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Abstract

Our understanding of mountain evolution, landslide hazards, and long-term sediment
budgets across earth’s surface hinges on our ability to predict the necessary conditions for
sediment transport in steep terrain. Empirical expectations for the onset of the transport
of sediment by rivers have existed for 80 years. Similarly, models were developed almost
70 years ago to predict the occurrence of shallow landsliding driven by seepage flow
through sediment beds. Initially, data to support these expectations was limited to low-
gradient rivers (for river transport) or nonexistent (for landsliding). Over the past few
decades, datasets have been collected from field and flume observations that suggest that
sediment is more stable than expected in steep terrain, both in channel beds and steep
hillslopes. Proposed explanations for this enhanced stability for both regimes include
granular stability, sediment and root cohesion, altered hydraulics in steep and shallow
flows, and morphologic form drag. However, the relative importance of these mechanisms
has not been fully resolved within either regime. In addition, data on sediment mobility
has remained extremely limited on slopes steeper than 5% or so.

To help resolve this debate, I have conducted several series of laboratory flume ex-

periments to extend the database of sediment transport observations to untested slopes.
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In Chapter 1 of this dissertation, I present the first set of controlled observations of sedi-
ment transport across the river-debris flow transition, with bed angles ranging from 1.8°
to 33°. I identify the transition from river transport to landsliding for these experimental
conditions at # ~ 22° and suggest that this process transition could be predicted for
natural channels using appropriate models for fluvial sediment transport and slope sta-
bility. Once predicted, this transitional slope could be used to identify source areas for
catastrophic landslides and debris flows. However, consistent with previous observations
my experiments show that sediment is always more stable than predicted by traditional
transport models (for both fluvial transport and landsliding), limiting our predictive abil-
ities. In order to improve our ability to predict the occurrence of sediment transport with
both regimes, I spend the following three chapters identifying the mechanisms responsible
for this enhanced stability.

In Chapter 2, I present the results of laboratory flume experiments that examine the
effect shallow flow hydraulics in reducing sediment transport rates. By performing two
experiment sets with grains of different densities (ps = 2.65 g/ em® and p; = 1.15 g / cm®),
I show that shallow flows are disproportionately weak at moving sediment, independent
of changes in channel-bed slope. In Chapter 3, I directly test the hypothesis that grains
have more frictional resistance to movement in steep channels by measuring the forces
required to dislodge cobbles and boulders from eight natural channel beds in Southern
California. Results indicate that grains in steep channel beds are not more stable, on
average, than in lower-sloping environments. However, measurements indicate that coarse
grains are more stable than typically assumed, and that boulder steps are more stable

than surrounding grains. This indicates that grains are most stable where fluid stresses
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are highest, providing a means to exert increased drag on the flow without the occurrence
of sediment transport. Comparing the data in these two chapters with measurements of
incipient sediment transport in natural channels indicates that most of the reduction in
sediment transport rate observed in steep channels is due inefficient hydraulics inherent
to shallow flows. The shear stresses required to mobilize sediment in natural channels are
generally offset compared to those required in laboratory experiments, indicating that
the drag exerted by immobile objects reduces sediment transport rates at all channel
slopes.

In Chapter 4, I test for the cause of enhanced stability within the landsliding regime
by conducting four additional sets of laboratory experiments. These experiments were
designed to test for the relative importance of pore-water turbulence and friction along
the margins of landslides in enhancing the stability of the experimental landslides of
Chapter 1. Each experiment set used a different grain size, spanning Darcian and turbu-
lent flow regimes. All experimental sets showed that sediment beds are far more stable
than predicted by traditional slope stability models independent of grain size, indicating
that grain size turbulence does not play a major role in the stability of slopes. However,
by including the frictional stresses acting on the margins of the landslide (lateral walls
and downslope toe), the slope stability model accurately predicted my experimental ob-
servations. This model requires some knowledge of the 3-D landslide geometry. However,
these experiments reveal that landslides occur with a characteristic length-to-width ratio
of 2:1 in the absence of topographic constraints. I also present a model to explicitly
predict landslide depth if the surface geometry is known. Consequently, the saturation

level required to initiate shallow landslides can be predicted if the landslide width can
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be estimated.

Combined, these results provide new expectations for the conditions required to trans-
port sediment by fluvial and landslide processes throughout steep landscapes (Fig. |[1).
These sediment transport predictions also provide mechanistic expectations for which
mode of transport should dominate for a given topographic slope, allowing us to parti-

tion the landscape according to process regime (Figs. |1 and .
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Figure 1: A new phase space for sediment transport throughout steep landscapes. This
plot shows the critical Shields stress required to initiate sediment transport by both fluvial
processes and shallow landslides. Most of the experimental observations presented in this
dissertation are included in this figure (excluding the acrylic data from Chapter 2). Also
shown is the previous compilation of flume and field observations of initial sediment
motion. The model predictions presented herein allow the landscape to be partitioned
according to transport regime by the local topographic slope, as indicated by the colored
areas of the plot.



Chapter 0 X
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Figure 2: A hillshade map of the San Gabriel mountains in Southern California with
channel segments color-coded according to process regime. This map utilizes the phase
space presented in Fig. [I]to partition the drainage network according to transport regime
as a function of the local channel slope. While the landslide channel segments occupy
only a small portion of the drainage network, it is important to note that these channel
segments are not capable of transporting sediment fluvially. Thus, if transport is to
occur by flowing water in these segments, it will do so by catastrophic landslides that
may develop into debris flows.
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Introduction

0.1 Motivation

Understanding how rock, uplifted and exposed at earth’s surface, is eroded and trans-
ported downstream is a fundamental goal of geomorphology. Our fascination with this
problem is not drawn only from the grandeur of the resultant terrain, but also from
practical concerns related to hazards and habitat, and the role of mountains in driving a
variety of large-scale geologic processes. It is these concerns that warrant the continued
investigation of the erosion and transport of sediment in mountainous terrain.

Over human timescales, mountainous terrain often has the appearance of being un-
changing. Hiking around on most steep hillslopes, firm ground and well-established veg-
etation give the impression that this landscape is actually quite stable. We are bluntly
reminded, however, that this is not always the case when catastrophic movements of
sediment directly impact human life. Steep hillslopes in and out of mountainous terrain
present formidable hazards to those living downslope in the form of shallow landslides
and debris flows. At least at a qualitative level, the physical processes driving these

failures are understood: we know that failures occur during intense rainfall and runoff
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that can destabilize a mobile layer of soil. In practice, however, predicting the occurrence
of these events remains a challenge. Part of the work presented herein is aimed at bet-
ter understanding where shallow mass failures are expected to occur and the conditions
required to initiate them.

Moving down from the steep interfluves of mountainous terrain and into the steep
network of interconnected drainage channels, the movement of sediment becomes more
apparent. Meter-scale levees of coarse rock fragments and boulders organized into steps
give the sense that these deposits have been organized by flow events that were powerful
enough to lift and carry boulders. Still, these coarse channel beds often feel firm beneath
our feet, and repeated visits to the same steep channels often reveal that most of the
cobbles and boulders remain in place, even if sand is actively transported by a flowing
stream. While these channels may be capable of transporting sediment downstream by
normal river processes, they do so rarely and some evidence suggests that the majority
of transport in these very steep channels is still driven by extreme events in the form of
debris flows. Again, deciphering the relative roles of fluvial and debris flow transport in
these channels is difficult because we generally lack an understanding of the conditions
required to mobilize sediment by these respective processes.

Moving further downslope still, only when the slope of the channel bed relaxes below
a meager ~5% do river channels achieve a somewhat well-organized bed with sediment
grains sorted according to their size and regularly occurring bed topography. It is on these
channels, and those downstream, that geomorphologists have historically focused most
of their efforts, and we have a relatively good understanding of when sediment moves in

these “low-sloping” channels. I should note, however, that ~5% is still quite steep for
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most people that study river channels. This is mostly for practical reasons, and very
low-sloping rivers are demonstrably more important (at least directly) for a variety of
humanitarian concerns. Human populations are centered around large lowland rivers, and
rely on these rivers for water supplies, energy, and navigation. They also suffer greatly
when these rivers swell and flood the human settlements that were opportunistically
established on the banks.

Still, it is channels that are steeper than this that comprise the majority of mountain
drainage networks, and thus bound the majority of mountain topography. This means
that these steep channels are responsible for initially conveying most of the sediment
that eventually arrives at lower-sloping rivers. In determining sediment supply to lower-
sloping channels, steep channels play a key role in determining the equilibrium geometry
and flood risks of larger rivers.

In addition, numerous studies have found that in rapidly uplifting, non-glaciated
terrain the average slope of hillslopes is insensitive to the average erosion rate. This
theory of “threshold hillslopes” suggests that hillslopes at their maximum angle will
respond to changes in channel incision only by eroding more quickly or slowly while their
relief remains the same. Instead, changes in relief can only occur by adjusting the slope of
the channels draining the uplifting mountain range. Consequently, understanding what
controls the incision of mountain channels is key to understanding both the total erosion
rates of mountain belts and also the total relief.

Over long timescales, several researchers have shown that large-scale mountain-erosion
patterns can interact with climate and tectonics in important ways. First, mountain to-

pography will extract moisture from the atmosphere through orographic precipitation.
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This increased precipitation can, in turn, enhance erosion rates and affect tectonic strains
deeper in the lithosphere by inducing localized exhumation. Sufficiently high mountains
can even affect global circulation patterns. Mountain erosion can also affect atmospheric
chemistry through its crucial role in the silicate weathering cycle. All of these effects,
however, require an understanding of how channels incise into mountain ranges, and in-
cision into bedrock channels is primarily determined by the ability of water to mobilize
sediment. The work presented in this dissertation is aimed at understanding how sedi-
ment is transported throughout steep drainage networks (dilute river transport vs. debris
flows), measuring the conditions required to mobilize sediment within each regime, and
improving our physical understanding of how fluid forces interact with solid sediment

grains to mobilize them.

0.2 Background

Despite its broad relevance to natural hazards, downstream sediment supply, global tec-
tonics, and global climate, the movement of sediment in steep channels and hillslopes
has proven difficult to predict. Our development of theoretical predictions of both fluvial
transport and landslide/debris flow initiation is primarily limited by a lack of observa-
tions in both the laboratory and the field, particularly at the moderately steep slopes
that comprise the majority of mountain drainage networks.

Slope stability and fluvial sediment transport both have long histories of research
interest, but over most of that history they were only considered within their end-member

environments. That is, fluvial sediment transport was initially only studied in very
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low-sloping rivers, while the stability of slopes to shallow landsliding was considered
only on steep hillslopes that failed due to subsurface flow. The research approaches to
understanding these two phenomenon were also very different.

Fluvial transport of riverbed sediment is difficult to predict for two important reasons:
1) the driving forces are derived from turbulent flowing water, for which no analytical
description exists, and 2) the frictional resistance to transport for each grain is derived
from a unique set of contact points with surrounding grains, each with their own size and
shape. At the time when the first studies of sediment transport were first conducted,
boundary layer theory had only recently been introduced and there were no quantitive
estimates of the stresses imparted on a channel bed by flowing water. With both sides
of the force balance seemingly unresolvable, the pioneering studies of sediment transport
were restricted to observations in natural channels or laboratory flumes (e.g., Gilbert,
1914; Shields, [1936). Using dimensional analysis, relevant nondimensional metrics of
stress and transport rates were developed, but the findings were strictly empirical. Shields
(1936)) cautioned that these relationships were not likely to hold in steep, shallow flows,
but it would be several decades until observations were made to confirm this prediction
and even then a single mechanistic explanation was elusive.

Shortly following the efforts by Shields (1936) to describe the hydraulic conditions
required to move sediment in rivers, other researchers tried to predict the hydrologic and
topographic conditions required to mobilize an entire mass of soil on a hillslope in the
form of a shallow landslide (e.g. Taylor, [1948; Haefeli, 1948). Soil on hillslopes is typically
fine-grained, and the subsurface flow moving through the pore space of this soil is rarely

turbulent. In addition, because these failures occur as ensemble movements by definition,
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much of the variability that results from grain size and shape for the case of fluvial trans-
port is averaged out in the resulting resisting stress that stabilizes shallow landslides.
Consequently, the stability of a hillslope to failure by elevated pore pressure could be
calculated directly using simple force balance models and measured friction angles (e.g.
Taylor, [1948; Haefeli, 1948). The most basic and foundational kind of slope stability
model assumes an inclined planar slope that extends infinitely in the cross-slope and
downslope directions. This so-called ’infinite-slope stability model” is simple 1-D force
balance model. However, unlike fluvial transport, observations of the pore water required
to initiate these failures were difficult to make, preventing any tests of this model. The
infrequency of events, hazardous conditions, and lack of instrumentation made observa-
tions of the hydrologic conditions required to initiate failures on natural hillslopes nearly
impossible. Laboratory-scale experiments were possible, but were never performed, per-
haps because the model was so simple that it’s validity was taken for granted. As a
result, the pioneering studies of slope stability provided us with the opposite body of
work compared with the first studies of fluvial transport: simple theoretical predictions
without any rigorous observations to test those predictions.

Although sediment transport by dilute water flow (fluvial transport) and shallow
landsliding are fundamentally distinct in their granular behavior, both ultimately result
from flowing water and gravity pulling sediment downslope. The tendency for one mode
of transport to dominate over the other is simply due to the relative contribution of
gravitational and fluid forces acting on the grains. Turbulent fluid forces vary both
spatially and temporally, episodically concentrating stresses on a small portion of the

bed to transport one or a few grains. Gravity, on the other hand, exerts a steady and
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uniform force on all grains, leaving the entire sediment mass in a similarly unstable
(or stable) condition. Consequently, as slopes become steeper and the gravitational
force pulling grains downslope becomes stronger, then shallow landsliding is expected
to dominate. Below some transitional slope where turbulent fluid force become more
important, fluvial transport should dominate.

The first recognition of this theoretical transition occurred in the 1970s when re-
searchers began to measure sediment transport on steep slopes (Ashida et al., 1973}
Aguirre-Pe, [1975; Mizuyama, 1977) and to think about how catastrophic debris flows
were initiated (Takahashi, [1978)). Importantly, Takahashi (1978) proposed that shallow
landslides were not limited to the steep regime where shallow landslides occur only with
subsurface seepage flow. Instead, he hypothesized that mass movement of sediment could
occur at lower slopes (although still relatively steep), where the stress from flow over the
bed surface would more easily initiate a very shallow landslide (one grain layer) rather
than transporting sediment fluvially. However, when Takahashi (1981) combined theories
for fluvial transport and shallow landsliding, he discovered that the transition between
these two transport regimes still occurred at a slope very close to the saturated angle of
repose. This suggested that initial sediment motion should either occur by fluvial trans-
port or shallow landsliding initiated by subsurface flow only and the transition between
the two should occur at the saturated angle of repose. These predictions have remained
unverified, however, because observations of sediment transport by either fluvial process
or shallow landsliding have mostly remained limited to slopes lower than 10°. In this
dissertation I show that Takahashi’s surface mass failures occupy a distinct transport

regime that exists only because fluvial transport becomes very inefficient on steep slopes,
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allowing shallow landslides to occur prior to fluvial transport at relatively low slopes.
Following these brief investigations into the fluvial-debris flow process transition, re-
search efforts shifted towards lower slopes (mostly less than 5%), where there have been
several studies aimed at better understanding fluvial transport in moderately steep chan-
nels. Numerous observations of sediment transport in steep flumes (Bathurst et al., [1984;
Olivero, 1984} Graf et al., [1987; Torri et al., [1988; Aguirre-Pe et al., [1991; Picon, [1991;
Gregoretti, 2008) and steep field sites (Bartnick, (1991; Mueller, E R et al., 2005; Lenzi
et al., [2006; Bunte et al., 2013; Scheingross et al., |2013)) have consistently shown that
sediment requires higher shear stresses to initiate transport on steeper slopes, even after
accounting for differences in grain diameter and grain weight. This observation is pecu-
liar, as our intuition suggests that sediment on steep slopes should be more precarious
than on lower slopes. A considerable amount of work has attempted to explain this
phenomenon, and while I will not discuss them in detail here, discussions can be found
in Chapters 2 and 3 of this dissertation. Broadly, though, three distinct mechanisms
have been suggested to explain this counterintuitive observation: 1) large flow obstacles
(woody debris, immobile boulders, bed morphology) exert extra drag on the flow (e.g.,
Zimmermann et al., |2001; Yager et al., |2007), 2) there may be changes in the granular
stability of some beds (e.g., Church et al., [1998), and 3) shallow flows distribute stress
less effectively for sediment transport (e.g., Shields, [1936; Lamb et al., |2008; Recking,
2009). In this dissertation I extend the database of observations of initial sediment mo-
tion to the steepest slopes possible in Chapter 1. I then use flumes experiments and
field measurements to test for the relevant contribution of each of the three proposed

mechanisms in stabilizing sediment on steep slopes in Chapters 2 and 3.
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Over the past several decades, there has also been many observations of shallow
landsliding. These observations include induced landslides using artificial rainfall on
natural hillslopes (Ochiai et al.,[2004; Montgomery et al., 2009) and failures in laboratory
flumes (Moriwaki, [1993; Yagi et al., |1987; Reid et al., |1997; Iverson et al., [2000; Okura
et al., 2002; Wang et al., 2003; Moriwaki et al., 2004). Most of these studies were not
designed explicitly as a test of the infinite slope stability model and violate the key
model assumption of having slope-parallel seepage. In other studies, key information is
not reported, including insufficient information on soil characteristics and hydrological
conditions at the time of failure. In the few studies where slope stability could be tested
against the infinite slope model, the results revealed that slopes were far more stable than
predicted. Similar to the increased stability observed within the fluvial regime, multiple
mechanisms have been proposed to explain this enhanced stability. For field observations,
enhanced stability is most commonly explained by root cohesion (e.g., Waldron et al.,
1981; Schmidt et al., [2001; Montgomery et al., 2009). Recently, there has also been
increased recognition of the role that wall and toe stresses might play in stabilizing
hillslopes or channel beds (e.g., Dietrich et al., [2007; Montgomery et al., 2009; Milledge
et al., 2014). In Chapters 1 and 4 of this dissertation I present a new database of
controlled landslide observations that extend from the fluvial-debris flow transition up
to the dry angle of repose. Using these results, in Chapter 4 I assess the role of frictional
stresses acting on the walls and toes in stabilizing shallow landslides.

Overall, this dissertation is aimed at testing and improving predictions for the con-
ditions required to mobilize sediment on steep channels and hillslopes, and identifying

which modes of transport should dominate in specific parts of the landscape. Combined,
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results from these four chapters provide new expectations for the conditions required to
initiate sediment transport in both the fluvial and mass failure regimes of steep mountain
topography. Somewhat surprisingly, all results indicate that sediment is generally more
stable than researchers normally predict. This suggests that sediment likely moves less
often than we might assume, and that rare transport events likely play an important role
in shaping landscapes, delivering sediment to lowland rivers, and altering wildlife and

human habitat.
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Chapter 1

Incipient sediment motion across the

river to debris-flow transition

This chapter was adapted from the peer-reviewed journal article:
Prancevic, J. P., M. P. Lamb, and B. M. Fuller, (2014) Incipient sediment motion across

the river to debris-flow transition, Geology, 42 (3), 191-194, doi: 10.1130/G34927.1

Abstract

Sediment transport in mountain channels controls the evolution of mountainous terrain
in response to climate and tectonics and presents major hazards to life and infrastruc-
ture worldwide. Despite its importance, we lack data on when sediment moves in steep
channels and whether movement occurs by rivers or debris flows. We address this knowl-
edge gap using laboratory experiments on initial sediment motion that cross the river

to debris-flow sediment-transport transition. Results show that initial sediment motion
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by river processes requires heightened dimensionless bed shear stress (or critical Shields
stress) with increasing channel-bed slope by as much as fivefold the conventional crite-
rion established for lowland rivers. Beyond a threshold slope of ~ 22° the channel bed
fails, initiating a debris flow prior to any fluvial transport, and the critical Shields stress
within the debris-flow regime decreases with increasing channel-bed slope. Combining
theories for both fluvial and debris-flow incipient transport results in a new phase space
for sediment stability, with implications for predicting fluvial sediment transport rates,

mitigating debris-flow hazards, and modeling channel form and landscape evolution.

1.1 Introduction

Outside of glaciated regions, channel morphology (e.g., Montgomery et al., [1997)) and
landscape response to changes in climate and tectonics (e.g., Howard, [1994; Stock et al.,
2003)) are determined by sediment transport within channels by rivers and debris flows.
Fluvial sediment transport occurs through fluid-particle interactions in rivers that result
in rolling, saltation, or dilute suspensions (e.g., Shields, [1936). Debris flows, on the
other hand, are highly concentrated slurries where solid and fluids are intermixed and
both influence motion (e.g., Iverson et al., |1997). Although the physics of fluvial and
debris-flow transport are distinct, we lack observations of when sediment moves in very
steep channels and where initial sediment motion by one mode of transport dominates
over the other. Consequently, most landscape-scale models do not differentiate these two
important processes (e.g., Howard et al., |1994), and debris-flow hazard predictions rely

on site-specific, multiple-regression techniques (e.g., Coe et al., |2008)).
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Figure 1.1: Photographs from steep channels in the San Gabriel Mountains, CA, USA (A
& B: 34°14’50” N, 118°06°03” W; C: 34°15’58” N, 118°08’38” W). Scale bars correspond
to approximately one meter in the foreground. A) Channel reach with a bed slope of
31° containing unsorted, angular boulders and cobbles with no apparent development
of fluvial bed morphology. B) Channel reach at bed slope of 24° where boulders are
more rounded and are sorted into more uniform distributions within the active channel.
C) Channel reach at bed slope of 3.2° exhibiting fluvial step-pool bedforms with steps
composed of rounded boulders and finer grains present in the pools.

There is a paucity of data on sediment motion in channels steeper than 6 = 6°, where

0 is the channel-bed angle. Classic theoretical models for initial sediment motion by river
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processes indicate that sediment transport occurs at lower near-bed fluid stresses (7) with
increasing bed slope due to the increased component of gravity acting on sediment in the
downstream direction (e.g., Wiberg et al., [1987)), consistent with experiments in sealed
ducts (e.g., Chiew et al., 1995). Limited field and experimental data (Zimmermann et al.,
2001; Mueller, E R et al., 2005; Gregoretti, 2008; Scheingross et al., 2013) and more recent
theory (e.g., Lamb et al., 2008; Recking, |2009)) suggest the opposite, however: sediment
transport is less efficient in steep channels, as compared to lowland rivers, possibly due to
bedforms such as step pools (Fig. , changes in the hydrodynamics of shallow, rough
flows, or incomplete submergence of grains during transport.

Field observations indicate that debris flows can dominate bedrock incision in very
steep channels (# > 6°) and control the supply of sediment to channels downstream (e.g.,
Benda et al., 2005)) (Fig. . For example, topographic analyses indicate that the
power-law scaling between channel slope and drainage area expected for river incision
does not exist at very steep slopes, with the transition occurring between 6 = 6° to
35° in different landscapes (e.g., Dibiase et al., 2012), potentially signifying the onset
of debris-flow transport (Stock et al., 2003). Debris flows can be triggered on hillslopes
from shallow landslides (e.g., Iverson, [1997) or within channels due to bulking and failure
of the channel bed (e.g., Takahashi, |1978; Gregoretti, |2000; Tognacca et al., 2000; Coe
et al., 2008). The latter mechanism must control initial sediment motion in channels
steeper than a critical slope, but this slope has yet to be identified. Herein we show
results from exploratory experiments designed to identify the onset of sediment motion

for a range of steep channel slopes that cross the river to debris-flow transition.
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1.2 Experimental design and rationale

We conducted 44 experiments in a 5-m-long tilting flume (Fig. with variable channel
widths (35 and 13 c¢m) and 19 bed slopes ranging from 6 = 1.8° to 33° (Table [L.I).
In natural channels, mixed sediment sizes and bedforms can influence initial sediment
motion, and both these effects have been explored previously (e.g., Parker et al., [1982;
Zimmermann et al., 2010)). Here we focus on isolating the effect of channel-bed slope on
initial sediment motion by using a planar bed of natural, well-sorted, semi-angular river
gravel with a median intermediate grain diameter (D) of 1.5 cm. The grain size was

chosen to achieve a sufficiently high particle Reynolds number,

1/2
T D
=L il 1.1
Re, (p) y (1.1)

where 7 = pgH sin 0 is the spatially and temporally averaged basal shear stress from
surface flow, H is flow depth, g is gravitational acceleration, p = 1000 kg/m? is water
density, and v is the kinematic viscosity of water, such that viscosity and particle size
do not affect initial motion (Shields, 1936). All experiments were repeated 24 times to
assess error and natural variability.

We incrementally increased the water discharge (by 5%—15%; measured using a flow
meter), pausing for 35 min at each discharge for measurements of sediment transport. In
experiments with fluvial transport, we measured the volumetric sediment flux per unit
width, g, for 13 min using a trap (Fig. . As in previous work (e.g., Parker et al.,

1982), the dimensionless bedload flux,
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Figure 1.2: Flume schematic. Not to scale. In experiments with fluvial transport we used
the sediment trap for one to three minutes beginning two minutes after each increase in
discharge. Total discharge was measured using a flow meter in the plumbing. The
overhead camera was used to track dye pulses in order to measure flow velocity. The

photographs used to map sediment-water and water-air interfaces were taken with the
side-view cameras.
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was a nonlinear function of the dimensionless bed stress, or Shields stress,

TN ———— (1.3)

where p, = 2650 kg/m3 is sediment density. The critical Shields stress at initial mo-
tion, 77, was calculated by interpolating a power-law fit between 7 and ¢* to a standard
reference transport rate of ¢* = 6.3 x 10~° corresponding to near initial-motion conditions
(Parker et al., (Fig. . Average flow velocity was calculated by tracking pulses
of dye. Non-Darcian subsurface discharge was calculated using a calibrated Forchheimer
relation (Forchheimer, (Fig. [1.3)). Flow depth (H) was calculated by one or both
of the following methods (see Table : mapping and differencing sediment-water and
water-air interfaces in side-view photographs at two locations (Fig. ; or using continu-
ity, flow velocity, and surface-flow discharge (i.e., differencing fully saturated subsurface

discharge from total water discharge). For cases in which both methods were used, the
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Figure 1.3: Bed slope as a function of measured saturated subsurface 