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Abstract18

Bedload transport occurs when the shear stress, or non-dimensional Shields stress, im-19

parted by a fluid onto a sediment bed exceeds a critical value for sediment entrainment.20

The history of fluid stress imparted onto a sediment bed influences this critical Shields21

stress, with bed strengthening occurring under unidirectional flows and bed weakening22

occurring when the flow direction is reversed. In this study, we examine directional strength-23

ening and weakening in a sediment bed for multiple fluid stress orientations using a ro-24

tating bed of sand in a laboratory flume. This sediment bed is exposed to an initial sub-25

critical conditioning flow followed by a subsequent erosive flow at an offset angle. We26

identify the particle trajectories of a population of sediment grains to measure their ve-27

locity, activity, and associated bulk statistics. We confirm bed strengthening (i.e., lower28

grain velocity and activity) in the unidirectional case, especially for flows at or below the29

nominal critical Shields stress. As the angular offset increases between the conditioning30

and erosive flows, both grain velocity and activity increase, with the greatest bed weak-31

ening at offsets of 135◦ and 180◦. Our results confirm that stress history is stored anisotrop-32

ically in the sediment bed, supporting mechanisms such as shear jamming where an anisotropic33

granular fabric develops in response to shear. Our results have implications for predict-34

ing sediment transport in natural settings where flows can come from many directions,35

and for improving our understanding of how subcritical and critical fluid-imposed stresses36

can modify the grain contact and force networks in geophysical contexts.37

Plain Language Summary38

Bedload transport, or the movement of sediment near the surface of a sand or gravel39

bed, occurs when shearing forces delivered by a flowing fluid overcome the forces keep-40

ing the sediment in place. The critical shear stress depends on many variables, includ-41

ing the history of fluid flow over the bed. Sustained slow flows can strengthen a sediment42

bed, resulting in reduced bedload transport and a higher critical shear stress, even when43

the bed appears mostly static. Recent studies have also shown that a slow flow in one44

direction followed by a rapid flow in the opposite direction results in bed weakening and45

greater bedload transport. To explore the influence of flow history and direction on the46

critical shear stress, we use a laboratory flume with a rotating sediment bed. This sed-47

iment bed is subjected to a slow flow, then rotated to a set angle and exposed to an ero-48

sive flow. We identify the tracks of individual sediment grains to analyze grain velocity49

and activity. Thus, we can quantify the differences in sediment bed behavior due to the50

stress history imparted by previous flow directions. This knowledge can improve sedi-51

ment transport predictions in systems with multiple flow directions, like coastal envi-52

ronments.53

1 Introduction54

The transport of sediment by flowing water is a fundamental physical process that55

shapes many of Earth’s landscapes and has broad implications in environmental, eco-56

logical, and engineering contexts. The accurate prediction and evaluation of sediment57

transport thresholds and rates, however, remains an ongoing challenge due to the com-58

plex interactions between the granular bed material and turbulent, open-channel flow59

(see Pähtz et al., 2020). The typical framework for predicting the onset of sediment mo-60

tion relies on an estimate of the Shields stress τ∗, the ratio of the fluid-imposed bed stress61

to the buoyancy-reduced gravitational stress (Shields, 1936). When the Shields stress62

reaches a critical value, τ∗cr (a threshold that is also dependent on the particle Reynolds63

number), sediment grains begin to be mobilized into bedload transport as the forces im-64

posed by the driving fluid overcome those resisting entrainment (e.g., Wiberg & Smith,65

1987; Dey, 1999). Although choosing a single value for this threshold of motion has sig-66

nificant utility and is widely assumed in bedload transport models (e.g., Ashida & Michiue,67
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1973; Engelund & Fredsøe, 1976; Luque & Van Beek, 1976; Meyer-Peter & Müller, 1948;68

Wong & Parker, 2006), challenges arise due to the considerable variation in reported shear69

stresses at the onset of sediment transport in both field and flume studies (Buffington70

& Montgomery, 1997) and the diminished predictive power of these models near the thresh-71

old of grain motion (Recking et al., 2012). Thus, this framework, while useful, is ulti-72

mately insufficient in many contexts (e.g., Lavelle & Mofjeld, 1987; Yager et al., 2018).73

Further, since much of sediment transport in gravel-bed rivers is thought to occur at near-74

threshold conditions (Parker, 1979; Phillips & Jerolmack, 2016), an accurate assessment75

of τ∗cr can improve sediment transport predictions in fluvial environments.76

The variable nature of the bed surface (e.g., Kirchner et al., 1990) and turbulent77

fluctuations in the flow (e.g., Einstein & El-Samni, 1949) give rise to complex physical78

mechanisms governing sediment entrainment and transport that can be highly variable79

across spatial and temporal scales (Sumer et al., 2003; Diplas et al., 2008; Papanicolaou80

et al., 2001; Escauriaza et al., 2023; Cameron et al., 2020). This temporal variability has81

been observed in both experimental and natural systems, where τ∗cr varies with the his-82

tory of fluid stress (e.g., Turowski et al., 2011; Mao, 2018). Hysteresis can occur in sed-83

iment transport rates during individual floods (Roth et al., 2014; Pretzlav et al., 2020;84

Mao et al., 2014) and cause variations in the onset of sediment motion due to seasonal85

variability in flood magnitudes and intermittency (Reid et al., 1985; Masteller et al., 2019).86

Alternate representations of the critical Shields stress may assist in understanding these87

time-dependent dynamics. Clark et al. (2017) interpreted τ∗cr as the stress at which mo-88

bile grains can no longer find a static configuration—an approach that incorporates in-89

ertial effects from particle-bed interactions. Houssais et al. (2015), meanwhile, interpreted90

τ∗cr as the transition from creep to a dense granular flow, thus showing the presence of91

slow and sporadic grain movements within both the bed surface and subsurface.92

While the traditional framework for estimating the onset of sediment transport as-93

sumes that granular beds do not undergo significant reorganization when the bed stress94

is below the threshold for bulk motion (Gomez, 1983), field observations have revealed95

that sediment flux during floods is (at least partially) dependent on the duration of inter-96

event slow flows (Reid et al., 1985). In natural gravel-bed rivers, both Oldmeadow and97

Church (2006) and Masteller et al. (2019) describe a cycle where bed stability increases98

and bedload transport decreases during drier times of year when streamflow is slow and99

bankfull floods are uncommon. Subsequently, during spring snowmelt or rainy periods100

when bankfull or greater floods tend to occur, these rapid flows disrupt any structure101

or orientation that may have developed and “reset” the bed to a more mobile and un-102

structured state. Laboratory experiments have since confirmed that τ∗cr is sensitive to103

the magnitude and duration of prior flows, with beds typically exhibiting a strengthen-104

ing behavior when the fluid flow always comes from the same direction, even in the ab-105

sence of measurable sediment transport (Haynes & Pender, 2007; A. Ockelford et al., 2019;106

Paphitis & Collins, 2005; Monteith & Pender, 2005; A.-M. Ockelford & Haynes, 2013;107

Masteller & Finnegan, 2017). The term stress history (also occasionally called memory108

stress) generally describes the effects of these sub-threshold flows applied to a sediment109

bed, and incorporates both the duration and magnitude of shear stress applied to the110

bed (Monteith & Pender, 2005).111

In geophysical contexts, the mechanism for strengthening during subcritical flows112

has generally been attributed to subtle reorganization of the sediment bed, leading both113

to a coarser surface and more stable grain configurations (e.g., Masteller & Finnegan,114

2017; Haynes & Pender, 2007; A.-M. Ockelford & Haynes, 2013). A well-known exam-115

ple is the formation of a surficial “armor”, a phenomenon that is most apparent in graded116

rivers where granular segregation results in a coarse surface layer overlying a finer sub-117

surface (e.g., Parker & Klingeman, 1982; Ferdowsi et al., 2017). We can also consider118

stress history as a type of strain hardening, as beds experience compaction when driven119

as bedload by above-critical flows (Charru et al., 2004) and as creep by subcritical flows120
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(Allen & Kudrolli, 2018). Additionally, as the bed experiences a directional boundary121

shear, grain contacts can be preferentially loaded forming anisotropic force chains that122

bear internal stresses and stabilize the material in the direction of shear (Bi et al., 2011;123

Cates et al., 1998; Majmudar & Behringer, 2005; Behringer & Chakraborty, 2018). Con-124

tinued loading can produce a fragile, then shear jammed state—conditions where the sta-125

bility of the granular material can be disrupted if the direction of loading changes (Bi126

et al., 2011). In systems with cyclic shear, the grain network must rearrange upon change127

of direction of the applied shear, which further motivates weakening (Slotterback et al.,128

2012). Recent experiments examining the evolution of τ∗cr in granular beds subject to129

forward and reverse fluid shear directions have observed bed weakening (i.e., lower τ∗cr130

or increased bedload transport) when the flow direction is reversed (Galanis et al., 2022;131

Cúñez et al., 2022). Cúñez et al. (2022), who also examined stress history effects from132

an oscillating flow, found that the granular fabric developed during the oscillating flow133

was weaker than the anisotropic fabric developed under unidirectional flow, despite greater134

compaction of the bed material.135

In this article, we investigate the effect of directional stress history on thresholds136

for incipient grain motion in sediment beds. We carry out experiments in a laboratory137

flume where the sediment bed is subject to a subcritical conditioning flow, followed by138

an erosive flow from an offset direction. In comparison to prior studies that examine the139

evolution of bed stability subject to unidirectional and reversed flows, our experimen-140

tal setup allows for mobilizing flow directions that are offset by any angle from the ini-141

tial subcritical flow direction. Further, we investigate the anisotropic mechanisms for stor-142

ing stress history in a geophysical context by using natural sand grains and a turbulent143

shearing flow. By examining grain motions during the transition from below threshold144

to incipient motion to bedload transport, we are able to quantify grain activity. Further,145

we use collective grain velocity statistics to compare the number of mobilized grains and146

characteristic grain velocity for the various conditioning directions. While perhaps less147

applicable to the standard single-thread alluvial river, the setup of this study applies to148

tidally-influenced channels, braided rivers, and even floodwaters that enter abandoned149

channels or floodplains from unusual directions. Our results imply that sediment trans-150

port may be enhanced in these environments compared to predictions from a standard151

Shields framework.152

2 Methods153

2.1 Experimental Configuration and Protocol154

Experiments were conducted in a recirculating, open channel flume. The inflow is155

controlled by a variable speed pump that fills a constant-head tank, which drives the wa-156

ter through a diffuser, homogenizing grids, and a two-dimensional constriction into a rect-157

angular channel section. The glass-walled test section has a length of 3 m and width of158

0.6 m, with additional 1.5 m long buffer sections to mitigate entrance and exit effects.159

The flow rate and depth are set by both the pump and the height of a sharp-crested down-160

stream control weir. At rest, the flow depth was 17.5 cm. A full description of this fa-161

cility was initially documented in O’Riordan et al. (1993) and an illustrative schematic162

is shown in Figure 1a.163

The test section of the flume has a false bottom, allowing for the installation of an164

inset sediment bed, the edge of which was mounted flush with the surrounding floor (Fig-165

ure 1b). The leading edge was 1.3 m from the start of the test section, and the inset bed166

was centered within the channel cross section. The sediment bed consisted of a circu-167

lar dish that was 45.7 cm (18 in) in diameter and 7.6 cm (3 in) deep; the dish was filled168

with medium to coarse-sized sand, a population of which was painted fluorescent orange169

for imaging purposes (Figure 1c). The granular bed and particle imaging and tracking170

methodologies are discussed further in Section 2.3. The sediment bed was mounted on171
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a rotating turntable base, permitting multiple orientations of the sand bed relative to172

the flume.173

A camera was mounted above the center of the sediment bed to record the motions174

of the sand grains. Any secondary flows produced by the transition between the smooth175

acrylic floor and the start of the sediment bed decayed before reaching the camera field176

of view (FOV), located 16 cm from the leading edge of the bed. To ensure that the cam-177

era had a clear view of the sand below, a small glass window (referred to as the “boat”)178

was placed on the free surface of the flow above the sediment bed. This placement min-179

imized image distortions due to light refraction off ripples in the free surface. An acous-180

tic Doppler velocimeter (ADV) was mounted behind the boat over the downstream por-181

tion of the sediment bed to collect flow velocity measurements during experiments. The182

test section configuration is shown in Figure 1b and 1c.183

Figure 1. Recirculating flume facility with installed sediment bed. (a) Schematic depicting

the entire flume facility, including: (i) variable-speed pump, (ii) constant-head tank, (iii) diffuser

and inlet, (iv) homogenizing grids, (v) 1.5 m long buffer sections, (vi) 3 m long glass-walled test

section, (vii) inset rotating sediment bed, (viii) sharp-crested control weir, and (ix ) reservoir.

(b) Close-up of the portion of the test section with the inset sediment bed and nearby instru-

mentation. (c) Top-down view of the sediment bed illuminated by ultraviolet lights, showing the

fluorescent-painted grains.

We were careful to prepare the sediment bed in the same way for each experimen-184

tal run. Prior to each experiment, a stirrer was used to agitate the submerged sand bed185

and break up any structures that may have been present within the granular material.186

We then leveled the sediment bed by dragging a stiff piece of mesh over the bed surface.187

For all but one experimental case, we subject the bed to a subcritical “conditioning flow”188

for 20 min. This conditioning flow had a Shields number that was approximately 75−189

80% of the nominal critical value for our sediment bed; this critical value, τ∗cr ≈ 0.033,190

was estimated using a Shields curve analysis. Although several grains were observed to191

jiggle or even roll one or two grain diameters during the course of the conditioning, sig-192

nificant grain motion was not observed at this flow velocity.193

Following this 20 min period, we stopped the flow and manually rotated the sand194

bed by 0◦, 45◦, 90◦, 135◦, or 180◦ relative to the initial conditioning flow direction. The195
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rotating sediment bed apparatus was stationary during both the conditioning phase and196

the subsequent “erosive flow”. The rotation thus only changed the direction of the ero-197

sive flow relative to the initial conditioning flow. To produce the erosive flow, the speed198

of the pump was raised in steps, such that the flow velocity increased in increments of199

approximately ∼ 1.4−2.2 cm/s, measured at 2 cm above the sediment bed. After each200

step up, the flow was allowed to stabilize for 1 min; then, a 45 sec video of the sediment201

motions was collected. A total of 9 flow velocity intervals were used when inducing sed-202

iment transport, starting at the conditioning flow velocity (τ∗ = 0.026) and increasing203

to an above-threshold state where bedload was readily observed (τ∗ = 0.05). The sed-204

iment transport regime in the flume was limited to bedload, i.e. the grains were not ob-205

served to travel in suspension. The bed was always reset before any new experiment was206

conducted; thus, observations of sediment motion were made on a newly prepared and207

conditioned bed, regardless of turntable orientation. A total of 8 trials were conducted208

for the 6 experimental cases—control (no conditioning), 0◦, 45◦, 90◦, 135◦, and 180◦ rel-209

ative to the initial conditioning flow direction.210

2.2 Flow Characterization211

We characterized the streamwise flow velocity using a Nortek Vectrino Profiler, a212

type of acoustic Doppler profiling velocimeter (ADV). This ADV profiling instrument213

was mounted over the sediment bed as shown in Figure 1b. The flow conditions at 10214

settings of the variable speed pump were measured in a series of calibration runs (3 runs215

per pump setting). During these calibration runs, the flume was heavily seeded with neu-216

trally buoyant glass microspheres to better reflect acoustic waves emitted by the instru-217

ment. The ADV profiler measured a 3 cm velocity profile above the sediment bed, with218

a 1 mm vertical resolution; measurements were collected at a rate of 65 Hz and time-219

averaged over a 10 min period (Figure 2a).220

Figure 2. (a) Measured time-averaged velocity profiles for 5 pump settings used to calibrate

flow parameters; the pump setting value indicates the percentage of the maximum pump output.

(b) The friction velocity u∗ computed for each pump setting using the Law of the Wall. The red

dashed line indicates a linear best fit given by u∗ = 2.5×10−4rp + 3.7×10−3. (c) Bed shear stress

τb and Shields stress τ∗ as a function of pump setting. The red dashed line indicates a linear best

fit given by τb = 6.6×10−3rp − 5.9×10−2. Error bars indicate the range of values calculated.
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We determined the friction velocity, u∗, by fitting the Law of the Wall to our time-221

averaged velocity profiles, namely222

u =
u∗

κ
ln

(
z

zo

)
(1)

where u is the flow velocity, z is the height above the sediment bed, zo is the roughness223

length (also fit to measured velocity profiles), and κ = 0.41 is the von Karman constant.224

It was found that the friction velocity increased approximately linearly with pump set-225

ting (Figure 2b). From the friction velocity, we can calculate the bed stress, τb, and Shields226

number, τ∗, as given by227

u∗ =

√
τb
ρ

(2)

and228

τ∗ =
τb

(ρs − ρ)gD50
(3)

where ρ is the fluid density, ρs is the sediment density, g is acceleration due to gravity,229

and D50 is the median grain size of the sediment bed. Since velocity profiles were not230

directly measured for all flow velocity intervals used in the previously described exper-231

imental procedure, we used a linear fit between the percentage of the maximum pump232

output and the friction velocity (Figure 2b), as well as pump output and bed shear stress233

(Figure 2c) to define u∗, τb and τ∗.234

During experiments, a Nortek Vectrino ADV was mounted above the sediment bed235

in the same location as the ADV profiler (Figure 1b). The Vectrino instrument collected236

velocity measurements at a single point with a sample rate of 200 Hz that was subsam-237

pled to 60 Hz. Data collected during each experiment were compared against the flow238

velocity for each interval calculated using the calibration described above; good agree-239

ment was observed.240

The particle Reynolds number Rep = u∗D50/ν ranged from 6.8 − 10.6 for our241

experimental conditions, where the kinematic viscosity of water is approximately ν =242

10−6 m2/s. Thus, our experiments were conducted in a hydraulically transitional flow.243

2.3 Sediment Bed and Particle Tracking244

The sediment bed consisted of commercially available quartz sand (ρs = 2650 kg/m
3
)245

with a median grain size of D50 = 0.495 mm and uniform distribution σg = (D84/D16)
0.5

=246

1.24 as measured using a Camsizer X2 instrument (Garćıa, 2013). To detect individual247

sand grains, a population of the sand was spray painted a fluorescent orange color. The248

orange-painted grains were mixed with unpainted sand in a 17/83 mixture by volume.249

The bed was imaged using a FLIR Flea3 monchrome camera (model FL3-U3-13Y3M-250

C) with an SMC Pentax-M 28 mm f2.8 lens that was mounted above the center of the251

sediment bed looking vertically down through the boat (Figure 1c). During experiments,252

the sediment bed was illuminated by an ultraviolet light in a dark room, such that the253

painted sand grains glowed orange (Kelley et al., 2023). The camera lens was fitted with254

an optical band pass filter to collect light emitted by the fluorescent paint; thus, these255

grains appeared bright on the dark background of unpainted sand. Images measuring256

1280×1048 pixels with a spatial resolution of 0.085 mm per pixel were captured at 120 fps.257

We reconstructed the particle trajectories of the fluorescing grains using a multi-258

frame predictive particle-tracking algorithm (Ouellette et al., 2006); grain velocities were259

then computed from these trajectories via convolution with a smoothing and differen-260

tiating kernel (Mordant et al., 2004). Particle tracking has been used to characterize grain261

behavior in other sediment transport studies (e.g., Salevan et al., 2017; Lajeunesse et al.,262

2010; Shim & Duan, 2017; Radice et al., 2017), including those investigating stress his-263

tory effects (Galanis et al., 2022). Parameters specified for the tracking algorithm of Ouellette264
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et al. (2006) included a threshold intensity such that approximately 800 grains were iden-265

tified in each frame, as well as a minimum and maximum particle area corresponding to266

the sieve sizes used to constrain the grain size distribution (0.3 mm and 0.8 mm). While267

this algorithm kinematically predicts particle trajectories over multiple frames, we spec-268

ify a search radius in the predicted particle position if the tracked grain is not immedi-269

ately found. This search radius was conservatively set for each pump setting and man-270

ual visual inspection of a subset of images with grain trajectories was used to confirm271

track accuracy (Figure 3). We note that the conservative selection of search radius re-272

sults in broken trajectories over longer hops, but avoids drawing false tracks between nearby273

stationary particles. In the analysis described below, we focus on bulk statistics of the274

grain velocity and activity and do not consider metrics from individual tracks; thus, these275

broken linkages are not a significant issue for our analyses.276

1cm

a.)

τ*=0.026
τ∗

τ∗cr
 =0.77 1cm 1cm

b.) c.)

τ*=0.034
τ∗

τ∗cr
 =1.0 τ*=0.042

τ∗

τ∗cr
 =1.3

Figure 3. Example sediment tracks from the particle-tracking analysis overlaid onto images

of the underlying sediment bed for three flow velocity intervals: (a) the conditioning flow velocity

where τ∗ = 0.026, (b) the critical flow velocity where τ∗ = 0.034, and (c) an above-critical flow

velocity where τ∗ = 0.042. All tracks longer than 10 frames in a 45 sec movie are shown with

individual tracks depicted in various colors. The raw images show fluorescing sand grains in the

center of the field of view; the physical dimensions are 8.75 cm in the streamwise direction (verti-

cal) and 5.5 cm in the spanwise direction (horizontal). The flow direction is from the bottom to

the top of the images.

3 Results277

3.1 Conditioning Flows278

During the 20 min conditioning flow, videos of the sediment bed were collected at279

5 min intervals. Using this series of videos, we can investigate the grain dynamics dur-280

ing the subcritical conditioning period. We quantify grain motion using the mean grain281

velocity ⟨ūg⟩, which is calculated by averaging the instantaneous streamwise velocity of282

each grain identified by the particle-tracking algorithm over each frame of the 45 sec video.283

This metric captures the motions of both grains actively transported through rolls and284

hops, as well as those that are largely stationary or only jiggling in place. Thus, ⟨ūg⟩ tends285

to be much smaller than the typical velocity of a moving grain, as the sediment bed is286

largely immobile at subcritical conditions. The measured values of ⟨ūg⟩ over the condi-287

tioning period are shown in Figure 4a.288
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In addition to the grain velocity, we can also characterize grain motion by count-289

ing the number of active grains in a given frame per unit area, averaged over all frames290

in the 45 sec video. Termed “grain activity”, ⟨n̄g⟩, this metric is similar to the surface291

density of moving particles introduced by Lajeunesse et al. (2010) or the particle num-292

ber activity used by Roseberry et al. (2012). A grain is considered active if its instan-293

taneous velocity is above a threshold velocity that varies depending on bulk sediment294

velocity statistics. The selection of this threshold velocity is discussed further in Section295

3.4 below. We can also sum the number of active grains in each frame to determine the296

total number of active grains over the course of a 45 sec video (Figure 4b).297

Over the course of the 20 min conditioning period, we can see that both the av-298

erage grain velocity and grain activity decrease, with a significant reduction in both mea-299

surements occurring in the first 5 minutes. The average grain velocity experiences a nearly300

60% reduction in this initial quarter, then begins to plateau over the next 10 minutes301

before decreasing again in the final quarter of the conditioning period. The number of302

active grains follows a similar pattern, with an initial reduction of 63% in the first 5 min-303

utes, followed by a more gradual decline in grain activity over the subsequent 15 min-304

utes. The total number of active grains decreases by an order of magnitude over the en-305

tire conditioning period, with 228 active grains in the first 45 sec and only 27 active grains306

in the final 45 sec of the conditioning period.307

Figure 4. Sediment bed activity over the subcritical conditioning period: (a) mean grain ve-

locity ⟨ūg⟩ averaged over all identified grains in each video; (b) grain activity ⟨n̄g⟩ (left ordinate
axis) and total number of active grains Ng (right ordinate axis) in each video. Shaded regions

indicate 95% confidence intervals for both plots; four trials were completed.

3.2 Grain Velocities308

Using the same measurement of mean grain velocity ⟨ūg⟩ as described in the pre-309

vious section, we can characterize the behavior of the sediment bed during the steps-up310

in speed of the erosive flow. The data in Figure 5 show the mean grain velocity for each311

orientation of the sediment bed relative to the flume test section, with each panel show-312

ing mean grain velocity measured at one of the nine incremental flow speeds. For all ori-313

entations (control, 0◦, 45◦, 90◦, 135◦, and 180◦), the mean grain velocity becomes faster314

as the flow speed, and thus the bed stress and Shields stress, increases. For the uncon-315

ditioned control case, the approximate value of the critical Shields number is consistent316
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with a traditional Shields curve analysis, where τ∗cr = 0.033 (Buffington & Montgomery,317

1997).318

Figure 5. Mean grain velocity averaged over all identified grains ⟨ūg⟩ for each orientation of

the sediment bed, where the angle represents the offset in bed position between the condition-

ing and erosive flows. Each panel shows ⟨ūg⟩ at increasing steps-up in flow speed and Shields

stress, with τ∗ and τ∗/τ∗cr reported. Error bars indicate the 95% confidence interval computed

over eight trials. The faint horizontal gray dotted line is drawn at the ⟨ūg⟩ of the unconditioned

control case and is intended to assist with visual comparison of the ⟨ūg⟩ of the different bed ori-

entations to the control.

Once the bed has experienced a subcritical conditioning flow, the mean grain ve-319

locity exhibits a dependence on the direction of the subsequent erosive flow. In cases where320

the conditioning flow and erosive flow occur in the same direction (i.e., 0◦ offset), we see321

a reduction in mean grain velocity at Shields stresses up to and including the nominal322

critical value (Figure 5a, 5b, 5c). This reduction in sediment motion due a history of uni-323

directional flows agrees with prior studies (e.g., Galanis et al., 2022), although we note324

that this effect is largely indistinguishable from the unconditioned control case in our325

experiments once the strength of the erosive flow was increased to stresses above crit-326

ical (Figure 5d–5i). This pattern is consistent for the case where the erosive flow direc-327

tion is at an angle of 45◦ relative to the conditioning flow. The mean grain velocity of328

the 45◦ offset is lower than the unconditioned control case, but higher than the unidi-329

rectional case (0◦ offset) for shear stresses up to critical (Figure 5a, 5b). However, the330

mean grain velocity of the 45◦ offset is otherwise comparable to the unconditioned con-331

trol case for the critical and higher Shields stresses (Figure 5c–5i).332

The inverse trend occurs for flows that advance from the reversed (180◦) or nearly333

reversed (135◦) direction relative to the conditioning flow. In these cases with flow re-334

versals (both 180◦ and 135◦), the mean grain velocity is higher than the unconditioned335
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control case for all Shields stress increments used in the erosive flow. This behavior is336

consistent with prior experiments that observed weakening when granular beds are ex-337

posed to an above-critical flow from a reversed direction (Galanis et al., 2022; Cúñez et338

al., 2022). We note that when the erosive flow advances from 135◦ to the conditioning339

flow, the bed appears weaker with higher mean grain velocities than the full 180◦ rever-340

sal case for Shields stresses above τ∗ ≥ 0.039 (Figure 5e–5i).341

Lastly, for erosive flow directions that are perpendicular to the conditioning flow342

(90◦ offset), we observe mean grain velocities that are generally similar to, or slightly higher343

than, the unconditioned control case. These higher grain velocities tend to occur once344

the Shields stress has reached τ∗ ≥ 0.045 (Figure 5g, 5h, 5i). Additionally, for these higher345

bed stresses, we note that the 95% confidence interval of the perpendicular case tends346

to be greater than the control, indicating that the mean grain velocity experiences greater347

variability at these conditions.348

3.3 Higher-Order Statistics of Grain Velocities349

Mean grain velocity ⟨ūg⟩ is a bulk statistic describing the behavior of all identified350

grains. Thus, it is difficult to determine whether increases in ⟨ūg⟩ are due to more grains351

being entrained, these entrained grains having higher velocities, or both. To disentan-352

gle these phenomena, we can turn to the full probability density function (PDF) of in-353

stantaneous streamwise grain velocities measured for all identified grains in each frame354

of our videos.355

These grain velocity PDFs in Figure 6 show a peak at ug = 0 cm/s with increas-356

ingly heavy tails for larger Shields stresses. The cluster of instantaneous velocity mea-357

surements around ug = 0 cm/s are due to grains that are mostly immobile but jiggling358

slightly about their stable locations, especially at or below the onset of motion. This dis-359

tribution of motions tends to be strongly peaked and symmetric around ug = 0 cm/s,360

as fluctuations in the flow drive jiggling motions, but not sustained downstream trans-361

port. As the fluid stress applied to the sediment bed increases, more and more grains362

begin to be entrained and transported downstream. The stochastic and independent mo-363

bilization of individual grains into active bedload is reflected in the exponential tail of364

the PDF (Roseberry et al., 2012; Furbish & Schmeeckle, 2013). To account for both grain365

motions at and just above the onset of motion, we describe the full PDF with a mixture366

model that incorporates a Student’s t-distribution fit to the inner core and an exponen-367

tial distribution fit to the heavier-than-Gaussian tails (Salevan et al., 2017).368

This mixture model is given by369

P (ug) = A
Γ
(

ζ+1
2

)
σ
√
ζπ Γ

(
ζ
2

) [
ζ +

(ug

σ

)2
ζ

](− ζ+1
2 )

+BH(ug)
1

u∗
g

e

(
−ug

u∗
g

)
, (4)

where A is the relative weight of the t-distribution core; B is the relative weight of the370

exponential tail (where A+B = 1); σ indicates the characteristic width of the t-distribution371

and is related to the magnitude of grain velocity fluctuations; ζ is the heaviness of the372

t-distribution tails; and u∗
g is a characteristic velocity associated with the mobilized grains.373

We note that when ζ is small, the tails are heavier than a Gaussian with the same vari-374

ance; when ζ → ∞, the t-distribution approaches a Gaussian with standard deviation375

σ. Additionally, Γ is the gamma function and H is the Heaviside function (so that the376

exponential component of the mixture model is only present for positive grain velocities).377

We fit this model to our grain velocity PDFs using a standard nonlinear least-squares378

algorithm.379

We focus on the parameters B and u∗
g, which provide information on the grains mo-380

bilized as bedload; the parameters σ and ζ are indicative of grain jiggling. B represents381

the relative quantity of grains mobilized in bedload transport. The data in Figure 7 show382
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Figure 6. Grain velocity PDFs, P (ug), measured at four flow velocity intervals for an exam-

ple unconditioned control case (solid curves). Black dashed curves are fits to the mixture model

in Equation 4. The vertical red dotted lines indicate the threshold velocities used to determine

whether a grain should be considered active for each velocity interval. This method is discussed

further in Section 3.4; for reference, the threshold velocities are ug = 0.93 cm/s, ug = 1.0 cm/s,

ug = 0.61 cm/s, and ug = 0.34 cm/s for the increasing Shields stresses listed in the figure legend.

B for each orientation of the sediment bed relative to the flume. We observe that as bed383

stress increases, the fraction of mobilized grains increases as well; this trend is observed384

for all orientations (control, 0◦, 45◦, 90◦, 135◦, 180◦).385

The fraction of mobilized grains for each orientation generally displays a similar386

pattern to the behavior of the mean grain velocity ⟨ūg⟩ (Figure 5). Compared to the un-387

conditioned control case, we observe a lower B for the 0◦ and 45◦ cases below the nom-388

inal critical Shields stress (Figure 7a, 7b), a higher B for the 135◦ and 180◦ cases at the389

critical and higher flow velocity intervals (Figure 7c–7i), and a comparable B for the 90◦390

case. Additionally, similar to the behavior of the mean grain velocity ⟨ūg⟩, we note that391

when the erosive flow advances from 135◦ relative to the conditioning flow, the bed ap-392

pears weaker with higher B than the full 180◦ reversal case for Shields stresses above τ∗ ≥393

0.039 (Figure 7e–7i). Lastly, we note that B for the 135◦ and 180◦ cases is comparable394

to or lower than the unconditioned control case for flow velocity intervals below criti-395

cal (Figure 7a, 7b).396

The parameter u∗
g represents the characteristic velocity of the mobilized grains. The397

data in Figure 8 show u∗
g for each orientation of the sediment bed within the flume test398

section. We observe that as bed stress increases, the characteristic bedload velocity in-399

creases as well for all orientations (control, 0◦, 45◦, 90◦, 135◦, and 180◦). u∗
g generally400

displays a pattern similar to the behavior of the mean grain velocity, ⟨ūg⟩ (Figure 5). The401

unidirectional stress history case (0◦ offset) exhibits a lower u∗
g than the unconditioned402

control case for fluid stresses up to τ∗ < 0.05 (Figure 8a–8h). The 45◦ and 90◦ flow di-403

rections have u∗
g comparable to the unconditioned case, while the reversed (180◦) and404

nearly reversed (135◦) flow directions are faster than the unconditioned control case for405

almost all fluid stresses. Interestingly, u∗
g is the parameter that most clearly exhibits a406

directional dependence on the conditioning flow direction, with strengthening under the407

unidirectional conditioning flow (0◦ offset) and a weakening when conditioning and ero-408

sive flows are reversed (180◦ offset) or nearly reversed (135◦ offset). While we might ex-409

pect that the characteristic bedload velocity scales with the bulk flow dynamics, which410

is history independent and the same regardless of bed orientation, we note that this dif-411

ference in u∗
g for the forward and reverse cases aligns with observations made by Galanis412
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Figure 7. The relative fraction of mobilized grains, B, for each offset angle between the con-

ditioning and erosive flows. Each panel shows B at increasing steps-up in fluid shear and Shields

stress, with τ∗ and τ∗/τ∗cr reported. Error bars indicate the 95% confidence interval calculated

over eight trials. The faint horizontal gray dotted line is drawn at B of the unconditioned control

case and is intended to assist with visual comparison of B for the different bed orientations to

the control.

et al. (2022), who proposed that subtle differences in bed topography may account for413

these changes.414

3.4 Grain Activity415

To quantify grain activity, we can simply count the number of active grains in a416

given frame per unit area as described in section 3.1. However, an “active” grain can be417

difficult to define. Many studies have taken the approach of first choosing a velocity thresh-418

old to identify grains that are in motion (Roseberry et al., 2012; González et al., 2017).419

The selection of this velocity threshold, however, can appear arbitrary and impacts sub-420

sequent analysis (Salevan et al., 2017); further, the magnitude of the selected velocity421

threshold may neglect states of grain activity like jiggling, where grains move in place422

without significant forward motion (Rebai et al., 2024). Since we are primarily interested423

in grains moving as bedload, we defined this threshold velocity for grain activity as the424

grain velocity where the relative contribution of the Student’s t-distribution and expo-425

nential distribution are equal. This threshold velocity was calculated by identifying the426

intersection between the Student’s t-distribution with parameters A, ζ, and σ and ex-427

ponential distribution with parameters B and u∗
g, as determined by fitting to the mix-428

ture model in Equation 4. Thus, the threshold velocity for grain activity that we choose429

represents the transition from predominantly motionless or jiggling grain behavior to pre-430

dominantly bedload. The threshold velocity for grain activity is shown in Figure 6. We431
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Figure 8. The characteristic bedload velocity, u∗
g, for each offset angle between the condi-

tioning and erosive flows. Each panel shows u∗
g at increasing steps-up in fluid shear and Shields

stress, with τ∗ and τ∗/τ∗cr reported. Error bars indicate the 95% confidence interval calculated

over eight trials. The faint horizontal gray dotted line is drawn at u∗
g of the unconditioned control

case and is intended to assist with visual comparison of u∗
g for the different bed orientations to

the control. We note that values of u∗
g tend to be unreliable below the onset of motion (Salevan

et al., 2017).

note that as Shields stress increases and the exponential tails of the grain velocity PDFs432

become increasingly prominent, the threshold velocity for grain activity decreases.433

The data in Figure 9 show the grain activity ⟨n̄g⟩ for each orientation of the sed-434

iment bed. For all orientations, grains become more active as bed stress increases. Com-435

pared to the unconditioned control case, we observe lower grain activity for the 0◦ and436

45◦ cases below the nominal critical Shields stress (Figure 9a, 9b). Grain activity is typ-437

ically higher for the 135◦ and 180◦ cases for all Shields stress increments. Grain activ-438

ity for the 90◦ case is generally comparable to the unconditioned control. These results439

for the grain activity reflect observations of B, which represents the relative proportion440

of grains moving as bedload (Figure 7). Since both B and ⟨n̄g⟩ reflect the quantity of441

mobile grains, we compared these parameters and observed that they are linearly related442

(Figure 10).443

3.5 Higher-Order Statistics of Grain Activity444

While grain activity ⟨n̄g⟩ is a useful metric for describing the quantity of mobile445

grains per unit area averaged over a video, we can further analyze bed behavior by treat-446

ing each frame as an instantaneous sample of the number of active grains, Ng. Thus, over447

an entire video, we can generate a PDF of the number of instantaneously active grains448
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Figure 9. Grain activity of all identified grains ⟨n̄g⟩ for each orientation of the sediment bed,

where the angle represents the offset in bed position between the conditioning and erosive flows.

Each panel represents ⟨n̄g⟩ at increasing steps-up in flow speed and Shields stress, with τ∗ and

τ∗/τ∗cr reported. Error bars indicate the 95% confidence interval computed over eight trials.

The faint horizontal gray dotted line is drawn at ⟨n̄g⟩ of the unconditioned control case and is

intended to assist with visual comparison of ⟨n̄g⟩ for the different bed orientations to the control.

(Figure 11). While some studies fit a negative binomial distribution to the PDF of Ng449

(Ancey et al., 2006), we follow the methodology of González et al. (2017), who fit the450

Gamma distribution to their PDF of active grains, defined as451

P (Ng) =
1

θkΓ(k)
Nk−1

g e−
Ng
θ , (5)

where k is a shape parameter and θ is a scale parameter. The mean number of active452

grains is thus given by ⟨Ng⟩ = kθ and standard deviation is std(Ng) = θ
√
k. The rea-453

son for selecting the continuous Gamma distribution instead of its discrete counterpart454

(i.e., the negative binomial distribution) is as follows. When k < 1, the Gamma dis-455

tribution exhibits exponential behavior, which we can see for lower Shields stresses at456

or below the threshold of motion; in this regime there is a high likelihood that no grains457

are mobile in any given frame (Figure 11a, 11b). When k > 1, the Gamma distribu-458

tion shifts to behavior that qualitatively appears more log-normal, when a non-zero num-459

ber of grains are likely to be mobile in a given frame, which occurs at higher Shields stresses460

(Figure 11c, 11d). This shift in behavior of the Gamma function at k = 1 represents461

a transition in the behavior of the sediment bed from a state where no grains are instan-462

taneously in motion (i.e., k < 1) to a regime where at least some grains are in motion463

at all times (i.e., k > 1).464
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Figure 10. The grain activity for all sediment bed orientations at all Shields stress increments

plotted against the B parameter from Equation 4. The error bars represent the 95% confidence

interval for both parameters. The gray shaded area indicates a linear best fit between ⟨n̄g⟩ and B

given by B = 0.19⟨n̄g⟩ − 0.0043.

Figure 11. PDF of the number of active grains in each frame of a video of the sediment bed.

Dashed lines are best fits of these PDFs to a gamma distribution (Equation 5).

For the various experimental runs, we find the shape parameter k of the best-fit465

Gamma distribution for the active grains in each video as shear stress is increased from466

below to above the onset of grain motion. We can then compute a linear best fit and ex-467

trapolate the Shields stress where k = 1. Although the Shields stress τ∗ (k=1) of this468

transition in bed behavior does not necessarily represent the threshold of motion, we find469

that τ∗ (k=1) = 0.037 is comparable to the nominal critical Shields stress τ∗cr = 0.033470
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for the unconditioned sediment bed. Further, τ∗ (k=1) gives a single Shields stress value471

that can readily be compared amongst the experimental cases, while τ∗cr can be more472

challenging to determine (e.g., Salevan et al., 2017). When we compare τ∗ (k=1) across473

the five orientations of the sediment bed within the flume, we observe a clear (albeit small)474

angular dependence (Figure 12). There is a 2.3% increase in τ∗ (k=1) for the unidirec-475

tional case (0◦ offset) and a 2.4% decrease for the reversed case (180◦ offset) when com-476

pared to the unconditioned control. This observation confirms the trend shown in mea-477

surements of mean grain velocity ⟨ūg⟩ and characteristic bedload velocity u∗
g, with the478

greatest strengthening occurring when the conditioning and erosive flow are aligned (0◦479

offset) and the greatest weakening when the conditioning and erosive flow are reversed480

(180◦ offset). Further, we see that the 90◦ case, where the erosive flow advances from481

a perpendicular direction to the conditioning flow, is comparable to the unconditioned482

control but demonstrates greater variability.483

Figure 12. Shields stress τ∗ (k=1) at the transition in Gamma distribution behavior for bed

mobility. Error bars indicate the 95% confidence interval over 8 trials. The right ordinate axis

represents τ∗ (k=1) normalized by τ∗ (k=1) for the unconditioned control case, with the gray dotted

line intended to assist with visual comparison.

4 Discussion484

Although the data we collected show that bed erodibility is dependent on direc-485

tional flow (and therefore stress) history, we note that the signal of bed strengthening486

under unidirectional flows does not persist at higher flow velocities. In our experiments,487

this strengthening effect is most pronounced in the 0◦ case (and the 45◦ case to a lesser488

extent) for Shields stresses at and below the nominal critical value. We can confirm that489

the bed is indeed becoming less mobile by examining the reduction in mean grain ve-490

locity ⟨ūg⟩ and grain activity ⟨n̄g⟩ over the 20 minute conditioning flow (Figure 4). How-491

ever, as the flow velocity begins to exceed the critical value for sediment motion, the bed492

behavior approaches that of the unconditioned control case for mean grain velocity ⟨ūg⟩,493

B, and grain activity ⟨n̄g⟩.494

It is difficult to determine whether our observations of a lack of sustained strength-495

ening above the onset of motion is indeed anomalous, as many previous stress history496

studies focus either on geophysical contexts by using gravel bed material with a wide grain497

size distribution (e.g., Masteller & Finnegan, 2017; A.-M. Ockelford & Haynes, 2013; Haynes498

& Pender, 2007) such that effects such as armoring or size segregration may occur, or499

on granular physics contexts using nearly monodisperse and smooth glass spheres in small-500

scale flumes (e.g., Charru et al., 2004; Cúñez et al., 2022). The most analogous study501

we found in the literature is that of Paphitis and Collins (2005), who used a narrow grain502

size distribution of natural sand as bed material and an inset sediment bed with dimen-503

sions 40 cm by 30 cm by 2.5 cm. Paphitis and Collins (2005) observed an increase in crit-504
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ical Shields stress ranging from approximately 5–10% in two experimental cases where505

a 0.387 mm and a 0.774 mm sand bed was subjected to a 20 minute conditioning flow506

at 77–83% of the critical Shields stress. However, Paphitis and Collins (2005) did not507

extend their flow velocity significantly above critical; thus, they may have observed a sim-508

ilar saturation of mean grain velocity and activity had they increased their bed stress509

further above threshold. It seems that few prior stress history studies extended their ero-510

sive flows significantly above threshold; however, Galanis et al. (2022), who use monodis-511

perse glass spheres in a small-scale flume, observed a distinct trend of bed strengthen-512

ing that persisted above the onset of motion.513

It is also possible that the selected conditioning flow magnitude and duration were514

ineffective for producing sustained strengthening. The roles that both magnitude and515

duration play in the development of stress history effects are not fully understood; in-516

deed, a study by Monteith and Pender (2005) suggested that the relationship between517

conditioning flow magnitude and bed stability may not be monotonic, with certain con-518

ditioning magnitudes being less effective at producing bed strengthening than those ei-519

ther higher or lower. In fact, based on their results, it appears that a conditioning flow520

at approximately 75-80% of critical is least effective at strengthening the bed for con-521

ditioning periods in the range of 20 minutes (although we recognize that their experi-522

ments are not a direct comparison to ours as they used a graded gravel bed). Paphitis523

and Collins (2005), who used a similar bed material and experimental setup as ours, ob-524

serve greater strengthening at higher conditioning flow magnitudes.525

Bed weakening under reversed flows, while less studied, has also previously been526

observed by Galanis et al. (2022) and Cúñez et al. (2022). The signal of weakening in527

beds conditioned by a reversed flow (180◦) and offset to the reversed flow (135◦) is much528

more evident for flows above critical in our experiments. It is intriguing that the signal529

of bed weakening is so much more evident than that of bed strengthening, especially given530

that the same magnitude and duration were used for all conditioning flows. It is possi-531

ble that this effect is due to the method we used to smooth and prepare the bed. As de-532

scribed above, before each experimental run, we stirred the sand bed and then dragged533

a mesh screen across the bed surface. The mesh screen was always dragged in the down-534

stream direction; this may also have imparted a stress history that limited bed strength-535

ening and promoted bed erosion when the orientation of the sediment bed was reversed.536

Interestingly, for nearly all metrics, the 135◦ case appears weaker than the 180◦ case, ex-537

hibiting the greatest grain mobility and grain velocity. It is unclear why the 135◦ ori-538

entation is consistently more erodible; a possibility is the ability of grains to more eas-539

ily move around others that have been strengthened by the conditioning flow when the540

erosive flow is not completely reversed, but more research is required to explain this ob-541

servation definitively.542

Regardless, the directional dependence we observe suggests that the mechanism for543

storing memory in our granular bed must have an anisotropic component. Previous ex-544

periments have typically attributed stress history to smoothing of the bed due to relo-545

cation of protruding grains (Masteller & Finnegan, 2017) or compaction (Paphitis & Collins,546

2005; Charru et al., 2004); these effects, however, would be isotropic, and so cannot fully547

explain our results. Cúñez et al. (2022) recently conducted stress history experiments548

using both reversed and oscillating flows and identified both compaction and shear jam-549

ming as mechanisms for memory storage. As our experiments only observe the surface550

of the sediment bed, we cannot distinguish whether the source of the anisotropy we ob-551

served is due to subsurface phenomena such as shear jamming or the formation of force552

chains through preferential loading of grain contacts, or a surface phenomenon where grains553

are wedged into pockets that are preferentially supported from only certain directions.554

We note that these strengthening and weakening effects impact both the quantity of mo-555

bilized grains and their characteristic grain velocity, suggesting that this mechanism ex-556
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tends beyond the surface configuration alone and continues to impact a grain’s interac-557

tion with the bed even once it is mobilized.558

A logical follow-up question to this analysis is whether we can cast the sediment559

transport rate in terms of the quantities we have measured. In steady-state conditions,560

the sediment transport rate qs can be defined as the product of a mean grain velocity561

and a grain concentration (Lajeunesse et al., 2010; Bridge & Dominic, 1984; Wiberg &562

Dungan Smith, 1989; Parker et al., 2003; Seminara et al., 2002; Wong et al., 2007). Us-563

ing terms we have obtained from our experiments, we can take the mean grain velocity564

to be the characteristic bedload velocity u∗
g determined using the best-fit mixture model565

to the instantaneous grain velocity measurements (Equation 4). We can determine grain566

concentration using the grain activity ⟨n̄g⟩ and the volume of a typical grain ∼ D3. Us-567

ing these quantities, the bedload transport rate would then be given by568

qs = cD3u∗
g⟨n̄g⟩. (6)

Additionally, since we determine grain activity using a population of fluorescent-painted569

grains and assume that this population accurately reflects the entirety of the bed, we may570

need to add a correction factor c accounting for the ratio of painted to unpainted grains571

at the surface. Lastly, given appropriate calibration, the parameter B obtained from the572

best-fit mixture model could potentially be used in place of grain activity. Thus, the bed-573

load transport rate could entirely be calculated based on a statistical characterization574

using the grain velocity PDF.575

5 Conclusion576

To summarize, we used a rotating sand bed apparatus to develop directional stress577

history in the sediment bed. We did this by conditioning the sediment bed for 20 min-578

utes at a flow that delivered 80% of the critical shear stress to the bed, then rotating the579

sediment bed, and finally subjecting it to an erosive flow. We find that the onset of mo-580

tion is influenced by the angular direction of a conditioning flow relative to the bed-mobilizing581

flow. Strengthening behavior was observed when the conditioning and erosive flows ad-582

vance from the same or similar direction (i.e., 0◦ and 45◦); however, this behavior is less583

evident for bed stresses above the nominal critical value. Weakening behavior was ob-584

served when the erosive flow advances from a reversed or nearly reversed direction rel-585

ative to the conditioning flow (i.e., 180◦ and 135◦). The case where the erosive flow ad-586

vances from the direction perpendicular to the conditioning flow (i.e., 90◦) exhibits sim-587

ilar behavior to the unconditioned control case, but with greater variability.588

These results support the existence of an anisotropic component for the mechanism589

that stores memory in granular beds. Although we cannot determine whether the mem-590

ory originates from a surface-level or subsurface mechanism, bed strengthening and weak-591

ening impacts both the quantity of mobile grains, as well as the velocity of the bedload.592

Also, since the bedload velocity is greater for weaker beds, sediment flux is likely higher593

in systems with reversals, even if the threshold of motion may not have changed signif-594

icantly. This result has implications for predicting bedload transport rates in systems595

that may be prone to flow reversals, such as tidally-influenced environments, flooding596

that advances in atypical directions, and rivers with unique hydrologic conditions (Sowby597

& Siegel, 2025). Additionally, our results suggest new approaches for time-dependent mod-598

eling of sediment transport (e.g., Masteller et al., 2024).599

Finally, we confirm the usefulness of statistical analyses of bedload behavior. Us-600

ing both grain velocity and grain activity PDFs, we have shown that we are able to ex-601

tract useful metrics like a characteristic bedload velocity and thresholds for changes in602

bed behavior that are possibly representative of the onset of motion. These metrics show603

clear distinctions between our various experimental cases and may potentially be use-604

ful when calculating sediment flux.605
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