grain velocities below the387

critical Shields stress for the unidirectional case (0◦ orientation) and a persistent increase388

in streamwise grain velocity for reversed and nearly reversed flows (180◦ and 135◦ ori-389

entations), particularly for bed stresses at and above the critical Shields stress.390

We observe similar behavior for the spanwise grain velocities when they are nor-391

malized by the unconditioned control (Figure 3d). For flow settings above the onset of392

motion, mean spanwise grain velocity becomes largely indistinguishable from the uncon-393

ditioned control case for the unidirectional and near-unidirectional orientations (0◦ and394

45◦ cases), but is faster than the control for the reversed and near-reversed cases (180◦395

and 135◦ orientations), as well as the perpendicular 90◦ case to a lesser extent. The pri-396

mary difference for spanwise velocities occurs below the critical Shields stress, where the397

mean velocity tends to be faster than the control for many bed orientations with high398

variation between individual experiments.399

3.4 Grain Flight Times400

Flight travel times Tf were determined using the PDF of the differences between401

the start and end times of trajectory segments categorized into the motion state by the402

HMM. We fit an exponential distribution to the PDF of flight travel times, given by P (Tf ) =403

1
⟨Tf ⟩exp

[
− Tf

⟨Tf ⟩

]
, to determine the mean duration of grain flights ⟨Tf ⟩ at each bed stress.404

For all bed orientations (control, 0◦, 45◦, 90◦, 135◦, and 180◦), mean flight time increases405

monotonically as a function of Shields stress (Figure 4a).406

Directional stress history produces clear effects on mean flight time, particularly407

at and below the critical Shields stress. When normalized by the unconditioned control408

case (Figure 4b), we find that mean flight time increases as a function of orientation an-409

gle. The unidirectional flow orientation (0◦ offset) exhibits shorter flight durations be-410

low and approaching the threshold of motion, suggesting that grains in strengthened beds,411

once mobilized, return to rest more quickly. In this sub-threshold regime, longer flight412

times are measured for reversed and nearly-reversed flows (180◦ and 135◦ orientations).413

As the flow magnitude exceeds the critical Shields stress and approaches the highest set-414

ting (τ∗/τ∗ cr = 1.53), mean flight times become indistinguishable from the uncondi-415

tioned control case for all orientations of the sediment bed.416

3.5 Grain Flight Distances417

Streamwise and spanwise flight distance were determined using the PDF of grain418

displacements based on trajectory segments categorized into the motion state. We fit a419

Weibull distribution to the PDF of streamwise flight travel distances Lx, as given by P (Lx) =420

k
λ

(
Lx

λ

)k−1
exp

[
−
(
Lx

λ

)k]
, where k > 0 is the shape parameter and λ > 0 is the scale421

parameter; the same distribution applies to spanwise flight distances Ly. Using the best-422
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Figure 4. (a) Mean grain flight time ⟨Tf ⟩ normalized by D50/u∗ for each sediment bed ori-

entation plotted as a function of Shields stress τ∗. (b) Mean grain flight time normalized by that

measured for the control condition, ⟨Tf ⟩∗, plotted as a function of the angle between the condi-

tioning flow and the subsequent erosive flow (i.e., the orientation angle) for several normalized

Shields numbers τ∗/τ∗ cr near the critical value. Data points for each orientation are offset hori-

zontally to assist with visualization. The horizontal dashed line corresponds to ⟨Tf ⟩∗ = 1; error

bars indicate 95% confidence intervals computed for eight trials.

fit Weibull distribution, we determined the mean streamwise and spanwise flight distance:423

⟨Lx, y⟩ = λΓ
(
1 + 1

k

)
, where Γ is the gamma function. For all bed orientations (control,424

0◦, 45◦, 90◦, 135◦, and 180◦), both mean streamwise and spanwise flight distances in-425

crease monotonically as a function of Shields stress (Figure 5a, 5c).426

Directional stress history produces systematic effects on grain flight distance that427

closely parallel those observed for flight time identified in Section 3.4. When normalized428

by the unconditioned control case (Figure 5b), we again broadly observe that the mean429

streamwise flight distance increases as a function of orientation angle. This trend is most430

evident for bed stresses below and approaching the critical Shields stress, although we431

note variation in individual measurements. As the fluid shear exceeds the threshold of432

grain motion, we note that the mean streamwise flight distance becomes largely indis-433

tinguishable from the unconditioned control case for the unidirectional, near-unidirectional,434

and perpendicular orientations (0◦, 45◦, and 90◦ cases). However, we observe longer mean435

grain flights compared to the control for the reversed and near-reversed cases (180◦ and436

135◦ orientations). The longer flight distances for the 135◦ to 180◦ orientations persist437

for nearly all flow conditions. We also note that when the erosive flow is offset by 135◦438

to the conditioning flow, the grains travel farther on average than the full 180◦ rever-439

sal case for many Shields stresses. This result agrees with the trends observed for grain440

velocity and mean flight time (Sections 3.3, 3.4).441

We observe similar behavior for spanwise flight distances when normalized by the442

unconditioned control (Figure 5d). For fluid shear above the onset of motion, the mean443

distance traveled by spanwise grain flights becomes largely indistinguishable from the444

unconditioned control case for the unidirectional and near-unidirectional orientations (0◦445

and 45◦ cases), but grains travel farther than the control for the perpendicular, near-reversed,446

and reversed cases (90◦ to 180◦ orientations). The primary difference when compared447

to streamwise flight distances occurs below the critical Shields stress. In the spanwise448

direction, grains tend to travel farther than the control for many bed orientations with449

high variation between individual experiments. This lack of directional effect on span-450

wise flight distance for sub-threshold conditions mirrors the results for the spanwise ve-451

locity.452
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Figure 5. (a) Mean streamwise grain flight distance ⟨Lx⟩ normalized by the median grain

size D50 for each sediment bed orientation plotted as a function of Shields stress τ∗. (b) Mean

streamwise flight distance normalized by that measured for the control condition, ⟨Lx⟩∗, plotted
as a function of the angle between the conditioning flow and the subsequent erosive flow (i.e., the

orientation angle) for several normalized Shields numbers τ∗/τ∗ cr near the critical value. Data

points for each orientation are offset horizontally to assist with visualization. The horizontal

dashed line corresponds to ⟨Lx⟩∗ = 1; error bars indicate 95% confidence intervals computed

for eight trials. (c) Mean spanwise grain flight distance ⟨Ly⟩ normalized by the median grain

size D50 for each sediment bed orientation plotted as a function of Shields stress τ∗. (d) Mean

streamwise flight distance normalized by that measured for the control condition, ⟨Ly⟩∗, plotted
as a function of the angle between the conditioning flow and the subsequent erosive flow (i.e., the

orientation angle) for several normalized Shields numbers τ∗/τ∗ cr near the critical value. The

horizontal dashed line corresponds to ⟨Ly⟩∗ = 1; error bars indicate 95% confidence intervals

computed for eight trials.

4 Discussion453

Our results demonstrate that directional stress history—the angular offset between454

an initial conditioning flow and subsequent erosive flow—systematically affects ensem-455

ble statistics characterizing bedload transport. However, the nature and persistence of456

these effects differ fundamentally between the collective statistics of the bulk bed ma-457

terial (which we term bulk metrics) and the kinematic parameters identified from indi-458

vidual grain trajectories (trackwise metrics).459

Bulk statistics that characterize the collective behavior of sediment grains show strong460

directional dependence that persists well above the nominal critical Shields stress. We461

consider activity fraction as well as entrainment and disentrainment probabilities, as pa-462

rameters that fall under this population-level description. Because we use the segmented463

trajectories to designate the velocities of moving grains, we consider grain velocity a kine-464
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matic statistic associated with other trackwise parameters (namely grain flight distance465

and travel time), which are further discussed below. Unidirectional conditioning (0◦ off-466

set) broadly reduces grain activity relative to the unconditioned control case; however,467

this strengthening effect fades once the fluid shear exceeds the onset of sediment motion468

(Figure 2b). Similarly, we identify a higher probability of disentrainment for sediment469

beds that have experienced a unidirectional conditioning flow, also noting that disentrain-470

ment probabilities approach the control case for flows in excess of the critical Shields stress471

(Figure 1d). Entrainment probability, meanwhile, does not appear to vary significantly472

from the unconditioned control case, particularly for flows above onset (Figure 1b). Thus,473

we find that the reduced number of mobile grains observed in sediment beds exposed to474

unidirectional fluid shear may be attributed to an increased likelihood of deposition be-475

low and near the onset of motion.476

Conversely, conditioning by reversed and near-reversed flows (180◦ and 135◦ off-477

sets) enhances grain activity and entrainment probability, particularly for flows above478

the threshold of motion. We observe that both grain activity and entrainment proba-479

bility do not appear to vary significantly from the unconditioned control case for sub-480

critical flows; however, once fluid shear exceeds the critical value for sediment mobiliza-481

tion, we identify persistent bed weakening through a higher likelihood of grain entrain-482

ment and thus more grains in motion (Figure 2b, 1b). We also note that, compared to483

the unconditioned control case, grains in reversed and near-reversed flows are less likely484

to be disentrained when experiencing transport by above-threshold flows (Figure 1d).485

This weakening effect is most prominent for the case where the erosive flow is offset by486

135◦ to the conditioning flow. In contrast to the strengthening observed for the undi-487

rectional flow case, we find that the signature of a weakened sediment bed persists above488

the onset of motion possibly due to collective entrainment effects; as more grains are mo-489

bilized, they may destabilize their neighbors leading to enhanced transport as has been490

observed in both unimodal (e.g., Ancey et al., 2006) and polydisperse granular beds (e.g.,491

Galanis et al., 2021).492

Trackwise statistics encompass kinematic parameters identified from individual grain493

trajectories, including the velocity of moving grains. These trackwise metrics also show494

a dependence on directional stress history, but only in the sub- and near-threshold regime.495

At subcritical and near-critical Shields stresses, unidirectional conditioning (0◦ offset)496

generally results in grains undergoing slower flights over shorter distances. This is seen497

in all our trackwise metrics, consisting of lower streamwise grain velocity (Figure 3b),498

grain flight time (Figure 4b), and streamwise flight distance (Figure 5b). Reversed and499

near-reversed conditioning flows (180◦ and 135◦ offsets) produce the opposite effect with500

faster, longer, more sustained grain flights. However, once the fluid shear exceeds the nom-501

inal critical value for sediment entrainment, these directional effects on trackwise statis-502

tics largely vanish, with all orientations converging toward the unconditioned control val-503

ues. This convergence indicates that stress history primarily affects the characteristics504

of marginal grain motion near threshold, but has a diminishing influence on the kine-505

matics of individual flights once transport is well-established. Interestingly, we note that506

while kinematic signals of directional stress history are largely suppressed at the high-507

est fluid shear settings, grain velocities and flight distances tend to remain elevated for508

the 135◦ conditioning orientation, consistent with observations of bulk sediment bed met-509

rics. It is unclear why the 135◦ orientation is consistently more erodible. One possible510

explanation is that the shear imparted onto the sediment bed from the bed leveling pro-511

cedure produced a downstream-oriented directional fabric that persists for the 180◦ flow512

reversal, resulting in a slightly stronger 180◦ case compared to the 135◦ case. Another513

possibility is the ability of grains to more easily move around others that have been strength-514

ened by the conditioning flow when the erosive flow is not completely reversed.515

This dichotomy between bulk population-level effects and kinematic trackwise ef-516

fects is broadly consistent with previous experimental studies but provides new mech-517
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anistic insight. Both Galanis et al. (2022) and Bodek, Wang, Shattuck, O’Hern, and Ouel-518

lette (2026a) found strengthening in sediment beds conditioned by unidirectional (0◦ off-519

set) flows and weakening in beds conditioned by reversed flows (180◦ offset), as measured520

by statistical parameters extracted from the PDF of instantaneous streamwise velocity521

for all identified grains (both those in motion and at rest). DEM simulations by Wang522

et al. (2026) found that, for sediment beds subject to unidirectional fluid shear, grains523

at the bed surface settle into pockets aligned with the flow direction during condition-524

ing. Such configurations create directionally dependent geometric stability: grains are525

harder to dislodge in the alignment direction but easier to dislodge in perpendicular or526

reversed directions. When mobilized near threshold, these aligned grains may travel shorter527

distances before encountering stable downstream pockets oriented similarly to their ini-528

tial configuration. In the reversed 180◦ orientation, surface grains settle into pockets ori-529

ented opposite to the erosive flow, creating less stable configurations that, when disrupted,530

allow grains to travel farther before finding suitable deposition sites. However, as the Shields531

stress increases and transport becomes more sustained, the surface is continually reworked532

by mobile grains, erasing the directional signature of the conditioning flow. This “era-533

sure” of stress history effects is consistent with observations of natural gravel-bed rivers.534

Bed stability increases and bedload transport decreases during drier times of year when535

streamflow is low and bankfull floods are uncommon; subsequently, during spring snowmelt536

or rainy periods when bankfull or greater floods tend to occur, these rapid flows disrupt537

any structure or orientation that may have developed and “reset” the bed to a more mo-538

bile and unstructured state (Masteller et al., 2019; Oldmeadow & Church, 2006; Veri-539

cat et al., 2006).540

This distinction suggests that stress history operates through two complementary541

mechanisms. First, stress history modulates the ease of grain entrainment and disentrain-542

ment, affecting how readily grains transition between rest and motion states—an effect543

that persists across the sub- to above threshold transport regimes. Second, stress his-544

tory affects the characteristics of grain motion once mobilized (velocity, distance, dura-545

tion), but primarily in the intermittent sub-threshold transport regime where grain-bed546

interactions are most sensitive to subtle variations in bed configuration. Once transport547

is well-established above threshold, the dominant control on grain flight characteristics548

shifts from bed structure to flow forcing, and stress history signatures in individual tra-549

jectory kinematics fade. However, the continued influence of stress history on entrain-550

ment/disentrainment probabilities and grain activity indicates that population-level ef-551

fects remain important even at higher transport intensities. This persistence of mem-552

ory stress in the bulk sediment bed metrics may possibly be due to collective entrain-553

ment effects: as more grains are mobilized, they destabilize their neighbors leading to554

enhanced transport (Ancey et al., 2006). Alternately, in these cases where the direction555

of the erosive flow is reversed, the sand bed may develop a wider shear zone, thus ex-556

periencing greater disruption of grain contacts and increased sediment motion deeper into557

the subsurface (Slotterback et al., 2012; Toiya et al., 2004).558

5 Conclusion559

The primary objective of this study was to investigate how directional stress his-560

tory affects the ensemble statistics of bedload transport. Specifically, we addressed two561

key questions: (1) How does directional stress history affect the probability distributions562

and associated statistical parameters of grain activity, velocity, flight distance, and flight563

travel time? And (2) are the effects of stress history primarily manifested in the collec-564

tive statistics of the bulk bed material (bulk metrics), in the kinematic parameters iden-565

tified through individual grain trajectories (trackwise metrics), or both? To address these566

questions, we conducted experiments in a laboratory flume using a rotating sediment bed567

apparatus that allowed us to impose directional stress history at offset angles of 0◦, 45◦,568

90◦, 135◦, and 180◦ to the initial 20 min conditioning flow. Our results show that direc-569

–15–



manuscript submitted to JGR: Earth Surface

tional stress history affects both the bulk and trackwise statistics of bedload motion. We570

observe strengthening in the unidirectional case (0◦ offset) with reduced grain activity,571

greater likelihood of deposition, and slower, more abbreviated grain flights—especially572

at and below the nominal critical Shields stress. Conversely, we observe weakening in573

the reversed (180◦ offset) and nearly reversed (135◦ offset) cases with enhanced grain ac-574

tivity, higher entrainment probabilities, and faster, more sustained grain flights. While575

increased grain activity and likelihood of entrainment persist well above the threshold576

of motion for the reversed and near-reversed flow directions, the trackwise metrics of grain577

flight distance, time, and velocity approach those measured for the unconditioned con-578

trol.579

The transient nature of trackwise effects (velocity, distance, time) suggests a surface-580

level mechanism that becomes less relevant as transport intensity increases. We inter-581

pret this as evidence for directionally-dependent surface grain configurations—including582

grain pockets, protrusion angles, and local sheltering arrangements—that affect the tra-583

jectories of mobilized grains in the near-threshold regime. These findings have impor-584

tant implications for stochastic bedload transport models. Our results demonstrate that585

both the activity form and entrainment form parameterizations of sediment flux must586

account for directional stress history, as both the number of mobilized grains and their587

kinematic properties vary with the angular offset between historical and current flow di-588

rections. In natural systems where flow directions vary, the directional history of stress589

may significantly enhance or reduce transport rates beyond what would be predicted from590

the instantaneous fluid stress alone. By characterizing how the probability distributions591

describing grain motion characteristics vary with stress history, we provide a framework592

for incorporating these effects into stochastic sediment transport models.593
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