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Abstract Sediment transport rates in steep mountain channels are typically an order of magnitude lower
than predicted by models developed for lowland rivers. One hypothesis for this observation is that particles
are more stable in mountain channels due to particle-particle interlocking or bridging across the channel
width. This hypothesis has yet to be tested, however, because we lack direct measurements of particle friction
angles in steep mountain channels. Here we address this data gap by directly measuring the minimum force
required to dislodge sediment (pebbles to boulders) and the sediment weight in mountain channels using a
handheld force gauge. At eight sites in California, with reach-averaged bed angles ranging from 0.5° to 23°
and channel widths ranging from 2m to 16m, we show that friction angles in natural streams average 68°
and are 16° larger than those typically measured in laboratory experiments, which is likely due to particle
interlocking and burial. Results also show that larger grains are disproportionately more stable than predicted
by existing models and that grains organized into steps are twice as stable as grains outside of steps.
However, the mean particle friction angle does not vary systematically with bed slope. These results do not
support systematic increases in friction angle in steeper and narrower channels to explain the observed low
sediment transport rates in mountain channels. Instead, the spatial pattern and grain-size dependence of
particle friction angles may indirectly lower transport rates in steep, narrow channels by stabilizing large
clasts and channel-spanning steps, which act as momentum sinks due to form drag.

1. Introduction

Sediment within mountain channels moves intermittently. During active transport, sediment attacks the
underlying bedrock, driving incision [e.g., Sklar and Dietrich, 2004]. In large flood events, high sediment
transport rates, and debris flows may pose serious hazards to life and infrastructure [e.g., Rickenmann,
2012; Prancevic et al., 2014]. Between transport events, sediment provides structure to the channel bed
[e.g., Church et al., 1998] that creates habitat for riverine fauna [e.g., Coulombe-Pontbriand and Lapointe,
2004] and partly determines water flow rates [e.g., Aberle and Smart, 2003]. Thus, determining the stability
of sediment is necessary to better understand the evolution of mountainous landscapes and riverine
habitats. Despite its importance, there are very few direct measurements in steep mountain streams of the
particle friction angle, one of the key metrics of bed stability.

Sediment transport is the result of the driving fluid stress (skin friction and form drag) overcoming the resistive
stress derived from the gravitational stability of a grain in its pocket between other grains (Figure 1a) [e.g.,
Gilbert, 1914; Shields, 1936; Wiberg and Smith, 1987]. Both sides of this stress balance exhibit complicated
behavior due to turbulent fluid flow [e.g., Schmeeckle et al., 2007], complex bed geometry [e.g., Zimmermann
and Church, 2001], and a mixture of grain shapes and sizes [e.g.,Miller and Byrne, 1966]. Consequently, the full
distribution of driving stress-resisting stress combinations is difficult to predict, and we typically rely on
representative, empirical relationships for predicting initial motion and bed load transport rates. These
relationships were initially developed for application to lowland rivers [Shields, 1936;Meyer-Peter and Mueller,
1948; Miller and Byrne, 1966] and are inadequate in describing sediment transport in steep, coarse-bedded
environments, where bed load transport rates are typically an order of magnitude smaller than predicted
[e.g., Rickenmann, 1997; Yager et al., 2007; Mueller et al., 2008]. Even the onset of sediment transport in steep
channels requires significantly higher bed shear stresses than expected [Bartnick, 1991; Mueller et al., 2005;
Lenzi et al., 2006b; Scheingross et al., 2013]. There is debate as to whether the divergence between predictions
and observations in steep channels is due to changes in granular stability, changes in flow hydraulics, or
both [e.g., Church et al., 1998; Yager et al., 2007; Lamb et al., 2008; Recking, 2009; Zimmermann et al., 2010;
Ferguson, 2012]. Flume experiments with loose, unimodal sediment beds show that sediment stability increases
and bed load transport rates are reduced in steeper channels with respect to predicted values, suggesting that
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these effects are in part due to changes in hydraulics [e.g., Gregoretti, 2008; Prancevic et al., 2014]. Changes in
grain stability have been difficult to evaluate in natural steep channels, however, due to limitations of standard
measurement techniques [e.g., Miller and Byrne, 1966; Kirchner et al., 1990; Buffington et al., 1992].

The resisting force that stabilizes a particle in a sediment bed is typically formulated as a simple Coulomb
friction model:

FR ≤
X

i
Fn;i tanϕ; (1)

where FR is the frictional force resisting motion, Fn,i is the normal force exerted on grain from contact point
i, and the friction coefficient is parameterized as the tangent of a friction angle, ϕ. The particle friction angle
is often idealized as the angle of inclination, relative to the channel bed slope, about the contact point
between the grain in question and one of its downstream neighbors (e.g., Figure 1a). This is appropriate in a
simplified configuration in which, at the onset of motion, the only contact point for the grain in question
is that of its downstream neighbor. In natural streambeds, this simplified configuration may not hold,
however, and irregular bed packing, grain shape, and partial burial can cause multiple contact points to be
important (e.g., Figure 1b).

In many studies, the friction angle is measured directly using a tilting surface composed of fixed grains
(e.g., natural pebbles, sand, or spheres) [Miller and Byrne, 1966; Li and Komar, 1986; Kirchner et al., 1990;
Buffington et al., 1992]. One or more grains are placed on the fixed granular surface, which is tilted until a
loose grain becomes unstable, and rolls or slides out of its pocket. The angle at which this occurs is the
particle friction angle, and the driving and resisting forces are equal to the weight of the grain (W) times the
sine and cosine of the particle friction angle, respectively [e.g., Miller and Byrne, 1966]. It is equivalent to
measure particle friction angles in situ by measuring the force required to mobilize grains in a channel
bed relative to their respective weights [Johnston et al., 1998]. Laronne [1973] was the first to apply this
methodology in a natural channel and the two friction angles hemeasured pulling parallel to the bed,ϕ = 62°
and ϕ = 76°, were much higher than those measured on tilting tables and typically assumed in bed load
transport formulae. Following a similar methodology, Johnston et al. [1998] amassed the first extensive data
set of in situ particle friction angles, but their study was limited to relatively low-sloping channels (θ< 3°) and
grains that lacked sorting and imbrication [Johnston et al., 1998]. Downes et al. [1997] and Sanguinito and
Johnson [2011] have also made dislodgement force measurements in natural channels.

Results from previous laboratory (tilt table) experiments and field measurements have revealed a strong
dependence on the size of the diameter of the test grain (D) relative to the roughness of the granular bed (e.g.,
D/D50, in which Dn is the nth percentile grain size). Results show that large grains are less stable than smaller
ones due to their propensity to rest higher on the surrounding grains (Figure 1) and therefore at a lower
angle to the average bed [Miller and Byrne, 1966; Li and Komar, 1986; Kirchner et al., 1990; Buffington et al., 1992;

Johnston et al., 1998]. To capture this effect, mean friction angles for a specific grain size (ϕ) are typically
modeled as a power law relationship:

ϕ
ϕD50

¼ D
D50

� �� β

; (2)

Figure 1. Two-dimensional schematics of (a) an idealized grain-pocket configuration and (b) a more realistic pocket with
wedged and imbricated grains with relevant force vectors shown. The dotted circles in Figure 1a illustrate the theorized
effect of changing D/D50 on the particle friction angle. The small circle has a size of D/D50 = 0.5, and the large has a size of
D/D50 = 1.8.
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where ϕD50
is the mean friction angle

of the median grain size and β is an
empirical constant, with typical
ranges of ϕD50

=46° to 66° and
β =0.21 to 0.46 for natural grains
(Table 1). This relative grain size
dependence in particle friction angle
promotes mobility of larger grains
relative to smaller grains, partially
offsetting differences in grain weight
[e.g., Wiberg and Smith, 1987; Solari
and Parker, 2000]. However, no
friction angle data exist for steep
mountain streams (θ> 3°), where
particle mobility has been observed
to be highly size selective [e.g.,
Brummer and Montgomery, 2003;
Scheingross et al., 2013].

While there have been no direct
measurements of particle friction
angles in steep natural channels
(θ> 3°), observations of sediment
transport provide clues that grain
stability may increase there relative
to low-sloping channels. Researchers
typically report sediment transport
rates as a function of total bed
shear stress (τb) normalized by grain
diameter (D), termed Shields stress: τ�

¼ τb
ρs�ρð ÞgD, where g is the acceleration

due to gravity, ρ is the material
density of water, and ρs is thematerial
density of sediment. Measurements
at the onset of sediment motion

reveal that grains require increased Shields stress to move in steeper channels in both the field [Bartnick,
1991; Andrews, 1994, 2000; Church and Hassan, 2002;Mueller et al., 2005; Lenzi et al., 2006a;Whitaker and Potts,
2007; Mao et al., 2008; Scheingross et al., 2013] and laboratory flumes [Ashida and Bayazit, 1973; Bathurst et al.,
1984; Olivero, 1984; Graf and Suszka, 1987; Torri and Poesen, 1988; Picon, 1991; Shvidchenko and Pender, 2000;
Gregoretti, 2008; Prancevic et al., 2014] (Figure 2). In addition, the threshold Shields stress required to mobilize
material in the field is higher relative to flume experiments for a given bed slope (Figure 2). Researchers have
also identified a correlation between changes in channel width and the threshold Shields stress such that
narrower channels have grains that appear more stable [Zimmermann et al., 2010](Figure 3). Finally, this
increased stability appears to continue after initial transport, and sediment transport rates are typically an
order of magnitude smaller than predicted by sediment transport equations developed for lowland rivers
[Rickenmann, 1997; D’Agostino and Lenzi, 1999]. Despite observations that point to enhanced grain stability in
steep streams, it remains an open question as to what degree this stability is due to enhanced granular
friction or reduced effectiveness of water flow in transporting sediment with increasing channel slope.

One mechanism to increase particle friction angles that is inherent to increased bed angle is the potential
for increased normal forces from neighboring grains. In imbricated packing arrangements, grains become
increasingly vertically stacked as slope increases. This, however, should only have a strong effect on very
steep slopes (θ≫ 6°), where the downstream component of gravity is of the same order as the bed-normal
component. More complex grain interactions, including interlocking and jamming, may provide an additional
means to alter particle friction angles. Grains in steep channels also tend to be more angular due to their small

Table 1. Compiled Relative Grain Size Dependence

Study
Location/Sediment Type ϕD50

(deg) β

Miller and Byrne [1966]
Natural sand 57.3 0.30
Glass spheres, poorly sorted 45.7 0.32
Glass spheres, well sorted 44.9 0.44

Li and Komar [1986]
Crushed basalt 51.3 0.33
Spheres 20.4 0.75
Ellipsoidal natural grains 31.9 0.36

Kirchner et al. [1990]a

Natural grains, poorly sorted, water worked 55.2 0.31
Natural grains, poorly sorted, unworked 66.1 0.46

Buffington et al. [1992]a

Natural sediment surface, Ks = 4.1mm 60 0.26
Natural sediment surface, Ks = 11.4mm 51 0.28
Natural sediment surface, Ks = 14.0mm 54 0.21
Natural sediment surface, Ks = 14.5mm 46 0.21
Natural sediment surface, Ks = 45.0mm 52 0.24

Johnston et al. [1998]a

Pacific Creek 61.9 0.28
Van Duzen River 49.1 0.45
Sagehen Creek 51.6 0.30
Colorado River 55.5 0.14

Present study
Sespe Creek Thalweg 66.4 �0.01
Sespe Creek Bar 73.5 �0.01
Rose Valley Tributary 67.5 �0.01
Arroyo Seco 69.2 �0.01
Block Creek 69.9 0.18
San Oline Creek 67.7 0.18
Tumble Creek 64.3 0.18
Rattlesnake Creek 67.3 0.18

aϕD50
refers to the median friction angle of the median grain size in

Kirchner et al. [1990], Buffington et al. [1992], and Johnston et al.’s [1998]
studies. In all other studies, ϕD50

refers to the mean friction angle of the
median grain size.
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transport distances. Angular grains are
known to have high particle friction
angles from tilt table experiments [Miller
and Byrne, 1966], but the role of angularity
in stabilizing grains may be more
substantial in natural channels due to
increased grain interaction.

Additional processes that may affect bed
stability in steep mountain channels but
are not present in lower sloping rivers
(θ<~1°) are the transport and deposition
of debris flow material. The random grain
organization of debris flow deposits
relative to fluvial deposits may cause
differences in grain stability [Major, 1997].
Erosional (e.g., scour marks and plucking)
and depositional (e.g., levees and snouts)
evidence for debris flow transport may be
found throughout the channel network
steeper than θ>~1° due to long runout
distances [Stock and Dietrich, 2006].
However, experimental results suggest
that fluvial transport can occur up to
slopes of θ<~22° [Prancevic et al., 2014].
Channel beds between these two bed
slopes may contain debris flow deposits
that have been reworked to varying
degrees by subsequent fluvial transport.

The goal of this work is to characterize the distribution of particle friction angles present on steep channel beds
without bias in our selection based on patchiness or imbrication. This is in contrast to the study of Johnston
et al. [1998], which explicitly avoided any portions of the bed that exhibited spatial sorting or imbrication. We
use in situ measurements from a force gauge collected on bed angles ranging from θ =0.5° to 23° to test
the hypothesis that increased particle friction angles in steeper channels contribute to increased threshold
Shields stress. We also test the hypothesis that increased particle friction angle in natural channels compared
to laboratory flumes contributes to the offset in respective threshold Shields stresses.

2. Theoretical Expectations

In order to establish baseline predictions for particle friction
angle variability, we utilize the force balance model of Lamb
et al. [2008] to solve for the particle friction angles that yield
the observed critical Shields stress in Figures 2 and 3. In
addition to particle friction angle, there are other unconstrained
parameters in themodel that could also be used to attempt to
match the model to observations, including most notably
momentum loss to form drag (which will be discussed in
section 5.5). Moreover, there are other factors important in
natural rivers (e.g., grain burial and bed surface patchiness)
that are not incorporated in the simple 1-D model at all. Our
goal in performing this exercise is not to assert that themodel
is correct nor that the discrepancy between model and
observations is purely a result of systematic variations in
particle friction angles. Rather, these comparisons are useful
because they allow us to recast the qualitative hypothesis that

Figure 2. Compilation of field data and a subset of flume data [Prancevic
et al., 2014] showing critical Shields stress at the onset of motion as a
function of bed slope. The theoretical force balance of Lamb et al. [2008] is
shown in the solid, dashed, and dash-dotted lines for various scenarios.
The dotted line is the best fit curve to the compilation of field data
(includes data from Buffington et al. [1997] review and Andrews [1994,
2000], Church and Hassan [2002],Whitaker and Potts [2007], Mao et al.
[2008], and Scheingross et al. [2013]), which are used for subsequent
predictions of particle friction angle changes as a function of slope. Note
that the exponent of this power law, τ�c ¼ 0:39tanθ0:44, is larger than the
fit presented in Lamb et al. [2008], τ�c ¼ 0:15tanθ0:25, which includes both
field and flume data and lacks data from Scheingross et al. [2013].

Figure 3. Adapted fromexperiments of Zimmermann
et al. [2010] showing bed stability as a function of
normalized width. The best fit curve is ours and is
used in subsequent predictions of particle friction
angle changes as a function of normalized width.
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systematic variations in particle friction angles can explain the change in the critical Shields stress with channel
slope or jamming ratio (Figures 2 and 3) into quantitative expectations that can be compared to field data.
Nullifying this hypothesis, in contrast, would indicate that the trends in Figures 2 and 3must be explained in part
by other factors (e.g., enhanced form drag).

The Lamb et al.’s [2008] model follows that of Wiberg and Smith [1987] by balancing the forces pulling the
grain downslope (gravity and fluid drag stress, FD) with the frictional resisting force of the pocket, FR. Both
models calculate FR at the onset of motion by substituting the total normal force in equation (1) with the
weight of the grain normal to the bed minus the lift force:

FR ¼ ρs � ρð ÞV cosθ � FL½ �tanϕ; (3)

where V is the volume of the particle and FL is the hydrodynamic lift force pulling the grain away from the bed
(e.g., Figure 1). By solving for the lift and drag forces in terms of bed shear stress, they present an expression
for the Shields stress at the onset of motion as an explicit function of flow velocities around the grain:

τ�c ¼
1

1� τF=τb

� �
2

CDδ
u2�
u2h i

tanϕ cosθ � sinθ
1þ FL=FD tanϕ

(4)

where τF/τb is the ratio of bed shear stress expended on morphologic form drag to the total bed shear stress,
CD is the empirical drag coefficient that is set to 0.9 following Lamb et al. [2008], δ is a geometric variable
that adjusts according to the grain’s exposure to and emergence from the flow [Lamb et al., 2008],u� ¼

ffiffiffi
τb
ρ

q
is

the shear velocity of the flow, u is the time-averaged velocity, the angle brackets indicate spatial averaging
over the cross-sectional area of the grain, and FL/FD is the ratio of lift to drag forces acting on the grain.
We can also solve equation (4) explicitly for particle friction angle:

tanϕ ¼
1

1�τF=τb

� �
2

CDδ
u2�
u2h i sinθ þ τ�c

1
1�τF=τb

� �
2

CDδ
u2�
u2h i cosθ � FL=FDτ�c

; (5)

allowing us to calculate the expected particle friction angle given a threshold Shields stress and some
constraint on the velocity profile, drag coefficient, lift-to-drag ratio, and stress loss to form drag.

It is important to note that the lift force presented in equations (4) and (5) is assumed to reduce the frictional
resistance by directly reducing the normal force in equation (1). This is appropriate if the parameterization of
normal forces in equation (3) is correct. However, if there are additional normal forces from the weight and
interlocking of surrounding grains (e.g., Figure 1b), the effect of lift force on the grain of interest is convoluted
by the effect of lift force on the surrounding grains. In addition, direct measurements of lift forces have shown
that the lift force is consistently much smaller than drag force and it does not increase with increased drag
force as expected [Schmeeckle et al., 2007]. Because we cannot reliably predict the effect of lift force on particle
motion, we consider a range in lift-to-drag forces between 0≤ FL/FD≤ 1 for our model predictions.

In order to apply equation (4) to steep, shallow flows, the Lamb et al.’s [2008] model incorporates
hydraulic changes observed in shallow conditions. The model applies a quadratic bed-normal velocity

profile, u
u�
¼ z

0:12D50
1� z

2H

� �
, where z is the distance from the mean bed elevation and z=H at the water

surface (following data from Nikora et al. [2001]). In addition, it accounts for reduced turbulent intensity in

shallow flows, σuu� ¼ 0:2 5:62log H
D50

� �
þ 4

h i
, where σu is the temporal standard deviation of flow velocity at

the tops of grains (following data from Carollo et al. [2005]). In cases where the depth of flow is smaller
than the size of the bed sediment, the model includes the effects of reduced buoyancy and cross-sectional
exposure by adjusting δ in equation (4) following Lamb et al. [2008]. Inclusion of these slope-dependent
effects results in an acceptable fit to the experimental data without momentum loss to morphologic form
drag [Prancevic et al., 2014] (Figure 2). The friction angle used to compare the Lamb model against
Prancevic et al.’s [2014] experimental study (ϕ =57°) was measured using a fixed-bed tilt table, which
mimicked the conditions of a fluvially unworked bed surface, devoid of interlocking and steps.

The trend of increased threshold Shields stresses on steeper slopes is offset to even higher values in the field,
as compared to flume experiments (Figure 2). This offset is typically attributed to form drag. It has been
well established that fluid momentum is consumed by the large pressure differential across bed forms
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caused by flow separation [e.g., Smith and Mclean, 1977; Kostaschuk et al., 2004]. If the pressure differential
that results from this separation acts on an immobile obstacle (e.g., large bed form or boulder) rather than
mobile grains, then the total stress required to transport sediment increases. The stress lost to these obstacles
is termed “morphologic form drag” and is the most common explanation for the observed offset of the
threshold Shields stress in field studies [e.g.,Wiberg and Smith, 1991;Millar, 1999; Nitsche et al., 2011; Ferguson,
2012; Yager et al., 2012; Scheingross et al., 2013]. Reported ratios of stress lost to form drag and total stress
range between τF/τb= 0 and 0.9 for natural rivers [Millar, 1999]. Alternatively, this offset may be due to
differences in bed structure leading to higher particle friction angles in the field than in the laboratory. Field
measurements collected by Laronne [1973] suggest that naturally organized beds are more stable than
laboratory beds (Table 1). This observed difference in particle friction angles (~10°) could explain the majority
of sediment transport data from the field, according to theoretical modeling (Figure 2).

By calculating a least squares linear regression to the log-transformed field data (Figure 2), we can input the

best fit Shields stress, τ�c ¼ 0:064θ 0:44 (R2 = 0.25), into equation (5) to predict how the particle friction angle
needs to change as a function of slope to explain the observed field data. Note that there is no physical
reason to expect a power law relationship between τ�c and θ [e.g., Lamb et al., 2008], but for these field data
from steep channels, it appears to be the most appropriate approximation. Figure 4a shows a wide range
in possible trends between particle friction angle and slope for different values of lift-to-drag ratio and
momentum loss to form drag. For any constant pair of values of FL/FD and τF/τb, it is expected that the particle
friction angle will increase by ~30° between bed angles of θ =0.1° and 10°. Note that because Lamb et al.’s
[2008] model attempts to account for reduced effectiveness of water flow in mobilizing sediment at steep
slopes, the expected variations in friction angle with bed slope are conservative. For example, should the
Wiberg and Smith’s [1987] model be used instead, friction angles would need to vary with bed angle over a
much wider range to reconcile the model and observations.

Steep low-order channels also tend to have narrow widths relative to the size of bed sediment. Results from
flume experiments indicate that channel narrowing relative to grain size (i.e., decreasing jamming ratio: B/D84)
results in increased threshold Shields stress, independent of changes in bed slope [Zimmermann, 2010]
(Figure 3). The experiments revealed that interlocking grains formed stable ribs (“steps”) across sufficiently
narrow channel widths (B/D84<~8). Steps still formed at larger jamming ratios, but they were found to be
less resistant to motion. The formation of steps has two hypothesized effects on the transport of sediment:
increasing the particle friction angle of grains within the step [e.g., Zimmermann et al., 2010] and, subsequently,
increasing the momentum lost to morphologic form drag [Yager et al., 2012]. We used a trust-region nonlinear
optimization to find the best fit between threshold Shields stress and jamming ratio [Zimmermann et al., 2010]:

τ�c ¼ 0:12þ 0:45 B=D84ð Þ�2:1 (R2 = 0.39). Note that the critical Shields stress is expected to be asymptotic to a
base value of τ�c ¼ 0:12 for wide channels, which is reasonable for the typical bed slope of the Zimmermann
et al.’s [2010] experiments (θ =4.5°) [Prancevic et al., 2014]. Inputting this best fit relationship into equation (5)

Figure 4. Predicted particle friction angle as a function of (a) bed angle and (b) jamming ratio. Predictions were calculated using
a best fit to the available field data (Figure 2) and flume data (Figure 3) and equation (7). The solid line in each plot is the model
prediction for no morphologic form drag and no lift force. The dashed lines are the contours with no lift force (FL/FD=0) but
increasing morphologic form drag. The dotted lines are the contours with no form drag (τF/τb=0) but increasing lift force.
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shows that particle friction angles are expected to decrease by ~10° with an increase in jamming ratio from
B/D84= 2 to 17 (Figure 4b). We did not extend these expectations outside of the tested range of Zimmermann
et al. [2010]. Again, a wide range in curves results from the range of possible values of FL/FD and τF/τb.

3. Methods
3.1. Study Sites

We visited a total of eight field sites in Southern California during summer and fall of 2011 and 2013. The sites
were located in either the San Gabriel Mountains (five sites total) or the Transverse Mountain Ranges
(three sites total) in Southern California (Figure 5). The sites were chosen to test a wide variety of channel
slopes (θ =0.5° to 23°), width-to-grain size ratios (B/D84 = 9 to 64), and fluvial sorting (Figure 6 and Table 2).
Note that our smallest jamming ratio is larger than the critical jamming ratio proposed by Zimmermann et al.
[2010], indicating that there should not be resistant force chains forming across the channel width. We
timed visits to avoid any surface water, which would introduce ambiguity to measured pulling forces due to
concomitant buoyancy and hydraulic forces. All sites but Sespe Thalweg and Sespe Bar exhibited signs of debris
flow transport with incomplete fluvial sorting, consistent with their respective proximity to hillslopes and
tributaries much steeper than the critical slope for enmasse failure [Prancevic et al., 2014]. At each site, we laid a
measuring tape longitudinally along the thalweg of the channel extending 60 to 100m. We measured the
longitudinal profile of the sampling area along this tape using a laser range finder noting the presence of steps.
Channel bed slope was calculated as the slope of the best fit line to each profile. At minimum, grain size
distributions were calculated by sampling a grain at everymeter along thismeasuring tape (i.e., grid-by-number
[Bunte and Abt, 2001]). At some sites, an additional Woman pebble count of ~100 grains was performed
(Data sets S2a to S2h in the supporting information). We also made measurements of channel width at each
site. For Sespe Creek Bar and Sespe Creek Thalweg, the width was measured within a discernable elevated
flooding surface (Figures 6a and 6b). Widths at Arroyo Seco, Block Creek, and Rattlesnake Creek were defined as
the distance between debris flow levees (Figures 6d, 6e, and 6h). Rose Valley Tributary, San Oline Creek, and
Tumble Creekwere flanked on either side by steep hillslopes, and the channel width was defined by the zone of
exposed coarse clasts between these hillslopes (Figures 6c, 6f, and 6g).

Figure 5. Location map of the study sites.
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Grain size distributions were broad at
all sites (Figure 7), with large sorting
coefficients (σ ≥ 0.9) [Inman, 1952]
(Table 2):

σ ¼ 1
2

log2D84 � log2D16ð Þ: (6)

The median grain diameter for six of the
eight sites is between 12 and 17 cm, while
Sespe Creek Thalweg is considerably
coarser (D50=29 cm), and Rattlesnake
Creek is considerably finer (D50 =8 cm).
The channel widths generally narrow
with increased slope, and consequently,
steps occur preferentially in steeper
reaches (Figure 8). One clear exception is
Rattlesnake Creek, which sits close to the
maximum slope for fluvial transport and
shows no sorting into patches or steps
(Figure 6h).

3.2. Boulder Pulling Methodology

In order to measure particle friction
angles in situ, we utilized a handheld
digital force gauge to measure the force
required to dislodge a particle from its
pocket and the weight of that particle
(Figure 9). The force gauge is a Shimpo
FGE-500HX, which has a 2500N capacity
(greater than our maximum pulling
strength, which was limited to 2000N
under ideal pulling conditions), ±5N
accuracy, and a sampling rate of 1000Hz.
The device records the peak force during
the measurement period to prevent
reading error while dislodging the clast.
Early measurement attempts with a force
gauge that did not record peak forces
resulted in much smaller recorded
pulling forces, indicating substantial
error that may be present in other studies
as well. Working upstream along the
measuring tape used for the longitudinal
profile, we sampled clasts over a regular
1m spacing. This sampling scheme
yields a grid-by-number friction angle

distribution [Bunte and Abt, 2001]. Clasts were never skipped unless they were outside of our measurement
force range, and a single clast was never measured twice.

In order to fasten the force gauge to the test grain, a length of webbing was wrapped around the grain
and hooked to the force gauge. If the webbing could not be secured around the clast without disturbing
interlocked neighboring grains, we drilled a 3/16” bolt into the clast and attached an eye bolt on which we
could pull (Figure 9). Grains were pulled downstream, parallel to the inferred flow direction, and along
an axis that passed approximately through the center of the exposed mass to mimic an evenly distributed
fluid force. For each grain that was pulled, we also measured the three principal axes, the protrusion of the

A B

C D

E F

G H

Figure 6. Representative photographs for all field sites. (a) Sespe Creek
Thalweg, (b) Sespe Creek Bar, (c) Rose Valley Tributary, (d) Arroyo Seco,
(e) Block Creek, (f ) San Oline Creek, (g) Tumble Creek, and (h) Rattlesnake
Creek. The scale bars correspond roughly to 1m in the foreground.
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grain relative to the upstream channel bed, and the plain-view cross-sectional area exposed at the surface.
We made qualitative notes of particle burial, imbrication, angularity, and wedging and recorded whether or
not the particle was in a step, which we identified as width-spanning breaks in elevation dominantly
composed of coarse (>D50) clasts [Montgomery and Buffington, 1997].

During dislodgement, a dry particle experiences three forces: pulling force directed downstream (Fp), the
downstream component of the weight vector (W sin θ), and the frictional resistance that is parameterized
here using the bed-normal component of the weight (∑iFn,i=W cos θ in equation (1)). At the onset of motion,
these forces balance along the downstream axis as

Fp þW sinθ ¼ Ff ¼ Wcos θ tanϕ: (7)

Rearranging, the friction angle can be solved for explicitly as

tanϕ ¼ tanθ þ Fp
Wcosθ

: (8)

Because requisite pull force was typically higher than the weight, this led to a sampling bias at both ends of
our data range. A boulder that weighs more than 2000N will likely require a pull force higher than our
strength limit and is effectively “stuck.” The largest grain successfully pulled at each site was between the
83rd and 100th percentiles of its respective grain size distribution. Conversely, a small pebble with a pull force
of 10N will likely have an irresolvable weight. The lower end bias was circumvented by using grain size
measurements to estimate the weight, but estimating pull forces for the higher end bias is not possible,
leading to a bias toward lower friction angles for coarse grains, on average.

4. Results

We collected a total of 275 data points
within our range of measurable forces
(Figure 10 and Data set S1 in the
supporting information). The mobilization
forces and particle weights vary over
three orders of magnitude, reflecting the
wide grain size distributions at each of
these sites. The calculated friction angles
vary between a modest ϕ =27° and a
near-vertical ϕ =89°, with sample standard
deviations at each site ranging between
s=12° and 15° (Table 2). Note that
equation (8) requires the force-to-weight
ratio to be infinite to achieve a particle
friction angle of ϕ =90°. After normalizing
the collected data to remove the observed
relationship between ϕ and D/D50, weFigure 7. Grain size distributions for all sites.

Table 2. Site Characteristics and Average Friction Angle

Site

Bed
Angle,
θ (deg)

Channel
Width,
B (m)

Grain Size,
D16/D50/D84

(cm)

Jamming
Ratio,
B/D84

Sorting
Coefficient,

σ

Step
Cover
(%)

Friction Angle
Measurements,

n

Mean Normalized
Friction Angle,

ϕN (deg)

Tenth Percentile
Friction Angle,
ϕ10 (deg)

Friction Angle
Standard

Deviation, s (deg)

Sespe Creek Thalweg 0.5 13 8.8/29/54 24 1.3 5 29 70.3 52.9 11.7
Sespe Creek Bar 0.7 16 6.0/14/25 64 1.0 0 31 70.0 48.0 14.5
Rose Valley Tributary 2.9 3 5.0/12/25 12 1.2 3 32 65.4 44.1 14.2
Arroyo Seco 3.7 4 7.0/16/29 14 1.0 30 35 71.4 58.5 12.8
Block Creek 8.4 5 4.4/15/29 17 1.4 8 33 70.7 51.5 13.2
San Oline Creek 9.1 2.5 9.0/17/29 9 0.9 16 33 65.6 49.6 13.7
Tumble Creek 17 6 5.5/16/41 15 1.5 25 36 65.4 47.6 14.5
Rattlesnake Creek 23 2 3.5/8.0/14 14 1.0 3 46 68.1 47.2 13.9
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tested for any additional dependence on other grain characteristics, slope, and jamming ratio in order to tease
out the competing effects.

4.1. Particle Friction Angle and Grain Characteristics

To investigate the effect of relative grain size on particle friction angle at our study sites, in this section, we
binned the data into four size classes with breaks at D/D50 = 0.67, 1.0, and 1.5. Because our data points are
distributed over several slopes and field sites, we grouped sites that exhibited similar trends between relative
grain size and particle friction angle. A clear distinction in data existed between moderately sloping sites
(θ< 5°) and steep sites (θ> 5°), and so we chose to group the data based on this criterion. To compare
relative grain size effects across several sites, we divided all data by the mean particle friction angle of

the median grain size at each site (ϕ=ϕD50
). This process helps to reduce some of the variability induced

by grouping sites together; however,
variability due to small differences in trends
(i.e., β) persists, and the global trend that
results likely deviates slightly from the
actual trend at each site.

The power law relationship between

relative friction angle (ϕ=ϕD50
) and relative

grain size (D/D50, equation (2)) for these
two slope regimes was calculated by
performing a least squares linear regression
on all data in log-log space. Binned
geometric means are shown in linear space
in Figure 11 for ease of viewing. Unlike
most studies of particle friction angle [Miller
and Byrne, 1966; Kirchner et al., 1990;
Buffington et al., 1992; Johnston et al., 1998],
our measured particle friction angles for
θ< 5° exhibits no trend with relative grain
size outside of the standard error of
β =�0.014 ± 0.032 (Figure 11a and Table 1).
This indicates that the trend between
relative grain size and particle friction angle
is muted compared to previous studies. A
similarly muted trend was observed at the
Pilgrim Creek and Colorado River sites in
the study by Johnston et al. [1998] and is
attributed to particle embedment. Data

A B

Figure 8. Percentage of the sampling grid composed of boulder steps for each site presented as a function of (a) jamming
ratio and (b) channel slope.

A

B

Figure 9. (a) Annotated photograph at San Oline Creek and (b)
schematic of our setup for measuring the forces required to dislodge
clasts (FP), as well as weight (W).
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collected for θ> 5° exhibit a trend
closer to those previously published
(Figure 11b), with β = 0.180 ± 0.032. Still
β is smaller in these channels than most
previously reported values, both from
tilt table experiments and Johnston
et al.’s study of in situ particle friction
angles (Table 1).

The tendency for larger-than-median
grains to have lower particle friction
angles is thought to be, in part, the result
of larger grains resting on smaller grains
with lower contact angles [Fenton and
Abbott, 1977; Kirchner et al., 1990]. Within
a natural streambed that lacks regular
organization, relative grain size may not
consistently predict the protrusion of a
test grain from the bed. Grain protrusion,
p, was measured independently in our
field investigation as the maximum
distance that the test grain extends above
the bed surface (Data set S1 in the

supporting information), measured relative to the height of the bed one grain-length upstream of the high
point of the test grain. The correlation between p/D and ϕ for our entire data set is poor (R2 = 0.05), indicating
that protrusion is not a good predictor of particle friction angle.

The Corey shape factor, CSF ¼ c=
ffiffiffiffiffi
ba

p
, where a, b, and c are the lengths of the maximum, intermediate, and

minimum principal axes of the test grain, respectively, has also been shown to correlate with particle friction
angle previously [Johnston et al., 1998]. However, the correlation between CSF and ϕ for our data set is
also extremely poor (R2 = 0.006).

In order to remove the relative grain size effect from the subsequent analyses, we define a normalized friction

angle of each individual measurement: ϕN ¼ ϕ D
D50

� �� β
, where β =0.180 for S> 5° and β =�0.014 for θ< 5°.

This normalization allows us to collapse all measurements to the expected friction angle for the median
particle size and therefore allows us to test for the effects of channel slope and jamming ratio without
covarying effects from D/D50.

4.2. Particle Friction Angle and
Channel Bed Slope

We compare the normalized friction

angles averaged at each site (ϕN ) against
reach bed angle (θ) to test for slope
dependence in particle friction angle
at our sites. It should be noted that
several studies have come to the logical
conclusion that those grains with the
lowest particle friction angle are the
first to move and therefore the most
important for describing incipient
motion [Kirchner et al., 1990; Johnston
et al., 1998; Schmeeckle and Nelson, 2003].
The tenth percentile of each site’s friction
angle distribution, ϕ10, generally scales
with the mean (Table 2) and would yield

Figure 10. Peak force required for mobilization plotted against particle
weight for all sites and measured clasts. The parallel solid lines indicate
friction angle values assuming a horizontal bed. Actual values used in
subsequent plots and analyses are slightly higher, reflecting the sloping
bed (equation (7)). The dashed lines indicate the maximum force we
were able to apply.

A B

Figure 11. Mean particle friction angle as a function of relative grain size
for (a) the relatively shallow sloping (θ< 5°) and (b) steep sites (θ> 5°).
Friction angle values are normalized by the mean friction angle for the
median grain size for each site. The error bars are the standard error of
the measured values.
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similar findings in the subsequent
analyses. However, due to the small
number of data for each site, we use the
mean normalized friction angle as a more
robust characterization of the friction
angle distribution.

Plotting the mean normalized friction
angle and standard error versus bed
slope reveals that grains are not more
stable on steeper slopes for the sites
visited in this study and that friction angle
measurements do not match any of the
predicted trends with constant values
of FL/FD and τF/τb (Figure 12). No trend,
positive or negative, exists outside of the
standard error of our study sites, and the
standard deviation observed at any given
site is much higher than the range of
average values when comparing between

sites (Table 2). The mean friction angles at all slopes are considerably higher than those previously reported for
low-sloping channels and for tilt table measurements (Table 1).

4.3. Particle Friction Angle and Relative Width

In addition to channel bed slope, we compared the mean normalized friction angle, ϕN , to the jamming
ratio, B/D84, at each site. Step coverage within the channel increases sharply with decreased jamming ratio
(Figure 8a). Also, the mean of the normalized particle friction angles of grains lodged in steps is statistically
higher than that of grains measured outside of steps (two-sample t test, p=0.013). In particular, histograms of
normalized particle friction angles for grains in steps versus not in steps show that steps lack a small particle
friction angle tail that is present in the rest of the data (Figure 13). Still, the mean particle friction angle does not
appear to increase systematically with decreased jamming ratio (Figure 14). This is because steps only occupy a
small portion of the channel bed and the grains in the tread between these steps tend to have low particle
friction angles, balancing the average. For example, the mean normalized friction angle of grains outside of steps
at San Oline Creek (63.2°) and Tumble Creek (63.0°), two sites with high step cover, were lower than any of the
mean friction angles measured across the entire sites. Arroyo Seco was exceptional in that normalized friction
angles were high both in steps (78.9°) and outside of steps (70.1°), although the mean in steps was higher.

5. Discussion
5.1. Particle Friction Angle and
Bed Organization

One possible explanation for the muted

trends between ϕ=ϕD50
and D/D50

observed in Figure 11 is that the reach-scale
D50 is a poor predictor of the grain sizes
immediately surrounding a sampled
clast. This is certainly true in fluvially sorted
beds where patches quickly develop [e.g.,
Nelson et al., 2010; Scheingross et al., 2013].
Within an individual patch, a particular
grain is more likely to be surrounded by
grains of similar size rather than the reach
D50 [Crowder and Diplas, 1997]. This should
promote particle friction angles that are
independent of grain size even when

Figure 12. Mean normalized friction angle as a function of channel slope.
The solid line is the model prediction (equation (4)) for no morphologic
form drag and no lift force, as inverted from available field data. The
dashed lines are the contours with no lift force but increasingmorphologic
form drag. The dotted lines are the contours with no form drag but
increasing lift force.

Figure 13. The number of particle friction angle measurements at all
sites binned into 5° intervals for grains measured in steps (gray) and
grains measured outside of steps (black).

Journal of Geophysical Research: Earth Surface 10.1002/2014JF003286

PRANCEVIC AND LAMB ©2015. American Geophysical Union. All Rights Reserved. 12



normalized by the reach D50. While it is
obvious that the D50 of the patch is
the most appropriate length scale for
comparison, characterizing grain size
distributions over patches that are meter
scale, as is common in low-order channels,
is often not practicable for inferring
reach-scale sediment transport rates.

The larger relative grain size dependence
observed on steeper slopes (Figure 11b)
is likely due to the reduced fluvial
reorganization of the sediment beds in
these reaches, which all show stronger
evidence for debris flow deposition of
grains, and lack sorting (Figure 6).
Without substantial grain sorting, the
reach D50 becomes more meaningful in
describing the grains surrounding a

sampled grain. For comparison, the previous study of in situ particle friction angles [Johnston et al., 1998]
explicitly avoided portions of the channel bed that exhibited sorting or imbrication. Thus, the larger
relative grain size dependence found at most sites of that study is consistent with our interpretation.

The effects of meter-scale bed organization also offer an explanation for the poor correlation between the
reach sorting parameter (equation (6)) and the mean particle friction angle (Table 2), contrary to previous
work [Buffington et al., 1992; Johnston et al., 1998]. It is likely that sorting at this smaller scale is partially
responsible for the small differences in themean particle friction angle between sites (Figures 12 and 14), and
the reach sorting parameter does not capture these effects.

5.2. Size-Selective Transport

Large sediment grains should require higher bed shear stresses for mobilization than smaller ones if weight
alone was important. Several studies have shown, however, that this size selectivity is diminished due
to reduced particle friction angles and increased protrusion into the flow for larger grains [Mao et al., 2008;
Parker, 2008; Yager et al., 2012; Scheingross et al., 2013]. This observation has led to the use of a “hiding
function” to describe the degree of size selectivity in sediment transport [Parker, 1990]:

τbc
τbcD50

¼ D
D50

� �1�γ

; (9)

where τcD50 is the threshold bed shear stress to entrain themedian grain size and γ is a nondimensional constant
to describe how the threshold bed shear stress changes as a function of grain size. Note that γ=0 indicates a
linear correlation between sediment size and the threshold bed shear stress for entrainment and γ=1 indicates
that all grain sizes are mobile at the same bed shear stress (“size independence”). In a compilation of data
from low-sloping channels, Parker [2008] suggests that channels are closer to size-independent transport,
γ=0.79±0.16 (standard deviation). Investigations in steep channels tend to report more size-selective values
ranging from γ=0.51 to 0.79 [Mao et al., 2008; Yager et al., 2012; Scheingross et al., 2013].

We can compare our grain size dependence on particle friction angle to these hiding functions by using the
model of Lamb et al. [2008] and inputting measured slope, grain sizes, and friction angles for each channel.

For simplicity, the friction angle for each D/D50 at each site is calculated as ϕ ¼ ϕD50
D
D50

� ��β
. The modeling

suggests highly selective entrainment for the moderately sloping channels, γ=0.41, and more peculiar
behavior for the steepest channels (Figure 15). Within the steep channels examined here, the hiding effect is
predicted to dominate for fine grains (<D50), yielding reverse mobility, while coarse grains are predicted
to exhibit highly size-selective transport. Some of the predicted size selectivity is the result of a strong
dependence of the model on grain emergence from the flow surface in very steep channels [Lamb et al., 2008].
However, the muted grain size dependence in the particle friction angle appears to play an important role

Figure 14. Mean friction angle as a function of jamming ratio. The solid
line is the model prediction (equation (4)) for no morphologic form drag
and no lift force, as inverted from available field data. The dashed lines are
the contours with no lift force but increasing morphologic form drag. The
dotted lines are the contours with no form drag but increasing lift force.
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in size selectivity, particularly at themoderately
steep slopes. These results help to reconcile
the abundant observations of size-selective
transport in mountain channels [e.g., Lenzi
et al., 1999, 2006b; Mao et al., 2008;
Scheingross et al., 2013] with the theory that
predicts that large grains should be as mobile
as or even more mobile than small grains
[e.g., Egiazaroff, 1965;Wiberg and Smith, 1987;
Solari and Parker, 2000; Parker, 2008]. This
increase in size selectively ultimately renders
the largest grains immobile and promotes
extraction of momentum from the flow,
increasing the bed shear stress required
for mobilization and reducing sediment
transport rates [Yager et al., 2007].

5.3. Sediment Mobility and Channel
Bed Slope

Over the eight sites we studied, with bed
angles ranging from θ = 0.5° to 23°, there was
no trend between particle friction angle and
bed slope (Figure 12). To reject the
hypothesis that the increased threshold
Shields stress with increased slope is
due to increased particle friction angles,
corresponding measurements of the
threshold Shields stress at our study sites
would be ideal. In the absence of such data,
however, we rely on previously established

trends between threshold Shields stress and bed slope [e.g., Mueller et al., 2005; Mao et al., 2008]. The
consistency of mean particle friction angles over the wide range in bed slopes tested here suggests that
changes in grain stability, on average, are not driving the observed trend of threshold Shields stress in the
field. Instead, this trend is likely caused by changes in hydraulics inherent to shallow flows [e.g., Lamb et al.,
2008; Recking, 2009], with a secondary effect due to changes in stress lost to morphologic form drag [e.g.,
Wiberg and Smith, 1991; Millar, 1999; Nitsche et al., 2011; Ferguson, 2012; Yager et al., 2012; Scheingross et al.,
2013]. Because our data do not fall on any of the model contours in Figure 12, a change in morphologic form
drag or lift-to-drag ratio is required to recover the observed trend in threshold Shields stresses in the field data.

5.4. Sediment Mobility and Jamming Ratio

Comparing mean particle friction angles with B/D84 similarly shows no trend (Figure 14). This result is
consistent with the flume experiments of Zimmermann et al. [2010], which did not produce considerable
jamming above B/D84>~8. Still we observed greater step occurrence in narrower channels (Figure 8), and

grains in these steps required twice the average normalized pulling strength (FP=W ) to remove. Rather than
stabilizing the entire channel bed, increased jamming ratio in our study sites promotes the stabilization of
discrete steps. Once stabilized, these steps dramatically alter the hydraulics of the flow, increasing stress over
the lip and into the plunge pool of the step and reducing stress over much of the lower-sloping step tread
[Zimmermann and Church, 2001]. Thus, we suggest that particle friction angles inhibit sediment transport
in narrow channels by increasing stability locally while focusing stress in the vicinity of the stable step.

5.5. Lift to Drag Ratios and Morphologic Form Drag

If the model predictions of particle friction angles based on observed threshold Shields stresses are correct,
then this implies that lift-to-drag ratios and/or morphologic form drag must vary to reconcile the data sets
(Figures 12 and 14). There are infinite combinations of FL/FD and τF/τb that could potentially explain the

Figure 15. Model predictions for the critical basal shear stress required
for a range of grain sizes at each site. The shaded regions indicate the
distinct prediction envelopes for study sites with θ> 5° and θ< 5°.
The curves at each site were computed using equation (3); computed
friction angle distributions (equation (2)); measured values of mean
friction angle, channel slope, and grain size; and assumed values of
FL/FD= 0 and τf/τT= 0.
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available field data. Figure 16 shows
that by varying either parameter while
holding the other constant, we can
recover nearly the entire envelope of
threshold Shields stresses observed in
the field. In reality, both parameters
are likely changing. The experiments
of Schmeeckle et al. [2007] reveal
considerable scatter in the lift force and
do not support a generalized ratio
between lift and drag force. In addition,
our own results support slope-dependent
morphologic form drag through
stabilization of coarse grains and steps
preferentially on steep slopes. More work
is needed to constrain the role of these
two parameters in reducing sediment
transport rates.

6. Conclusions

By directly measuring the force required
to dislodge 275 sediment grains in eight

streams of varying slope and width, we were able to assess the effect of these parameters on the particle
friction angle. Interestingly, median grain sizes over all slopes in this study are, on average, more stable than
previously recorded. This is likely due to the effects of particle interlocking that are necessarily ignored in
tilt table measurements. In addition, friction angle measurements made in situ do not exhibit as pronounced
a grain size dependence as those derived from tilt table experiments. This indicates that coarse grains are less
easily mobilized than previously thought within our study sites. Increased grain stability was also observed
in steps. Even so, the particle friction angle did not vary systematically with either slope or jamming ratio
(above the critical value proposed by Zimmermann et al. [2010]), indicating that the threshold bed shear
stress required to mobilize sediment at our study sites would not increase as a direct result of particle friction
angles. Instead, an increase in threshold bed shear stress should result from changing hydraulics in steep
channels, including an increase in momentum loss to immobile boulders and bed forms. It is also likely that
the offset between the threshold bed shear stress for sediment mobilization in the laboratory versus the
field is due to the heightened particle friction angles in natural channels, although firm conclusions are
hindered by a lack of theory for lift forces and morphologic form drag in shallow and steep flows. This work
illustrates the importance of the heterogeneity of particle friction angles in natural channels, which can
only be observed if measured in situ.

Notation

B channel width
CD drag coefficient
D length of intermediate grain axis
Dn nth percentile grain diameter
FD drag force
FL lift force
FN normal force
FP pulling force
FR frictional force
g gravitational acceleration
H flow depth
u local time-averaged velocity

Figure 16. Computed critical Shields stress for the measured friction
angles and respective slopes using equation (3) and various values of
FL/FD and τF/τb. Field [Andrews, 1994; Buffington and Montgomery, 1997;
Andrews, 2000; Church and Hassan, 2002; Whitaker and Potts, 2007; Mao
et al., 2008; Scheingross et al., 2013] and flume [Prancevic et al., 2014] data
from Figure 2 are included for comparison.
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u* shear velocity
V grain volume
W grain weight
z bed-normal spatial coordinate
β friction angle fit parameter
γ critical shear stress fit parameter
δ geometrical grain exposure factor
θ bed angle
ρ density of water
ρs material density of sediment
σ grain sorting parameter
σu temporal standard deviation of flow velocity
τb total bed shear stress
τbc total bed shear stress at the onset of motion

τbcD50 total bed shear stress at the onset of motion of the median grain size
τ* Shields stress
τ�c Shields stress at the onset of motion
τF bed shear stress expended on immobile obstacles
ϕ particle friction angle

ϕD50
friction angle of the median grain size (2/3D50 ≤D< 3/2D50)

ϕN grain-size-normalized particle friction angle
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