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[1] Field studies suggest that bedrock incision by granular flows may be the primary
process cutting valleys in steep, unglaciated landscapes. An expression has been
proposed for debris flow incision into bedrock which posits that erosion rate depends on
stresses due to granular interactions at the snout of debris flows. Here, we explore this
idea by conducting laboratory experiments to test the hypothesis that bedrock erosion is
related to grain collisional stresses which scale with shear rate and particle size. We
placed granular material in a 56-cm-diameter rotating drum to explore the relationship
between erosion of a synthetic bedrock sample and variables such as grain size, shear
rate, water content, and bed strength. Grain collisional stresses are estimated as the
inertial stress using the product of the squares of particle size and vertical shear rate.
Our uniform granular material consisted of 1-mm sand and quartzite river gravel with
means of 4, 6, or 10 mm. In 67 experimental runs, the eroded depth of the bed sample
varied with inertial stresses in the granular flow to a power less than 1.0 and inversely
with the bed strength. The flows tended to slip on smooth boundaries, resulting in
higher erosion rates than no-slip cases. We found that lateral wall resistance generated

shear across the channel, producing two cells whose widths depended on wall
roughness. While the hypothesized inertial stress dependency is supported with these
data, wear mechanics needs to account for grain dynamics specifically at the snout and

possibly to include lateral shear effects.
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1. Introduction

[2] As rock avalanches and debris flows surge down
steep valleys, they entrain loose material [e.g., Dietrich
and Dunne, 1978; Pierson, 1980; Suwa and Okuda, 1980;
Hungr et al., 1984; Benda, 1990] and generate granular
collisions with the bed, which can cause visible wear and
plucking of the underlying bedrock [Stock and Dietrich,
2003; Papa et al., 2004; Stock et al., 2005; Stock and
Dietrich, 2006]. These mass failure events fall under the
general category of granular flows, gravity-driven masses of
discrete solids with an interstitial fluid [Campbell, 1990].
The mass removal by granular flow erosion into bedrock is
minor compared to loose debris entrainment, but could be
the dominant process cutting valleys into steep landscapes
[e.g., Stock and Dietrich, 2003]. During debris flow pas-
sage, video cameras have recorded huge boulders sliding on
and colliding with the bed [Swartz and McArdell, 2005],
force plates have documented large normal and shear stress
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values [McArdell et al., 2007], and ultrasonic gauges have
measured significant ground vibrations [e.g., Arattano and
Moia, 1999; Arattano and Franzi, 2004; Itakura et al.,
2005, and references therein; Huang et al. 2007], all obser-
vations suggesting potentially significant collision-driven
erosion. Concrete check dams in debris-flow-dominated
channels exhibit grooves, knicks, and missing blocks (see
Figure S1 in the auxiliary material).! Field studies have
shown that after a debris flow’s passage, its channels can
be swept clean to bedrock [e.g., Dietrich and Dunne, 1978;
DeGraff, 1994; Howard, 1998; May and Gresswell, 2003;
Stock and Dietrich, 2003; Jakob et al., 2005], then buried by
colluvium in the following months instead of worn further by
fluvial action [Stock et al., 2005]. This suggests that some
steep bedrock channels may be exposed to greater amounts of
granular wear than fluvial wear. There is also evidence of
granular wear into bedrock by pyroclastic flows, another type
of granular flow [e.g., Sparks et al., 1997; Calder et al., 2000;
Grunewald et al., 2000]. Thus, abundant evidence exists for
erosion of bedrock channels by particle collisions in granular
flows. We note that erosion and entrainment of loose collu-
vium by granular flows have been measured and modeled
[e.g., Berti et al., 2000; Egashira et al., 2001; Itoh et al.,
2003; Rickenmann et al.,2003; Wang et al.,2003; Papa et al.,
2004; Hungr et al., 2005] but are not the focus of this paper.

'Auxiliary materials are available in the HTML. doi:10.1029/
2007JF000778.
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[3] In addition to field observations, analysis of scaling
relationships between channel slope and drainage area
suggests a distinct topographic signature that differentiates
areas dominated by granular flows from areas dominated by
fluvial flows. These channel slope drainage area relation-
ships from varied geographic locations exhibit a break in
slope, which appears to reflect a change in erosional
mechanism from granular/debris flow incision to fluvial
incision into bedrock [Stock and Dietrich, 2003]. Typically,
there is a power law trend in low-gradient, fluvially dom-
inated regimes, but at slopes steeper than ~10%, there may
be little or no channel steepening with decreasing drainage
area [Seidl and Dietrich, 1992; Montgomery and Foufoula-
Georgiou, 1993; Lague and Davy, 2003]. Hence, these
steeper channels may not follow a simple power law
relationship [Stock and Dietrich, 2003]. The location of
the scaling break at or above a slope of 10% coincides with
the slope at which debris flow deposits are commonly
found, signifying a transition from debris flow incision to
deposition [Stock and Dietrich, 2003].

[4] Though abundant research exists on bedrock incision
by fluvial flows, the above observations imply that land-
scape evolution models in hilly and mountainous areas
require a separate theory for bedrock incision by granular
flows. For bouldery debris flows, Stock and Dietrich [2006]
have proposed that the coarse, fluid-poor snout should exert
the greatest collisional stress on the underlying bedrock,
while the relatively fluid-rich, finer-grained tails may be less
important to channel wear. In the coarse-grained snout, the
large boulders impact the bedrock channel, causing abrasion
and surface fatigue wear. Surface fatigue causes fractures
that coalesce and form removable material, leading to
bedrock erosion [e.g., Momber, 2004; Stock and Dietrich,
2006, and references therein|. Hence the important variables
that strongly influence erosion rates are the bouldery snout
length, particle size, and particle dynamics in the snout. We
hypothesize that the fracture generation and bedrock re-
moval by surface fatigue wear is related to localized normal
stresses exerted on the bed, which in turn scale with the bulk
inertial stresses generated in the flow. Other important
variables are bed roughness, degree of weathering and
fracturing of the bedrock and the debris flow frequency,
which varies with network structure. Hence the predicted
erosion rate depends not only on local physics of grain
collisions with the bed, but also the network structure and
associated frequency of landsliding. Stock and Dietrich
[2006] summarize field and literature observations that
indirectly support this hypothesis. Key untested assump-
tions in the model are that bedrock wear rate is proportional
to grain collisional stresses, and that these stresses can be
approximated by the product of the squares of both particle
grain size and shear rate (inertial stresses, in the sense of
Bagnold [1954] and Iverson [1997]). Here we will use the
term inertial stress when we calculate stresses using this
product.

[5] Our goal is to explain bedrock incision rates through
the mechanical processes involved in erosion by grains
interacting with the boundary. Understanding the mecha-
nisms causing erosion of the bed is important because small
differences in the nature of the bed and the granular flow
composition could have large effects on the amount of basal
wear. For example, in some cases there is evidence of
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intense damage after passage of a flow, but in others the
flow passes over grass and pavement with little to no effect
[e.g., Perez, 2001]. In this paper we explore granular wear
of bedrock and its controlling variables by first briefly
reviewing the relevant theory on granular flows then report-
ing the results of physical modeling experiments in a
rotating drum. We find a power law relation between the
experimental bedrock erosion and a nondimensional inertial
stress term which includes the product of the squares of
grain size and shear rate normalized by the square of the
tensile strength of the bedrock. Experiments also reveal that
bed roughness and water content of the flow affect the
tendency for the mass to slide, which increases erosion rate
when it occurs. Our observations suggest that the inertial
stress model may be an inadequate approximation for
collisional stresses that drive bedrock wear. We explore
three simple models based on grain motion: snout impact,
zero slip, and sliding block. Although our data cannot
distinguish which model best explains the erosion in the
drum, the analysis points to the need for further study of the
local mechanics of wear erosion.

1.1. Theoretical Framework

[6] Iverson [1997] and others, following the work of
Bagnold [1954], Savage and Hutter [1989], and Campbell
[1990], have proposed that the grain collisional stress in
high flow rates can be estimated as

5 (Ou®
ai:VXpSDp % (1)

where o; (Pa) is referred to as the inertial stress (following
Bagnold’s [1954] and Iverson’s [1997] terminology), v
(dimensionless) is volumetric solids concentration, p;
(kg m ) is solid particle density, D, (m) is particle
diameter, u (m s~ ') is velocity, and z (m) is distance from
the bed. The application of equation (1) to calculate inertial
stress from field or flume observations is challenging. Most
commonly, it is assumed that the velocity gradient term, du/
0z, can be represented by the typical flow velocity divided
by the total flow depth [e.g., Iverson, 1997; Iverson and
Vallance, 2001; Iverson et al., 2004]. In some cases, z is
better constrained as the depth of the shear band within the
flow, giving a larger shear rate value [e.g., Parsons et al.,
2001]. Especially problematic is determining D,, the
characteristic grain diameter. According to Bagnold [1954],
grain size enters the problem in several roles: the scale for the
mass of the particle of interest, the scale for the vertical
spacing between shear layers, the scale for the number of
particles per bed area, and the scale for the number of
collisions per unit time. In heterogeneous grain mixtures, it is
not obvious that one grain size would serve as the scale for all
of these terms, though one could argue that there is an
effective grain size, D,, whose mass and concentration
capture the characteristics of the size distribution [Stock and
Dietrich, 2006]. Since the D, term is squared, the choice
between using the smaller size fraction or the larger size
fraction as the representative diameter can change the inertial
stress estimation by several orders of magnitude. A
commonly used rule is to define the solid fraction as those
particles that settle out during the duration of the flow, the
mean diameter of this thus defined solid fraction is used for
D, [O’Brien and Julien, 1988; Iverson, 1997].
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a

Figure 1. Illustration of different velocity profiles of
granular flows for different basal behavior. The vertical
dotted line represents the zero-velocity line; the dashed
line is the schematic velocity profile. (a) A flow with full
slip at the base moves like a sliding block. (b) A flow with
zero slip at the base experiences internal shear. (c) Partial
slip at the base is an intermediate state with positive
velocity at the base. (d) Plug flow with no slip at the base
has a nonlinear velocity profile with most of the shear
concentrated near the bed.

[7] The collisional stress and shear in the flow is also
affected by the amount of basal slip that occurs between
granular particles and the bed. Although it is difficult to
observe the internal structure of the debris flow, there are
end-members that have been hypothesized [e.g., Parsons et
al., 2001] (Figure 1). In the all-slip case, the basal grains
slide along the bed at the same velocity as the entire vertical
column (Figure 1a). This case is like a sliding block, and
has been proposed for large rockslides and rock avalanches
whose deposits have preserved structural features of the
original source rock during the flow [e.g., Shreve, 1968; Van
Gassen and Cruden, 1989]. At the other extreme, there is no
slip at the bed and the velocity profile increases to a
maximum at the surface, creating high internal shear
(Figure 1b). Commonly it has been argued, however, that
most of the shear is close to the bed, and the interior region
is close to a plug flow (Figure 1d) [Hubert and Filipov,
1989; Savage and Hutter, 1989; Genevois et al., 2001;
Parsons et al., 2001; Bi et al., 2005; Brewster et al., 2005].

[8] These diverse styles of basal interaction generate
different normal stresses on the channel bed, and it seems
that the style is largely situation-specific. Theoretical studies
and modeling of natural granular flow velocity profiles
often have a no-slip condition at the bed [e.g., Whipple,
1997; Azanza et al., 1999; Hotta and Ohta, 2000; Remaitre
et al., 2005]. But measured profiles in experiments often do
not have zero velocity at the bed, especially with unrough-
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ened beds and spherical particles for chutes [e.g., Azanza et
al., 1999; Hanes and Walton, 2000; Louge and Keast, 2001;
Ancey, 2002; Iverson et al., 2004]. However, in chute flows
where the bed is sufficiently rough, or particles and veloc-
ities sufficiently small, zero velocity at the bed has been
observed and modeled [e.g., Parsons et al., 2001; Silbert et
al., 2001; Andreotti et al., 2002; Iverson et al., 2004].

[9] Erosion of the bed probably depends on the mecha-
nism of movement at the boundary. Sliding wear (all-slip) is
described by Archard’s law,

kWx
= )
where e, (length®) is eroded volume, & (dimensionless) is a
nondimensional wear coefficient dependent on the materials
in contact, W (mass x length/time?) is the applied load,
x (length) is the sliding distance, and H (mass/length x time?)
is the hardness of the surface being worn away. In terms of an
erosion rate, this can be written as

€y

0z kp,V

o H
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where —0z/0t (length/time) is the bed wear rate, p, (mass/
length x time?) is the normal pressure, and ¥ (length/time) is
the sliding velocity.

[10] For low-slip, collision-dominated wear, Stock and
Dietrich [2006] proposed a rate law to express the long-term
erosion of successive debris flows:

62_ KoK, 5 (Us\WT"
- = ET_é(F)fL COS(Hb)Vspre(h) } (4)
o

where K, (dimensionless) is a constant of proportionality
that relates bulk inertial normal stresses to higher excursions
of inertial normal stress, K; is a proportionality constant
between rock resistance and incision rate that has dimen-
sions that vary with w and » so that the right side of the
expression has units of erosion rate, 7, (Pa) is the tensile
strength of the bedrock, E4 (Pa) is the elastic modulus of
the bedrock, F' (m) is a function of the fracture spacing of
the bedrock and size of eroding boulders, f (a~ ') is the
frequency of flows over the bedrock per annum, D, (m) is
the effective grain size, u, (m s ') is the surface velocity,
h (m) is the flow height, L (m) is the length of the eroding
flow, and w and » are empirical exponents. L represents the
length of the bouldery snout only. D,, the effective grain
size, is defined as the particle size that characterizes the
collisional normal stress that causes bedrock lowering under
coarse-grained debris flow fronts [Stock and Dietrich,
2006]. Therefore, D, may be significantly larger than the
mean grain size of the flow. In this study, we use
homogeneously sized grain flows and therefore D, = D,
The square dependency on tensile strength was demon-
strated by Sklar and Dietrich [2001].

1.2. Measurements and Modeling

[11] Following Stock and Dietrich [2006], we propose
that the erosion rate scales with the normal stresses caused
by the bulk inertial stress of the flow. Measurement of the
normal force on the bed for experimental granular chute
flow has been carried out by Iverson [1997] and Ahn et al.
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[1991]. Iverson found high-frequency fluctuations in the
normal stress measurement, assumed to be related to gran-
ular impacts. In natural channels, normal stresses on the bed
have been reported by Berti et al. [2000] (12—17 kPa,
excursions 2 kPa) and McArdell et al. [2007] (5-20 kPa,
excursions 2 kPa). The size of the sensor plate and
frequency of measurement affects the ability to resolve local
grain bed contact stresses [[verson, 1997]. Our hypothesis for
bedrock erosion relates to local instantaneous point loads that
are better measured by smaller plates and greater frequency
than those reported in the literature for natural flows. Hence,
we further hypothesize that the high local grain collisional
stresses scale with the bulk inertial stress as defined in
equation (1).

[12] Authors have employed different approaches for
modeling stresses and erosion at the base of a granular
flow, with no general agreement so far. One method is to
scale bedrock erosion with a bed shear stress value, similar
to the assumption used in many bedrock incision models for
fluvial flows [e.g., Howard and Kerby, 1983; Whipple and
Tucker, 1999]. For example, Howard [1998] assumed that
bedrock erosion by debris flows and rock avalanches is
proportional to shear stress exerted on the bed. The shear
stress is calculated from the Coulomb model, with a linear
relationship between maximum shearing strength, 74 and
normal stress, o, on the failure plane:

s =c+o,tand (5)

where ¢ (Pa) is cohesion and ® (degrees) is the friction
angle. Howard [1998] reasoned that weathering decreases
the bed cohesion value and when the surface shear exceeds
a threshold value for erosion, mass loss occurs. Pitman et al.
[2003] also employed a friction law at the basal contact
surface to calculate the shear stress caused by the overlying
flow. They proposed that if the shear stress exceeds a
threshold value, then the erosion rate scales with an
empirical factor fitted to experimental results. Many models
assume that changes in z direction momentum are small
compared to the static weight of the mass, such that vertical
stresses other than the static normal stress are neglected [e.g.,
Savage and Hutter, 1989]. In terrain-fitted coordinates,
centripetal acceleration accounts for much, but not all, of
the vertical acceleration [I/verson and Denlinger, 2001;
Pudasaini et al., 2005]. In Cartesian coordinates, an
estimation of vertical stresses over an irregular bed has been
accomplished by modeling stresses on the bed from basal
sliding as the sum of a normal component from weight and an
additional term associated with vertical acceleration due to
the topography of the channel [ Denlinger and Iverson, 2004].

[13] Many different flume designs have been used to
examine granular flow phenomena, including straight
chutes [e.g., Savage, 1984; Ahn et al., 1991; Iverson,
1997; Azanza et al., 1999; Parsons et al., 2001], conveyor
belt flumes [e.g., Davies, 1990; Hubl and Steinwendtner,
2000; Tognacca and Minor, 2000; Perng et al., 2006], “race
track™ flumes [e.g., Hampton, 1975] and vertically rotating
(drum) flumes [e.g., Huizinga, 1996; Jan and Chen, 1997;
Hotta and Ohta, 2000; Tai et al., 2000; Gray, 2001; Longo
and Lamberti, 2002; Kaitna and Rickenmann, 2005]. For
bedrock erosion experiments, the most useful characteristic
of a flume is the ability to sustain long periods of flow over
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an erodible sample, long enough to accomplish measurable
wear. We chose the vertically rotating drum design specif-
ically for this reason that it provides long-term flow.
Recirculating chute flumes can also provide long periods
of flow, but do not generate a distinct flow with a snout and
tail, which may have different eroding properties. In a drum,
there is also the ability to adjust the velocity easily. Major
[1997] noted that assumptions about the velocity profile of
the flow and slip at the drum bed cause uncertainty in
interpreting data from vertically rotating drums. Here we
use the common approximation that the velocity gradient
can be estimated as the velocity difference between the
surface and the bed divided by the flow thickness [e.g.,
Iverson, 1997]. We note when there is observable slip at the
bed and focus on estimating the average stress on the
boundary from the mean flow properties.

[14] Because of the industrial applications of rotating
drums, numerous descriptions of granular media in drums
exist in the engineering and physics literature [e.g., Ristow,
1996; Buchholtz and Poschel, 1997; Boateng, 1998; Ding et
al., 2001]. Of relevance to our problem, there is description
of the wear of liners in industrial ball mills [Radziszewski
and Tarasiewicz, 1993a, 1993b; Radziszewski, 1997]. In
these studies, the rate of metal liner wear is modeled as a
function of the total normal force, which has gravitational,
centrifugal, and compression (slip) components. These
studies typically use thick fills in which internal grain
dynamics (rather than boundary effects) prevail. Nonethe-
less, we can use these studies to guide our analysis of
velocity profiles and solid-fluid interactions.

1.3. Scaling the Experiments

[15] In order to relate experimental studies to field con-
ditions, as we propose to do, the relative importance of
inertial, viscous, and frictional forces in the experimental
flows must match that found in nature [Iverson, 1997,
Denlinger and Iverson, 2001; Iverson et al., 2004]. Inertial
forces arise from short-term collisions between the grains,
viscous forces dominate when the fluid viscosity is high,
and frictional forces occur when there are sustained contacts
between grains. The ratios of these forces are described by
the Bagnold and Savage nondimensional numbers, which
we evaluated in our experiments and compared with the
values for natural granular flows.

[16] The Bagnold number is a measure of the ratio of
inertial to viscous stresses in a granular flow. As represented
by Iverson [1997], it is

Ou 2 Uy
VSpXDza— vspDs 7
Nowg = — L~ — 28 (6)

where v, (dimensionless) is the volume fraction of fluid, 4
(Pa s) is the fluid viscosity, and other terms are as
previously defined.

[17] To quantify the relative importance of inertial
stresses, Savage and Hutter [1989] proposed the ratio of
inertial to total normal stresses:

a3
pPr

Nsu (7)

where U (m s~ ') is the velocity difference across the shear
layer and p7 (N) is the total normal stress.
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Ugrum

Figure 2. Illustration of the vertically rotating drum used
to conduct bed erosion experiments. An erodible sample is
fixed into the bed of the drum, its surface level with the
bed. As the drum with radius rg.,, rotates at speed g,
the granular flow of height /# and length L, passes over the
erodible surface area, A, €xerting erosive stresses on
the sample. Erosion is measured by mass differencing the
sample block before and after an experiment.

[18] Iverson and Denlinger [2001] defined the Savage
number as the ratio of inertial to gravitational (or frictional)
stresses:

AN

(b= py)eh

Natural debris flows tend to be inertially dominated if above
a threshold value of 0.1. Most natural flows may not be
truly inertial but are frictional or transitional to inertial if
fines poor (e.g., the snout), and frictional to viscous if fines
rich (e.g., the body) [Campbell, 2002, 2005]. Though these
nondimensional numbers are defined strictly for steady,
uniform flows, a comparison of their relative values are
useful in scaling experiments and comparing natural and
experimental flows.

N = (8)

2. Experimental Approach

[19] Our experiments tested the hypothesis that erosion
rate by granular flows scales with inertial stress in the flow,
as represented in equation (1). We first performed experi-
ments with single grain sizes, bimodal grain mixtures, and
coarse mixtures with clay-rich fluid matrix to explore the
qualitative behavior of flows in the drum. Then we focused
our quantitative assessment using data with single grain
sizes and simple dry or water-saturated conditions. As
discussed in Section 1.1, this minimizes uncertainties asso-
ciated with determining the effective grain size (because
D, =D,) and solid fraction v,. Flows with more natural grain
size distributions, including clay and silt, will be conducted
after the relation for homogenous flows are established.

2.1. Experiments Using a Drum

[20] Our drum is made from a section of PVC pipe with
an inner diameter of 56 cm. Both sidewalls are composed of
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Plexiglas, bounding a 15 cm wide channel. In order to
measure erosion caused by the granular flows, an erodible
sample is inserted into the drum bed, flush with the surface
(Figure 2). As the drum rotates, the sample passes under the
granular flow repeatedly. The flat sample area exposed to
the flow is 2.5 cm (downstream) by 10 cm (cross stream).
The downstream dimension was chosen to minimize bed
curvature while exceeding the length of the largest flow
particle (1 cm). The magnitude of erosion was determined
by weighing the erodible sample block before and after the
experiment and obtaining the mass loss.

[21] There are several consequences of using a drum for
debris flow erosion experiments. First, at sufficiently high
rotation rates, centrifugal force may become significant.
Consider a single grain in contact with the bed of the
rotating drum that is not slipping relative to the bed. In
the steady state case of uniform rotational motion, the grain
experiences a centripetal acceleration as a result of moving
in a circle with a constant speed. This centripetal acceler-
ation is an artifact of the drum geometry and we have
attempted to minimize this effect by keeping the drum
velocity, and thus the magnitude of the centripetal acceler-
ation and force, low.

[22] In our experiments, the radius of the drum ry,, is
28 cm and the maximum tangential velocity of the drum bed
Ugrum 15 0.8 m s~', leading to a maximum centripetal
acceleration of

2
ac = " — 3.3 m/s? 9)
Vdrum

Thus, the magnitude of the centripetal acceleration felt by
the grain is, at most, 23% of that of the gravitational
acceleration (9.81 m s 2) felt by the grain.

[23] Second, the drum bed is continuously curved, influ-
encing the bed and surface slope of the granular flow. The
basal slope is used to correct the normal component to the
bed for calculations of stress. Stock and Dietrich [2006]
include a bed slope effect on the inertial stress term to
account for the presumed lower impact magnitude and
frequency on steeper slopes. In natural steep channels the
bed slope is far from constant, having knickpoints, but is not
as strongly and consistently concave as a drum bed. In a
drum, the basal contact below the flow is on a continuously
concave slope, and in our small rotating drum, covers a
range up to 90 arc degrees (Figure 3). Different authors have
dealt with the bed curvature in varying ways. To calculate
the total normal stress exerted on a drum bed by the
granular flow, Holmes et al. [1993] divided the flow into
small vertical sections and summed the stress on each
section using their respective basal angles. To arrive at a
single ‘‘representative” slope, Kaitna and Rickenmann
[2005] took the tangential slope to the drum beneath the
center of mass of the flow. The surface slope is used in
calculations of shear stress exerted on the bed by the flow.
Iverson and Vallance [2001] used the angle of surface
inclination in their expression for intergranular normal
stress on planes at depth, because the surface slope deter-
mines the pressure gradient driving the flow. To address
irregular topography, Denlinger and Iverson [2004] includ-
ed the influence of changes in z momentum due to topo-
graphic variations. They defined total vertical acceleration,

5 of 21



F02001

Figure 3. Outlines of granular flows with different
composition in the rotating drum. (a) Dry gravel, (b) water-
saturated gravel, (c¢) dry sand, (d) gravel, sand, and mud
(kaolinite and water), and (e) sand and mud. For a constant
drum velocity of 0.55 m s~ ', dry and water-saturated gravel
flows (Figures 3a and 3b) occupy higher positions in the
drum while flows with clayey matrix (Figures 3d and 3e) and
smaller grain size (Figure 3c) tend to lower the mean basal
slope of the flow.

g, to include both gravitational acceleration and down slope
and centripetal accelerations arising from irregularly shaped
channels. In the drum geometry, the normal stress on the
bed would be larger than on a straight chute (g’ > g) because
the flow is decelerating vertically due to impingement
against the concave—up bed. Therefore, we might expect
more erosion to occur in the drum than in a chute geometry
experiment.

[24] In our experiments, we measured both the average
surface slope, 0, and the basal slope at the snout, 6,
(Figure 4). Consider a flow of constant depth in the drum,
the normal stress under the flow is greatest at the flow front
because cos 6, is maximum. Because the flow depth actually
tapers at the front, this effect is diminished. In the no-slip
case (Figures 1b and 1d), the collisional stresses occur only
at the snout. There are collisional stresses farther back
within the flow due to grain to grain collision, but we
hypothesize (following others) that these normal stresses
are minor compared to those which occur at the snout,
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depth

RN

+ 0 -
velocity

Figure 4. (a) Slopes measured on the flow in the drum.
Legend: 1, surface slope, 0, 2, basal slope 6;, at snout;
3, shear layer slope, 6,. Here, the surface slope and shear
layer slope are parallel. (b) Semiquantitative velocity vectors
for a dry gravel flow in the drum, derived from observing
particles in digital videos. (c) Velocity vectors for a water-
saturated flow in the drum. The solid curved line represents
the schematic velocity profile, and the straight dotted line
represents the zero velocity position in the laboratory frame.
(d) Schematic illustrating that for constant drum velocity, dry
gravel flows have faster surface velocities and greater
velocity gradient between the surface and base of the flow
than water-saturated flows.
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Table 1. Erodible Sample Block Tensile Strength

Block® Strength, kPa SD,° kPa N Points
10A 814 209 10
10B 592 83 8
10C 653 281 7
15A 310 13 8
15B 316 22 8
15C 268 55 8
20A 407 23 10

*Number in the block name represents the silica sand:cement ratio (e.g.,
10:1, 15:1, 20:1). Measured by Brazilian tensile strength test.
®SD, standard deviation.

where particles may tumble down the snout and collide with
the bed, or may remain bouncing directly on the bed for a
considerable travel distance. Hence, as Stock and Dietrich
[2006] proposed, we anticipate most erosion occurs as the
snout sweeps across the bedrock. If no sliding occurs behind
the flow front, and the only erosion occurs in impacts at the
front, then the angle between the surface and basal slope at
the snout is the fundamentally important slope. The basal
slope at the snout is between 0° and 10° for all of our
experiments, which would modify the stress values by a
maximum of cos 10° = 0.98. Because this value is very close
to 1, we do not include it in our formulation of normal
stresses. Basal slopes would need to exceed 25° to modify the
normal stress by 10%. The surface slope was approximately
linear with the exception of when sand was used.

[25] A third consequence of a drum is that material cannot
deposit behind the flow or laterally in levees. The grains are
continually recirculated in the flow, and hence we cannot
examine depositional effects on debris flow processes. None-
theless, purely erosive flows do occur in steep, canyon rivers.

[26] In summary, drum curvature effects on bedrock wear
rate by granular flows appear to be minor. None of our
calculations depend explicitly on the surface slope, which
we can measure. Neither do any of our calculations vary
significantly with the basal slope, which we can also
document. However, we might expect more erosion to occur
in the drum than in a chute geometry experiment because of
the concave-up geometry of the bed.

2.2. Testing the Hypothesis of Erosion by Inertial
Stresses in a Drum

[27] In a drum, the total length of the flow (L,,) that
passes over the sample block during the total period of the
experiment (Z,,) is the product of the instantaneous length
(Lo) and the number of times the drum is rotated. To
compare experiments with differing total lengths, we non-
dimensionalize erosion by dividing the average eroded
depth by the total flow length:

¢ = Cd _ (em /Abiock Poiock) (10)
Lios (Lu texp Udrum / 27r, drum)

where ¢ is dimensionless erosion, e; (m) is the average
eroded depth of the sample block after an experiment and
L., (m) is the total length of the flow over the erodible
sample during the experiment. The average eroded depth,
ey, 18 calculated from the net eroded mass, e,, (kg) divided
by the area of the sample block, A i (mz) and the density
of the block, ppier (kg m> ). The total length, L, is
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calculated as the length of the individual flow, L, (m)
multiplied by the total period of the experiment, ., (sec),
divided by the time per rotation, 277 g.,m/tgmm (Where
Faram (M) is the circumference of the drum, and g,y (M s~ ")
is the speed of rotation of the drum).

[28] To compare erosion rate with estimated inertial stress
and measured bedrock strength we simplify the Stock
erosion hypothesis (equation (4)) to

0z K()K] o (Us — Up 21"
5= o L|:VstDe( 7 )

Eu

(11)

where u, (m s™') is the basal velocity of the granular flow.
The term 0z/0t is the lowering rate for one experiment. We
neglect the fracture term, F, because we use an erodible
sample material that is not susceptible to macrofracturing. We
also leave out the frequency term, £, because our experiments
represent continuous flows of varying lengths, not discrete
flows with a recurrence interval. We use E ;=2 x 10° Pa
[Stock and Dietrich, 2006]. Because our flows do not have
grain size-distinct snouts, L is equivalent to L,,, in the drum
for the duration of one experiment. The exponent w in
equation (4) is assumed to be 2 following the inertial stress
definition in equation (1), the hypothesis of Stock and
Dietrich [2006], and experimental results of Hanes and
Inman [1985].

[20] Using [e, per f.,, = 0z/0f] and [L,, = L], we can
arrange equations (10) and (11) to write

€m /Lotexpudrum — KoK, Eijz‘f {I/Spng (us - le>2:| n
Ablock Phlock 27Trdrum TO h

(12)

where the left-hand side is the nondimensional erosion rate,
¢, and the right-hand side is a reduced form of the
nondimensional number N,,,,, proposed by Stock and
Dietrich [2006]. To apply equation (12) to our drum
experiments, we made the assumption that the mean
velocity and the maximum depth (/,,,) would scale the
inertial stresses in the flow. For no-slip cases, the mean
velocity equals surface minus basal speed, u,—u;,. We also
use the particle diameter D,, for the effective diameter, D,,
because we have homogeneous grain size distributions. We
thus hypothesize that erosion is proportional to the quantity
Ngnys (strength-normalized inertial stress):

Ou\’E ug — up\2 Eop
Nswis = vsp, D’ (E) ;ﬁf ~ vyp,D? (S—b> = (13)
0

w12

2.3. Experimental Variables

[30] We conducted erosion experiments in which we
varied grain size (D,), water content (which affects uy),
drum speed (u4,4,,), bedrock strength (7)), and bed rough-
ness (which affects u;). Because the small size of the flume
presented both space and scaling issues, we did not attempt
to instrument the bed with normal load sensors for directly
measuring the bed stresses. Hence, our test relies on the
assumptions in equation (12) regarding approximations
used to estimate inertial stress.

[31] The homogeneous granular flows were composed of
gravel with mean diameter of 4, 6, or 10 mm or sand with a
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Figure 5. Histogram of shear layer slopes 6, (defined in
Figure 4) for wet and dry cases of various compositions.
The histogram shows the systematic decrease in shear zone
slope from dry gravel to wet gravel, muddy gravel, and
muddy sand.

mean diameter of 1 mm. The quartzite gravel had high
strength and experienced little breakdown during the experi-
ments. We used only two states of water content — dry or
completely water-saturated. For water-saturated (also
referred to as “wet”) flows we added water until the pore
spaces between the grains were full or the water ran out the
front of the snout during drum rotation.

[32] Rotation speed of the drum varied from 0.1 to
0.8 m s ' (5-27 RPM). The upper value was limited to
keep the centrifugal force significantly less than the grav-
itational force (see section 2.1). Maximum flow depth, /.y,
measured at the flow center, varied from 4.5 to 10 cm with
the low value chosen to keep the flow deeper than several
grain diameters and the high value chosen to keep width to
depth ratios comparable to natural flows (i.e., 2:1 to 8:1;
e.g., as reported by Stock and Dietrich [2006]).

[33] Following the technique developed by Sklar and
Dietrich [2001], we used a synthetic bedrock composed
of silica sand and cement. This weaker sample bedrock
eroded more readily than natural rocks, shortening the
experimental duration needed to produce measurable wear.
The erodible samples were cast into blocks 20 x 30 x 10 cm
and later cut into flume-ready samples. The ratio of sand to
cement varied from 10:1 to 20:1 which provided a factor of
three in the tensile strength range (268—814 kPa) as
measured using the Brazilian tensile splitting test (Table 1).

[34] The nondimensional Bagnold and Savage numbers
for our experiments were calculated with a solid volume
fraction of vy = 0.55, which was the measured static solid
volume fraction for all homogeneous size distributions of
our sediment. The volume fractions were determined by
mass measurement, using p,, density of the solid particles
(quartzite), = 2650 kg m > and ps density of the fluid
(water), = 1000 kg m . For the nondimensional number
calculations we used pu, viscosity = 0.0002 Pa s for air and
0.001 Pa s for water, and 6, basal slope (at the snout) = 10°.

[35] When the drum bed was left as the original smooth
PVC surface, the granular mass typically experienced full-
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slip motion. In order to induce internal shearing and
collisional stresses, the bed was roughened with sandpaper
(80—100 grit) or wire mesh with 6-mm grid spacing.

2.4. Experimental Procedure

[36] To test the hypothesis that erosion varied with
estimated inertial stress and measured rock strength as
described by equation (12), we conducted 67 experimental
runs, 35 dry and 32 water-saturated (Table 2). The proce-
dure for each experiment was as follows: An erodible block
was weighed and placed in the flume, its top surface level
with the flume bed. The total mass of grains and fluid in the
flow was weighed and placed in the drum. Rotation was
initiated at a prescribed drum rotation speed. During the run,
we documented the position and length of the flow in the
drum. Longitudinal profiles of the flow surface were made
by taking digital photographs and videos of the flow
through the Plexiglas sidewall, then tracing the surface of
the flow. The flow depth varied along the length of the flow,
so for a repeatable characteristic depth measurement, we
measured the maximum depth, /.5, Which occurred mid-
way between the snout and tail. Although particle motion at
the sidewall may be different from that in the center of the
flow [e.g., Davies, 1990; Hanes and Walton, 2000], we
tracked the sidewall velocities for comparison with similar
measurements in other studies. We noted if the flow
experienced any slip at the bed. Following equation (12),
we measured the surface and bed velocities to estimate the
velocity gradient. Surface velocities were obtained by
timing a colored particle placed in the plan view centerline
of the flow and bed velocities were determined by tracking
bed particles in side-view videos of the flow. The duration
of the experiment was chosen to be long enough to obtain
significant wear, but not so long that the erodible block
degraded significantly beneath the flume bed. At the end of
each run, the block was removed, examined for wear marks,
and weighed. Wet blocks used in saturated flows were also
weighed on subsequent days until they equilibrated to their
dry weight. Typically only one run was obtained from the
same block before it was replaced due to extensive wear, but
when possible, we obtained multiple runs from the same
block to test repeatability.

3. Results
3.1. Flow Dynamics

[37] We observed side-view flow dynamics through the
clear Plexiglas sidewall and plan view dynamics from
above the flow. Initially, sediment was placed at the lowest
point in the drum. As the drum began to spin, the sediment
followed the bed in the direction of the spin until the angle
of internal friction was exceeded, then avalanched to an
equilibrium position. Figures 3 and 4 show flow outlines
derived from photographs of experiments. The tail of the
flow mass reaches highest in the drum for dry sand and dry
gravel, and progressively less for wet gravel, muddy gravel
and muddy sand (Figure 3). Hence, the position is related to
the friction between the grains and the bed and the pore
pressure in the flow. Shifts in the equilibrium position of
the flow occurred due to small irregularities in the bottom
roughness, even at the millimeter scale. Initially, some
surging occurred as the result of overlapping sandpaper
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