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Bed load sediment transport, in which wind or water flowing over a bed of sediment
causes grains to roll or hop along the bed, is a critically important mechanism in
contexts ranging from river restoration?® to planetary exploration?. Despite its
widespread occurrence, predictions of bed load sediment flux are notoriously
imprecise®*. Many studies have focused on grain size variability®>’ as a source of
uncertainty, but few have investigated the role of grain shape, even though shape has
long been suspected to influence transport rates®. Here we show that grain shape can
modify bed load transport rates by an amount comparable to the scatter in many
sediment transport data sets*®1°. We develop a theory that accounts for grain shape
effects on fluid drag and granular friction and predicts that the onset and efficiency of
bed load transport depend on the mean drag coefficient and bulk friction coefficient
of the transported grains. Laboratory flume experiments using a variety of grain
shapes confirm these predictions. We propose a shape-independent sediment
transport law that collapses our experimental measurements onto a single trend,
allowing for more accurate predictions of sediment transport and helping reconcile
theory developed for spherical particle transport with the behavior of natural
sediment grains.

Many planetary surfaces are fluid-regolith interfaces where flowing gasses or liquids are in
contact with granular sediment. On Earth, the resulting sediment transport down hillslopes,
through rivers, along coasts, and across deserts moves vast quantities of rock and other
particulate material long distances®. Evidence of sediment transport on worlds such as Mars
and Titan is used to infer past!! and present? climates and to guide the search for habitable
environments!?®, In bed load sediment transport, grains roll, hop, and slide while generally
remaining in contact with the sediment bed rather than being suspended in the fluid. This
mechanism is responsible for moving a landscape’s coarsest grains, and it plays an outsized
role in shaping mountainous regions and building Earth’s sedimentary record*. Bed load
transport also plays a critical role in numerous environmental and engineering contexts,
including river delta formation'®, natural hazard mitigation'® and recovery, pollutant
transport’, infrastructure projects'®, and restoration of rivers and coasts?.

Despite nearly a century of research on bed load transport®821920 sediment flux
predictions can be highly uncertain, with typical errors up to a factor of five or more*1°, It has
proven difficult to develop simple yet accurate models of bed load transport, which involves
fully turbulent fluid flow interacting with a dense sediment slurry®. Widely used models are
semi-empirical and typically predict sediment flux based on average flow and bed conditions
as

q* = a(t" — TZ)% (1)

where q* is the nondimensional volumetric sediment flux per unit width of river bed, t*, the
Shields number, is the nondimensional shear stress on the bed (Methods), 7} is the critical
Shields
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Fig. 1 | Competing effects of grain shape on bed load sediment transport. a, Image of
natural gravel undergoing bed load transport highlighting the forces due to fluid drag and grain-
grain friction. b, Same as a, but with spheres. c, Comparison of bulk coefficient of static friction
with a measure of grain shape - circularity, S; = 4mA/P?, where A is the projected grain area
and P is the projected perimeter (values closer to 1 indicate more spherical grains), for a
compilation of observations?*23 and the materials used in our experiments. d, Comparison of
the still-water-settling drag coefficient, C;_,., normalized by the drag coefficient for a sphere of
the same volume (Methods) with a measure of grain shape - the Corey shape factor, Sy =
c/Jab, where a, b, and c are the long, intermediate, and short axes of a grain, for a compilation
of observations?* and the materials used in our experiments.

number below which no transport occurs, and « is a constant that describes sediment
transport efficiency.

The variability in grain size, shape and density found in nature makes it difficult to use
models like equation (1) to predict sediment transport accurately across a wide range of
settings*?5. Size®’ and density®2° effects on grain motion are well studied, and both appear
in the standard nondimensionalization of the problem (equation (1); Methods). Still, grain
size effects have drawn continued attention as a remaining source of uncertainty®®%, In
contrast, the effects of grain shape have received little attention until recently?”28, despite the
fact that shape has long been hypothesized to influence transport rates and dynamics®.
Recent theoretical work on bed load transport supplements the traditional continuum
mechanics approach with techniques from granular physics?°2°, but these approaches
generally assume that grains are spherical. Empirical sediment transport models, on the
other hand, are generally calibrated with and applied to aspherical natural materials.
Understanding grain shape effects will bridge the gap between theoretical studies of
idealized grains and real-world applications.

During bed load transport, the granular bed is sheared by the flow passing over it.
Aspherical grains and rough surfaces generally increase the resistance to such shearing®!,
and the tendency of aspherical grains to slide along the bed rather than roll further enhances
frictional resistance. This argument is consistent with a compilation of bulk friction
coefficients showing that less spherical granular materials generally have higher friction
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coefficients (Fig. 1c). The idea that aspherical grains are harder to transport is also in line
with recent work which finds that individual aspherical grains are transported more slowly
than their spherical counterparts?’.

However, aspherical grains experience higher fluid drag force than spherical grains of
the same volume?*3234 resulting in more efficient fluid-grain momentum transfer under the
same flow conditions. This occurs not only because irregular grain shapes generally impede
flow around the grain, but also because grains in the flow tend to reorient such that their
largest cross-sectional area is perpendicular to the flow*®. This argument is consistent with
the observation that spherical grains settle faster in still water than other natural, convex
shapes, i.e. more aspherical grains generally exhibiting slower settling velocities (Fig. 1d).
Enhanced fluid drag on aspherical grains counteracts the enhanced granular friction,
partially obscuring the relation between grain shape and bed load transport parameters.
These competing effects of grain shape make it challenging to understand the net effect of
grain shape on sediment transport.

A shape-independent sediment transport law

We disentangle these competing effects by formulating a theory that accounts for grain
shape effects on both fluid-grain and grain-grain interactions. We assume that the fluid drag
forces driving grain motion can be described with an effective coefficient of drag (Cp) and
that the resistance to bed load motion due to granular contacts can be described with a bulk
friction coefficient (us). The derivation of the Shields number reveals how drag and friction
coefficients should influence the transport coefficient a and entrainment threshold z; in
equation (1). In the standard derivation the coefficients of drag and friction are dropped, yet
these are precisely the parameters sensitive to grain shape. We retain these terms to modify
the conventional Shields number, multiplying it by a ratio of two dimensionless quantities that
account for drag and friction.

The first quantity, C*, is the effective drag coefficient normalized by the drag coefficient of
the volume-equivalent sphere (denoted with the subscript 0): C* = €, /C, = S¢Cp_,./Co- The
effective drag coefficient Cp is obtained by multiplying the drag coefficient of grains settling in
still water, Cp__.., by the Corey shape factor, S¢, to account for the fact that grains tumble
during transport (Methods). The second quantity, u*, is the average bulk friction coefficient
normalized by the bulk friction coefficient of spheres, both modified by the tangent of the bed
angle 6 to account for a tilted bed: y* = (uy —tan8)/(u, — tan 8). Both C* and u* are equal
to one for spheres and increase as grains become more aspherical.

Introducing the shape-independent Shields number (C*/u*)t* (Methods) yields a shape-
independent bed load transport law,

c*
g =a, (ET* - TZO) (2)
where the parameters «, and 7, are the transport coefficient and threshold of motion for
spheres. Comparing equation (2) with the standard bed load transport law (equation (1))
shows how the conventional transport coefficient and threshold of motion depend on grain
shape: a = a,(C*/u*)3/? and 7} = 1}, (u*/C*). Equation (2) predicts that the sediment flux g*
for a given shape-independent Shields number should be the same regardless of grain
shape.

This approach also makes it possible to observe separately the competing effects of
grain shape on bulk friction and fluid drag. Anticipating that the enhanced bulk friction of
more aspherical grains outweighs the enhanced fluid drag?’ we rewrite equation (1) in terms
of a modified boundary shear stress C*t*, which corrects for the effect of grain shape on
fluid drag forces only:

N W
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Spheres Faceted ellipsoids Rounded chips Natural gravel Rectangular prisms

Fig. 2 | Granular materials used in the experiments. a, Spheres. b, Faceted ellipsoids. c,
Rounded chips. d, Unpainted (top) and painted (bottom) natural gravel. Painted gravel was used in
the experiments to aid automated grain identification. e, Rectangular prisms. White scale bars are 1
cm. Materials in a and b have uniform grain shapes, whereas shapes of the materials in c, d, and e
vary from grain to grain.
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Equation (3) predicts that variations in sediment flux g* for a given value of C*t* should only
reflect differences in bulk grain friction. Accordingly, the modified transport coefficient and
threshold of motion in equation (3) are expected to be functions of u* only. Using the
relationships for « and 7 above, we obtain C*t} = ti,1* and a/C*3/? = a,/u*3/?. Given
measurements of bed load sediment flux over a range of bed shear stress for granular
materials with different shapes, we can test these predictions and estimate the values of «,,
and t;, by fitting equation (3) to plots of ¢g* against C*t*. Knowing «, and t;,, we can then
test whether the shape-independent transport law (equation (2)) successfully predicts
sediment flux for all grain shapes.

Laboratory flume experiments

We conducted a series of flume experiments with five granular materials of similar size and
density but different shapes (Fig. 2; Methods). In each experiment, we supplied a constant
water discharge and sediment feed at the upstream end of a narrow (2-3 grain diameters
wide), inclined flume and made measurements after the system had reached an equilibrium
in which sediment outflux matched sediment influx. All five granular materials exhibit the
scaling between dimensionless sediment flux and Shields number predicted by equation (1)
(Fig. 3a). However, the dimensionless sediment flux for spheres is higher than for natural
gravel by a factor of at least 2.5 for the same Shields number, with an even larger difference
close to the threshold of motion, demonstrating that grain shape has an important influence
on bed load transport.

Plotting sediment flux as a function of the drag-corrected Shields number, C*7*,
reveals the full effect of shape-dependent bulk friction on bed load transport. More
aspherical granular materials are substantially more resistant to transport for a given C*t*
(Fig. 3b). By fitting equation (3) to the data in Fig. 3b, we extract the drag-corrected
coefficient of transport, a/C*3/2, and the drag-corrected threshold of motion, C*z}, for each
granular material.
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Fig. 3 | Comparison of grain shape theory with laboratory flume data. a, Nondimensional
sediment flux (g*) as a function of the conventional Shields number (t*) for the five granular
materials in Fig. 2. Lines are fits of equation (1). b, Nondimensional sediment flux as a function of
drag-corrected Shields number, C*t*. c, Drag-corrected sediment transport coefficient as a function
of bulk friction coefficient. d, Drag-corrected threshold of sediment motion (see equation 3) as a
function of bulk friction coefficient. Values of a/C*3/? and w*t plotted in ¢ and d are from the fits in
b. e, Nondimensional sediment flux as a function of shape-independent Shields number, (C*/u*)t".
Dashed line is equation (2) with a, and t;, determined from the fits in ¢ and d. Error bars show one
standard error of the mean. Shaded regions are 95% confidence intervals.

Both drag-corrected quantities scale as predicted with u*, and therefore also with g —
tan 0, since u* « u, —tan 8 (Fig. 3c,d; Methods). Specifically, the modified transport
coefficient a/C*3/% scales with u*~3/2 (Fig. 3c), implying that frictionally stronger granular
materials have lower bed load transport rates. The modified threshold of motion C*z; scales
linearly with p* (Fig. 3d), implying that frictionally stronger granular materials require
proportionally higher shear stress to initiate sediment transport. This observation is
consistent with previous predictions for the threshold of motion®¢-38 as well as the prediction
from our grain shape theory, which can be simplified to (Methods)

us—tané
T @

With this parameterization of fluid drag and grain friction as a function of grain shape, we
compare the shape-independent transport law (equation (2)) with the flume experiments.
Plotting nondimensional sediment flux as a function of the shape-independent Shields
number (C*/u*)t*, which accounts for the effects of grain shape on both fluid drag and
granular friction, confirms that the five granular materials in our experiments collapse to a

Te = W/C)Te0
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single trend with error similar to that of each grain type on its own (standard error of Fig. 3e:
1.6 x 105, mean of standard errors of the five fits in Fig. 3a: 2.2 x 10°). The match between
the shape-independent theory and experimental data, along with the observation that a
single coefficient and entrainment threshold collapse all five granular materials, indicate that
our theoretical approach successfully accounts for the net effects of grain shape on bed load
transport for sediment grains with a wide range of shapes. It is informative to compare this
result with efforts to account for grain shape effects on the entrainment threshold alone,
which can partially explain differing transport rates of differently shaped grains?’. The single
trend in Fig. 3a shows that fluid and frictional effects during both entrainment and
subsequent transport must be accounted for to fully reconcile transport rates of different
grain shapes.

Implications for sediment transport models and predictions

Our experiments demonstrate that grain shape has a substantial effect on bed load sediment
entrainment and transport. Sediment flux varies by a factor of at least 2.5 for the same
Shields number across the five grain shapes (Fig. 3a), consistent with the observation that
isolated spherical grains move downstream faster than aspherical grains in the same flow?’.
Close to the threshold of entrainment (z* < 0.03 in our experiments), a condition typical of
bed load transport in gravel-bed rivers®, the range increases to a factor of five or more. This
magnitude of variability in transport rate for the same Shields number is comparable to that
observed in compilations of flume data*®*°, suggesting that grain shape effects may underlie
some of this scatter.

The magnitude of the grain shape effect in our experiments does not necessarily
translate directly to natural scenarios, because the five granular materials do not mimic the
greater range of natural grain shapes. Although the abrasion that occurs during sediment
transport can lead to convergence in shape**, natural sediment grains take on a variety of
shapes due to the varied mechanical properties of their source rocks and transport
conditions®. Still, some of the most common naturally occurring shapes are present in our
experimental materials. These include platy grains derived from bedded or foliated rocks
(rounded chips), grains with faceted mineral surfaces (faceted ellipsoids), blocky grains
formed by intersecting fracture planes (rectangular prisms), well-rounded grains (spheres),
and partially rounded grains (natural gravel).

The largest difference in transport rate observed in our experiments is between spheres
and natural river gravel (Fig. 3a, b), which may be representative, or even an underestimate,
of the range of grain rounding found in nature. Comparison of Figs. 3a and 3b suggests that
enhanced fluid drag due to aspherical grains is not as effective at offsetting enhanced
granular friction in natural gravel as it is in the other aspherical materials in our experiments.
We suspect that the reduced influence of drag is due to the surface properties of the natural
gravel, which could be the product of a feedback in which abrasion*? during sediment
transport drives grains towards lower-drag shapes that are less likely to be entrained
subsequently. The difference between spheres and natural gravel is also important because
spheres are a favored tool in theoretical and experimental studies of sediment transport. Our
results imply that inferences based on spheres may not translate directly to natural
sediment, but our theory provides a framework for making such comparisons.

In summary, we find that differences in the efficiency of bed load transport and the
threshold of motion among different grain shapes can be reconciled by modifying the Shields
number to account for enhanced fluid drag (via €*) and bulk friction (via p¢*) in more
aspherical grains. These competing effects of grain shape can be characterized with familiar,
easily measured quantities: the coefficients of drag and bulk friction. Although this approach
does not capture all the possible effects of grain shape?*, the ability to account for grain
shape in sediment transport calculations is a major improvement over the usual practice of
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ignoring it. Better predictions of bed load flux (Fig. 3e) will aid interpretations of the
sedimentary record and studies of landscape evolution, as well as benefiting environmental
applications such as river restoration', coastal engineering**#¢, and contaminant transport?’.
A better understanding of the bulk transport dynamics of aspherical grains also has broader
applications ranging from prediction of volcanic hazards*’ to industrial and agricultural
processes*® involving granular materials. Our approach is simple enough to apply to grain
shapes observed elsewhere in the solar system?*®-*°and could help improve reconstructions
of past and present climate on worlds such as Mars and Titan.
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Methods

Grain shape theory for bed load transport

Shape-independent Shields number. We derive a shape-independent Shields number by retaining
terms describing fluid drag and bulk grain friction in the derivation used to obtain the conventional
Shields number. The Shields number compares the magnitudes of forces driving and resisting grain
motion. As illustrated in the free-body diagram in Extended Data Figure 1, a spherical grain with
diameter d, and density p, resting on a bed inclined at an angle 8 from the horizontal and immersed
in a moving fluid with density p experiences a gravitational force F;, a buoyant force F,, a fluid drag
force Fp, a lift force F;, a bed contact force F;, and a frictional force F;. At the threshold of grain
motion, the slope-parallel driving and resisting forces are equal in magnitude,

Fp + (F; — F,)sin® = Fy

5
= s ((F, = Fy) cos 6 — F, ) ®)
where  is the coefficient of bulk static friction. The force magnitudes are
1 *2

Fp = ngDu A (6a)
_r 2 (6b)
F, = 2pCLu A (6¢)
E, = psgV (6d)

Fy, = pgV

where Cj, is the drag coefficient, C; is the lift coefficient, V is grain volume, A is grain cross-sectional
area, g is gravitational acceleration, and u* = \/r/_p with t the shear stress due to the flow. For a
spherical grain, A = nd? /4 and V = ntd3 /6. Substituting equations (6a — 6d) into equation (5) and
rearranging to obtain a ratio of terms involving drag and lift to terms involving gravity and friction
yields a definition of a “complete” Shields number at the threshold of motion,

. —1= 3 (Cp +ps )t )
complete 4 (ps — p)gd. cos 0 (ug — tan 0)
Equation (7) can alternatively be derived by defining t;, .. @s the ratio of driving to resisting forces
and assuming flow conditions close to the threshold of motion (t¢mpee = 1). We find that this is also
a good approximation for tgompete > 1-
Making the common assumption that the lift term is negligible (u;C; < Cp) simplifies this definition
to
. . 1 Cp T 8
Feomplete * 059 us — tan 0 (p; — p)gd, ®

Ignoring the terms involving the drag coefficient, the bulk friction coefficient, and the bed slope yields
the conventional definition of the Shields number,

T
Tconventional = m (9)
We account for grain shape effects by instead retaining the terms involving Cp, ug, and 8 in equation
(8). We additionally multiply by the normalizing factor cos 6 (1, — tan0)/C,, where , is the coefficient
of static friction for spheres and C, is the drag coefficient of spheres, yielding the shape-independent
Shields number:
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_ Cpp, —tand T c*

Tx Tgonventional (10)

Co s —tanb (ps —plgd, 1
where the dimensionless quantities C* and u* representing shape-dependent fluid drag and bulk
friction are as defined in the main text. The normalizing factor, and the resulting definitions of C* and
u*, have the effect that the shape-independent sediment transport model, equation (2), reduces to the
conventional model, equation (1), for spheres. In addition, normalizing by C, ensures that C* is not a
function of grain size, whereas Cj, is a function of the particle Reynolds number*!, and therefore
implicitly a function of grain size for a given flow. We assume that C, = S;Cp_, .- In our experiments
with 5 mm spheres, u, = tan(24.7°) and C, = 0.4 (ref. 24). Interestingly, the dependence on bulk
friction in equation (10) is consistent with a two-phase continuum model of sediment transport, which
shows that the nondimensional sediment flux, q*, scales with t*convemiona,/(ps(l —ytan 6)), where y =
2 (ref. 30).

To incorporate the shape-independent Shields number into a sediment transport model, we
multiply the Shields number in equation (1) by (C*/u*) - (u*/C*) = 1. Moving the (u*/C*) term into the
coefficient of transport gives

*

Tshape -

au*3/2 c* . c* . 3/2
9= (ET - FTC)
where the nondimensional volumetric sediment flux per unit width is defined as q* = q,//Rgd3, q; is
the dimensional volumetric sediment flux per unit width, R = (p; — p)/p, and the first term in
parentheses is the shape-independent Shields number (equation 10). Defining a, = a(u*/C*)3/? and
T} = T2(C*/u*) leads to the shape-independent transport law in equation (2).

The shape-independent transport law reveals how the conventional critical Shields number, 7,
depends on the bulk friction coefficient, p . Using the definitions of u* and C*, the expression t} =
(u* /€T, can be written as

11)

, Coug—tanf
Tc = Cp tho _tancho (12)

This can be rearranged to give

C,t;p Us—tanl pug—tanf
«

T =

13
U, —tanf Cp Cp (13)

The proportionality holds because the first term is a constant for the same mean bed angle.

Modified drag coefficient. We measured grain drag coefficients, C;_ . , by observing the grains
settling in still water. Grains tend to settle in still water with their largest projected area perpendicular
to the flow?*35, which is the orientation with the largest drag force. Such a settling orientation is
different from grain orientation during bed load transport, where grains tumble, presenting all faces to
the flow. The measured drag coefficient for grain settling is therefore relevant to, but larger than, the
effective drag coefficient during bed load transport.

To correct our measured drag coefficients for the effect of settling orientation while retaining the
influence of other aspects of grain shape, we compare previously published drag coefficients for
grains classified using two different measures of grain shape: the Powers roundness factor, P, and
the Corey shape factor, S;. The Powers roundness factor describes the angularity of the grain
boundary®?, with P = 6 for smooth, rounded grains and P = 2 for very angular grains. In contrast, the
Corey shape factor (defined in the main text) describes overall grain shape, which determines how
projected area varies with orientation; Sy is 1 for spheres and closer to zero for flatter grains.
Extended Data Fig. 2a shows trends of drag coefficient vs. S for a compilation of grains grouped by
P. Each gray line in Extended Data Fig. 2a (P = 6, 3.5, and 2) represents the effect of gross grain
shape on the normalized settling drag coefficient Cp,_ . /C,, where C, is the drag coefficient of the
volume-equivalent sphere, while controlling for grain boundary angularity. For grains with a given P,
the decrease in the drag coefficient as sphericity increases scales approximately with 1/5; (red

10



dashed line). For the smoothest grains with P = 6, for example, the relationship is well approximated
by Cp,,../Co = 1/55-

We assume that the effect of gross grain shape on drag is equivalent to the effect of settling
orientation, because gross grain shape controls the projected area of a grain in a given orientation.
Therefore, to calculate an effective drag coefficient that reflects increases in drag due to grain
angularity and roughness but corrects for the effect of settling orientation, we divide the measured
settling drag coefficient by a factor of 1/S,. This yields an effective “orientation-free” drag coefficient
Cp = S¢Cp,,,.- The resultis that, for example, two smooth, well-rounded grains (P = 6) with equal
mass and volume but different gross grain shapes (e.g., a sphere versus an oblate ellipse) have the
same Cp (Extended Data Fig. 2b). For rougher or more angular grains (P < 6), C,, is greater than the
drag coefficient of a volume-equivalent sphere.

Flume experiments

We chose five different materials for the flume experiments (Fig. 2) with similar densities and sizes but
different shapes. Extended Data Table 1 lists their key properties. We carried out the experiments in
the narrow flume facility in the River Dynamics Laboratory at Simon Fraser University. The
experimental setup (Extended Data Fig. 3) consisted of a flume 4 m long, 45 cm tall, and 1 cm wide
(slightly larger than two grain diameters) tilted 3 degrees from horizontal. Water was recirculated at a
fixed discharge with a pump, creating a flow with a mean velocity of approximately 1 m/s. The mean
water depth was 10 cm, and the mean hydraulic radius was 0.5 cm. This corresponds to a Reynolds
number of 5000 and a Froude number close to 1. We fed grains into the flume at a fixed rate with a
grain hopper, making the sediment flux a fixed input parameter in each experiment. The base of the
flume was a fixed bed of grains of different sizes.

In each experiment, grains formed an aggrading bed until a steady-state bed slope was reached.
The bed slope could be larger or smaller than that of the flume and ranged from 1.8° to 7.4° with a
mean of 3.5° across all experiments. The minimum bed depth was 5 cm (10 grain diameters). Once at
steady state, the experimental observations commenced. Observations consisted of measuring the
mean bed and water slope in the middle 2.5 m of the flume and measuring the mass flux of grains into
a sediment trap at the end of the flume. To measure mass flux, the sediment trap was allowed to fill
for a set period of time ranging from 30 to 900 seconds, depending on the mass flux. We dried and
weighed the collected grains and calculated the mass flux as the measured mass divided by the
accumulation period. The final mass flux for each experiment is the mean of at least 3, and on
average 10, individual mass measurements. We then divided the mass flux by the channel width and
grain density to convert it to a volume flux per unit width.

We calculated bed shear stress using the depth-slope approximation for steady, uniform flow, T =
pgRS, where R is hydraulic radius. By using the hydraulic radius, we remove the need for a wall
correction. However, to verify that this provides a good estimate of the bed shear stress, we compare
these shear stress estimates to shear stress estimated by fitting the Law of the Wall to velocity
profiles measured using particle image velocimetry (Extended Data Fig. 7). The two different
approaches yield shear stress estimates that are proportional to one another but differ by a factor of
approximately 3.5. This demonstrates that T = pgRS provides a good relative estimate, e.g. doubling
the boundary shear stress is accurately captured as a doubling of the product pgRS.

Due to the narrow width of the flume, we would ideally use the bed slope rather than the water
surface slope for S. However, the water surface slope could be measured more reliably than the bed
slope due to persistent grain motion along the bed. Noting a consistent approximately 1% grade offset
between the bed slope and the water surface slope, we estimated the bed slope in each experiment
by subtracting 1% grade from the measured water surface slope.

Grain characterization

Grain density measurements. We measured grain density by massing a sample of 15-40 grains in
an empty 10 mL vial and again after the vial had been filled with water to the 10 mL mark. The
difference between the mass of the vial when empty and when filled with water was used to calculate
the volume of the grain sample. The procedure was repeated 3 times for each grain type.

11



Grain shape measurements. We characterize grain shape with three mutually perpendicular lengths
(a=b=c) (ref. 52) using the minimum bounding box method®3. Extended Data Fig. 4 shows
distributions of grain shape measurements for the materials with variable grain shape. The spheres
can be characterized by a single diameter (mean and standard deviation 4.9 £ 0.05 mm), as there
was no variation in shape between grains. The faceted ellipsoids, which also had no variation in
shape between grains, are circular in a cross-section perpendicular to their shortest axis, giving
dimensions of a=b =6.0 £ 0.1 mm, ¢ = 5.0 + 0.1 mm. The rectangular prisms are somewhat regular,
with a square cross-section perpendicular to the longest axis which has consistent dimensions from
grain to grain. The variation in grain shape lies nearly entirely in the length of the longest axis (a = 4.4
+0.77mm, b =3.4+£0.27 mm, ¢ = 3.4 + 0.2 mm). The rounded chips consist of smooth, rounded
glass pieces with random shapes, and tend to have one dimension that is substantially shorter than
the other two (a = 8.7 £ 2.19 mm, b =5.7 £ 1.02 mm, ¢ = 3.5 £ 1.00 mm). The natural river gravel was
sourced from a beach near Vancouver, Canada, and sieved to a narrow grain size distribution (4.0 <b
< 5.6 mm). We scanned approximately 1600 grains with a microCT scanner, providing high-resolution
shape data. We then measured the lengths a, b and c directly from the scanned shapes (a=5.8 +
1.07 mm, b =4.4 + 0.50 mm, a = 3.3 £ 0.42 mm). The faceted ellipsoids, rounded chips, and
rectangular prisms have a hole through the middle of each grain, which we measured and accounted
for in the grain density calculation by assuming the hole is water-filled during sediment transport.

Drag coefficient measurements. The drag coefficient of a settling grain, Cp_ , is calculated from

the average settling velocity, wg, for each granular material using the relation>*

4 Rgd,
Dgettle = g Wsz

(14)

which assumes that drag force balances the submerged weight of a grain settling in still water at
terminal velocity. The settling velocity of a grain was measured by releasing it just beneath the
surface of a tank of still, room-temperature water and filming its descent with a high-speed camera.
Velocity was measured once the grain had stopped accelerating. This was repeated for 20-50 grains
for each grain type, allowing for the characterization of the mean and standard deviation of the settling
velocity. Extended Data Fig. 5 shows distributions of measured settling velocities.

Calculated drag coefficient of volume-equivalent spheres. We calculated the drag coefficient for a
volume-equivalent sphere, C,, using the estimated volume-equivalent sphere settling velocity and
equation (14). The volume-equivalent sphere settling velocity is estimated using the empirical
equation?

logW, = —3.76715 + 1.92944 log D, — 0.09815(log D,)* — 0.00575(log D,)* + 0.00056(log D,)*  (15)

where W, = w3/(Rgv), D, = Rgd3/v?, and v is the kinematic viscosity of water.

Coefficient of static friction measurements. We estimated the coefficient of static friction from the
angle of repose, ¢, of the different granular materials using p = tan ¢ (ref. 55). We measured the
internal angle of repose of each grain type using the fixed funnel method®®. For each grain type we
poured grains slowly from a height of a few centimetres onto an elevated disk with a diameter of 12
cm (approximately 24 grain diameters) and a rim height of 1 cm (approximately 2 grain diameters).
We continued to pour grains until a conical pile grew to the diameter of the elevated disk and small
avalanches began to occur, indicating that a steady-state slope had been achieved. Using OpenCV>’
image processing software, we extracted the silhouette of the pile and fit a line to the silhouette on
either side, excluding the parts of the pile close to the base or close to the peak (Extended Data Fig.
6). We repeated this procedure 3 to 6 times for each granular material. A few piles had distinctly
convex or concave sides and were excluded from the analysis. The average slope of the fitted lines
for each material was taken as the angle of repose (6 < n < 12) (Extended Data Table 1).

Data availability
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The experimental flume data and measurements of grain properties used to support the conclusions
and generate the figures in the paper will be deposited in a public repository (e.g., Figshare or
Dataverse) before publication.

Code availability

The code used to process the data will be included alongside the data in the public repository.
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Extended Data Fig. 1 | Free body diagram of a single grain on a bed with inclination 6.
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Extended Data Fig. 2 | Effects of different aspects of grain shape on fluid drag coefficient. a, The
measured drag coefficient of a grain settling in still water, Cp_, , relative to the calculated drag
coefficient of the volume-equivalent-sphere, C,, as a function of the Corey shape factor. Colored points
show the materials used in our experiments. Gray lines are fits to a large compilation?* of single-grain
settling experiments for different Powers roundness factors® (P). Red dashed line is the trend 1/5; for
comparison. b, Normalized orientation-free drag coefficient as a function of Corey shape factor. Gray
lines are fits to the same compilation as in a. The materials used in this study are also shown for
reference. We note that the rectangular prisms are substantially more angular than the other materials.
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Extended Data Fig. 3 | Schematic of laboratory flume. Measurements of bed and water surface
slope were made in the middle 2.5 m of the flume, where there were no visible entry or exit effects
on grain motion. The flume is inclined 3°, but the sediment bed can develop a slope that is either
steeper or less steep than the flume.
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Extended Data Fig. 4 | Shape distributions of granular materials with variable grain shapes.
a-c, Histograms of the three axes (a, b, and c¢) used to characterize grain shape. d-f, Corresponding
histograms of the Corey shape factor. n is the sample size for each grain type.
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Extended Data Fig. 5 | Distributions of settling velocities for the grain types used in flume
experiments. n is the sample size for each grain type.
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Extended Data Fig. 6 | Measurement of the angle of repose of experimental materials. Blue
and red lines are the right and left edges of the pile silhouette extracted with image analysis. Yellow
lines are least-squares fits to these edges used to estimate the angle of repose. Vertical red line at
the centre of each image is a plumb line used to determine the direction of gravity.
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Extended Data Fig. 7 | Comparison of boundary shear stress estimates from two different
methods. For a subset of the experiments with spheres, flow velocity was measured using laser
particle image velocimetry. Profiles of fluid velocity in the flow direction as a function of distance
above the grain bed (blue dotted lines), offset on the x-axis for visual clarity, are fit with the Law of
the Wall (black lines), u = (u,/x)In(30z/d) where x is the von Karman constant (0.4), d is the grain

diameter, and u, = ,/t/p is the shear velocity that we compare to the estimated shear stress, t =
pgRS. The profiles are fit over the range of 20% of the maximum velocity to 80% of the maximum
velocity (solid blue lines).
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Extended Data Table 1 | Grain properties. Measured grain density, measured grain dimensions a,
b, and c, estimated volume equivalent sphere diameter d,, measured mean settling velocity ws,
calculated settling velocity of the volume equivalent sphere w,, the mean coefficient of drag

CDsettle
SrCo,

ettle’

calculated from the settling velocity, the estimated orientation-independent drag coefficient €, =
the calculated drag coefficient of the volume equivalent sphere C,, the particle Reynolds
number Re, = w,d/v associated with the settling experiments (where d is the mean grain diameter

and v is the kinematic viscosity of water), the mean measured angle of repose of the granular material
¢, and the associated coefficient of static friction ps. All uncertainties are one standard error of the

mean.
Spheres Facet_ed Rounded Natural gravel Rectgngular
ellipsoids chips prisms
Ps 2558 + 128 2412 + 148 2349 + 59 2471 £ 122 2392 + 290
(kg/m?3)
a (mm) 4.9 +0.05 6.0+£0.10 8.7+2.19 5.8 +1.07 4.4 +0.77
b (mm) 4.9 +0.05 6.0+£0.10 5.7+1.02 4.4 +0.50 3.4+£0.27
c (mm) 4.9 +0.05 5.0+0.10 3.5+1.00 3.3+0.42 3.4+0.20
d, (mm) 4.9 +0.05 5.0+0.11 5.7+0.48 4.1+041 3.9+0.18
wg (m/s) | 0.486 + 0.015 | 0.360 + 0.027 0.286 +0.025 | 0.285+0.023 | 0.263 + 0.018
w, (m/s) | 0.506 +0.043 | 0.484+0.053 | 0.508 +0.023 | 0.433+0.040 | 0.416 + 0.094
Dottt 0.43 0.73 1.24 0.99 1.05
Cp 0.43 0.61 0.64 0.67 0.93
C, 0.400 0.334 0.202 0.280 0.370
Re, 4900 6000 8733 5775 4400
¢ () 24.7 +0.98 31.0+3.08 33.2+2.84 38.0+2.19 40.7 + 0.88
U 0.46 + 0.02 0.60 + 0.05 0.65 + 0.05 0.78 £0.04 0.86 + 0.02
St 1.0+£0.012 0.83 £ 0.02 0.51+£0.12 0.67 + 0.09 0.88 + 0.07
c* 1.09+0.20 1.51+0.40 1.61+0.49 1.61+0.45 2.20+1.05
u* 1.04 + 0.05 1.41+0.19 1.55+0.18 1.87 +0.16 2.08 £ 0.07
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