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Abstract Estimates of the onset of sediment motion are integral for flood protection and river
management but are often highly inaccurate. The critical shear stress (z.) for grain entrainment is often
assumed constant, but measured values can vary by almost an order of magnitude between rivers. Such
variations are typically explained by differences in measurement methodology, grain size distributions, or
flow hydraulics, whereas grain resistance to motion is largely assumed to be constant. We demonstrate that
grain resistance varies strongly with the bed structure, which is encapsulated by the particle height above
surrounding sediment (protrusion, p) and intergranular friction (¢7). We incorporate these parameters into a
novel theory that correctly predicts resisting forces estimated in the laboratory, field, and a numerical model.
Our theory challenges existing models, which significantly overestimate bed mobility. In our theory, small
changes in p and ¢ can induce large changes in 7. without needing to invoke variations in measurement
methods or grain size. A data compilation also reveals that scatter in empirical values of 7, can be partly
explained by differences in p between rivers. Therefore, spatial and temporal variations in bed structure can
partly explain the deviation of 7, from an assumed constant value. Given that bed structure is known

to vary with applied shear stresses and upstream sediment supply, we conclude that a constant T, is unlikely.
Values of 7, are not interchangeable between streams, or even through time in a given stream, because they
are encoded with the channel history.

1. Introduction

Sediment transport in rivers impacts the stability of hydraulic structures and rates of sedimentation, which in
turn partly control flooding hazards and river migration. Calculating the coupling between orogen erosion
and solid-Earth dynamics also requires accurate sediment flux predictions. Despite over 100 years of research
on bedload transport, sediment flux estimates are often incorrect by many orders of magnitude partly
because of large uncertainties in 7. (dimensionless shear stress that initiates sediment motion; e.g.,
Buffington & Montgomery, 1997). Variations in empirical values of 7. between different streams are usually
ascribed to differences in (a) definitions of the onset of motion, (b) methods to quantify r;, (c) bed grain size
distributions, or (d) flow hydraulics in steep streams that alter the forces applied to particles (e.g., Buffington &
Montgomery, 1997; Kirchner et al., 1990; Lamb et al., 2008; Recking, 2009).

Instead of using empirical r: values, many studies have estimated ‘[z through a balance of driving forces and
resisting forces (Fg). Driving force impacts on 7. have received considerable attention through parameters
such as protrusion (p; e.g., Isbash, 1936; Kirchner et al., 1990; Masteller & Finnegan, 2017; Schmeeckle et al.,
2007) or turbulence fluctuations. The magnitude and duration of drag and lift force fluctuations can control
whether sediment entrainment occurs (e.g., Diplas et al., 2008; Schmeeckle, 2015). Such effects of turbulence
have often been incorporated into force balance, impulse, and energy equations for the onset of sediment
motion (e.g., Lamb et al., 2008; Valyrakis et al., 2013). For almost a century, Fz has been simply modeled as
a function of a grain’s weight and the angle through which it pivots to leave its resting pocket (Fenton &
Abbott, 1977; Li & Komar, 1986; Wiberg & Smith, 1987). Such Fp and resulting rz calculations do not include
the effects of bed structure such as grain interlocking, porosity, or burial, which are hypothesized to be impor-
tant in sediment transport (e.g., Allan & Frostick, 1999; Hodge et al., 2013; Sanguinito & Johnson, 2012) and
granular friction (e.g., Chaudhuri et al,, 2010; Song et al., 2008) literature. Without a theory for Fg that incorpo-
rates these effects, 7, from force, impulse, or energy balance predictions may be inaccurate, and the sources
of z. variability remain uncertain. If 7.is controlled by unquantified factors such as bed structure, each 7. could
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Apphed be uniquely representative of certain channel conditions and therefore not

broadly applicable between streams as commonly assumed.

fluid force _ . N
Recent studies have also shown a perplexing change in empirical values of

7, over time in a given river or laboratory experiment (e.g., Haynes &
Pender, 2007; Hodge et al., 2013; Johnson, 2016; Masteller & Finnegan,
2017; Ockelford & Haynes, 2013; Paphitis & Collins, 2005; Reid et al,
. 1985; Turowski et al., 2011). Such 7. variations are usually hypothesized
elevation to be driven by temporal fluctuations in the parameters that control driv-
ing forces (e.g., protrusion and bed roughness). Changes in bed structure
and Fz have also been invoked to explain temporal disparities in z, (eqg.
Hodge et al, 2013; Masteller & Finnegan, 2017; Ockelford & Haynes,
2013). However, few measurements of the parameters that control Fz have
been made, and the importance of grain resistance variations on 7, have
not been explicitly quantified.

ean bed

We therefore focus on answering the following fundamental research

Figure 1. Variables in our theory shown in cross sections of a three-dimen-
sional bed. The bottom diagram has a lower p to illustrate volumes.

questions: (1) What controls grain resistance to motion, (2) can a theory
that incorporates the effects of bed structure improve predictions of grain
resistance over current formulations, and (3) can the wide spatial and tem-
poral variations in empirical values of 7. be attributed to changes in bed
structure and thus Fg? To answer these questions, we (1) develop and test a novel theory for Fg that can
be applied to any gravel-bedded river, (2) measure Fz in laboratory experiments and in three field sites for
grains that are packed and partly buried, (3) estimate Fg for spheres that are partly buried by other spheres
using a Discrete Element Method (DEM) model, (4) use these laboratory, field, and numerical modeling data
to elucidate the primary controls on Fz, and (5) use our theory and a field data compilation to elucidate the
controls on variations in empirical 7, values. Here we use a force balance approach without taking into
account the effects of turbulence for the simplicity of understanding grain resistance effects. The combined
effects of grain resistance and turbulence will be important for any other calculations of sediment entrain-
ment such as those based on grain impacts, flow impulse, and flow energy.

2. Theory for Fg

We assumed that F for an individual grain is controlled by the following three forces: (1) grain weight, (2)
weight of sediment overlying the particle of interest, and (3) an intergranular friction force with surrounding
sediment. In all of our force calculations, we assumed that the local bed is horizontal and all grains are sphe-
rical. Spheres are used in most sediment force balances (e.g., Buffington et al.,, 1992; Hodge et al.,, 2013;
Kirchner et al,, 1990; Lamb et al,, 2008; Wiberg & Smith, 1987), which enables the use of simple geometric
equations, and we return to this assumption later. We assume pivoting motion, but if pure sliding occurs,
which can be common for larger grains moving over finer sediment, modifications to our equations are
needed. A distribution of values for a given parameter is denoted by j, j, or k.

2.1. Force Due to Grain Weight (Formulation Used in Previous Estimates of Grain Resistance)

The force (F,) necessary to pivot the weight of the ith grain (ranges from 1 to N = number of sampled grains)
on the bed in the streamwise direction is

Fo(i.j) = tan| ¢, (i.j)]. )

for each jth percentile (from 1 to 100 in steps of 1) of the potential pivot angle (¢,) distribution (Figure 1).
Equation (1) includes the sediment density (ps), gravitational acceleration (g), and volume of grain i, which
is a function of the intermediate grain axis (b). All of our measurements are for unsubmerged grains, but if
particles are under water, our force equations need to be modified to account for submerged sediment
weights. The exact ¢, of each grain is unknown and is estimated as a distribution of potential values using

gps(i)mb(i)*
6

é,(i.j) = [30 + 0.5])[b(i) /bso] >, 2

which was derived by Kirchner et al. (1990) and where b5, is the bed median grain size.
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Equation (2) was determined by randomly placing natural grains on glued sediment beds and then tilting the
bed until the grains rolled out of their resting pockets; it does not include the effects of grain burial and inter-
granular friction. Equation (2) is technically only valid between the 10th and 70th percentiles of the ¢, dis-
tribution, but given the paucity of equations available to predict ¢, for natural beds, we assume that it
applies to the entire ¢, distribution. We revisit this assumption in section 4. Equation (1) with ¢, defined from
equation (2) is how grain resistance is almost always currently represented in initial motion calculations, and
we test this equation below.

2.2. Force Due to Partial Burial

Following the form of equation (1), the force necessary to overcome the resistance from partial burial by the
sediment weight (F;) on top of the ith grain is

FS(’*/) = gps(i)“ - /I]VO(I) tan [¢p(l7j)}7 (€)

for the jth ¢, and in which 7 is bed porosity and V,, is the overlying sediment volume (Figure 1), which is
determined by spherical grain geometry (see Yager et al., 2007, for derivation of similar volume formulas
through integration equations for spheres),

voli) = (°5)~pl0) {b(i)z - n(@+ blit) _ %ﬂ @

No sediment burial weight is calculated if less than half of b is buried. We assume that the overlying sedi-
ment is subject to the same pivoting resistance as the grain of interest. Equation (3) represents a mini-
mum value because it does not account for force chain extension from the overlying sediment to
surrounding grains.

2.3. Force Due to Intergranular Friction

The friction and displacement force of surrounding sediment (F,) for the kth (ranges from 1 to K, 200 here)
possible internal friction angle (¢ for each ith grain is

Fa(i, k) = gps(i)Vs (i) tan[e (i, K)][1 — 2]Cv, ®)

where ¢rin the granular friction literature typically represents the combined effects of grain arrangement
(e.g., imbrication and clustering) and shape and bed porosity, cohesion, and/or grain size distribution on
intergranular friction. It is different from ¢,, which here is only the angle through which a grain pivots
and includes none of these intergranular resistance effects (Figure 1). Equation (5) includes both frictional
sliding resistance past other grains and the displacement and plowing of downstream sediment by the jth
grain when it moves. We do not imply that downstream sediment plowing occurs frequently in nature;
rather, equation (5) simply states this downstream sediment weight initially resists the movement of the
ith grain. Displacement of downstream sediment occurred when manually pushing on grains with a load
cell and in our numerical model (see below) and must be included in our theory. The buried volume (V)
of the ith grain is

00 -p0) "

Vil = o) - ) (%5 - 2

In equation (5), Cy is a volume correction ratio to account for more downstream sediment resisting the move-
ment of the ith grain than just Vj,. We first assumed that as a grain moves out of its pocket (one grain dia-
meter), it displaces a downstream volume of sediment equivalent to V. However, in our DEM model
simulations (see below), we observed that a grain actually displaces more sediment than just its buried
volume, because of a cascading effect of the downstream sediment further displacing other grains (see
Supporting Information S1 and Video S1). We used these DEM simulations to empirically determine a con-
stant value of Cy, (see section 3.4); it is not used as a calibration parameter. The distribution of Fz for each grain
is given by the sum of Fy, F;, and Fg. Then the distributions of Fg for all i grains are combined to create one Fp
distribution for the entire bed.
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Table 1 3. Methods for Measuring, Modeling, and Predicting
Stream Characteristics Grain Resistance
stream Reynolds Creek Sihl River Erlenbach We used field and laboratory measurements and a DEM model to estimate
Slope (%) 3 0.9 10 Fr and test our theory for a wide range of possible channel bed conditions.
Z ro‘(::nifmple‘j 2? 122 1;? The DEM simulations determined Fg for the simple case of a sphere buried
Msgdianp %) 50 65 34 by other spheres and also were used to estimate C, in our theory. The

3.1. Field Measurements

laboratory measurements added complexity by having a sphere buried
by either sand or gravel, and the field measurements used in situ
natural sediment.

We conducted measurements in Reynolds Creek, Idaho, United States, and the Sihl River and Erlenbach
in Switzerland (Table 1). In each of these streams, we pushed on unsubmerged grains at the center of
their upstream exposed areas with a load cell (oriented parallel to the bed; FUTEK LSB210, accuracy
0.001%, 100 Hz) until the grains moved out of their pocket in the streamwise direction. The maximum
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Figure 2. Measured cumulative distributions of (a) grain size and (b) CSF for
the grains subjected to force measurements in the Erlenbach, Sihl River, and
Reynolds Creek. Figures also show grain size and CSF distributions for the
gravel and sand used to bury the test sphere in the laboratory. CSF = Corey
Shape Factor.

measured force was used as Fp and is an accurate estimate of sediment
resistance to motion (e.g., Buxton et al, 2015; Hodge et al, 2013;
Johnston et al.,, 1998; Prancevic & Lamb, 2015). Grains were on a regu-
larly spaced grid in areas with very low local slopes, and only those
with partly or fully exposed upstream surfaces and masses less than
the load cell maximum (2.1 kg; weight of about a 115-mm-diameter
grain) could be measured.

We measured the grain mass (to 0.1 g), primary axes, and p, which was
determined using a ruler from the visually estimated mean bed elevation
immediately downstream of a grain to the grain top (the highest point).
The downstream p was usually smaller than (or equal to) the upstream p
and therefore was what likely impeded grain motion. The downstream p
was often smaller because of grain imbrication and/or preferential sedi-
ment deposition downstream of certain grains. We calculated the Corey
Shape Factor (CSF; e.g., Dietrich, 1982) using the measured axes of each
grain, Figure 2 shows the size and CSF distributions of particles for which
we measured Fz. Note that these grain size distributions may not represent
those of the entire bed surface, which will be considerably wider and
include both coarser and finer (e.g., sand and smaller) sizes that we could
not measure within the limits of the load cell.

3.2. Laboratory Measurements

We used a test sphere (b = 90 mm) that sat on a horizontal bed in the
pocket created by three closely packed spheres of the same diameter
(Figure S1a). We pushed on the test sphere with the load cell until it
pivoted over the saddle between two bottom spheres. We created differ-
ent test sphere p by burying it to various degrees with sand or gravel and
measured forces for each p 5-6 times to establish means.

3.3. Numerical Model

We used LIGGGHTS within the LAMMPS DEM model software (Kloss
et al, 2012) with periodic boundary conditions and the same formula-
tions for frictional forces and parameter values as in Schmeeckle
(2014). The simplified Hertz-Mindlin contact model controls the forces
and torques between overlapping spheres; see Schmeeckle (2014) for
more details and specific equations used. All parameters were held con-
stant between DEM model simulations except p, and we used the fol-
lowing values for sediment density (2,650 kg/m?), Young’s modulus
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(1 x 1077 Pa), Poisson’s ratio (0.45), coefficient of restitution (0.1), coefficient of friction (0.6), and coeffi-
cient of rolling friction (0.01). All DEM model runs were conducted before comparison to our theory; none
of the DEM model parameters were adjusted to better match Fg with our theory. The modeling domain
was 0.0387, 0.02, and 0.075 m in the streamwise, lateral, and vertical directions, respectively. A test sphere
sat on a horizontal bed of three closely packed fixed spheres of identical diameter (b = 10 mm; Figure
S1b). We randomly added and settled smaller spheres (mean and standard deviation in b of 0.9 and
0.1 mm, respectively) to fully bury the test sphere. We then numerically removed the smaller spheres
above given elevations to create five different test sphere p values between runs.

In each run we incrementally increased an applied constant bed-parallel, streamwise force until the
sphere pivoted out of its pocket. The force was applied to the center of mass of the test sphere, and
this Fp was verified for a test sphere without burying small spheres using equation (1) and ¢, calculated
from bed geometry (19°, closely packed sphere pocket geometry). We used a relatively constant ¢, in all
of our simulations to determine the importance of p independent of variations in ¢, the effects of
which on grain motion have already been extensively studied (e.g. Buffington et al., 1992; Kirchner
et al, 1990; Li & Komar, 1986). However, this angle was not completely constant; as the test sphere
became more buried (very low p), the angle through which it needed to pivot visually appeared to
slightly increase because of the additional sediment impeding its movement. The effects of slight
changes in ¢, are further discussed in section 4. We normalized each Fz by the respective particle
weight for most of our results.

3.4. Fi Predictions

We tested the predictions of F from our theory (equations (1)-(6)) using the estimated values from the field,
laboratory, and DEM simulations. In all of our calculations, we treat ¢y, ¢,, and p as independent parameters,
which is partly supported by the lack of correlation between ¢, and p for individual grains (Kirchner et al,,
1990). We predicted Fg for the laboratory and DEM data using the known values of b, p, and ¢,, (19°, assumed
constant with p). We varied the value of ¢ between predictions through the range of known values in the
literature for gravel, sand, and spheres (see section 4).

For field Fg predictions, we used the measured values of b and p for each grain and the potential distribution
of ¢, for each grain from equation (2). We varied ¢¢between predictions using known values for alluvial sedi-
ment (see section 4), but in this case we used a distribution of potential values of ¢¢in each prediction rather
than a single value as in the DEM and laboratory calculations. In real streams, ¢ could spatially vary as a func-
tion of parameters such as local grain arrangement and shape. Therefore, we randomly sampled it from a nor-
mal distribution (limits of 0-89°) with a certain mean and standard deviation of ¢¢to obtain the potential ¢¢
distribution for each grain. We changed the mean ¢y between predictions.

In each river, our theory results in distributions of possible Fr values for a given grain because we do not know
the exact values of ¢rand ¢, and must use potential distributions for these parameters. We used all possible
combinations of ¢rand ¢, values to obtain the Fy distribution for a given grain and then combined these
distributions for all grains on the bed to yield the Fz distribution for a given stream. We also tested the com-
monly accepted formulation for grain resistance that is used in force balance calculations of the onset of
motion, which is equation (1) alone. For use of this equation alone, we similarly obtained the potential distri-
bution of ¢, for each grain using equation (2) and then combined the F, distributions for all grains on the bed
to yield the F distribution for a given stream.

The value of Cy for all of our predictions (field, laboratory, and DEM) was determined from our DEM model. It
was calculated in each simulation using the known volume of spheres downstream of the test sphere that
were displaced by the test sphere when it just moved out of its pocket. This volume was divided by V}, which
was calculated using equation (6), and the resulting value of C,, (4.8 + 0.3) was the average value from all five
DEM model simulations because C, did not systematically vary with p. For the field, we assumed 1 = 0.4,
whereas we used the measured values of 0.36 and 0.44 in the laboratory and DEM predictions, respectively.
Sensitivity analyses demonstrated that small uncertainties in 1 had relatively little impact on prediction accu-
racy (see Supporting Information S1). We note that the only parameter we varied in our theory to match the
measured/simulated Fg values was ¢r.
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. . 4.1. Importance of Various Force Components in our Theory
10°% R 3 We first conducted a sensitivity analysis on the influence of p and ¢¢ on
Pommemmesszzizzc . _\F"““ each force component of our theory for a theoretical value of bs, (assumed
E 10" 3 BRI _\g E b = bsy here). We calculated the median values of Fg, F;, Fg, and F, for a
ot RRETN AT given percent p (varied between 10% and 100%) with two end members
g 102l T “a. Fy s, of the possible ¢ distribution (mean value of 70° vs. 30°, each with a stan-
" F Sey ‘\ 3 dard deviation of 15°). Most of the forces (Fg, F, and F,) increased with
, “‘ dowmstream ‘\‘ smaller p (greater burial) (Figure 3) because p determines the portion of
10°F \ sediment ' the grain that experiences intergranular friction and the volumes of over-
weight, \ lying sediment and resisting downstream sediment. As shown in equa-
o . . ‘ . intergranular friction tion (1), Fy is independent of p. Regardless of the value c?f p and ¢y, Fs
10 20 30 40 50 60 70 80 90 100 was the smallest force, often by at least an order of magnitude, and was

zero when percent p < 50%. The relative magnitudes of F; and Fy4
depended on p and ¢y, with F; becoming more important as p increased
(grain is more exposed) or ¢ declined (less intergranular friction;
Figure 3).

4.2, Empirical Observations of Parameters that Control Fp

A direct relation between p and Fg occurred in field, laboratory, and DEM
data (Figure 4a). For a given p, Fp generally increased as grain shape
became flatter (lower CSF) from spheres to gravel. The highest Fz occurred

s % s for real riverbeds, which were composed of natural grains with low CSF

10 ¢ overlying \ 13 and a wide range of grain sizes (Figure 4a). Such changes in Fg with particle

sediment weight shape and grain size are supported by the granular friction literature (e.g.,

10" , ) ) ) ) ) , , Farhadi & Behringer, 2014; Trulsson, 2018) and imply that ¢y is an impor-
10 20 30 40 50 60 70 80 90 100 tant control on grain resistance to motion.

Percent protrusion (%)

4.3. Predictions of Fg for Field, Laboratory, and DEM Data

Figure 3. Median values of each component of our theory (Fg, F5, and Fg) and

the total of all components (Fg) as functions of percent p when the mean ¢+
is () 30° or (b) 70°. Cartoons to the left of forces show parameters that
contribute to each force component. In the cartoons, sediment is entrained
from right to left. The blue boxes represent sediment burying the grain of
interest and are shown as boxes for simplicity although their shapes can be
more complex (see equations for volumes in text).

Resisting forces were predicted well by our theory for a sphere partly bur-
ied by other spheres, sand, and gravel when ¢¢was about 10-15°, 30-35°,
and 45-50° (Figure 4b), respectively, which mostly correspond to ¢rvalues
in the literature for each sediment type (e.g., Culshaw et al, 1991;
Mollanouri Shamsi & Mirghasemi, 2012). Our theory also generally pre-
dicted the observed increase in Fz with lower p for a given bed, which
could not be calculated with equation (1) alone because it does not account for the effects of grain burial.
Equation (1) predicts a constant value of Fp for all p equal to that predicted by our theory at 100% p. Small
deviations from measured values may be partly from assuming spherical grains in our theory and a constant
¢, with different levels of grain burial; ¢, may be higher for very low p because of the large relative height of
the downstream grains that impeded pivoting. For example, if we had allowed ¢, to slightly increase with p
in our predictions of the DEM data, we would have better approximated the Fp values for very low p. In addi-
tion, we assumed C,, was constant, but it will likely change with 2 and bed grain size in the field and laboratory
because these parameters will alter the volume of grains on the bed at any location.

For the field data, when we used the currently applied resistance formulation in force balance models, equa-
tion (1) alone, Fg was systematically underestimated for all percentiles of its distribution in all three streams
(Figure 5). To predict the field data with our theory, we varied the mean ¢ through the published range of
values for river sediments (31-67°) measured using strength tests (e.g., Chang & Cheng, 2014; Lin et al,
1998). Low percentiles (0-30%) of the Fp distribution were generally predicted well by our theory in all three
field sites as long as ¢ > 30° with ¢y as a single value or as the mean within a distribution (Figure 5).
Therefore, low percentiles of the Fp distribution can be estimated even if the exact value or distribution of
values for ¢y is uncertain. Such low percentiles are important because they determine the onset of motion
of a streambed and the movement of these grains subsequently alters the resisting forces for other sediment.
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deviation of ¢ However, a range of ¢y values with a mean of about 66°
generally allowed for accurate predictions of the entire Fp distribution in
two out of three streams (Figures 5a and 5b). In the remaining stream
(Erlenbach), our theory generally underestimated Fg (Figure 5c) because
this channel contains highly angular, poorly rounded sediment and large
amounts of silt and clay (which increases cohesion). Most ¢¢do not include
the combined effects of very angular grains and cohesion (e.g., Chang &
Cheng, 2014; Lin et al.,, 1998) and may therefore be lower than what could
occur in the Erlenbach, which could partly explain our slightly underesti-
mated Fg. Our ¢rare also at the upper end of the range of those measured
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increase with the fewer number of potentially mobile grains used in a sam-
ple (Booth et al.,, 2014).

Some of the other small discrepancies between predicted and measured
values of Fg in our three field sites could be caused by using equation (2)
to predict the entire distribution of ¢,,. Equation (2) is technically only valid
between the 10th and 70th percentiles of the ¢, distribution, which
implies that it would have larger errors at the distribution tails. Our theory
usually had the largest prediction uncertainties for very large values of Fg
(Figure 5), and such errors could be caused by inaccurate estimates of
the higher percentiles of the ¢, distribution. We also assumed spherical
grains for the volume calculations (equations (4) and (6)) in our theory,

20

40

Protrusion (%)

but many grains at our field sites deviated from spheres. This could be
an additional source of discrepancies between measured and predicted
values of Fg.

60 80 100

Figure 4. (a) Normalized Fy as a function of p for spheres partly buried by
spheres (DEM), sand (laboratory), and gravel (laboratory). Normalized med-

ian Fp from all three field sites combined (sample size not large enough at

5. Discussion

some sites to show relation) were calculated from values binned at 10% p

intervals. The median measured p within each 10% interval is shown. Two
data points at 80% and 90% p bins were excluded because they only con-
tained a single measurement and a median could not be calculated. (b)
Laboratory and DEM data (symbols) with predicted normalized Fg from our
theory (lines) labeled with the single value of ¢fused. DEM = Discrete

Element Method.

5.1. Controls on Grain Resistance to Motion

The large underestimation of F by equation (1) (with ¢, from equation (2))
for even low percentiles of the Fz distribution (most easily moved grains,
Figure 5) implies that the commonly employed grain resistance formula-
tion for onset of motion calculations is incorrect. Specifically, the widely
used force balance for the onset of motion implicitly includes assumptions
that (a) p influences driving but not resisting forces and (b) all grain resis-
tance can be encapsulated into a pivot angle (see section 5.2). Our measurements and theory demonstrate
that ¢, is only a component of grain resistance, and grain burial (inverse of p) and intergranular friction
(¢pg) are also important controls. Both p and ¢fcaused measured (laboratory and field; Figures 4a and 5), simu-
lated (DEM; Figure 4a), and theoretical (Figure 3) values of Fp to vary by an order of magnitude.

The use of a p distribution was also key to accurate Fg predictions. To demonstrate this, we assigned all grains
in the Sihl River the same value of percent p instead of using their measured percent p. We then varied this
value of percent p for all grains between predictions using our theory. The distribution of Fz was completely
incorrect regardless of what single p or ¢rwas chosen (Figure 6). Further support for the role of p in control-
ling Fr comes from one study that demonstrated grain overlap with other particles (similar to grain burial)
impacts the forces needed to vertically dislodge a grain from a riverbed (Sanguinito & Johnson, 2012).

Our results that ¢y controls Fr are supported by geotechnical engineering experiments in which bulk sedi-
ment failure is partly controlled by the bed grain size distribution and porosity (1) and grain angularity, shape,
and orientation (e.g., Bagherzadeh-Khalkhali & Mirghasemi, 2009; Bareither et al., 2008; Culshaw et al., 1991;
Estrada et al., 2008; Lambe & Whitman, 1969; Mollanouri Shamsi & Mirghasemi, 2012; Simoni & Houlsby, 2006;
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ized Fg for (a) the Sihl River, (b) Reynolds Creek, and (c) Erlenbach.
Predictions using our theory are labeled with the mean ¢fused (constant

standard deviation of 15°, except for line with an asterisk, for which it was zero).

Zhuang et al.,, 2014). Similarly, granular physics experiments and numerical
modeling results demonstrate that sediment jamming is influenced by the
coordination number (average number of contacts per particle), volume
fraction (1-), particle shape, and bed arrangement (controlled by condi-
tioning from applied stresses, forces; e.g., Bandi et al, 2013; Bertrand
et al, 2016; Bi et al,, 2011; Chaudhuri et al, 2010; Ciamarra et al,, 2011;
Farhadi & Behringer, 2014; Kumar & Luding, 2016; Silbert, 2010; Torquato
& Stillinger, 2010; Zhang et al,, 2010). Finally, observations in rivers and
laboratory experiments suggest that grain clustering and imbrication, as
well as the abundance of fine cohesive sediment, could alter overall
gravel-bed resistance to motion (e.g., Hassan & Reid, 1990; Kothyari &
Jain, 2008; Perret et al., 2018; Reid et al., 1985; Strom et al., 2004).

We hypothesize that all of the parameters mentioned in the previous para-
graph influence ¢ and explain its variation between different sediment
mixtures and streams (Figures 4b and 5). Further research is needed to bet-
ter quantify (a) the uniqueness and overlap between the various para-
meters mentioned in the geotechnical engineering, granular physics,
and fluvial sediment transport literature, (b) the relation between these
unique parameters and ¢y and (c) the relative importance of these unique
parameters in controlling Fz. We finally note that although cluster forma-
tion has been hypothesized to control sediment mobility (e.g., Hassan &
Reid, 1990; Strom et al,, 2004), no mechanistic theory exists to account
for the influence of clusters on Fg. Our theory directly includes the para-
meters (¢, ¢p, and p) that would change Fg through cluster formation.

5.2, Uncertainties in Pivot Angle Measurements and Use

Recent studies have also suggested potential inaccuracies in ¢, values
that are obtained by placing grains on glued beds and then tilting the
beds until the grain of interest moves (e.g., Hodge et al,, 2013; Johnston
etal, 1998; Prancevic & Lamb, 2015). Such ¢, do not represent in situ grain
pivoting motions that will usually involve more interactions with the sur-
rounding bed material. Equation (2) may therefore underestimate ¢, for
natural riverbeds. Conversely, ¢, values determined for in situ sediment
are likely significant overestimates because they are obtained by measur-
ing Fp using a load cell, assuming Fg = Fg, and then back-calculating ¢,
using equation (1) (e.g., Hodge et al, 2013; Johnston et al, 1998;
Prancevic & Lamb, 2015). Such ¢, values therefore indirectly incorporate
the effects of burial and intergranular friction.

In theory, one could use these empirically derived in situ ¢, values in
equation (1) to obtain F for different rivers. Although such a calculation
would appear to be a simpler version of our theory, these ¢, are not
broadly applicable and obscure the actual mechanics of grain resistance
to motion. The in situ ¢, distributions strongly depend on individual grain
partial burial and parameters that control intergranular friction such as
porosity, angularity, and grain size distribution. For example, Hodge et al.
(2013) found very different distributions of in situ ¢, (estimated using a
load cell) depending on longitudinal locations within pools/riffles and

measurement year. They hypothesized that spatial changes in ¢, occurred because of differences in grain
exposure and packing, as well as surrounding sediment cohesion. We posit that packing and cohesion should
dominantly affect, and be represented by, ¢y rather than ¢,. We have also demonstrated that protrusion,
which is similar to exposure, influences F separate from any changes in ¢,. Therefore, many previously
reported variations in in situ ¢, are likely instead driven by their back-calculation from a measured Fp that
includes the impacts of different ¢rand p.
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! ' ' & 9 5.3. What Controls Spatial and Temporal Variations in 7.2

09 The mechanistic effects of Fr on temporal and spatial variations in z.

,§ 08 could not be previously predicted because Fg was only modeled as a

;5,_ 0.7 function of ¢, which does not have known and predictable systematic

g_ 0.6 temporal fluctuations. In contrast, the reach-averaged boulder

2 o5 (b > 256 mm) protrusion can be inversely related to the relative sedi-

g 04 ment availability (Yager et al., 2007, 2012), and it is likely that p for smal-

g ler grains will also vary with fluctuations in the sediment supply. We note

o 03 that a channel bed could also adjust to greater sediment supply by

0.2 —— Increasing p, ¢y=60 increasing the bed slope through simple deposition, thereby just cover-

0.1 ing all sediment on the bed, or through grain size changes (Dietrich

0 - ) et al,, 1989; Johnson et al,, 2015; Madej et al., 2009). Therefore, the exact

10° 10" 10> relation between sediment supply and grain protrusion has yet to be

Resisting force/weight

Figure 6. Demonstration of the failure of the predicted Fg distributions to
match measured values when a single value of p is used, rather than the
measured p distribution (as in Figure 5). Measured (symbols) and predicted
(lines) distributions of normalized Fg for the Sihl River. Each line had single
values of p and ¢«for all grains; for ¢¢=10° or 60°, p was varied between lines.

established. Support for 7, temporal variations being sediment supply
dependent is also provided by the theory of Johnson (2016), who predict
7, as an empirical function of transport disequilibrium measured in a set
of flume experiments. Results from the granular friction literature also
imply that ¢r (e.g., Bertrand et al., 2016; Song et al., 2008) will increase
with higher fine sediment supply (alters porosity and cohesion) or with
changes in grain arrangement (e.g., interlocking). Thus, p, ¢5 and Fg

can readily vary and can mechanistically explain why 7, is different between streams or through time; a
constant 7, is actually highly unlikely.

5.3.1. Calculation of 7, Variation With Bed Structure

To demonstrate potential bed structure controls on ‘r:, we used a force balance (Kirchner et al, 1990) to
calculate the potential 7. distribution for the median grain size of a synthetic channel bed

(b = b50 = 0.06 m),

7c(i.j, k)

FR(i'/jﬂ k) 7 FSW(i) Sin(ﬁ)

 05A() (F(z.1)2[Co + Cutan(,(7:)) ] s(7) — plgbli)

@)

where Cp (0.4) and C; (0.2) are drag and lift coefficients, respectively (e.g., Wiberg & Smith, 1987), « is
von Karmen’s constant, p is water density, A is the exposed cross-sectional area of a grain (function of
b and exposure), z is distance from the bed, () denotes a vertical average, Fg, is the submerged grain
weight, g is the channel slope, and f(z) is part of the logarithmic velocity profile equation. Equation (7)

4
10 T
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Figure 7. Theoretical variation of (a) the median . and (b) gs with percent p
for equation (1) and our theory (labeled with ¢9. 7. and g are normalized by
their values when p = 100% of b.

follows that used by Kirchner et al. (1990), who also provide the
necessary equations for f(z), A, and exposure. We determined the
distribution of Fr in equation (7) using the following two different
methods: (i) from equation (1) with ¢, from equation (2) and (i) using
our complete theory (equations (1)—(6)). Values of 7. using Fg from
equation (1) only include the impacts of p on drag and lift forces,
whereas 7, values employing our theory for Fz include these driving
forces and the effects of p and ¢ on Fz All calculations used the
submerged grain weight, which simply involved substitution of ps-p
for ps in equations (1), (3), and (5).

Calculations using equation (7) yielded a distribution of potential 7, values
even for a single grain (one i) because distributions of ¢rand ¢, were
used. To simplify the presentation of our results, we simply show the med-
ian 7. for a given calculation scenario (Figure 7). Between scenarios, we sys-
tematically varied p and the mean value of ¢« For each scenario, we also
used these resulting median 7. values in a bedload equation (Meyer-
Peter & Miiller, 1948) to determine the sediment flux (gs; see Supporting
Information S1). These calculated z, values are approximations of the
actual entrainment threshold rather than of a higher reference shear
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stress that is part of the original bedload equation (Pdhtz & Duran, 2018). In
this sediment transport equation, bs, is the representative grain size that is
used for g, calculations for the entire bed of sediment. We calculated g, for
an applied dimensionless shear stress (') that was equal to two times the
median z, from our theory when percent p = 70% and ¢ = 65°. We note
that use of a lower z” demonstrated even stronger effects of p and ¢ on
gs and use of a different sediment transport equation will not change
our overall conclusions.

If a change in bed structure decreases p, we calculated that 7. will increase
and g, will decline regardless of the Fz equation used (Figure 7). Neglecting
the effects of p on Fz caused 7, and g changes with p to be systematically
underestimated when compared to our theory, particularly when ¢¢> 65°
or p < 60%. In our theory, small changes in p and ¢y can induce large dif-
ferences in 7, that are of similar magnitudes to those observed between
different streams or experiments, Spatial variations in 7, are often ascribed
to differences in measurement methodologies, grain size distributions, or
relative submergence (ratio of flow depth to particle size), but these para-
meters did not vary in our calculations. The observed scatter in 7, may
instead be induced by differences in both driving and resisting forces,
which are in turn controlled by variations p and/or ¢ between streams
or through time.

Equation (7) does not account for the influence of particle impacts,
which can cause direct sediment entrainment as well as loosen a given
grain (e.g., Ancey, 2010; Lee & Jerolmack, 2018; Pahtz & Duran, 2017;
Vowinckel et al., 2016), thereby decreasing its resisting force and making
it easier to move. Many studies have also demonstrated that drag and
lift force fluctuations are actually responsible for particle entrainment
(e.g., Diplas et al, 2008; Leary & Schmeeckle, 2017; Schmeeckle et al,
2007; Valyrakis et al., 2010) and that these fluctuations in lift and drag
forces vary with p (Schmeeckle et al, 2007). We did not incorporate
magnitudes and durations of flow turbulence into equation (7) because
there is no generally applicable theory to predict how these parameters
will change with p, which is necessary for accurate T, predictions.
Regardless of the driving mechanism (e.g., impacts or turbulence),
sediment motion cannot occur until resisting forces have been
exceeded; the variations in resisting forces documented above are a
fundamental control on observed . differences. Further work is needed
to incorporate simplified parameterizations of all of these processes into
predictive equations for the onset of grain motion. For example,
distributions of possible forces or turbulence intensities have been
incorporated into force balance equations (e.g, Lamb et al, 2008;
Vollmer & Kleinhans, 2007), and such modifications could also be made
to equation (7) if a model for turbulence variation with p is also
included. Our theory for grain resistance could also be modified for
more general use in calculations of particle impact, flow impulse, flow
energy, or rebound entrainment thresholds (e.g., Celik et al, 2013;
Pahtz & Duran, 2018; Valyrakis et al., 2013).

5.3.2. Field Data on Bed Structure Controls on 7,

Further evidence for the control of p on . comes from a field data com-

pilation. We used z, values from Mueller et al. (2005), who employed the same methodology to define T
in all rivers considered in their study; they extrapolated measured bedload fluxes to a reference transport
rate. We limited our focus to the streams from Mueller et al. (2005) that met the following three criteria.
First, they had relative submergence values (h/bgy; where by is the grain size for which 90% of grains are
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0.06 \‘ finer and h was for bankfull flow) >3 to minimize changes in velocity
(o)A profiles, turbulence, and morphologic drag that are expected when rela-
0.05¢ \‘ o | tive submergence is low and which impact T (e.g., Lamb et al., 2008).
(‘) Second, each stream needed published values of cobble embeddedness
0.04| K | (see Sennatt et al., 2006, for a review on embeddedness measurements),
which is a measure of particle burial (~inverse of p). To minimize errors,
 0.03} . 1 we only used streams for which embeddedness was not reported to be
. a visual estimate (Espinosa et al., 1997; Petrosky et al., 1988; Richards &
0.02r \\ 1 Cernera, 1987; US Bureau of Land Management, 1996; USDA Forest
S\ Service, 2002, 2005, 2014). If a stream had visual embeddedness esti-
0.01F ~"~~_ - mates, we only used those that were calibrated to quantitative measure-
O-.. ments. Third, we used embeddedness measured as spatially and
0 . . . . . temporally close to the bedload sampling locations and years, respec-
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Figure 9. Variation of empirical field ‘[z from Mueller et al. (2005) with
compiled values of percent p. Lines show exponential fits to data with (gray)
or without (black) the stream with large temporal variation in embeddedness
(gray circle). Standard errors are not shown because most streams have
two or less embeddedness measurements reported.

Percent protrusion (%)

tively, as possible. When embeddedness and bedload sampling did
not occur at the same times, we excluded any streams if large fires
occurred in the surrounding watershed between the two different mea-
surements. Fires can alter sediment transport rates and channel bed
conditions (e.g., Reneau et al., 2007), which makes concurrent sampling
of embeddedness and sediment flux important. We used median values
if more than one measurement of embeddedness was available at a
given river and then calculated p = 1-embeddedness. The compilation
resulted in six streams with both 7. and p estimates (South Fork Salmon River, North Fork Clearwater
Creek, Main Red River, South Fork Red River, Herd Creek, and Lolo Creek; all in Idaho, United States;
see Mueller et al., 2005).

Despite having a wide range of values, these 7, did not systematically vary with relative submergence,
grain size distribution (bso/bgp), or slope using the data provided by Mueller et al. (2005; Figure 8).
Therefore, many of the previous explanations for scatter in 7. such as differences in grain size distribu-
tions, flow hydraulics, or measurement methodology (e.g., Buffington & Montgomery, 1997; Lamb et al.,
2008; Recking, 2009; Shvidchenko et al.,, 2001) may not always explain t; variations. In contrast, IZ expo-
nentially decreased with higher percent p (& = 0.008, R* = 0.87; Figure 9) and the relation between these
two parameters improved (a = 0.002, R? = 0.98) if the one stream with large temporal variations in p (49%
variation) was excluded from the fit. The remaining scatter in 7. could be partly explained by using the
bsp of each field site and reasonable mean values of ¢ in our theory (see Supporting Information S1).
In this data set, 7. varied by a factor of six with p, which is a large portion of the observed T, scatter
in lower-gradient, gravel-bedded rivers. Much of the observed variation in 7. could therefore caused by
different p and ¢r between streams, which we have demonstrated using this field data compilation
and our calculations in section 5.3.1.

5.4. Calculations of . During Transport Events

Our equations represent one snapshot of the bed state before any changes have occurred to bed structure
or grain size during a sediment transport event. If F; throughout a transport event is needed, temporal
changes in b, p, ¢, and ¢ would need to be known. However, this is an issue that is not unique to our
theory and is a common but rarely acknowledged problem in almost any calculation of the onset of sedi-
ment motion and sediment transport. Except for sediment transport predictions that use the Exner equa-
tion for the mass balance of individual grain sizes during an event, almost all simple calculations of the
critical shear stress (e.g., assumed 7, value) and bedload flux are based on the assumption that the bed
grain size is constant during an event. The same problem exists with almost all previous force balance for-
mulations for . (e.g., Kirchner et al., 1990; Lamb et al., 2008; Wiberg & Smith, 1987), which are also impli-
citly based on the assumption that p, roughness (controls velocity profile), b, and ¢, do not change during
a sediment transport event. Such assumptions are unlikely to be correct (e.g., Hodge et al.,, 2013; Johnson,
2016; Masteller & Finnegan, 2017). For example, if fine sediment is winnowed around larger grains at the
beginning of an event, this will increase p and decrease ¢, thereby causing r: of the larger grains to
decrease through time. A better understanding is needed on the variation of p, ¢, and ¢r with flow
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magnitude, flow duration, and sediment supply history. If empirical relations between these bed para-
meters and external driving factors were developed, then the temporally varying driving forces, Fz, and
7, could be predicted using our theory. Such 7, values could then be employed to improve bedload trans-
port predictions throughout flow events.

6. Conclusions

We develop and test a novel theory that provides the first quantitative predictions of the effect of particle
burial and intergranular friction on individual grain resistance to motion. We use our theory to demonstrate
that neglecting p and ¢ can cause significant underestimates of Fz and 7, and overestimates of sediment
fluxes. Our theory and compiled field data show that small changes in p and ¢fmay explain part of the scatter
in 7, values without invoking the common explanations of differences in measurement methodology or grain
size. The deviation of 7, from an assumed constant value may be explained by small variations in bed struc-
ture, which in turn are likely controlled by fluctuations in sediment supply, flow history, and lithology.
Landscape evolution models may need to employ a temporally and spatially variable 7, to properly estimate
the importance of climate and tectonics on orogen evolution. However, further work is needed to identify the
key drivers of the spatial and temporal variations in the parameters that control grain resistance.

Symbol definitions

A bed-perpendicular area of grain exposed to flow
b grain diameter
bsp  median grain size of bed
bgo  grain size for which 90% of grains are finer
Cp drag coefficient
C, lift coefficient
e exposure
Fy force caused by friction by, and displacement of, sediment surrounding grain of interest
F,  force necessary to pivot weight of grain of interest
Fr  total resisting force, = Fg + Fs + Fy4
Fs  force from sediment weight that overlies grain of interest
Fs, force from submerged weight of the grain of interest
flz)  part of logarithmic velocity profile equation
g gravitational acceleration
h  bankfull flow depth
p  protrusion
gs sediment flux
V,  buried volume of grain of interest
Cy volume correction ratio
V, sediment volume overlying grain of interest
z distance from the bed
S channel slope
¢¢ internal friction angle, effects of intergranular friction
¢p pivot angle
A bed porosity
p  water density
ps  sediment density
7. critical shear stress
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