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Abstract
Debris flows may consist of boulders, gravel, sand, fine particles, and fluids. They
typically begin as relatively small mass flows and significantly grow in size as they
entrain material from their flow paths. They grow by entraining sediment from steep
hillsides and later deposit it at lower slopes and onto debris fans. Communities within
mountainous regions are often built within these debris fans and so are at risk from the
hazardous debris flows. There is evidence that erosion is correlated with such things as
debris flow composition, bed composition, interstitial fluid, and the slope over which
flow occurs, but there is little quantitative data for which these factors are highlighted
even though they are particularly important for predictive purposes. Unfortunately, little
is known about what controls erosion regarding the compositions of debris flows and
erodible bed material even though a varying grain size distribution has an important
impact on debris flow dynamics.
In this thesis, we investigate the dependence of net erosion on grain size distribution in
experimental debris flows and the erodible beds from which they entrain particles.
Towards this, we performed experiments using a novel laboratory flume consisting of a
supply reservoir, rigid bed, and erodible bed reservoir. We systematically and
independently varied the composition of the supply material, the composition of the
erodible bed material, and the flume inclination angle, ϕ. From these data, we
demonstrate that there is a unique neutral angle, ϕN (that is, the angle at which, for a given
system, erosion is equal to zero), for each bed and supply grain size combination we
examined. We show that for each system, total net erosion increases roughly linearly with
increasing ϕ and that total net erosion for a system can be predicted based on the local
difference, ϕ-ϕN, and the geometry of the erodible bed. Our other macroscopic findings
include that ϕN is dependent on both the compositions of the bed and the supply and
specifically that as davg,S increases, ϕN decreases; when davg,B increases, ϕN increases; and
as davg,S/davg,B increases, ϕN generally decreases. We then consider particle scale dynamics
that drive these macroscopic results. In particular, we consider segregation mechanisms,
momentum transfer during particle collisions, and relative roughness to understand and
support our macroscopic findings. We conclude by recognizing some limitations of our
experiments, presenting related research and future research ideas.
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Chapter 1 : Introduction
1.1

Introduction to Debris Flows and Erosion
Debris flows can consist of boulders, gravel, sand, fine particles, and fluids.

Debris flows are known around the world, particularly in steep mountainous regions, as
dangerous, destructive, and ultimately life threatening. One infamous example is the
Vargas (Venezuela) tragedy of 1999, which consisted of flash floods and debris flows,
and resulted in the deaths of approximately 19,000 people [USGS, 2001]. Another,
closer-to-home, example are the debris flows that occurred in Macon County, North
Carolina in September, 2004 following Hurricanes France and Ivan. At least 33 debris
flows occurred, causing 5 deaths, destroying 16 homes, and damaging infrastructure
[Wooten et al., 2008]. Debris flows are also geomorphologically significant as they cut
into the landscape in their flow path, having an impactful influence on the local
topography, particularly in steep upland regions. Stock and Dietrich [2006] demonstrated
that debris flow incision dynamics need to be considered for landscape evolution models.
Debris flows are complex phenomena with serious ramifications, affecting
geomorphology and threatening to destroy all living things in their flow paths. To
improve our predictive capabilities of these debris flow effects, we need to improve our
physics-based understanding of the dynamics of debris flows. The more we can
understand about debris flows, the better we can predict when and where they will occur.
Specifically, we will be able to more accurately predict the hazard potential they pose to
life, infrastructure, and landscape.
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Debris flows are typically catalyzed by intense rainfall [e.g. Cannon et al., 2001;
Stock and Dietrich, 2006; Coe et al,. 2008; Breien et al., 2008; Mueller and Loew, 2009;
Procter et al., 2010] or rapid snowmelt [e.g. Rapp, 1995; Meyer et al., 2012], but can also
initiate from discrete landslides that liquefy upon failure [e.g. Iverson et al., 1997, 2000].
Regardless of their initiation mechanism, debris flows often begin as shallow flows and
gain mass and destructive power by entraining material. Depending on the surrounding
landscape and what can qualitatively be referred to as “strength” of a debris flow, the
entrained material may include discrete objects of all sizes, including large boulders and
trees, as they descend steep slopes and channels [Iverson et al., 2011; Hungr, McDougall,
and Bovis, 2005]. They generally have speeds greater than 10 meters per second (m/s)
and can be as large as one billion (109) cubic meters (m3).
Instantaneous entrainment rates are difficult-to-impossible to measure in most
cases. For a measure of entrainment rate, many have measured what we will call net
erosion (or ‘erosion’) in the field [e.g., Schürch et al., 2006; Stock and Dietrich, 2006;
Breien et al., 2008; Wooten et al., 2008; Conway et al., 2010; Procter et al., 2010; Berger
et al., 2011; McCoy et al. 2012] and in the laboratory [e.g., Egashira et al., 2001; Papa et
al., 2004; Mangeney et al., 2010; Iverson et al. 2011; Reid et al., 2011]. Here and
throughout this thesis, we use the phrase “net erosion” to represent the material eroded
over the duration of the debris flow (if negative, locally, material is deposited on the bed
whereas if positive, material from the bed is eroded). That is, net erosion is the distance
the bed is lower (topographically), locally, at the end of the flow than at the beginning of
the flow. Similarly, we will use the phrase “total net erosion” to represent the integral of
2

the local net erosion over the length of a debris flow path in contrast with “net erosion,”
the integral of the local entrainment rate of the duration of the debris flow. The primary
topic of this thesis is total net erosion of a bed of particles by a debris flow and the
parameters which affect the resulting mass eroded.
1.2

Debris Flow Erosion Hazards
As briefly mentioned in the previous section, erosion is defined as the removal of

material (e.g. soil, sediment, rocks) from a bed over which the debris flow travels.
Erosion leads to dangerously large and powerful debris flows that often destroy
everything in their path, including large sections of community infrastructure. Empirical
evidence paired with scaling considerations make evident that increases in flow volume
by entrainment can increase flow inundation area and height, travel distances, and
velocity, all of which increase the degree of debris flow hazards and impact to
downstream environments [Iverson et al., 1998; Rickenmann, 1999; Hungr and Evans,
2004; Jakob and Hungr 2005; Mangeney et al. 2010].
Predicting the hazard induced by a debris flow has become more prominent,
especially as parts of the populace continue to settle in areas at the bases of steep slopes
that could potentially generate a debris flow. Field studies have been performed to
capture real-time debris flow data and observations, many of which demonstrate that
large volumes of sediment are entrained by debris flows from the channel bed and banks
[e.g. Benda, 1990; Vallance and Scott, 1997; Berti et al., 1999; Cannon and Reneau,
2000; Fannin and Wise, 2001; Wang et al., 2003; Revellino et al,. 2004; McDougall et
al., 2006; Godt and Coe, 2007; Breien et al., 2008; Santi et al., [2008]; Conway et al.,
3

2010; Guthrie et al., 2010; McCoy et al., 2012]. For example, Benda [1990] reported
debris flows in the Oregon Coast Range eroding 5 to 10 m3 per meter length of channel
and growing in volume by up to 3,550 m3, increasing nearly 9 times in mass. Wang et al.
[2003] studied debris flows in the granitic mountains in Hiroshima Prefecture, Japan and
estimated that a 1999 debris flow in the area reached approximately 5,000 m3 in size,
more than 10 times greater than the mass from the source area. Debris flow volume
increase by fifty times the initial slide volume was reported by Hungr et al. [2005].
1.3

Studies on Debris Flows and Entrainment/Erosion
Debris flow studies often reveal patterns about overall flow dynamics and can

result in realistic data used to create empirical models which predict hazard potential for a
specific location, such as Gartner et al. [2014], who used burn severity data, sediment
volumes, morphology, engineering soil properties, and triggering storm rainfall data to
empirically predict debris flow deposit volumes in the transverse ranges of southern
California. Field studies like this utilize real debris flow data, but researchers have also
conducted laboratory-scale experiments where parameters such as slope, debris flow
composition, and bed properties, can be controlled and studied. Both types of debris flow
experimentation have inherent benefits and yield valuable data, as will be discussed in the
following sections.
1.3.1

Field Studies

One notable field study of debris flows was conducted by Conway et al. [2010].
They studied eight debris flows in the Westfjords of Iceland in 2007 and 2008. Conway
et al. [2010] wanted to improve the assessment of hazard posed by debris flows to the
4

people and settlement of Northwest Iceland by studying the recent debris flows. First,
they determined a relationship between ground slope and patterns in deposition volume
and then using this relationship as a basis, they created a spatially dependent empirical
model to estimate travel distance and debris flow thickness.
The methods employed by Conway et al. [2010] included a combination of
LiDAR (Light Detection and Ranging) data and differential GPS data to quantify the
changes in morphology along the debris flow and therefore, to estimate debris flow
volumes. They plotted slope and deposition thickness over the travel distance of the
debris flow (AKA ‘Distance from source’) and found a distinct relationship between
slope and the depositional regime, with ground slope directly affecting thickness of
deposited (or eroded) material. From one case study, a transition from erosional behavior
to a depositional regime occurred when the ground slope suddenly decreased from 28˚ to
18˚. For a second case study, complete erosional behavior (i.e., erosion over the entire
width of the channel) by the debris flow terminated at a slope angle of approximately 32˚
and erosion ceased entirely at a slope between 25˚ and 17˚, transitioning to depositional
behavior (i.e., deposition was the dominant behavior across the width of the channel).
From these plots, Conway et al. concluded that erosion initiated at angles greater than
19°, independent of the distance along the flow path; they also noted that their results are
interesting in that they find measurable deposition at slope angles of 37˚, which is higher
than reported by previous studies. They also created box plots showing the distribution of
normalized deposition and erosion thickness in a given segment (normalized by total
thickness for all segments) over slope angle of that segment; erosion thickness
5

(normalized) appeared to increase exponentially with slope while deposition thickness
(normalized) had no distinguishable pattern.
Finally, Conway et al. [2010] derived an empirical formula based on net
deposition/erosion volumes over segments of an average slope angle to predict the
thickness of deposits reaching the town, and therefore the hazard potential. First, they
related their data to empirical relationships for debris flow run-out distances derived by
Rickenmann [1999] and Lorente et al. [2003], finding that the debris flows they studied
most closely matched with the confined debris flows studied by Rickenmann. For
confined flows, more analogous to the experiments of this thesis, deposition generally
does not begin until much lower slope angles are reached on the fan [Staley et al. 2006;
Prochaska et al. 2008]. Upon comparison with these other empirical models, the authors
note that their model is ideal for its simplicity, allowing future debris flow characteristics
to be predicted without the need to determine other fluid dynamic parameters (e.g.
velocity, viscosity), which are required for more complex models. However, they
ultimately found that their method seemed to underestimate deposition volumes and
greatly over-estimate erosion volumes. Overall, Conway et al. [2010] showed the
significance of slope of the flow path of debris flows in determining erosion and
deposition patterns. Their results further demonstrated that there are many other
parameters to consider when determining how a debris flow deposits or erodes.
For a more detailed representation of debris flow dynamics in the context of
erosion, McCoy et al. [2012] used an in situ sensor network to measure flow and bed
properties during six erosive debris flow events in the Chalk Cliffs study basin of
6

Colorado. Four of the debris flows were dry (<5% pre-flow volumetric water content)
and two were saturated (~40% pre-flow volumetric water content) and they determined
that the entrainment rate (time-average) was strongly controlled by the bed-sediment
moisture content by comparing time-averaged entrainment rates across all six (dry and
saturated) flows. As a note, all references to entrainment rates [McCoy et al., 2012] refer
to time-averaged entrainment rates, however the authors do not specify over what amount
of time they calculated these entrainment rates.
McCoy et al. [2012] set up three instrumented cross sections (upper, middle, and
lower stations) and two video cameras (upper and middle stations) to measure the
hydrological conditions that initiated debris flows, flow and bed properties during the
debris flow event, and the rates of bed sediment entrainment. All instrumentation for
studying flow properties, bed-sediment entrainment and bed-impact stress were colocated at the upper station in order to directly related flow and bed properties to
measured entrainment. Instrumentation at the upper station included sensors to measure
total normal stress (i.e., basal normal stress), pore fluid pressure, and temperature at the
bedrock-sediment interface, flow stage, bed-sediment height above the bedrock channel
floor, bed-sediment pore fluid pressure, bed-sediment volumetric water content, and
rainfall.
McCoy et al. [2012] found that erosion sensor data results, when plotted over time
of the debris flow passage through the upper station, indicated that the entrainment front
moved from the bed-sediment surface downward in a progressive manner, demonstrated
by the element-by-element removal of the erosion sensor. Measurements of fluctuations
7

of the basal normal stress (measured using a force plate) had shallow penetration depths,
usually within the top foot. Combined with excess pore pressures, this validated that only
the bed sediment near the surface experienced the full dynamic range of effective-stress
fluctuations, which the authors concluded caused near-surface bed sediment to be more
easily entrained than deeper sediment. They also found that bed moisture plays an
important role in entrainment rates. Specifically, they found that time-averaged
entrainment rates were significantly higher (two to more than ten times) during events for
which the bed sediment was saturated in comparison with events before which the bed
sediment was dry. Average rates of bed sediment entrainment strongly correlated with
volumetric water content of the bed sediment (before entrainment began), which is in
agreement with the findings of Iverson et al. [2011] and Reid et al. [2011]. Overall,
McCoy et al. [2012] found that rates and occurrence of bed-sediment entrainment were
not well correlated with bulk-flow properties such as density, flow depth, or velocity.
This is in agreement with Iverson et al. [2012], discussed below.
Berger et al. [2011] also studied channel bed erosion in the context of full-sized
debris flows. In this case, the field site was located in Illgraben, Switzerland which has a
temperate-humid climate and a catchment covered by a combination of bedrock and
debris deposits (44%), forest (42%), and grassland (14%), whereas the Colorado Chalk
Cliffs debris flows studied by McCoy et al. [2012] occurred in semi-arid conditions on an
upper basin lacking vegetation and predominated by bedrock. Berger et al. [2011]
performed debris flow measurements in an engineered channel including measurements
of erosion (via erosion sensor columns, similar to those used by McCoy et al. [2012]),
8

normal basal and shear stress (via force plates), vertical shear stress (via array of six force
plates mounted on vertical wall parallel to flow along channel bed), flow depth (via
laser/radar device), and timing of arrival of debris flows as well as qualitative information
on the velocity and morphology of debris flows (via digital cameras). Specifically, they
generally discuss timing relative to the debris flow front in conjunction with erosion as
indicated by the removal of part of the erosion sensor columns. Erosion during two debris
flows occurred quickly after arrival of the flow front through deepening and widening of
the channel thalweg (a line connecting the lowest points of successive cross-sections
along the course of a valley or river) and approximately 10 to 15 seconds before
maximum values for flow depth, total normal stress, shear stress, and calculated wet bulk
density were reached. The authors explained that the timing of erosional behavior
immediately after flow front arrival, but prior to these maximum values occurring shows
that erosion (via entrainment of material) is associated with the impact of the flow front
on the channel bed. They found evidence suggesting that inter-particle collisions may
drive the erosion process at the front of debris flows based on pressure fluctuation
measurements along the channel sidewall caused by inter-particle collisions within the
flow. They stipulated that entrainment of bed material may have influenced flow mobility
because the flow had to accelerate sediment masses from stagnant up to the speed up to
the speed of the debris flows within several seconds.
These field studies have demonstrated some important results such as that debris
flow water content has correlated positively with entrainment rates. Additionally,
erosional behavior was also found to be influenced by ground slope and to be concurrent
9

with arrival of the debris flow front, driven by inter-particle collisions. They also provide
the perspective of dynamics that can dominate in the naturally complex environment of
full scale debris flows. These field scale studies did not consider the effects of grain size
distribution of the debris flow, or of the erodible material, on debris flow dynamics,
including erosion dynamics. However, it is difficult to test any hypotheses developed
because of the difficulty of systematically testing hypotheses. In other words,
deterministic relationships between debris flow parameters (e.g., grain size distribution,
water content, slope, etc.) and erosional behavior are therefore challenging to determine.
For this reason, scientists and researchers have also studied debris flows in a laboratory
setting where parameters such as granular material properties, channel slope, and water
content can be controlled and systematically varied.
1.3.2

Laboratory Studies

In addition to the field studies, numerous experimental and theoretical studies
have been performed to help determine (1) which particular bed and/or flow properties
dictate entrainment and deposition rates as well as other flow characteristics, and (2) how
to develop predictive relationships among these properties and entrainment rates
[Takahashi et al., 1992; Papa et al., 2004; Rickenmann et al., 2006; Mangeney et al.,
2010; Iverson et al., 2010; Berzi et al., 2010; Iverson, 2012, Han et al., 2015; Cui et al.,
2015]. For example, Egashira et al. [2001] performed experiments to determine how
grain size of the erodible bed affects erosion rate. The erosion rate was calculated using
their experimental data, specifically by looking at the difference between the total
sediment discharge volume rate, Qs, and the supply-entering-erodible bed volume rate,
10

Qs0, over the volume of the flume, BxL, and the time, T, that there was flow over the
erodible bed:
1

𝑇

𝐸 = 𝐵𝐿𝑇 ∫0 (𝑄𝑠 − 𝑄𝑠0 )𝑑𝑡

(1-1)

They used an experimental flume with adjustable angle and the ability to produce a debris
flow in the upstream reach with desired characteristics via water (pump and water tank)
and sediment supply (feeder). A stopper allowed the downstream portion of the flume to
be filled with sediment to act as the erodible bed. They maintained a constant angle (12˚)
and steady saturated flow during experiments, varying the bed sediment grain size
between four diameters: 2.18 mm (same as debris flow grain size, which was constant),
4.38 mm, 8.00 mm, and 11.0 mm. They also tracked the sediment flux concentration,
sediment-water mixture discharge, and sediment discharge for each experiment.
Egashira et al. [2001] found that the relative erosion rate, E/Eo, where Eo was the
erosion rate for their uniform system (grain size of the supply and the bed were the
same), decreased monotonically with increase of relative bed sediment size. For example,
when the sediment flux concentration, ctin, of the supply was 0.05, the erosion rate, E, for
a bed grain size double that of the supply (d/do≈2) was approximately 80% of Eo. For
d/do≈3.5, E was approximately 55% of Eo, and for d/do≈5, E was approximately 40% of
Eo.
Egashira et al. [2001] also described equations developed by Takahashi et al.
[1986] that define erosion and deposition rate equations dependent on experimental
coefficients, bed slope, flow depth, and the grain size of the debris flow, but stipulate that
11

these equations would not account for erosion of much larger particles, such as boulders,
within the flow path (as part of the erodible bed) as the bed sediment size is not
accounted for in their equations. Therefore, Egashira et al. studied entraining
characteristics in cases where the bed sediment size differed from the debris flow
material, which was always comprised of a uniform grain size with diameter 2.18
millimeters (mm). The supply, or initial debris flow, was saturated with water before
reaching the already saturated erodible bed. There was strong agreement between their
experimental results where the materials of the supply and erodible bed were the same
and theoretical results calculated from an equation derived from the mass-conservation
law of eroded material, which states that the erosion rate, E, over a distance increment,
Δx is equal to equation 1-2 by the following logic:
𝐸∆𝑥 = 𝐸𝑣∆𝑡 = 𝑐∗ 𝑣∆𝑧,

(1-2)

where 𝑣=average debris flow velocity, ∆𝑡=time increment, 𝑐∗ =sediment concentration by
volume of bed sediment (non-moving layer), and ∆𝑧=erosion depth during ∆𝑡. Then
𝐸
𝑣

∆𝑧

= 𝑐∗ ∆𝑥, and when considering the geometry of the slope of the bed before the debris

flow occurs, 𝜃, versus the equilibrium slope of the bed at which the bed will settle after
erosion/deposition occurs (and the debris flow event has ended), 𝜃𝑒 , trigonometry gives
that the change in depth over the change in distance equals tan(𝜃 − 𝜃𝑒 ). Thus:
𝐸
𝑣

= 𝑐∗ tan(𝜃 − 𝜃𝑒 )

(1-3)
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They propose that the bed slope always adjusts to its equilibrium angle in the case
of a debris flow over an erodible bed. . However, when the grain size of the bed was
different than that of the supply, the erosion rate was influenced. When the grain size of
the bed was coarser than that of the supply, Egashira et al. [2001] noted that the material
of the supply was easily trapped within the interstitial spaces of the erodible bed. As the
grain size of the bed sediment increased, the bed elevation, Zb, at a specific point (60.0
cm upstream from downstream end of flume) degraded more slowly, suggesting that as
the grain size of the bed increased, the volume eroded decreased. Finally, the authors
derive (which they cite are from constitutive relations developed by Egashira et al.
[1997]) an equation for the critical flow depth (from bed surface to the depth of the yield
shear stress caused by particle to particle contacts, τy, and defined by: if bed sediment was
much greater than δ, no erosion would take place whereas when it was smaller than δ,
erosion occurred), δ, similar to Shields parameter (used to calculate the initiation of
motion of sediment in a fluid flow), given in equation 1-4 below (where 𝑑𝑐 is the critical
grain size of bed sediment, 𝜏𝑏𝑒 is effective fluid shear stress, 𝜎 is the mass density of
sediment particles, 𝜌 is the mass density of water, g is acceleration by gravity, and d is
bed sediment grain size).
𝛿
𝑑𝑐

𝜏

𝑏𝑒
≈ (𝜎−𝜌)𝑔𝑑

(1-4)

Papa et al. [2004] performed experiments similar to those of Egashira et al.
[2001], using an almost identical experimental setup; the flume was of the same
dimensions, water and sediment for the debris flow were supplied in the same manner,
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the grain size of the supply was identical (2.18 mm), they utilized a sand stopper in the
same way to create the erodible bed, and set up a high speed video camera at the same
point along the erodible bed. The main differences of Papa et al.’s experiments were a
longer erodible bed (300 cm vs 200 cm) and a longer distance to the sediment supply
hopper (700 cm vs 600 cm), giving the debris flow a longer travel distance, specifically
over the erodible bed. Papa et al. varied grain size of erodible bed material, utilizing the
same four erodible bed grain sizes in their experiments as Egashira et al. [2001].
However, their experiments differed in that Papa et al. varied channel slope (between
angles 7.7˚ and 13.6˚), and bed slope (between angles 5.6˚ and 11.7˚) in the downstream
reach.
Papa et al. [2004] introduced a new parameter, non-dimensional effective bed
shear stress, for evaluating the critical conditions of bed erosion, and focused on the
‘equilibrium stage’, which they define as conditions in which no bed erosion takes place.
Longitudinal profiles of erodible beds of grain sizes 2.18 mm (uniform system), 4.38
mm, and 8.00 mm at their respective equilibrium stage were given. At the equilibrium
stage, the slope was highest (i.e., the highest volume of the bed had been eroded) for the
lowest bed grain diameter and decreased with increasing bed grain diameter. Papa et al.
[2004] provide velocity profiles, which they state were created by analyzing images from
high speed video taken during experiments, however they do not give the specific
methodology. The velocity profiles became more linear as bed sediment size increased.
They found that when the bed sediment size increased relative to that of the flow, the
velocity distribution (i.e., profile) became similar to that in flow over the rigid bed.
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Lastly, Papa et al. expanded on their explanation of the critical condition in which erosion
occurs in terms of a non-dimensional “effective” bed shear stress, specifically, the
difference between the bed shear stress and a yield stress of the bed surface. They
developed an equation describing the critical conditions for which bed erosion occurs by
defining non-dimensional effective bed shear stress, 𝜏∗𝑐𝑑 , related to the Shields parameter
for sediment movement, 𝜏∗𝑐 . When they assigned values to system parameters and then
plotted 𝜏∗𝑐𝑑 versus the depth averaged sediment concentration, 𝑐̅, they found that the nondimensional effective bed shear stress increased exponentially on a logarithmic scale as 𝑐̅
increased (non-logarithmic scale). They also found that 𝑐̅ was higher for a given value of
𝜏∗𝑐𝑑 with increasing bed slope angle.
From Egashira et al. [2001] and Papa et al. [2004], we learned the significance of
changing only the grain size of a uniform bed material; a larger grain size resulted in less
erosion. However, their experiments used water in the supply and bed, did not change
slope, never changed the grain size of the supply, and overall focused mostly on erosion
rates and critical conditions for which bed erosion occurs.
Other laboratory studies of how debris flow parameters influence erosion include
investigating the role of the difference between the mass density of the flow compared to
that of the bed [Fagents and Baloga, 2006], sediment concentration and grain size
distribution in the flow [Takahashi et al., 1992], and flow depth and velocity [Iverson,
2012]. Takahashi et al. [1992] used computer simulations and laboratory experiments to
highlight particle segregation within a debris flow. The computer model simulated a
debris flow generated by bed erosion in terms of the discharge hydrograph, the temporal
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changes of solids concentration, and the vertical sediment-size distribution. Takahashi et
al. also present a mathematical model that can calculate the topography of a debris fan
formed by a debris flow in a single event and the three-dimensional sediment-size
distribution in the debris fan. The laboratory experiments performed to test these models
were conducted as two series; Series A was to determine the process of particle
segregation and Series B was to compare the predicted discharge hydrograph and other
model-calculate quantities with the experimental results. For all laboratory experiments,
Takahashi et al. utilized a flume with 10 cm width at a slope of 18˚, but a sediment
sample was used and the length of the erodible bed layer varied for Series A experiments
only. Water was supplied to saturate the sediment bed for all experiments, and the bed
materials was either a mixture of five materials of nearly uniform size (Series A) or of
well-graded sediment materials (Series B). For Series B experiments, the sediment bed
was 3 meters long and a section of rigid bed (upstream of the sediment bed) was
roughened using the same material comprising the sediment bed.
Takahashi et al. [1992] show that the larger particles of a debris flow move
upward via dispersive force (i.e., collisional pressure that drives the larger particles
upward, first described by Bagnold, [1954]), and then move forward within the debris
flow faster than smaller particles, as witnessed by plots of measured solids concentration
distributions and vertical mean particle-size distributions at the debris flow forefront as it
moves downstream. Specifically, these plots depict that the solids concentration as well
as the content of the fraction of large particles at the front increases as the debris flow
continues to move downstream. Ultimately, their computer simulation predicts the debris
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flow discharge hydrograph (solids concentration) generated by erosion of a bed due to a
known amount of floodwater introduced at the head of a channel, provided that the bed
elevations and material compositions along the channel are given.
Fagents and Baloga [2006] describe how an advancing lahar (mass flows of
varying proportions of water and solids originating at a volcano) influences flow depth,
discharge, and density through their development of a time-dependent theoretical model
based on the conservation of flow volume and mass that incorporates erosion and
deposition constants. The foundation of their model is a partial differential equation for
volume conservation, considering a control volume, but assuming constant width. They
consider velocity to vary only as a function of distance and include bulking and
debulking terms based on volume fractions and densities of sediment and water
comprising the flow. They explain that the bulk density of the flow is a second dependent
variable and so required a separate developed equation based on conservation of mass. To
refine their model, they make assumptions based on what previous studies (experiments
and observations) have revealed about debris flow characteristics (e.g., faster moving
flows have a greater propensity to incise, entrain, or incorporate material from the bed or
walls of the flow through turbulence and tractive/shear stresses and the rate of
entrainment is assumed to be greatest when the density contrast between the flow and
substrate is largest). Their model describes how the thickness and density profiles of a
lahar change with distance and time considering the effects of erosion/deposition, the rate
of supply discharge, and the flow velocity.
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Iverson [2012] proposed that one could model debris flow entrainment rates
satisfied with a theoretical form that satisfied a jump condition involving shear-traction
and velocity discontinuities at the flow-bed boundary through a detailed, depth-integrated
continuum analysis of interacting, deformable bodies. For Coulomb-friction tractions, he
found that entrainment rates were sensitive to pore fluid pressures that developed in bed
sediment as it was overridden, and were directly dependent on flow thickness amongst
other variables. Overall, Iverson [2012] determined that conservation of momentum alone
was not enough to predict entrainment rates; he found that if all other factors are constant,
the entrainment rate decreased as the basal flow velocity (i.e., velocity at the bottom of
the debris flow) increased. The largest sustainable entrainment rates occurred during
steady flow, not during rapidly accelerating motion.
Iverson et al. [2011] and Reid et al. [2011] utilized a uniquely large apparatus,
minimizing scaling problems, to perform eight debris flow experiments, both reporting
on the results of their data. The USGS debris-flow flume is 95 meters long by 2 meters
wide located at the H. J. Andrews Experimental Forest near Blue River, Oregon. Iverson
et al. [2011] and Reid et al. [2011] used their experimental data to assess the entrainment
of material by debris flows; they conducted eight experiments utilizing water-saturated,
constant volume (6 m3) debris flows of an unchanging mixture of gravel, sand, and mudsized grains discharged abruptly from a headgate to flow over beds of partially saturated
sediment of the same mixture as the debris flow. The main parameter they varied was the
bed-sediment volumetric water content, which varied from approximately 0.15 to 0.28, to
study its effect on entrainment. They measured the flow front position, basal (at the
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bottom of the flume) total normal traction, basal pore-fluid pressure, and flow thickness,
all with respect to time.
Iverson et al. [2011] and Reid et al. [2011] found that the first 2-3 seconds of
motion was similar for all eight experiments, with the debris flows thinning and
elongating at similar rates. Next, after the initial 3 seconds, the effects of bed sediment on
flow behavior became distinct, differing between the experiments of different volumetric
water content. Specifically, they found that while the flow front decelerated for all
experiments, flows over the wetted bed sediment behaved almost explosively as their
depths and agitation grew rapidly, but flows over the driest beds were similar to those
over bare-bed control experiments. An important finding of Iverson et al. [2011] and
Reid et al. [2011] was that debris flows over wetter bed sediment entrained more material
and exhibited longer run-outs than flows over dryer beds. They determined that where
wet bed sediment was entrained by flows, increased pore-fluid pressures and the
subsequent lowering of intergranular friction within the bed sediment promoted flows to
travel faster and farther. They found that increased pore pressure expedited progressive
abrasion of the bed, reduced basal friction and instigated positive feedback that causes
speed, mass and momentum to increase; in experiments with bed sediment of the highest
water content, flow momentum nearly quadrupled. They were also able to conclude that
entrainment occurred through rapid progressive downward scour and that rapid loading
by an overriding debris flow quickly increased pore-fluid pressures within loose, wet bed
sediment.
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In summary, debris flow erosion, erosion rates, and entrainment rates have been
found to be influenced by bed slope [Conway et al., 2010], water content within the
debris flow and/or erodible bed [Iverson et al., 2011; Reid et al., 2011; McCoy et al.,
2012], and particle size of the debris flow and/or erodible bed [Takahashi et al., 1992;
Egashira et al., 2001; Papa et al., 2004]. Specifically, Conway et al. [2010] found a
distinct relationship between slope and the depositional regime, with ground slope
directly affecting thickness of deposited (or eroded) material. Iverson et al. [2011] and
Reid et al. [2011] found that debris flows over wetter bed sediment entrained more
material and exhibited longer run-outs than flows over dryer beds. They and McCoy et al.
[2012] concluded that entrainment occurred through rapid progressive downward scour.
Egashira et al. [2001] and Papa et al. [2004] found that the relative erosion rate decreased
monotonically with increase of relative bed sediment size. McCoy et al. [2012] and
Iverson [2012] found that rates and occurrence of bed-sediment entrainment were not
well correlated with bulk-flow properties such as density, flow depth, or velocity.
Additionally, attempts at creating theoretical models have revealed the
complexities of both the physics and multitude of factors involved during the
erosion/deposition process from a debris flow event [Egashira et al., 2001; Papa et al.,
2004; Fagents and Baloga, 2006; Iverson, 2012]. Iverson [2012] determined that
conservation of momentum alone was not enough to predict entrainment rates; he found
that if all other factors are constant, the entrainment rate decreased as the basal flow
velocity increased. Papa et al. [2004] introduced a new parameter, non-dimensional
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effective bed shear stress, specifically, the difference between the bed shear stress and a
yield stress of the bed surface, for evaluating the critical conditions of bed erosion.
These previous studies have resulted in many significant findings regarding both
debris flow parameters affecting erosion and the processes of erosion and entrainment.
However, none of these studies were performed without water in both the debris flow and
erodible bed. We believe that eliminating the interstitial fluid allows for focus on how
other debris flow parameters, such as inclination angle and composition of the debris
flow and erodible bed, affects erosion without any influence of pore fluid pressure from
the interstitial fluid, which we have found has been the predominant objective of previous
studies.
1.4

Thesis Overview
This thesis presents experiments performed on a laboratory flume built

specifically for debris flow erosion experiments. We recognized that many previous
experiments utilized water to simulate more realistic debris flows, but for the work
described here, we focus on the effect of grain size distribution in the bed and supply. To
simplify this investigation, we did not use fluid in the experiments discussed in this
thesis.
In the context of the experiments of this thesis, erosion is the removal of beads
(i.e., particles) from the erodible bed. Entrainment is defined as the process of particle
lifting by the agent of erosion, which in the case of this thesis is the supply acting as an
initial debris flow. The focus of this thesis is on erosion of a bed of particles, but we will
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also discuss deposition of particles within the flume; deposition is opposite erosion and
occurs when particles fall out of the debris flow and settle on either the rigid or erodible
bed [Pidwirny 2006].
Our goals included measuring the mass eroded by process of a systemically varied
supply composition flowing over a systematically varied bed composition over a range of
slopes (flume inclination angles). All experiments were dry with no use of water however
the importance of atmospheric conditions was recognized, discussed along with a general
description of experimental methods in Chapter 2. In Chapter 3, the erosion results of the
experiments are presented.
We then analyze and discuss our erosion results in Chapter 4, distinguishing the
neutral angle, akin to the equilibrium stage first defined by Egashira et al. (2001). We
consider the relationship between the ratio of average grain sizes in the supply and bed
and consider the effects of the supply and erodible bed compositions on the neutral angle
and total net erosion. We then use particle-scale factors to understand the significant
observations made of our experimental results. Finally, in Chapter 5, we summarize the
work, discuss related research influenced by the findings of this thesis, and offer future
research ideas.
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Chapter 2 : Methods
2.1

Laboratory Debris Flume
The experiments described in this thesis were performed in a laboratory flume,

pictured in Figure 2.1, fabricated by the University of Minnesota Physics Department
Machine Shop, and designed specifically to study erosion and deposition by particle
flows over a wide range of experimental conditions. A schematic of the flume is
displayed in Figure 2.2. The total flume length is approximately three meters (m); the
maximum height, located at the erodible bed, is 0.27 m; and the width of the flume
channel is 0.1 m. The width of the channel accessible to flowing material is eight
centimeters (cm), calculated as total width minus width of sidewalls. The inclination
angle of the flume, ϕ, is adjustable from 0° to 40°. At the time the work in this thesis was
performed, the inclination angle was set by raising and lowering one flume end and then
securing it to a tall steel pole using a tightening handle. The flume and its
instrumentation, as they were used in the experiments described in this thesis, are most
easily described in terms of three distinct regions, as we present in the next subsection. It
should be noted that the flume was equipped with several features (i.e., use of fluid and
pressure transducers) that will be discussed in this chapter that were not utilized for the
experiments in this thesis because part of the thesis work still included the design of the
flume itself.
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2.1.1

The Three Regions of the Laboratory Debris Flume

We consider the debris flow flume as consisting of three regions – the supply
reservoir, the rigid bed, and the erodible bed. The upper-most region is the supply
reservoir where the initial supply of materials (consisting of particles and/or fluids), what
we call an ‘initial debris flow’, is contained before release. Using the notation in Figure
2.2, the length and height of this region are Ls = 36.2 cm and hw = 14.1 cm, respectively.
The base is smooth in this region, and the downstream edge is bounded by what we call a
“gate”, pinned at the top so the supply may be released suddenly as described in the
experimental procedure presented in Section 2.3 below.
The next region of the flume is the rigid bed, mimicking an area at the upper end
of a catchment over which an initial debris flow might flow over bedrock material. Using
the notation in Figure 2.2, the length and height of this region are Lr = 146.7 cm and hw =
14.1 cm, respectively. This region has a roughened base consisting of sandpaper glued to
the bottom of this part of the channel. The approximate size of the roughness element
was slightly less than one millimeter for these experiments. We intend this roughness to
simulate the terrain of the initial flow path of naturally occurring debris flows, typically
comprised of bumpy bedrock.
The third region of the flume contains a deeper chamber which we fill with
particles to represent an erodible bed, similar to the lower end of a catchment and a debris
flow fan. The length and additional depth of this region of the flume are Lb = 122.9 cm
and hb = 7.0 cm, respectively (the total depth of this region is therefore h w + hb = 14.1 cm
+ 7 cm = 21.1 cm). Both the upper and lower ends of the erodible bed chamber are
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bounded by a wire mesh of spacing ~ 0.5 mm, so that small particles and fluids might
move through the openings but larger particles may not. Just upstream of this chamber is
a water reservoir and a spigot which can be connected to a hose and pump so that the
fluid properties and fluid level of the material in the reservoir may be independent of that
in the initial debris flow material released from the supply reservoir.
The downstream end of the flume is open from height hb to the top of the flume,
and is affixed with a metal chute, allowing beads to exit unencumbered. As beads exit
the flume, the exit chute guides them to collect in a container, which we placed under the
chute for each experiment. We could then measure the mass of the collected beads using
the tared scale, and then we compared it to the mass of the initial debris flow to calculate
erosion (or deposition). We define erosion (i.e., total net erosion) as the mass of beads
that exited the flume during an experiment, 𝑚𝑜𝑢𝑡 , minus the mass of the initial debris
flow (i.e., the supply), 𝑚𝑒 = 𝑚𝑜𝑢𝑡 − 𝑚𝑠 .

Supply Reservoir
Gate

Rigid Bed

Tightening
Handle

Erodible Bed
Exit Chute

Figure 2.1: Laboratory Debris Flow Flume Photo
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Figure 2.2: Laboratory Debris Flume Diagram (Not to Scale)

2.1.2

Instrumentation

During the course of each experiment, or ‘run’, we took several kinds of
measurements. We determined the inclination angle of the flume, ϕ, using a Husky®
digital level that is accurate to the nearest tenth of a degree. We took these angle
measurements by placing the digital level on the base of the flume, just downstream of
the supply reservoir gate. We collected mass measurements of the particles and fluids
utilized in our experiments using a digital scale with resolution of one gram.
At one location at the base of the rigid bed and at three positions along the base of
the erodible bed we could monitor pore fluid pressure using four pressure sensors (Keller,
model PR25Y). However, all of the experiments reported in this thesis were dry, and
thus we did not monitor pore fluid pressure. Nevertheless, we describe the pressure
sensors in a bit of detail here because the design, installation and testing of the pressure
sensors were an important part of the training of the author of this thesis.
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As part of the setup of a pressure sensor, we utilized an oil reservoir and a mesh
screen to prevent any damage (by the particles) to the actual sensor. Figure 2.3 uses
photographs of a prepared sensor to provide a schematic. At the top of the clear, acrylic,
oil reservoir, a thin membrane of silicone rubber is attached (not visible in photographs)
to act as medium transferring any pressure from a fluid to the closed oil reservoir and
ultimately to the sensor. The metal mesh is placed on top of the membrane to prevent the
granular material from directly touching and possibly damaging the membrane.

(a)

(b)

Mesh
Flume
mount

Oil reservoir

Serial number

(c)

Figure 2.3: Keller Pressure Sensor Photographs
(a) and (b) Photographs of a single Keller pressure sensor depicting sensor, oil reservoir, serial number, and
flume mount with protective metal mesh. (c) Photograph of arrangement of Keller pressure sensors in
flume.
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The sensors are quite sensitive and so prior to each experiment where we
collected pore fluid pressure data, we performed calibration tests to verify their accuracy.
Figure 2.4 shows the ‘test tube’ setup fabricated for easy testing. The procedure involved
securing the test tube to the desired sensor and then, while the computer recorded
pressure data at a frequency of 10000 Hz, we poured water into the tube a little at a time
and measured each water height with a ruler. We then compared our measured water
height to the water height calculated from the pressure sensor data using the hydrostatic
equation. Example calibration test data, including the actual (i.e., observed) water heights
and calculated water heights is shown in Figure 2.4.

(c)

(a)

(b)

(d)

Figure 2.4: Keller Pressure Sensors Testing
(a) The test tube used to test Keller pressure sensors setup (b) Measuring water height using ruler in test
tube. (c-d) Plots for 2 of the 4 pressure sensors showing observed water heights (circles) and water heights
calculated from pressure sensor data (crosses). (c) Sensor 176700, located in rigid bed. (d) Sensor 176704,
located in position 2 in erodible bed.

We used beads of two different sized throughout the experiments; we used sieves
to separate the bead mixtures. High speed videos of the experiments were taken for the
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purpose of analysis by use of two Photron high speed cameras, the FASTCAM SA3 and
v9.0, both capable of taking slightly higher than 1000 x 1000 pixel resolution figures at a
frequency of slightly greater than 1000 frames per second. For this thesis, the high speed
cameras were not used for high speed analysis, but setup and use of the cameras as well
as some video analysis were performed for important training purposes.
2.2

Granular Material
For these experiments, all particles (those in the initial debris flow and erodible

bed) we used were Dragonite® solid spherical glass beads purchased from Jaygo
Incorporated. The beads have a specific gravity of 2.55 and are transparent. We used two
different sizes of beads in these experiments; their diameters were 2 mm and 5 mm,
approximately the sizes of large sand and small pebbles/gravel. We dyed the 2 mm beads
blue using Sharpie ink to enhance visual observation of interaction between the two bead
sizes when both were used together in an experiment.
Inherent to each bead size is a macroscopic characteristic that defines at what
critical angle a bead on an inclined plane will begin to move down the slope, which has
been referred to as the “angle of sliding friction” [Van Burkalow, 1945]. For the sake of
these experiments, we use this term to refer to the angle at which the bulk granular
material filling the erodible bed begins exiting the flume from the erodible bed and the
rectangular shape of the erodible bed is lost. In other words, to determine these angles,
we prepared the erodible bed with beads of one selected size while at ϕ = 0°, and then
lifted the flume slowly until the beads began to slide and exit the flume. We recorded the
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angle at which this sliding began and report the relevant angles of sliding friction in
Table 2.1.
Table 2.1: List of Angles of Sliding Friction

Erodible Bed
Composition
All 2 mm
All 5 mm
2/5 mm Mix

Angle of Sliding
Friction
27.2°
25.4°
26°

We note that the trend for the angles of sliding friction is non-linear within the
precision of the data (+/- 0.1˚). The angle of sliding friction for the erodible bed
composed of the mixture is closer to that for the bed composed of all 5 mm particles
(difference of 0.6˚) than to the one of all 2 mm particles (difference of 1.2˚).
2.3

Experimental Procedures
2.3.1

Notes on Atmospheric Conditions

We conducted experiments over the course of all four seasons in Minneapolis,
Minnesota and, while temperature is regulated within the laboratory where the debris
flume is located (temperatures ranged between approximately 65°F and 75°F), humidity
is much more capricious. Issues regarding humidity became apparent during the winter
months when the air is extremely dry in Minnesota due to the colder temperatures.
Humidity affects the angle of sliding friction of the particles used in the experiments by
changing the static and capillary effects. When the air is sufficiently dry, static electricity
becomes particularly troublesome as it modifies state and dynamic details of the particle
behavior. Specifically, when the air is too dry, an imbalance of electric charges causes a
charge to remain on the surface of the beads (static electricity).This especially affects the
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smaller 2 mm beads as the negative charges on the surfaces of the smaller beads repel
each other. By contrast, under extremely humid conditions, capillary effects become a
factor resulting in small cohesivity between the particles.
We minimized these effects in winter by using an Essick humidifier, rated for
2500 square feet to moisten the air in conjunction with anti-static spray (explained below)
applied to the inside of the flume for all experiments. We placed the humidifier several
feet away from the flume, let it run overnight before experiments, and left it running
during the experiments. To verify that our humidity boundary conditions were matched
with the summer, we compared results from a summer experiment with the first winter
experiments. In particular, we ran the humidifier prior to collecting the data until our
measured angle of sliding friction was the same as that in our control summer
experiments. We did not have any perceived trouble with cohesivity during the summer
months.
2.3.2

Experiment Preparation

Prior to each experiment, we follow a number of carefully controlled preparation
procedures. While the flume is in a horizontal position, such that ϕ=0°, we apply antistatic spray to the flume walls. Then, we measure out the appropriate mass of each
desired bead size for the supply (to act as the initial debris flow) and pour them into the
supply reservoir while the gate is closed. Next, we measure out the appropriate mass of
each desired bead size to fill the erodible bed and pour them into the erodible bed
chamber. We use a flat rectangular piece of plastic, referred to as the ‘scraper’, to gently
smooth the top of the erodible bed so that it is flat and approximately the same height as
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hb, to within 5 mm. We take car to move the scraper laterally over the erodible bed
particles so that we minimize disturbance to the bed beyond the top layer of beads.
After this, we incline the flume to the chosen angle, determined using the digital
level, and then secure the flume in place by tightening the handle on the tall supporting
steel pole.
2.3.3

Experimental Run Procedure

Once we are ready to begin an experiment, we release the gate at the upstream
end of the supply reservoir by removing the gate-locking pin, and then the initial debris
flow material is free to flow downstream by gravity alone.
When the supply particles are released, they flow over the rigid section of the
flume and spread out due to the shearing and collisional interaction associated with the
roughened base of the non-erodible bed surface. Upon reaching the erodible bed, they
typically mobilize particles located within the top erodible bed layers. Depending on the
experimental conditions (as described in Chapters 2 and 3), the mass of the initial debris
flow may: (1) completely deposit on the erodible bed after briefly mobilizing a few top
layers of the erodible bed; (2) partially deposit on the erodible bed and partially exit the
bottom of the flume; (3) completely exit the bottom of the flume (at least, as measured by
mass); or (4) exit the bottom of the flume after entraining additional particles from the
erodible bed to exit with them. During flow, we monitor the particle dynamics using the
high speed cameras. After flow ceases, we take photos and sieve the particles that exited
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the flume (where applicable) for comparison with the mass of the initial debris flow and
erodible bed.
2.3.4

Cautionary Notes on Experiment Preparation

We found that certain details of our preparation procedures for each run were
critical for ensuring that the experiments were reproducible. Three noteworthy effects
include: (1) static electricity effects; (2) inclination angle for filling conditions; and (3)
what we call “bed aging” resulting from shearing effects from repeated runs.
For the first noteworthy effect, we found that regardless of the time of year, the 2
mm beads were extremely susceptible to electrostatic effects, which inevitably caused
them to cling to the Plexiglas sidewalls of the flume. Maintaining a relatively high level
of humidity in the laboratory was helpful, but it did not overcome the tumultuous
behavior of the 2 mm beads during flow, such as flying out of the open top of the flume
in all directions. To counteract electrostatic effects, we applied anti-static spray to the
sidewalls of the flume prior to filling it with beads. We then performed some experiments
to understand systematic effects from us of the anti-static spray, the results of which are
given in Figure 2.5. In essence, we found that use of the anti-static spray created more
predictable results represented by a linear trend in the erosion results of Figure 2.5.
Without use of anti-static spray, there was more variability amongst the erosion results,
straying from the linear trend.
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Figure 2.5: Effects of Applying Anti-Static Spray
Effect of applying anti-static spray to flume walls before an experiment (+) versus not using it (◊) for a
system with 2 mm beads in the erodible bed and in the supply.

The second case of sensitivity to preparation conditions involved the flume angle
at which we prepared the erodible bed (ϕf). We found, somewhat surprisingly, that this
angle has a noticeable effect on erosion, as shown in Figure 2.6 for experiments with 5
mm particles. For all of these experiments, we used the same system (all 5 mm beads),
the same flume angle during the run (ϕ=24˚), and the same initial erodible bed mass
(11,516 g); we only varied ϕf from 0° to 12°. For reasons that will become clear in the
next subsection, we emptied the bed after each run and subsequently refilled it with the
same mass, mbed=11,516 g before each run. The plot in Figure 2.6 shows erosion (𝑚𝑒 =
𝑚𝑜𝑢𝑡 − 𝑚𝑠 ), versus the flume angle at which the erodible bed is filled at, ϕf. The mass
eroded increased as ϕf became larger, increasing by 41 percent as we increased ϕf from 0°
to 12°. From these findings, we determined the bed must always be prepared at the same
flume inclination angle: ϕ=0°.
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Figure 2.6: Plot showing ϕf vs. Erosion

The third point of sensitivity involves whether or not the erodible bed has been
“reset” from one run to the next. That is, even when we “topped off” the bed, refilling it
to the same level after running a net erosive experiment, the amount of erosion increased
from one run to the next due to an apparent “bed aging” effect. We illustrate this issue in
Figure 2.7. For the data in this figure, we used the same system (all 5 mm beads), the
same flume angle (ϕ=24˚), and the same initial erodible bed mass (11,516 g). The plot
shows erosion versus time for two different scenarios: the erodible bed is reset by
emptying and refilling it before the next experimental run (blue diamonds) or the erodible
bed is not reset and beads are simply added on top of those remaining (red squares) for
the next run. We note that when we reset the bed, the maximum difference in net total
erosion between these experiments was less than 400 g, or approximately 3.4 percent of
the initial erodible bed mass. On the other hand, when the bed was not reset between
runs, the mass eroded increased between subsequent runs with the difference between the
first and last experiments where the bed was not reset (trial 9 and trial 13, respectively)
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equal to more than 2,600 g, or approximately 22.9 percent of the initial erodible bed
mass.

Figure 2.7: Effect of Resetting Erodible Bed Between Runs
Resetting erodible bed (blue diamonds) versus adding more beads (red squares) between runs.

2.4

Additional Procedure for Wet Experiments
While wet experiments are not the subject of this thesis, the author was involved

in developing procedures for and performing wet experiments. For the case of wet
experiments, we followed a few additional steps. We filled a bin with water, placed the
pump inside this water, and then connected the pump hose to the spigot on the flume. We
also filled a bucket with a desired amount of water for the supply. Then, after we lifted
the flume to a desired angle, we turned on the power supply for the pump. We increased
voltage to raise the pump rate, controlling the rate that water saturates the erodible bed.
2.5

Methods of Analysis
For all experiments, we quantified total net erosion by measuring the mass of the

particles using a digital scale with resolution of the nearest gram. The total net mass
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eroded is defined as the mass of the supply subtracted from the mass of beads that exited
the flume during a run: 𝑚𝑒 = 𝑚𝑜𝑢𝑡 − 𝑚𝑠 . The mass of the initial erodible bed sometimes
varied, and therefore we define dimensionless (total net) erosion as the mass eroded
divided by the mass of the erodible bed: 𝐸𝑑 =

𝑚𝑒
𝑚𝑏𝑒𝑑

=

(𝑚𝑜𝑢𝑡 −𝑚𝑠 )
𝑚𝑏𝑒𝑑

. Further analysis of

total net erosion measurements (in the form of 𝐸𝑑 ) are discussed in Chapters 3 and 4.
As part of the Neutral Angle Theory discussed in Chapter 4, we took photographs
at the end of experiments using a 14 megapixel Coolpix camera. We then used these
pictures to measure the angle of the surface of the erodible bed post-debris flow. Pictures
were uploaded into a computer program called ImageJ, which is used for image
processing and analysis in Java. Once uploaded into the ImageJ project, we measured the
angle of the erodible bed in the picture relative to known ‘reference’ measurements using
a relatively user-friendly interface.
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Chapter 3 : Experimental Results
3.1 Experimental Parameters and List of Experiments
We performed the experiments using combinations of 2 mm (diameter) and 5 mm
glass beads in the supply reservoir and in the erodible bed. For a foundational
understanding of how different parameters affect total net erosion in a carefully
controlled experiment, we varied particle sizes in the bed, particle sizes in the initial
debris flow, and the angle of inclination of the flume independently. Throughout this
thesis, we refer to the supply and bed compositions by the respective average particle
diameter, davg,S and davg,B, respectively. We used one of three bead compositions for the
initial debris flow and for the erodible bed: (1) all 2 mm beads, (2) all 5 mm beads, and
(3) a mixture that was 50% 2 mm beads and 50% 5 mm beads (by mass and volume)
corresponding to average particle diameters of 2 mm, 5 mm, and 3.5 mm, respectively.
This led to nine different combinations of particles in what we often referred to as a
‘system’, given in Table 3.1. In Table 3.1, we also show the flume inclination angles at
which we performed experiments using each system. We varied the angle of inclination
of the flume, ϕ, within a range between 20° and 26°; this gave us a reasonable range of
erosion and deposition for all nine systems that varied from relatively high erosion rates
at the larger angles to relatively high deposition rates at the smaller angles.
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Table 3.1: Summary of Performed Experiments
Angle of flume inclination, ϕ (˚), organized by bead sizes in the bed and initial debris flow

Particle size(s) in
bed [mm]
2 mm
5 mm

2/5 mm Mix

2 mm

Particle size(s) in supply [mm]
5 mm
2/5 mm Mix

22, 22.5, 23, 23.5,
24, 24.5, 25
22, 22.5, 23, 23.5,
24, 24.3, 24.5, 25
22, 23.5, 25

21, 21.5, 22, 22.5,
23.5, 24.5, 25, 26
20, 21, 21.5, 22,
22.5, 23, 23.5, 24,
24.3, 24.5, 24.8, 25
21, 22, 22.5, 23.5,
24.5, 25

22, 23.5, 25
22, 23, 23.5, 24, 25

22, 22.5, 23, 23.5,
24, 24.5, 25

In all cases, we filled the erodible bed with particles up to the vertical position of
the rigid bed. We drew a line along the sidewall of the erodible bed to indicate the filllevel for each initial erodible bed; thus, the initial erodible bed was roughly the same
height from one run to the next and of approximately constant volume. We therefore
varied slightly the mass placed in the initial erodible bed, 𝑚𝑏𝑒𝑑 , depending on the bed
composition. The mass of the erodible bed for each experiment ranged from 11,415 g for
a bed composed of all 2 mm particles to 11,800 g for a bed composed of the 50/50
mixture of 2 mm and 5 mm particles. The mass of the supply, 𝑚𝑠 , was the same for every
experiment described in this thesis: 2,744 g. Table 3.2 gives a detailed list of the flume
inclination angles used for each of the experiments performed at each of the grain sizes
used for the bed and initial debris flows.
As a reminder, we denote total net erosion (𝑚𝑒 ), as the total mass that exited the
flume (𝑚𝑜𝑢𝑡 ) minus the mass of the supply (𝑚𝑠 ): 𝑚𝑒 = 𝑚𝑜𝑢𝑡 − 𝑚𝑠 . Since the mass of
the bed varied, we normalized the eroded mass by the bed mass to define dimensionless
total net erosion as:
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𝐸𝑑 =

𝑚𝑒
𝑚𝑏𝑒𝑑

(3-1)

Positive values of 𝐸𝑑 represent erosion whereas negative values signify deposition. In
systems where both 2 mm beads and 5 mm beads are included, we sieved the beads that
exited the flume and then weighed the 2 mm beads and 5 mm beads separately, referred
to as 𝑚𝑜𝑢𝑡,2 and 𝑚𝑜𝑢𝑡,5 , respectively (In these cases, 𝑚𝑜𝑢𝑡 = 𝑚𝑜𝑢𝑡,2 + 𝑚𝑜𝑢𝑡,5 ). Table 3.2
lists these mass measurements, calculated total net erosion, and calculated dimensionless
total net erosion and dimensionless supply for each experiment. We also consider the
erosion mass non-dimensionalized by supply mass, 𝐸𝑠 = 𝑚𝑒 /𝑚𝑠 . This quantity is a
quick indicator of what might be called “relative erosion strength” of the initial debris
flow. As is true of 𝐸𝑑 , positive and negative values of 𝐸𝑠 indicate whether the total net
erosion was positive or negative. In this case, when 𝐸𝑠 = −1, total deposition of the
initial debris flow occurred; when 𝐸𝑠 = 1, the mass eroded from the bed was equal to the
mass of the initial debris flow, and when 𝐸𝑠 ≥ 1, the total net mass eroded, 𝑚𝑒 , is greater
than or equal to the mass of the supply itself, 𝑚𝑠 .
As we discussed in Chapter 2, our preliminary experiments revealed the
significance of preparation of the erodible bed; here we only present the results from
those experiments performed using a bed that was properly reset before each experiment.
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Table 3.2: List of experimental results according to grain size and ϕ
Note the following terminology: 𝒅𝒂𝒗𝒈,𝑺 and 𝒅𝒂𝒗𝒈,𝑩 represent the mass-averaged diameter of the particles in
the supply and bed, respectively. If equal to 2, the composition was all 2 mm beads; if equal to 3.5, the
composition was a 50/50 mix of 2 and 5 mm beads; if equal to 5, the composition was all 5 mm beads.
Composition
[mm]
davg,S davg,B

ϕ
[˚]

mbed
[g]

ms
[g]

mout,2
[g]

mout,5
[g]

mout
[g]

me
[g]

Ed

Es

2

2

22

11415

2744

0

NA

0

-2744

-0.2404

-1

2

2

22.5

11415

2744

1352

NA

1352

-1392

-0.1219

-0.5073

2

2

23

11415

2744

2632

NA

2632

-112

-0.0098

-0.0408

2

2

23.5

11415

2744

3341

NA

3341

597

0.0523

0.2176

2

2

24

11415

2744

4200

NA

4200

1456

0.1276

0.5306

2

2

24.5

11415

2744

4884

NA

4884

2140

0.1875

0.7799

2

2

25

11415

2744

5714

NA

5714

2970

0.2602

1.0824

2

2

23.2

11415

2744

2771

NA

2771

27

0.0024

0.0098

5

5

20

11516

2744

NA

1

1

-2743

-0.2382

-0.9996

5

5

21

11516

2744

NA

2

2

-2742

-0.2381

-0.9993

5

5

21.5

11516

2744

NA

653

653

-2091

-0.1816

-0.7620

5

5

22

11516

2744

NA

1714

1714

-1030

-0.0894

-0.3754

5

5

22.5

11516

2744

NA

2411

2411

-333

-0.0289

-0.1214

5

5

23

11516

2744

NA

3265

3265

521

0.0452

0.1899

5

5

23.5

11516

2744

NA

4191

4191

1447

0.1257

0.5273

5

5

24

11516

2744

NA

5001

5001

2257

0.1960

0.8225

5

5

24.3

11516

2744

NA

6002

6002

3258

0.2829

1.1873

5

5

24.5

11516

2744

NA

6733

6733

3989

0.3464

1.4537

5

5

24.8

11516

2744

NA

6521

6521

3777

0.3280

1.3765

5

5

25

11516

2744

NA

7442

7442

4698

0.4080

1.7121

5

5

22.7

11516

2744

NA

3129

3129

385

0.0334

0.1403

2

5

22

11516

2744

0

0

0

-2744

-0.2383

-1

2

5

22.5

11556

2744

0

0

0

-2744

-0.2375

-1

2

5

23

11556

2744

1

156

157

-2587

-0.2239

-0.9428

2

5

23.5

11556

2744

268

1005

1273

-1471

-0.1273

-0.5361

2

5

24

11556

2744

563

1640

2203

-541

-0.0468

-0.1972

2
2

5
5

24.3

-0.0386

2

24.5

11556
11556

2744
2744

791
821

1847
2184

2638
3005

-106
261

-0.0092
0.0226

0.0951

5

25

11556

2744

1230

2877

4107

1363

0.1179

0.4967

2

5

24.3

11550

2744

452

2038

2490

-254

-0.0220

-0.0926

5

2

21

11415

2744

0

0

0

-2744

-0.2404

-1

5

2

21.5

11415

2744

451

527

978

-1766

-0.1547

-0.6436

5

2

22

11415

2744

785

1105

1890

-854

-0.0748

-0.3112
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Composition
[mm]
davg,S davg,B

ϕ
[˚]

mbed
[g]

ms
[g]

mout,2
[g]

mout,5
[g]

mout
[g]

me
[g]

Ed

Es

5

2

22.5

11415

2744

1454

1738

3192

448

0.0392

0.1633

5

2

23.5

11415

2744

2150

2364

4514

1770

0.1551

0.6450

5

2

24.5

11415

2744

2910

2560

5470

2726

0.2388

0.9934

5

2

25

11415

2744

3142

2677

5819

3075

0.2694

1.1206

5

2

26

11415

2744

4721

2743

7464

4720

0.4135

1.7201

5

2

22.5

11415

2744

1335

1975

3310

566

0.0496

0.2063

3.5

3.5

22

11800

2744

0

0

0

-2744

-0.2325

-1

3.5

3.5

22.5

11800

2744

185

1099

1284

-1460

-0.1237

-0.5321

3.5

3.5

23

11800

2744

199

1846

2045

-699

-0.0592

-0.2547

3.5

3.5

23.5

11800

2744

764

2238

3002

258

0.0219

0.0940

3.5

3.5

24

11800

2744

892

2437

3329

585

0.0496

0.2132

3.5

3.5

24.5

11800

2744

1544

2784

4328

1584

0.1342

0.5773

3.5

3.5

25

11800

2744

1740

2893

4633

1889

0.1601

0.6884

3.5

3.5

23.5

11800

2744

778

2340

3118

374

0.0317

0.1363

3.5

5

22

11516

2744

1

0

1

-2743

-0.2382

-0.9996

3.5

5

23

11516

2744

2

1820

1822

-922

-0.0801

-0.3360

3.5

5

24

11516

2744

6

2706

2712

-32

-0.0028

-0.0117

3.5

5

25

11516

2744

98

4570

4668

1924

0.1671

0.7012

3.5

5

23.5

11556

2744

5

2873

2878

134

0.0116

0.0488

3.5

5

23.7

11550

2744

10

2805

2815

71

0.0061

0.0259

3.5

5

23.7

11550

2744

7

2763

2770

26

0.0023

0.0095

3.5

2

22

11415

2744

905

883

1788

-956

-0.0837

-0.3484

3.5

2

23.5

11415

2744

2253

1283

3536

792

0.0694

0.2886

3.5

2

25

11415

2744

4274

1373

5647

2903

0.2543

1.0579

3.5

2

22.8

11415

2744

1971

1214

3185

441

0.0386

0.1607

5

3.5

21

11800

2744

0

0

0

-2744

-0.2325

-1

5

3.5

22

11800

2744

149

940

1089

-1655

-0.1403

-0.6031

5

3.5

22.5

11800

2744

307

1903

2210

-534

-0.0453

-0.1946

5

3.5

23.5

11800

2744

714

3430

4144

1400

0.1186

0.5102

5

3.5

24.5

11800

2744

1175

4396

5571

2827

0.2396

1.0302

5

3.5

25

11800

2744

918

4705

5623

2879

0.2440

1.0492

5

3.5

22.8

11800

2744

452

2138

2590

-154

-0.0131

-0.0561

2

3.5

22

11800

2744

0

0

0

-2744

-0.2325

-1

2

3.5

23.5

11800

2744

1153

714

1867

-877

-0.0743

-0.3196

2

3.5

25

11800

2744

2957

1424

4381

1637

0.1387

0.5966

2

3.5

23.8

11800

2744

2151

1135

3286

542

0.0459

0.1975

2

3.5

23.9

11800

2744

2446

1129

3575

831

0.0704

0.3028
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In the next section, we will present our erosion results, specifically the
relationship between flume inclination angle, ϕ, and total net erosion (dimensionless), 𝐸𝑑 .
After this, we report how the compositions of the supply and erodible bed, davg,S and
davg,B, affected erosion in our experiments. Finally, we report the relative amount of each
particle size (2 mm and 5 mm) that exited the flume during each experiment.
3.2

Erosion Results
An overview of our experimental results is presented in Figure 3.1, which shows

dimensionless erosion, 𝐸𝑑 , versus flume inclination angle, ϕ, for each system. From these
results, we observe that for a given system, as ϕ increases, total net erosion (as
represented by Ed) generally increases linearly. To more clearly see these linear
relationships, we also include linear least squares fit lines on each of the plots. The linear
relationship between increase in inclination (i.e., slope) angle and erosion further
highlights the significance of the slope of the debris flow path in determining erosion and
deposition patterns [Conway et al. 2010].
The linear relationship appears strongest for what we might call the “uniform
systems” (i.e., the bed grain size distribution/composition is the same as that of the initial
debris flow). For others, such as the 2/5 mm Mix on 2 mm or 5 mm on 2/5 mm Mix
systems, the relationship is still essentially monotonic though the trend does not appear
strictly linear. We will analyze and discuss this linear relationship conclusion further in
Chapter 4, particularly when we present our Neutral Angle Theory.
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Figure 3.1: Plots of Ed versus ɸ for each system
Plots showing dimensionless erosion (Ed) vs inclination angle (ϕ) for each system. The average particle
size in the initial debris flow increases from top to bottom as indicated: 2 mm for the top row to 3.5 mm
(2/5 mm Mix) for the middle row to 5 mm for the bottom row. The average particle size in the bed
increases from left to right as indicated: 2 mm for the left column to 3.5 mm (2/5 mm Mix) for the middle
column to 5 mm for the right column. The red squares indicate experiments for which mout = 0 (i.e., total
deposition occurred). The black horizontal line emphasizes the position on each graph for which E d=0, i.e.,
there is no net erosion or deposition.

3.3

Erosion at Three Angles for All Systems
For a first impression of how systematically the combinations of compositions of

the bed and supply (i.e., systems) affected erosion, we compared total net erosion results
(represented by dimensionless erosion, Ed) at three angles of inclinations at which we
performed all experiments: 22°, 23.5°, and 25°. We chose these angles because they
provide a range of behaviors for our systems from depositional to erosional. We expected
this to either give us a clear impression of how davg,S and davg,B collectively affected
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erosion and deposition dynamics, or to show that there was a more complex relationship.
Overall, we found that partial or total deposition occurred for all systems at ϕ=22°,
erosion occurred for all systems at ϕ=25°, and then the erosional or depositional behavior
varied at 23.5°, the average of the two more extreme angles, across the systems.
We present the results from this initial evaluation in a bar graph in Figure 3.2 such
that the three angles are represented by three differently colored bars for each system:
ϕ=22° is red; ϕ=23.5° is green; and ϕ=25° is blue. We organized the results specifically,
in order of increasing 𝐸𝑑 from left to right according to results from the ϕ=23.5°
experiments. We distinguish the results for runs where total deposition occurred (i.e.,
𝑚𝑜𝑢𝑡 = 0) with bars composed of red diagonal lines. We delineate the results of runs
where 𝑚𝑒 equals an amount equal to or greater than the mass of the supply occurred (i.e.,
𝐸𝑆 ≥ 1) with bars composed of blue diagonal lines.

Figure 3.2: Plot showing dimensionless erosion at three angles
Plots showing dimensionless erosion for each system at 22° (red), 23.5° (green), and 25° (blue).
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By plotting the erosion results this way, we can readily see that the order of
systems from most erosional to least erosional is not the same for each angle. When
comparing the results from ϕ=22° (red) with those from ϕ=23.5° (green), this is most
apparent when considering the third and fourth bars. When the experiments were
performed for flume inclination angle ϕ=23.5°, the 2/5 mm mix erodes less of the 2 mm
bed than does the 5 mm supply of either the 5 mm bed or the 2/5 mm mix bed. However,
when the experiments were performed for flume inclination angle ϕ=22°, the 2/5 mm mix
erodes more of the 2 mm bed (i.e., deposits less on this bed) than does the 5 mm supply
from either the 5 mm bed or the 2/5 mm mix bed. When comparing the results from
ϕ=23.5° with those from the ϕ=25° experiments, there are several differences: the highest
erosion occurs for the all 5 mm system for ϕ=25° whereas it occurs for the 5 mm on 2
mm system for ϕ=23.5°; for ϕ=25°, erosion increases (versus decreasing for ϕ=23.5°)
from 5 mm on 2/5 mm mix to 2/5 mm mix on 2 mm to All 2 mm; and, for ϕ=25° there is
higher erosion for the 2/5 mm mix on 5 mm system at than for the All 2/5 mm mix
system whereas this is reversed for ϕ=23.5°.
As explained in the previous section, there is some natural variability from one
experiment to the next, indicated in Figure 2.7. The standard deviation of the mean from
the data plotted in Figure 2.7 is approximately 140 g (the standard deviation of the
dimensionless erosion values is approx. 0.012), which indicates the differences between
some of the results shown in Figure 3.2 are not statistically significant (e.g., the
difference between values of 𝐸𝑑 at 25° for the 5 mm on 2 mm system compared to the all
2 mm system).
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To provide more detail for understanding these idiosyncrasies, in the next section
we consider results in such a way as to study the effects of each bed composition (Section
3.4) and supply composition (Section 3.5) on total net erosion.
3.4

Effects of Bed and Supply Composition

Effects of Bed Composition. In this section, we report the results in such a way as to
emphasize how the composition of the erodible bed, 𝑑𝑎𝑣𝑔,𝐵 , affects erosion when we
keep all other conditions the same. Towards this, we revisit the plots in Figure 3.1,
focusing on the variability of the results within each row. Each of the three rows contains
three plots depicting erosion results for a given constant supply composition. This allows
us to compare total net erosion results from experiments where only the bed compositions
varied from one experiment to the next.
Generally, as davg,B increases, total net erosion (dimensionless) tends to decrease
for a given value of ɸ. However, the details varied significantly from one set of
experiments to the next as davg,S increases. When davg,S = 5 mm, the values of Ed for each
bed composition at a given flume inclination angle are very similar (see ɸ = 22°, 22.5°,
and 23.5°). We also observe that the only conditions in which erosion is not highest for
davg,B = 2 mm (for a given supply composition) are when davg,S = 5 mm and ɸ>23.5°;
under these conditions, erosion is highest for a bed composed of all 5 mm particles (i.e.,
davg,B = 5 mm).
Effects of Supply Composition. Next, we compare the effects of the three different
supply compositions on total net erosion. To accomplish this, we consider the plots in
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Figure 3.1, now paying close attention to each column. Each of the three columns
contains three plots depicting erosion results for a given constant bed composition such
that each plot represents each of the possible supply compositions. This allows us to
compare erosion results across the varied supply compositions for a given bed
composition.
Generally, as davg,S increases, erosion (dimensionless) tends to increase. However,
the details varied significantly from one set of experiments to the next as davg,B increases.
We observe that generally, the lowest flume inclination angle at which total deposition
occurs (i.e. no beads exited the flume) decreases with increasing davg,S. The most
significant differences in erosion values at given flume inclination angles occur when
davg,B = 5 mm, between davg,S = 2 mm and davg,S = 5 mm; specifically, the difference was
more than 0.2 (dimensionless) for each value of ɸ greater than 22.5° (i.e., where total
deposition did not occur for one of the points). In contrast, similar erosion values (max
difference is approximately 0.015) exist between the three supply compositions for davg,B
= 2 mm when ɸ=25°.
We will examine the effects of bed composition and supply composition further in
Chapter 4, analyzing results and considering neutral angles and the role of the individual
bead sizes on erosional behavior.
3.5

Mass Out for Each Particle Size during Experiments
In this section, we present erosion results from our experiment broken down by

the mass of each particle size that exited the flume, 𝑚𝑜𝑢𝑡,2 and 𝑚𝑜𝑢𝑡,5, where the total
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mass out, 𝑚𝑜𝑢𝑡 = 𝑚𝑜𝑢𝑡,2 +𝑚𝑜𝑢𝑡,5 . Figure 3.3 below presents these results for each
experiment where 𝑚𝑜𝑢𝑡,2 is represented by red squares and 𝑚𝑜𝑢𝑡,5 is symbolized by blue
diamonds. It is important to note that while these values may reflect erosion results, they
are not themselves erosion values but rather the mass of particles (of specific size) that
exited the flume during an experiment; erosion (mass eroded) is calculated as the total
mass out minus the mass of the supply: 𝑚𝑒 = 𝑚𝑜𝑢𝑡 − 𝑚𝑠 . Another note is that there are
two experiments where only one bead size was used: the All 2 mm system and the All 5
mm system and this is reflected in the plots of Figure 3.3 by constant values of zero for
𝑚𝑜𝑢𝑡,5 and 𝑚𝑜𝑢𝑡,2 , respectively.

Figure 3.3: Mass out of each bead size for each experiment
Plots showing dimensionless mass out of the flume (mout,i / mbed ) vs inclination angle (ϕ) for each system,
where i in mout,i refers to the bead size. i.e., i = 2 mm or 5 mm. i = 2 mm are marked with (□), and i = 5
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mm are marked with (♦). The average particle size in the initial debris flow (i.e., Supply) increases from
top to bottom as indicated: 2 mm for the top row to 3.5 mm (2/5 mm Mix) for the middle row to 5 mm for
the bottom row. The average particle size in the bed increases from left to right as indicated: 2 mm for the
left column to 3.5 mm (2/5 mm Mix) for the middle column to 5 mm for the right column. The dashed
horizontal lines represent the value of ms/mbed for each system (plot). The dotted horizontal lines for the
middle row represent the value of 0.5* ms/mbed since the supply mass for these systems is comprised of half
of each bead size.

In general, the mass of both bead sizes exiting the flume increases with increasing
flume inclination angle. However, there are more inconsistencies than similarities from
one run to the next. For example, while some of the results appear relatively linear (2
mm on 5 mm; Mix on 5 mm; 5 mm on Mix), others appear very much not so (All Mix;
Mix on 2 mm; 5 mm on 2 mm). We note a few other similarities and differences here
and discuss the results in more detail in Chapter 4.
We observe that there is variability as to whether more of the larger 5 mm beads
or more of the smaller 2 mm beads exit the flume. More 5 mm beads than 2 mm beads
exit the flume whenever the erodible bed is composed of all 5 mm beads (𝑑𝑎𝑣𝑔,𝐵 = 5).
More 2 mm beads than 5 mm beads exit the flume only for systems where neither the bed
or supply are composed of all 5 mm beads, specifically the All 2 mm, Mix on 2 mm, and
2 mm on Mix systems. It appears that more 2 mm beads than 5 mm beads exit the flume
at high angles, ϕ ≥ 24.5°, for the 5 mm on 2 mm system, but when we consider 𝑚𝑜𝑢𝑡,5 at
these higher angles, we realized it is because the mass of the supply is a limiting factor.
The only 5 mm particles in the system come from the supply and nearly the entire supply
exits the flume (2677 g at 25˚ and 2743 at 26˚ out of 2744 g total supply) during these
high angle 5 mm on 2 mm experiments while 𝑚𝑜𝑢𝑡,2 continues to increase with
increasing flume angle, ϕ.
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In general, when a bead size is present in both the supply and bed, more of that
bead size will exit the flume. And finally, when the mixture is present in both the supply
and bed, more of the larger bead size exits the flume at every angle except ɸ=22° where
total deposition occurs; this may indicate that the larger particle size plays a more
significant role in erosional behavior dynamics.
We also included a dashed line on every plot to represent the value at which the
mass of the supply has exited the flume. The dotted line on the three plots in the middle
row represents half of the dashed line value since each of these plots represents a system
where the supply mass is comprised of half of each bead size. Notably, the 5 mm beads in
the supply all eventually exit the flume for the 2/5 mm Mix on 2 mm and 5 mm on 2 mm
systems (i.e., the curve created by the blue diamonds reaches the dotted line and dashed
lines, respectively). However, this is not true for the 2 mm beads in the 2/5 Mix on 5 mm
or 2 mm on 5 mm systems. Finally, for the All 2/5 mm Mix system, 𝑚𝑜𝑢𝑡,5 reaches the
dotted line before 𝑚𝑜𝑢𝑡,2 even though there are equal amounts of each particle size in
both the supply and erodible bed.
In Chapter 4, we explore the results presented in this Chapter by analyzing the
experimental data, developing a theory to predict erosion based on a neutral angle, and by
considering the results in new and interesting ways. We also discuss our findings in
depth, considering the complexity of erosion dynamics offered by the presence of two
particle sizes in both the supply and erodible bed.
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Chapter 4 : Discussion and Analysis
4.1

Experimental Results-Linear Relationship
In Chapter 3, we presented our experimental data, including all varied parameters

and erosion results. We observed patterns between the variables flume inclination angle
(𝜙), supply composition (davg,S), and bed composition (davg,B), in relation with total net
(dimensionless) erosion, 𝐸𝑑 . A significant finding based on the plots of experimental
results in Figure 3.1 was that there appeared to be a generally linear relationship between
𝐸𝑑 and 𝜙 for a given system; we will now analyze this relationship further through the
linear least squares fit lines depicted on each of the plots in Figure 3.1.
The linear least squares fit line seen on each plot in Figure 3.1 is given by:
𝐸𝑑 = 𝑎𝜙 + 𝑏

(4-1)

where 𝑎 is the slope and 𝑏 is the y-intercept of the linear line. We note that we did not
include points of total deposition (red squares) when fitting the linear trend line because
these points represent extreme end behavior, which we don’t expect to follow the same
trend. We present the fit parameters for each system in Table 4.1 below. The slope
represents the change in dimensionless erosion per change in flume inclination angle and
the y-intercept represents the value of dimensionless erosion when 𝜙 = 0 for the linear
trend line. The linear relationship between increase in inclination (i.e., slope) angle and
erosion further highlights the significance of the slope of the debris flow path in
determining erosion and deposition patterns [Conway et al. 2010]. We also list the neutral
angle, 𝜙𝑁 , for each system, which will be discussed further in Section 4.2.
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Table 4.1: Least Squares Linear Fit Lines for Each System
A list of the slope, y-intercept, neutral angle, and R2 values for the least squares linear fit for each system.
Data for uniform systems (i.e., davg,S=davg,B) are highlighted yellow.

Supply
Composition,
davg,S
2 mm
2 mm
2 mm
3.5 mm
3.5 mm
3.5 mm
5 mm
5 mm
5 mm

Bed
Composition,
davg,B
2 mm
3.5 mm
5 mm
2 mm
3.5 mm
5 mm
2 mm
3.5 mm
5 mm

a= slope [ ° ]

b=
y-intercept

0.1472
0.1168
0.1644
0.1086
0.1144
0.1157
0.1167
0.1328
0.1637

-3.4138
-2.7629
-4.001
-2.4644
-2.6818
-2.7394
-2.6183
-3.038
-3.7025

1

Best fit
line R2
0.9909
0.743
0.9922
0.9805
0.9683
0.913
0.9707
0.9689
0.9871

𝝓𝑵 [°]
23.2
23.7
24.4
22.7
23.4
23.6
22.4
22.8
22.6

The R-squared value is a statistical measure of how much better a straight line is
in fitting the data than a single point. Generally, the closer to one (1) the R-squared value
is, the better the linear fit. The R-squared values in Table 4.1 are all very close to one (1),
and so we consider these reasonable quantitative representations of our data at moderate
angles. This leads us to conclude that there is a generally linear relationship between
flume inclination angle (i.e., slope of the debris flow path) and total net erosion.
Admittedly, there is some natural variability from one experiment to the next, as
denoted in the Figure 2.7 where blue diamonds represent runs performed under the exact
same conditions with all of the same parameters. There, the highest value for erosion is
2093 g and the lowest is 1700 g, which is approximately 18.8% smaller. The standard
deviation of the mean from Figure 2.7 results is approximately 142.6 g (the standard
deviation of the dimensionless erosion values is approx. 0.0124).
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The highest slope, 0.1644, is for the 2 mm on 5 mm system, which is followed
closely by the All 5 mm system at 0.1637. These are the systems for which the change in
ϕ causes the largest change in erosion. In contrast, the 2/5 mm mix on 2 mm system has
the lowest slope, 0.1086, which is approximately 34% less than the highest slope for the 2
mm on 5 mm system. The next lowest slope, 0.1144, is for the All 2/5 Mix system, which
is approximately 30.4% less than the slope for the 2 mm on 5 mm system and 30.1% less
than the slope for the All 5 mm uniform system.
Next, in Section 4.2, we will revisit the linear relationship between erosion and
flume inclination angle when we present our neutral angle theory. Specifically, we
calculate a “neutral angle”, 𝜙𝑛 , the angle for which linear least squares fit lines predict
𝐸𝑑 = 0: 𝜙𝑛 = −𝑏/𝑎.
4.2

The Neutral Angle
The neutral angle, ϕN, for a given system is defined as the flume inclination angle

at which erosion is equal to zero (i.e., 𝑚𝑜𝑢𝑡 − 𝑚𝑠 = 0). The neutral angle is similar to the
equilibrium angle discussed in Egashira et al. [2001] and Papa et al. [2004], which is
described as the angle at which an erodible bed slope will adjust to when debris flows
pass over the erodible bed. We theorized that given the system of beads of an experiment,
dimensionless erosion could be predicted based on the tendency of the surface of the
erodible bed to settle at a neutral angle after passage of the initial debris flow over the
initial erodible bed. The neutral angle is therefore an intrinsic property based on the bead
system present in the flume, which we can empirically derive based on the results
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presented in Section 3.2. Once we have calculated the neutral angle for each system,
dimensionless erosion can be predicted for any flume inclination angle within the
erosion-sensitive range, assuming that the erodible bed has initially been filled to the
same height as the rigid bed (refer to methods in Chapter 2).
4.2.1

Neutral Angle Calculations

We determined the neutral angle for a given system by first plotting the erosion
results versus φ for that system. Then, we found the linear least squares fit line (trend
line) for each data set, as in Section 4.1 above. Finally, we calculated the neutral angle
for each system, which was the x-intercept of the linear least squares fit line for that
system. For the sake of consistency and avoiding possible extreme end behavior, only
those data points closest to the x-axis were used to determine the neutral angle.
Specifically, the line was fitted to four points, the two with the least deposition and the
two with the least erosion (i.e., the four points closest to the x-axis with two points below
it and two points above it), and never included a point where total deposition occurred.
There were some systems where not enough depositional points were available and so an
extra erosional data point was used instead. If, for a given bead system, there was an
angle with two different data points (i.e. the same experiment was performed more than
once), both points were used. Table 4.2 below presents the equation for the trend line and
the resulting calculated neutral angle for each system.

55

Table 4.2: Data Used To Determine Neutral Angles
The equation for the linear least squares fit line for each system used to calculate the neutral angle is given
as well as the resulting neutral angle.

System

Fitted Linear Line to Data
(to calculate neutral angle)
[φ in radians]

Neutral
Angle, φN
[radians]

Neutral Angle,
φN [˚]

All 5 mm

Ed = 8.2156φ - 3.2434

0.3944

22.6

All 2 mm

Ed = 9.8862φ - 3.9965

0.4049

23.2

All 2/5 mm mix

Ed = 7.1475φ - 2.9226

0.4084

23.4

5 mm on 2 mm

Ed = 9.0791φ - 3.5466

0.3910

22.4

5 mm on 2/5 mm mix

Ed = 8.3845φ - 3.3383

0.3979

22.8

2/5 mm mix on 5 mm

Ed = 6.8707φ - 2.83

0.4119

23.6

2/5 mm mix on 2 mm

Ed = 6.2245φ - 2.4643

0.3962

22.7

2 mm on 5 mm

Ed = 9.7884φ - 4.1594

0.4259

24.4

Ed = 6.69φ - 2.763

0.4136

23.7

2 mm on 2/5 mm mix
4.2.2

Neutral Angle Discussion

First, we explore the implications of the definition of the neutral angle.
Specifically, we realize that the neutral angle definition is key (as the x-intercept) to the
linear equation that defines erosion results. Thus, we can use the neutral angle to define
the erosion potential for a given system relative to other neutral angles and the systems
that they represent. Specifically, when we consider the nine systems that we utilized in
our experiments, the lowest neutral angle (22.4˚) corresponds to the 5 mm on 2 mm
system where as the highest (24.4˚) corresponds to the 2 mm on 5 mm system. This
means that for a given flume inclination angle within the erosion-sensitive range, we can
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expect more total net erosion from the 5 mm on 2 mm system than from the 2 mm on 5
mm system because the lower neutral angle indicates that erosional behavior begins at
lower angles. Then, as we mentioned in Section 4.1, the linear slopes are fairly similar
(within the range of natural variability) and so we can expect the increase in erosion per
increase in flume inclination angle is similar across the systems. That is, the erosion
potential is based on the difference between the flume inclination angle and the neutral
angle, 𝜙 − 𝜙𝑁 . Therefore, the neutral angle ultimately defines the relative erosion
potential for a given system both amongst different systems and amongst flume
inclination angles for a given system. In the next section, we present our Neutral Angle
Theory where we will use neutral angles to actually predict erosion values.
Secondly, we note the parallels between neutral angles and the angles of sliding
friction presented in Chapter 2. Both angles, which are given in Table 4.3, are associated
with the stability of the erodible bed. The angle of sliding friction describes when
stability of the static bed is lost based on gravity alone (independent of flow dynamics).
The neutral angle identifies the point at which the erodible bed will be eroded given both
the composition of the bed and of the supply, apparently due to effects during a particular
debris flow experiment. Both angles describe the potential for erosion of the erodible bed.
However, an important difference between these two angles is that the angle of sliding
friction is dependent solely on the bed composition whereas the neutral angle is also
affected by the supply composition because it is dependent on the entire system. In Table
4.3, we give the angle of sliding friction for each bed composition and the corresponding
neutral angle for each system associated with the given bed composition.
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Table 4.3: Angles of Sliding Friction vs Neutral Angles

Bed
Composition
davg,B

Angle of
Sliding
Friction [˚]

2 mm

27.2

3.5 mm

26

5 mm

25.4

Supply
Composition
davg,S

𝛟𝐍 [˚]

2 mm
3.5 mm
5 mm
2 mm
3.5 mm
5 mm
2 mm
3.5 mm
5 mm

23.2
22.7
22.4
23.7
23.4
22.8
24.4
23.6
22.6

From Table 4.3, we find an interesting similarity between the angles of sliding friction
and the neutral angles. Specifically, the descending order for the angles of sliding friction
based on the bed composition is the same as the descending order for the neutral angles
based on the supply composition for a given bed composition. In other words, as 𝑑𝑎𝑣𝑔,𝐵
increases, the angle of sliding friction decreases. Then, if we consider 𝑑𝑎𝑣𝑔,𝐵 =2 mm (or
3.5 mm, or 5 mm), as 𝑑𝑎𝑣𝑔,𝑆 increases, the neutral angle decreases. We further examined
the relationship between the angles of sliding friction, which are only dependent on bed
composition, and the neutral angles, which are dependent on both bed and supply
compositions, in Figure 4.1. Both angles are represented in this plot, shown dependent on
each other by their common value for 𝑑𝑎𝑣𝑔,𝐵 . We depicted the different supply
compositions through the use of different symbols and different bed compositions
through different colors.
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Figure 4.1: Angle of Sliding Friction vs. Neutral Angle
Plotted by davg,S where davg,S = 2 mm, 3.5 mm, and 5 mm is symbolized by diamonds, squares, and circles,
respectively. Also plotted by davg,B where davg,B = 2 mm, 3.5 mm, and 5 mm is symbolized by blue, red, and
green, respectively.

The plot in Figure 4.1 shows that for a given supply composition (i.e., a specific
symbol on the plot) as the angle of sliding friction increases, the neutral angle decreases,
except for the case of the All 5 mm system (green circle). This translates to a correlation
between (1) increasing bed stability as represented by the angle of sliding friction (which
is the highest angle the flume reached before the erodible bed collapsed under gravity
alone) and (2) higher erosion potential as represented by the neutral angle (the angle at
which erosional behavior begins during a debris flow event), which is somewhat
counterintuitive. We had expected the opposite to be true, that the increased angle of
sliding friction for the bed meant that the bed would be more resistant to erosion. This
observation seems to suggest that the composition of the erodible bed (and its inherent
properties such as the angle of sliding friction) is not the primary mechanism for
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prediction of erosional behavior. This unexpected finding leads us to conclude that the
angle of sliding friction is not a significant angle for predicting erosion because unlike the
neutral angle, it fails to take into account the entire system comprised of both the erodible
bed and the initial debris flow (supply) involved in a debris flow event.
The definition and discussion we present of the neutral angle in this subsection
has an important implication: neutral angles define erosion potential both amongst
different systems and flume inclination angles. This characteristic is significant in
potentially predicting debris flow growth and therefore hazard potential to things in a
debris flow path. Therefore, we more closely analyze the neutral angles and their
relationship to supply and bed compositions in Figure 4.2. First, we plotted φN versus
𝑑𝑎𝑣𝑔,𝑆

davg,B (plot a) and then we plotted φN versus 𝑑

𝑎𝑣𝑔,𝐵

(plot b).
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(a)

(b)

Figure 4.2: Neutral Angle Plots
(a) Neutral angles are shown for each system on a plot of d avg,B versus φN where davg,S is represented by
blue diamonds for davg,S=2 mm, red squares for davg,S=3.5 mm, and green triangles for davg,S=5 mm. and (b)
Neutral angles are shown for each system on a plot of d avg,S/davg,B (dimensionless) versus φN where davg,B is
represented by blue diamonds when equal to 2 mm, red squares when equal to 3.5 mm, and green triangles
when equal to 5 mm.

From Table 4.3, we found that as davg,S increases, φN decreases; this is visually
apparent in Figure 4.2(a). We conclude that the composition of the supply affects the
neutral angle and therefore, also erosion potential; as davg,S increases, erosion potential
increases. The opposite is generally true regarding the bed composition: as davg,B
increases, φN increases. However, there is one exception for davg,S=5 mm where φN
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decreases from davg,B=3.5 mm to davg,B= 5 mm; this is visually depicted by the green
triangles in Figure 4.2(a).

When we turn to Figure 4.2(b), we observe that uniform systems (i.e.,

𝑑𝑎𝑣𝑔,𝑆
𝑑𝑎𝑣𝑔,𝐵

=1)

may exhibit unique erosional behavior. Specifically, if we were to remove the uniform
system data from the plot, the remaining data would exhibit decreasing power law (of the
form 𝜙𝑁 = 𝐴 (

𝑑𝑎𝑣𝑔,𝑆
𝑑𝑎𝑣𝑔,𝐵

−𝑏

)

) or logarithmic (of the form 𝜙𝑁 = −𝐶 ln (

𝑑𝑎𝑣𝑔,𝑆
𝑑𝑎𝑣𝑔,𝐵

) + 𝑑) behavior.

When we consider extreme behavior for these types of functions, we find that as

𝑑𝑎𝑣𝑔,𝑆
𝑑𝑎𝑣𝑔,𝐵

increases, 𝜙𝑁 decreases at a slower and slower rate (i.e., the slope decreases). However,
as

𝑑𝑎𝑣𝑔,𝑆
𝑑𝑎𝑣𝑔,𝐵

decreases, 𝜙𝑁 increases at a faster rate (i.e., the slope increases). This trend,

which is strictly based on differences in the particle sizes between the bed and the supply,
suggests that perhaps the particle sizes in each the bed and supply may play a similar role
in determining erosional behavior. When the average particle size in the supply is
extremely large compared to that of the bed, the neutral angle approaches zero indicating
extreme erosion potential whereas the opposite is true for an extremely large average bed
particle size. This may even suggest that the bed composition lends more to depositional
behavior, resistant to erosion whereas the supply composition controls erosional
behavior.
In Figure 4.2, plot (b), we observe a linear trend for each data set (represented by
each value of davg,B). Overall, as the ratio of davg,S to davg,B increases, φN decreases.
𝑑𝑎𝑣𝑔,𝑆

Specifically, Figure 4.2(b) indicates that low values of φN typically occur when 𝑑

𝑎𝑣𝑔,𝐵

>1.
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This includes the following systems: 50/50 Mix on 2 mm, 5 mm on 2 mm, and 5 mm on
50/50 Mix, all of which have a neutral angle less than 23˚. The All 5 mm system also has
a neutral angle less than 23˚. This is consistent with Figure 3.2 which shows that
generally, for each given flume inclination angle, erosion (i.e., Ed) was always highest for
the three systems with a supply composed of all 5 mm particles followed by the 50/50
Mix on 2 mm system. Therefore, as the supply becomes composed of larger particles
compared to those of the erodible bed, the neutral angle decreases and the mass eroded
increases (in other words, erosion potential increases).
When we consider the slopes of the linear trend lines on Figure 4.2(b), all slopes
are negative and the slope is steepest (i.e., the most negative) for davg,B=5 mm and lowest
for davg,B=2 mm. As the average particle size in the erodible bed decreases, there is less
change in erosion potential (i.e., φN) with incremental change in davg,S/davg,B. Therefore,
more erosion is expected as the size of the particles in davg,S/davg,B changes for erodible
beds composed of larger particles than for those composed of smaller particles. We
stipulate that this is perhaps related to the inherent stability of the particles of the erodible
bed, defined by the angle of sliding friction discussed in Chapter 2. While the angle of
sliding friction describes the stability of an erodible bed under gravity alone, it likely
reflects the erosion potential of the erodible bed in terms of how much stress is required
to cause movement within the erodible bed (i.e., erosion).
Overall, our analysis and discussion of the neutral angle data presented in Figure
4.2 lends to the overarching conclusion that within a debris flow event, the dynamics of
erosional behavior are affected by both the composition of the initial debris flow and the
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erodible bed. The relationship between the grain size distribution in each the bed and
supply must be taken into account when predicting total net erosion resulting from a
debris flow.
4.3

The Neutral Angle Theory
4.3.1

Developing the Neutral Angle Theory

We developed the neutral angle theory based on geometry, specifically looking at
the side view of the flume after an experimental run. We theorized that dimensionless
erosion is equal to the ratio of the eroded Area, AEroded, to the area of the initial erodible
bed, Abed. The area eroded, AEroded is shown as green in the side view depicted in Figure
4.3. The area of the initial erodible bed, Abed, is equal to 860.3 cm2. The reason we
consider a ratio of areas instead of volumes is simply that in the volumes ratio, the flume
width terms cancel each other out.

Figure 4.3: Neutral Angle Theory Diagram
The diagram shows the neutral angle, ϕN, the flume inclination angle, ϕ, and the predicted area (side view)
of erosion, shaded green.
64

Using the neutral angle, the flume inclination angle, and trigonometry, 𝐴𝐸𝑟𝑜𝑑𝑒𝑑
can be calculated.
1

𝐴𝐸𝑟𝑜𝑑𝑒𝑑 = 2 ∗ 𝐿𝑏 ∗ 𝐿𝑏 ∗ 𝑡𝑎𝑛(𝜙 − 𝜙𝑁 )

(4-2)

Then, since 𝐴𝑏𝑒𝑑 is a constant as previously mentioned, dimensionless erosion for a given
system is equal to:
𝐸𝑑 =

𝐿𝑏 ∗𝐿𝑏 ∗𝑡𝑎𝑛(𝜙−𝜙𝑁 )
2𝐿𝑏 ∗ℎ𝑏

(4-3)

where 𝐿𝑏 is the length of the erodible bed and equal to 122.9 cm and ℎ𝑏 is equal to the
height of the initial erodible bed and equal to7 cm. This then simplifies to:
𝐸𝑑 =

𝐿𝑏 ∗𝑡𝑎𝑛(𝜙−𝜙𝑁 )
2ℎ𝑏

(4-4)

Therefore, for a given experiment, the only information needed to calculate
dimensionless erosion is the neutral angle for the system being utilized and the flume
inclination angle of the experiment. Erosion (mass) can be calculated so long as the mass
of the initial erodible bed is known, whereby you simply multiply dimensionless erosion
by the mass of the initial erodible bed.
We also applied the small-angle approximation to the function, tan(𝜙 − 𝜙𝑁 ),
since 𝜙 − 𝜙𝑁 is typically equal to a value of less than 5˚ or 0.09 radians. The small-angle
approximation states that for small angles, and where the angle is in radians, tan(𝜙 −
𝜙𝑁 ) ≈ 𝜙 − 𝜙𝑁 . Then, after simplifying, we get equation 4-4:
𝐿

𝐿

𝐸𝑑 = 2ℎ𝑏 𝜙 − 2ℎ𝑏 𝜙𝑁
𝑏

𝑏

(4-5)
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The slope,

𝑑𝐸𝑑

, is equal to
𝑑𝜙

0.5∗𝐿𝑏
ℎ𝑏

, which is a constant dependent only on the dimensions of

the erodible bed and is in this case equal to 8.7786. Surprisingly, based on the small angle
approximation, the combination of bead compositions does not affect the rate at which
erosion changes based on change in flume inclination angle (i.e., the slope). Instead, the
system only affects the y-intercept, −

0.5∗𝐿𝑏
ℎ𝑏

𝜙𝑁 , which is dependent on the dimensions of

the erodible bed as well as the neutral angle.
Egashira et al. [2001] calculated theoretical erosion rates, E, using an equation
based on the influent and effluent sediment discharge volume rates within the volume of
the flume over the time in which there was flow over the erodible bed (mass-conservation
∆𝑧

law of eroded material): 𝐸∆𝑥 = 𝐸𝑣∆𝑡 = 𝑐∗ 𝑣∆𝑧, which becomes 𝐸 = 𝑣𝑐∗ ∆𝑥 where ∆𝑥 is
the distance increment, 𝑣 is the average velocity of the debris flow, ∆𝑡 is the time
increment, 𝑐∗ is the bed sediment volume concentration (non-moving layer), and ∆𝑧 is the
erosion depth during ∆𝑡. They also presented a concept of equilibrium bed slope, akin to
our neutral angle, assuming that bed slope always adjusts to its equilibrium during
passage of a debris flow over the bed. The equation they presented for calculating E
based on the difference between equilibrium bed slope, 𝜃𝑒 , and experiment slope, 𝜃
∆𝑧

(equivalent to our ϕ) is 𝐸 = 𝑣𝑐∗ tan(𝜃 − 𝜃𝑒 ). This equation substitutes ∆𝑥 = tan(𝜃 − 𝜃𝑒 )
into the aforementioned mass-conservation law of eroded material equation and is very
similar to our equation 4-4. One important difference is that Egashira et al. specifically
define erosion rate, which depends on movement of mass over time within a specific
volume whereas we consider total net erosion (mass) resulting from the entire debris flow
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event. That is, they consider that the input of material is defined by the velocity of the
flow coupled with the concentration of particles (sediment) within the flow and that the
output of material is the resulting erosion rate, dictated by the difference between the
equilibrium angle (neutral angle) and slope angle (flume inclination angle). Both
equations use the term, 𝑡𝑎𝑛(𝜙 − 𝜙𝑁 ), equivalent to the local change in erosion depth per
change in distance downstream for Egashira et al. [2001] and equivalent to the maximum
eroded depth within the bed after passage of a debris flow over a known distance, LB, for
our experiments.
There is, however, one very important difference between Egashira et al.’s [2001]
equilibrium slope and our neutral angle. Our neutral angle, 𝜙𝑁 , is derived empirically
from multiple experiments and is dependent on both the supply and bed compositions
whereas 𝜃𝑒 is theoretically calculated based on only debris flow (i.e., supply) properties.
Specifically, 𝜃𝑒 is derived from the mass density of debris flow sediment particles, σ, and
of water (in the debris flow), ρ, the sediment concentration of the debris flow by volume,
c, and the internal friction angle of the debris flow sediment, ω:
(𝜎−𝜌)𝑐

𝜃𝑒 = tan−1 ((𝜎−𝜌)𝑐+𝜌 tan 𝜔)

(4-6)

Therefore, 𝜃𝑒 does not take into account the spatial properties (such as average particle
diameter) of the particle comprising either the debris flow or the erodible bed and instead
relies only on density of individual particles. When we take into account that we did not
use water in our experiments, ρ=0, and assuming that 𝜃𝑒 = 𝜙𝑁 in equation 4-6, the result
for our experiments would be that the neutral angle is equal to the internal friction angle,
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ω. We note that ω represents a measure of the ability of the sediment to withstand a shear
stress and is somewhat similar to our angle of sliding friction, which instead measures the
ability of the entire erodible bed to withstand its own weight under gravity. It is clear
from the results we present in this section that the neutral angle and therefore,
equilibrium bed slope, depends on more than just a property of the supply. From Figures
4.1 and 4.2, we have shown that both the supply and bed compositions are definitive
factors in defining a neutral angle. Egashira et al. [2001] only varied the particle size of
the bed sediment amongst their experiments and concluded that the grain size of bed
sediment influences the erosion rate, but were only able to theoretically calculate erosion
rates for the case of the uniform system to compare to their experimental results. In the
next subsection, we will be make comparisons between our neutral angle theory results
and experimental results for all systems.
4.3.2

Neutral Angle Theory Predictions vs. Experimental Results

For each system, we used equation 4-4 to plot dimensionless erosion versus φ for the
range of angles for which there was experimental data, as depicted by the red line in the
plots of Figure 4.4 below. We calculated the linear least squares fit line for this
theoretical line and present it in Table 4.4, as well as the small-angle approximation
linear line calculated using equation 4-5. Figure 4.4 shows the experimental data and total
net erosion based on the Neutral Angle Theory, equation 4-4, for each system (middle
column of Table 4.4). Data where total deposition occurred was not included in the plots
as it is extreme end behavior and is a threshold that is not predicted by the neutral angle
theory.
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Table 4.4: Neutral Angle Theory Trend Lines
The equations for the least squares fit line to the theoretical data (equation 4-4) and the small-angle
approximation linear line for each system are given.

System

Fitted Linear Line to
Theory
(Neutral Angle Theory)
[φ in radians]

Small-Angle
Approximation
(Neutral Angle Theory)
[φ in radians]

All 5 mm

Ed = 8.7819φ - 3.464

Ed = 8.7786φ - 3.4627

All 2 mm

Ed = 8.7805φ - 3.5554

Ed = 8.7786φ - 3.5546

All 2/5 mm mix

Ed = 8.7801φ - 3.5858

Ed = 8.7786φ - 3.5852

5 mm on 2 mm

Ed = 8.7866φ - 3.4351

Ed = 8.7786φ - 3.4320

5 mm on 2/5 mm mix

Ed = 8.7816φ - 3.4945

Ed = 8.7786φ - 3.4933

2/5 mm mix on 5 mm

Ed = 8.78φ - 3.6165

Ed = 8.7786φ - 3.6159

2/5 mm mix on 2 mm

Ed = 8.7824φ - 3.4795

Ed = 8.7786φ - 3.4780

2 mm on 5 mm

Ed = 8.7798φ - 3.739

Ed = 8.7786φ - 3.7384

2 mm on 2/5 mm mix

Ed = 8.78φ - 3.6318

Ed = 8.7786φ - 3.6312
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Figure 4.4: Neutral Angle Theory Results Plots
Plots show experimental results (blue diamonds) and theoretical results (red line) based on the Neutral
Angle Theory (equation 4-4). The average particle size in the supply increases from top to bottom as
indicated: 2 mm for the top row to 3.5 mm (2/5 mm Mix) for the middle row to 5 mm for the bottom row.
The average particle size in the bed increases from left to right as indicated: 2 mm for the left column to 3.5
mm (2/5 mm Mix) for the middle column to 5 mm for the right column. The black horizontal line
emphasizes the position on each graph for which Ed=0, i.e., there is no net erosion or deposition.

Overall, theoretical results are in close agreement with experimental results.
Experiments with fewer data points may have more discrepancies due to reduced
accuracy caused by the smaller sample size. For the All 5 mm system, theoretical
dimensionless erosion values are very similar to experimental dimensionless erosion
values until approximately φ>24˚ where the experimental values tend to be higher than
the theoretical values. This pattern also occurs for the 2 mm on 5 mm system, but with
experimental values tending to be higher starting at φ=23.5˚. This suggests that for the
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All 5 mm and the 2 mm on 5 mm systems, as φ increases, particularly at depositional
angles, the mass of beads eroded decreases less per change in angle than at higher
erosion-yielding angles. These two systems have the composition of their bed, all 5 mm
beads, in common, and so we postulate that perhaps for this bed composition, there is a
threshold where the fragility of the bed structure is compromised (similar to the angle of
sliding friction discussed in Chapter 2) at an angle between φ=23.5˚and φ=24˚ that
causes the higher increase of erosion as flume inclination angle increases. Of course, this
trend was NOT observed for the other system for which the bed is composed of all 5 mm
beads, the 2/5 mm mix on 5 mm system. For the 2/5 mm mix on 5 mm system, we had a
much smaller sample set of only four data points (one depositional, three erosional),
potentially decreasing the accuracy of the neutral angle theory results.
For all other systems, the opposite trend is observed: beginning at a flume
inclination angle where erosion occurs, experimental erosion (dimensionless) values are
consistently less than theoretical erosion values. In fact, for these systems, there appears
to be a dual trend where when considering linear trend lines, the fit for the experimental
depositional (Ed < 0) and low erosion yielding angles has a higher slope than the fit for
the moderate to high erosion yielding angles. For example, consider the 5 mm on 2 mm
system; the interface for the dual trends is between φ=23.5˚ and φ=24.5˚. The slope for
the experimental data, which is matched closely by the theoretical trend line, is higher for
φ ≤ 23.5˚than for φ ≥ 24.5˚ where the experimental and theoretical data are in less
agreement (theoretical values are consistently higher than experimental values). In these
cases, we posit that deposited material is more stable than the eroded bed such that for
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lower angles, as φ decreases, the change in mass of deposited beads increases more than
at higher angles where there is no longer any deposited material.
The fit of the experimental data to the theoretical data, which is a straight line, can
be expressed using calculated R-squared values for each plot, given in Table 4.5. We
also compared slopes of the linear least squares line fitted to the data, SD, fitted to the
theoretical data, ST, and the slope determined by the small-angle approximation of the
neutral angle theory, 8.7786.
Table 4.5: Comparison of Slopes
Comparison of slopes between linear lines derived for the fitted data, the theoretical data, and the smallangle approximation slope as well as the R-squared value given based on the experimental and theoretical
values of dimensionless erosion (Figure 4.3).

System

SD

ST

SD-ST

SD - 8.7786
(Small-Angle
Approximation
Slope)

All 5 mm
All 2 mm
All 2/5 mm mix
5 mm on 2 mm
5 mm on 2/5 mm mix
2/5 mm mix on 5 mm
2/5 mm mix on 2 mm
2 mm on 5 mm
2 mm on 2/5 mm mix

8.2156
9.8862
7.1475
9.0791
8.3845
6.8707
6.2245
9.7884
6.6900

8.7819
8.7805
8.7801
8.7866
8.7816
8.7800
8.7824
8.7798
8.7800

-0.5663
1.1057
-1.6326
0.2925
-0.3971
-1.9093
-2.5579
1.0086
-2.0900

-0.5630
1.1076
-1.6311
0.3005
-0.3941
-1.9079
-2.5541
1.0098
-2.0886

R-squared
Value
0.9870
0.9908
0.9588
0.9707
0.9690
0.9767
0.9805
0.9922
0.7430

All R-squared values are very close to 1, except for the value for the 2 mm on 2/5
mm mix system, where only four data points were available. As previously mentioned,
the smaller sample size (number of data points) most likely resulted in a less accurate
calculation of the neutral angle used in calculating the theoretical erosion values. The
theoretical slope, ST, and small-angle approximation slope (which are very similar to
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each other) were less than the slope of the trend line fitted to the data, S D, for the
following systems: All 2 mm, 5 mm on 2 mm, and 2 mm on 5 mm. The greatest
difference (magnitude) between ST and SD occurred for the 2/5 mm mix on 2 mm system
and least difference for the 5 mm on 2 mm system.
In conclusion, our neutral angle theory results are accurate in predicting total net
erosion in our experiments. However, we recognize that large sample sets of data would
potentially further enhance the accuracy and also note that there will always be some
natural variability in total net erosion results, even when conditions are almost identical.
4.4

Discussion - Effects of Bed and Supply Composition
In Chapter 3, we briefly discussed the effects of each the bed and supply

compositions on total net erosion as was evident from Figure 3.1. In this section, we will
delve deeper into analyzing the significance of these effects by plotting experimental data
and results in different ways. We will also analyze how each system’s neutral angle is
affected by each the bed and supply compositions. Finally, we will break net erosion
results down by the mass of each particle size eroded to further examine the role each
particle size plays in erosional behavior.
4.4.1

Analysis of Effects of Bed Composition

First, we explore how the composition of the erodible bed, represented by 𝑑𝑎𝑣𝑔,𝐵 ,
affects erosion when we keep all other conditions the same. To do this, we created three
plots, one for each supply composition, plotting dimensionless erosion (𝐸𝑑 ) versus ϕ for
each of the three possible bed compositions for the given supply composition. Therefore,
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for each plot, we can immediately see the difference between erosion results across the
three bed compositions. Figure 4.5 below shows this data for a supply comprised of: (a)
all 2 mm beads, (b) the 2/5 mm mix, and (c) all 5 mm beads, i.e., davg,S = 2 mm, 3.5 mm,
and 5 mm, respectively. Open symbols indicate where total deposition occurred.

(a)

davg,S = 2 mm

(b)

davg,S = 3.5 mm

(c)

davg,S = 5 mm

Figure 4.5: Plots of Erosion Results for Constant Supply Composition
Supply composition is: (a) all 2 mm beads, (b) 2/5 mm mix, and (c) all 5 mm beads. An open symbol
indicates that total deposition occurred.
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Generally, as davg,B increases, erosion (dimensionless) tends to decrease.
However, the details varied significantly from one set of experiments to the next as davg,S
increases. In fact, we conclude that the effect of bed composition on total net erosion
increases as davg,S decreases; the bed composition becomes increasingly significant in
determining total net erosion holding everything else constant. This conclusion is evident
from the differences in the range of values of Ed for a given flume inclination angle, ϕ,
for each plot in Figure 4.5. The widest range is apparent for Figure 4.5(a) where davg,S =
2 mm and the smallest range for Figure 4.5(c) where davg,S = 5 mm when the plotted
points are almost on top of each other due to much more similar values. The similar
results shown across the three bed compositions in plot (c) of Figure 4.5 suggests that
when davg,S = 5 mm, the bed composition (i.e., the three we used in our experiments) has
little to no effect on total net erosion.
From plot (a) of Figure 4.2, we observed that as d avg,B increases, the neutral angle
also increases with the exception of the All 5 mm system. Therefore, as the average
particle size of the erodible bed increases, erosion potential actually decreases meaning
higher flume inclination angles are required before erosional behavior begins. This
appears consistent with our observations of Figure 4.5 in that total net erosion at a given
value of ϕ also decreases as davg,B increases. Our outlier defined by the neutral angle of
the All 5 mm system is also consistent with our finding that when davg,S = 5 mm, the bed
composition appears to have little to no effect on total net erosion.
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4.4.2

Discussion - Effects of Supply Composition

In this section, we plot the data organized by bed composition (davg,B) to compare
the effect of the particle sizes in the supply (Figure 4.6) as represented by davg,S. These
plots are similar to those in Figure 4.5, except that for each plot in Figure 4.6, the three
sets of data share the same bed composition, davg,B, such that we can see how the values
of Ed varies across the three different supply compositions. Figure 4.6 below shows this
data for a bed comprised of: (a) all 2 mm beads, (b) the 2/5 mm mix, and (c) all 5 mm
beads, i.e., davg,B = 2 mm, 3.5 mm, and 5 mm, respectively. Again, open symbols indicate
cases for which total deposition occurred.
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(a)

davg,B = 2 mm

(b)

davg,B = 3.5 mm

(c)

davg,B = 5 mm

Figure 4.6: Plots of Erosion Results for Constant Supply Composition
Erodible bed composition is: (a) all 2 mm beads, (b) 2/5 mm mix, and (c) all 5 mm beads. An open symbol
indicates that total deposition occurred.

Generally, as davg,S increases, erosion (dimensionless) tends to increase. However,
the details varied significantly from one set of experiments to the next as davg,B increases.
In fact, we conclude that the effect of supply composition on total net erosion increases as
davg,B increases. Again, we point to the differences in the range of values of Ed for a given
flume inclination angle, ϕ, for each plot in Figure 4.6 to justify this conclusion. The
widest range is apparent for davg,B = 5 mm and the smallest range for davg,B = 2 mm.
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From plot (a) of Figure 4.2, we observed that as davg,S increases, the neutral angle
decreases. Therefore, as the average particle size of the supply increases, erosion
potential also increases meaning erosional behavior initiates at lower flume inclination
angles. This appears consistent with our observations of Figure 4.6 in that total net
erosion at a given value of ϕ also increases as davg,S increases.
Additionally, from Figure 4.2 plot (a), we observe that the range of neutral angle
values across the three supply compositions increases as davg,B increases. This parallels
the wider range of erosion values at a given flume inclination angle across the three
supply compositions for davg,B=5 mm.
4.4.3

Considering the Two Particle Sizes

Overall, our findings discussed in this chapter thus far suggest that the
composition of the supply in combination with the composition of the erodible bed has a
significant impact on the total net erosion. We have shown that the average particle size
of each the bed and supply affects total net erosion in different ways, but we will next
explore the role of each particle size in the erosional behavior of our experiments.
The first observation we made of Figure 3.3 was that the mass of both bead sizes
exiting the flume increased with increasing flume inclination angle, which correlates to
the observation from Figure 3.1 that for a given system, total net erosion increases with
increasing flume inclination angle. Therefore, this behavior is consistent for all particle
sizes in our experiments.
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However, we found from Figure 3.3 that it is not simple to predict the amount of 2
mm versus 5 mm beads that exit the flume during each experiment, as the system
changed. Specifically, we noted from Figure 3.3 that more 5 mm beads than 2 mm beads
exit the flume whenever davg,B = 5 mm (for every flume inclination angle where beads
exit the flume). When compared to those systems where davg,B = 2 mm, we do not observe
the same trend except for the 5 mm on 2 mm system. It appears that erosion of the bed,
which does contain approximately four times the mass of the supply, is the primary
contributor to the beads exiting the flume in our experiments. The 5 mm on 2 mm system
has almost a one-to-one ratio for the mass of 2 mm and 5 mm beads that exit the flume
until the threshold is reached where the entire supply has already exited the flume, a
limiting factor to the available mass of 5 mm beads (as noted by the dashed line on the
plot). Additionally, we observed that more 2 mm beads than 5 mm beads exit the flume
only for systems where neither the bed or supply are composed of all 5 mm beads. From
this, we note that the larger particles likely play a significant role in determining total net
erosion both when present in the supply and the erodible bed. From Figure 3.3, we also
found that when a bead size is present in both the supply and bed, more of that bead size
will exit the flume and for the All 2/5 mm Mix system, more 5 mm beads than 2 mm
beads exit the flume for almost all flume inclination angles. In fact, 𝑚𝑜𝑢𝑡,5 reaches the
threshold of the mass of 5 mm (and 2 mm, since there are equal parts)) particles in the
supply as represented by the dotted line at approximately ϕ=22.5˚ where as 𝑚𝑜𝑢𝑡,2 does
not reach the dotted line until approximately ϕ=24.5˚. The total mass of 5 mm beads in
the supply also eventually exits the flume for the 2/5 mm Mix on 2 mm system as seen by
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the curve of the blue diamonds approaching the dotted line. It is understandable that the
general availability of a particle within a debris flow and the erodible bed would affect
the amount of that particle present in the settled debris flow (i.e., once the debris flow has
ceased movement). However, the case of the All 2/5 mm Mix system is interesting
because the availability of both particle sizes is identical in both the supply and the bed so
why is it that more 5 mm, often about twice as much, than 2 mm particles exited the
flume? Once again, we are led to believe that the larger particle is the more significant
particle in controlling erosional behavior dynamics. Finally, we observe that for the 2/5
mm Mix on 5 mm system, almost no 2 mm particles exited the flume at any angle and for
the 2 mm on 5 mm system, the entire supply mass does not exit the flume for any of the
flume inclination angles within the range of angles we used in our experiments (i.e., the
red squares never reach the dashed line). These patterns support the idea that dynamics
between smaller particles flowing over a bed of larger particles encourages less erosional
behavior and perhaps even supports depositional behavior. We will revisit all of these
discussion points from Figure 3.3 in Section 4.4.2 below where we will use physics and
segregation behaviors to explain our observations.
We expand upon Section 3.5 (and Figure 3.3) by analyzing the relative erosion of
specific-sized particles. Specifically, we examine how davg,B and davg,S affect the mass of
each particle size exiting the flume during an experiment. In Figure 4.7, we plotted the
total mass, mass of 2 mm beads, and mass of 5 mm beads that exited the flume (mout,
mout,2, and mout,5, respectively) for ϕ=23.5° and ϕ=25°, which are consistently erosional
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angles for all of our systems. For each angle, we plotted both versus davg,B and davg,S to
observe the effects of the supply composition and of the bed composition.

(a)

(b)

Figure 4.7: Bead Masses Out at Two Angles Plots
Plots showing the total mass, mass of 2 mm beads, and mass of 5 mm beads, that exited the flume (m out)
for: (a) ϕ=23.5° and (b) ϕ=25°. For each set of plots, mout vs. davg,B and mout vs. davg,S are plotted for each
supply and bed composition.

There are two immediately apparent trends in every plot of Figure 4.7:
1. The slope of the points for mout,5 is always positive.
2. The slope of the points for mout,2 is always negative.
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This means that for both ϕ=23.5° and ϕ=25°, as either the average bead size in the supply
or in the erodible bed composition increases (i.e., more 5 mm beads and less 2 mm beads
are present in the composition), the mass of 5 mm beads exiting the flume also increases
whereas the mass of the 2 mm beads exiting the flume decreases. This supports the
intuitive understanding that the mass available of a specific particle size directly affects
the total mass of that particle exiting the flume during our experiments. However, the
magnitude of the increase or decrease of a specific-sized particle exiting the flume as the
supply and bed composition particle size increases varies significantly. Figure 4.8 below
plots the absolute values of slopes based on the linear least squares fit lines for the data in
Figure 4.7 so that we can more accurately analyze the effects of the supply composition,
bed composition, and change in flume inclination angle on mass of each 2 mm and 5 mm
particles exiting the flume. Note that any discussion of slopes from Figures 4.7 and 4.8 is
referring to the absolute value of the slopes.
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Figure 4.8: Slopes of mout (m_out) linear fit lines from Figure 4.7
Plots of the absolute values of slopes of linear least-squares fit lines of the data for mout,2 (blue circle) and
mout,5 (red square) for ϕ=23.5˚ (filled symbols) and ϕ=25˚ (open symbols) as noted in the legend from
Figure 4.7. Plot (a) shows slopes calculated across the three bed compositions for constant values of d avg,S
and plot (b) shows slopes calculated across the three supply compositions for constant values of d avg,B.

First, from plot (a) of Figure 4.8, we observe that the smallest (absolute values of)
slopes generally occur when ϕ=23.5˚ (filled symbols) while the higher slopes occur when
ϕ=25˚ (open symbols). For ϕ=23.5˚, the slope for values of mout,2 is always higher than
that for mout,5, however the difference between the two slopes decreases as davg,S increases
since the available mass of 5 mm particles also increases. For ϕ=25˚, the same is true
except that when davg,S=5 mm, the slope of mout,5 actually surpasses that of mout,2.
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Then, from plot (b) of Figure 4.8, the trends change; the smallest slopes generally
occur for mout,2 while the larger slopes occur for mout,5 instead of being dependent on
flume inclination angle, as in plot (a). The slopes at davg,B=2 mm for mout,5 at both angles
as well as for mout,2 at ϕ=25˚ are very similar, ranging in value from approximately 788 to
892. At each angle, the difference between the slopes for mout,2 and mout,5 increases as
davg,B increases, again likely related to the increased available mass of 5 mm particles.
These observations of the plots in Figure 4.8 represent important findings. It
appears that the relationship between supply composition and total net erosion is strongly
dependent on the flume inclination angle whereas the relationship between the bed
composition and total net erosion is more so dependent on the particle sizes present
within the system. Generally, as davg,S increases (plot a), the slope values for mout,2 and
mout,5 converge, likely because the available mass of 5 mm particles is also increasing.
However, the slope for mout,2 is generally higher than mout,5 for each angle in plot (a), the
opposite is true in plot (b). The smaller particle is more eroded when dependent on supply
composition, but the larger particle is more eroded when dependent on bed composition.
This may be representative of an erosion-sensitive relationship between particle sizes and
their placement within the debris flow system (i.e., initial debris flow versus erodible
path).
In conjunction with having multiple sizes of particles in the system, segregation
occurs as the particles flow, both along the rigid bed and within the erodible bed when
the initial debris flow flows over it. The phenomenon and mechanisms of segregation of
particles of different sizes has been studied and documented by many, including Rosato
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et al. [1987], Pouliquen and Vallance [1999], Hill et al. [1999], Thomas [2000], Jenkins
and Yoon [2002], Félix and Thomas [2004], Yohannes and Hill [2010], and Fan and Hill
[2011]. In our experiments, we have a binary system (i.e., two particle sizes in the
system), a dense granular flow (initial debris flow/supply), and the effects of both gravity
and a shearing force as the supply flows over the erodible bed. The segregation
observations we made in our experiments included the following:
1. When the supply was a 50/50 mix of 2 mm and 5 mm particles (i.e., davg,S=3.5 mm),
the larger particles segregated to the front of the flow and so the dense granular front
of the initial debris flow that first came into contact with the erodible bed was
comprised of mostly 5 mm particles.
2. Whenever 2 mm particles were present in the supply and the bed was composed of all
5 mm particles (i.e. davg,B=5 mm), the 2 mm beads percolated as they flowed over the
bed, filling the interstitial spaces of the erodible bed as part of a segregation process
known as kinetic sieving.
3. When the bed was composed of either all 2 mm particles or of the 50/50 mix (i.e.,
davg,B=2 mm or 3.5 mm), any 5 mm particles in the supply would stay near the top of
the bed and not percolate/mix into the erodible bed.
4. While it was not as obvious, as 2 mm and 5 mm particles mixed within the erodible
bed, the 5 mm particles moved to the top of the erodible bed and were therefore more
likely to be entrained by the debris flow. This segregation phenomenon, where larger
particles are buoyed to the top of a sheared mixture coincident with percolation of
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smaller particles, is part of kinetic sieving and has been well studied by researchers
(Vallance and Savage [2000]; Gray and Kokelaar, B. [2010]).
To support these arguments, we present pictures taken of the experimental flume after a
debris flow event had completed in Figure 4.9. The photograph in Figure 4.9(a) was
taken of the erodible bed after a 2 mm supply has flowed over a 5 mm bed and is
indicative of observation 2 above: the 2 mm particles have percolated into interstitial
space of the 5 mm bed. The photograph in Figure 4.9(b) was taken of the interface area of
the rigid and erodible beds after a supply composed of the 50/50 mixture of 2 and 5 mm
particles had flowed over a bed of all 5 mm particles. It shows that 5 mm particles are
present near the front of the flow deposit and that the 2 mm particles had deposited in the
bed by sieving into the interstices of the 5 mm bed. The photograph in Figure 4.9(c) was
taken of the erodible bed after a supply of all 5 mm particles had flowed over a bed of all
2 mm particles and depicts the 5 mm particles deposited on top of the erodible bed, in the
area where the supply had eroded 2 mm particles from the bed.
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Figure 4.9: Segregation Snapshots
(a) 2 mm on 5 mm; (b) 2/5 mm Mix on 5 mm; (c) 5 mm on 2 mm. All pictures were taken after the debris
flow had ceased movement.

We believe that the mechanisms of segregation play a key role in the dynamics of
erosional behavior of debris flows where particles of different sizes are present. Larger
particles at the front of the flow deliver higher force and momentum transfer upon impact
in inter-particle collisions and kinetic sieving (i.e., percolation) promotes depositional
behavior. In the next section, we will go into detail about our observations of the
erosional behavior dynamics in our experiments, many related to the segregation
mechanism presented here.
4.5

Additional Factors Involved in the Dynamics of Erosional Behavior
Throughout this Chapter, we have shown that each the composition of the supply

and the erodible bed affect total net erosion and in the previous section, we introduced the
segregation dynamics introduced by the presence of the two particle sizes in our
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experiments. Paramount to these macroscopic findings however, we presented the neutral
angle, ϕN, and showed its direct correlation to predicting total net erosion. Specifically,
the value of the neutral angle for a system represents that system’s erosion potential such
that lower values represent higher erosion potential and higher values lower erosion
potential. We then presented our Neutral Angle Theory, expressing how the neutral angle
in conjunction with the geometry of the flume and the experimental flume inclination
angle is used to accurately calculate total net erosion thereby reinforcing the significance
of each system’s neutral angle value for predicting erosion.
Next, we will analyze our macroscopic findings regarding neutral angles at the
particle scale since the neutral angles determine total net erosion. We believe that by
understanding what is affecting neutral angle values at the smaller particle scale, we will
find insight into factors affecting erosion. Specifically, we will discuss the following
three factors:
1. Individual impacts between particles;
2. Roughness of the erodible bed with respect to the supply composition; and
3. Preferential particle-scale rearrangement.
Also worth mentioning is the stability of the erodible bed, which for the sake of this
thesis is defined by the angle of sliding friction for each bed composition and is discussed
in Chapter 2 and in Section 4.2.2. A bed of all 2 mm beads, which has the highest angle
of sliding friction, 27.2°, is considered the most stable, and the bed of all 5 mm beads,
which has the lowest angle of sliding friction, 25.4°, is the least stable of the three
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compositions used in these experiments. The moderate case is the bed composed of a
50/50 mix of 2 mm and 5 mm beads, which has an angle of sliding friction of 26°.
However, as we found from Figure 4.1, increasing bed stability was actually correlated
with higher erosion potential for each supply composition, which is counterintuitive. We
also note that the angle of sliding friction was not thoroughly studied to see how it
affected erosion in experiments where ϕ is higher than the associated angle of sliding
friction. In fact, due to the very nature of the angle of sliding friction (the angle at which
the erodible bed collapsed while raising the flume for a given bed composition), all
experiments had to be performed at lesser angles. Therefore, this property is not included
in the primary three factors.
4.5.1

Individual Impacts and Momentum Transfer

First, we analyze the individual impacts between particles of the supply and those
of the bed by considering momentum transfer. Gravity is the driving force between
particle collisions during a debris flow and the mass of the supply is constant for all of
our experiments. Therefore, the amount of force delivered to the bed by the supply, given
in equation 4-7, should increase as ϕ increases. The larger the force of the initial debris
flow, the greater impact the front of the initial debris flow makes on the erodible bed
causing a greater change in momentum (𝐹 =

𝑑𝑃
𝑑𝑡

) for the bed. Larger momentum of the

beads in the erodible bed causes more beads to flow out of the flume and hence, there is
more erosion.
𝐹 = 𝑚𝑠 𝑔𝑠𝑖𝑛𝜙

(4-7)
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However, what happens at the particle scale? For each individual collision, it is now the
masses of each of the two colliding particles that is relevant. A 2 mm bead inflicts less
force per individual collision than a 5 mm bead. Since the beads are of the same density,
comparing the bead volumes expresses the ratio of the mass of the 5 mm to ratio of the 2
mm, given in equation 4-8 below. The ratio conveys that when a 5 mm bead collides with
a particle, it is impacting with 15.625 times more force than a 2 mm bead is when striking
a particle.
4

Ratio = 34
3

𝜋53
𝜋23

53

= 23 =

125
8

= 15.625

(4-8)

For a collision between two beads, we consider the conservation of momentum,
given in equation 4-9 below. We assume that 𝑚1 and 𝑣1 represent the mass and velocity
of a bead from the debris flow (i.e., supply plus any entrained material), respectively, and
𝑚2 and 𝑣2 the mass and velocity, respectively, of a stationary bead within the erodible
bed. Based on equation 4-9, we can make the following conclusions: If 𝑚1 < 𝑚2 , then
𝑣1 > 𝑣2 ; if 𝑚1 > 𝑚2 , then 𝑣1 < 𝑣2 ; and If 𝑚1 = 𝑚2 , then 𝑣1 = 𝑣2 .
𝑚1 𝑣1 = 𝑚2 𝑣2

(4-9)

Therefore, when a 2 mm bead impacts a stationary 5 mm bead, an impacted 5 mm bead
will have less resulting velocity than an impacted 2 mm bead when a 5 mm bead impacts
a stationary 2 mm bead.
From Table 4.2, we found that three of the four lowest neutral angles occurred for
the three systems in which the supply was composed of all 5 mm particles (i.e., 5 mm on
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2 mm, All 5 mm, and 5 mm on 2/5 mm mix). Additionally, from Figure 4.2 plot (a), we
found that as davg,S increased, ϕN decreased. From Figures 3.2 and 4.2 plot (b), we
observed that for a given value of ϕ, total net erosion (Ed) was highest for the three
systems where davg,S=5 mm. Therefore, when the supply was composed of the highest
percentage of the larger 5 mm particles, we had the highest erosion potential amongst all
the systems. As we have discussed in this subsection, the 5 mm particles from the supply
deliver a significantly higher force to the bed particles that they collide with, instigating
more movement within, and transferring higher velocities to impacted particles the
erodible bed. We therefore conclude that debris flows composed of higher percentages of
larger particles will erode more material from an erodible bed and in fact, this is exactly
what we observed in Figure 4.6: as davg,S increases, total net erosion increases.
When we considered the masses of each of two particle sizes exiting the flume
during our experiments in Section 4.4.3, we deduced that the larger particle size was
actually significant in determining total net erosion based on its presence in both the
supply and in the erodible bed. In fact, mout,2 was only larger than mout,5 for those systems
where neither davg,S or davg,B was equal to 5 mm. Also, for the all 2/5 mm mix system,
mout,5 was equal to approximately 2×mout,2 for each flume inclination angle and so again,
we determined that the larger particle size plays an important role in determining erosion
of the bed. In the next subsections, we will analyze the effects of the larger 5 mm
particles present within the erodible bed.
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4.5.2

Bed Roughness and Friction

Secondly, we consider that as the beads of the initial debris flow become much
smaller than those in the erodible bed, the ‘roughness’ of the bed becomes increasingly
important. Here, roughness refers to the relative grain size over which the debris flow
particles flow. As stated in Chapter 2, a roughness element is always present on the rigid
bed portion of the experimental flume and is of approximately 1 mm diameter grain size.
Roughness affects the flow by causing a frictional force that impedes the movement of
the debris flow. The smaller the size of the particles in the flow with respect to the
roughness grain size (of the rigid and erodible beds), the more the force and therefore,
movement, of the debris flow is dampened. Based on this roughness factor alone, we
assume that for a given flume inclination angle, as the percentage of 2 mm beads in the
supply increases, the resulting erosion decreases (when the bed composition is constant)
and as the percentage of 2 mm beads in the bed increases, the resulting erosion increases
(when the supply composition is constant).
The effect of roughness is most easily seen from Figure 4.2 plot (b) where we plot
neutral angle against the ratio

𝑑𝑎𝑣𝑔,𝑆
𝑑𝑎𝑣𝑔,𝐵

. Smaller ratios capture those systems where we

believe the roughness is most significant because more and more particles in the erodible
bed are larger than those in the supply as this ratio decreases. We did in fact find that as
the ratio decreases, ϕN increases and so total net erosion decreases; this trend was
expected because the increased roughness factor becomes increasingly effective in
dampening the momentum of the debris flow thereby preventing erosion dynamics. We
therefore conclude that the larger the roughness factor (i.e., the larger relative size of the
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particles in the bed as compared to those in the supply), the less erosion occurs during a
debris flow. However, as we will see in the next subsection, larger particles present
within the bed potentially prevent local erosion in another way, encouraging local
depositional behavior.
4.5.3

Particle Rearrangement and Kinetic Sieving

Finally, we recognize the significance of particle segregation and its effect on
erosion dynamics by analyzing the segregation mechanism kinetic sieving. This is the
mechanism by which smaller particles tend to flow downward into interstitial spaces of
the bed, which may in turn cause the larger particles to move upwards. The erodible bed
composition, specifically the size of its interstitial spaces, and the size of particles
comprising the flowing layer both play important roles in kinetic sieving. Specifically in
our experiments, 2 mm beads are able to fit in the spaces between random loose packed 5
mm beads more easily than 5 mm beads can fit between the spaces of random loose
packed 2 mm beads. The 2 mm beads fall and percolate into the interstitial spaces of an
all 5 mm bed in a process called kinetic sieving. Refer to the photos in Figure 4.9 above
for visual presentation of this effect. This phenomenon involves deposition of particles
into the interstitial spaces of the bed such as in the cases of the 2 mm on 5 mm and 2/5
mm Mix on 5 mm systems in that the 2 mm beads have more downward movement,
depositing into the interstitial spaces of the bed. Of course, this effect varies as the
combination changes; the larger 5 mm particles do not percolate into a bed of all 2 mm
particles very well, if at all. Also, a bed composed of the 50/50 mixture of 2 mm and 5
mm beads will have very small interstitial spaces since the 2 mm beads within the
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mixture already occupy most potential spaces. Additionally, as part of the kinetic sieving
process, the larger particles may be pushed up within the flowing layer. However, this
effect was very subtle within our experiments and so we will not discuss it further in this
thesis.
From Table 4.2, we determined that two out of the three highest neutral angles
were for the 2 mm on 5 mm and 2/5 mm mix on 5 mm systems, which represent the
systems where kinetic sieving would be most likely to occur. Additionally, from Figures
3.3 and 4.7, mout,2 was smallest for the 2 mm on 5 mm and 2/5 mm mix on 5 mm systems
(excluding the all 5 mm system where no 2 mm particles were present). These two
systems utilize the bed composition, all 5 mm, with the largest interstitial spaces and also
have 2 mm particles present in the supply. These conditions promote kinetic sieving of
the smaller 2 mm particles into the large interstitial spaces of the bed, a depositional
behavior resulting in less total net erosion.
We also observed that as davg,B increased from Figure 4.2 plot (a), ϕN increased
and from Figure 4.5, that total net erosion decreased. In fact, from Figure 4.5, we
concluded that the bed composition becomes increasingly significant in determining total
net erosion as davg,S decreases. We actually believe these findings are the result of all
three factors: kinetic sieving is most prominent when davg,B is largest, particularly when
more 2 mm particles were present in the supply; the roughness factor prevents erosion
from occurring as davg,B increases relative to davg,S; and as the particles in the erodible bed
increase, they require a larger force during individual collisions to catalyze movement.
Additionally, smaller particles present in the supply deliver less force in individual
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impacts with bed particles and so the other two factors (roughness and kinetic sieving),
which are more dependent on bed composition, become more relevant to erosional
behavior.
4.5.4

Particle-scale Factors Summary and Conclusions

Dynamics between particles during debris flow erosional behavior can be
complicated, but we believe that the three factors we have presented here must be
considered in estimating total net erosion for debris flows comprised of multiple particle
sizes. We have shown that individual collisions between particles from the debris flow
and erodible bed are important because debris flows composed of higher percentages of
larger particles will erode more material from an erodible bed. We also demonstrated that
relative roughness of the bed with respect to the debris flow composition is significant
because a larger roughness factor results in less total net erosion. Finally, we explained
the preferential depositional behavior of smaller particles into the larger interstitial spaces
of the erodible bed, which results in less total net erosion.
As the compositions of debris flows and erodible beds or channels become more
complicated, for example involving larger grain size distributions or irregularly shaped
particles, we expect that the erosion dynamics also become more complex, but these three
particle-scale factors remain relevant for any case that involves more than one particle
size.
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In our next and final chapter, we will summarize the findings and conclusions of
this thesis and will offer future research ideas based on both the results and limitations of
these debris flow experiments.
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Chapter 5 : Summary and Conclusions
5.1

Summary of Findings and Conclusions
In this thesis we systematically presented our experimental erosion results,

highlighting the erosional behavior for each system across multiple flume inclination
angles for each of the nine systems we tested. We used binary systems for our debris flow
experiments and so also broke down our erosional results by particle size. Then, we
calculated neutral angles for each system, implementing a theory to accurately predict
total net erosion. The significance of the neutral angle was further exploited through our
comprehensive analysis of relationships between the neutral angle and the angle of
sliding friction, bed composition, supply composition, and the ratio davg,S/davg,B. Finally,
we explained our observed macroscopic relationships at the particle-scale considering
segregation mechanisms, inter-particle impacts, and the frictional force inherent to the
relative roughness of the bed.
5.1.1

Erosion Results Conclusions

We determined the following understanding of parameters controlling net erosion:


There is a generally linear relationship between total net erosion (as defined by
dimensionless erosion, Ed) and the flume inclination angle, ϕ.



Erosional behavior is dependent on both the compositions of the initial debris
flow (i.e., supply) and the erodible bed.



As davg,S increases, ϕN decreases and total net erosion increases.
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As davg,B increases, ϕN increases and total net erosion decreases (except when
davg,S=5 mm).



The neutral angle, ϕN, for a given system (i.e., combination of supply composition
and erodible bed composition) is an accurate predictor for that system’s relative
erosion potential, determining total net erosion based on the value of ϕ- ϕN and the
geometry of the erodible bed (Neutral Angle Theory).



As

𝑑𝑎𝑣𝑔,𝑆
𝑑𝑎𝑣𝑔,𝐵

increases, excluding the uniform systems, ϕN decreases and total net

erosion increases with behavior similar to a power law or logarithmic trend line.
5.1.2

Particle-Scale Conclusions

In Section 4.4.3, we ended our analysis and discussion of the two particle sizes
present in our experiments with segregation mechanisms. We observed segregation of the
two particle sizes in four ways:
1. Larger particles segregated to the front of the debris flow.
2. Smaller particles percolated down into the interstitial spaces of the bed,
particularly when the bed was composed of all 5 mm beads.
3. Larger particles generally did not mix into the erodible bed when davg,B=2 or 3.5
mm.
4. When both particle sizes mixed within the erodible bed (flowing layer), the larger
particles generally moved upwards and the smaller particles downward.
In Section 4.5, we present three particle-scale factors that affect erosion dynamics:
individual impacts between particles, relative roughness between the debris flow and
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erodible bed, and preferential particle-scale rearrangement via kinetic sieving. We then
determined the following particle-scale conclusions:


Debris flows composed of higher percentages of larger particles will erode more
material from an erodible bed – 5 mm particles deliver more than 15 times more
force/change in momentum than 2 mm particles during individual particle
collisions.



A larger geometric roughness factor (i.e., the larger relative size of the particles in
the bed as compared to those in the supply) causes less erosion during a debris
flow.



Kinetic sieving conditions are optimal when davg,B=5 mm and there are 2 mm
particles present in the flow. Coincidentally, these are also prime conditions for
which relative roughness will result in less erosion and for which momentum
transfer from the supply to the bed will be lowest, therefore not promoting
erosional behavior.
5.1.3

Uniqueness of Experiments

Our laboratory-scale experiments were unique in the following ways:


Laboratory flume design: built-in erodible bed reservoir.



Option for use of pressure transducers (to record pore fluid pressure).



Option to continuously pump and cycle fluid through erodible bed.



Carefully controlled parameters – flume inclination angle, binary mixtures and
combinations (5 mm and 2 mm beads), dry.
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5.2

Carefully controlled procedure – refer to Section 5.2 below.
Cautionary Tales from Methodology
In the course of performing experiments, we discovered several important aspects

to experiment preparation, as was described in Chapter 2. Firstly, we immediately
discovered that we could only incline the flume so high before each erodible bed
composition would collapse, thus the angle of sliding friction was determined and
defined (refer to Table 2.1).
Next, we realized the significance of atmospheric conditions as the season
transitioned from summer to winter, causing lower temperatures and humidity. Humidity
is particularly important for the smaller, 2 mm beads because static effects, which arise
from lower humidity, caused them to adhere to the flume acrylic sidewalls as well as to
exhibit extremely chaotic behavior during experiments. The lowered humidity also
lowered the angle of sliding friction for every erodible bed composition. Ultimately, we
combatted these issues using anti-static spray and a large humidifier.
Finally, we encountered two practices that greatly affected erosion results when
preparing the erodible bed before each experiment: the angle at which we filled the
erodible bed and the emptying the bed before refilling it between experimental runs.
When we did not fill the erodible bed at the same angle (we chose ϕ=0˚) or empty the bed
completely before refilling it between each experiment, we observed increased erosion
results. Refer to Section 5.4 below for insight into research that has been performed
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regarding fragility caused by an aging bed, or in other words increased erosion caused by
successive flows over the same bed.
Each of these issues was resolved to the degree practical for the experiments that
are the topic of this thesis, but we note that the effects of bed preparation may have
significant impacts in real debris flows.
5.3

Related Research Performed on Same Laboratory Flume
The experiments that are the subject of this thesis were performed in 2013 and

2014. Since then, the same laboratory debris flume has been utilized for other
experiments related to debris flows, many inspired by the findings of this thesis. We
summarize findings from these experiments and how they may relate to this thesis from
the following references in order of oldest to most recent:


Hill, K.M.; Longjas, A.; Moberly, D. Experimental Investigation of Entrainment Rate
by Debris Flows: from Shear Stress to Granular Temperature. AGU Fall Meeting
2015 Abstract. December 2015.
Experiments were performed to investigate how the erosion rate of a debris flow

over an erodible bed of particles depends on boundary conditions, dynamics of the flow,
and the state of the bed. High speed imaging captured average and instantaneous particle
dynamics simultaneously with bed stress measurements to examine the relationships
between flow dynamics and erosion rates.
Bed stress and velocity measurements were not conducted for the experiments of
this thesis. However, the research from this citation showed that there was ultimately no
correlation between the bed shear stress associated with the mass of the flow and the rate
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of erosion, nor was there a correlation between the erosion rate and a Reynolds stress
(stress associated with correlations between downstream and vertical velocity
fluctuations). An important finding was that the instantaneous entrainment rate was
linearly dependent on the ratio of the granular temperature to the kinetic energy
associated with the average flow velocity. We therefore wonder, as a question for
potential future research, how this finding might be affected by the different supply and
bed compositions utilized in the experiments of this thesis.


Longjas, A. and Hill, K.M. Bed Stability and Debris Flow Erosion: A Dynamic
“Shields Criterion” Associated with Bed Structure. AGU Fall Meeting 2015 Abstract.
December 2015.
Experiments were performed showing that the conditions for entrainment by

debris flows are significantly dependent on the aging of an erodible bed. This is directly
related to the issue we encountered, as mentioned in Chapter 2, regarding the need to
completely empty and refill the erodible bed between experiments.
Particle tracking was utilized to quantify instantaneous erosion rates and the
evolving bed structure or “fabric”. The effects of an aging bed are that a system that is
originally depositional may become erosional after repeated debris flow events, and an
erodible bed becomes increasingly erodible with repeated flows. The authors
hypothesized that related effects of bed aging at the field scale may be partly responsible
for the increasing destructiveness of secondary flows of landslides and debris flows.


Longjas, A.; Mullenbach, J.; Hill, K.M. Experimental Studies of Increased Bed
Fragility Induced by Evolving Bed Fabric Associated with Repeated Debris Flows.
AGU Fall General Assembly 2016 Abstract. December 2016.
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This was a continuation of the research from the previous reference, [Longjas and
Hill 2015] and again, relates directly to the issue we encountered regarding bed
preparation as discussed in Chapter 2.
Experiments were performed to investigate increasing fragility associated with
repeated flow events over the same bed. High-speed particle tracking was used to
determine how instantaneous entrainment rates, bed stress, granular temperature (kinetic
energy associated with velocity fluctuations), and the structure of the erodible bed
evolved with repeated debris flow events. Results showed that instantaneous bed shear
stress, granular temperature, and instantaneous erosion rates throughout a debris flow
event increased with progressive runs. For a constant applied shear stress, the entrainment
rates for later runs were higher than they were for preceding runs; the same holds for
granular temperature, where the entrainment rates increased in successive runs for a
constant granular temperature in the flow. The authors hypothesized that the increased
entrainment rate was associated with an increasing bed fragility which occurred by
evolution of the bed fabric with progressive experiments. They demonstrated that the bed
fabric changes from one that is relatively disordered to one that reflects a strong radial
asymmetry over the course of repeated flows. They stipulate that the bed structure may
play an equally (or more) important role as the flow composition and landscape
topography in assessing the destructive potential of debris flows.


Mullenbach, J.; Longjas, A.; Hill, K.M.; Long, M. Experimental Investigation of Pore
fluids on Debris Flow Entrainment: Rheological Effects of Interstitial Fluid
Variations. AGU Fall General Assembly 2016 Abstract. December 2016.
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Laboratory experiments of particle-fluid flows investigated the influence of the
rheology and relative density of the matrix of a debris flow on its erosive behaviors. The
interstitial fluid within the debris flow and erodible bed was the controlled parameter;
particle tracking was used and local bed stress and pore pressures were measured to
determine the instantaneous flow dynamics and correlations in the flow and erosion
behavior. We did not use fluids in the experiments of this thesis; all experiments were
dry. However, as was discussed in Chapter 2, we did conduct some wet experiments
using the same pore fluid pressure sensors and apparatus setup. These additional wet
experiments were not the focus of this thesis, but were able to influence others and evolve
into the research discussed in this reference.
Results showed that increasing the viscosity of the interstitial fluid in both the
flow and bed yields a lower flow rate and entrainment rate. However, the net mass eroded
from the system was uncorrelated with the viscosity. When the viscosity of the interstitial
fluid of the bed was increased relative to that of the flow, the flow rate, net entrainment
rate, and net mass eroded decreased. These differences were shown to be associated with
the change in effective stress in the bed as well as changing nature of the inter-particle
interactions with changing interstitial fluid properties through measurements of granular
temperature and average stresses in the flow and bed.


Hill, K.M.; Densmore, A.; Longjas, A.; Mullenbach, J.; Fouty, T.; Fei, M.; Zhou, G;
Sun, Q. Debris Flows in a Changing Climate: Experimental and Field Investigations
of the Influence of Changes in Moisture on Matrix Properties, Interparticle
Interactions, and Subsequent Debris Flow Behaviors. AGU Fall General Assembly
2016 Abstract. December 2016.
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The research discussed in this reference is an amalgamation of the research from
all previous references discussed in this section. However, additional field scale studies
emboldened results from laboratory experiments to make more concrete parallels to real
debris flows.
The influence of moisture differences associated with climate change on debris
flow behaviors was investigated at the field and laboratory scales. Field measurements
suggested that differing moisture levels change the density and rheology of the matrix
(the watery/muddy interstitial fluid) which, in turn, can significantly alter the dynamic
behavior of the debris flow itself, supporting recent experimental results. Specifically,
changing the properties of the matrix of experimental flows appeared to change the
nature and relative importance of inter-particle interactions compared to those associated
with the fluid and subsequently influenced the flow dynamics. These hypotheses were
then tested using controlled laboratory experiments in flumes of two different sizes and
where the interstitial fluid properties and scale of the experiments were systematically
varied. In both flumes, high speed particle tracking was utilized and pore pressures and
stress at the bed were measured to show how the flow and entrainment behavior varied as
the flow transitioned from inertial to viscous (i.e., as pore pressures and other fluid
effects become increasingly dominant over inter-particle interactions, reflected in the
Bagnold number). It was also demonstrated how bed fabric and fragility associated with
repeated flow events were influenced by scale and interstitial fluid.


Hill, K.M. Experimental Investigations of Debris Flows Entrainment. EGU General
Assembly 2017 Abstract. April 2017.
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Again, this reference builds on all of the research previously discussed in this
section. Experimental and computational efforts were examined to better understand the
dynamics through which particle size, interstitial fluid, matrix properties, and bed fabric
influenced instantaneous entrainment rates and average bed erosion. Experiments using
different interstitial fluids and particle sizes were the focus. Instantaneous bed dynamics
including entrainment rates, granular temperature, bed fabric, evolving pore pressures
and bed stresses were measured. The results were discussed in the context of model
frameworks for erosion which vary significantly from those that consider macroscopic
fields such as excess shear stresses, to those that consider the ``granular'' physics such as
granular temperatures. The author concluded that erosion dynamics can transition from
stress dominated to granular temperature-dominated and the bed fabric influences these
controls.
5.4

Future Research Ideas
The experiments presented this research offered a great foundation in the quest to

understand entrainment and erosion dynamics within debris flows and how they are
affected by the multitude of parameters present in real debris flows. In particular, we
studied the influence of inclination angle, flow composition and bed composition. From
Section 5.3, we see that others have taken this research further by introducing fluids of
varying viscosity, by examining the structure and fragility of an aging bed, and by
implementing additional technology such as particle tracking, pore fluid pressure sensors,
and equipment to measure the bed stresses.
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There are still many unanswered questions regarding debris flows and erosion that
when explained, will continue to aid in hazard assessment of debris flows so that we
might better be able to predict their flow paths, size, and ultimately their destructive
power. The following are several important ideas for future research regarding debris
flows and erosion:


From Section 5.3, an important finding was that the instantaneous entrainment rate
was linearly dependent on the ratio of the granular temperature to the kinetic energy
associated with the average flow velocity [Hill et al. 2015]. We therefore wonder how
this finding might be affected once multiple size particles are introduced.



The supply in our experiments was of constant mass (2,744 g) while our erodible bed
was of constant volume for each bed composition. We also found from our erosion
results presented in Figure 3.3 that there were cases where the entire supply exited the
flume. We therefore ponder the change in erosion dynamics when erosion is not
limited by the mass of the supply or of the bed. This may be best achieved by having
a more similar mass in both the supply and bed.



We briefly discussed the segregation mechanisms we observed during our
experiments in Section 4.4.3. We limited the compositions used in our experiments to
two particle sizes, 2 mm and 5 mm. We recognized that they may play a significant
role in erosional behavior, but did not study this relationship vigorously. This
relationship could be further studied through use of more particle sizes and/or varying
the grain size distribution of each the supply and bed. This would also offer additional
insight into how the compositions of each the bed and supply affect erosion.
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The scale of our experiments was limited to our laboratory flume whereas real debris
flows are significantly larger. Therefore, we would be interested to see the results of
similar research performed on a larger scale (e.g., the USGS flume or perhaps even
on real debris flows).



All of our experiments were dry, but real debris flows typically contain water, which
combines with soil and often becomes mud. We are interested in what the
introduction of water or mud would do to the erosion results in our experiments.



Finally, we acknowledge that there are many more flow properties to explore that are
likely related to erosion, as were presented in the related research references of
Section 5.4. We would like to see particle tracking utilized and things such as velocity
profiles and fluctuations, more accurate flowing layer measurements, and bed stress
measurements explored for the experiments of this thesis.
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Appendix A: Glossary
Angle of Sliding Friction: Specific to each bead composition (all 2 mm, all 5 mm, or a
50/50 mix of 5 mm and 2 mm beads), this is the angle at which an erodible bed filled
with the respective bead composition begins to collapse (slide out of the flume) as the
flume is slowly lifted, increasing the inclination angle.
Bead size: Refers to diameter of beads being referenced. So, ‘2 mm beads’ means beads
that have a 2 mm diameter.
Bed: Erodible bed, granular material that is initially contained in erodible bed reservoir
(before gate release)
Dense Flow: The volume fraction of beads is between a random loose and a random close
packing of beads (0.56-0.64%). The flow has constant width, height, and velocity [Félix
and Thomas, 2004].
Dimensionless Erosion: Dimensionless erosion, Ed, is equal to the mass eroded
(‘Erosion’) divided by the mass of the initial bed. So, 𝐸𝑑 =

(𝑚𝑜𝑢𝑡 −𝑚𝑠 )
𝑚𝑏𝑒𝑑

.

Dimensionless Supply: Dimensionless supply, Es, is equal to the mass eroded (‘Erosion’)
divided by the mass of the supply (i.e., initial debris flow). So, 𝐸𝑠 =

(𝑚𝑜𝑢𝑡 −𝑚𝑠 )
𝑚𝑠

.

Erosion (Deposition): Both are calculated by taking the mass of beads that exit the flume
and subtracting the mass of the supply (always 2744 g). Erosion means this value is
positive while deposition means this value is negative, however this calculated value will
always be referred to as erosion. mout-ms = me
Erosion-Sensitive Range: The angle of inclination of the flume, ϕ, is kept within an
‘erosion-sensitive range’ of 20° to 26° to prevent the bed from collapsing (see angle of
sliding friction in Chapter 2) and to encompass angles that represent a case of total
deposition, where no beads exit the flume, and that represent a case of extreme erosion,
for each system.
Neutral Angle (ϕN): The angle at which, for a given system, erosion is equal to zero. i.e.
the angle at which only the mass of the initial supply exits the flume.
Run: One experiment or one instance of releasing the gate to generate debris flow
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Scraper: Tool used to create flat surface of erodible bed when preparing flume for an
experiment
Supply: Initial debris flow, granular material that is initially contained in supply reservoir
(before gate release)
System (of beads): Combination of bead size (or mix) in supply and in bed. E.g. One
system is 2 mm on 5 mm, which means there were all 2 mm beads in the supply and all 5
mm beads in the bed.
Total Net Erosion: The same as ‘Erosion’ or ‘Dimensionless Erosion’, total net erosion
simply refers to the bulk mass eroded after an experimental debris flow has ceased
movement (i.e., no more beads are moving).
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