g o)
-
o P e
O € 5 @
c5EE T
htls c @5 =
C.mes mmnu
SET 9
SSS g 2833
2 §L£5 S
so o




PROCEEDINGS OF THE SEVENTH INTERNATIONAL CONFERENCE ON DEBRIS-
FLOW HAZARDS MITIGATION, GOLDEN, COLORADO, USA, JUNE 10-13, 2019

DEBRIS-FLOW HAZARDS MITIGATION:
Mechanics, Monitoring, Modeling, and Assessment

Edited by

Jason W. Kean
US Geological Survey, Golden, Colorado

Jeffrey A. Coe
US Geological Survey, Golden, Colorado

Paul M. Santi
Department of Geology and Geological Engineering
Colorado School of Mines, Golden, Colorado

Becca K. Guillen
Continuing and Professional Education Services
Colorado School of Mines, Golden, Colorado

ASSOCIATION OF ENVIRONMENTAL AND ENGINEERING
GEOLOGISTS SPECIAL PUBLICATION 28

2019



7th DFH

DFHM logo by Alyssa Schwarz

On the Cover: Debris flow at the Chalk Cliffs monitoring site near Nathrop, Colorado. Photo
taken by an automated monitoring camera, courtesy of Jeffrey Coe, US Geological Survey.

Authors granted permission to the organizers of the 7th International Conference on Debris-Flow

Hazards Mitigation to release (publish) your paper online, with Open Access, on the AEG and
Mountain Scholar websites.

Published by the Association of Environmental and Engineering Geologists

Distributed by the Association of Environmental and Engineering Geologists and
Mountain Scholar Digital Collections of Colorado & Wyoming

ISBN: 978-0-578-51082-8



Preface

The Seventh International Conference on Debris-Flow Hazards Mitigation was held in Golden,
Colorado June 10-13, 2019. The major objective of the conference was to provide a forum for
international researchers, engineers, and policy makers to exchange ideas and promote
communication to advance the scientific understanding of debris-flow hazards as well as
approaches to assess and mitigate debris-flow risk to infrastructure and people. The conference
agenda consisted of 14 keynote presentations, 38 shorter oral presentations, and 86 poster
presentations. The conference sessions were preceded by a 1-day field trip to examine 2013
debris flows in Rocky Mountain National Park and followed by a 2-day field trip to the Chalk
Cliffs debris-flow monitoring basin near Nathrop, Colorado.

This proceedings volume contains 134 papers from 17 countries that accompanied all three types
of presentations. All papers underwent peer review, with each paper receiving at least one
technical and one editorial review, and most receiving two technical and two editorial reviews.
We acknowledge the critical role that reviewers played in assuring the high-quality of papers in
this volume. Reviewer names and affiliations are given on the following pages.

Many people contributed to the success of the conference. The International Organizing
Committee provided guidance to the Local Organizing Committee throughout the multi-year
preparation period leading up the conference, as well as assisting with the review process and by
serving as session moderators during the conference. The Colorado School of Mines Continuing
and Professional Education Services group, led by Melody Francisco and including Becca
Guillen, Jennifer Graser, and Andy Ledford, managed the massive job of creating and updating
the conference website, corresponding with authors and attendees, wrangling manuscript
submission and review logistics, and organizing meeting rooms, housing, and food arrangements
for the conference.  Emily Bongiovanni, the Colorado School of Mines Scholarly
Communications Librarian, assured that this volume was posted on the Mountain Scholar
website. Several organizations provided sponsorship through financial support. Their names are
provided on the following pages. Our profound thanks goes out to all of these individuals and
groups.
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Abstract

Particle size segregation is a common feature in debris-flow deposits and is assumed to develop in a similar way as in dry granular
flows where fluid forces are neglected. Solid-fluid coupling however is a defining feature of debris flows and fluid forces must
therefore be accounted for in modelling for the segregation that develops therein. This paper presents a numerical investigation of
the mechanisms of segregation under the influence of fluid forces. For this, a segment of a fully submerged bi-disperse steady
granular flow is simulated using the CFD-DEM method. The solid-fluid interactions come in the form of buoyancy and fluid drag
force. It is found that the presence of the fluid generally retards the rate and quality of segregation primarily by promoting the
formation of a plug flow in the stream-wise velocity profile. The plug flow region forms at the free surface where it significantly
reduces or zeroes out the shear rates thus inhibiting the main mechanisms of segregation, i.e. kinetic sieving and squeeze expulsion,
to take place. It is inferred that the rapid shearing that occurs near the base promotes segregation but is unable to proceed towards
the free surface due to the presence of the plug flow region that serves as a barrier. The quality of submerged segregation improves
at lower angles where the plug flow region is minimized and the usual parabolic shear profile develops.

Keywords: CFD-DEM,; interstitial pore fluid; particle size segregation; debris flows; solid-fluid interaction

1. Introduction

Particle size segregation is a prominent physical feature observed in debris-flow deposits (Major 1997) and is
believed to have significant effects on the flow’s overall dynamics (Johnson et al. 2012, Kokelaar et al. 2014). The
head region and the lateral edges are primarily composed of larger and coarser grains while the tail region is mostly
composed of fines. Cutting into the deposit, one can observe an inversely graded profile where the large particles rise
to the free surface and the fine particles settle at the base. This phenomenon has been well observed in highly sheared
dry granular mixtures (e.g. chute flows, rotating drums, heaps and silos) and has been found to be well accounted for
by the theories of kinetic sieving and squeeze expulsion (Savage & Lun 1989, Vallance & Savage 2000, Gray &
Thornton 2005, Gray & Chugunov 2006). Debris flows however are distinct from other granular and geophysical mass
flows due to the active influence of the interstitial fluid on the particle dynamics (Cuossot & Meunier 1995, Iverson
1997).

Physical experiments on segregation (Vallance & Savage 2000, Zanuttigh & Ghilardi 2010, van der Vaart et al.
2015) have been invaluable in characterizing the mechanisms that drive the process and have been instrumental in the
development of theories that are able to predict the degree of segregation for different initial conditions (Gray&
Thronton 2005, Benjy & Marks 2011, Gajjar & Gray 2014). It is, however, only through computational and numerical
simulations of particle interactions that the micro-mechanical origins (i.e. particle scale) of segregation can truly be
investigated (Fan & Hill 2011, Hill & Tan 2014, Jing et al. 2017). Recently, particle dynamics simulations have been
computationally ‘coupled’ with fluid dynamics solvers in order to model fluid effects on particle motion and vice

* Corresponding author e-mail address: kfcui@imde.ac.cn
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Fig. 1. (a) The conceptual diagram of the system being simulated. Snapshots of the (b) velocity and (c¢) dynamic pressure distributions of the actual
simulation which represents the segment bordered by the cube in (a).

versa. Several works that employ these methods have already demonstrated their effectiveness in providing significant
insight to the dynamics of coupled systems ranging from laboratory-scale granular transport (Tsuji et al. 1992), and
saturated soil mechanics (Zhao et al. 2014), to landslides (Zhao & Shan 2013, Zhao et al. 2016) and debris flows
(Leonardi et al. 2015, Zhao 2017, Li & Zhao 2018).

In this study, we report the results of a series of computational experiments that were aimed to study the
development of particle size segregation under the influence of fluid forces. This is to further understand the driving
mechanisms responsible for the size re-arrangement observed in natural debris flows. We use the coupled Discrete
Element Method — Computational Fluid Dynamics (CFD-DEM) to simulate bi-disperse mixtures of particles ‘flowing’
at different angles of inclination in water. The segregation that develops in the saturated cases are compared with the
segregation of dry particles.

2. Methodology
2.1. Definition of the system

The simulation consists of two separate but coupled domains. In the solid domain, the flow of a bi-disperse mixture
of solid spheres is simulated using the open-source code ESyS-Particle (Weatherly et al. 2011). Periodic boundaries
were set in the stream-wise direction to represent an infinitely long chute. The distance between the span-wise
boundaries were set to be small enough for side-wall effects to be negligible (Jop et al. 2005). The floor was roughened
by ‘gluing’ a randomized array of small particles to the base; the flow surface was free. The particles were initially
set to be randomly mixed. The exact number of small and large particles were calculated according to a volume
fraction of 0.5, a large to small particle size ratio of 1.5 and an initial packing volume of 0.3 X 0.1 X 0.4m (L X W X
H). Flow was initiated by tilting the xz plane of gravity to the desired inclination angle. It is to be noted that the chosen
parameters are highly idealized and do not necessarily reflect natural debris flows which are known to have much
wider size distributions and size ratios. The goals of this paper simply focus on the particle scale effects of fluid forces
on the particle dynamics that lead to inverse grading and not on the effects of varying these parameters themselves.
Hence they will be held constant throughout the study. In particular, the chosen size ratio is relatively small but is
sufficient to induce size segregation within a short period of time.

The fluid domain was implemented using the open-source CFD code OpenFOAM. The whole domain was given
the material properties of water at 20°C. The domain was uniformly discretized in such a way that at least 5 large
particles would fit (Zhao et al. 2014). A free-atmosphere boundary condition (pressure is based on local velocity of
adjacent mesh; velocity dynamically changes from zero gradient when there is outflow to having a flux dependence
when there is inflow (OpenCFD 2004)) was set at the right, left and top walls, allowing the fluid to freely flow in and
out of the domain. A no-slip condition (zero pressure gradient, fixed zero velocity) was set at the bottom wall. For the
turbulence, the standard k — & model is implemented. The complete set of material and system parameters are
summarized in Table 1.

The solid domain is positioned completely within the fluid domain. The fluid domain is set to be slightly longer
stream-wise since setting both domains to exactly coincide would mathematically result to very sharp fluid pressure
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Table 1. CFD-DEM material and simulation parameters

DEM Parameters CFD Parameters

Small particle diameter (mm) 10 Fluid density (kg/m®) 1000
Large particle diameter (mm) 15 Viscosity (Pa.s) 0.001
Number of small particles 5999

Number of large particles 1777 Simulation Parameters

Solid volume fraction 0.5 Gravity (m/s?) -9.81
Young’s modulus (N/m) 1x107 DEM time-step (s) 1x107
Poisson’s ratio 0.3 CFD time-step (s) 1x10*
Friction angle (°) 30° Coupling frequency* 10
Linear Damping Coefficient 0.1

Inclination angle (°) [22,24,26,30]

*Coupling frequency pertains to the number of DEM time steps that have to elapse before a single CFD time step.

gradients. Over-all one can imagine the whole simulation to be that of a segment of a submerged bi-disperse debris
flow (Fig. 1a). A fully submerged case is chosen since, for now, we only wished to observe the effects of fluid forces
on segregation, while avoiding the complications of solving for fluid free surface flows. The fluid is initially static
and only flows as a reaction to the particle motion.

Snapshots of the velocity and dynamic pressure distributions are shown in Figs. 1b and ¢ respectively. The highest
velocities are observed at the top-right since particle velocities are highest near the free surface for a flow that moves
from left to right. Relatively low velocities are measured at the left since that is where the ‘new’ particles enter whose
velocities are impeded by the particles ahead of them. On average, granular flow and fluid velocities are approximately
equal. Dynamic pressures fluctuate as a reaction to the random dilation and contraction of the particles within the
mixture. The extremely low pressures at the boundaries of the solid domain are due to the velocity differences of the
solids and the fluids (Zhao 2016).

2.2. The CFD-DEM method

The CFD-DEM method relies on a message passing algorithm that relays information from the DEM solver to the
CFD solver after a pre-defined number of DEM time-steps. The algorithm proposed by Zhao et al. (2014) was used
in this study.

The translational and rotational displacements resulting from particle-particle interactions are updated after each
numerical time-step, determined after integrating the governing differential equations which are based on Newton’s
second law of motion. The governing equations for the said trajectories can be written as:

dzx,-
dt?

m;

=mig+Z(fnc+ftc)+ffluid 1)

dw;
Lt =) rex fe @

c

for linear and rotational motions respectively. Here m; and x; are the mass and position of a particle i at a single
numerical time-step and g is the acceleration due to gravity. f,. and f;. are the normal and tangential forces defined
at a contact point c. A linear spring-dashpot contact model (Cundall & Strack 1979) is used to calculate for the contact
forces. I; is the moment of inertia of a sphere, w; is the rotational acceleration, and 7 is the distance between the
centers of two contacting spheres.

The final term on the right hand side of Eqn. (1) represents the force exerted by the fluid on particle i. This is called
the solid-fluid interaction force (Zhao 2016) and is calculated as the sum of 2 types of fluid forces: the hydrostatic and
the hydrodynamic. The hydrostatic forces are represented by buoyancy f;} = —v,;Vp, which is basically a function of
the particle volume and the pressure gradient that develops between two adjacent fluid cells. The hydrodynamic forces
are born from the relative motion of the solid and the fluid phases and usually come in the form of the drag force
which is quantified as:

_1 mD* —x+1
Fai = ECdeTW —VIU-V)n 3)
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where:
24 0.407
_ & 0.681 4
CD_Re(1+0.15Re )+1+8710 4)
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Re = psd|U = V|/p (5)

are the drag coefficient and Reynold’s number defined at the particle scale respectively. U and V are the fluid and
particle velocities, py is the fluid density, and u is the dynamic viscosity. n is the local porosity while x is the
(1.5-log19 Re)z]

empirical porosity correction factor calculated as y = 3.7 — 0.65 exp [— 5

The fluid domain is discretized into 3-dimensional cells where the Navier-Stokes equations are solved using the
Finite Volume Method (FVM) (OpenCFD 2004). The mass and momentum continuum equations are written as:

d
at
a(pnU
Apmb) o pUU) —nV-T=—nVp +np,g + fa
ot d ! o

where T fluid stress tensor calculated via the standard k — ¢ turbulent model (Zhao 2016), and p is the fluid pressure.
The term fq = YN, Fy;/Veey is the drag force per unit fluid volume. The fluid pressures and velocities that are
calculated in each cell are used, in turn, to calculate for the interaction forces.

3. Results and discussions
3.1. Post-processing

To calculate for the relevant kinematics of the system, the whole granular flow was divided into bins of fixed
dimensions along the flow depth (y -direction). The kinematic properties will be calculated considering the
contribution of the part of each particle that falls within a certain bin with height Ay centered at y. The bin height is
arbitrarily set to be 1/5 of the small particle diameter. Dry and submerged mixtures flowing at 26° were simulated to
provide comparison between the segregation that develops with and without buoyant forces. Submerged mixtures at
different angles of inclination were simulated to show how the segregation process varies under different flow
conditions.

3.2. Measuring segregation
Segregation is measured as the deviation of the local volume concentration ¢p ™ of a certain size species n from the

global volume concentration (which is 0.5 at all times) at a height y for a certain time ¢. This is calculated using the
equation proposed by Hill & Tan (2014):

Npin

S' D) = | D (70 = 8)  Wiin = 1) ®
j=1

where S™ is the segregation of a species and N, is the number of bins along the y-direction respectively. The higher
the value of S™ the better the ‘quality’ of segregation, where the best case involves a complete separation of small and
large particles into two homogeneous layers.

Fig. 2a shows the segregation trends of the large particles of both dry and submerged mixtures. The segregation of
the dry mixture (at 26°) shows a rapid increase at the beginning which evens out to a nearly constant value at around
120 seconds. Beyond this point, there is no longer a clear change in the local large particle concentration deviations,
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Fig. 2. (a) Segregation of a dry bi-disperse mixture at 26° and submerged mixtures (indicated by the prefix ‘sub’) at different angles of inclination.
Snapshots of segregation for a (b) dry and (c) submerged mixture at 26°, 160 seconds.

implying that there is no longer a net flux of large (small) particles to the free surface (base) and segregation has
achieved a steady state.

The segregation of submerged mixtures are significantly different. The levels of segregation are lower and slower
compared to the dry case. Instead of a parabolic trend, segregation rapidly increases in a linear manner initially for a
short period of time before abruptly slowing down. The slow increase continues until the end of the simulation.
Segregation steady-state was not achieved except for the mixture flowing down at a 30° angle. This flow was very
diffuse — random particle motion dominated — and hence no net upward nor downward flux was able to develop,
maintaining a constant concentration deviation until the end.

Segregation is a shear driven process. At higher velocities shear rates are high, more random voids appear for small
particles to percolate down to and more inter-particle contacts to hoist large particles up. High velocities will increase
random particle motion and create voids that even large particles can fall into, preventing them from segregating up.
Flows that are relatively slow result to lower shear rates which also effectively reduce segregation. Simply put, the
presence of the fluid slows down the granular flow, reducing local shear rates and consequently slows down
segregation. The difference that the presence of fluid makes can be seen when comparing Figs. 2b and ¢ — snapshots
of dry and submerged mixtures respectively, both simulated at an inclination angle of 26°; taken at 160 seconds.

3.3. Particle distribution

For a more qualitative assessment of the spatio-temporal development of segregation, phase diagrams representing
the solid volume concentrations of large particles ¢! for the dry case at 26° (Fig. 3a) and the submerged cases (Figs.
3b-e) at different angles of inclination are presented in the first column of Fig. 3. As in section 3.1, the dry case is
simply included for comparison. For the dry case, a thick layer composed of purely large particles is observed at the
free surface. One that is dominated by small particles develops at the bottom. The black dashed line near the floor
marks the height of the base particles. A blurred transition line develops between these two regions. This area is where
both size species co-exist and mix under dynamic equilibrium (cf. Jing et al. 2017). This is usually attributed to
diffusivity which prevents the perfect segregation of the two particle species (cf. Vallance & Savage 2000, Gray &
Chugunov 2006).

For the submerged case, the large particle layers are noticeably much thinner and take much longer times to
develop. Immediately under this layer is a region which, although dominated by large particles, is also sufficiently
populated with small particles. This layer continues to thicken over time indicating that large particles still continue
to rise from the bottom. Most of these large particles, however, do not continue all the way upwards but instead remain
suspended there. This can be seen from the granularity that develops in this region where a certain degree of striation
is observed. This indicates that the solid concentrations at a certain height remain constant for prolonged periods of
time. All throughout the rest of the flowing body, the mixture is more or less homogenous and a more ‘diffuse’
granularity is observed. This suggests that there is a difference between the flow properties along the height of the
flow that, in effect, causes particles to behave differently.

Comparing the phase diagrams of the flows at different angles, it can be seen that the lower the slope angles the
better the segregation, and the more the distribution resembles that of the dry case. At low angles (i.e. low velocities;
22° and 24°) the large particles in the stagnant layer accumulate at the beginning but then slowly rise up to be a part
of the pure large particle layer. This is accompanied by the continued increase in the thickness of the small particle
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Fig. 3. The solid volume concentration distributions of large particles ¢* of (a) a dry bi-disperse mixture at 26° and submerged mixtures for angles
(b) 22°, (c) 24°, (d) 26°, and (e) 30°. The stream-wise velocity and shear profiles of the (f) dry and (g-j) submerged mixtures at 160 seconds. The
kinetic stress profiles of the (f) dry and (g-j) submerged mixtures at 160 seconds.

layer. This means that although slow, segregation and its primary mechanisms (e.g., kinetic sieving, squeeze
expulsion) are still in progress and the inhomogeneities in the flow profile are less pronounced. At higher angles (i.e.
higher velocities; 26° and 30°), the striation in the stagnant regions are more pronounced, indicating that almost no
relative change in the solid concentration has occurred for long periods of time. The same is also true for the fine
particle layer near the base whose thickness has ceased to increase indicating that even the gravity-driven downward
percolation of small particles is also inhibited. In addition (especially at an inclination of 30°), distinct layers start to
form at the lower regions indicating more pronounced differences in the flow profile along the depth.
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3.4. Kinetic properties

To further shed light on the flow properties that are believed to affect the manner of segregation, the kinetic
properties of the simulated granular mixtures are evaluated according to their velocity, shear rate and kinetic stress
profiles. The kinetic stress is a measure of the degree of individual particle mobility, expressed in terms of their relative
velocities to the average velocity of the surrounding particles at the height where they are located. This value is
analogous to the granular temperature. Here we calculate the kinetic stress through (Fan & Hill 2011):

N

1 i Zl - ZVl'n

oy (V) = pm™ (ﬁ E Z](ijjll;&y)) ]> 9)
i=1 Y

where vj; is the velocity of the volume portion of a certain particle and v(y) is the average velocity of both size species
at bin center y. i is the time-step number, of which there are N at which the velocity per bin is averaged, V;} is the
total volume of a particle specie at y, and p,, is the material density.

Figs. 3fand k show the relevant kinetic properties of the dry flow respectively. The measured stream-wise velocity
and shear rate profile of the dry case is typical for dry granular flows (cf. Jop et al. 2004). In dry mixtures, the kinetic
stress is mostly borne by the small particles and is highest near the base where the shear rate is highest. Large particle
kinetic stress is significantly lower and more or less even throughout the flow height.

The flow profiles of the submerged mixture (Figs. 3g-j) exhibit a plug flow near the free surface and a rapid shear
at the base. This profile is consistent with the stream-wise flow profiles of submerged (Istad et al. 2004) and even
free-surface debris flows (Mainali & Rajaratnam 1994). The kinetic stress magnitudes (Figs. 31-0) of both small and
large particles are lower in the submerged case and are also notably less distinct — both of them show near zero values
at the plug flow region and both peak near the base. This implies that the presence of fluid reduces individual particle
mobility and does this to the point that individual particle motion for both species are nearly equalized. Relating the
inhomogeneity of the kinetic profiles to the concentration profiles in 3.2, one can infer that the particles in the plug
flow region almost move as a single block where due to the lack of shearing find it hard to segregate up or down.

Comparing the velocity profiles at different angles, the plug flow region is more pronounced and is wider for higher
velocities. The larger the relative velocities of the particles and the surrounding fluid, the greater the opposing drag
force and hence when the particles move faster, the greater the drag force they experience from an initially static fluid.
When the granular flow is slow, the fluid resistance is less and hence a velocity and shear profile resembling a dry
flow can be achieved.

4. Conclusions and outlook

A simple case of a submerged bi-disperse mixture is simulated using the CFD-DEM method to investigate the
effects of fluid forces on the development of particle size segregation. From the initial results, it can be seen that the
fluid generally retards the degree and rate of segregation. It is inferred that the resistive forces of the fluid create a
plug flow region near the free surface wherein the shearing of the particles are greatly reduced to the point that the
particles seemingly move as a single block. The reduction of the shearing inhibits the generation of random voids
which are essential for small particle percolation downwards and reduces the relative inter-particle motion which
necessary for the ‘squeezing’ of the large particles upwards. The shearing that exists in the lower regions continues to
promote the aforementioned mechanisms, however, it is supposed that further segregation from this region is
suppressed due to the plug flow that develops at the upper regions.

The aforementioned mechanism however still requires a more stringent evaluation which would involve knowing
the fluid effects on particle contacts and how the shear profile that develops actually affects the particle trajectory.
Further insight can also be gained through the variation of particle parameters such as the size ratio and the density
ratio between the solid and the fluid.
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Abstract

The mobilization of surface material by particle-laden flows involves phenomenology that cross multiple scales:
particle-scale interactions and mesoscopic stresses have significant implications for landscape evolution and associated hazard
mitigation issues. Here, we consider the problem of erosion of bed materials by debris flows — flows of boulders, gravel, sand,
fine particles, and fluids — as they entrain soils and rocks from steep hillsides. In this paper we report results from laboratory
experiments investigating the effect of changing coarse particle concentration in a dry “debris flow” on the erosion of a bed over
which it flows. We find that increasing the fraction of coarse particles in the bed often increases the bed erosion. However, for
some systems, the details are noisier and harder to discern. We associate the variable erosion and noisiness in part with the
competing dynamics of small scale interactions, such as the coarse grain impacts, and larger scale details, such as those related to
angles of repose. We also present preliminary results measuring instantaneous erosion rates and demonstrate that size
dependence of the erosion rates can vary considerably from that of the net erosion. We conclude by summarizing some
limitations of our experiments and ongoing next steps to address these limitations.

Keywords: debris flows, granular materials, erosion

1. Introduction

Debris flows are massive movers of sediment — boulders, gravel, and sand- and clay-sized particles — from
mountainous regions and steep hillslopes to foothills, valleys, and river channels below (Hungr, McDougall, Jakob
and Bovis, 2005). Along the way, they pose significant hazards to infrastructure and human life, and they determine
important details of river channel dynamics to which they supply a substantial amount of sediment. There is
significant evidence that changing land use and climate change are increasing debris flow magnitude and frequency
(e.g., Stoffel and Beniston, 2006; Jakob and Friele, 2009; Jomelli et al., 2009).

Much of our understanding of debris-flow processes is drawn from experimental studies and limited natural
examples. Changing environmental conditions, such as rainfall frequency and magnitude, and variable particle
properties limit effectiveness of empirical models based primarily on previous debris flows. A solution to this
problem may lie in a more physics-based understanding of the manner in which debris flow composition, interstitial
fluid composition, and particles which can vary from one debris flow to the next can affect debris flow behaviors.
Understanding the mechanisms that control the rate at which a particular debris flow entrains particles and grows in
size is important for predicting their hazard (Godt and Coe, 2007).

In this paper, we focus on the effect of changing the concentration of large particles in an experimental debris
flow on net erosion, the difference in bed mass before and after the flow, of a bed of erodible materials (loose
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particles rather than bedrock). We also perform a preliminary investigation of the dependence on near-instantaneous
bed material erosion rates on large particle concentration in an initial debris flows.

1.1. Field-scale observations of debris flow entrainment

Much of our intuition of debris flow entrainment has historically come from observations of landscape evolution
associated with natural debris flows. After a debris flow is initiated, inspection of the steepest part of the canyons
indicates that at the steepest slopes, debris flows entrain most loose sediment in their paths and incise into the
bedrock itself (e.g. Wieczorek et al., 2000; Stock and Dietrich, 2006). At intermediate slopes debris flows no longer
scour down to bedrock, but they typically continue to entrain debris from the channel bed causing granular flows
increase considerably in size (e.g., Revellino et al., 2004, Hungr et al., 2005). This paper concerns the dynamics of
the entrainment process when the limit to entrainment is set by the details of the flow and the particles in the bed.

Many physical factors influence debris flow entrainment rates under these conditions. In most cases, these have
been categorized into one of two mechanisms: (1) an applied shear stress by the flow on the bed that has the
potential to accelerate the material into motion and (2) internal forces or stresses within the bed that resist the
movement of bed materials into the flow (e.g., Takahashi, 1981; Hungr et al., 2005). In other words, the rapid
loading associated with debris flows can entrain particles by increasing the shear loading of the material at the same
time it can reduce the internal stress or even induce a liquefaction of the bed material, leading to erosion.

Monitoring stations around the world have produced data that have increased our understanding of key factors in
debris flow entrainment. Notably, these include stations in active debris flow sites such as Acquabona Creek in the
Dolomites in the Italian Eastern Alps (Berti et al., 1999); Illgraben channel in the Swiss Alps (Berger et al, 2011);
Chalk Cliffs study basin in the Sawatch Range, Colorado, USA (McCoy et al., 2012). Berti et al. (2000) used flow
height sensors, load cells, and fluid pore pressure sensors buried in the channel bed to understand entrainment
dynamics in the Italian Eastern Alps. Their data indicated that the scour rate was proportional to local slope gradient.
Berger et al. (2011) used a progressive erodible daisy-chained sensor in conjunction with dynamic load cells
measuring downslope and normal stresses, pore pressure sensors video monitors in moderately moist debris flows
along the Illgraben channel in a temperate-humid region in the Swiss Alps. They found that entrainment rate
increases with both average and fluctuating stresses, and demonstrated that the fluctuations and entrainment rate
particularly well-correlated with the highly fluctuating granular front. McCoy et al. (2012) used a comparable situ
sensor network to measure related quantities in the Chalk Cliffs study basin of Colorado for dry-to-saturated flows
in the typically semi-arid conditions. They found a strong correlation between entrainment and bed-sediment
moisture content by comparing time-averaged entrainment rates across all six (dry and saturated) flows. In contrast
to the findings of Berger et al. (2011) McCoy et al. (2012) found negligible correlations between stress fluctuations
and sediment entrainment, perhaps because of a different in the nature of the debris flows. The Chalk Cliffs
measurements indicated shallow stress fluctuation penetration depths into the bed.

These field studies have demonstrated the importance of bed inclination, moisture level, and dynamics such as
shear stress and bed fluctuations. However, investigating the effects of grain size distribution of the debris flow, or
of the erodible material, on erosion dynamics is difficult due to the difficulty of systematically isolating the effect of
grain sizes, interstitial fluid properties and other factors from one another.

1.2. Previous studies of erosion — laboratory scale

Laboratory investigations can isolate the effects of particle properties, changing interstitial fluid properties, slopes
and other parameters from one another. Egashira et al. [2001], Papa et al. [2004], and De Haas and Van Woerkom
[https://doi.org/10.1002/esp.3963] reported experiments in a laboratory flume designed to study the effect of
changing relative size of the particles in the flow and the bed. Egashira, Papa, and colleagues [Egashira et al., 2001
and Papa et al. 2004] both used millimeter-sized particles (from ~ 2 mm to 10 mm) in an experimental flume with an
adjustable angle. The flume was designed with a “weir” at the bottom, allowing these researchers to fill the bottom
of the downstream end of the flume with particles and provide an erodible bed at a lower angle of inclination. Papa
et al. [2004] showed that, for these systems, if both bed and flow particles are of the same size distribution, erosion
rates decrease monotonically with increasing particle size. Egashira et al. [2001] demonstrated that, using smaller or
equal-sized particles in the flow, the net erosion rate increases with decreasing bed particle size. Egashira, Papa, and
colleagues [Egashira et al., 2001 and Papa et al. 2004] predicted theoretically that net erosion rate should scale as
dfiow/ Apea- 1-€,. the smaller the bed particles relative to the particles in the flow, the larger the erosion rates. While
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Fig. 1 Sketch of laboratory flume (not to scale).

the results are compelling, typical laboratory experiments such as these suffer the risk of scale-limiting issues,
particularly when it comes to particle-fluid flows [e.g., Iverson, 1997].

The well-known United States Geological Survey (USGS) flume [Iverson et al., 2010] provides some best
elements of both worlds — those of laboratory experiments and field measurements. At 95 m long and 2 m wide, it is
sufficiently big to minimize scaling issues of smaller laboratory experiments. Yet because of its relatively simple
(rectangular) channel geometry and extensive instrumentation, it provides a setting that allows for systematic studies
primarily only possible in relatively small laboratory flumes. Using these facilities, researchers have been able to
isolate a number of important dynamics of debris flows [e.g., Iverson et al., 2010] Notably, Iverson et al. [2011] and
Reid et al. [2011] tested the effect of changing volumetric water content of the bed on relative erosion of that bed by
a debris flow. To do so, they varied water content from ~ 15% to 30% holding all else constant, including the
particles in the bed and flow, i.e., mostly gravel and sand with a small percentage of finer particles. . They
demonstrated that bed moisture plays an indisputable role in entrainment: the more moisture in the bed, the higher
the measured entrainments rates. Further, they showed that higher entrainment rates associated with the higher bed
moistures were strongly correlated with higher mobility rates of the debris flows.

1.3. Present studies of erosion — laboratory scale

We developed a laboratory flume, detailed in Section 2, to focus on particular aspects of entrainment rates.
In the rest of this paper we present our experimental investigations of the influence of grain size dependence of an
initial debris flow on its erosion of materials in the bed over which it flows. To help provide a simple foundation for
these studies, we focus on bimodal mixtures in the initial debris flow and use dry particles only for the results
described here. We discuss potential issues with these simplifications in the last section of this paper.

2. Experimental set-up
2.1. Experimental equipment

The experiments described herein were performed in our laboratory flume (Fig. 1) fabricated by the University of
Minnesota (UMN) College of Science and Engineering (CSE) machine shop, that we designed specifically to study
erosion and deposition by model channelized debris flows. The flume channel is approximately 3 m long X 0.08 m
wide. The inclination angle of the flume (¢) is adjustable from approximately 0° to 40°.

The upslope ~1.8 m of the flume channel has a rigid rough bed and is approximately 1.8 m long X 0.15 m deep
X 0.08 m wide. Three release gates are installed along this section of the flume, at 0.38 m, 1.12 m, and 1.84 m from
the upstream end. The bed is roughened from 1.12 mm to the end of this upslope region using sandpaper of ~ Imm
roughness elements. For the experiments we report here, we used the central release gate at 1.12 m from the
upstream end. (We have found similar results using release gates at 0.38 m from the upstream end as detailed in
[Moberly, 2016]). The downslope ~ 1.3 m of the flume has a false bottom, without which is ~ 1.3 m long X 0.70 m
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tall X 0.15 m high. Both ends of the erodible bed chamber are bounded by a wire mesh of spacing ~ 0.5 mm up to
the height of the bottom of the rigid bed (0.15 m high). A ramp installed between the bottom of the rigid bed and
the bottom of the erodible bed chamber (inclined ~30° from the bed) greatly minimized the scour that otherwise
occurred at the upstream end of the erodible bed, and did not otherwise appear to affect the results we present here.
We used three primary pieces of measurement equipment: During the course of each experiment, we made two
relatively simple measurements of relevance here: (1) We determined the inclination angle of the flume, ¢, using a
digital level (Husky® accurate to the nearest 0.1°), placed the digital level on the base of the flume, as we inclined
the flume. (2) We collected mass measurements of the particles using a digital scale with a resolution of one gram.
In addition, we captured high speed videos of the experiments using 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 1000 frames per second. Most of the data we present here concerns the total net erosion from the bed
associated with each debris flows. In addition, we present some preliminary instantaneous erosion.rate data for
which we used data from the digital images to track the particles from one image to the next as we describe shortly.

2.2. Bed and debris flow materials

For these experiments, we used two different sizes of near-spherical zirconium silicate beads (Quackenbush,
specific gravity ~ 4.0) with diameters of 2.0 mm and 0.8 mm. For both mixtures, we dyed the smaller particles blue
using Sharpie ink to enhance differentiation of the two constituents when used together in an experiment. To
simplify the experiments for this paper, we used only one type of bead in the bed at the beginning of each
experiment and used uniform or bimodal systems in the supply, or initial debris flow, of the same material as the
particles in the bed.

2.3. Experimental procedures

To prepare for each experiment, we reset the bed with the flume is in a horizontal position, such that ¢ = 0° and
apply anti-static spray to the flume walls. We place a predetermined mass and mixture of particles in a position
upslope of the closed gate to act as the initial debris flow for our experiment. The shape of the conglomerate of
particles placed here is similar from one experiment to the next, though, using this release gate, we observed little-
to-know difference in net erosion when this was changed [Moberly, 2016]. Next, we place an amount of particles in
the erodible bed chamber predetermined to fill the chamber to the top. We use a flat rectangular plastic piece to
gently smooth the top of the erodible bed in a way that flattens the surface while minimizing disturbance to the bed
beyond the top layer of beads. After this, we incline the flume to a predetermined angle and then secure the flume in
place.

To initiate each experiment, we quickly open the gate to allow the initial debris flow material to flow
downstream. As the initial debris flow travels over the roughened rigid section of the flume, the particles accelerate,
become agitated and spread out due to the interparticle interactions. Once the energized particles reach the
stationary erodible bed, they collide with and mobilize initially stationary particles. These mobilized particles, once
energized, become part of the energized shearing collisional flow and subsequently mobilize lower, initially
stationary particle in the bed. An apparent non-material boundary between moving and stationary particles descends
for some time, depending on the experimental conditions (discussed shortly). Then, the process reverses. The
bottom-most moving particles slow and stop due to “drag” forces from the particles below them and insufficient
mobilizing interactions from the particles above. Then, the particles slightly higher in the bed slow to a stop and so
on, until the non-material boundary between moving and stationary particles comes to a rest at the top of the bed.
Over the course of an experiment, the bed may increase in height and mass, associated with deposition of some or
all of the intial debris flow on and in the bed; the bed height may be lower associated with removal of some of the
bed material; or, the bed surface may return to its initial height or mass if no net material was removed from or
deposited into the bed.
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a. b.

Figure 2: Net eroded mass as a function of bed inclination, ¢p. (a) total mass discharged from the system, m,,; (b) normalized net mass out,
e = (Moue — Mintiar)/Minie. The lines represent linearized least squares fit lines, Eqn. 1: i, i = (Am/Ag) i X (gbﬁt — )

During flow, we monitor the flow, entrainment, and deposition dynamics primarily using one high speed camera,
though a second camera catches a wider view and qualitative details over the duration of the experiment. After flow
ceases, we weigh the particle that exited the flume during the experiment to calculate a net mass eroded from the
bed, and we analysed the digital images to measure the local quasi-instantaneous entrainment rate.

3. Results
3.1. Summary of Experiments

We conducted results for two different sets of experiments. For the first set we performed what we call “uniform
particle experiments,” where all particles (in the initial debris flow and in the bed) were the same. We plot the mass
that exited the flume (m,,;) and the normalized net mass eroded (M, = (Myyr — Mintiar) / Minitiar))> Where Mipitial
is the initial debris flow mass, as a function of each inclination angle in Fig. 2(a) and Fig. 2(b), respectively. Table 1
also contains the parameters of the linearized least squares fit shown in Fig. 2(b):

~ Afg fi
Me it = % X (¢fit - ¢n) 1

In this equation, Affi, r;c /A and ¢, are fit parameters, as we discuss in section 4.

Table 1. Particle properties, input parameters and fit parameters for uniform particle experiments

p (kg/m?) d(mm) My (kg)  Mpeq (kg) ¢ (deg) P (deg)  Afii,pie/0p R Vvar
4100 0.8 6.6 17.1 22.5,23.5,24.5,25,25.5 249 041 0.996 0.027
4100 2 6.6 17.1 24,25,25.5,26,27 26.0 0.46 0.985 0.057

In table 2, we present the inputs for our two sets of “mixture erosion experiments”; here, the bed was composed
of zirconium silicate of one size (d,). For these, we varied the percentage of finer and coarser particles in the initial
debris flow (dn;r s and dipie ¢, respectively). For the coarse bed (d), =~ 2.0 mm), we performed the experiments at
the fitted angle for which we found no net erosion for the uniform particle experiments (¢ = ¢, = 26.0°), as we
discuss in more detail in Section 4. The finer particle bed (d;, =~ 0.8 mm) was not stable under the same conditions,
so we performed the experiments using a somewhat lower angle than that at which we achieved stability (¢ =
23.5° < 24.9° = ¢,,). For the mixture erosion experiments, we plot the dimensionless (total net) erosion, E; =
My /Minic = (Moyr — Minit)/ Minie » VS. percentage of small particles in the initial debris flow in Fig. 3.
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Figure 3 Dimensionless net mass out for each component and mixture E;; = m,;/M;n;, (i represents one of the components or the
mixture) as a function of concentration of the fine particles in the supply.

Table 2 Input parameters for mixture erosion experiments

Experiment d;, (mm) ds . (mm) ds s (mm) ¢ (deg) % fine particles by mass in initial debris flow (supply)
0.8 mm ZS bed 0.8 2 0.8 23.5 0, 25, 50, 75, 100
2 mm ZX bed 2 2 0.8 26 0, 25, 50, 75, 100

For one set of our mixture erosion experiments, we performed digital image anlaysis. We located and tracked
nearly all particles in all images taken during an experiment (Fig. 4a). Then we tracked the particles from one image
to the next and calculated an average velocity profile (Fig. 4b). From this, we calculated the location of the interface
between moving and quasi-stationary particles, i.e., the bed material “entrainment height.” (Fig. 4c). The derivative
of this quantity (rate change of entrainment height), shown in Fig. 4d, is a quasi-instantaneous entrainment rate.
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Figure 4 Image analysis results of the experiments for the coarse bed (d;, ~ 2.0 mm),. (a) illustrates that the fine and coarse particles are
detected seperately, (b) shows the bulk velocity profile of the flow at an instantaneous time, (c) shows the time series the entrainment
height, H, (top) and the entrainment rate (bottom). H,, is the entrainment height at the initial time.
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4. Discussion

The results from our uniform particle experiments presented in Figure 2, i.e., the net erosion, m,, versus flume
inclination angle, ¢, for each system, show that the total net erosion increases linearly with ¢, similar to that we
found for particles of different materials. The linear relationship between increase in inclination (i.e., slope) angle
and erosion highlights the significance of the slope of the debris flow path in determining erosion and deposition
patterns [Conway et al. 2010]. We define the fit parameter ¢,, as the neutral angle for a particular set of particles.
This is the fitted value for the flume inclination angle at which erosion i, & (M, — Mintia) = 0, analogous to
the equilibrium angle discussed in Egashira et al. [2001] and Papa et al. [2004]. The fitted slopes of our linear least
squares fits , (A7, f;/A¢) represents a measure of the sensitivity of the erosion to the deviation of the angle of
inclination from the neutral angle. We suspect the variability of this slope from one system to the next is due to a
variability of relative roughness of the beads, another surface property, or a relative asphericity of the particles.
Although investigating this is beyond the scope of this paper, it is likely important in the context of natural particles
that differ more significantly in shape and surface properties and is the topic of future work.

The results from our mixture erosion experiments presented in Figure 3, i.e., Eg; = (Moyuei — Miniei)/Minit VS.
percent fine particles, lends more intuition. For the 2 mm ZS bed, E ,,;, decreases with increasing fraction of fine
particles in the initial debris flow, or supply. This is similar to results we reported previously for other materials.
We hypothesize that this is due to the increasing effect of the impact of large particles with their size, increasing
their capability to dislodge other particles. In contrast, for our 0.8 mm ZS bed we report here, we note that the
coarse particles have a higher value of ¢, than the fine particles. We hypothesize that a bulk effect drives this,
related to the deposition of the coarse particles on the bed inclined lower than its own ¢,,. We note that the results
for the individual particle sizes varies a bit more. One might expect that the normalized net erosion of one
componetn should be proportional to its representation in the initial flow. However, for the 2 mm ZS bed
experiments, E, ¢ decreases with increase of fine particles, while the normalized net output of the coarse particles
E, . is relatively flat. In the case of the 0.8 mm ZS bed experiments, the normalized net output of the fine particles
Eg4 s increases slightly overall, while E, . actually increases with decreasing representation of coarse particles in the
initial debris flow. We suspect that in the case of the erosion behavior of the individual components, complex
interparticle interactions including segregation, and disparate momentum and energy exchange may play a role. We
believe these details are important in predicting the overall evolution of a debris flow and its deposit and are
currently investigating this with a wider variety of mixtures and with particle tracking of the dynamics during the
flow. From Fig. 4c we see that the instantaneous entrainment details reveal that intuition we develop from our
average entrainment rates do not always provide helpful insights for instantaneous entrainment rates. For example,
the case of the highest entrainment rates at a particular time is the case of 75% fine particles, while the net total
erosion in this case is among the smallest. More analysis is needed to understand how the instantaneous erosion
rates may be related to the net erosion that can be more easily measured in the field.

5. Summary and Future Directions

In this work we investigated the effect of changing the fraction of large particles in a bimodal grain size
distribution in an initial debris flow on the erosion of the bed over which it flows. For our systems we found:

o The dependence of the net bed material eroded on the composition in the flow strongly depends on the
composition of the bed: (1) When the neutral angle of the bed material is less than that of the initial debris flow,
increasing the percentage of larger particles in the bed increases the net erosion of the bed, and (2) When the
neutral angle of the bed material is greater than that of the initial debris flow, increasing the percentage of larger
particles in the bed appears to have a less systematic effect on the net erosion.

o We hypothesize, based on our average results, that the relationship between coarse particle fraction of the debris
flow and bed material erosion is influenced by competing effects at the bulk scale and at the particle scale,
including a particle-scale collisional effect on net erosion.

¢ Instantaneous erosion rates, which determine other dynamics of debris flows, indicate complex dynamics that
may include relative segregation that are not accounted for in our current relatively simplistic understanding.

The experiments presented in this paper provide a foundation for the work needed to understand the complexity
of the particle size dependence of erosion by debris flows. However, there are still many unanswered questions
regarding our mixture-dependent erosion results, including those involving: (1) the presence of moisture; and (2)
changing grain size distribution in a more continuous distribution of particle sizes.
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Abstract

It is essential to consider the fluidity of a debris-flow front when calculating its impact. Here, we flume-tested monogranular and
bigranular debris flows, and compared the results to those of numerical simulations. We used sand particles with diameters of 0.29
and 0.14 cm at two mixing ratios, of 50% and 50% (5:5), and 30% and 70% (3:7), respectively. Particle segregation was recorded
using a high-speed video camera. We evaluated the fronts of debris flows at 0.5-s intervals. We then numerically simulated one-
dimensional debris flows under the same conditions, and we used the mean particle diameter when simulating mixed-diameter
flows. For monogranular debris flows, the experimental and simulated results were in good agreement in terms of flow depth, front
velocity, and flux, but the bigranular debris flows were not well-simulated; the simulated flow depth was less than that found
experimentally, and the front velocity and flux were greater. The differences may be attributable to the fact that the dominant shear
stress was caused by the concentration of smaller sediment particles in the lower flow layers; such inverse gradations were detected
in the debris flow bodies. In this situation, most shear stress is supported by smaller particles in the lower layers; the debris-flow
characteristics become similar to those of monogranular flows. Consequently, the calculated front velocities were underestimated;
particle segregation at the front of bigranular debris flows did not affect fluidity either initially or over time.

Keywords: Flume test; Multi-granular debris flow; Numerical simulation; Particle-size segregation

1. Introduction

Stony debris flows have been modeled by reference to internal stresses caused by interactions (such as collision
and friction) between particles and the viscosity of pore fluid (Egashira et al., 1997; Takahashi, 2007). Numerical
simulations have been used to reproduce and predict debris-flow behaviors (Nakagawa and Takahashi, 1997; Osti and
Egashira, 2009). In both laboratory models and numerical simulations, a representative (uniform) particle size is
usually assumed, although real-world debris flows include grains of many different sizes associated with inverse
gradations and accumulation of large boulders at debris-flow fronts (Stock and Dietrich, 2006; Suwa et al., 2009).

Particle size greatly affects debris-flow fluidity; larger particles impart higher flow resistance (Takahashi, 2007).
Hence, the fluidity of the debris-flow front, which is important in terms of impact forces, is affected by both particle
size and particle admixing. Accumulation of boulders at the front causes the flow characteristics of that front to differ
from those of the main body; these cannot be reflected in numerical simulations employing particles of uniform size.

Here, we flume-tested monogranular and bigranular debris flows and compared the results to those of numerical
simulations, to determine the effects of particle segregation on the debris-flow front.

* Corresponding author e-mail address: hotta.norifumi@fr.a.u-tokyo.ac.jp

18



Hotta / 7" International Conference on Debris-Flow Hazards Mitigation (2019)

High-speed video camera
ﬂé(for sampling time record)
Sediment deposition

Bed roughness

10.0m

Displacement
sensors

Water supply

Fig. 1. The experimental setup.
2. Materials and Methods
2.1. Flume test

A channel of variable slope (10 m long and 10 cm wide) with a left-side glass sidewall was used for all experiments
(Fig 1). The slope angle was set to 15°. The upper 3.5 m of the channel was filled with sand particles to a depth of
10 cm and connected to a lower stream 10 cm in height; this was a rigid bed 5 m in length to the surface, to which
2.9-mm-diameter sand particles were glued to impart roughness. To prevent overflow, the sand was watered to near-
saturation immediately before each test. A steady flow of water (2,000 mL/s) was supplied from the upper end of the
channel to generate debris flow by eroding the deposited sand.

Silica sands 0.29- and 0.14-cm in diameter were used; the mixing ratios were 50% and 50% (5:5), and 30% and
70% (3:7) (Table 1). Particle-size distribution affects the flow characteristics of debris flow in several ways. For
example, fine sediment and its liquefaction change the fluidity (Nishiguchi et al., 2012; Hotta et al., 2013). In this
study, we focused on particle segregation in stony debris flows. Sand particles of 0.29 and 0.14 cm were selected
because they have been validated to behave as representative stony debris flows under this experimental setting (Hotta
and Miyamoto, 2008; Hotta, 2012). Monogranular debris flows using each particle size, and bi-dispersed mixtures
would simplify and clarify the particle segregation process.

Eight ultrasonic displacement sensors (E4C; Omron, Kyoto, Japan) were placed above the channel at 0.5-m
intervals from 0.5-4.5 m distant to the downstream end; these monitored flow depth and timing. The temporal data
were used to calculate front velocities. A high-speed video camera (EX-F1; Casio, Tokyo, Japan) was placed 0.5 m
from the downstream end of the flow and recorded the debris flow from the side at 600 frames/s; we used the resulting
images to evaluate the vertical velocity profiles and the locations of the larger (2.9 mm-diameter) particles by tracking
the particles through the sequence of images. Five debris-flow samples from the front edges were collected at ca. 0.5 s
intervals into a container with five separate rooms (Fig. 1), and one sample was also obtained from the main body at
the lower end of the channel. We measured sediment concentrations and particle segregation.

Table 1. The silica sands used in the flume test.

Mixing ratio (0.29 cm : 0.14 cm) Meam diameter (cm)

10:0 0.29
5:5 0.22
3:7 0.19
0:10 0.14

2.2. Numerical simulation
We performed a one-dimensional numerical simulation of debris flow. When modeling debris flows containing

particles of two different diameters, we used the mean diameter (Table 1). The equations included a continuity
equation for the debris flow, a continuity equation for the sediment, and a momentum equation:
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where h is the flow depth, M is the discharge rate per unit width, E is the bed entrainment rate, T is the mean cross-
sectional sediment concentration, c; is the transported sediment concentration, c+ is the sediment concentration
deposited in the channel, g is a compensation coefficient for momentum, u is the cross-sectional average velocity, g
is the acceleration attributable to gravity, H is the elevation of the flow surface (H = h + z,, where z, is the bed
elevation), 7o is the shear stress at the bed, and pn is the density of debris flow. C and c; are identical when assuming
a uniform profile of sediment concentration. According to our measurements, ¢~ was 0.60. For o, Itoh and Miyamoto
(2002) developed constitutive equations, as follows:
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where p is the density of water, o is the density of the sediment particles (2.64), 0 is the bed slope angle, ¢ is the
internal friction angle of the sediment particles (34.0°), d is the mean diameter of the sediment particles, kg is an
experimental constant that was reported to be 0.0828 by Miyamoto (1985), according to Itoh et al. (1999) and, e, the
coefficient of restitution of sediment particles, is equal to 0.85. ks is a constant reflecting the interstitial space, which
Egashira et al. (1988) evaluated as 0.16. Egs (1)—(3) can be closed using an entrainment rate equation for E. We used
the equation of Egashira et al. (1988):

— M tan ¢s (9)
E=utan(@-6,) (10)

where & is the equilibrium bed slope, which can be calculated based on a given sediment concentration (Takahashi,
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1978).
3. Results
3.1. Flow depth and discharge

The experimental and simulated results were in close agreement in terms of the depths of monogranular, but not
bigranular, debris flows (Fig 2). The experimental depths of bigranular flows were very similar to those predicted for
monogranular flows of the smaller particles (diameter 0.14 cm) regardless of the mixing ratio (5:5 or 3:7 of 0.22- and
0.19-cm-diameter particles; Fig 2bc, respectively). Eqs (4) and (6) show that the flow depth differs by particle size,
thus affecting flow resistance. However, the discharges did not differ greatly; the amounts of water supplied were
identical. Eq (10), the entrainment rate equation, governing the sediment concentration is implicitly incorporating
particle size (Hotta et al., 2015). Experimentally, the discharges of monogranular debris flows of 0.29- and 0.14-cm-
diameter particles differed slightly, but calculations did not reveal any distinct difference (Fig 3a). The calculated and
experimental data for the 0.14-cm-diameter-particle and mixed-particle debris-flow fronts disagreed (Fig 3b). The
discharges were similar at particle mixing ratios of 5:5 and 3:7, as were the flow depths.

3.2. Velocity

The experimental and calculated monogranular debris-flow frontal velocities (both initially and over time) were in
good agreement (Fig 4a). However, the experimental frontal velocity of bigranular debris flows were initially that of
the 0.29-cm-diameter monogranular flow, and later became that of a debris flow containing particles of diameter
equal to the mean of 0.14 and 0.29 cm, regardless of the mixing ratio (Fig 4bc). Fig 5 shows the experimental vertical
distributions of particle velocities within bigranular debris flows. The velocities of the 0.14- and 0.29-cm-diameter
particles did not differ at the same depth. The velocity profile indicated that the inclination was steeper in the flow
body (7.9 and 6.9 s after the front had passed) than at the front (photos taken at 0.3 s; Fig 5a and 5b, respectively).
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Fig. 2. Debris-flow depths over time of (a) monogranular flows, and (b) and (c), bigranular flows at particle mixing ratios (larger:smaller) of 5:5
and 3:7 respectively, at a point 0.5 m from the downstream end. The experimental flow depths are smoothed using a 0.4-s moving average.
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3.3. Particle segregation

Experimentally, the larger particles (0.29 cm) accumulated at the front (Fig 6). The extent of accumulation clearly
differed by mixing ratio; the flow body retained the initial mixing ratio but inverse grading was apparent. Fig 7
compares large particle accumulation in the upper flow between the front and the main body. The extent of inverse
grading was more significant in the main body; small particles thus predominated in the most inclined section of the
velocity profile (Fig 5b).
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Fig. 8. Simulated profiles of the surges for (a) monogranular and (b) bigranular debris flows. In (b), the mean particle diameter was defined to
decrease at the front of the body to simulate particle segregation.

4. Discussion and Conclusion

As shown in Figs 2 and 4, the behavior of bigranular debris flows could not be modeled using the mean particle
diameter, whereas the behavior of monogranular flows could. This may be attributable to particle segregation; the
uneven distribution of particles renders it inappropriate to use the mean particle diameter when seeking to model
fluidity. Particle segregation is initially caused by inverse grading (Fig. 7), as shown in previous reports on bi-
dispersed dry granular flow (Goujon et al., 2007) and saturated flow (Yamano and Daido, 1985). Thus, small particles
concentrate in the lower layer, characterized by a steeper velocity profile (Fig 5b), suggesting that most shear stress is
borne by small particles. This is consistent with the fact that the behavior of bi-granular flows corresponds to that
predicted for flows with small particles only, regardless of the mixing ratio, after the flow has developed sufficiently
(Fig 2bc). Similar behavior was pointed out by Linares-Guerrero et al. (2007) through numerical simulation, who used
the discrete element method to model bi-dispersed dry granular flow.

On the other hand, at the start of the debris flow, when differently sized particles had not yet segregated, the fluidity
of bigranular flows was similar to that of a monogranular flow of 2.9-cm-diameter particles (Fig 4bc). Large dispersed
particles within the flow body may dominate the internal stress environment, but, as the flow descended, the flow
velocity changed to that of a flow of smaller-sized particles (Fig 4bc). Thus, in reality, debris-flow motion, especially
that of the front, is not adequately described by numerical simulations featuring a uniformly sized particle.

In a further example, we compare the simulated profiles of the surges for monogranular and bigranular debris flows
in Fig 8. The calculation employs the same model as used in Section 2.2 but was applied at a real scale so that we
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could clarify the different performances after simulating the distances descended by mono- and bigranular debris flows.
In Fig 8b, the frontal accumulation of large boulders is modeled by gradually decreasing the particle size; the larger
particles accumulate at the front and the smaller ones accumulate in the main body, and the average particle size is
that of a monogranular debris flow (Fig 8a). The monogranular flow exhibits steady motion; the velocity of the mixed-
particle flow is lower, in contrast to the observed results (Fig. 4). The flow depth of the bigranular flow increases as
the main body catches up to the front, due to the greater velocity of the main body, which consists of smaller particles.
This result conflicts with that of the experiment (Fig. 2). Thus, the results of the calculations based on a basic particle-
segregation model that simply incorporates the transition of the mean particle size differ markedly from our
experimental results.

Particle segregation in a debris flow is not simple. Debris flow fluidity may be controlled by local conditions, such
as the vertical distribution of particle sizes, resulting in an uneven structure of internal stresses. Further understanding
of particle segregation is needed for better assessment of on-site debris flows that contain a variety of particle sizes.
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Valid debris-flow models must avoid hot starts
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Abstract

Debris-flow experiments and models commonly use “hot-start” initial conditions in which downslope motion begins when a large
force imbalance is abruptly imposed. By contrast, initiation of natural debris flows almost invariably results from small
perturbations of static force balances that apply to debris masses poised in steep channels or on steep slopes. Models that neglect
these static balances may violate physical law. Here we assess how the effects of hot starts are manifested in physical experiments,
analytical dam-break models, and numerical models in which frictional resistance is too small to satisfy static force balances in
debris-flow source areas. We then outline a numerical modeling framework that avoids use of hot starts. In this framework an
initial static force balance is gradually perturbed by increasing pore-fluid pressure that may trigger the onset of debris motion.
Subsequent increases in pore-fluid pressure, driven by debris motion, may then reduce the debris frictional strength, leading to high
flow mobility.

Keywords: debris flow, numerical model, hot start, initial conditions, dam break, experiments

1. Introduction

Debris flows can begin to move in a variety of ways, but nearly all natural debris flows arise from mechanically
balanced initial states in which stationary sediment is poised in steep channels or on steep slopes. The onset of debris-
flow motion might entail wholesale landsliding or piecemeal sediment entrainment by running water, but in either case
motion of sediment-rich debris begins when a static force balance is slightly perturbed. By contrast, many debris-
flow experiments and models use “hot-start” initial conditions in which motion begins when a large force imbalance
is abruptly imposed. (The term “hot start” has been used previously to describe tsunami simulations that begin by
imposing an instantaneous—thus excessively energetic—uplift of the seafloor (e.g., Grilli et al. 2012). We adopt the
term here to describe excessively energetic onsets of simulated debris flows.)

One type of hot-start initial condition involves a dam break in which a barrier that impounds debris on a slope is
instantaneously or rapidly removed. Instantaneous dam breaks provide important mathematical idealizations because
they precisely represent end-member behavior that can be used to test the accuracy of numerical solution techniques
(e.g., Mangeney et al., 2000). Rapid—but not instantaneous—dam breaks also serve an important purpose in physical
experiments and model testing because they provide a convenient means of creating reproducible debris flows (e.g.,
Iverson et al., 2010) (Figure 1). On the other hand, use of dam-break initial conditions in simulations of natural debris
flows generally involves an unwarranted artifice because it assumes that debris in steeply sloping source areas can
remain in place only if held there by an imaginary dam.

An analogous type of hot-start initial condition is used in numerical models that do not explicitly consider a dam
but which nevertheless assume that a static debris mass has too little strength to satisfy a static force balance (e.g.,
Hungr, 1995; Moretti et al., 2015). The modelled debris mass is held in place merely by withholding a computer
command, and issuing the command triggers motion of the debris by abruptly imposing a large force imbalance. Like
dam-break initial conditions, this type of hot-start initial condition is simple and convenient to use, but it conflicts with
evidence from field observations. Moreover, by imposing an instantaneous transition from an equilibrium state to a
far-from-equilibrium state without any physical cause, this type of hot-start condition violates physical law.

* Corresponding author e-mail address: riverson@usgs.gov
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Fig. 1. Sequential photographs of a 10 m® debris flow discharging through the opening headgate at the U.S. Geological Survey debris-flow flume.
(a) photo captured at t ~ 0.6 s, and (b) photo captured at t ~ 0.8 s, where t =0 denotes the time when the headgate began to open. A shadow visible
on the flume bed and debris-flow surface is cast by a crossbar that suspends a laser depth-measurement gauge 2.5 downslope from the headgate.

Some landslide and debris-flow modelers have attempted to rationalize use of hot-start initial conditions by claiming
that the physics of motion onset has no consequential effect on debris behavior downslope or downstream (€.9., Aaron
et al., 2018). This claim is contradicted not only by qualitative field observations but also by quantitative evidence
from physical experiments (e.g., Iverson et al., 1997, 2000) and results of numerical simulations that account for the
influence of varying debris porosities on the propensity for debris liquefaction (George and Iverson, 2014; Iverson and
George, 2016). Indeed, these studies show that the behavior of debris masses can be extraordinarily sensitive to initial
conditions and short-timescale (~ 1 s) dynamics that unfold as downslope motion begins.

In this paper we first examine some implications of hot-start initial conditions and then summarize an alternative
modeling approach that avoids hot starts. This approach requires a debris-flow model that uses physical conservation
laws, values of material properties, and numerical solution methods that allow statically balanced initial states to persist
indefinitely in the absence of force-balance perturbations. A satisfactory model also must account for the effect of
external agents such as rainfall in gradually perturbing the static force balance, and for a natural evolution of material
strength that occurs as debris begins to move, liquefies, flows downslope, and eventually forms deposits (e.g., Iverson
and George, 2014; George and Iverson, 2014).

2. Hot starts in physical experiments

Although hot starts are primarily a property of mathematical models, hot-start initial conditions are also used in
physical experiments that involve either dry granular avalanches or wet debris flows suddenly released from behind
barriers that impound static material on a slope (e.g., Savage, 1979; Iverson and LaHusen, 1993). These “dam-break”
experiments are defensible scientifically because their goal is to abstract and simplify natural phenomena rather than
to simulate their full complexity. Nevertheless, a physical dam break can introduce experimental artifacts that must
be considered if the purpose of the experiments is to test models that are intended ultimately to explain or simulate
the behavior of natural debris flows.

A set of six dam-break debris-flow experiments conducted at the U.S. Geological Survey (USGS) debris-flow
flume in June 2016 revealed some important aspects of hot-start flow behavior. In these experiments either 10 m® or
8 m® of debris consisting almost entirely of sand and gravel-sized material was initially impounded to a depth of 1.9
m behind a vertical headgate, saturated with water, and then abruptly released on a 31° slope (Figure 1) (Logan et al.,
2007, revised 2018; Iverson and Logan, 2017). Opening of the side-by-side doors that formed the steel headgate
required ~0.8 s and was accompanied by rapid evolution of basal normal stresses, shear stresses, and pore-fluid
pressures measured beneath mobilizing debris at locations 2.23 to 2.85 m upslope from the headgate (e.g., Figure 2a
and 2b). Although this stress evolution largely mirrored behavior measured in natural, gravity-driven failures of
loosely packed wet debris (Iverson et al., 2000), it also showed evidence of experimental artifacts.

One possible artifact resulted from a nearly instantaneous ~45 kN force drop that occurred during unlatching of the
flume headgate at t = 0 s. The abrupt force drop radiated seismic energy into the concrete flume bed and generated
conspicuous ~10 Hz fluctuations in basal normal stress that persisted until t~1 s (€.g., Figure 2a and 2b). These
fluctuations may have facilitated the debris liquefaction process, much as cyclic loading can cause liquefaction of
saturated soils during earthquakes (e.g., Jefferies and Been, 2016). However, soil liquefaction during earthquakes
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Fig. 2. Graphs of data collected in dam-break debris-flow experiments conducted at the USGS debris-flow flume in June, 2016. (a) and (b) basal
stresses measured at locations 2.23 to 2.85 m upslope from the headgate as it opened in two typical experiments. (c) and (d) flow depths
measured 2.5 m downslope from the headgate in six experiments. In each graph t = 0 denotes the time when the gate began to open.

typically develops over tens of seconds, whereas liquefaction in our experiments was essentially complete within ~1
s (as evidenced in Figure 2a and 2b by basal pore pressure becoming nearly equal to the total basal normal stress).
Owing in part to this liquefaction, nearly all debris evacuated the area upslope from the headgate within ~3 s (Logan
et al., 2007, revised 2018). However, we do not know whether similarly rapid liquefaction and debris acceleration
would have occurred in the absence of radiation of seismic energy during opening of the headgate.

Despite differences in debris volumes, the six dam-break experiments conducted in June 2016 each produced flow
fronts that initially traveled downslope at nearly identical speeds. At a position 2.5 m downslope from the headgate,
flow-front arrival times ranged fromt =0.82 sto t =0.87s, where t=0 denotes the time the headgate began to open
(Figures 2c and 2d). In comparison, a frictionless point mass released from the base of the headgate at t =0 would
have required 0.995 s to travel 2.5 m downslope. Thus, the abrupt release of potential energy associated with collapse
of the leading edge of the debris mass during the dam break boosted the speed of the flow fronts. On the other hand,
the front speeds measured in the experiments were smaller than the front speeds predicted by analytical models of
instantaneous dam breaks, which we consider next.

3. Hot starts in analytical models of instantaneous dam breaks

Exact analytical solutions that describe the start-up behavior of idealized, depth-averaged, dam-break flows
illustrate some important mathematical properties of hot starts. We focus on 1-D dam-break solutions aimed at
predicting downslope propagation speeds of flow fronts that are resisted by basal Coulomb friction, with a zero-
friction case as an end member. Despite the effects of basal friction, these solutions predict flow-front speeds that
exceed the speeds of frictionless point masses released from rest at the base of the dam. The high speeds reflect the
influence of an idealized dam break in instantaneously converting potential energy to kinetic energy.

The first solution considers a dam that is oriented normal to the bed at X = 0 and initially retains an infinite upslope
reservoir of debris with uniform thickness h, (Figure 3a). At time t=0 the dam vanishes, releasing a flow that

descends a uniform slope inclined at an angle 8. Mangeney et al. (2000) addressed this problem by generalizing a

27



Iverson / 7th International Conference on Debris-Flow Hazards Mitigation (2019)

¥

Fig. 3. Schematics illustrating different dam and debris configurations considered in analytical dam-break models. (a) bed-normal dam located at
x =0 with infinite, rectilinear debris reservoir upslope, (b) bed-normal dam located at x =0 with finite, triangular debris reservoir upslope, (c)
vertical dam located at x =h;tan@ with finite, triangular debris mass upslope. In each case the bed-normal thickness of debris at x=0 is h, .

classical dam-break analysis to obtain a solution for the downslope velocity of the flow front u. that can be expressed

u. = Sgt+2,/h,gcosé , (1

where g is the magnitude of gravitational acceleration and S is defined as

as

S=sinf-cosftand,, . 2

The value of S is proportional to the difference between the downslope gravitational driving force and the upslope
resisting force produced by basal Coulomb friction, which depends on the effective basal friction angle ¢, .

The two terms on the right-hand side of (1) have distinct physical implications. The term Sgt describes the growth
of velocity due to steady downslope acceleration of a Coulomb point mass that begins from a position of rest at the
base of the dam (i.e.,u. =0 at t=0). By contrast, the term 2,/h,g cos @ describes an instantaneous velocity boost that
lacks any dependence on time or frictional resistance. In the case of debris-flow flume experiments with debris
initially impounded 1.9 m deep against a vertical dam face on a 31° slope (Figure 1), use of the formula 2,/h,g cos &

and the bed-normal debris thickness h, =1.9 mxcos@ = 1.629 m predicts that a velocity boost of 7.4 m/s applies for
all t>0.

The flow-front propagation solution (1) also applies to cases in which the reservoir of debris upslope from a bed-
normal dam has a horizontal upper surface and finite length (Figure 3b). This solution can easily be obtained from an
analogous dam-break solution for frictionless fluids by inserting (2) in place of sin @ in the derivation of Ancey et al.,
(2008). A key implication of this solution is that the presence of a finite reservoir does not modify the terms Sgt or

2,/h,gcos@ in(1). The sum of these terms describes flow-front propagation even after an upslope-traveling wave of

disturbance arrives at the upper end of the finite debris reservoir, thereby resulting in downslope motion of the entire
mass of debris (Ancey et al., 2008).

If a vertical rather than bed-normal dam impounds a finite mass of debris with a horizontal upper surface, then a
different solution describes flow-front propagation following the dam break. In this case the base of the dam is
positioned at X =h,tand, in which h;is the debris thickness measured normal to the bed where x = 0 (Figure 3c).
Relative to the geometries discussed previously, this geometry better approximates the initial geometry used in our

debris-flow flume experiments described in section 2. For this geometry an analytical solution obtained by Fernandez-
Feria (2006) describes the dam-break behavior of frictionless fluids, but only for a short time following the dam break

(ie, t<24h,/g [tané’/ \cos 6’}, indicating the interval 0 <t <0.53s in our debris-flow flume experiments. The
solution of Fernandez-Feria (2006) can be generalized to account for the effect of basal Coulomb friction by using (2)

in place of sin @ in his analysis, thereby yielding the result

cos @
u. =Sgt+——qt . 3
£ =90 tamgg (3)

This solution implies that the flow front behaves as an accelerating Coulomb point mass that is subject to a persistent
force imbalance proportional to [S +(cos@/tan8)]g, which exceeds the force imbalance implied in (1). However,

the flow-front speed predicted by (3) is not subject to an explicit dependence on h, or to a time-independent velocity
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boost like that described by the term 2.,/h,gcosé in (1). This key difference between (1) and (3) exists because the

bed-normal thickness of impounded material adjacent to a vertical dam vanishes for all § > 0.
Equations (1) and (3) can be used to calculate the theoretical positions of advancing flow fronts for circumstances
like those in the debris-flow flume experiments summarized in Figures 1 and 2. Predicted flow-front positions X, (t)

are obtained by integrating the equation dx. /dt = u. . Use of (1) and the initial condition x.(0) =0 in this integration
yields the prediction
X, =(1/2)Sgt* + 2t /h,gcos @ , 4

whereas use of (3) and the initial condition x. (0) = h, tan @ yields the prediction
Xe =(1/2)[S +(cos @/ tan §)]gt* +h, tan & . (5)

Inserting t = 0.5 s along with the experimental values @ =31" and h; =1.9 mxcos@ =1.629 m in (4) and (5) yields
results that are summarized in Table 1 for limiting cases with no basal friction (i.e., S =sin# ) and with basal friction
that is sufficient to counteract the entire downslope driving force (i.e., S=0). For reference, the table also lists X
values calculated for a point mass that is released at X = 0 and obeys X, = (1/2)Sgt’. The tabulated values show that
the distances of flow-front advance predicted for a bed-normal dam are larger than those predicted for a vertical dam,
and that each of these predictions greatly exceeds the prediction for a point mass released at X = 0 in the absence of a
dam of finite height.

The predicted flow-front arrival time t. at a specified downslope distance X can be calculated by performing some
simple algebraic manipulations of (4) and (5). Table 1 lists t- values calculated for X = 2.5 m. For this location, data
collected in our June 2016 debris-flow flume experiments yielded flow-front arrival times with a mean and standard
deviation t- = 0.846+0.016 s (Figure 2c and 2d). All predictions of t; listed in Table 1 differ significantly from this
measured value. Indeed, the most accurate prediction of t. is provided by the simplest and most naive model, the

frictionless point-mass model. This finding reveals the limitations of hot-start dam-break solutions in evaluating
physical scenarios, even if those scenarios are as highly idealized as they are in our dam-break debris-flow
experiments.

Table 1. Analytical predictions of flow-front position X. at t=0.5 s and flow-front arrival time t. atX=2.5m.

Basis of prediction S =0 (maximum friction) S =sind (frictionless)

Xg att=05s t- atx=2.5m X att=0.5s t- atx=2.5m
equation (4), bed-normal dam 3.70 m 0.338 s 433 m 0.306 s
equation (5), vertical dam 2.73 m 0.483 s 3.36 m 0.414 s
point mass with no dam 0m o) 0.63 m 0.995 s

4. Hot starts in numerical models of natural debris flows

Rather than simulating dam breaks, numerical models commonly implement hot starts by using a computational
artifice in which the specified geometry of an initially static debris mass is intentionally mismatched with the debris
frictional resistance. In such models resistance typically is set to a value far smaller than is necessary to statically
balance forces in debris-flow source areas, but motion of the modeled debris is held in check by withholding a
computer command (e.g., Hungr, 1995; Moretti et al., 2015; Aaron et al., 2017). Then, when a command is issued,
the debris mass is instantaneously released with a great excess of net driving force, analogous to launching it
downslope with a slingshot.

The implications of this hot-start tactic can be illustrated by considering a very simple model that lies at the
quantitative heart of many complicated debris-flow dynamics models. The simple model stipulates that the downslope
velocity U of a debris flow’s center of mass obeys Newton’s second law as summarized by the equation of motion
du/dt = Sg , which can be rewritten as
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du . tan ¢,
— = Ol 1——= | 6
dt gsin [ tan 6 } ©)

where ¢, is an effective basal friction angle that implicitly accounts for any effects of pore-fluid pressure. For

physically valid initial states in which static debris is poised to begin downslope motion, (6) indicates that
tan g, = tan @ must be satisfied. This condition places an unambiguous constraint on the value of ¢, , yet numerical

models that use hot starts ignore this constraint and commonly use values similar to tand,, = 0.5(tan ) instead (e.g.,
Moretti et al., 2015; Aaron et al., 2017).

The motion predicted by (6) depends strongly on whether there is a small perturbation of a statically balanced initial
state (e.g., tand,,, / tan @ = 0.9999 ) or a large perturbation like that implied by tand,,, /tan& = 0.5 . Integration of (6)

shows that the predicted instantaneous speed (U) in either case is proportional to [1—(tand,, /tand)]t and that the
predicted distance travelled (x) is proportional to [1—(tand,, /tan@)]t’. Table 2 lists numerical values of such

predictions for motion down a uniform slope inclined at the angle 8 =31’ (the angle of the USGS debris-flow flume).

The results listed in Table 2 illustrate why it is tempting for modelers to use hot-start initial conditions rather than
physically valid initial conditions that involve small perturbations of statically balanced initial states. Flow speeds and
travel distances obtained by assuming that tang,,, /tan @ = 0.5 applies may be far more realistic than those obtained
by using tand,, /tan6 =0.9999 . Indeed, the predictions obtained by using tand,,, /tan & = 0.9999 are more suitable
for a slowly creeping landslide than for a fast-moving debris flow, whereas those obtained by using
tand,, /tan 6 = 0.5 indicate that after 100 s, a debris flow has traveled nearly 500 m and reached a speed of nearly 10
m/s—values that are quite plausible in many circumstances. However, while the numerical results obtained by using
a hot start with tand,, /tan @ = 0.5 may seem pleasing, the underlying physics are deeply flawed. The large speeds
and travel distances attained by modeled debris flows with tand,, / tan 8 = 0.5 are merely artifacts of using physically
implausible hot-start initial conditions and inappropriate parameter values.

Table 2. Dynamic responses to different perturbations of a balanced initial state, as indicated by solutions of (6).

Elapsed Small perturbation, tandg,, /tan8 =0.9999 Large perturbation, tand,,, /tan& =0.5
time (s) Speed, u (m/s)  Distance traveled, X (m) Speed, u (m/s)  Distance traveled, X (m)
1 1.981e-5 9.906 %107 0.09906 0.04953

4 7.925¢-5 1.584x10* 0.3962 0.7925

10 1.981e-4 9.906x10* 0.9906 4.012

20 3.962¢-4 3.962x1073 1.981 19.81

50 9.906e-4 0.02476 4.953 123.8

100 1.981e-3 0.09906 9.906 495.3

5. An alternative to hot starts

Physically valid models of natural debris flows must avoid hot starts, but how can this be accomplished? The basic
requirements are that such a model must be compatible with a statically balanced initial state and must simulate an
evolution of debris strength that occurs after motion is triggered by a small perturbation of the static balance. A
simplistic way to accomplish this goal is through arbitrary adjustments of debris strength. For example, a model might
stipulate that the static debris strength decays gradually until downslope motion commences, and that the strength then
continues to decline to emulate a transition to a more mobile, flowing state. With a sufficient number of adjustments
of flow resistance, this model-tuning approach could yield results that match observations quite precisely. However,
such an approach is essentially an elaborate curve-fitting exercise that has no explanatory power and limited value for
making useful predictions. It merely mimics observed physical behavior rather than explaining it.

A requisite feature of a physically based debris-flow model that has both explanatory power and value as a
predictive tool is that it accounts for natural transitions in debris strength through solution of evolution equations that
are integral components of the model. Indeed, the central scientific problem in understanding and predicting the
dynamics of landslides and debris flows is to quantify not only the effects but also the physical causes of strength
evolution that occurs naturally during downslope motion. As noted by Johnson (1970), the most remarkable property
of debris is its ability to flow fluidly in some circumstances and behave almost rigidly in others. From a scientific
perspective, this property demands explanation, and not merely emulation.
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Our depth-averaged numerical model D-Claw explains and simulates natural transitions in debris strength by
solving differential equations that describe evolving distributions of solid volume fraction and pore-fluid pressure.
These differential equations are strongly coupled to additional differential equations that describe the evolving
distributions of debris mass and momentum (Iverson and George, 2014, 2016; George and Iverson, 2014). The system
of coupled equations shows how pore-fluid pressure responds to dilation or contraction of the granular solid phase,
such that contractive deformation drives up the fluid pressure. In turn, increases in fluid pressure reduce the
intergranular effective normal stress and thereby reduce the effects of intergranular Coulomb friction, which provides
most of the resistance to debris motion.

In D-Claw simulations, the highest flow mobility develops when debris becomes fully liquefied (i.e., has zero
effective normal stress). In this case the only resistance to motion is provided by viscous shearing of the debris’ fluid
phase. The lowest degree of mobility develops when all positive pore-fluid pressure has dissipated and the debris
behaves as a Coulomb granular solid. The conceptual and mathematical framework of this model generalize the
Coulomb mixture-theory framework presented by Iverson and Denlinger (2001) by accounting for dilatancy and its
coupling to debris motion. The D-Claw framework also generalizes some key principles of critical-state soil
mechanics (e.g., Wood, 1990) by considering the effects of inertial forces.

D-Claw simulations begin by specifying a statically balanced initial state and then perturbing the static balance by
gradually increasing the basal pore-fluid pressure—as might occur naturally in response to rainfall or snowmelt. Pore-
pressure increases can be either spatially uniform or nonuniform, but in all cases debris motion begins locally when
the pore pressure in some computational cell becomes large enough to destabilize the static force balance there. The
local force balance is, however, influenced by lateral stresses imposed by neighboring computational cells. Motion
thereby begins in the weakest finite sector of a debris mass, which may or may not set off a chain reaction of motion
in adjacent sectors as momentum is transferred from moving debris to static debris. If motion is accompanied by
contractive deformation that drives up the pore pressure, then it can instigate a positive feedback process in which
further motion yields even higher pore pressure and ultimately leads to liquefaction. If the feedback is strong, a
complete transformation from slow, rigid-body motion to highly fluid flow can occur within seconds—Ieading to a
style of debris-flow onset like that observed in physical experiments (e.9., Iverson et al., 1997, 2000).

6. Conclusion

Hot starts arise from use of initial conditions in which a large force balance is abruptly imposed on a static debris
mass. Debris-flow models that rely on hot starts to simulate high flow mobility lack a sound scientific basis. Indeed,
numerical models that use hot starts impose an instantaneous transition from equilibrium to far-from-equilibrium
states, which is inconsistent with physical principles as well as field observations. A possible exception to this
inconsistency exists when debris flows are triggered by strong earthquakes, but even in those circumstances, the onset
of debris motion begins when a static force balance is infinitesimally violated.

Hot starts can serve useful scientific purposes in other contexts, as when dam-break debris-flow onsets are used to
create reproducible experiments or analytical dam-break solutions are used to test the accuracy of computational
algorithms. Dam-break behavior nevertheless fails to represent the behavior exhibited during the early stages of
motion of most natural debris flows. Indeed, results we report in this paper indicate that analytical dam-break solutions
can yield poor predictions of measured flow-front speeds—even under the idealized circumstances of our dam-break
debris-flow experiments.

Use of hot starts can be avoided in properly formulated debris-flow models that account rigorously for statically
balanced initial states. In these models motion is triggered by an infinitesimal perturbation of the balanced state, but
the subsequent force balances and flow accelerations can evolve rapidly during the early stages of motion. Evidence
from our debris-flow flume experiments indicates that a requisite feature of these models is representation of the pore-
pressure feedback process that allows a nearly rigid granular mass to transition into a flowing, liquefied mass, and
then transition back to a nearly rigid mass following pore-pressure dissipation.
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Abstract

Prediction of sediment volume of debris flows is the most important factor for designing debris-flow control structures
or estimating debris-flow prone area. It has been considered that debris-flow volume may increase due to erosion at
the steep channel. So, clarifying erosion volume (in this study, erosion volume is sediment volume in the channel
eroded by debris flow) due to debris flow is a key information to mitigate debris-flow disasters. This study
hypothesized that erosion volume might be controlled by topography, because it can be thought that the transport
capacity of debris flow increased with the increase of stream bed gradient and contributing area. In Recent field
observations by Schiirch et al. (2011) supported to this hypothesis and showed a correlation, showing the correlation
between flow depth and magnitude of erosion. However, detailed information about spatial pattern of erosion depth
due to debris flow is still limited. In this study, spatial pattern measurements of erosion volume due to debris flows for
16 debris flows in Japan. LIDAR data taken before and after the debris flow was used for the comparison. Then,
examination of stream bed gradient and drainage area derived from the LiDAR dataset was performed. The study
found that erosion volume of debris flow increases as slope of stream bed gradient and drainage area increases. The
study proposed methods to predict erosion volume due to debris flow using stream bed gradient and drainage area
based on the probabilistic relationship between measured erosion volume and topography. That is, it is considered that
the topography derived from LiDAR can be used as one of the indicators used in estimating volume of future debris
flow.

Keywords: Debris flow, erosion volume, topography, LIDAR survey

1. Introduction

Many debris flows increase in volume as they travel downstream, enhancing their mobility and hazard (Reid et al.,
2016). It is recognized that an increase in debris-flow volume of debris flow can result from diverse physical processes
(e.g., Reid et al., 2016). In general, it is recognized that the volume of debris flow should be controlled by sediment
transport capacity or removable sediment volume. Removable sediment volume should be determined by both
distribution of channel-bed sediment and the range where erosion is expected by debris flow.

This study reports on the relationship between topography and erosion volume of debris flow, using LIDAR
data, and proposed methods to predict erosion volume due to debris flow using stream bed gradient and drainage area
based on the probabilistic relationship between measured erosion volume and topography.

2. Method
2.1. The debris-flow data
This study focused on 16 debris-flow events that occurred from 2009 to 2014, in Japan (Table. 1). 16 debris flows
are classified into 5 location. The data of Minamiuonuma City, Nagiso town and Hofu city is mainly Granite area.
* Corresponding author e-mail address: t_kudou@saboeng.co.jp
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The data of Inabe City is mainly limestone area. The data of Aso City is mainly pyroclastic flow deposits area.

2.2. Estimation of sediment volume of debris flow and calculation of topography

The runout path of debris flows was interpreted from aerial photos. Then a survey point was established every 10m
in the longitudinal direction of the identified runout path of the debris flow (Fig.1). Additionally, discharged sediment
volume due to debris flow was estimated and topography at each survey points was calculated at each survey points
using LiDAR dataset (Fig.1). Discharged sediment volume due to debris flow is variation volume estimated every
10m in the longitudinal direction of the runout path using surface changes derived from DEM data. Topography
calculated in this study is slope and catchment area. The slope was measured on the average 100m using DEM data
before debris flow occurred to longitudinal gradient in the runout path. Similarly, the catchment area was measured
upstream area from each survey points using DEM data.

Table 1. Debris flows used in this study

Fig. 1. Example of survey points

Name Date of occurrence Location

Ubasawa July 29-30, 2011 Minamiuonuma City, Niigata Pref.
Futagosawakawa  July 29-30, 2011 Minamiuonuma City, Niigata Pref.
Garasawakawa July 29-30, 2011 Minamiuonuma City, Niigata Pref.
Koudanakawa July 29-30, 2011 Minamiuonuma City, Niigata Pref.
Tsuchisawa July 29-30, 2011 Minamiuonuma City, Niigata Pref.
Nashisawa July 8-11, 2014 Minamikido town, Nagano Pref
Nishinokaitogawa — September 16-19, 2012  Inabe City, Mie Pref.

Kotakigawa September 16-19, 2012  Inabe City, Mie Pref.
Abetanbugawa July 21, 2009 Hofu City, Yamaguchi Pref.
Yahatadanikeiryu  July 21, 2009 Hofu City, Yamaguchi Pref.
Matsugatanikawa July 21, 2009 Hofu City, Yamaguchi Pref.
Kamisatogawa July 21, 2009 Hofu City, Yamaguchi Pref.
Uedaminamigawa July 21, 2009 Hofu City, Yamaguchi Pref.
Daimongawa July 11-12, 2012 Aso City, Kumamoto Pref.
Sakanashi area July 11-12, 2012 Aso City, Kumamoto Pref.
Shioigawa?2 July 11-12, 2012 Aso City, Kumamoto Pref.
Shinsyogawa3 July 11-12, 2012 Aso City, Kumamoto Pref.
Doigawa July 11-12, 2012 Aso City, Kumamoto Pref.

1) Upstream area\
2) Slope of bed
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2.3. Relationship between topography and sediment volume of debris flow

Topography was classified at each survey points into categories. The slope and catchment area classes were
classified based on Fig.2. The slope was classified into 9 every 5° classes and the catchment area was classified into
8 classes per order size. Additionally, the calculated variation volume at survey area was applied to each category.
Then, the percentile (10%, 50%, 75%, 90%) of variation volume every 10m in the longitudinal direction of the runout
path using surface changes was calculated in each category (Fig.3).

2.4. Estimation of erosion volume of debris flow based on relationship between topography and sediment volume

This study proposes methods to predict erosion volume due to debris flow using stream bed gradient and catchment
area based on the probabilistic relationship between measured erosion volume and topography (that is, probabilistic
method in this study). In this study, the 50th percentile (the median) of variation volume for each category obtained
from 16 debris-flows data was assumed as standard erosion volume by debris flow occurring at the topographic
condition corresponding to each category. Therefore, the 5S0th percentile calculated in this study is used as estimated
erosion volume due to debris flow for each topographic condition. Then a comparison of actual erosion volume with
topography was developed using pre-flow and post-flow LiDAR imagery.

3. Results

Fig 2 shows the relationship between catchment area and the slope of the stream bed with the plots classified by
erosion or deposition calculated each survey area (Fig.1.purple area). Erosion or deposition were determined based on
the variation volume. The plots where erosion dominates is widely distributed regardless catchment area size and
stream bed gradient.

Fig 3 shows the relationship between topography and percentile (10%, 50%, 75%, 90%) of erosion volume due
to debris flow. For each classified category, erosion and deposition were classified and color coded according to the
scale. Place where the number of plots corresponding to the category is less than 1% of the total number of plots is
indicated by parenthesized numbers, and places where there is no corresponding plot are indicated by [ —].

Looking at the overall trend, in areas where the slope is steep and the catchment area is large, the volume of the
eroded sediment tends to be larger than in the area with a low gradient slope and a small catchment area (Fig.3).
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Fig. 2. Relationship between catchment area and slope of bed for each survey points
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Fig 4 shows example of the result of the relationship between actual sediment volume and estimated sediment
volume. There was a clear correlation between actual sediment volume and estimated sediment volume in
Koudanakawa02 (Fig 4 (a), orange plots). Although, in Koudanakawa01l (Fig 4 (a), blue plots), the actual sediment
volume was about 3 times the estimated value regardless of survey points. Also, in Matsugatanikawa05 (Fig 4 (b),
blue plots), the actual sediment volume was about half of the estimated sediment volume.
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4. Conclusion

By comparing pre-and post-flow LiDAR imagery, this study found that erosion volume of debris flow increases as
slope of stream bed gradient and drainage area increases. Then, An erosion volume prediction was developed using a
probilistic relationship between measured erosion volume and topography. As a result, it is considered that the
topography derived from LiDAR can be used as one of the indicators used in estimating volume of future debris flow.
On the other hand, there may be a large difference between the actual sediment volume and estimated sediment
volume. In this case, it is thought that the debris-flow scale at the start point and distribution of channel-bed sediment
are influenced, but detailed analysis is necessary.
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Abstract

Submarine debris flow can damage oil and gas transport pipelines with potentially adverse consequences to the environment and
to the industrial activity itself. The deposition process of submarine debris flow, which is related to the flow viscosity, is complex
due to the slurry diffusion process that happens during the interaction of water and slurry. In addition, a quantitative characterization
of the characterize the flow mechanism as influenced by the material density during the deposition process remains a scientific
challenge. To fundamentally understand the mechanisms of solid-fluid interactions in fast-flowing submarine debris flows, a series
of three-dimensional (3D) numerical simulations using Computational Fluid Dynamics (CFD) were conducted. The Herschel-
Bulkley (HB) model was used to define the submarine slurry’s rheological characterization as calibrate through simple rheological
experiment. Results reveal that deposition is a mass diffusion process. Shear stress at the bottom and at the top of the slurry leads
to velocity differences in the vertical direction which in turn generates a huge vortex, which contributed to a separation of slurry
into two parts: the frontal head, and the tail. The velocity difference in vertical direction is helpful for hydroplaning. For higher
slurry viscosity case, the flow profile is longer and thicker with a front head that has a lower averaged densities and sharper head
angles. In addition, highly viscous slurries have lower average frontal velocities during the deposition process. The mixture density
decreases in two stages: quick decreasing stage and stable decreasing stage. In the first stage, the slurry expands quicker than the
second stage. Higher viscosities also lead to larger volume expansions which consequently leads to quicker density decrease.
Keywords: Submarine debris flow; Deposition mechanism; Computational fluid dynamics; Volume of fluid; Herschel-Bulkley model

1. Introduction

The construction of offshore infrastructure brings great challenges to the engineers due to the very completed
geologic engineering environment in oceans. Specifically, the challenging problem, about the security of pipelines and
platforms under the impact of submarine debris flow, are all responsible for the major advances in the understanding
of the phenomena of submarine debris flows and their inherent consequences. Submarine debris flow is a kind of
catastrophic hazard. That pose great risk to the security and structural integrity of submarine structures such as
pipelines and platforms. These events are associated with mass movements that can have a run-out distance of more
than 100 km (Locat and Lee, 2002) with a wide coverage area. Subaqueous debris flow is known to travel long
distances due to hydroplaning (Mohrig et al., 1998; Piper, 1999) and substantial damages to foundational facilities
such as underwater pipelines or cables. An appropriate evaluation of submarine debris flow movements is a major
challenge for risk assessment (Locat and Lee, 2002).

Many submarine debris flows are triggered by earthquakes, overloading or are dislodged from steep slopes.
(Roberts and Cramp, 1996). Two distinct phenomena can be observed in submarine debris flows: hydroplaning and
turbidity currents. Hydroplaning is a thin layer of entrained water at the bottom of the debris flow head which develops
due to the influence of bottom friction (Mohrig, 1998) and which usually leads to longer deposition distances (Locat
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and Lee, 2002). Turbidity currents are smoke-like sediments dissociated from the debris flow head (Mohrig et al.,
2003; Sahaheldin et al., 2000). These phenomena can be observed in both high and low coherent debris flows (Marr
2001). Due to their effects on the flow dynamics and deposition of submarine debris flows, it is important to understand
the formation mechanisms of hydroplaning and turbidity current, (Locat and Lee, 2002). The potential damage brought
about by these flow events can be calculated by formulas that are functions of the flow velocity, slurry’s height,
rheology and flow distance (Zakeri, 2009; Haza et al., 2015; Wang, 2016). Iverson (1997) compared flow distance and
longitudinal height which are related to the gravitational potential energy and frictional dissipation energy respectively.
Results show that the runout distance is highly influenced by different clay and water content. However, these tests
were not carried out in a submerged condition. Nonetheless, it could be comprehended that viscosity also influences
the energy dissipation process in submarine conditions as well.

Zhu et al. (2013) used two-dimensional (2D) Finite Element Method (FEM) with adaptive mesh technique to
simulate large flow deformations and its impact force on submarine pipeline. Results show there is a critical pipe depth
at which the where generated drag force is minimum. However, the method is only effective in analysis of specific
conditions, and cannot account for hydroplaning, the velocity field that develops, and the turbidity current. Depth
Integral Method (DIM) was adopted to simulate landslide flows into the lake (Imran et al., 2001; Marr et al., 2002;
Blasio et al., 2004; Sue et al., 2011; Liu et al., 2016). Imran et al. (2001) used a one-dimensional (1D) numerical model
to analyze the influence using of different rheological models. Blasio et al. (2004) adopted a 2D numerical model to
analyze the mechanisms of hydroplaning. Sue et al. (2011) used this method to analyze tsunamis generated by
submarine landslides. Liu et al. (2016) found that bed erosion enhances the damage caused by landslides and increase
the possibility of blocking rivers. Pore water pressure has also been found to influences the erosion process.

The algorithms presented are usually two-layer models which assume the interaction between landslides and the
ambient water does not involve mass exchange and diffusion. Besides, slurry’s morphology and velocity regime cannot
be calculated. Smoothed particle hydrodynamics (SPH) coupled with DIM was adopted by Pastor et al. (2009a, 2009b)
and Wang et al. (2016) to simulate submarine debris flow. Wang found water depth does not influence flow distance
and flow velocity, whereas the friction coefficient and slope influences the maximum velocity and flow distance. This
model still cannot calculate the mass diffusion process and hydroplaning’s influence was ignored. Gauer et al. (2006)
and Zakeri et al. (2009) simulated submarine debris flow movement using Computational Fluid Dynamics (CFD)
based on Eulerian-Eulerian multiphase flow theory. Hydroplaning phenomenon was observed although the effects of
viscosity were not considered using in detail. Zakeri et al. (2009) used multiple incompressible fluid models in CFX
program to analyze the drag force that submarine pipes experience as generated by submarine debris flows. The test
conducted a comparison between experimental tests and numerical tests verifying the applicability of a proposed non-
Newtonian Reynold’s number. Many rheological models were adopted to simulate the rheological characteristics of
submarine debris flow: Bingham model (Marr et al., 2002; Pastor et al., 2004; Gauer et al., 2006), Bilinear rheological
model (Imran et al., 2001), Power law model (Zakeri et al., 2008) and Herschel-Bulkley model (Imran et al., 2001;
Haza et al., 2015). In general, the Herschel-Bulkley model is more adaptive in CFD simulation for the accurate
prediction of shear force by instance changing of shear rate (Blasio et al., 2004).

In this study, small-scale tests are carried out using a 3-dimensional (3D) biphasic CFD numerical model. The
numerical results bear insight on how viscosity is manifested through the debris flow deposition process.

2. Methodology
2.1. Theory and governing equations

In the current study, the motion of submarine debris material of submarine motion and surrounding water are
schematized as two different type of liquid. The Volume of Fluid (VOF) model (Hirt and Nichols, 1981) has been
designed for modelling two immiscible fluids phase. The mass continuity of Navier-Stokes equations of submarine
flow is shown in Equation 2. Meanwhile, from momentum conservation, the Navier-Stokes equations is expressed in
Equation 3, which is a single momentum equation solved throughout the domain, and the resulting velocity field is
shared among the phases. Equation 3 is dependent on the volume fractions of all phases through the properties p and
p that are calculated from Equation 1.

;22 ap,; ;FZ o E’=2 aP; @)
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P, +V(pV)=0 (2
(PV), +V - V() = VP +V-[i(W +W )]+ pg 3)

where i states the i th phases of fluid during the calculation, p; is the density of the i th phase; a; is the volume fraction
of 1 th phase, y; is the i th phase dynamic viscosity, P; is i th fluid pressure; V is the differential operator given in
Cartesian coordinates system; g is gravity acceleration; V is velocity field.

2.2. Calibration and input parameters

The composition of different percent of kaolin clay and Toyoura sand were adopted in this study. Many composition
ratio were adopted, but for the flowability under water, three reliable content were adopted. Three tests were conducted,
all of which had water and total mass (sum of the mass of kaolin and sand) contents of 50%. sand mass content is
37.5%, 25% and 12.5% in different experiment. After thoroughly mixing, three different slurries with different
densities (as shown in Tablel) were produced. The rheological respective characteristics were measured using an
(Anton Paar Physica MCR301) rheometer. The measured shear stress-strain rate behaviours of the three different
samples are shown in Figure 1. Both non-linear rheological models, Power Law, and Herschel-Buckley Model are
used to fit the experimental data. The most obvious difference is Power Law Model without yield stress, which
influences mechanics during deposition. The Power Law Model and Herschel-Bulkley Model are expressed in
Equation 4 and 5, respectively. According to comparison results, Herschel-Bulkley model is more reliable compared
with Power Law, and yield stress should be considered.

T =Ky" 4)

T =1, 4+ Ky" ®)

where 7 is shear stress; 7. is critical shear stress; Y is shear rate; K and n are adjustment coefficients according to fitted
data. The fitting results is shown in Table 2. It is found that all the fitting coefficient is larger than 0.99 for Herschel-

Buckley Model, which validate the selection. According to comparison results, the Herschel-Bulkley model best
represents the materials’ rheology
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Fig. 1. (a) Rheometer (Anton Paar Physica MCR301); (b) rheological data fitting of RD = 1.406; (c) rheological data fitting of RD = 1.419; (d)
rheological data fitting of RD = 1.431; RD means relative density.
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Table 1. Rheological fitting (RD means relative density)

Test ID Density (kg/m®) R? of Herschel Bulkley model (%) R? of Power Law model (%)
RD =1.406 1406 99.34 98.34
RD=1.419 1419 99.13 98.66
RD =1.431 1431 99.11 97.88

Table 2. Input data of Herschel Bulkley Model

Test ID T, K n
RD =1.406 1.501 1.863 0.231
RD=1.419 5.031 29.303 0.149
RD=1.431 9.307 57.803 0.179

2.3. Domain and boundary conditions

The model was built and meshed in the Gambit 2.4.6b and then transferred into Ansys before the start of calculation.
The volume of the storage (0.009 m?) and debris transportation channel is much smaller compared to the water tank
(0.6m%). In order to increase the calculation accuracy, the mesh size in the slurry domain (Fig.2 domain a-b-c-d) was
set to be as 0.001 m, 0.002 m in the transportation channel (Fig.2 domain b-d-f-e) 0.002 m in the storage (Fig.2 domain
g-a-b-h).The mesh size of other remaining domains are 0.020 m. The side view of the model is shown in Figure 2. A
total of 1.33 Million meshes were generated in high quality with a value of 0.946 as reported in Ansys Fluent (quality
number close to 1 correspond to high quality, the range is between 0 and 1). The boundary condition between water
and the wall interface is set as non-slip. This mean that fluid has zero velocity relative to the boundary, consistent to
what is observed in experiments (Gue, 2012; Elverhoi et al., 2010).

Monitoring B Air
e B Water

/

14100 mm

400 mm

3000 mm

Fig.2. Side view of the 3D Numerical model setup

2.4. Numerical simulation program

Three series of numerical simulations were carried out using different rheological parameters, which were listed in
Table 2. The debris slurry is assumed as an incompressible flow. A Pressure-based solver of pressure-velocity coupling
algorithm is used to solve the coupled formula of the VOF model. Semi-Implicit Method for Pressure-Linked
Equations-Consistent (SIMPLEC) algorithm was adopted to solve this problem with the aims of achieving relative
quick convergence. The time step was set as 0.001s determined using von Neumann stability method (Anderson and
Wendt, 1995). Maximum iterations were set as 30 steps for calculation convergence and autosave per 100 steps. The
acceleration due to gravity is 9.81 m/s? in all the tests. This model includes three phases: air, water, and slurry. Air and
water properties are shown in Table.3.
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Table 3. Physical character of air and water phase

Fluid Phase Density (kg/m®) Viscosity (kg/(m.s))
Air 1.225 1.003 x 107
Water 988.2 1.789 x 107

3. Interpretation of results

Figure 3 (a) shows the deposition process of submarine debris flow with RD = 1.419. as can be seen, it reflects the
deposition process of submarine debris flow. During deposition, as the slurry mixes with the surrounding water, its
average water decrease. The mixing process is dominated by the shear stress in the interface of slurry and water. In
the head of debris flow, instability between slurry and water would generate a vortex, one part of vortex is in mixed
slurry and another part is in pure water area (Fig.3 (b)). The vortex would separate the debris flow into two parts: the
tail part which develops like a triangle and a front part which is like a quadrilateral during deposition. In the vertical
direction of frontal head, velocity in the middle part of slurry is larger than the bottom part and interface, where the
shear stress is higher. The higher velocity area would absorb water into the slurry’s head as shown in Fig.3 (b) which
promotes the decreasing of density. Apart from this, higher velocity in the middle layer generate hydroplanning in the
front most point at which slurry is lifted by the surrounding water (Fig.3). Furthermore, the velocity difference in the
vertical direction elongates and deepen the front head.

Volume C
fraction

39s RD = 1.406 Volume

68.4 mm
g 31.07° | fraction

4.2s 106.3 mm RD =1.419 41.80° g;s

128.4 mm RD = 1.431

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 0.5 0.55 0.6 0.65 0.7 0.75 0.8

Fig.3. shows the mixing that happens during submarine debris flow deposition (a) the mixture at different times of test for a relative density =
1.419; (b) Flow regime of relative density = 1.419 at 4.2 s; (c) Flow profiles that slurries flow to the end of the channel for different densities.

Denser slurries flow slower than low-density slurries., The time that slurry reach the tail of the channel from the

gate opening are 3.9 s, 4.2 s, and 4.8 s respectively. Figure 3 (c) shows the density profile at the time the front head
reaches channel’s end. High-density slurry flows are thicker both at the front part and at the tail due to high coherency
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and viscosity. Higher yield stresses and viscosities generally lead to thicker slurries which can retain their thicknesses.
Higher viscosities are related to higher shear stresses at the bottom, interface, and body. This is the reason why the
case shows lower fluidity and thicker flow profile. This also leads to a sharper angle at the front head and tail part as
well. Sharper angles correspond to lower velocity differences at the vertical section. The ratio of the middle layer’s
velocity over the distance of the middle layer to bottom is lower than high density case.

For higher density condition, slurry expanded into larger domain, density decreasing process were considered, the
averaged density of slurry was calculated from Equation 6, the calculate domain is the mesh that volume fraction of
slurry more than 0. The average density is calculated as:

i(asi\/ips +awivipw)
pt)=-— . (6)

where ag; is the volume fraction of slurry in mesh i; a,,; is the volume fraction of water in mesh i; p, is density of
slurry; p,, is density of water; V; is volume of mesh i; the mesh i is a mesh that volume fraction higher than 0.

Figure 4 shows that the averaged density of the slurry decreasing during deposition. This decrease involves two
stages. In the first stage (before 2.4 s), the decreasing ratio for each test is higher than the second stage (after 2.4 s).
During deposition process, the density decrease ratio (calculated as from Equation 7) of the high-density condition
drops quicker than lower-density condition. Compared with the low-density slurry, the decreasing ratio of the high-
density slurry is higher in the first stage and lower in the second stage. All these data are concluded in Table.4. The
decrease in the density is related to the domain expansion of the slurry which is influenced by the mixtures’ rheological
characteristics. In the first stage, high viscosity is related to higher shear stress which leads to thicker flows, which
creates a larger vortex which results to a higher and larger mixture domain. From these results, high-density slurries
expand quicker than low-density slurries. As shown in figure 3 (c), the size of the slurry of the high-density condition
is bigger than the low density case. In the second stage, the value of density decreasing ratio is very close, which
consequently related to a low decreasing ratio. According to the different expanding ratios, the slurry expands in a
relatively manner, which then becomes a stable mass diffusion at the second stage that the slurry. This stage would
continue till the end of deposition. The violent expansion at the first stage only lasts for a short time, but it is very
important in deposition process.

initial density of this stage — ending density of this stage

decreasing ratio = - )
slurry density

where slurry density is the density of slurry before deposition; initial density of this stage means the value of the

beginning of this stage; ending density of this stage means the density of the end of this stage.
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Fig.4. Averaged density decreases during deposition
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Table 4. Averaged density decreasing ratio of each test in every stage

Test ID Decreasing ratio in stage 1 Decreasing ratio in stage 2
RD =1.406 19.33 421
RD =1.419 21.35 4.16
RD =1.431 23.97 3.78

4. Conclusion

In this study, three numerical analyze were carried out to study the deposition mechanism of submarine debris flows.
The deposition process is a process of mass diffusion. In the head of debris flow, shear stress in the interface of slurry
and water would generate a huge vortex that separate the debris flow into two parts. This vortex also promotes mass
diffusion of the debris flows. High density slurries have higher viscosities, yield shear stresses, and coherency which
leads to sharper heads, thicker depths, and larger vortices which are generated by higher shear stress at the interface.
The higher velocity layer in the middle part of the slurry enhances the hydroplaning which in turn increase the fluidity
of the slurry. Averaged density decrease includes two stages. Density decreases quickly in the first stage in which mass
strongly diffuses. In contrast, density decreases slower in the second stage. The quick expansion of deposition
happened in short period and stable expansion would last for a long time until the end of deposition.
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Abstract

The change in sediment concentration of debris flow causes erosion and sedimentation of the solid phase of debris flows. Moreover,
the changing affects the mobility of the flow. Therefore, knowledge of the mechanism of the changing is important to understand
the mechanism of debris flow. The changing can be considered as compressibility of the flow of the solid phase. We developed a
constitutive equation set of debris flow by concerning energy dissipation. A part of the energy dissipation is due to inelastic collision
of particles. This process must be compressible. Therefore, we reinvestigate the process of the inelastic collisions and the effect to
the compressibility. As the result, we lead internal energy to control the compressibility and so-called erosion rate equation.
According to the erosion rate equation, it depends on bed gradient and energy loss gradient. A flume test is conducted to evaluate
the erosion rate equation. by using a prismatic steep slope channel, which inclination is set at 12 degrees. By comparison of
experimental result with the erosion rate equation, it is found that the difference between energy gradient and bed gradient to control
the erosion/deposition is not so large. It means that the erosion/deposition might be very much sensitive against the unbalance of
the energy gradient and bed gradient.

Keywords: Debris flow; Eroson rate, Compressibility; Flume tests

1. Introduction

Theoretical research of constitutive equations for debris flow can be categorized as (1) to define stress tensor to be
satisfied mathematical requirement of tensor (Goodman & Cowin, 1972; Savage and Jeffrey, 1981; Jenkins and Savage,
1983; Iverson et al., 2001), (2) to define stress tensor based on momentum exchange, that is, interaction force, at the
collisions (Bagnold, 1954; Hashimoto et al., 1983; Takahashi, 1980 & 1991) and (3) to define stress tensor by solving
a simultaneous equation set of mass, momentum and kinetic energy conservation in accordance with continuum
physics (Miyamoto, 1985; Egashira et al., 1997).

These theories are employed to explain the characteristics of the flow such as the resistance of the flow, sediment
concentration and the transport rate of the sediment. However, in the process to derive the constitutive equations, the
change in sediment concentration is not taken into account. Therefore, the simulation of the flow accompanied with
changing in sediment concentration is somehow technical. We usually employ another equation to govern the change
in sediment concentration. The changing causes bed aggradation and degradation. Therefore, erosion rate equation is
usually introduced instead of the changing of sediment concentration. There are several researches on erosion rate
(e.g., Takahashi, 1991, 2007; Egashira et al., 2001; Takahama et al., 2003). Those equations for bed entrainment are
proposed conceptually.

Miyamoto (1985) discussed on the energy dissipation rate due to collision of neutral suspended particles in a simple
shear flow by introducing inelasticity of particles to describe constitutive equation. In the process to derive it, it was
needed to introduce the changing in sediment concentration at the instance of a collision and in a period from a collision
to next collision. It means that the process must be basically compressible. Therefore, it could be applied to the
changing process of sediment concentration.

* Corresponding author e-mail address: a8562@n-koei.co.jp
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We modify the energy conservation law, so as to investigate the changing of sediment concentration and the
erosion/deposition rate. A flume test to investigate the erosion rate using a prismatic steep slope channel with 12
degrees is also newly conducted. The erosion rate will be evaluated by the moving down velocity of upstream end of
bed sediment which is parallelly set to the flume bed.

2. Governing Relationships of Compressibility and Erosion Rate
2.1. Governing relationships of compressibility

In the solid and liquid mixture flow, kinetic energy conservation equation is described as,
dK 1
- T K =p,gu+ (uiUij)J. =@, K= ppuy (1)

where, K is the kinetic energy, t is the time, ujis the velocity, i and j are the coordinate/components (=1 to 3), on is the

averaged mass density of flow field, gi is the acceleration of gravity, jj is the stress tensor, i, ,j” mean the partial

difference operator and @ is the energy dissipation. Notations of i and j obey the Einstein’s summation convention.
Equation (1) and mass and momentum conservation equations yield the following formula for energy dissipation.

1
D = Eaiiuj’j + Sijdij (2)
where,

sy = %(O‘U + aji) - %akkdij, d; = %(uw- + u}-_i) - éuk'kéij
Equation (2) means that energy dissipation rate is divided into deviatoric and isotropic parts. where, & is the
Kronecker’s delta

Figure 1 is a schematic view of the work rate and energy dissipation rate during a collision to next collision in simple
shear flow proposed by Miyamoto (1985) and Egashira et al. (1997). In the figure, W is the work by stress and u; ' is
the fluctuation component of velocity of solid particle. The space occupied by a particle is shrinking at an instance of
collision and is expanding during a period from a collision to next collision. In the simple shear flow, the macroscopic
flow field is incompressive. That is, both changings in occupied space by a particle, shrinking and expanding, are in
balance. Moreover, in a simple shear flow, work rate by stress, dW/dt, and energy dissipation rate @ must be in balance.
That is, it must satisfy,

(Continuity in the flow field)

+n—=20 3)
(Energy conservation law)

aw

o T ® =0. (4)

in which, n is the number of the collision in a unit time, V is the space occupied by a particle, and AV is the volumetric
change after particle to particle collision and takes negative value. The work rate and energy dissipation rate @ in Eq.
(4) is expressed by using intergranular pressure ps and expanding/shrinking rate, ui;, 4V/V, as follows.

aw ’ AV
o —DsUyi @ = _psn7 (%)

Equarion (4) can be enhanced to compressible flow filed. When we note the energy dissipation rate in compressible
state @, Eq. (4) is re-written as,
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Fig. 1. Schematics of changes in space occupied by a particle and energy flow due to collisions
daw
E + ‘DT =0. (6)

Equation (5) is also rewritten as

aw , ’ av av ’ av. av
o = TP = D {(ui’i tn) - n7} =—p,(u,; +n ) +pn O]
aw ’ av
bp = s ps(ui'i + Tl7) + @. (8)

The second term in brackets of right side of Eq. (8) must be equal to divergence of the macroscopic flow field, that is,

, a
Uy N = Uy 9)

When we introduce @; as follows, we can define something like an internal energy, E;, too,
dE;\ _
b, (: ;) = DU (10)
and @r is expressed by sum of internal energy changing rate and energy dissipation rate, as follows.
¢T = ¢i + ¢. (11)

Herein, @; depend on the divergence of flow field, so that E; is reversible energy because the value of E; increases as
positive divergence, and E; decreases as negative divergence.

The continuity equation of flow field is expressed by using sediment concentration in the sediment-water mixture
layer as follows,

=0 (12)

where, C is the volumetric concentration. Eq. (12) can be re-rewritten as

1d d
U, = —2E = —a(logc). (13)

, cdt
Substituting of Eq. (13) into Eq. (10) yields

_dE; _

d
& = = —p,, (logc). (14)

Using the condition that ¢ = ¢ * —» E; = 0 in Fig. 2, integration of Eq. (14) along the plane, p_=constant, yields
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Fig. 2. Schematics of flow field

E; = —p_log (Ci*) (15)

E; depends on concentration profile. Sediment concentration profile depends on bed gradient. In following
discussion, we assume that the sediment moving layer does not reach to the flow surface. It means that the gradient is
relatively gentle, it must be less than 10 to 12 degrees. We also assume that the sediment concentration in sediment
moving layer is as shown in Fig. 3, That is, the concentration at the bed is C+, and 0 at the surface of sediment moving
layer, and the profile is linear. It yields the average sediment concentration over the sediment moving layer, Cs, should
be equal to c+/2. And, it must be noted that E;j = 0 at the bed.

Fig. 3. Schematics figure of debris flow with two-layer, sediment moving layer and clear water layer
Pressure profile with a linear profile of sediment concentration in the sediment moving layer is expressed as

g

\2
P, = CsSpghy (1 - h_s) cosf,, s= i 1. (16)

where, o is the mass density of sediment, that is solid phase, p is the mass density of clear water, that is liquid phase,
z is the vertical axis normal to the bed, hs is the thickness of sediment and water mixture layer and 6 is the bed
slope.

Substituting of Eq. (16) to Eq. (15) and integrating it over the depth, E; of the flow, Eir, is obtained as follows.

Eq = %cs spghs? cos 6, a7
2.2. Equations for erosion rate

From Eq. (17), erosion rate can be derived. The time differential of the E;, Eq. (17), is

dE dEr _

i c <Spghg cos Hb d = —C <Spghg cos 9,,( +uSthl) (18)

Herein, the bed elevation changing, that is erosion/deposition rate, is expressed by using the continuity relation for
solid phase, as follows.
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¢y 0zp

Ohg _ G
at + (hsusi),i - s Ot

(19)

where, z, is the bed elevation and u; is the velocity of sediment that is solid phase.
Substituting of Eq. (19) into Eq. (18) under the assumption of slow and gentle changing of the flow, uyh,; = 0,
the relationship between the changing of E;r and the bed elevation changing is expressed as

dE;r

2 c, 0z, 4 0z,
= P, = —;csspghS cos 8, C—Sa—tb = - ;csspghS cos 6, 6_tb (20)

The work rate, that is shown in Eq. (6), in the energy conservation law in compressible flow can be expressed by using
bed gradient as

Lfi—lf = th(l + ¢;S)pg sin Oy, ug dz. (21)
From Eq. (6), therefore, @7 can be evaluated as

®p = (1 4+ ¢,5)pgh, sin 0, Us. (22)

where, U, is the representative velocity in the sediment moving layer. Equation (11) corresponds to real energy
dissipation, @, and that in in Eq. (5) can be expressed by using energy slope, siné,

® = (1+ ¢;S)pghs sin 0, Us. (23)
From Eq. (11), @; is derived as follows.
&, = Dp — D = (1+c,s)pghsuy(sin 6, —sinb,) (24)

Then, substituting of Eq. (24) into Eq. (20) yields the following deposition rate equation.

9zp _ 9 (14c4s) — (sin@p—sin8,)
a4 csS S cos 6 : (25)
Introducing an approximation, 8 = 6, = 6,, yields
aai:’ = —zwﬁs(tan 0, —tand,). (26)

3. Flume Tests and Those Results

To evaluate the characteristics of erosion rate equation, a flume experiment was conducted. The flume dimensions
are around 8 m in length, 10 cm in width and 40cm in depth. Bed slope of the flume is 12 degrees. Sediment is set on
the bed with longitudinally constant thickness, 10 cm, and is saturated. Only clear water is supplied steadily at 1.0 I/s
from upstream end on the saturated sediment. A permeable weir is set at the downstream reach. The value of
equilibrium flux sediment concentration correspond to bed gradient 12 degree is 0.220 (e.g., Egashira et al., 1997).
The physical property of the sediment is as follows: dgo is 1.47 mm, dmax=4.75 mm, o/p=2.63, &= 36.9 degrees and
¢+=0.547, where dg is the 60% diameter, dmax is the maximum diameter of sediment and ¢ is the interparticle friction
angle.

Figure 4 shows temporal changes of flux sediment concentration at downstream end. Herein, time “0” is the time
that clear water was sullied at the upstream end. In the figure, equilibrium flux sediment concentration (0.220) is also
shown. This figure shows that equilibrium state is established for around 80 sec. since the flow is reaching to
downstream end. Fig. 5 shows temporal changes of longitudinal bed shapes and the time evolution of upper end of
movable bed. In Fig. 5 (a), coordinate X is set along to the flume bed. From Fig. 5 (b), the velocity of erosion of upper
end along to the flume bed, Uy, is obtained and is almost constant, u;,, = 0.052 n/s. If the velocity of erosion along to
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the flume bed is the same over the bed, bed profile is not change. If the profile is maintained, transforming coordinate
from X to X, X = x — u,At, At=ty-t, all of bed profiles must be plotted in one line. Fig. 6 is the result of the
transformation. The reference time, to, in Fig. 6 is 47 s, and it is found that all of bed profiles fall on the same line.
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Fig. 4. Temporal changes of flux sediment concentration measured at downstream end
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Fig.5. (a) Temporal changes of longitudinal bed shapes and (b) Time evolution of upper end point of movable bed

Present tests were carried out for bed erosion over the constant sediment thickness on the rigid bed. In case of
erosion of sediment on the rigid bed as shown in Fig. 7, the erosion rate is schematically expressed as
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Fig. 6. Longitudinal bed shapes obtained by transformed distance in flow direction

% = —uy,tan(f., — 6;). 27)

where, Up is the erosion rate along the direction of rigid bed slope with 0.

Fig. 7. Schematics of bed erosion

Relation between 6, and 0y as shown in Fig. 7 is discussed using flume data for u;, U,,and proposed erosion rate,
Eq. (26). Substituting of Eq. (27) into Eq. (26) yields

up 2(1+css) tan 6, —tan 6,

b 2 Lress) tndy—tan G (28)

Us 4 S tan(Gm—Gb).

Introducing following approximations, tan (Bm - Gb) =tanf_, —tan@,, tanf, —tand, = tan(d, — 6,), Eq.
(28) is also expressed

u 2(1+css) tan 6 —tan 6, o up 2(1+CSS) tan(8p—0,) (29)

Ug 4 ¢S tanBoo—tanfy Ug 4 ¢S tan(gm—ﬁb)

If the bed erosion can be progressed with maintaining of the bed shape, the bed erosion rate along the direction of
0., u,(x), can take constant value. Supposing that i, takes constant value over the bed, the following takes constant

values.

tanfy—tan6, __ tanfp—tand, __ tan(6,—0,) (30)
tan(foo—0p) ~ tanfoo—tand,  tan(hoo—6j)

When the constant value of w;, /i is obtained by flume tests, Eq. (30) can be determined experimentally. To
evaluate the relation in Eq. (30), Us must be known in addition to up. The flow surface velocity, U, is measure instead
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of Us. And Up/Uy takes almost constant value 1/27 to 1/28 (=1/30). Free surface velocity Uy is larger than s, then Up/Uw
is smaller than Up/Us. Supposing ug = u,, /2, up/us = 1/15 is satisfied, and then the value of Eq. (30) takes constant
value about 0.01. This means that the difference of bed gradient and energy gradient is extremely smaller than the
difference of two angles 6., and 6, and is less than 0.01 tan 6... Consequently, & is almost same as 6, and the state
is close to equilibrium. It means that small difference of energy gradient with bed gradient, such as disturbance, leads
to relatively erosion/sedimentation. Therefore, we may find easily anti-dune formation under equilibrium state.

4. Conclusions

The constitutive equation of the erosion rate is newly derived based on the energy conservation law considering the

compressibility of solid phase, and the erosion rate is evaluated by flume tests.

(1) Erosion rate, Eq. (26), is derived based on energy conservation law focused on compressibility of flow field.
We investigate the effect of the inelasticity to the flow and define some “internal energy” to control the
compressibility. The time differential of the depth integrated internal energy, and difference between the time
differential and work rate yield erosion rate by using continuity of solid phase in the sediment moving layer.
The ratio of erosion rate to the flow velocity of sediment moving layer is proportional to difference between
bed slope and equilibrium bed slope.

(2) Flume tests are carried out using a prismatic steep slope channel of 12 degrees in slope. Erosion rate is evaluated
by erosion of bed sediment around upstream reach of parallelly deposited sediment to the flume bed in steady
flow. A speed of the upper endpoint of movable bed, U,, due to erosion process is almost constant, and
longitudinal bed shape during erosion process keeps the shape. Then, by using moving coordinate with Uy in
flow direction, the bed profile has similarity in geometry.

(3) In comparison of experimental data with the erosion rate equation, energy gradient is not so much different
with bed gradient. It means that small disturbance in energy gradient may cause something like anti-dune
formation.

As future issues, we need to investigate the longitudinal bed profile, sedimentation process as well as more cases

of erosion.
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Abstract

Debris flow and flow failure are terms used to describe large displacement slope failures. The initiation or triggering often differs
due to the nature and state of the material, but once triggered these two failure mechanisms both tend to behave like a Bingham
plastic exhibiting a yield strength and a strain-rate dependent strength. In this paper the rheology of these failures is examined and
compared to field data and lab data to find commonalities. A future goal is to move towards a common definition of the physics
and a joint empirical database for improved statistics and predictive models. The authors own field investigations in Chile and lab
investigations using shake table experiments will be reviewed along with studies by other researchers.

Keywords: flow failure; debris flow; liquefaction; residual strength; steady state; critical state; mine tailings; colluvium

1. Introduction

Debris flows and flow failures are both forms of particulate behavior that result in flows with large runout distances,
ranging from 10’s to 1000°s of meters (Hungr, 1995; Iverson, 1997; Yazdi & Moss, 2015). Debris flow typically
describes failure of a naturally deposited heterogeneous coarse grained material (e.g., colluvium) that has been
triggered by a high intensity rainfall event or other mechanism resulting in rapid flow-type behavior. Flow failure
typically describes failure of a man-made material (e.g., mine tailings) or uniform natural material (e.g., sand) that has
been triggered statically or seismically resulting in rapid flow-type behavior. In both failure mechanisms the bulk
soil/rock mass fluidizes, resulting in low shear strength and little resistance to deformation. Triggering of these failure
mechanism can come about in many different ways, and the runout is a function of several specific mass and
intergranular conditions, but the flow phase of these failures are physically the same. In this paper the commonalities
and differences of debris flows and flow failures are explored to arrive at some understanding of the physics. Then
some recent studies are discussed that evaluate the flow characteristics of fluidized particulate material.

2. Flow Commonalities

Debris flows and flow failures can be triggered in a number of different ways, and can exhibit different amounts
of runout, but both failures have similar flow characteristics (Iverson et al., 1997; Sassa, 2000; Kramer, 1988; Hungr,
1995). Figure 1 shows a schematic separating the triggering, from the flow, and the runout. The following discussion
will define these terms and their physics.

The flow phase of both debris flows and flow failures can be characterized as steady state shearing with excess
pore pressures (Figure 2a). Steady state meaning that the critical void ratio (ecrisicar) has been reached where no further
contraction or dilation is needed to continue shearing the soil (Schofield & Wroth, 1968) at a residual shear strength
(Tresidual)- With the addition of excess pore pressures the soil can exhibit flow-like behavior.

This behavior is consistent for both uniform (e.g., beach sand) and non-uniform (e.g., colluvium) materials. The
shear strength (7), or the shear stress at which the soil “fails”, is generally defined by the contributions of any cohesion
(c) and stress dependent (o) inter-particle friction (¢p') as shown in Equation 1 (Terzaghi, 1951). In the case of
granular material, the cohesion term is often negligible.

* Corresponding author: rmoss@calpoly.edu
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The stress dependence is influenced by the pore pressure (#) as shown in Equation 2 (Terzaghi, 1951) where (g,,)
is the normal effective stress and (a,,) is the normal total stress. Pore pressures will increase to the point that the
frictional forces are reduced below some threshold, allowing the soil to flow.

Op, =0, —U

(2)

Sufficiently sheared particulate materials approach a stead state response regardless of if they have the capacity to
initially dilate or contract (Figure 2a). Once steady state is achieved and if excess pore pressure are sufficient the
material can approach a flow threshold. The threshold to flow is often represented in terms of non-Newtonian flow as
shown in Figure2b. If we restrict flow to laminar conditions (Reynolds number, R.<5) then we can treat the fluid as
visco-plastic (i.e., Bingham plastic). The characteristic of a non-Newtonian fluid like a Bingham plastic is that it has
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Figure 2. (a) Qualitative plot of dilatant and contractive behaviour of granular soils when subjected to shearing. Sufficient shearing will result in
a steady state response at a critical void ratio and a residual shear strength. (b) Diagram showing Newtonian and Non-Newtonian fluid response

to strain rate. A non-Newtonian fluid such as a Bingham fluid will deform after the shear stress exceeds a material specific yield stress.
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some limiting yield strength followed by a strain rate (y) dependent shear strength. This behavior is typically
explained in a physical manner by stating that the fluid has particles that provide some limiting stress threshold.

3. Triggering and Runout Dissimilarities.

If flow can be posited as the same for debris flows and flow failures, what of the triggering and runout? Here the
two failure mechanisms differ greatly. The triggering can come about in many different ways, all resulting in steady
state behavior with excess pore pressures. Whether the material starts out as dilatant colluvium (Anderson and Sitar,
1995) or contractive mine waste (Bryant, Duncan, and Seed, 1983) the steady state flow behavior can be described
the same. Figure 3 is a conceptual summary of lab tests showing both contractive and dilatant materials achieving the
critical state line.

Runout distance from a hazard perspective is an important parameter to be able to forecast. Unfortunately the
complexity of the physics has so far rendered this a daunting task (Lucia, Duncan, and Seed, 1981; Jeyapalan, Duncan,
and Seed, 1983a and b; Bryant, Duncan, and Seed, 1983; Hungr, 1995 Iverson et al., 2010). The duration in which
the material remains in a fluidized state is a primary variable that controls runout distance. This is influenced by any
change in slope, two dimensional effects of topography, the presence of an impeding or impermeable layer
above/below the fluidized soil, if the flow is behavior is laminar or turbulent, the granular “temperature™ or granular
kinetics, and possibly other variables. Granular temperature (Iverson, 1997) is a term that describes behavior of
heterogeneous particle sized materials that during flow tend to translate potential energy (slope) into kinetic energy
(relative particle dilation) that results in continued capacity of the material to contract and generate more excess pore
pressures. Hungr (1995) proposed a model that has been shown to capture runout for flow failures in tailings material
adequately for most simple 2D situations based on back-analysis of field case histories. More complex geometries and
source materials have not been as well captured.

b

q ‘\(\e

¥¢ = flow triggered

4 instability line

/

p

Figure 3. Triggering of flow liquefaction with respect to the critical state line (after Kramer, 1996; Lade, 1999). The top plot shows soil triaxial test
results plotted as mean effective stress (p’) versus deviatoric stress (q. The bottom plot shows the same results plotted against void ratio (e). All
samples achieved steady state “failure™ at the critical state line but flow liquefaction occurred along the instability line in contractive soil prior to
steady state.
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4. Lab and Field Measurements

Two recent studies, supervised by the author, on flow failure and steady state response are described here. The
first is a full scale laboratory experiment that captured the residual strength of liquefied soil (Honnett, 2018). In this
test a large flexible bucket (1.5 m high by 2.3 m diameter) containing loose saturated Monterey sand was placed on a
10 ton shake table and excited with a harmonic motion at its resonant frequency to induce seismic liquefaction. During
liquefaction, in addition to acceleration and pore pressure measurements, a T-bar was pulled through the liquefied soil
to measure the steady state shear strength. Prior research (Randolf and Houlsby, 1984; Tokpavi et al., 2008 and 2009)
has shown that in a laminar state the flow can be characterized by a closed form solution using a cylinder which the
T-bar mimics. Other table top and centrifuge experiments have attempted similar residual strength measurements (de
Alba and Ballestero, 2006; Dewoolkar et al., 2016). The shake table results show that for loose (e>e.;;) uniform sand
at a low confining stress of 0.1 atm the steady state residual strength is roughly 1.4 kPa, with a cone penetration
resistance of q.;=0.2 MPa. Full details on this study are currently under review for publication elsewhere, but the
thesis work can be accessed online (Honnette, 2018).

The second study is a field investigation on a seismic induced flow failure from the 2010 M8.8 Chile earthquake
(GEER, 2010). Strong ground shaking caused the liquefaction and subsequent flow failure of a tailings dam of mine
waste at a defunct gold mine. The 25m high embankment experienced liquefaction at its base resulting in a runout of
up to 350 m on shallow slopes. This failure was investigated thoroughly (Moss et al., 2018) and used to develop a
detailed case history for future reference (Gebhart, 2017). The failed slope was evaluated against engineering runout
distance methods and was back-analyzed to determine an estimate of the steady state residual strength. Here the
confining stress conditions were roughly 2 atm and the estimated liquefied residual strength was 8.3 kPa. The soils
were measured as contractive (e<e.;;) based on low cone penetration resistance (q.;~1.3 MPa) with respect to Yazdi
and Moss (2015) as shown in Figure 4a. Figure 4b shows the results from these investigations plotted against a revised
plot of penetration resistance versus liquefied residual strength. The red star is this particular case history with respect
to the known database of flow failures (Weber et al., 2015). It should be noted that the analytical “dam break” solution
by Hungr (1995) provides an excellent estimate of the observed runout distance of 350 m for this particular failure.

A different study on debris flows was carried out by McKenna et al. (2014). This table top experiment focused on
a range of materials that could fail in a debris flow and characterized their properties. The authors used a test mold
where the prepared samples could be saturated. The mold is then quickly removed to horizontally load and fail the
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Figure 4. (a) Histogram of cone penetration resistance (q.) values of flow failure case histories from the Olson & Stark (2002) database (after
Yazdi and Moss, 2016). (b) Plot (revised after Weber et al., 2015) correlating penetration resistance to the liquefied residual strength. Red star
shows the location of the Las Palmas tailings dam flow failure.
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soil in a radial pattern for capturing the failure mode and subsequent deformations. The results generally agreed with
large flume experiments (Iverson et al., 2000; Logan and Iverson, 2009). Some of the test results that are pertinent to
this discussion are that the density, and hence the void ratio, dictated whether the soil sample would fail as a flow
(e>eqi) or as a slide (e<e.y). [Note: pg = ps/1 + e dry density is equal to the density of the solids divided by one
plus the void ratio, and ps,: = (ps + pwe)/1 + e) saturated density is equal to the density of solids plus the density
of water times the void ratio divided by one plus the void ratio]. Soils that were initially dilatant were capable of
dilating past critical state rendering them susceptible to flow during subsequent loading. Failure velocity increased
with permeability, and loose soils (e>e.;;) exhibited higher failure velocities. The analytical “dam break” solution of
Hungr (1995) is used here to back-calculate the liquefied residual strength of the samples that were observed to have
failed in flow. The equation for “dam break” when rearranged and solved for the liquefied residual strength is:

X 9
YHE 5 xp — 1 YHG X0

xgxf — x; 3)

where s,, ,-is the liquefied residual strength (kPa), y the unit weight (kN/m?), H, the initial height of the “dam” material
(m), X, the initial length of the “dam” material (m), and X¢the runout distance of the flow failure (m). In this simplified
solution the initial slope is treated as vertical and the runout shape is treated as a parabola. The liquefied residual
strength values from these table top tests at essentially zero confining stress show an average of roughly 6.5 kPa, with
a low of 1.7 kPa and a high of 11.9 kPa. The samples are from slope failures sites that covered a range of source
materials from gravels to sands (both with fines content) and are representative of the in situ field gradations. The
liquefied residual strength values from these debris flow materials are in agreement with those observed in tailings
flow failure materials and in clean sand liquefaction tests discussed previously.

5. Discussion

In cases of flow failure and debris flows the density or void ratio with respect to the critical density or critical void
ratio is a primary controlling variable of flow-like behavior. The in situ properties of soil are regularly estimated in
engineering situations using cone penetration measurements that are statistically related to engineering properties.
Contractive soils exhibit a positive state parameter:

Y =e— e €))

For clean sands the state parameter can be estimated using and empirical relationship as found in (Robertson and
Cabal, 2014):

% = 0.56 — 0.3310g Qrn s ®)

where Qu, s is the stress corrected cone tip resistance of a clean sand, similar to the curves in in Figure 4b but in
dimensionless form. So for sandy soils, if they are sufficiently contractive and fully saturated, then flow is the likely
failure mechanism which can be forecast using cone penetration measurements.

Fluvially deposited gravels, cobbles, boulders, usually exhibit dilatant behavior due to the nature of the
particles and the high energy depositional environment that formed the units. Dilatant material can be pushed into a
contractive state by changes in stress as seen in Figure 3 and also to steady state by constant shearing. The propensity
for these materials to fail in a debris flow is harder to predict because the flow behavior occurs after large strains and
post-peak-strength failure. Here granular kinetics (i.e., granular temperature) is thought to increase the void ratio and
the contractive-ness of the material as it tumbles downslope, thereby producing high excess pore pressures and flow
condition.

Dry colluvially deposited gravels, cobbles, boulders can exhibit contractive behavior because of the low
energy depositional environment that formed these units and therefore can be susceptible to flow type failure when
saturated during intense rainfall. Here penetration measurements are not viable because of large particle sized
material, but geophysical measurements may be. In soil liquefaction a shear wave velocity of less than roughly 180
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m/s (Kayen et al., 2013) is indicative of a contractive soil and subsequent field testing may be useful in refining this
value for soils with large particle sizes (e.g., boulders, cobbles, gravels).

As in all these cases the saturation level and contractive behavior are key in determining the likelihood of
triggering, post-liquefaction residual strength, and propensity for flow failure.

6. Summary

Presented here are some thoughts on the different phases of flow failures and debris flows, which defines different
regions of physics of these failures. Steady state flow with excess pore pressures has been observed to be in
common between flow failures and debris flows. The physics of this phase is examined using conceptualized lab
results to understand the stress-strain response. Empirical studies of flow failures and debris flows were also
examined and the liquefied residual strength were shown to be in rough agreement supporting the argument that this
phase is common. Some suggestions were offered as to how best to identify the hazard for different field conditions.
The overall goal here is to foster further discussion of their commonalities and to help push hazard mitigation of
debris flows and flow failures forward.
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Abstract

When landslides liquefy and sediment movement takes on characteristics of a debris flow, travel distance increases, expanding
the range of potential damage. Clarifying the liquefaction mechanism for such phenomena and predicting travel distance are
important for evaluating hard and soft measures for controlling landslide damage. The authors have compiled data on landslide
travel distance in Japan, used the travel coefficient (Tr) to classify movement of landslide soil masses, and investigated the
relationship between landslide movement and soil characteristics with the goal of clarifying the liquefaction mechanism. These
results were used to analyze the soil characteristics of long-traveling landslides. The hybrid model developed by Satofuka (2004)
was used as a liquefaction model and sensitivity analysis was conducted for the model parameters. Model validity was evaluated
by comparing the simulated and actual sediment flow, deposition, and displacement velocity of a landslide that occurred in
Niigata Prefecture in March 2004,

Keywords: long-traveling landslide, soil properties of landslides, simulation, hybrid model

1. Introduction

In previous analyses of major landslides that have occurred in Japan, as an index of travel distance, the authors
used the travel coefficient (Tr = L2/L1), where L1 is the horizontal distance from the top of a landslide to the toe of
the surface of rupture and L2 is the horizontal distance from the toe of the surface of rupture to the toe of the
displaced soil mass. Along with defining long-traveling landslides as those with Tr > 0.5, which have a cumulative
frequency of approximately 20% (Fig. 1(a)), landslides were classified into the following three cases based on the
travel coefficient and condition of the displaced soil mass. The authors showed that the travel coefficient for a
completely liquified landslide is on the order of Tr> 0.5 (Fig. 1(b)) (Usuki and Mizuyama, 2011).
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Fig. 1. (a) Histogram of the travel coefficient (Tr) of landslides; (b) Relationship between travel distance and original horizontal distance of
landslides (Usuki and Mizuyama,2011)
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(1) landslide soil masses and surfaces with little disturbance (Tr < 0.3)

(2) landslide soil masses with lightly disturbed surfaces (partially liquefied 0.3 < Tr < 0.9)

(3) landslide soil masses violently disturbed with soil masses not retaining their original form (completely
liquefied Tr > 0.5)

While factors including landslide volume, soil water content, and gradient of the terrain are believed to control the
movement type of landslide soil masses, in terms of soil quality, soil masses of landslides with large travel
coefficients were found to contain relatively large proportions of sand and gravel in addition to clay and silt. In terms
of particle size distribution, the soils had mixed soil composition. We believe that the soil characteristics of these
mixed soils will provide insight into understanding the liquefaction mechanism of landslides with long travel
distances. In this paper, we report the results of our investigation of the soil characteristics of long traveling
landslides and the validity of hybrid model simulations.

2. Soil Characteristics of Long-traveling Landslides

Given that the physical properties of soil vary with various factors including particle size distribution and water
content, mechanical testing is needed to evaluate soil characteristics. The ability to estimate mechanical properties of
soils from factors such as particle size distribution is also important. One method for estimating the mechanical
properties of soils is the engineering classification method based on the Unified Soil Classification System of Japan.
Iwanaga (1983) developed particle size distribution—plasticity diagrams based on the soil quality data of soil masses
for 130 landslide sites in Niigata Prefecture, a region of Japan where landslides frequently occur. The authors
analyzed the relationship between travel coefficients and soil characteristics of the sliding soil masses for 16 cases
where the particle size distribution-plasticity diagrams from lwanaga also existed.

2.1. Particle size distribution and fine particle content

As can be seen in Fig. 2(a), most of Iwanaga’s data (1983) are distributed in the fine soil (F) region of the soil
texture triangle with a large proportion clay and silt. In contrast, soils from landslides with large travel coefficients
tend to be distributed near the boundary between the fine soil (F) region and the gravel and fine soil (GF) region,
which contains large proportions of gravel and sand, to the sand and fine soil (SF) region. The particle size
distribution of soils with R > 1.0 tend to fall in the central region with sand, gravel, silt and clay content greater than
20%. Travel coefficient increases as the gravel and sand content rises above 20% and decreases when the sand and
gravel content rises above 50%.
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Fig. 2. (a) Particle size composition chart; (b) Plastic Figure (Usuki and Mizuyama,2011)

Kitago (1973) conducted consolidated undrained triaxial compression tests for saturated soils with various
proportions of sand and clay, with the goal of evaluating the effect of the sand and clay content (proportion) on
consolidation characteristics, pore-water pressure at time of shearing, shearing deformation characteristics, and
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strength constants: the results show that the boundary between the sand region and the intermediate region is
associated with a fine particle content of 20 to 30%, while the boundary between the clay region and the
intermediate region was associated with a fine particle content of 60 to 70%. Mixed soils in the intermediate region
with fine particle content greater 40% were found to behave similarly to cohesive soils, and a transition state
between sandy soils and cohesive soils was reported to exist near 30% fine particle content. The fine particle content
(R) was defined as follows:

Fine grain dry weight

Fine particle content(R) = x100 1
P ®) (Fine grain+ Coarse fraction) Dry weight @

Fine grain : Soil particles of 75um or less

Given that soil particle densities typically fall within a range of 2.6 to 2.8 g/cm’ (no moisture), content defined by
mass and content defined by volume do not differ substantially. Accordingly, here we assess content defined by
mass. In terms of fine particle content, soil masses of landslides with Tr > 1.0 are distributed in or near the boundary
of the mixed soil region. The soil texture is classified as mixed soil comprising intermediate particles falling into the
sand and clay categories.

Omine (1993) investigated the effect of particle size on the stress and deformation behavior of mixed soils
containing sand and clay of greatly differing particle sizes: the results show that as the fine particle content
decreases, the angle of internal friction increases and approaches the value for coarse particles only. Conversely, the
angle of internal friction decreases for mixed soils with high fine particle content, meaning that disruption of soil
masses may proceed readily in such soils.

In previous work (Usuki and Mizuyama,2011), we tested the strength of 4 sample soils prepared to have different
particle size distributions (fine particle contents of 90%, 75%, 45% (mixed soil), or 10%). For a single axis
compression test, the deformation coefficient (E50) indicating ease of soil deformation was smallest for the mixed
soil region sample. Testing after 48-h immersion showed that the cohesion of the mixed-soil sample declines by
about 60% from an original value of 23.9 to 15.1 kN/m” Furthermore, in triaxial compression tests, mixed-soil
samples from a depth of 5 to 10 m from the surface near the sliding surface of the landslide were found to have the
lowest shear strength among all the samples.In mixed soils, soil strength declines as the fine particle content
increases. This point should be considered when evaluating the role of soil characteristics in liquefaction
mechanisms of long-traveling landslides and setting simulation.

2.2. Plasticity diagram

In Fig. 2(b), much of Iwanaga and Nozaki’s data (1983) is distributed in the high-plasticity clay (CH) region of
cohesive soils while data for low-plasticity clay (CL) and low-plasticity silt (ML) soil regions are rare. Line A shows
the boundary for high-plasticity clay (CH) and high-plasticity silt (MH) regions and represents the water content
range of the plastic state. Above the A line, the range of water content expands, indicating the prominence of clay
properties. Also, the B line located at the liquid limit WL = 50 shows the magnitude of compressibility, with
deformation occurring more readily in soils located right of the B line. Soils from landslides with large travel
coefficients are distributed slightly above the A line and, as a whole, near the B line; thus, it is evident that the water
content range in the plastic state is relatively large, that compressibility is high, and that the soils are readily
deformed. Generally, as the clay content decreases, the liquid limit declines and the region near the B-line is
approached; thus, in soils associated with landslides with large travel coefficients, although clay is present, silt, sand,
and gravel content tends to be high.

3. Liquefaction Mechanisms of Long-Traveling Landslides and Evaluation of the Simulation Model
3.1. Liquefaction mechanism

Starting from the assumption that the surface of the landslide becomes highly disturbed in the transition from
partially to completely liquified, disruption of the soil mass progresses from near the liquified layer inside the
landslide. The landslide moves as the soil mass near the bottom of the main body is gradually incorporated into the

liquified layer that has been formed. Eventually, the surface soil mass of the landslide is incorporated into the
liquified layer and the surface of the landslide becomes highly disturbed. Based on consideration of soil properties
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and other factors, if the landslide soil mass is assumed to be adequately saturated, the following liquefaction
mechanism can be inferred for long-traveling landslides (Fig. 3).

(1) The landslide begins with displacement of the slide surface.

(2) Disruption of the landslide soil mass progresses due to the loading and deformation caused by displacement.

(3) A liquefied layer is created in the lower area of the soil mass where displacement begins.

(4) The liquefied layer develops (expands) by incorporating the disrupted soil mass. In cases where the liquefied
layer does not develop, the upper part of the soil mass remains disturbed, and the landslide stops without complete
liquefaction.

(5) When an adequate amount of water is supplied (including the interior of the landslide soil mass), the liquefied
layer develops until the entire soil mass is incorporated into the liquefied layer and the landslide becomes
completely liquefied.

(6) The original structure of soil mass becomes completely disturbed through the disruption of the soil mass and
incorporation into the liquefied layer.

Landslide blocks are taken
into the liquefaction layer, and
the liquefaction layer develops

¥ —— A liquefaction layer is
formed

Fig. 3. liquefaction mechanism of Long-Traveling Landslide

If the landslide soil mass is adequately saturated and there is no substantial change in the terrain conditions such
as the gradient, disruption of the landslide soil mass progresses. Regarding the development of the liquefied layer,
decreased soil strength due to particle size distribution of mixed soil is believed to be one factor that determines a
larger travel coefficient.

When the particle size distribution of the landslide soil mass is in the mixed soil region, from a soil mechanics
standpoint, the soil mass is readily disrupted and easily incorporated into the liquefied layer. Given that this soil
region is distributed along the A line of the plasticity diagram, the soil is more readily liquefied as the natural water
content ratio increases, and the accompanying change in volume tends to be large.

During prolonged snow melt or rainfall periods, the degree of water saturation of the landslide soil mass increases
and is assumed to be near the liquid limit. If the soil is liquefied, the particle volume ratio changes and void ratio
increases. If the soil mass begins to slide under these conditions, disruption of the soil mass further increases the
void ratio. These voids become filled with not only liquefied clay and silt but, also, with gravel and sand, causing
the liquefied layer to develop further to a state close to a debris flow, thereby increasing the travel coefficient.

3.2. Hybrid model selection

With regard to the soil mass liquefaction mechanism, the D-Claw model (George and Iverson, 2014) and other
models have been proposed to describe the process from landslide onset to liquefaction based on rising pore water
pressure and soil particle dilatancy. Here, from the travel coefficient-dependent classification of landslide movement
type presented in this study, we identified the hybrid model for debris flow from slope collapse as a model that could
express the liquefaction mechanism described above and evaluated its applicability to long-traveling landslides.
Based on previous research on debris from a collapsing soil and sand slope, Satofuka (2004) divided the soil mass
from a collapsing hillside into several blocks that flow downslope on top of the liquified layer (Fig. 4(a),(b)).

The soil mass comprised an upper unsaturated soil part and the lower saturated soil part. The saturated soil erodes
due to shear stress, and the mixture of eroded soil, sand, and water form a liquefied layer. To estimate the distance
traveled by the debris from the collapsed slope, it is necessary to track the rigid motion of the unsaturated soil and to
analyze the motion of the liquefied material as a continuous body. Accordingly, a flood model of debris flow based
on the finite difference method was combined with a Lagrangian analysis method for the movement of the soil mass
to construct a 2-dimensional hybrid debris flow model. The hybrid model for debris flow from a collapsing soil and
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sand slope represents the soil mass as several cylinder blocks (For calculation, approximate to a hexagon) and
assumes that the saturated layer flows after being incorporated into the liquefied layer. In our research, we assumed
that the liquefaction mechanism for long-traveling landslides involves formation of a liquefied layer, with the low
soil strength of mixed soil leading to progressive disruption of the soil mass after initial displacement. The disrupted
soil mass is incorporated into the liquefied layer as flow continues. Complete liquefaction is defined as the state in
which the liquified layer incorporates the entire soil mass including the surface layer. Partial liquefaction is defined
as the state in which this process stops before the landslide surface is incorporated into the liquified layer. This
process is essentially the same as the liquefaction mechanism assumed bz the hybrid model.
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Fig. 4. (a) Hybrid model; (b) Cylinder model of the soil mass (Satofuka, 2004)

4. Sensitivity Analysis of Hybrid Model Parameters
4.1. Parameter sensitivity analysis

The slopes of many locations where long-traveling landslides have occurred are relatively gentle with gradients
ranging from 10 to 30°. For parameter sensitivity analysis, we constructed a continuous slope with gradients of 0.5°,
5°, and 10° (Fig. 5(a)). This flatter slope, rather than a deep valley terrain, was also chosen to enable confirmation of
the spread of the soil mass block as well as the downslope travel distance. The calculation mesh consisted of 10 X
10 m squares in both x and y directions. The time step for calculations was 0.1 s; the radius of the cylindrical block
bases as well as the initial distance between cylindrical block centers D1, D2 (Distance at which the attractive force
of the cylinder block is maximum) and D3 (The critical distance at which the attractive force of the cylinder block
does not act) were the same values used in Satofuka (2004). These values were 4.85m, 9.24m, 9.70m and 10.16m,
respectively. Also, the landslide soil mass or liquefied layer debris concentration was 0.54, deposition layer
concentration was 0.6, the Manning roughness coefficient was 0.04, specific gravity of soil particles was 2.65, the
dynamic friction coefficient between soil mass and river bed u,, was 0.5.
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Fig. 5. (a) Slope model; (b) Calculation results with varying cohesion strength

Parameter sensitivity analysis was conducted for 5 parameters: angle of internal friction, cohesion, particle
diameter, erosion rate coefficient, and saturation. The base conditions for each parameter were as follows: internal
friction angle, @ = 10°; cohesion, ¢ = 5 kN/m?; particle diameter, d = 10 cm; erosion rate coefficient, B = 0.13; and
saturation s, = 1.0. Calculations were performed while varying each parameter (internal friction angle 5°, 10°, 15°
and 30°; cohesion 1, 5, 10, and 20 kN/m?; particle diameter 1, 10, and 100 cm; erosion rate coefficient 5 = 0.06, 0.13,
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0.24, 1.20; degree of saturation of the unsaturated layer s, = 0.1, 0.5, 1.0). Results of the sensitivity analysis show
that the parameters with a large influence on travel distance were cohesion, particle diameter and erosion rate
coefficient. Travel distance increased with decreasing cohesion; and cohesion influenced the spread (degree of
dispersion) of the cylindrical blocks (Fig. 5(b)). Particle diameter and erosion rate coefficient were found to affect
the liquefied layer, with decreasing particle diameter and increasing erosion rate coefficient being associated with
greater travel distance due to their contribution to development of the liquefied layer.

4.2. Parameter review

Cohesion varied widely depending on the condition of cohesive soil (from extremely soft to hard or consolidated)
from several kN/m® to greater than 200 kN/m”. That said, soil is assumed to approach a near fluid state with
saturation near 1.0 during rains or snowmelt periods. Furthermore, the Road Earthwork Temporary Guidelines
(March 1999, Japan Road Association) assumes a cohesion of less than 12 kN/m? for extremely soft soil conditions
approaching fluid state. Based on the above, when cohesion is less than 12 kN/m?, the internal friction angle, which
was shown to have negligible impact by the parameter sensitivity analysis, is set to a general value of @ = 35°; the
erosion rate coefficient is set to B = 012 as a guide, and saturation degree is set to s, = 1.0, taking into account the
fact that rain and snowmelt periods are contributing factors to landslides. Particle diameter is set based on the local
field conditions.

5. Hybrid Model Simulation of a Long-traveling Landslide
5.1. Simulated landslide

A long-traveling landslide occurred in Nagaoka, Niigata Prefecture on March 1, 2004 (Fig. 6). The landslide
comprised an area of 110,000 m® (length 450 m, width 250 m) and approximate volume of 1,650,000 m>.
Geologically, the base comprised green tuff with alternating layers of sandstone and mudstone. The average gradient
from the end of the landslide to the confluence of the Nishitani River was 8°, which is a gradual slope. Part of the
landslide engulfed driftwood as it flowed down and deposited earth and sand ranging from 4 to 10 m thickness. In
constrained areas, we observed sand and mud deposits up to 10 m in thickness. Also, in wider areas of the basin,
there was evidence that the soil mass had spread laterally and deposited material. Very little evidence of piling up
caused by debris flow-like braided flow was observed. The landslide soil mass was displaced approximately 550 m
from the starting point, and the movement type was completely liquefied (travel coefficient Tr = 1.2). In terms of
particle size distribution, the soil consisted of 70% fine particle material and was classified in the mixed soil region.
In the plasticity diagram, the liquid limit was WL = 74.9, and the plasticity limit was IP = 44.4, corresponding to the
region slightly above the A line and near the B line. The mixed soil would be expected to readily liquefy and to be
readily deformable when the natural water content ratio increases.

PN e YR NIAB
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Fig. 6. (a)Long-Traveling Landslides occurred in Niigata Prefecture; (b) Movement range of landslide
5.2. Parameter
The calculation mesh consisted of squares measuring 10 m in both x and y directions. The time step for

calculations was 0.1 s, and the radius of the cylindrical block bases, the initial distance between cylindrical block
centers D1, D2 and D3 were the same values used in the Satofuka (2004) study. The calculation parameters are
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shown in Table 1.As the daily average temperatures during the second half of February were high and snowmelt
progressed continuously, the water content of the soil mass was assumed to be high, and the degree of saturation (s,)
of the unsaturated zone was set to 1.0. Soil and sand cohesion (Cy) was set to 5 kN/m’ considering the
meteorological conditions and the extremely saturated state of the soil. Table 1 lists the set values of the simulation
parameters. Also, as gravel ranging from about 1 to 5 cm to about 10 cm was found in the landslide soil mass, an
average particle diameter of 10 cm was used.

Table 1. Parameter settings

Item Setting value
Calculated mesh dx=dy=10m
Radius of lumps 4.85m
Sediment concentration of the fluidized bed 0.54
Sedimentary soil concentration 0.6
Average grain diameter 10cm
Manning roughness coefticient 0.04
Density of pore fluid 1,000kg/m’
Density of soil grain 2,650kg/m’
Dynamic friction coefficient 0.5
Angle of internal friction 35°
Cohesion 5kN/m?
Saturation degree of unsaturated moiety 1.0

5.3. Flow Range and Deposition

Although some of the simulation results for flow width exceed the observed flow range, in general the results
were a good fit (Fig. 7(a)). The dark areas in Fig. 7(a) indicate thick cylindrical blocks (soil masses). Cylindrical
blocks are thicker in narrow terrain, whereas cylindrical block thickness varies and is generally thinner in wider
terrain. The simulation accurately reproduced actual deposition trends, as shown in Fig. 7(b),(c). For points where an
actual deposition depth of approximately 8 m was observed, the simulation indicated deposition depths between 5 to
10 m. The simulation indicated erosion of 10 to 20 m at the top of the landslide, which is on the same order as the
height of the main scarp. The simulation accurately reproduced the distance traveled, flow, and deposition by the
landslide.
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Fig. 7. (a) Calculation result (fluctuation amount); (b) Calculation result (flow depth) ; (c) Calculation result (longitudinal section)
5.4. Soil mass displacement velocity

The simulation results are shown as a time series in Fig. 8. The time taken for the soil mass to move 550 m from
initial displacement to the confluence of Nishitani River was about 200 s. The average simulated velocity was 2.75
m/s. As there were no witnesses who observed the landslide flow conditions, the actual velocity is unknown. A
fallen tree was found during the field investigation. Some of these trees were taken up by landslide clumps and were
disturbed, but also those carried in the state of standing trees above the landslide were confirmed; thus, we believe
the displacement velocity was relatively slow, on the order of several m/s, which is similar to simulation result.
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5.5. Applicability of the hybrid model for prediction of travel distance and other factors for long traveling-distance
landslides

The simulation, adjusted based on the results of the parameter sensitivity analysis, accurately reproduced the
March 2004 landslide that occurred in Nagaoka, Niigata Prefecture in terms of soil mass flow, deposition trends,
travel distance, and estimated displacement velocity. One advantage of the hybrid model over conventional methods
for predicting landslide travel distance is the ability to simulate movement through complex terrain. Given the
ability to estimate flow range, deposition conditions, travel distance, and displacement velocity, the hybrid model
method is expected to prove useful in producing hazard maps and facility planning that takes into account soil
movement.

6. Future Issues

In addition to investigating movement-related aspects of long traveling landslides such as occurrence, flow, and
deposition, it will be necessary to collect soil samples, conduct mechanical and other soil tests, and perform
statistical analyses of the relationship between motion type and soil quality. These studies will be especially
important to deepen our understanding of the relationship between the characteristics of mixed soils and liquefaction
mechanisms relevant to landslides and to incorporate these soil characteristics in hybrid models for predicting travel
distance of soil masses in landslides. Such models will be useful in developing hazards maps and in designing
emergency measures when advanced warnings of landslides are observed.
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Abstract

Solid materials distributed on the surface of watershed transform to debris flow under seepage flow effect is one of the most
common disaster type in the mountainous area, especially in the Longmen Fault regions, China. The high frequency of debris-
flow event takes a big menace to local people’s safety of life and properties directly, as well as the reconstruction work. Currently,
more theory and experiment researches are concentrated on solid materials instability mechanism, debris-flow initiation,
movement process of slope-gully system, but fewer research are focused on the moveable critical condition of solid materials
under hydrodynamic condition as seepage flow and surface flow. Thus, based on the mechanical balance, through define the
theory of the movable solid materials firstly. Then, take a comparison with traditional terms as loosen solid materials, dynamic
reserves and efficient solid materials, it found that solid materials move or not is a mechanical problem rather than traditional
definition. Thirdly, on the condition of saturated seepage flow, according to setting up geological model and taking mechanical
analysis, it gained dynamical formula and resistance formula respectively, then, give confined parameters, it found a liner
distribution of dynamical value and resistance value versus depth when the geology model is homogeneous and the seepage flow
saturated in whole layer.

Key words: Debris-flow Area; Seepage Flow Effect; Solid Materials

1.Introduction

Debris flow is a flow of a sediment—water mixture driven by gravity, which related to factors as geological
tectonics, topographical conditions, hydrology and human engineering et al (Zhou et al., 1991; Xu, 2010). It has
been reported that in over 70 countries in the world and often causes 5 severe economic losses and human casualties
annually, which seriously retarding social and economic development (Degetto et al., 2015; McCoy et al., 2012; Hu
et al., 2016; Cui et al., 2011; Dahal et al., 2009; Liu et al., 2010). According to Takahashi, The mechanical triggers
of debris flows can be classified into three types, namely erosion by surface runoff, transformation from landslides,
and collapse of debris dams (Takahashi, 2007). Through different water content before debris-flow initiation, Brand
et al concluded that the thinner layer failure by rainfall infiltration which result in the weight increasing and the
minor of the matrix suction (Brand, 1981). With the different water content between debris-flow initiation and
failure, Johnson definite movable index MI (Johnson, 1984), based on the MI, Ellen put forward the index as AMI
and set standard as AMI > 1, the debris is easily flow along the gully, while the AMI<0.45, it could not form debris
flow (Ellen et al., 1987). Similarly, Takahisa through carried out experiments, it got that when the ratio of 1/h<4.0,
the landslide materials could not move as debris flow, while the ratio of I/h>7.5, it easily to form debris flow
(Takahisa, 1981). Generally, the gravity and hydrodynamic are the mainly driven forces to form debris flow
(Howard, 1988; Hongey et al., 2006). With numerous experiments and field survey, it also found that the pore water
pressures increased while the loose solid materials moved with surface water, which lead to liquefaction (Wang et al.,
2003; Iverson et al., 2004). Based on laboratory experiments and field observations, Wang based on fluid mechanics

* Corresponding author e-mail address. yangshun09@foxmail.com
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theory, obtained a flow movement equation for the deposit surface and shear stress, but those equations ignored the
influence of the pore water pressure on the shearing strength and parameters that could change with time (Wang et
al., 1990).

As is known to all, loosen solid materials is one of the essential condition of debris-flow formation, for the
numerous solid materials in the watershed, how many solid materials would form the debris flow and how the debris
flow moving is also the question. As to the volume calculation, currently most calculations mainly lie in statistics.
Actually, plenty of debris-flow researchers carried out numerous studies on debris volume research, such as the
volume and distribution of loosen solid materials, traditional concept of effective solid materials (Qiao et al., 2012;
Tang et al.,, 2011; Zhou et al., 1991), those researches take a positive effect for debris-flow prevention and
reconstruction post-earthquake. However, most of those methods are mainly based on the field survey and statistics,
lack of physical and mechanical meaning. Thus, based on the analysis of debris-flow formation, it can conclude that
loosen solid materials whether move or not under hydrodynamic condition in source district is decided by dynamic
force and resistance which is a physical and mechanical problem, rather than broadly qualitative description, that is
the movable solid materials problem (Yang et al., 2014).

In this context, the study is on condition of mechanical equilibrium principle, definite the movable solid materials
of debris-flow source area first, which articulate the movable characteristics of solid materials under hydrological
condition in debris-flow source area. Secondly, take a contrast with available traditional definition as dynamic
reserve, effective solid materials and movable solid material. Last, take saturated seepage flow as an example,
through build geological model and mechanical analysis, to test and verify the formulas by experiment. The research
provides a quantitative calculation method of the loose solid materials in the shallow landslide areas, which can
favor for the design of the small watershed debris-flow prevention.

2. Definition of the movable solid materials
2.1Definition

Currently, most solid materials calculation in the small watershed are statistics and estimation, the direct question
of those method could cause the error of statistics is between 70 to 150 percent. As to the debris-flow check dam
design, the unreasonable loose solid materials volume can result in high cost or low prevent ability. Therefore, based
on the Yang’s research (Yang et al., 2014), it proposed the concept of critical movable solid materials, which can be
definite that when the composition force of hydrologic and the gravity components is larger than the resistant, the
critical thickness is the cross point beneath the surface slope, as seen in Fig 1.

Fig. 1. General map of the movable solid materials

When Fd < R, the whole layer of loosen solid materials is in stable state. When Fd = R, the layer of loosen solid
materials is in critical state. While Fd > R, the loosen solid materials within the critical depth would lose failure,
seen formula (1) as follows. In summary, the movable solid materials is the solid materials within the critical depth
when Fd = R.

Fd <R stable state
Critical fomula of movable solid materials = {Fd = R critical state (1)
Fd > R fail to move
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2.2 Contrast among movable solid materials and traditional conception

As to debris-flow prevention design, the volume of loose solid materials is one of the most important parameters.
Many researcher focused on the solid materials condition of debris flow, numerous researches are mainly using
loosen solid material, dynamical reserve and effective solid materials et al., but the research method lies in
quantitative description, field survey and experiences calculation. The contrast between movable solid materials and
traditional concept is seen in Table 1.

Table 1. The contrast between movable solid materials and traditional conception

The Movable Solid Materials Loosen Solid Material ~ Dynamical Reserve The Effective Solid Materials
When the sum of the hydrological . . The potential solid loosen solid materials of slope and gully
. Loosen solid materials . . .
force and gravity component o . materials to form bank fail to move by water saturation
Concept . . distributed in the . . . g
equal to the resistance, the solid widely surface debris flow in source and scour, especially to join the next
within the critical depth y area debris flow’s solid materials
Volume Estimate the area and ;I;;/;S;;%a;zt}:ﬁ of the
calculation  Calculation by mechanical model  depth in debris-flow i¢ cepth Estimate the area and depth
potential debris-flow
method watershed
watershed
Mechg nical Mechanical equilibrium none none none
meaning

Solid material is a defined qualitative concept in traditional statement, but what kind of loosen content will form
debris flow under hydrologic condition still not appeared in literatures so far. In practical application, mostly loosen
solid materials volume calculation is by field survey estimation. As to debris-flow dynamical reserve, which is
loosen solid materials volume calculated by measuring length, width and estimated potential thickness, the problem
is the estimated thickness originated from investigating outside and there is none practical meaning, actually, the
thickness should be controlled by mechanical properties of solid materials. The effective solid materials is just
defined as solid materials which joined in the debris flow under water effect, this concept did not applied in actual
example currently.

Whether the loosen solid materials on the slope is move or not and how many solid materials could be arised by
the rainfall is a mechanical problem, which should be decided by its propulsion and resistance. The dynamic
propulsion is mainly including seepage flow and surface flow’s component, gravity component, as to rainfall debris-
flow pattern, the dynamic propulsion could be calculated by rainfall, runoff and convergence under a certain rainfall
frequency. The resistance is constituted of cohesion, friction and shear resistance among particles. The concept of
movable solid materials is just based on the mechanical balance, which possess clear physical meaning and
distinguished from traditional definition essentially.

3. The Movable Research under Saturated Seepage Flow
3.1 Geology model

It is known to all that the deposition mode and the amount of loosen solid materials in the debris-flow watershed
affect the thickness of solid materials. The mechanical characteristics, the longitudinal slope and the difference of
hydrodynamic effect also determined the thickness. As to the movable solid materials which is controlled by the
relationship among the slope angle, hydrodynamic, gravity and resistance. When the resultant of hydrodynamic
component and gravity component is larger than the resistance, the solid materials fail to move and even form debris
flow finally.

Water is the essential parts of debris flow, which are mainly come from rainfall and ground water. The movement
forms lie in saturated seepage flow/ non-saturated flow and surface flow. As to saturated seepage flow condition,
take the loose solid materials firstly, the geology model as Fig. 2 shown.

Geology model conditions described as follows.

. The particles are the heterogeneous anisotropy; the porosity of the detrital grain layer is n.
. The thickness is D, slope angle is 0.

. Surface water thickness is H, when none of surface water, H=0.

*  The bottom plate is impermeable and the whole layer distributes saturated seepage.
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Saturated
seepage flow

layer

Fig. 2 The general view of geo-model under saturated seepage flow condition
3.2 Mechanical analysis

When the slope angle is less than the repose angle of deposition, the loosen solid materials stay in a stable state.
But with a certain hydrodynamic of seepage and surface flow’s effect, the balance would be disturbed and the
deposited loosen solid materials would fail to move in debris flow. The seepage force and the drag force by surface
flow are the mainly hydrodynamic form, the formulas see as following.

The seepage force is related to hydraulic gradient, the formula is seen (2).

Fy=vwjV &)

where vy, is water density, j is hydraulic gradient,j = Ah/AL, Ah is water head difference or head loss, AL is seepage
path, Ah = Az + Ap/y,, + (Au)?/2g, Az is the position head difference, Ap/y,, is pressure head difference,
(Au)?/2g is flow velocity head difference.

With saturated seepage flow, select a micro-element body dxdydz along slope incline direction of any depth to
take mechanical analysis. It found that the micro-element are mainly suffered gravity, seepage force and shear
resistance of particles et. al, as Fig 2 shown.

3.3 Gravity of soil and water dG

At any depth z, the saturated slope layer dG can be expressed by formula (3).
dG = Ysar — dxdy 3)

where Y, is the saturated density of slope layer, dxdy is the bottom area of micro-element body, 6 is the slope angle
of geology model.
Therefore, the component force of the saturated layer in x direction can be expressed as formula (4).
dG, = Yeqrztanf dxdy #)
Component force in z direction is seen formula (5)

dG, = Ysqrz dxdy )

The gravity dG,, of micro-element body
From the mechanical analysis, the gravity dG,, of the micro-element body can be expressed as formula (6).

dG,, = YsqrdV 6)

where dV is the volume of micro-element body, dV = dxdydz, dz is the thickness of micro- element body.
The gravity component in x direction of micro-element body is seen formula (7).
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dGyy = VsqrSin0dV )
The gravity component in z direction of micro-element body is seen formula (8).
dG,,,; = Vsq:cos0dV 8)

Seepage flow dF;
The seepage flow dF; in x direction of micro-element body is seen formula (9).

dF; = ywjdv @)

where vy, is water density, j is hydraulic gradient,j = Ah/AL, Ah is water head difference or head loss, AL is seepage
path, Ah = Az + Ap/y,, + (Au)?/2g, Az is the position head difference, Ap/y,, is pressure head difference,
(Au)?/2g is flow velocity head difference. On considering of low flow velocity in saturated layer, set the flow
velocity head difference minimum. Another point is micro-element body is parallel with slope debris layer, then
presume the water pressure in upstream slide is equal to the downstream slide, thus neglect the water pressure head.
dV is the volume of micro-element body. Therefore, the formula (9) can be set as formula (10).

dF; = y,,sinfdxdydz (10)

Shear resistant dt. among particles

During seepage process, the particle framework prevents the water flow across the porosity among the particles. It
set the framework as high dense of debris, and then at random depth of z, the shear resistant among particles can be
expressed as formula (11).

dt, = (¥s — Yw)(1 —n) cos 6 dxdydz (11)

where v, is soil particles density, n is porosity, 0 is slope angle, dV is the volume of micro-element body,dV =
dxdydz,dz is the thickness of micro-element body.

As formulas ahead, the dynamic force along slope direction is including seepage force and the gravity component,
which can be expressed as the formula (12).

dF; = y,,sinfdxdydz + Ysqrztan8 dxdy + Y Sinfdxdydz (12)
The force in z direction is mainly composed of gravity component, which is expressed as formula (13).
do = YsueZ dxdy + ysqrcos0dxdydz (13)
The pore water pressure is seen formula (14)
dp = v,z dxdy (14)

Combined with the Mohr-Coulomb criterion, the resistant formula in x direction of micro-element body can be
expressed by formula (15).

dR = c + (do — dp) tan ¢ + dz, (15)

Therefore, the formula (12) and (15) are the dynamic expression and resistance expression respectively, which
locate at the depth of z and the saturated seepage flow in the whole layers. Among it, formula (12) is constitute of
seepage force, the gravity component of soil in x direction and the micro-element gravity component. Formula (15)
is mainly composed of cohesion, friction in deposit layer and the shear resistant among the particle.

From those two formulas, it can get the stress distribution of the micro-element body under saturated seepage
flow of the dynamic and resistance vertical in slope direction respectively. From the formula (12) and (15), the
dynamic force and the resistance varied with slope angle, soil strength and porosity of layer et. cl. The depth z is the
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variable, the micro-element body thickness is dz, it assumes the micro-element thickness is the characteristics
particle size ds, of the deposit layer, it also grants the bottom area of micro-element is dA = dxdy = 1, therefore,
the dynamic formula and the resistance formula can be expressed as formula (16) and (17) as follows.

Fd = (yw + ysat)SingdSO + ysatZtanH (16)
R = c + [ysaccos tan ¢ + (vs — ¥ ) (1 — n) cos 8]dsg + (Vsar — V) Ztan g (17)

The porosity and the density are constant when the slope layer is constituted of homogeneous isotropic particles.
Thus, the dynamic force and the resistant varied in linear with depth in z direction. While the slope material is
composed of heterogeneous particles, the density and the porosity changed with depth, thus the dynamic force and
the resistant shown nonlinearity with depth in z direction. Therefore, take the homogeneous isotropic particle layer
as example, set the parameters as seen in Table 2. It can get the force distribution map of dynamic and resistant
along z direction under fixed condition, seen Fig. 3.

Table 2. The parameters of deposit under saturated seepage flow condition

Layer Slop angle 0 ° 12
Porosity n - 0.3
Characteristic particle size dso mm 3
Deposition Particles ~ Cohesion c kPa 0
Internal friction angle o) ° 30
Particle density Ys kN/m3 223
Water density Yw kN/m3 10
ls:?;lxated Seepage Saturated density Ysat kN/m3 18.4
Flow discharge Q ml/s 440
Force /KN
0.00 025 050 0.75 100 125 150 1.75 2.00
000 L 1 1 1 1 1 1 J
0.05 A
0.10 A
= == Dynamic force
8015 Resistance
% 020 -
Z 025
=030 { Saturated flow
035 | discharge: 440ml/s

0.40 -

Fig. 3 The stress distribution of movable solid materials under saturated seepage flow

From Fig.3, the dynamic force and resistant of movable solid materials under saturated seepage flow show linear
distribution, it also get that the critical thickness a of the homogenous layers is about 5 cm when the seepage flow
discharge is 440 ml/s. Actually, with increasing of flow discharge, the critical movable thickness will exceed 5 cm,
which will initiate more solid materials.

4, Discussion and Conclusions
4.1 Discussion

Actually, loosen solid materials initiated by rainfall and surface water has been researched widely (Takahashi,
2007), which classified as landslide transforming type and water erosion type. On considering with hydraulic theory,
it set up dynamic force and resistant formulas in saturated seepage condition which mainly composed of gravity
component and pore water pressure. Actually, pore water pressure is a variable parameter in different position and is
difficult to obtain, because of the spatial location easily changing in the loosen materials layer during the failure
process. Thus, the model posed in the paper is also need to be improved in the future research.
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4.2 Conclusion

Water is one of the most essential compositions for debris-flow formation. The research posed a concept of the
movable solid materials in mechanics firstly. Then take the contrast between the new concept and other traditional
terms in definition, calculation method and mechanics meaning aspects, it easily got that the movable solid material
whether move or not under hydrodynamic condition are a mechanical problem, rather than traditional definition and
estimation. Thirdly, take saturated seepage flow as example, through built geology model and carried mechanical
analysis, set up the dynamic force and resistant formulas in fixed condition, through set confined parameters, it got a
liner distribution of the two formulas with depth increasing when the geology model is homogenous and the seepage
flow saturated in whole deposit layer. The next step is to verify the formulas based on experiment and field
observation.
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Abstract

Debris flows generate seismic signals that contain valuable information about events as they unfold. Though seismic waves have
been used for along-channel debris-flow and lahar monitoring systems for decades, it has proven difficult to move beyond detection
to more quantitative characterizations of flow parameters and event size. This is for two primary reasons: (1) our limited
understanding of how the radiated wavefield relates to debris flow characteristics and dynamics, and (2) difficulties quantifying
the effects of heterogeneous shallow earth structure on the observed wavefield. The latter issue, essentially our inability to
sufficiently separate seismic path effects from source information, is a barrier to improving our understanding of the first issue. We
review the progress that has been made toward establishing the theory, models and methods required to use seismic observations
to make quantitative measurements of flows and summarize the practical, social, and scientific barriers to progress. We discuss
some specific ongoing efforts to overcome some of these barriers, with a focus on how we are using large-scale seismic experiments
at the U.S. Geological Survey debris-flow flume to develop methods for directly measuring path effects and to develop and validate
theoretical debris flow seismicity models.

Keywords: debris flows; lahars; seismology; monitoring

1. Introduction

A debris-flow warning system must provide four pieces of information: (/) if an event is coming, (2) what areas
might be inundated, (3) when will it arrive, and (4) what to do. The latter three require flow modeling and close
collaboration between scientists and public officials, but the first of these is currently possible using just seismic
methods. Seismic methods bring advantages to debris-flow monitoring and research. Seismic waves are generated by
interactions between the flow and the substrate and contain information about flow dynamics. Unlike most non-
seismic instruments that provide point measurements (flow depth sensors, force plates) (e.g., Arattano et al., 2008),
seismic signals are generated by the entire proximal flow. One of the biggest advantages is that seismic methods allow
one to make precisely timed remote observations of debris-flow processes while they are occurring, day or night.
Seeking to take advantage of these benefits, many debris-flow monitoring sites have incorporated seismic methods
for research and monitoring (e.g., Galgaro et al., 2005; Suwa et al., 2011; Kean et al., 2015), and seismically based
lahar (volcanic debris flow) detection systems have been used to protect lives at volcanoes worldwide for decades
(e.g., Hadley and LaHusen, 1995; Marcial et al., 1996; Lavigne et al., 2000; Andrade et al., 2006; Leonard et al., 2008;
Pulgarin et al., 2015).

Existing operational seismic monitoring systems are relatively simple and qualitative and are used sparingly
because they can be expensive to install and maintain. The majority, whether primarily for research or warning, are
along-channel, meaning one or more sensors are located within tens to hundreds of meters of the channel of interest.
Amplitude-based along-channel systems detect seismicity generated by flows as they pass, sometimes to trigger alerts
based on a threshold duration or other signal characteristics. Typically, multiple sensors are deployed at different
distances along the channel to provide redundancy and for velocity estimates. Average velocities can be estimated by
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cross-correlating the seismic envelopes to get the time offset and dividing the along-channel distance between sensors
by that time (Marchi et al., 2002). Along-channel systems require instrumentation for each monitored drainage.
Depending on circumstances, seismic and/or infrasound instrumentation may be augmented with additional methods
such as rain gauges, cameras, tripwires or flow depth gauges.

In an ideal world, we would be able to detect flows and use the seismic signal to obtain an estimate of the evolving
basal stresses and relate those to flow characteristics such as flow depth, discharge rate, velocity, and particle
concentration. In turn, we could use the flow characteristics to estimate the hazard a particular flow may pose to
downstream populations. In the decades since its initial development, the utility of seismic monitoring methods for
debris-flow detection has been limited due, in part, to barriers related to unknowns in seismic path effects and
theoretical debris-flow seismicity models.

In the following sections, we review the current state of debris-flow seismic monitoring, investigate the barriers to
expanding seismic monitoring capabilities into a more quantitative realm, and discuss some work underway by the
U.S. Geological Survey (USGS) and collaborators to try to overcome some of these barriers.

2. Background

Debris flows exert forces on the channel bed and channel walls that vary in time and space, generating seismic
waves (Moretti et al., 2012). These basal and lateral forces relate to the flow properties. Time-averaged mean normal
force relates most closely to flow depth and flow density, whereas the fluctuating forces are more correlated with other
flow properties such as grain diameter, average flow velocity, and average particle impact forces (Iverson, 1997;
McCoy et al., 2013; Hsu et al., 2014). At high frequencies, the seismic signal is often modeled as the result of a series
of individual random particle impacts (e.g., Kean et al., 2015; Lai et al., 2018). Much of the seismic energy radiated
by surface sources such as debris flows propagates as surface waves (Sanchez-Sesma et al., 2011). At typical along-
channel recording sites high frequency (5-100s Hz) energy dominates (Allstadt et al., 2018). Higher frequency surface
waves with their shorter wavelengths propagate in the shallowest and typically most attenuating layers—dissipating
the energy over relatively short distances. This is why along-channel seismic monitoring is the dominant form of
monitoring—more distant stations may record nothing above the ambient noise level for many flows, especially given
that ambient noise may be elevated during flow events due to storm noise.

Seismic signals carry information about the source process through frequency, amplitude, and polarization
variations with time. To recover information about the source, we need to be able to correct for alterations to that
signal caused by attenuation and scattering (path effects). Geophysical field methods can be used to estimate the
relevant elastic parameters of the ground so that these path effects can be modeled and removed. However, this can
be costly, uncertain, nonunique, and low resolution. Our inability to easily and accurately correct for path effects is
one of the main barriers to progress in this field. We also do not know whether it is even possible to uniquely obtain
parameter estimates even if the basal stresses are perfectly known, though previous studies have found relationships
between fluctuating basal forces and some flow parameters (McCoy et al., 2013; Hsu et al., 2014).

Though many studies have investigated relations between seismic signal characteristics and debris-flow
characteristics, there is no concise, uniform, quantitative summary. This is because many different flow parameters
can contribute to basal stresses, and because path effects are so difficult to separate from source effects. However,
generally, when recorded at near-source along-channel sites, amplitudes are higher when (1) the flow passes closest
to the station (Marcial et al., 1996; Arattano et al., 2008; Cole et al., 2009); (2) the flow height/discharge/wetted area
is greater (Marcial et al., 1996; Marchi et al., 2002; Doyle et al., 2010; Kean et al., 2015); (3) the particle concentration
is greater (Lavigne et al., 2000; Doyle et al., 2010); (4) particle size is greater (Arattano and Moia, 1999; Vazquez et
al., 2016); and (5) the flows move over bedrock or compact sediment rather than loose sediment (Cole et al., 2009;
Kean et al., 2015).

3. Overcoming Barriers

As outlined above, we already have the capability to use debris-flow seismicity for practical and research purposes.
However, many existing methods are qualitative and have significant limitations. In this section, we will discuss some
of the barriers that are hindering the use of seismic monitoring for more quantitative purposes. We focus first on work
the USGS and collaborators are doing to overcome two scientific barriers: our inability to account for path effects and
our lack of theoretical debris-flow seismicity models. We address both issues using large-scale seismic experiments
that we conducted in 2016 at the USGS debris-flow flume near Blue River, Oregon, USA. The flume is a 95-m long,
2-m wide, 1.2-m deep concrete channel that has been used for decades to study debris-flow dynamics (Iverson et al.,
2010). In 2016, we conducted experiments in which saturated material was suddenly released from behind a 2-m high
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gate. The flume has a constant slope of 31° until 74 m downslope from the gate, where it begins to curve and then
finally flatten to about 2° where it reaches a large runout pad. Distances along the flume bed are gauged by their
downslope distance in meters from the gate, with the gate at x=0 m.

The experiment setup for 2016 is shown in Fig. la. Further details and data can be found in Iverson and Logan
(2017) and Allstadt (2016). For brevity, here we focus on just one experiment, a release of 10 m* of water-saturated
sand and gravel on 23 June 2016. We use data from a broadband seismometer, E03, located at x=~32 m ~4 m away
from the flume, and basal normal and shear stress data recorded by force plates mounted flush with the bed of the
flume about 5 m from E03. A screenshot of this experiment is shown in Fig. 1c; full videos of the experiment are
available in Logan et al. (2018).

3.1. Path effects

We established earlier that path effects are one of the biggest barriers to quantitative use of seismic recordings of
debris flows and that although geophysical imaging methods are helpful, they are not always feasible. In the flume
experiments, we instead directly measure the path effects by recording the seismic response at a given station location
to an impulse source that we control at a specific source location. The impulse response is known as a Green’s function.
The earthquake community has used “empirical Green’s functions” (EGFs) for decades, but they typically consider
source to station distances of up to hundreds of kilometers and thus usually use naturally generated sources like small
earthquakes or ambient noise (Hartzell, 1978). For the shorter distances and higher frequencies we consider for debris
flows, it is practical to generate our own forces using a sledgehammer that measures impact force (force hammer) at
closely spaced source locations along the flow channel. While hammer sources are commonly used for seismic
imaging, the distinction here is that we actually measure the time series of forces imparted on the ground and use the
amplitude information of the source. While, to our knowledge, our approach is distinct for debris flows, similar
approaches have been used on a larger scale for lahars (Walsh et al., 2016).

Fig. 1 (a) Map of USGS debris-flow flume showing seismic station locations, distances along flume, camera, laser, and force plate locations.
Elevations are in meters above sea level, contour interval is 2 m. Numbers along flume indicate distance from flume gate in meters. (b) Hammer
blow locations shown along length of flume, labeled with H, relative to other nearby flume instrumentation. (c) Image of 23 JUN 2016
experiment at t=9 s. Map coordinate system is NAD 1983, UTM Zone 10N.

During the 2016 flume experiments, we used a 5.4 kg sledge force hammer (PCB Piezotronics Model 086D50) to

hit specific hammer locations (Fig. 1b) and recorded the resulting force time series and seismic signals on nearby
sensors on GPS-timed RT-130 digitizers to ensure time synchronization. We impacted each hammer location at least
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five times normal to the bed, using a cement block that interlocks with the bump pattern on the bed of the flume to
protect the fragile flume bed tiles. We compute EGFs for each hammer location-station pair by deconvolving the
force-time series recorded by the hammer from the waveform of each individual blow to remove the hammer impulse.
The hammer impulse has a non-negligible duration, so this is needed in order to best approximate a Dirac delta function
(impulse of zero duration, infinite amplitude) of 1 Newton-sec. We then stacked this result for all five hammer blows
at each location to augment the signal and reduce noise. Since flows also impart shear forces, shear EGFs are also
needed to completely explain the observed wavefield (Aki and Richards, 2002). However, shear forces were difficult
to generate on the steep flume. By comparing the shear and normal EGFs for hammer locations on flat ground where
we could generate shear forces by hitting the side of the block weighted down by a person, we found that the normal
EGFs were very similar in amplitude, phase, and frequency content to the shear EGFs for station E03 below 50 Hz;
so we directly substitute normal EGFs for shear ones for this simple analysis. The validity of this simplification for
other station-hammer location pairs requires further investigation in the future.

To test how well our EGFs capture the path effects, we forward model the vertical component seismogram at E03
using the shear and normal force plate data from x=32 m and the EGFs for E03 (Fig. 2a) and compare the result to the
actual recorded signal. In the time domain, the recorded seismic signal is equal to the convolution of the source-time
series and the Green’s function between that source location and the seismic station (Aki and Richards, 2002).
Therefore, we need to convolve the force time series experienced at each section of the bed of the flume with the
corresponding EGFs. Both the forcing and the EGFs are continuous functions in reality, but we have discrete hammer
locations (~3 m apart) and we only have the actual source function for one point. Therefore, we need to manipulate
the force plate data and distribute it in a realistic way to make it better represent the forcing of a continuous flow. We
explain how this is done in Fig. 2g and the corresponding caption. Though we do the simulation at all frequencies up
to the Nyquist frequency, we focus on trying to reproduce the observed signal in the band of 15-35 Hz in order to
avoid the flume structural resonance that occurs at ~45 Hz and because, as noted earlier, normal EGFs only provide a
good approximation of the shear EGFs at frequencies <50 Hz.

We compare the result of this simulation to the actual recorded signal in Fig. 2b-2f. Comparing to the full synthesis
(Fig. 2f) shows that the signal is similar in character and frequency content but slightly overestimated in amplitude.
We note that the best overall fit is the signal that neglects the shear forces (Fig. 2e). This may occur because grain
collisions with the upslope faces of the bumps on the force plates may result in some conversion of shear or normal
energy into the orthogonal component. However, this hypothesis requires a more detailed investigation. We can obtain
a fit almost as good if we only use the single EGF with the highest amplitudes (H28 in this case) (Fig. 2d). The
downside is that this underestimates the signal as the flow approaches the station because the signal can only start
once the flow front actually reaches H28. Our ability to fairly closely reproduce the characteristics of the observed
seismic wavefield at EO3 using just the EGFs and force plate data confirms that the EGFs do capture the path effects
with relatively high fidelity and relate closely to the fluctuating basal forces. There are many possible uses for this
approach, and we are only beginning to explore practically how these EGFs can be used inversely to estimate
fluctuating boundary stresses from recorded seismic signals.

3.2. Theoretical debris-flow seismicity models

The next major barrier to obtaining quantitative information from seismic signals of debris flows is a lack of a
theoretical framework for the generation of debris-flow seismicity. Models are needed to relate seismic amplitudes to
specific source parameters and are also needed to understand the degree to which it is possible to actually constrain
such parameters from the seismic wavefield. A few simple theoretical models have been proposed recently, though
none have yet been independently validated. Kean et al. (2015) proposed a seismic model for debris flows occurring
at Chalk Cliffs, Colorado, but since they did not know the ground parameters, they could only compute the relative
change of seismic power between two debris flows at the same site. Lai et al. (2018) proposed a physical model for
debris-flow seismic power in which they stochastically model the individual impacts of particles in the main flow
front, but the model only considers that the main flow front generates seismic waves, and many orders of magnitude
uncertainty are dependent on knowing the elastic parameters of the ground.

Debris flows often consist of chains of surges of differing flow characteristics (e.g., Vazquez et al., 2016) and even
a single surge can have spatially variable characteristics (Iverson, 1997) that are not modeled by either of the two
aforementioned models. A new theoretical model that expands on the Lai et al. (2018) model will enable us to account
for the entire typical structure of a debris-flow surge, each with differing impact rates and grain size distributions. The
modeled flow is led by a saltating front, followed by a snout lip where rocks fall from the flow onto the bed, then a
coarser-grained snout and the main flow front. Several of these debris-flow surge sequences could be chained together
to simulate the series of surges typical in reality. Though such a model is still a simplified version of reality,
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preliminary comparison with data from debris-flow flume experiments, using the EGFs described above as the source
of the impulses, suggests that the modeled power spectral density (PSD) matches the observed PSD when flow
velocities are steady (Farin, written communication, 2018). While the model does not account for natural complexities
and variations, it provides a starting point upon which to build more complex models.
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Fig. 2) Forward modeling of vertical seismic signal at EO3 for the 23 JUN 2016 10 m? flume experiment. (a) Record section of normal force EGFs
for vertical component of E03, blue colors indicate hammer locations used in full synthesis, magenta color indicates dominant hammer location
(H28). (b) Smoothed Fourier spectra of real and three different synthesized waveforms, colors labeled at right, dashed lines indicate bandpass filter
limits applied to waveforms in c-f. (¢) Actual recorded signal at EO3 (gray) and smoothed envelope (black), (d) Synthesized waveform and envelope
using just the H28 hammer location, (e) same for just the normal component of force for H16-H46, (f) same as E but including shear component.
(g) Schematic of method for synthesizing the signal showing a section of the flume around the force plates at x=32 m, NFP is normal force plate,
SFP is shear force plate. The flume bed is discretized into 25 cm squares (same size as force plates because this is the dimension over which basal
forces is measured and scale of measurement controls the observed fluctuating forces (Iverson, 1997; Hsu et al., 2014)). Each bed square is
represented by the EGF of the closest force plate location (blue or pink for H31 or H34, in schematic). The forcing time from the force plate is
shifted for each row by dt, which equals the arrival time at the force plate minus the flow front arrival time at the row (derived from video). For
each element of each row, an additional randomized time shift is added from a gaussian distribution (mean=0, stdev=0.5 s) to best reflect the poor
spatial correlation and randomness of basal forces of real flows. We then convolve the shifted force-time series with the EGF for the corresponding
hammer location and add the result up over all bed elements.

3.3. Event size estimation and inundation modeling

The main weakness of many warning systems is event size estimation. Size is a crucial factor in determining how
far a debris flow will travel and whether or not it is likely to inundate populated areas downstream. Size also affects
velocity (Iverson, 1997), and thus influences our ability to estimate when the flow will arrive. These are all critical
pieces of information for warning systems. The crux of the issue is that there is so far no universal way to relate high-
frequency seismic amplitudes to flow depth, discharge, or volume based on seismic methods alone.

For this reason, at present, seismic methods are almost always combined with other instrumentation that can help
constrain event size such as flow depth gauges, cameras, tripwires, and pendulums (e.g., Arattano et al., 2008). Each
of those instrumentation types comes with its own issues and limitations. In the future, a combination of the EGF
approach and the theoretical models discussed earlier could be part of the solution, but none of the existing models
have a direct relationship with flow depth, discharge, or volume, and many different factors contribute. This may be
a fundamental limitation of seismic methods, though many of the contributing factors do relate to event size (e.g.,
wetted area relates to flow depth and channel geometry, larger events are often faster and have larger clasts); so the
task may not be insurmountable.

For drainages with repeated events, some researchers have used past events to calibrate detection algorithms by
correlating seismic amplitudes with discharge rates empirically (e.g., Lavigne et al., 2000; Galgaro et al., 2005;
Andrade et al., 2006). But these calibrations are typically specific to a single monitoring site, flow regime, and size
range and they provide order of magnitude estimates, at best. Empirical methods are of little help when installing a
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system on a new drainage in a new location with different path effects, channel morphology, bed conditions, and flow
characteristics, all of which control the amplitude and frequency content of the signals that ultimately are recorded at
a monitoring site. Even if we could perfectly associate a recorded seismic signal with a discharge rate, the discharge
at a specific location and time is not necessarily proportional to the entire flow volume. Using seismic methods to
measure velocity and other factors that control inundation limits downstream may be a better (or complementary)
proxy for size than measuring discharge or flow height at a single point.

If a debris flow is detected and its relevant characteristics determined, the next step is taking that information and
estimating how far the flow will travel, what areas it will inundate, and when. This requires accurate flow modeling
and inundation modeling abilities—a complex topic that is far beyond the scope of this paper. For brevity, we note
that our ability to model debris flows and inundation accurately and rapidly is limited but improving (e.g., Iverson and
George, 2014; Bessette-Kirton et al., this issue). The relevant point here is that seismic monitoring can provide crucial
model input information and constraints at one or more locations along the flow’s path.

3.4. Costs and distributed methods

Cost often comes into play when deciding whether to monitor for debris flows and how. Installing an expensive,
drainage-specific monitoring system when debris-flow hazard is commonly widely distributed over many drainages
and varies with time and conditions (fire, antecedent precipitation, post-earthquake) is not often a priority outside of
volcanic settings. Even in volcanic settings, the requirement of installing a monitoring system on each populated
drainage can be cost prohibitive and may require that difficult choices be made. To reduce the number of systems
required, monitoring is often installed far downstream after several drainages have coalesced. This reduces the total
number of systems required but also reduces the warning times.

More distributed methods that are not channel-specific could provide greater value. Several methods have been
proposed and demonstrated, such as those that use amplitude source location methods applied to existing distributed
seismic monitoring networks (Kumagai et al., 2009; Walter et al., 2017), and those that use array methods to track
moving sources (Almendros et al., 2002), but due to the rapid attenuation of high frequency energy, they are most
practical for larger, more energetic flows.

3.5. Social factors and warning times

Many critical social and cultural aspects of warning system development are commonly overlooked or considered
to be separate from the geophysical issues. These include determining channels for appropriate delivery of messages,
message development, warning times, relationships with local officials and emergency managers, as well as language
and culture (Grasso and Singh, 2011). Composition of messaging to address protective actions is a challenge specific
to recipient locations and available warning times and requires development as well as testing. Best practice in alerts
and warnings in text messages ideally should contain the following: who is sending it, what the hazard is, and brief
instructions as to what to do (Bean et al., 2015; Ripberger et al., 2015). After this brief message is sent, follow up
messages should also be sent to provide more information to people about the situation (Liu et al., 2017). Further
complexities exist in terms of what to tell people when the outcome is still uncertain, particularly if good predictive
models are not available and the limitations are not well communicated to decision makers. Media and social media
are now often used quickly to distribute warning messaging and information about debris flows and lahars (Becker et
al., 2017). Given our emerging technologies, more could be done to alert people and inform them of evolving
situations, and the involvement of geoscientists who are familiar with the capabilities, limitations, and uncertainties
of the information such systems can provide is necessary from the beginning.

One issue that requires close collaboration between geoscientists and social scientists is determining what potential
warning times may be and what the best actions are given that time window. In some situations, it may not be possible
for a detection system to provide meaningful warning time to a population. This problem should be fully understood
by civil authorities before planning such a system to avoid dangerously unrealistic expectations Because non-volcanic
debris flows travel shorter distances in general, warning times can be on the order of a few minutes. The same can be
true for areas close to the source for volcanic lahars. When warning times are short, the best approach may sometimes
be to simply automatically close roads or hiking trails to keep people from entering harm’s way (Badoux et al., 2009)
or to provide procedures and trainings that are specific to the setting (Leonard et al., 2008). The key is to provide
enough specific actionable information that is possible in the time window available. Since most non-volcanic debris
flows are triggered by storms, forecast-based methods which can cover wider areas and give warning times of up to
several days (e.g., NOAA-USGS Debris Flow Task Force, 2005) are often preferred where feasible, though they come
with a trade-off of the risk of false alarms. The same is true of lahars triggered by precipitation or volcanic activity:
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evacuations can take place days in advance if the hazard and risk is well known (e.g., Pulgarin et al., 2015; Capra et
al., 2018), and this is preferable over warnings issued after an event is already underway. Unheralded lahars, on the
other hand, such as those initiated by landslides or outburst floods, are a primary target of event warning systems.
Runout distances of lahars can exceed 100 km, and populations often are far from the source area. Therefore, warning
times can be on the order of an hour, and rapid evacuations are often part of the plan. Even with longer warning times,
public education, training, and drills are required to make this a feasible approach. For example, the town of Orting,
Washington, USA, holds monthly siren tests and annual lahar evacuation drills (cityoforting.com) to prepare for
potential unheralded lahars from Mt. Rainier.

4. Conclusions

In conclusion, seismic debris-flow monitoring has already been used successfully for decades for both research and
early warning systems. However, our existing capabilities are relatively qualitative, primarily because of difficulties
accurately accounting for path effects at the high frequencies typically recorded and due to a lack of theoretical models.
While just a start, undertaking studies focused on overcoming these barriers will enable seismic debris-flow
monitoring to be used in a more quantitative manner. These methods must then be implemented, validated, and
updated for natural monitoring sites. Furthermore, if these systems are to be used to issue warnings, they must be
integrated with other important system components such as event size and inundation modeling, social factors, cost-
benefit analysis, and warning time analysis.
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Abstract

The Chalk Cliffs debris-flow site is a small headwater catchment incised into highly fractured and hydrothermally
altered quartz monzonite in a semiarid climate. Over half of the extremely steep basin is exposed bedrock. Debris
flows occur multiple times per year in response to rainstorm events, typically during the summer monsoon season.
The frequency of debris flows, and the uniformity of the underlying rock, make Chalk Cliffs an ideal study catchment
for translating mechanistic understanding of natural debris flows to other sites. A 2008 National Center for Airborne
Laser Mapping (NCALM) airborne lidar survey provides baseline topography for the site; however, heretofore there
has been no systematic effort to collect repeat topography of the entire site. Starting in May 2018, we made repeat
surveys of the basin with an unmanned aircraft system (UAS). The UAS-based imagery was processed into (X, y, z)
point clouds using Structure-from-Motion (SfM) photogrammetry. We georegistered the point clouds using 12 ground
control points placed within and around the study basin. In this study we compare the lidar with one SfM point cloud
to assess topographic change over a 10-year time period. The difference map provides observational data relevant to
understanding sediment provenance and transport at the Chalk Cliffs. The difference image indicates erosion of
colluvial surfaces, with limited deposition in the survey area. Some colluvial hillslopes show spatially uniform erosion
while others experienced concentrated erosion of up to 3 m depth over a 10-year period.

Keywords: Structure-from-Motion, topographic difference map, Chalk Cliffs

1. Introduction

Debris flows are water-laden slurries of soil and rock that move rapidly through channels in steep landscapes, and
present hazards to human life, infrastructure, and property. Debris flows are among the most dangerous and frequent
natural hazards—once initiated, a debris flow can continue to travel over shallow terrain, extending the hazard from
steep regions to areas adjacent to the mouths of canyons and near valley bottoms. Progressive entrainment of debris
through surface water runoff and bulk failure of debris are the two main mechanisms for the initiation of debris flows
(Coe et al., 2008; Kean et al., 2013). Here, we apply Structure-from-Motion (SfM) to create 3D point clouds using
images taken using an unmanned aircraft system (UAS). The SfM point clouds are then compared with an aerial lidar

* Corresponding author e-mail address: katherine.barnhart@colorado.edu
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Fig 1. Field site map showing the location of ground control targets (large dots) and image locations (small dots) over the 2008 lidar basemap.
The image locations are the (X, y) positions of the UAS at the time each image was taken. Map coordinate system is WGS84 UTM zone 13N.

survey (ALS) dataset taken in 2008 in order to construct a topographic difference map at a debris-flow site in central
Colorado, USA.

StM uses a set of overlapping photographs, taken from different locations, to generate 3D models without prior
knowledge of image position, image look angle, or matching feature locations across image pairs (Snavely et al., 2006;
2007; 2008; James and Robson, 2012; Fonstad et al., 2013). Differencing the resulting point cloud with existing ALS
provides for a topographic difference map that can be used to identify dominant geomorphic processes operating in
the basin. After describing the geologic setting and the methods of data collection and processing, we describe the
results of the change detection in the context of debris-flow processes.

2. Geologic Setting

The Chalk Cliffs site is a 0.37 km?-sized drainage basin incised into highly fractured and hydrothermally altered
quartz monzonite in a semiarid climate (Sharp, 1970; Coe et al., 2008). The basin is located on the southeastern corner
of Mount Princeton in Colorado's Sawatch Range (Fig 1). Starting in 2004, the U.S. Geological Survey (USGS)
established a monitoring site in the Chalk Cliffs basin (Coe et al., 2008). Over half of the basin is exposed bedrock,
and gradients in the basin are steep—ranging from 5° to 60° in the channels, 25° to 40° on colluvial slopes, and 40°
to vertical on bedrock slopes (McCoy et al., 2010). Debris flows occur one to four times per year in response to
rainstorm events, usually during the summer monsoon season between May and September (Dillon and Grogger,
1982; Mortimer, 1997). An airborne lidar survey flown on October 7%, 2008, provides baseline topography (National
Center for Airborne Laser Mapping, 2008). This ALS point cloud covers 55 km? with a total point density of 5.74
pts/m? and a ground point density of 3.6 pts/m?. Additionally, there have been occasional Terrestrial Laser Scanner
surveys at the site (McCoy et al., 2010; Staley et al., 2011).
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Fig 2. (a) View of ground control point (GCP) RD2 at the site. Each GCP is 16 inches square and is attached to rebar. (b) Field photo showing
view of basin from UAS survey point. Photo credit for both images: Katherine Barnhart.

3. Methods
3.1. Ground Control Point Placement

In order to construct a georeferenced SfM point cloud of Chalk Cliffs, ground control points (GCPs) were required
to be placed within the study basin (James and Robson, 2012). We constructed permanent GCPs (Fig 2a) and placed
15 of them in and around the study basin on May 5, 2017 (Fig 1, Table 1). The location of the center of each GCP was
determined using survey-grade GPS equipment. GPS observations were processed using GNSS Solutions software by
Magellan into WGS84 (G1150) latitude, longitude and ellipsoid height and UTM zone 13N easting, northing, and
NAVDS88 orthometric height above mean sea level (using GEOID09). Errors reported by GNSS Solutions are 1 cm
in all three directions.

3.2. Unmanned Aircraft Surveying

We undertook repeat UAS surveys of the Chalk Cliffs basin in the summer of 2018. We visited the site 10 times
over this period. In this work, we only focus on the visit from June 18", This date was chosen because it was the first
set of flights to be fully processed from images to a georeferenced point cloud.

We used a DJI Phantom 4 Pro with the onboard stock camera and GPS. We programmed the mission flight paths
using the MapsMadeEasy (MME) iPad software. The UAS was programmed to fly at a constant elevation above the
ground surface (represented in MME by Shuttle Radar Topography Mission elevation data). The UAS was
programmed to fly one multi-battery double-grid mission at 400 ft above ground level (AGL) over most of the Chalk
Cliffs basin with the camera pointed at nadir and one multi-battery single-grid mission at 250 ft AGL over the interior
of the eastern and southern portions basin with the camera pointed 15° off-nadir (photo locations shown in Fig 1).
Flight speed and photo triggering were set to ensure 85% overlap, 80% sidelap, and motion blur of less than 0.1 pixel.
The camera was set to engage autofocus only once at the beginning of each flight (above the take-off point and at
cruising altitude), to take photos in RAW mode (DNG file format), and to use auto exposure settings. The number of
flights necessary to accomplish the same mission depends on the wind speed during the flights. On June 18, the basin
survey required 10 flights and approximately 3 hours. The June 18%, 2018, UAS mission resulted in a total of 909
images.

We were not able to fly over the entirety of the upper western portion of the basin because it would require the
UAS to fly in an area that is occluded from view from the take-off location. Even though we did not fly over the
entirety of this part of the basin, tie point identification and error reduction still yielded a sufficient number of matched
points to reconstruct the topography in this area. We posit that this occurred because of the high level of overlap and
side lap used in the UAS survey plan.
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Table 1. Location of ground control points at study site.

Point UTM UTM Orthometric WGS84 Longitude WGS84 Latitude Ellipsoid Height Comments
Name zone 13N Zone 13N (NAVDSS) (m)
Easting (m)  Northing (m)  Height above

mean sea

level (m)
T3 396844.354  4287852.198  2777.991 106° 11' 12.57469”  38°43'59.95738”  2763.751 Used
T4 396859.901 4287855.177  2773.339 106° 11' 11.93252”  38°44'00.06053”  2759.098 Used
T9 396895.794  4287817.972  2759.541 106° 11' 10.42620”  38°43'58.86887”  2745.299 Moved
DT1 397172.146  4287531.326  2685.091 106° 10' 58.82899”  38°43'49.68735”  2670.836 Used
DT2 397108.508  4287537.005  2673.035 106° 11' 01.46722”  38°43'49.84486”  2658.782 Used
DT3 397046.074  4287618.310  2697.428 106° 11' 04.09608”  38°43'52.45583”  2683.178 Used
DT4 396964.370  4287728.544  2726.193 106° 11' 07.53850”  38°43'55.99704”  2711.947 Used
DTS5 396990.221  4287846.686  2807.117 106° 11' 06.53131”  38°43'59.83986”  2792.872 Used
RD1 397089.690  4288006.511  3050.903 106° 11' 02.49786”  38°44' 05.06562”  3036.657 Used
RD2 396951.457  4288071.344  3052.344 106° 11' 08.25705”  38°44'07.11047”  3038.103 Used
RD3 396783.498  4288189.678  3042.692 106° 11' 15.27604”  38°44'10.87807”  3028.458 Used
RD4 396723.543  4288224.254  3026.432 106° 11'17.77750”  38°44'11.97431”  3012.200 Used
RD5 396609.904  4288042.318  3142.828 106° 11'22.38566”  38°44'06.02529”  3128.597 Used
RD6 396487.367 4288021.633  3165.115 106° 11'27.44894”  38°44'05.30268”  3150.888 Too Far
RD7 396467.437  4287868.513  3093.844 106° 11'28.19178”  38°44'00.32779”  3079.616 Too Far

3.3. Structure-From-Motion Photogrammetry Processing

All 909 photos were imported into Agisoft PhotoScan Pro (version 1.4.3). Images were imported in RAW format
and no image preprocessing was done. Image quality was checked using Photoscan, and images with quality values
of less than 0.7 were discarded. The remaining 899 photos were aligned with settings of 60,000 key points, 0 tie points
(which means all are kept), highest accuracy, generic preselection, and reference preselection. Adaptive camera model
fitting was turned off. This resulted in the creation of 3.4 million tie points. We then performed the first two of three
steps of gradual selection on the tie points: reconstruction uncertainty and projection accuracy. In this process, we
followed the recommendations of the USGS National Unmanned Aircraft Systems Project Office (National
Unmanned Aircraft Systems Project Office, 2017) developed in collaboration with Tom Noble (Breithaupt et al., 2004;
Thoeni et al., 2014; Matthews et al., 2016; Warrick et al., 2017; Sherwood et al., 2018, Noble, oral communication,
2018).

The first step, reconstruction uncertainty, removes tie points with poor geometry. We removed tie points with a
reconstruction uncertainty value of 15 or above and then re-ran camera optimization. Note that none of the gradual
selection metric values have units. In the second step, we removed tie points with bad projection accuracy (values
above 3) associated with tie points with pixel matching errors. After the first two steps of gradual selection, the
locations of the GCP targets were imported into PhotoScan. We used the WGS84 zone 13 N UTM easting and northing
and the WGS84 ellipsoidal height as the reference frame. Each of the 13 used targets were hand-marked in each of
the photographs. We estimated a marker placement uncertainty of 0.1 pixels. After the markers were placed, we
performed the final step of gradual selection: reprojection error. In this step, tie points that have bad pixel residual
errors are removed. We removed points down to a reprojection error level of 0.3. At the end of gradual selection, the
original 3.4 million tie points were reduced to a set of 1.2 million. Even though we had not flown over the entirety of
the western portion of the basin, we were able to get sufficient tie points with good characteristics to reconstruct the
topography in much of this area.

We explored how increasing the number of GCPs influenced the check point root mean squared error (RMSE) by
undertaking the error reduction process for multiple sets of GCPs. We found that the check point RMSE (1c) of our
results was 4 cm. This magnitude is similar to that identified in similar studies (Warrick et al., 2017).

Finally, we built a dense cloud on the medium quality setting and exported it as a LAZ file. This created a point
cloud with 47 million points each of which have an (x, y, z) as well as red, blue, and green (RGB) color attributes (Fig
3b). The RGB color is based on the pixel values of the original images. The point cloud covers an area of ~0.75 km?
and has a point density of ~70 pts/m?.
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3.4. Lidar point cloud reprojection

The ALS point cloud has a horizontal reference system of NAD83 UTM zone 13N and a vertical reference system
of NAVDS8S based on GEODO03. To perform change detection between the ALS and the SfM point cloud, we converted
the ALS dataset to the SfM point cloud reference frame. We used NOAA’s VDATUM program to convert the lidar
to WGS84 (G1150) UTM zone 13N horizontal reference frame and the WGS84 (G1150) ellipsoidal height vertical
reference frame.

3.5. SfM point cloud tree removal

SfM point clouds are based on optical imagery, and thus they create (X, y, z) points that represent the surface of
trees in the surveyed area. Unlike lidar, StM does not see through trees and there are no “ground” points within the
footprint of each tree. Thus, we needed a suitable approach for the separation of “ground” and “tree” point returns in
the SfM point cloud. We determined RGB and whole-point cloud-based classification methods to be insufficient to
differentiate between shady rock crevices and trees. As an alternative, we identified the following method, which was
successful at removing trees from the SfM point cloud. Starting with the entire 2008 ALS dataset (all returns), we
reset the “ground/other” classification and reclassified points into ground/vegetation/unclassified using LAStools
(LAStools, 2018). We then examined all the vegetation points in the context of the SfM cloud and manually added
additional points where the SfM point cloud shows that a tree is present, but the lidar has no vegetation points. The x
and y coordinates of this “tree-only” point cloud were then buffered by 3.5 m and merged in order to create the tree
mask shown in Fig 3a. We tried smaller buffer sizes but found that 3.5 m was the minimum distance required to
remove the trees. Finally, we removed all points from the SfM cloud that had (x, y) coordinates within the tree mask.
Areas covered by the tree mask were not considered in the change detection analysis.

3.6. Difference Construction

Next, we performed a change detection analysis between the tree-removed SfM cloud with the ground-only version
of the 2008 lidar available through OpenTopography using the Multiscale Model to Model Cloud Comparison (M3C2)
plugin in CloudCompare (Lague et al., 2013). This approach is suitable for comparing two point clouds, particularly
when they have different point densities. As the lidar has a ground point density of 3.6 pts/m? and the SfM cloud has
a density of ~70 pts/m?, we used all of the lidar ground points as the core points for M3C2. We used a value of 3 m
for the projection scales, a max depth of 30 m, and multi-scale calculation of the normal (min=1, step=0.5, max=>5 m).
We estimate our limit of detection (LoD) as the independent combination of normally distributed uncertainties in the
SfM point cloud (16=5 cm), the ALS (16=10 cm), and the GCP locations (1o=1 cm). This yields a combined 1c LoD
of 11 cm. Plan-view and perspective views of the M3C2 distance are presented in Fig 3.

3.7. Calculation of basin-averaged erosion rate

We estimated the basin-averaged erosion rate by exporting the M3C2 difference point cloud from CloudCompare
to a GeoTIFF raster at a horizontal scale of 1 m. After clipping the M3C2 difference to area inside the basin, we
calculate an average erosion depth of 0.02 m over the 10-year baseline. Given the basin area of 0.37 km’, this average
erosion depth corresponds to an average volumetric sediment export of 750 m? per year.

4. Results and Discussion

The results of the October 2008—June 2018 lidar-SfM topographic difference highlight active geomorphic
processes. In many areas of the basin, the difference image indicates up to 3 m of erosion (Figs 3 and 4). Given the
RMSE of ~10 cm, we cannot expect to resolve centimeter-scale changes in elevation; however, much of the basin has
experienced topographic change in excess of our detection limit. Therefore, we have focused on changes to the
colluvial regions of the study area.

There are three main types of colluvial surfaces within the surveyed area. First are surfaces that have not eroded or
aggraded at levels beyond our limit of detection over the ten-year period. Many of these surfaces (such as the one
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Fig 3. Results of SfM construction and M3C2 differencing. Shaded relief map derived from 2008 ALS. (a) shows the tree mask (green) and

the areas dominated by bedrock (yellow). Areas with no color in (a) are neither tree covered nor dominated by bedrock. Areas covered by the

tree mask were excluded from the change detection analysis. (b) and (d) show look down views of the basin in true-color (RGB) and as a

shaded relief with M3C2 difference overlain, respectively. (c) shows a perspective view of the basin. The extent of Fig 4 shown in panel d.
labeled “stable colluvial surface” in Fig 4) are tree covered—where the trees are present, we are not able to assess
topographic change. However, away from trees, the estimated topographic difference on this surface is within £11 cm
(below our LoD). Second are colluvial surfaces above the main cliff band, which have eroded slightly (0.2-0.3 m of
erosion) and relatively uniformly. The stable colluvial surface labeled in Fig 4 has a slope of ~34° while the slope
above the cliff band is slightly steeper (~36°). The final type of colluvial surface has spatially variable erosion likely
due to erosion by concentrated surface runoff. Fig 4 shows two examples of this sort of surface: the margins of the
stable colluvial surface, and the surface labeled “A.” The pattern of erosion in this second example of an eroding
surface is shown as an example of “firechose impact” erosion described by Coe et al. (2008, their Fig 9).

In both channels in the upper portion of the study basin, it appears that erosion of the channel has occurred. The
condition of the beds of these channels during the lidar flight is unknown, making estimation of channel bedrock
lowering difficult. Thus, we are unable to determine how much of the ~3 m of erosion in the upper west part of the
channel is due to the evacuation of sediment, the erosion of bedrock, and the plucking of large blocks. The channel
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Fig 4. Shaded relief map of the site colored by M3C2 difference and annotated with features in the difference map.

thalweg has been observed in the field to alternate between periods when bedrock is exposed (commonly after debris
flows), and periods when the channel is filled with sediment (between debris flows). Elsewhere in the basin, the
channel shows patterns of erosion, no change, and deposition. Deposition may be associated with areas of temporary
sediment storage in lower-gradient channel segments (Kean et al., 2013). Elsewhere in the basin there is extensive
erosion of the terraces adjacent to the channels.

5. Conclusions

Here, we have demonstrated that SfM and lidar can be used in combination to identify topographic change over a
10-year period at an active debris-flow site. Patterns of topographic change in the Chalk Cliffs basin are dominated
by erosion of colluvial surfaces. The combined geomorphic processes yield a basin-averaged erosion rate of 0.002 m
per year and a sediment export rate of 750 m3 per year. Along the channel thalweg, we are unable to attribute
topographic change to specific geomorphic process. Comparing two SfM point clouds, each with extensive optical
imagery, will be able to pinpoint the evolution of sediment coverage within the channel thalweg.
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Abstract

The glaciated Mount Rainier volcano in Southwestern Washington State (USA) has a rich history of outburst floods and debris
flows that have adversely impacted infrastructure at Mount Rainier National Park in the 20th and 21st century. Retreating glaciers
leave behind vast amounts of unconsolidated till that is easily mobilized during high precipitation intensity fall storms and during
outburst floods during warm summer months. At least 60 debris flows and outburst floods have been documented between 1926
and 2017 at Mount Rainier. Debris-flow activity has led to the closure of campgrounds and visitor destinations, which has limited
visitor access to large swaths of the park. After a relative lull in activity between 2006 and 2014, the historically debris-flow-prone
South Tahoma Glacier released two separate sequences of debris flows in 2015, possibly signaling a reawakening in activity. The
August 13, 2015 debris flow was especially well documented by park visitors, seismographs and, most interestingly, a soundscape
monitor which recorded an anomalous decrease in river noise prior to the arrival of the first debris flow. The seismograph near
Tahoma Creek accurately recorded the passage of each debris-flow surge. Using the day of and historic antecedent weather
conditions on past debris-flow days, we have developed a debris-flow hazard model to help predict those days with a higher relative
hazard for debris-flow activity park-wide based on prevailing and forecasted weather conditions. Debris flows are detected in near-
real-time using the USGS Real-time Seismic Amplitude Measurement (RSAM) tool. If an event is detected, we can then provide
alerts to employees and visitors working and recreating in the areas downstream to evacuate. Our goal is to accurately forecast the
hazard of a debris flow up to seven days ahead of time and then use RSAM to detect debris flows within minutes of their genesis.

Keywords: Debris flows; outburst floods; hazard mitigation and monitoring; hazard forecasting; Real-time Seismic Amplitude Measurement

1. Introduction

Mount Rainier is a 4,392 m (14,410 ft) stratovolcano located in southwest Washington State, USA, approximately
70 km (43 mi) southeast of Tacoma and 90 km (56 mi) south-southeast of Seattle (Fig. 1). The volcano occupies most
of the 956 sq. km (369 sq. mi) Mount Rainier National Park (MORA) and is visible from much of western Washington
State. MORA has been episodically active in the last 500,000 years, including at least 10-12 eruptions in the last 2,600
years (Sisson and Vallance, 2009). Eruptions have initiated large lahars that have inundated areas of the Puget lowland
as far as 100 km (62 mi) from the volcano (Crandell, 1971). Because of its far-reaching lahar hazards MORA has a
“very high” threat and ranks as the third most hazardous volcano in the nation (Ewert et al., 2008).

Debris flows initiated during intra-eruptive periods at MORA are generally much smaller in magnitude and impact
than the large lahars that have occurred during eruptive periods (Pierson and Scott, 1985; Vallance and Scott, 1997,
Vallance, 2005). This species of debris flow is initiated when surges of water recruit additional sediment and transform
into slurries of coarse sediment (Scott et al., 1995). These surges originate from within a glacier, referred to as glacial
outburst floods, or during periods of intense and prolonged precipitation. Debris flows of this type attenuate rapidly
and the deposits are often reworked by subsequent event runoff, leaving them nearly identical to overbank flood
deposits. Sometimes, these debris flows often go unnoticed in remote reaches of the park. Understanding the initiation

* Corresponding author e-mail address: Scott_Beason@nps.gov
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characteristics and thus cataloging all events at MORA is one of the prime motivating factors in the development of

the real-time detection efforts described in this paper.
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The glaciers in MORA are one of the strongest controlling influences on the park landscape. MORA has 29 named
glaciers which cover a total of 78.76 +1.11 km? (30.41 +£0.43 mi?), and encompass a total volume of 3.22 +0.31 km®
(0.77 £0.07 mi®) as of 2015 (Beason, 2017; George and Beason, 2017). Studies show that the glacial ice on MORA
has decreased in area by 39.1% from 1896 to 2015 (0.44 km*yr'! avg.), and in volume by 45% from 1896 to 2015
(0.02 km?3-yr!) (Driedger and Kennard, 1986; George and Beason, 2017). Glacial recession contributes to increases in
glacial melt runoff and, through mechanisms not yet understood, subglacial water storage, both of which have been
observed to cause glacial outburst floods and many of the debris flows recorded in the park. As such, quantifying
changes in these glaciers and the impacts of newly uncovered glacial sediment stockpiles must be considered if we are
to understand the hazards discussed here.

2. Brief history of debris flows at Mount Rainier

The first recorded debris flow in the park occurred in the Nisqually watershed on October 16, 1926. This event was
initiated by the first heavy rain at the end of the summer season (Richardson, 1968). Prior to the event it was noted
that there was 33 cm (13 in) of snow at Paradise on October 13, all of which had melted by October 16. After this
melt, a warm rain event brought in 9.9 cm (3.9 in) of rain on the day of the 16th. Between 1932 and 1976, at least six
outburst floods or debris flows occurred in the Nisqually River, originating from the Nisqually Glacier. Most of these
events were induced by precipitation, which varied from 6-25 cm (2.4-9.9 in). Four of the events occurred in October
and two occurred in June and July. On October 14, 1932, visiting engineers from the Bureau of Public Lands witnessed
a precipitation-induced debris flow, described as “a wall of water 25 ft high and 125 ft wide” and “similar to a huge
mixture of concrete except darker in color” (Richardson, 1968). The force of this event moved the entire old Nisqually
Glacier Bridge over 0.8 km (0.5 mi) downstream from its original location. Some of the debris-flow events were well
witnessed, including the October 25, 1955 and July 3, 1976 events (Samora and Malver, 1996; Richardson, 1968). An
event in 1955 had six pulses in 45 minutes, had an estimated velocity of 6.1 m-s™! and a discharge of 2000 m*-s™!, and
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was estimated to be 70% sediment by volume (Richardson, 1968). This event also lead to the construction of the
current tall Nisqually Glacier Bridge that exists to this day.

There are an additional five events cataloged on the Nisqually during the park’s history which behave similarly to
the events listed, but were much smaller and had negligible impacts on park infrastructure. These five data points
contain three glacial outbursts and two “other hydrologic events.” Two of the outburst floods are wet events that were
preceded by notably intense rainfall in a short period beforehand, with the other being a dry event that took place in
July. Of these, only the dry event was noted to have multiple surges. The “other hydrologic events” were noted for
increases in stream stage, but not significant enough to cause any lasting damage to infrastructure or mobilize mass
wasting events. The most recent event recorded in the Nisqually River was a precipitation initiated outburst flood on
October 27, 2012 (Beason, 2012), which caused a 1 m (3 ft) increase in river stage at Longmire, approximately 7.9
km (4.9 mi) downstream of the glacier.

2.1. 1947 Kautz Mudflow

The largest recorded debris-flow event in the history of MORA is the 1947 Kautz Mudflow, which had an estimated
volume of 3.8x107 m>. In the 24 hours prior to the event, 15 cm (5.9 in) of heavy rain and high freezing levels were
seen in the Kautz watershed (Driedger and Fountain, 1989). These conditions resulted in the collapse of the lower 1.6
km (1 mi) of the Kautz Glacier and a rapid release of water stored within the glacier (Scott et al., 1995). The surge of
water entrained glacial outwash material transforming into a clay-poor debris flow. Placement of the Kautz mudflow
deposits occurred over several days and included multiple pulses of water. Debris flows were noted in other drainages
during this event, including the Nisqually River.
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Fig. 2. Seasonal timing of debris flows in Tahoma Creek from 1967 to 2015. Dry weather flows refer to those not induced by heavy precipitation.
2.2. South Tahoma Glacier activity

Recent debris-flow activity began in the Tahoma Creek valley during the summer of 1967. The summer of 1967
was noted as exceptionally warm and dry. On August 29, a short-lived outburst flood destroyed a footbridge 1.9 km
(1.2 mi) below the South Tahoma Glacier. The stream rose about 0.5 m (1.5 ft) at the Tahoma Creek Campground,
~5.6 km (3.5 mi) downstream of the glacier. Two days later an outburst flood roared down Tahoma Creek (Richardson,
1968). Fortunately, the campground was already closed due to fire danger.

Between 1967 and 2015, at least 31 distinct events have occurred (Fig. 2). Walder and Driedger (1994a) note that
the record for debris flows in Tahoma Creek does have some gaps, specifically between 1967 and 1985. This is due
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to poor record-keeping during this time. Crandell (1971) notes that “Floods not associated with rainfall also moved
down the [Tahoma Creek] valley from time to time during the summer of 1968.” Walder and Driedger (1994a) note
that debris flows from the years of 1971 to 1985 are described “only sketchily” in park records. Debris flows that
occurred between 1986 and 1992 are well documented, largely owing to increased awareness among NPS staff
(Walder and Driedger, 1994a).

i

Fig. 3. Aerial photos from 1960, 2006, and 2015 showing the westward lateral migration of Tahoma Creek along the West Side Road due to
debris-flow activity. Brown campfire sign in 1960 image indicates approximate position of former Tahoma Creek Campground.

The cumulative impact of over 30 debris flows in less than half a century and a major flood event in 2006 (Bullock
et al., 2007) has been remarkable to the built infrastructure in the Tahoma Creek valley. The 24 km (15 mi) West Side
Road was closed to vehicular traffic at mile post 3 in 1988. The sudden increase in debris-flow deposition forced the
westward lateral migration and avulsion of Tahoma Creek, completely decimating an old-growth forest in the process
(Fig. 3). Portions of the West Side road in Fig. 3 have had to be repaired numerous times due to the combined effects
of debris flows and seasonal floods. The reduction in vehicular traffic and thus foot traffic on the West Side Road lead
to a rapid and dramatic decrease to the recreational use of the trails and campgrounds on this side of the park since the
late 1980s.

3. Debris flows in 2015 — Direct Observations and Monitoring Results

After a lull in debris-flow activity in the Tahoma Creek basin between 2006 and 2015, four separate debris-flow
sequences occurred between 09:49 AM - 12:44 PM PDT (16:49 - 19:44 UTC) on 13 August 2015 (dry season). Each
individual sequence was identified in seismic records from the Emerald Ridge (RER) seismograph, located near
Tahoma Creek (Fig. 4; location in Fig. 1). This event is the best documented debris flow in the park’s history. Seismic
monitors, a soundscape monitor, and stream gages downstream all recorded data relevant to each debris-flow surge,
while numerous park visitors, volunteers and employees all witnessed and photographed the event. Several visitors,
including a geology professor at Pacific Lutheran University, recorded photos and videos of individual flows. A park
volunteer in the upper Tahoma Creek basin accurately recorded and documented hyperconcentrated flow surges after
the four debris flows (not recorded on the seismograph); recording a total of 12 individual hyperconcentrated flows.
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The first debris flow issued by the South Tahoma Glacier was witnessed by visitor Croil Anderson. Anderson
described the event as being “louder than a jet” at a distance of 2.5 km (1.5 mi) from the glacier (Anderson, personal
communication, 2015). Anderson also stated that the first debris flow was an “incredibly large surge of black water,
ice and rock” from the terminus. Claire Todd, a geology professor from Pacific Lutheran University, was on the
Tahoma Creek suspension bridge as the DF 2a and 2b moved down the watershed (Fig. 4). When arriving at the bridge
she noted “a very high water/mud mark on wall of channel” quickly followed by a “loud roar and terrific ground
shaking” (Todd, personal communication, 2015). Continuing to observe the scene she noted “a ~1.5 m boulder is
exposed in the channel” as the flow passes, and within another minute “roar and shaking resumes, a second flow
passes, just as thick as the first -completely obscuring the large boulder again.” Professor Todd witnessed the wave
pass “exposing all of the large boulder again.” Lastly she recorded “a thin flow of hyperconcentrated water is passing...
and a view upstream shows another low wave of hyperconcentrated flow approaching,” noting that “these minor flows
are not producing the roar or shaking that the first two offered.”
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Fig. 4. Comparison of waveforms from (a) Emerald Ridge seismograph (RER), (b) Real-time Seismic Amplitude Measurement of the Emerald
Ridge Seismograph (RER RSAM), and (c¢) Tahoma Creek Soundscape Monitor during the 13 August 2015 debris flow sequence. RER and RER
RSAM are computed at the same geographic location, whereas the soundscapes monitor was approximately 3.7 km (2.3 mi) downstream, which
accounts for the lag in arrival times for that instrument. The green line in plot (c) is the 42-day background average of 42.04 dbA.

The Emerald Ridge seismograph (RER, Fig. 1) is located approximately 1 km (0.6 mi) from Tahoma Creek and
accurately recorded the passage of each debris-flow surge. Using the seismic data as an input, after the event, we
calculated the USGS Real-time Seismic Amplitude Measurement (RSAM) signature (Fig. 4) (Endo and Murry, 1991).
RSAM summarizes seismic activity for characterizing a volcano’s changing seismicity in real time. We use it to
downsample the seismic signal to an average amplitude over a set time, in this case, 30 seconds. The combination of
the seismic data and RSAM calculations (Fig. 4 (b)) show the passage of each debris-flow surge clearly.

One of the most interesting findings from the August 13 debris-flow sequence is the analysis of the soundscapes
data in Fig. 4 (c). The soundscapes monitor is a research effort by the National Park Service to understand the natural
and unique soundscape of the park (NPS, 2018). Equipment emplaced along Tahoma Creek in 2015 fortuitously
recorded the background noise on the months prior to and day of the debris flow. The monitor recorded an anomalous
decrease in river noise from the background level approximately 1.5 hours before the arrival of the first debris-flow
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surge. Each successive surge was recorded and the river was relatively louder after the last debris-flow surge. This
coincides with visual observations that the river was flowing much more vigorously after the event than before.

Park staff became aware of the debris-flow event at 12:02 PM when park volunteer Yonit Yogev called the MORA
dispatch center on the radio reporting an outburst flood at Tahoma Creek trailhead. Yogev described the event as
“telltale sounds of a rumbling train, a huge amount/sounds of trees, and a huge amount of water coming over the road
out of the creek bed” (Yogev, personal communication, 2015; NPS Dispatch Records). A park visitor, Zachary Jones,
videoed the passing debris-flow surge (DF 3 in Fig. 4) with his cellphone which provided visual evidence of the flow.

Based on all observations and data observed from this event, we postulate that this event began as a physical
blockage in the normal discharge of the glacier, perhaps as either a collapse of ice within the glacier or a small landslide
just downstream of the glacier. This is evidenced by the anomalous and steady decrease in river noise from the
soundscapes monitor just before 09:00 AM, showing that the total input to the river had dropped below the normal
background level.

4. Debris-flow hazard forecasting

The impetus for generating the debris-flow hazard forecast is to avoid having park staff and visitors in debris-flow-
prone areas when likely events could occur — like those conditions seen on 13 August 2015. The debris-flow hazard
forecasting approach at MORA is based on two separate models combined, which have different variables for dry,
warm weather debris flows and cool, wet weather debris flows. The full model is shown in Appendix A.

4.1. Cool, wet weather debris flows

In recent decades, warm rain storms occurring with low snowpack have been anecdotally associated with debris
flows on MORA. These storm and debris-flow events typically occur in late fall, when “Atmospheric River” storms
bring intense tropical moisture from mid-latitudes and drop voluminous rain high on the volcanic flanks (Neiman et
al., 2008). Prior to this study there had been no systematic characterization of debris flow occurrence with respect to
meteorological and antecedent hydrologic conditions. In practice, such a characterization could be paired with weather
forecasts and in-situ monitoring to classify current debris-flow hazards. This specific phase of our study focused on
characterization of past storms and their associated debris-flow potential.

Past debris-flow events were compiled from multiple sources and included in our analysis if the debris flow’s timing
was known within a day, was associated with measurable precipitation, and occurred within the monitoring record of
the snow telemetry (SNOTEL) station at Paradise (NRCS Site 679, elevation 1,640 m) on the southern flank of MORA.
Debris-flow sources include Walder and Driedger (1994a), Walder and Driedger (1994b), Walder and Driedger (1995),
Driedger and Fountain (1989), and Copeland (2009). This SNOTEL station lies at the lower elevation range of mapped
drainage networks and gullies identified as having high potential for debris-flow initiation using slope-drainage area
thresholds (Legg et al., 2014). This station broadly characterizes precipitation, temperature, and antecedent snowpack
in the elevation band of potential debris-flow generation on MORA’s flanks. For each debris-flow event, precipitation,
temperature, and snowpack measurements were compiled for 1-, 3-, and 15-day periods on and prior to the day of the
debris flow. These metrics were also compiled for all monthly maximum precipitation events for the full SNOTEL
record to compare the known debris-flow producing storms to the broader population of storms.

This data compilation effort resulted in a total of eleven debris-flow producing storms that occurred between 1979
and 2014. All eleven storms had daily average temperatures above freezing, and all but two events had daily average
temperatures above 40° Fahrenheit. Based on a typical vertical lapse rate of 5.5°C/1,000 m, a temperature of 40°F at
the SNOWTEL station indicates temperatures above freezing for the full elevation band of high hazard gullies,
suggesting rainfall and potential surficial runoff generation in the zone of likely debris flow initiation. All debris-flow
producing storms also had limited antecedent snowpack, suggesting antecedent snowpack inhibits debris-flow
generation by limiting runoff and/or stabilizing surficial colluvium. Additionally, there were negligible reductions in
snowpack in the 3 days leading up to the eleven debris-flow events, suggesting snowmelt-derived runoff as an unlikely
ingredient for debris-flow generation.

Precipitation quantities were further compared to an intensity-duration threshold for the nearby Seattle, Washington
area developed by Chleborad et al. (2006), which is based on 3-day and 15-day cumulative precipitation totals in
inches. Initial comparisons to this landslide threshold found that eight of the eleven known debris flow producing
storms exceeded the Seattle threshold; however, 247 of 376 monthly maximum storms (without known debris flows)
from 1979-2014 also plotted above the threshold. These results suggest landslide threshold alone is a poor predictor
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of debris flow potential on MORA. To explore potential refinements to the model, we then removed monthly maximum
storms with greater than 5” SWE and/or 3-day average temperatures less than freezing. In the remaining group, 33
monthly maximum (non-debris flow producing) storms exceeded the Seattle threshold, in addition to the 8 debris flow-
producing storms. These numbers indicate ~20% (8 of 41) of these storms (with above-freezing temperatures and low
snowpacks, while exceeding Seattle threshold) generated debris flows. A similar calculation utilized a temperature
threshold of 40°F instead of 32° and revealed that 5 of 14 storms (36%) storms exceeding the Seattle threshold
produced debris flows. The increased proportion of debris flow producing storms indicate warm temperatures (i.e.
high freezing levels) are indeed a requirement for debris flow generation. Overall, these results highlight the need for
temperature and snowpack information to be coupled with landslide thresholds in order to increase predictive
capability of our wet debris flow model.

The above analysis informed development of a simple decision tree approach to hazard classification as a planning
tool for MORA (Legg, 2015). The approach uses 3-day precipitation and temperature forecasts in concert with
measurements of SWE and 15-day precipitation totals to classify and forecast debris flow hazards into low, medium
and high hazard categories over a coming 3-day period. More broadly, this effort represents an example of hazard
forecasting in an alpine setting where seasonal temperature and snow fluctuations are major drivers of debris-flow
potential.

4.2. Dry, warm weather debris flows

The method for forecasting dry weather debris flows is an expansion of Legg’s (2015) model. A total of 35 debris-
flow events which occurred in a dry season (i.e., no rain and relatively warm temperatures [average high temperature
of ~65°F]) were compiled from the various sources mentioned in Section 4.1. From that list, antecedent weather
information for the day of event and the days leading up to the event itself were calculated from the Paradise SNOTEL
station and other weather sources in the vicinity. A Monte Carlo analysis was completed on each weather variable to
determine its relative importance to the overall detection of a debris flow. Once the relative weighting of each variable
was completed, all days in the historic record were run to determine the debris flow hazard scores on those days (this
includes the wet weather debris flows) (Table 1).

Table 1. Performance of current debris-flow hazard model based on all available weather data for the period of 1917-2017 at the Paradise
SNOTEL station. Event type categories are split out on known debris flow and outburst flood days from the historic record. The undefined
category means that weather conditions were not available to adequately calculate the debris-flow hazard score for that day.

Event Type Model Type Low Medium Medium High High Very High Undefined
. Wet: 0 0 1 12 - 0
Debris Flow
Dry: 3 4 6 11 5 0
N=42)
TOTAL: 3 4 7 23 5 0
Wet: 2 0 0 0 - 0
Outburst Flood
Dry: 3 1 0 1 1 0
N=8)
TOTAL: 5 1 0 1 1 0
Debris Flow + Wet: 2 0 1 12 - 0
Outburst Flood Dry: 6 5 6 12 6 0
(N =50) TOTAL: 8 5 7 24 6 0
No Debris Flow or Wet: 12,633 980 539 1083 - 942
Outburst Flood Dry: 11,608 984 618 1001 540 719
(N =31,647) TOTAL: 24,241 1,964 1,157 2,084 540 1,661
24,249 1,969 1,164 2,108 546 1,661
TOTAL:
76.50% 6.21% 3.67%  6.65% 1.72% 5.24%

The specific variables of interest for the dry side of the model are: P1s, or 18-day precipitation total at Paradise,
which is necessary to determine whether to run the dry side or wet side of the model; Tmax, Which is the maximum
daily temperature observed at Paradise; Tmax percentite, Which is the maximum temperature expressed as a percentile
based on the historic maximum temperatures (1917-2017); DSOSP, which is “days since zero snow pack”, a relative
variable used to determine when debris source areas will be snow free — for the model, this variable is assumed as days
since July 11%, which is the average “melt out” date at Paradise in the historic (1917-2017) record; DD321s, or the 18-
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day cumulative degree days above freezing; Ps, or the 3-day precipitation total, a key dry-weather variable defined by
Walder and Driedger (1994a); and SWE, or snow water equivalent. Each variable is given a numeric score between 1
and 5 (see Appendix A) and the debris-flow hazard score is calculated by the model when it is run.

At this time, the method is still being refined as more data is uncovered about the antecedent weather conditions
and as more debris flows occur in the park. Additionally, an improved Monte Carlo approach is being undertaken to
improve the model. The performance of the model for all available dates between 1917 and 2017 is shown in Table 1.
In general, those days with a debris flow or outburst flood from the historic record should have a higher score, whereas
those days with no event should have a lower score for the model to be considered truly calibrated successfully.

4.3. Combination forecast and data sources

The combination forecast (Appendix A) utilizes both the wet and dry sides into a simple decision tree based on
calculated weather factors. Weather information is downloaded every hour from the DarkSky.net API. DarkSky
provides a free ensemble forecast for individual locations throughout the park that is easily incorporated into the debris-
flow hazard model. Every four hours, these weather variables and antecedent weather observations are automatically
compiled based on the wet or dry forecast and then run through the decision tree algorithm (Appendix A). A qualitative
score (Low, Medium, Medium High, High, or Very High) is generated for the day of interest and next seven days.
This is then reported on a website for monitoring and decision-based analysis by park staff. Hazard scores are tied to
weather forecasts and will change as forecasts are updated. While this process is automated, park staff still must
monitor the model every day to determine the future relative risk for debris flow activity.

5. Real-time debris flow monitoring

The final piece in the debris-flow hazard system at MORA is the ability to detect debris flows as they occur. As
shown in Section 3, debris flows like those in 2015 have a seismic and RSAM signature that is distinctive. With
assistance from the University of Washington’s Pacific Northwest Seismic Network (UW PNSN), seismic data is run
through the USGS RSAM program and binned into 30 second values. At five-minute intervals, an automated computer
script then downloads the RSAM values and runs through the data file looking for a “debris-flow-like signature.” A
debris flow signature is defined as an increasing signal above a set point over a set amount of time. If these values are
exceeded, an alert is sent out to park staff for analysis and hazard notification via cellphone text messages and emails.

As an example, at the Emerald Ridge (RER) seismograph, the relevant variables are an RSAM value greater than
500 counts for over 5 minutes with a RSAM value that is increasing (slope > 0.030), on average, over those 5 minutes.
Using this definition, three of the four debris flows on 13 August 2015 (2a/2b, 3 and 4) and an additional debris flow
that occurred in Tahoma Creek on 12 September 2015 (not discussed in this paper) would have been detected with this
system. Additionally, this system would have detected the second debris flow on August 13™ at roughly 10:20 am,
almost a full two hours before park staff were alerted to the event on the radio.

Real-time debris-flow monitoring via the RSAM system is currently being run on the Emerald Ridge (RER)
seismograph (Puyallup, Tahoma and South Tahoma Glaciers), Mt. Fremont (FMW) seismograph (Emmons, Inter, and
Winthrop Glaciers), and Longmire (LO2) seismograph (Kautz, Nisqually, Pyramid, Success, Van Trump, and Wilson
Glaciers). Most of the major glacial streams at MORA now have some sort of seismic monitoring; those without, with
the exception of the Carbon Glacier, do not have extensive infrastructure development in their watershed boundaries.

The overall performance value of the RSAM system in detection of debris flows is not yet available since the park
has yet to experience a confirmed debris flow since the system’s inception. There have been several false positive
readings, almost exclusively due to wind noise (especially at RER). Local, regional, and teleseism earthquake events
are such short period and punctuated that they are excluded in the analysis and rarely generate alerts. When false
positives have been detected, staff is able to quickly analyze real-time seismic data to determine if the event is truly a
debris flow or some other event. In this sense, the system is semi-automated and still requires human intervention in
order to take the step from an alert generation to an alert being broadcast to the field. Lastly, we are not yet able to co-
locate exact drainages where a debris flow due to a paucity of seismic stations. However, a strong signal in one
seismograph and relatively weak signals in others (as was the case in the August 2015 event) can help determine a
narrower geographic location of the event. Future seismic implementation at MORA is being planned in the next five
years which will help the co-location ability of this system.
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6. Conclusions

Mount Rainier is an environment that is ideally suited for debris-flow genesis and has a rich history of these events.
With our work, we have been successful in providing a forecast for debris-flow hazard based on past antecedent
weather conditions on prior debris-flow days up to seven days in advance. We then can detect individual debris flows
using in situ seismometers and the RSAM system. As glaciers continue to retreat, new sediment sources will be
exposed to annual storms and occasional outburst floods — all of which will continue the threat of debris flows to
downstream areas. The forecasting and detection systems we have in place now are in their infancy and will be further
refined as more events occur. Additional seismic installations planned in the next decade at MORA will only improve
these systems and will provide better warning to park staff and visitors working and recreating at the park.
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Appendix A. Debris flow hazard forecast model at Mount Rainier
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0.00 - 0.09 = 1 waderand >10.00 = 1 268 =1
0.10 - 0.49 = 2 Driedger, 5.00 - 9.99 =2 <68 = 2
0.50 - 0.99 = 3 199 2.50 - 4.99 =3 (Walder and Driedger, 1994)
1.00 - 1.50 = 4 0.01 - 2.50 =4
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Variables:

DDs, = Degree day above 32°F (dimensionless) P.g = 18-day cumulative precipitation at Paradise (in)
P, = Precipitation threshold A, P; = 2.5 0.67P;5 SWE = Snow water equivalent at Paradise (in)
Pg = Precipitation threshold B, P; = 4.5 0.67P5 Tay = Average temperature at Paradise (°F)
P3 = 3-day (D1-D3) cumulative precipitation at Paradise (in) Tax = Maximum temperature at Paradise (°F)
P,5 = 15-day cumulative precipitation at Paradise prior to 3-day period (D4-D18) T perceniie = MaXimum temperature as a percentile compared to the historic
(in) temperature (1917-2017), (dimensionless)
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Abstract

In mountainous catchments, the quantification of sediment yield is of paramount relevance for land-use planning and design of
sediment control structures. However, deciphering the contribution of the different sediment transport processes (debris flows,
debris floods and bedload transport) is often challenging as they are strongly controlled by basin morphometry, hydrological
regime, and sediment supply. Therefore, long-term instrumental monitoring through catchment-scale sensor networks can provide
precious information, especially if coupled with high-resolution topographical surveys. The Gadria catchment, located in the eastern
Italian Alps, offers the possibility to perform a systematic monitoring of sediment transport processes. This catchment typically
features several low-magnitude flood episodes and a few debris-flow events per year, from late spring to early fall. Starting from
2011, various instruments mainly devoted to debris-flow detection (geophones, video cameras, flow stage sensors) have been
installed along the main channel, just upstream of a retention basin. High-resolution topographical surveys of the retention basin
are carried out each year, at the beginning and at the end of the summer season and after debris-flow events. Rainfall is measured
in the intermediate part of the catchment and in the headwaters, while PIT-tracing of bedload was performed in the main channel.
In this work, we present the reconstruction of the sediment dynamics at the catchment scale during the 2014 and 2015 monitoring
seasons. Instrumental monitoring was used to estimate the contribution of the different flow processes, and data from topographical
surveys to quantify the transported volumes. Results show that (i) coarse sediment yield is driven by sporadic debris flows while
flood events allow the continuous fine-sediment migration along the channel network; (ii) volume estimations may be significantly
different — up to 30% lower - if performed through a DEM of Difference (DoD) analysis of the retention basin or by analysing
monitoring data; (iii) a multi-parametric monitoring is needed to decipher sediment dynamics at catchment scale.

Keywords: bedload transport, debris flows, monitoring, rainfall, topographic survey

1. Introduction

In Alpine valleys, the sediment supply to the channel network is typically episodic and it is controlled by the
interaction between geomorphic conditions and hydrological processes (Benda and Dunne, 1997). The upstream edge
of the fans acts as bedload traps, creating longitudinal discontinuities in sediment transport and causing large-scale
aggradation of sediment (Hoffman and Gabet, 2007). Massive, impulsive sediment inputs — typical of debris flows and
floods occurring in steep channels — can alter water and sediment continuity along the channel network, by determining
large-scale bed aggradation, confluence migration, and channel obstructions with the formation of temporary lakes
and fan-delta systems (Brardinoni et al., 2018). Understanding the effect of debris flows and bedload on channel
topography and the quantification of sediment yield is of paramount relevance for hazard assessment and design of

* Corresponding author e-mail address: velio.coviello@unibz.it
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mitigation measures. However, the sediment cascade associated with debris flows and bedload events and their relative
yields at the catchment scale has been rarely addressed.

In recent years, the increase of topographic instrument automation and resolution significantly improved the cost-
effectiveness of multi-temporal analysis of Digital Elevation Models (DEMs). The geomorphic changes associated
with erosion/deposition processes can be quantified through DEM of Difference (DoD) grids, where the elevation
difference between old and new surfaces represents a measure of net sediment transport (Schiirch et al., 2011; Theule
etal., 2015; Cavalli et al., 2017). However, discriminating the contribution of the different sediment transport processes
(namely debris flows vs bedload) and the effects of multiple flow events is often challenging. Thus, long-term
instrumental monitoring of sediment fluxes through catchment-scale sensor networks can provide precious
information, especially if coupled with high-resolution topographical surveys (McCoy et al., 2010; Comiti et al., 2014).
To this aim, the Gadria catchment (eastern Italian Alps) offers the opportunity to understand the main processes driving
the sediment supply at the catchment scale thanks to the intense, ongoing monitoring activities. In this paper, we focus
on two years (2014-2015) for which frequent field surveys were available.

2. Methods
2.1. The study site

The Gadria catchment is located in the Venosta Valley, eastern Italian Alps, and belongs to the Adige river basin.
At the retention basin, it has a drainage area of 6.3 km? and ranges in elevation from 1,394 to 2,945 m a.s.l. The Gadria
is underlain by paragneiss and ortogneiss lithologies, result of Permian and Cretaceous matamorphisms. Sediment
produced by the weathering of these highly fractured rocks and thick Quaternary deposits fills the channel networks
through a number of mechanisms including shallow debris slides, rockfalls, and dry raveling on the steep slopes
(Figure 1a). These colluvial processes dominate the upper and intermediate sections of the basin, and the presence of
steep channels sets the perfect conditions for chronic debris-flow activity. The Gadria catchment is characterized by
dry inner-Alpine climate, with mean annual precipitation of 480 mm in the Venosta valley floor (station of Laas-Lasa,
863 m a.s.l., period 1989-2012), due to the sheltering effect of the mountainous ranges to southerly and northerly
winds. Mean annual precipitation increases with altitude, with 662 mm measured at a rain gauge located at 1,754 m
a.s.l. (period 1993-2012).

main channel network
Gadria catchment

Strimm catchment
alluvial fan
monitoring networks

Fig. 1. The Gadria instrumented catchment, the adjacent Strimm catchment and the alluvial fan; the black frames highlight the location of the
upper and lower monitoring sites at Gadria. (a) View of the main sediment source areas monitored with the upper station; (b) the retention basin
located at the outlet of the catchments.
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The catchment is characterized by a high degree of sediment connectivity and a sediment yield of about 5,200 m?
km™2 y~! was estimated for the period 2005-2011 (Cavalli et al., 2017). A retention basin was constructed in the 1970s
to protect settlements located on the Gadria fan (Figure 1b). This basin is periodically emptied, but some residual risk
still exists as extremely large debris flows could exceed its capacity.

2.2. Instrumental monitoring

At Gadria, the first downstream monitoring station (lower station) was equipped in 2011 close to the alluvial fan
apex, at an elevation of about 1,400 m a.l.m. (Comiti et al., 2014). This installation was designed for the measurement
of basic debris-flow variables, the characterization of flow dynamics, and the development of early warning systems.
The station is composed of three video cameras framing channel and retention basin, four vertical geophones (10 Hz)
placed along the left channel bank, two in the ground and two on the wing of the check-dam, and two stage sensors at
the same cross sections where the geophones are installed (Figure 2). In 2013, the geophone array was extended in the
upstream direction with three additional geophones (Coviello et al., 2015). This latter geophone network recorded the
seismic data that are analyzed in the present work. One rain-gauge and an additional stage sensor are located about
500 m upstream, at an elevation of 1500 m a.s.l.. The video footage has been used to assess the surface velocity of
debris flows through the application of the large-scale particle image velocimetry technique (Theule et al., 2018).

The upstream monitored area (upper station) is located in the upper basin, at an elevation of about 2,200 m a.l.m.,
with the objective of monitoring initiation conditions and triggering processes. A number of instruments have been
installed during the last years: rain-gauges, rain-triggered video cameras, piezometers, and erosion probes. Recently,
a new geophone network composed of three 4.5 Hz vertical sensor was installed on a ridge separating two steep
channels of the upper basin to detect incipient sediment motion related to debris flow initiation.

|

| Lower station

4 W Rain gauge

[i] Videocamera
i V Stage sensor
| — Main hydrography
Roads
Tracks
[# Retention basin

150 m

Fig. 2. The lower station of Gadria: (a) view of the channel in the upstream direction, two stage sensors, and one video camera are visible; (b)
geophone recording unit and channel conditions right after a debris flow; (c) detail of one of the vertical 10-Hz geophones.

2.3. Topographical surveying and PIT-tracing

Repeated topographic surveys of the retention basin at the beginning of the debris-flow season and after each debris
flow were carried out by terrestrial laser scanning (TLS) from 2011 to 2013. Afterwards, the Structure from Motion
(SfM) photogrammetry (using Agisoft Photoscan Professional) was adopted because of its field efficiency and spatial
coverage. From 2013 to 2015, an operator took photos from a 6-m extendable pole at 1 frame per second while walking
along the channel banks (Figure 3a). Since 2015, photos are taken from helicopter covering the retention basin,
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channel, and source areas and also from a drone for just the retention basin. Painted reference points were appropriately
distributed around the sediment trap and channels and were surveyed with the total station and differential GPS
(dGPS). For DoD analysis, CloudCompare freeware was used to further align both TLS and SfM point clouds by
using the iterative closest point algorithm. This was applied to unchanged permanent features resulting in root mean
square errors of 21 ¢cm for older TLS comparisons (volume uncertainty for the retention basin of +£740 m?), 2 cm for
extendable pole SfM (£100 m3) and 9 cm for helicopter STM (£450 m?) for the general retention basin area. 10-cm
DEMs were developed and their differences were used for measuring the volumes in the retention basin (Figure 3b).
In the main channel, 280 passive integrated transponders (PITs) were installed in 2014 and their positions measured
using dGPS, with the aim to contrast incipient motion and transport distances between debris flows and bedload events.
Their grain-size ranges from small cobbles to boulders and their percent embeddedness were estimated in the field.
They were distributed throughout the channel from entrainment reaches, transport reaches and the reach before the
sediment trap. Field checks and antennae surveys took place after floods with bedload transport and after debris flows.

Deposition (m)

=0-05
Em05-1
m1-15
Em15-2
ED-25
m25-3

Fig. 3. (a) Photogrammetric surveying of the main channel with the 6-m extendable pole; (b) DoD of the retention basin from two
photogrammetric surveys carried out in April and August 2014.

3. Results and discussion
3.1. Catalog of flow events

Several flow processes occurred at Gadria in 2014 and 2015 (Table 1). Complete information on the debris flows
that occurred in this period was already available (Theule et al., 2018). We constructed the event catalog of floods
featuring bedload transport analyzing the seismic dataset gathered at the lower monitoring station. Compared to debris
flows, seismic signals produced by floods present significantly longer durations and lower amplitude peaks (Coviello
et al., 2015; Mao et al., 2009; Bel, 2017). Flood events were identified by analyzing 140 days of continuous seismic
recordings from the geophone network installed at the lower station. In two years, nine flood events were detected
using an intensity-duration threshold (amplitude above the long-time-average of the seismic signal for at least 10
minutes). The event detection was validated through the manual inspection of the video frames, when available, and
with the analysis of rainfall events recorded at the upper station. An image every 5 minutes was recorded by the video
camera framing the channel in the upstream direction (from 4 June to 18 July 2014 and from 1 May to 23 October
2015). In addition, four additional flood events with bedload transport were identified by inspecting the images
recorded in the periods of time lacking seismic records. Finally, two snow-melt induced bedload events (20 and 21
May 2015) were directly observed in the field (with bedload measured by portable traps).
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Table 1. Debris flows and flood events with bedload transport detected at the lower station of Gadria in 2014 and 2015 and dates of topographic
surveys of the sediment trap carried out during the monitoring seasons (in italics). Peak times correspond to the amplitude peaks of the seismic
signal. Bedload events identified only with images and rainfall data are marked with *.

Date (dd.mmm.yy) Typology Peak time (hh.mm UTC)  Duration (min)
9.May.14 PIT survey - -
10.Apr.14 topographic survey - -
05.Jun.14 bedload 05:00* > 120
09.Jun.14 bedload 05:00* >120
29.Jun.14 bedload 18:00 360
2.Jul.14 PIT survey - -
08.Jul.14 bedload 14:55 360
13.Jul.14 bedload 20:30* > 180
15.Jul.14 debris flow 17:13 26
19.Jul.14 PIT survey - -
21.Jul.14 bedload 07:45 360
24.Jul.14 bedload 13:32 120
13.Aug.14 bedload 12:00 180
18.Aug.14 topographic survey - -
18.Apr.15 topographic survey - -
20.May.15 bedload - > 600
21.May.15 bedload - 600
06.Jun.15 bedload 15:23 > 240
08.Jun.15 debris flow 17:16 50
10.Jun.15 topographic survey - -
16.Jun.15 bedload 8:30% > 240
29.Jul.15 bedload 15:00 180
04.Aug.15 bedload 18:40 >300
07.Aug.15 bedload 21:20 > 180
) ' 15 July 2015 - 17:29
= —— Geophone 1
E —— @Geophona 2
400 —— Geophore 3
@
o
2
= 200
£
<
0 . “aird, ok
17:00 17:10 17:20 17:30 17:40 17:50 18:00
20
w
€157
3
€10
=
£ s
<

o ‘ £ Byt sor
13:00 14:00 15:00 16:00 17:00 18:00
Time UTC (hh:mm)

Fig. 4. Geophone signals of the debris flow that occurred on 15 July 2015 (a) and of the flood event that occurred on 8 July 2015 (b). Amplitude
and duration of the debris flow are one order of magnitude greater than the ones of the flood event.
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3.2. Particle motion

In 2014, three surveys of PITs positions were carried out on 9 May, 2 July and 19 July. In the time interval 9 May
- 2 July three flood events featuring bedload transport were observed, while in the following time interval (2 - 19 July)
two floods and one debris-flow event occurred (Table 1). Therefore we can surely attribute the displacement lengths
measured in the first time interval to bedload transport. The log-log plot of travel distance versus grain size diameter
shows an inverse correlation for the particles transported during the first, bedload-only period (Figure 5). On the
contrary, no clear relationship can be detected for the second period when a debris flow occurred, as it could be
anticipated based on the transport en masse of sediment by debris flows (Theule et al., 2015). Thus, in second time
interval, the longer displacement lengths are produced by the debris flow of 15 July 2014. Indeed, PIT-tags
measurements in debris-flow channels are probably mainly useful to analyze the variability in clast entrainment (e.g.,
based on clast position along cross-sections and thus on the experienced shear stress) rather than transport distances.
In addition, PIT-tracing installation is very resource-intense, as well as their manual surveying is time-consuming and
the recovery rate can be very low. The 2014 debris flow had a 29 percent recovery rate due to the depth of the pit tag
deposits, which we assume are mostly buried in the sediment trap. However, more significant results could be achieved
if the travel distance of the tagged particles is measured in a debris-flow channel which is not ending in a sediment
trap like the Gadria (see Bel, 2016). In fact, here the maximum travel distance (slightly smaller than 1400 m) is close
to the distance between the most upstream transect equipped with PIT tags and the retention basin (Figure 5).
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Fig. 5. PIT-tracing at Gadria in 2014, from 9 May to 2 July (only bedload transport observed) and from 2 July to 19 July (one debris flow). The
upper travel-distance limit (dashed-line) is the distance between the most upstream transect equipped with PIT tags and the retention basin.

3.3. Sediment volumes

The volume of sediment deposited in the retention basin by each debris flows was determined by two topographic
surveys carried out at the beginning of the debris-flow season and after the debris flow (Table 2). Video recordings
and post-event observations, show that the trapping efficiency of the basin (ratio of sediment volume retained to the
total incoming sediment) is below 100% (Comiti et al., 2014). We estimate that from 10% to 20% of sediment flowed
through the slit opening of the retention check dam. In addition, also bedload transport contributes to the sediment
yield, as well as to the erosion of deposits, in both the retention basin and the channel network (Figure 6). In particular,
eight flood events occurred in the Gadria catchment in the period between the two surveys in 2014, and three in 2015.

We calculated the volume of debris flows using data from the monitoring station. The velocity of each debris-flow
surge was estimated considering the mean propagation velocity of each front as the ratio of the distance between two
equipped cross-sections (75 m) to the time interval between the arrival of the debris-flow surge at the two stations
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(Arattano et al., 2015). The discharge of each debris flow wave is computed as the product of surge velocity by the
flow’s cross-sectional area, estimated using the flow stage measurement. This is the main source of uncertainty of this
method, as the cross-sectional area may change during a single debris flow due to erosion/deposition processes. The
method is also very sensitive to the choice of the hydrometric zero adopted to perform the calculations. Finally, the
bulked volume carried by each surge was calculated as:

Volume = v - ZgZA(t) @

where A(t) is the cross-sectional area at the time t; v is flow velocity of the surge; t, and t, represent the initial and
final time of the surge, respectively.

Table 2. Debris-flow events that occurred at Gadria from 2011 to 2015, volumes computed using stage sensor measurements integrated in time
are compared with DoD of the retention basin.

Date Debris-flow peak Debris-flow Time interval DoD DoD (m®) Reference

(dd.mmm.yy) discharge (m*/sec) volume (m?)

05.Aug.11 11 2 400 June - September 2011 2000 Comiti et al., 2014

18.Jul.13 80 10 000 June 2011 (empty trap) - 8100 Arattano et al., 2015
August 2013

15.Jul.14 26 11 600 April - August 2014 10400 This study

08.Jun.15 27 12 600 April - June 2015 9850 This study

1 July 2014 .~ 15 July 2014 W 16 July 2014

Fig. 6. Channel and retention basin conditions on 1 July, 15 July (after three flood events) and 16 July 2014 (after a debris-flow event). Erosion of
fine to medium-size material due to floods and coarse deposits produced by the debris flow in the main channel are highlighted.

Volume estimations may significantly differ if performed through the DoD of the retention basin or with
instrumental measurements carried out with the use of flow stage data (Table 2). Estimates deriving from topographic
surveys resulted constantly lower, with differences that may reach 30% of their value. This is consistent with the
observed outflow of the suspended sediment through the check dam during the tail of each debris-flow events. In the
neighboring Strimm catchment, a bedload yield of 200 m* yr! was observed during two years of PIT-tracing carried
out from 2011 to 2013 (Dell’Agnese et al., 2015), which also contributes to the filling-up of the retention basin.
Neglecting the contribution of the Strimm, a sediment yield of about 1,900 m* km2 y! was calculated based on DoD
analysis in the period of time 2014-2015, which is largely dominated by debris-flow processes considering both
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preliminary estimates for bedload virtual velocities and debris-flow volumes stemming from Eq. 1. The sediment yield
value is significantly lower than the estimation made for the time period 2005-2011 (5,200 m? km™2 y!), during which
much larger debris-flow events were observed (Cavalli et al., 2017).

4. Conclusions

We constructed the event catalog of debris flow and flood events with bedload transport by analyzing the
monitoring dataset (geophone data, video images) gathered at Gadria, eastern Italian Alps. Topographic surveys of
debris-flow deposits provide volume estimations significantly lower - up to 30% - than those obtained through
instrumental measurements carried out with the use of hydrograph data. Sediment yield of about 1,900 m®> km2 y~! is
estimated for the investigated period (2014-2015), a value significantly lower than the one previously estimated in a
wider time interval affected by larger events. Sediment yield is dominated by debris flows, whereas the contribution
of flood events featuring bedload transport is apparently very minor and mostly relative to the gravel and small cobbles
fractions only, based on preliminary data from travel distances of PIT-tagged clasts. Longer periods of observations
are nonetheless needed to identify the factors (e.g., climate) that control sediment yield variability over time.
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Abstract

Debris flow is one of the most hazardous disasters in mountain regions of Korea. Rainfall-induced debris flows have occurred more
frequently during past decades due to climate changes. Especially, its threat on many lives and properties in urban or suburban
areas have increased. To control debris-flow disaster, check dams have been constructed in forest watersheds since 1985. Although
check dams that recently constructed in Korea are expected to function as debris-flow barriers, impact force has not been considered
during design procedure. For effective structure design regarding debris-flow disaster, estimation of debris-flow impact force is
necessary. Meanwhile, it is well known that impact force is closely related to the flow characteristics of debris flow. In this study,
small flume experiments were conducted to analyze the influence of flow characteristics to impact force of debris flow. Flume
slope, total volume, and viscosity of mixture were selected as experiment variables. As a result, faster flow velocity was observed
on steeper channel slope and larger mixture volume condition. In terms of viscosity, sediment-water mixture flowed faster as the
viscosity becomes lower. The effect of flume slope on flow velocity was different as the viscosity of mixtures. However, flowing
depth was correlated only to total mixture volume. Impact force was positively correlated to flow velocity and flow depth. By
comparing various impact force estimation model, the hydrodynamic model has been selected for the best method to appropriately
calculate the design impact force for check dams in small forested watersheds.

Keywords: Debris flow; Impact force; Flume experiment; Structure Design

1. Introduction

Debris flow is one of the most hazardous disaster in a forested mountain area in the Republic of Korea. Most debris-
flow disasters that occurred in Korea were induced by severe rainfall (Woo et al., 2014). Due to climate change, debris-
flow events have been increased last decades. Especially, the debris-flow hazard in urban areas nearby mountainous
regions has become increased (Yoon et al., 2017). To prevent huge damage to lives and properties in an urban area
due to these disasters, many debris-flow control structures, such as check dam or erosion control dam, have been
implemented.

Structural mitigation is one of the most typical approaches to prevent damages from debris-flow disaster (Hiibl et
al., 2009). In Korea, more than 11,000 of check dams have been installed since 1985 (KFS, 2017). Recently, these
structures are expected to function as debris-flow barriers or breakers that need to endure debris-flow impact force
directly. Thus, it is necessary to consider the effect of debris-flow impact force on check dam during designing.

To apply debris-flow impact force to check dam design, appropriate impact force estimation is important. Through
several pioneer studies (Hungr et al., 1984; Armanini, 1997; Proske et al., 2011), it is well known that debris-flow
impact force is closely related to debris-flow behavior. Based on this relationship, many researchers have conducted
flume experiments to develop a model for impact force estimation (Moriguchi et al., 2009; Scheidl et al., 2013), and
suggested several models for impact force estimation, such as hydraulic static or dynamic models (Hungr et al., 1984;
Armanini, 1997).

* Corresponding author e-mail address: junie@snu.ac.kr
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In this study, we conducted small-scale flume experiment to analyze the relationship between flow behavior and
corresponding impact force. Flume experiments were conducted with various sets of the sediment composition, slope,
and water-sediment mixture volume. With measured flow characteristics and impact force, we derived impact force
estimation model that is most appropriate to explain our data.

2. Materials and Methods
2.1. Sediment mixtures

As shown in Table 1, we used various combination of sediment mixture that consisted of gravel, sand, clay, and
water. During the preparation of mixtures, we applied four different mixing ratios to analyze the effect of viscosity on
flow behavior. Also, we tried to use three different total mixture volume because the volume condition is one of the
most effective factors controlling flow depth. The average density of mixtures was 1669.39 kg m, and it was not
significantly different between experimental conditions.

Table 1. Overview of mean (+ standard deviation) sediment mixture properties. “A, B, and C” mean different
volume conditions (about 8,400, 11,200, and 14,000 cm?, respectively), and “A’, B’, C’, and D" mean different clay
contents (about 21%, 25%, 29%, and 32% of total weight, respectively).

Composition of each material

Cat Total volume Total weight Density
aesory (en?) ® (kg m?)
Water (cm?) Clay (g) Sand (g) Gravel (g)
AA 5026.27 8399.66 1671.71 3000 1799.61 1799.88 1800.17
3 +91.97 +1.15 +30.24 +0.90 +0.56 +0.57
AB' 5042.95 8400.15 1665.93 3000 2099.82 2100.23 1200.09
3 +56.89 +2.97 +18.55 +2.85 +0.18 +0.22
AC 5016.54 8400.37 1675.50 3000 2400.22 2400.07 600.07
3 +119.68 +0.78 +40.46 +0.74 +0.15 +0.11
, 5075.64 8400.55 1655.47 2700.45 2700.10
A-D +78.87 +0.67 +25.39 3000 +0.68 +0.34 0
B-A’ 673443 11200.45 1663.31 4000 2400.27 2400.11 2400.08
- +63.74 +0.39 +15.68 +0.30 +0.15 +0.11
B-B' 6601.20 11200.37 1697.87 4000 2800.22 2800.09 1600.07
- +170.48 +0.54 +44.57 +0.51 +0.13 +0.16
B-CY 6598.00 11199.95 1697.98 4000 3200.16 3200.05 799.74
- £114.05 +£1.74 £29.12 £0.79 +0.89 +£0.34
, 6625.76 11200.69 1691.05 3600.37 3600.32
B-D +122.30 +0.87 +3127 4000 +0.43 +0.70 0
CAY 8334.82 14002.96 1680.39 5000 3000.06 3001.60 3001.30
- +116.74 +3.26 +23.61 +1.31 +1.94 +1.55
B 8373.84 14000.39 1672.01 5000 3499.75 3500.59 2000.05
B +61.93 +3.63 +12.34 +3.16 +0.69 +1.16
c.C 8384.82 13999.29 1670.12 5000 3997.64 4001.12 1000.52
- +148.30 +3.58 +£29.59 +£3.40 £1.72 £1.12
8557.15 13996.97 1637.04
C-D' 5000 4499.57 4497.40 0

+246.76 +21.82 +49.59 +9.77 +19.69
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2.2. Small-scale flume experiment

The flume apparatus used in this study (Fig.1) was 2.4 m in length including 0.4 m of sediment storage. The cross
section was 0.2 m in width and 0.3 m in height. Although the slope of this flume can be changed from 20° to 40°
manually, we applied four slope conditions: 25°, 30°, 35°, and 40°. Between slope conditions, 35° and 40° of channel
slope seem to be steep than general slope observed at channelized debris flow. However, initial part of debris flow in
Korea is generally steeper than 30° and reach 40° in some case. Thus, we included those gradients of channel in
experiments. In terms of measuring devices, we used two video cameras; one was installed in front of the flume to
measure flow velocity, and the other was implemented beside the flume to measure flow depth. To measure the impact
force of simulated debris flow, the load cell (MNC-100L, CAS), which is connected to data logger (CI-201A, CAS),
was installed 0.1 m backside from the outlet.

a 02 B Front-view
m . Storage camera

g Force plate
. with loadcell

Fig. 1. (a) Experimental flume and setting up of measuring instrument, and examples of actual experiments: (b) an image from the frontal camera
for flow velocity, (c) an image from the side camera for flow depth, and (d) an image of the data logger.

2.3. Experimental procedure

In each experiment, the sediment-water mixture is preliminary mixed using a mixer drill, total volume and weight
of which are measured in that time. Then, the mixture was pulled in the storage, and kept being mixed just before
opening the gate to minimize deposition of sediments. After the mixture prepared, the gate is opened immediately,
and flow behavior (average velocity and flow depth) and impact force are measured. While conducting total sets of
experiments, we carried out five replications in every combination of sediment mixture and the slope condition. After
finishing experiments, flow velocity and depth were accurately calculated by analyzing the video images. By
comparing each experimental condition with corresponding flow behavior, the effect of mixing ratio, total volume,
and slope on flow characteristics were examined. To analyze the relationship between impact force and flow behavior,
we synchronized the change of impact force and flow behavior. Then, we statistically analyzed maximum impact
force, which is the maximum logged value in the data logger, and flow behavior at the time.

3. Results and Discussion
3.1. Flow behavior

As aresult, flow velocity increased when the inclination of the flume increased, or the clay contents decreased (Fig.
2a). Especially, flow velocity of sediment mixture that has lower clay contents increased more drastically. Also, the
effect of volume on velocity was significant; the larger mixture volume showed faster flow velocity (Fig.2b).

Higher clay contents induced stronger shear stress in the flow body, so the flow velocity tends to decrease in same
slope condition. On the other hands, in steep slope condition, the difference of velocity between sediments mixture is
much smaller. Assuming that simulated debris flow in this study as Bingham fluid or Herschel-Bulkley fluid
(Takahashi, 2014), it seems that the acceleration of flow body is large enough to ignore yield strength of viscous debris
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flow. In terms of volume, the larger volume means greater acceleration, so debris flow can move to downward much
faster.

3 3
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Fig. 2. The change of flow velocity according to (a) clay contents, and (b) mixture volume, as slope condition change

Flow depth was significantly correlated with mixture volume while there was no change of flow depth along slope
condition (Fig. 3a). It can be interpreted that the initial volume of mixture affects flow depth dominantly than other
factors. Although clay contents seemed to affect flow depth, it was not significantly different between mixture volumes
(Fig. 3b).
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Fig. 3. The change of flow depth according to (a) flume slope, and (b) clay content, as total mixture volume change
3.2. Impact force estimation

Fig. 4 shows the analysis result of the relationship between impact force and flow velocity. Flow velocity is
positively correlated to impact force, and the relationship between flow depth and impact force was also significant.
With flow velocity and flow depth from flume experiments, the impact force of debris flow is well explained by
hydrodynamic model (Scheidl et al., 2013). The general form of hydrodynamic model is as the following equation,

Ppeak = apvzhw 1)

where ppeak is the maximum impact force (kN); p is the density of sediment-water mixture (kg m); v is the flow
velocity (m s); h is the flow depth (m); w is the width of the channel (m); a is dynamic coefficient (dimensionless).
Although several properties, such as the density of mixtures, are change in time and space, we used those values
measured during the mixture preparation due to difficulty of installation of measuring instruments that can
simultaneously measure the change of mixture property, such as density.

In terms of coefficient “a”, several researchers have suggested the value of a. According to Proske et al. (2011),
previous studies generally have reported this value between 1.0 and 2.5. When calculating coefficient “a” using the
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results of flume experiment and equation (1), coefficient of this research was 2.07 + 1.38. Especially, About 68% of
calculated “a” were 1-3 in Froude number that ranged from 2 to 6, which is similar to Proske et al. (2011).

40000 100000
a X _ b , Slope ()
_ % ‘ X X — )5
30000 % X 5 -
% C 210000 R?=0.012 35
8 ‘ 2 0
£ 20000 3
E 3 Clay
g R2=0.4513 & 1000 contents (%)
= 10000 g 42l
S 0 25
AR = o 29
AV Ty TYAY G = DA S AN | X
0 100 2
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Flow velocity (m s!) Flow depth (m) (log scale)

Fig. 4. The relationship between the impact force and the flow behavior; (a) flow velocity; (b) flow depth.
4. Conclusion

In this study, we conducted small-scale flume experiments to understand flow characteristics and impact force of
debris flow. The flow characteristics was closely related to slope condition, sediment mixture composition, and total
mixture volume. The flow velocity increased as flume slope increased, and sediment viscosity decreased caused by
low clay contents. The flow depth becomes deeper in larger volume of mixtures. The impact force of debris flow was
positively correlated to both the flow velocity and the flow depth, and it can be well explained by the hydrodynamic
model. Using the hydrodynamic model, coefficient “a” was calculated about 2 with Froude number ranging from 2 to
6.
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Abstract

Debris flows have become a common disaster in Taiwan in recent years since the impacts of extreme weathers has been aggravated.
To protect people from the debris-flow disasters, a monitoring and warning system was developed by Soil and Water Conservation
Bureau (SWCB) in Taiwan. The rainfall-based criteria are used in Taiwan for debris flow warning. Different to rainfall
measurement, the ground surface vibrational signal from a debris flow has been studied more widely in recent years. Sensors of
geophone (short period seismograph) and broadband seismograph are commonly used for debris flow monitoring. In this paper,
the signal analysis of debris flows was performed by calculating the vibrational energy. The comparison of the analysis results
indicated that when the energy ratios of at least two of the axes are greater than 1.12, a debris flow is highly likely to occur. The
starting point in the increasing trend of vibrational energy implied the possible warning time point for debris flow. Vibration
examples of debris flow and earthquakes were also compared in this paper.

Keywords: debris flow; vibrational energy; signal analysis; geophone

1. Introduction

According to World Bank reports (Dilley et al., 2005), Taiwan is classified as a high-risk area of many types of
natural hazards. Among the natural hazards, the slope-related hazards, landslides and debris flows, are the two most
serious disasters to people in Taiwan (Huang et al., 2016). With the increasing impacts of climate change and extreme
weathers, Taiwan has suffered more from seasonal heavy rainfalls and typhoons than usual. To protect people from
the impacts of debris flows, Taiwan government, Soil and Water Conservation Bureau (SWCB), started to build debris-
flow monitoring stations and a warning system since 2002. Currently there are 19 debris-flow monitoring stations in
Taiwan. Most of the stations are located in central Taiwan.

The warning system developed by SWCB for debris-flow disasters was primarily based on the estimation and
prediction of rainfalls. The warning model was derived from researches in which the rainfall was widely used as the
major triggering factor for debris flows (Jan et al., 2003; Jan and Lee, 2004; Lee 2006). The measurement of rainfall,
however, is an indirect measurement of debris flows (Huang et al., 2013). The rainfall warning is useful for disaster
response but usually results in "false alarms”. Another measurement used to identify the occurrence of debris flows
was to apply geophone (short period seismograph) and broadband seismograph (Chu et al., 2014; Huang et al., 2012),
which are direct measurements of debris flows (Huang et all, 2013). Geophones and broadband seismographs detect
the ground surface vibrations generated by the movement of a mixture of rocks, gravels, and soil within a debris flow.
The vibration signals of debris flows cases in Shenmu, Taiwan, were used and analyzed in this paper to discuss the
characteristics of debris flows. The energy of debris-flow vibrational signals was the focus of discussion in this paper.

* Corresponding author e-mail address: ninerh@mail.fcu.edu.tw
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2. Study Area and Case Histories

The Shenmu Debris-Flow Monitoring Station is located at the Shenmu Village in central Taiwan, where debris
flows frequently occur (Lee et al., 2014). The local village is adjacent to the confluence of three high-potential debris-
flow torrents: Aiyuzi Stream (DF226), Huosa Stream (DF227) and Chushuei Stream (DF199). Table 1 summarizes
the environment of the Shenmu area and Fig. 1 shows the terrain of the three aforementioned streams. The length of
streams and catchment areas are summarized in Table 2, as well as the landslide areas at Shenmu area after 2009. In
Shenmu, the debris flows commonly occurr at the Aiyuzi Stream due to its shorter length and large landslide area
located in its upstream (Huang et al., 2013). Some of the debris flows that happened in the Aiyuzi Stream, along with
other debris flows that transpired in the Shenmu area, were considered for this paper. Table 3 contains a list of debris-
flow occurrences in the Shenmu area.

Table 1. Environment of Shenmu Monitoring Station (Huang, et al., 2013)

Location Shenmu Village, Nantou County Debris Flow No. DF199, DF227, DF226
Catchment Zhuoshui River Streams Chusuei, Huosa, Aiyuzi
Debris Flow Warning Threshold 250 mm Hazard Type Channelized debris flow
Monitored Length 5.518 km Catchment Area 7,216.45 ha (Shenmu)
Geology Neogene sedimentary rock Slope at Source 30~50°
Landslide area Large, 1% = landslide ratio =5% Sediment Average debris material size: 37-12”
Vegetation Natural woods, medium sparse Damaged by debris, overflow
Engineering Practice None Priority of Mitigation High
Station Elevation 1,187 m Coordinate (TWD97) X:235367 Y:2602749
Residents Facility Transportation
Protected Targets > 5 households school roads, bridges
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Figure 1. The terrain (a) and landslide areas (b) of Shenmu area. (Lei et al., 2014)

Table 2. The landslide area in Shenmu after 2009 (Huang, et al., 2013)

(b)

Debris Flow No. Stream Length (km) Catchment Area (ha) Landslide Area (ha)
DF199 Chusuei Stream 7.16 861.56 33.29
DF227 Huosa Stream 17.66 2,620 149.32
DF226 Aiyuzi Stream 3.30 400.64 99.85
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Table 3. Debris flow hazard history of Shenmu (after Huang, et al., 2013)

Date Event Location (stream) Occurrence Hazard Type
2004/6/11 - Aiyuzi 16:42 debris flow
2004/7/2 Typhoon Mindulle Aiyuzi 16:41 debris flow
2005/7/19 Typhoon Haitang Chusuei, Aiyuzi - flood
2005/8/4 Typhoon Matsa Chusuei, Aiyuzi - flood
2005/9/1 Typhoon Talim Chusuei, Aiyuzi - flood
2006/6/9 0609 Rainfall Chusuei, Aiyuzi about 08:00 debris flow
2007/8/13 0809 Rainfall Chusuei - flood
2007/8/18 Typhoon Sepat Chusuei - flood
2007/10/6 Typhoon Krosa Chusuei - flood
2008/7/17 Typhoon Kalmaegi Chusuei - flood
2008/7/18 Typhoon Kalmaegi Aiyuzi - flood
2009/8/8 Typhoon Morakot Chus;llil(,)?;yum, 128520(533?;%%3) landslide, debris flow
2010/9/19 Typhoon Fanapi Huosa - flood
2011/7/13 - Aiyuzi 14:33 debris flow
2011/7/19 0719 Rainfall Aiyuzi 03:19 debris flow
2011/11/10 1110 Rainfall Aiyuzi 13:17 debris flow
2012/5/4 0504 Rianfall Aiyuzi [ debris flow
2012/5/20 - Aiyuzi 8:15 flood
2012/6/10 0610 Rainfall Aiyuzi o debris flow
2012/6/11 0610 Rainfall Chusuei 17:08 flood
2013 0517 Rainfall Aiyuzi 07:02 (May 19) debris flow
2013 Typhoon Saulik Aiyuzi 06:54 (July 13) debris flow
2013 Typhoon Trami Aiyuzi 22:41 (Aug. 21) flood
2014 0520 Rainfall Aiyuzi 12:53 (May 20) debris flow
2017/6/01 0601 Rainfall Aiyuzi 11:40 (June 02) debris flow

3. Shenmu Debris-Flow Monitoring Station

The Shemu monitoring station includes sensors and instruments including a rain gauge, water level meter, wire
sensor, soil water moisture sensor and CCD camera. The station has a data center to receive and transmit debris-flow
information from the site to the emergency operation center (EOC). Fig. 2 shows the monitoring layout at Aiyuzi
Stream and the other two streams. Among these sensors, the rain gauges measure the rainfall, a major cause of debris
flow, in real-time manner and are usually used for warning criteria. The wire sensors, geophones and broadband
seismographs function as indicators when a debris flow actually occurs. Unlike the other sensors, the CCD camera is
used for identifying, in real-time, if a triggered warning is a "false alarm" or a real debris flow. The camera is also
used to capture images of the debris flow.

- O o
s Data center “\“ Wire sensor

# Rain gauge *; Geophone

Soil moisture
Camera
sensor A4

Figure 2. Shenmu Debris-Flow Monitoring Station, Shenmu, Nantou, Taiwan.
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4. Characteristics of Vibration Signals

The events in Table 4 were used for signal analysis and discussion in this paper. Two earthquake events were
included in order to compare the signal characteristics with those of debris flows. The signal was studied and analyzed
by means of time-series data (original velocity records), Fast Fourier Transform (FFT), and Gabor Transform (Huang
et al., 2016). Typical vibrational signal in the time-domain is illustrated in Fig. 3. The vibrational signal of Hualien
Earthquake event is shown in Fig. 4. It is noted that the signal patterns of debris flow and earthquake are different.
Earthquake signals had more apparent and intensive responses than a debris flow in the low frequency range (i.c., less
than 5 Hz). This is because an earthquake usually generates stronger energy and the vibration propagates a longer
distance than a debris flow.

Table 4. Events selected for analysis.

Year Event Max. hourly Flow speed Warning  Debris flow  Debris Debris Flow Used for analysis

rainfall (mm) (m/s) announced”  arrived”™ Flow? Scale (G or BS)™

2011 1110 Rainfall 17 1.77 13:18 13:29 Y medium G
2012 0504 Rainfall 11.5 NA NA 16:09 Y small G
2013 0517 Rainfall 45.5 NA NA 07:02 Y medium G
2013 0530 Heavy Rainfall 15 ~1.0 NA ~15:24 Y small BS
2013  Typhoon Saulik 51.5 8.52 6:47 6:54 Y large G & BS
2014 0520 Heavy Rainfall 39.5 4.87 NA™ 12:53 Y mef;r‘g: to G &BS
2017 0211 Tainan

211 Earthquake® (01:12) NA NA NA NA N NA G
2018 0206 Hualien NA NA NA NA N NA G&BS

2/06  Earthquake® (23:50)
*, *%*: the time recorded based on the geophone at the upper stream of Aiyuzi River. ***: communication unstable, no records.
**#%: G for geophone (GS-20 DX) and BS for broadband seismograph (Yardbird DF-2)

a: epicenter at (22.87N, 120.14E), M=5.7 (Richter scale), distance to Shenmu station is about 103,394 m.
b: epicenter at (24.10N, 121.73E), M=6.2 (Richter scale), distance to Shenmu station is about 109,231 m.

original data z-axis 13:16~13:22
Shenmu 1110 Heavy Rainfall, 2011

-
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original data z-axis 12:49~12:57
Shenmu 0520 Heavy Rainfall, 2014
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12:50 12:65 12:57
Time (b)

Fig. 3. Comparison of original signals of geophone. (a) Nov. 10, 2011 (b) 0520 Rainfall (after Huang et al., 2017).
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Fig. 4. Vibration signals of 0206 Hualien Earthquake at Aiyuzi stream, Shenmu (a) geophone (b) broadband seismograph

The vibrational signal of ground surface is used for debris flow monitoring more widely than before in recent years.
The major goal is to understand the characteristics of debris-flow signals and to be used for debris flow warning if
possible. For this attempt, Huang et al. (2017) studied the in-situ data and pointed out that the intensity of frequency
of 0~10 Hz reflects longer periods of signals observed usually a few minutes earlier than debris flows reached the
location of geophones in some cases. However, the capability of capturing the low frequencies requires expensive
high-resolution sensors, and this may not applicable in most cases. Therefore, another approach of estimating the
energy of signals was tried and proposed to help debris flow early warning. Fig. 5 shows the energy per second
estimated from the vibrational signals and energy per minute for signals of 0~31.25 Hz. It is obvious form the figure
that peaks are at time close to the arrival of debris flow (jumps in the figure), in both time series of signal and energy.
Also, the energy increases before reaches the peak. This finding provides a hint to determine if a debris flow is coming
by calculating the change of vibrational energy with time. The energy change, i.e., the energy ratio in this study, was
estimated by simply comparing the current vibrational energy with the background average value. The background
average energy was defined as the average energy of all available data before the time point after which the vibrational
energy started to rise clearly. For the purpose of early warning, different time steps of 10, 20, and 30 second were used
to calculate the energy ratio.

Table 5 shows the accumulated signal energy ratios from signals of 0~31.25 Hz and original signals. The higher
ratios in the table indicated larger debris-flow scale, which was compliance with observations. The ratio of
accumulated energy also implies that when the energy ratios of X, Y, Z axes are all or two of them greater than 1.12,
a debris flow is highly likely to occur. Fig. 6 shows examples of vibrational energy of different time steps. It is noted
that there is an increasing path of energy in all time-step estimates. The increasing path is useful to determine the
tuning time point on which the early warning is based. Compared to the debris flow events, there were peaks of the
vibrational signal energy of earthquakes (Fig. 6), but these are “lonely” peaks, indicating an abrupt jump without an
increasing trend in time. The case of 0517 Rainfall in 2013, however, is an exception that has energy ratios of about
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1.0, different to others in Table 5. This can be explained by the signal data in which there is no obvious peak in the

energy time series (Fig. 7).

0504 Rainall, Aiyuzi Upstream, Shenmu (0504/2012 16:00~16:12)

X-axis, energy

X-axis, energy

0520 Rainfall, Aiyuzi Upstream, Shenmu (0520/2014 12:40~12:57)
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Fig. 5. Energy of vibrational signals (a) 0504 Rainfall in 2012 (b) 0520 Rainfall in 2014.
Table 5. Accumulated Signal Energy Ratio (geophone at Aiyuzi upstream, Shenmu)
0~31.25 Hz Energy 0~250 Hz Energy Ratio*, per time step
Year Event (date) . . .
Ratio*, per min. axis 10 sec 20 sec 30 sec
Xk 2.70 X 9.49 5.95 4.08
2011 1110 Rainfall (11/10) Y 3.52 Y 19.92 11.42 7.80
Z¥* 2.40 Z 4.94 343 2.38
X 1.91 X 1.67 1.65 1.60
2012 0504 Rainfall (5/04) Y 1.21 Y 1.15 1.13 1.12
zZ 1.03 zZ 1.03 1.03 1.03
X 1.01 X 1.01 1.01 1.01
2013 0517 Rainfall (5/17) Y 1.07 Y 1.07 1.04 1.01
Z 1.03 Z 1.11 1.05 1.02
X 284.91 X 176.06 163.72 143.78
2013 Typhoon Saulik (07/13) Y 255.05 Y 142.53 122.82 123.89
4 105.10 4 60.80 56.53 63.48
. X 3.83 X 3.83 3.83 3.70
0520 Heavy Rainfall
2014 Y 2.45 Y 2.46 243 2.35
(05/20)
zZ 6.01 zZ 6.02 5.96 591
. X 1.54 X 2.16 1.67 1.48
Tainan Earthquake
2017 Y 1.24 Y 1.38 1.21 1.19
(02/11)
Z 1.47 Z 1.79 1.49 1.33
Hualien Barthauak X 3.16 X 3.25 2.48 2.30
2018 1en BATHAUAKE Y 1.69 Y 178 153 155
(02/06)
zZ 2.51 zZ 245 2.04 2.05

*Energy Ratio = max. value / background value

directions, respectively, and Z axis is the vertical direction perpendicular to X-Y plane.
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Fig. 6. Signal energy of study cases. (a) 0504 Rainfall, 2012 (b) 0520 Rainfall, 2014 (c) 0211 Tainan Earthquake, 2017 (d) 0206 Hualien
Earthquake, 2018

5. Conclusion

This study evaluated the vibration signals of debris flows and earthquakes observed in Shenmu area. The
characteristic frequency of debris flow is in the range of 0~31.25 Hz. In contrast with the debris flow, the characteristic
frequency of earthquake is in the lower range of 0~10 Hz. The cumulative signal energy intensity was studied and
found to be useful in determine the status of debris flow. A debris flow was highly likely to occur when the energy
ratio of axes (X, Y, Z) are or two of them greater than 1.12, based on the cases in this paper. It is also noted that the
increasing path of accumulated energy based on different time steps was useful to determine the turning time point.
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The findings of energy ratio, in association with frequency characteristics, was practically promising for debris flow
monitoring.

0517 Rainall, Aiyuzi Upstream, Shenmu (0519/2013 06:50~07:12)
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Fig. 7. Signal energy of 0517 Rainfall, 2013
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Abstract

Debris-flow events are often comprised by a sequence of surges, sometimes termed roll waves. The reason for this surging behavior
is still a matter of debate. Explanations include the growth of hydraulic instabilities, periodic sediment deposition and release, or
grain size sorting. Also, the shape and the velocity of single surges and the implications for hazard mitigation are hard to predict.
Here we present results of several years of monitoring debris-flow events at the Lattenbach creek (AUT). The monitoring system
includes radar sensors for measuring flow depth at different locations along the channel, as well as a 2-D rotational laser sensor
installed over a fixed cross-section that yields a 3-D surface model of the passing debris-flow event. We find that the debris flows
at Lattenbach creek exhibited surges for each observed event. The celerity of the surges were up to twice as high as the front
velocity. Often, the first surges had highest flow depth and discharge, and showed an irregular geometry. Video recordings reveal
that this might be connected to the presence of large boulders and woody debris. On the contrary, the shape of the surges in the
second half of the flow, which carried smaller grain sizes and less woody debris, were rather regular and showed a striking
geometric similarity, but still high velocities. We tested a recently derived wave equation based on hydraulic theory and found that
the shape of these regular roll waves can be reasonably reproduced by that model. The results of our monitoring efforts aim to
improve our understanding of the surging behavior of debris flows and provide data for model testing for the scientific community.

Keywords: debris-flow surges, roll waves, 2-D laser, wave equation

1. Introduction

Debris flows are commonly described as one or more surges of unsorted sediment and water, sometimes having
steep, granular front followed by an more dilute body (e.g. Stiny, 1910; Pierson 1986; Marchi et al., 2002; McArdell
et al., 2007; McCoy et al., 2013; Okano et al., 2012; Comiti et al., 2014). A hydraulic approach to explain the
development of several surges is based on the observation that in steady uniform flows small perturbations can amplify
without external forcing to create roll waves when a certain flow intensity threshold is exceeded (Dressler, 1949).
Concepts based on hydraulic theory were applied to Newtonian (Dressler, 1949), non-Newtonian (e.g. Ng and Mei,
1994; Zanuttigh and Lamberti, 2007; Longo, 2011; Arai et al., 2013), and granular flows (e.g. Forterre and Pouliquen,
2003; Di Cristo et al., 2009).

Another explanation for the development of surges in flowing debris is connected to the two-phase nature of debris
flows. By dynamic grain size segregation (Johnson et al., 2012), patches of coarse sediment might develop. These
regions of higher flow resistance progressively grow to form wave fronts, which ultimately might de-couple from the
flow ahead. Iverson et al. (2010) described this mechanism for roll waves developing during large-scale debris-flow
experiments.

In natural channels, surge development might also be connected to discrete sediment input from landslides or bank
failure, and/or channel bed erosion. In a study combining high-resolution hydrologic and geomorphic monitoring data

* Corresponding author e-mail address: roland.kaitha@boku.ac.at
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in a recently burned watershed, McGuire et al. (2017) conclude that the mechanism for debris-flow surge initiation is
likely connected to en-mass failure of sediment stores that were periodically deposited in the channel during a storm
event (cf. the sediment capacitor model of Kean et al., 2013).

Independent of the initiation mechanism surges traveling downstream typically show non-equal velocities
(“celerities”) and are often faster than the mean velocity of the debris flow, which is close to the front velocity.
Therefore fast surges may cannibalize slow ones and eventually may overtake the front of the flow. This leads to a
continuous change of the stage hydrograph. Field data on surge development, surge celerities and shapes are rare (cf.
review by Zanuttigh and Lamberti, 2007), and there are also only few approaches to model the downstream
deformation of single waves (Arai et al., 2014). In this contribution we present and analyze monitoring data of observed
debris flows from 2015 to 2017 at Lattenbach creek, Austria.

2. Study area

The Lattenbach creek is a tributary to the Sanna river in the western part of Austria (Tyrol province). The Lattenbach
drains an area of about 5.3 km?, flows through the village of Grins and confluences with the Sanna river at the
community Pians (Fig 1a). The watershed is located at the transition between the so-called crystalline Alps and
limestone formation of the northern Alpine chain. This tectonically heavily stressed and rugged terrain has deep seated
landslides, constantly feeding the channel with fresh sediment. This geomorphological activity is expected to be
connected to the frequent occurrence of debris flows in the watershed.

Site Dawinalpe. «

(1 radar sensor;

1 2D Laser Scan,
1 Video camera) =

Site Grins @ hm13.25

Fig. 1. (a) Overview and location of the study site Lattenbach; (b) photo of the monitoring site Grins.
3. Methods

A meteorological station is located around 300 m west of the Lattenbach catchment at an altitude of 1820 m a.s.1.
The measured parameters at site Dawinalpe include temperature, humidity, radiation, snow height, and rainfall.
Rainfall data was recorded at an interval of 10 min. A channel monitoring system was installed at two locations at the
lower reach of the channel. Over the years several modifications were made to improve the system. Here we describe
the most recent configuration. Site Grins (Fig 1b) is located about 1.3 km upstream of the confluence with the Sanna
river at the end of a reach of check dams and consists of two radar distance sensors (S1 and S2) for measuring flow
height (type Vegapuls WL 61, accuracy +/- 2 mm), a rotational laser scanner (type Sick LMS511-20190, accuracy +/-
3 %), and a digital video camera (type Mobotix M16). The measurement frequency of the radar sensors is 2 Hz and
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that of the rotational laser scanner 36 kHz, with a rotation rate of 25 per second. The laser scanner data was binned at
0.25° intervals and averaged over five consecutive rotations, yielding five data points per bin per second. After
transformation into Cartesian coordinates, mean values over one second were computed for better visualization. The
distance between S1 and S2 is 47 m. Since all sensors are located at the overflow section of a check-dam, channel
erosion is limited to the height of temporary minor deposits from fluvial bedload transport. The laser sensor is installed
at the same location as the upstream sensor S1. At the channel banks additionally seismic sensors (types Sercel SG-5,
Lennartz electronics LE-IDV; sampling rate 100 Hz) were installed.

To record the wave deformation over an extended distance, site Pians was installed 1.14 km downstream of station
Grins, at a location 0.15 km upstream of the confluence with the Sanna river. Only one flow depth sensor S3 (type
Sommer UPM-10, accuracy +/- 10 mm) with a measurement frequency of 2 Hz and a digital video camera (type
Mobotix M16) was installed. The monitoring system is triggered when one of three conditions are met: a voltage
signal from a ripcord upstream of the station Grins, a seismic threshold at Grins, or a flow depth threshold 0.5 m at
S1. The front velocity and the celerity of single surges was estimated by manually determining the travel time of the
front and the peaks of the surges between sensors S1 and S2. Additionally, surface velocity was measured with a high-
frequency Doppler radar system (HF radar, IBTP Koschuch), which was tested and described in Huebl et al. (2018).
Based on the fixed cross-section shape, measured hydrograph and estimated front and surge velocities, the discharge
and the total volume have been estimated.

4. Results
4.1. Debris flows 2015-2017

Between 2015 and 2017 six debris-flow events were registered, with two events occurring on the same day (August
9% 2015). All of the events were triggered by convective rainfall events, with (measured) precipitation durations at
site Dawinalpe between 30 and 120 minutes and precipitation sums between 4 and 24 mm (Fig 2). All of the events
displayed several surges, with a maximum of more than 50 surges for the event on September 10, 2016. For three out
of six events the maximum peak discharge was associated with the first surge and were estimated with 47, 60, and 65
m?®/s. The maximum observed peak discharge was registered for the event in 2016, with 143 m?®/s, exceeding the
engineering design discharge of the 150 year flood event (~30 m3/s) more than four times. We do not find a correlation
between rainfall volume and total event volume.

4.2. Debris-flow event on September 10", 2016

For the debris-flow event in 2016 we counted more than 50 surges. The combined information of cross-sectional
flow depth variations (3-D hydrograph, Fig 3) and surface velocity with time shows that a sequence of very irregular
surges with a wide variety of surface velocities (t ~ 3250 — 3900 sec) is followed by a period of relative regular surges
with velocities around 8 m/s and inter-surge velocities < 1 m/s (t ~ 3900 — 4330). The time refers to the start of data
recording at around 6:00 pm. The debris-flow event lasted another 30 minutes with some minor surges and generally
a more uniform flow depth and surface velocity as shown in Fig 3.
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Fig. 2. Overview of debris-flow stage hydrographs, recorded rainfall sums and calculated cumulative debris-flow volumes at the Lattenbach creek
for the period 2015-2017. The value of HQ,so = 30 m*/s is based on an engineering hydrological assessment by public authorities.
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In Fig 4 we compare the hydrographs measured at site Grins (S1) with the hydrograph measured at site Pians (S3),
which is 1.14 km downstream of Grins. The mean travel time of the front was about 4 min and 16 sec, yielding a mean
front velocity of 4.5 m/s. The manually derived celerity of the surges at site Grins varied between 4 and 12 m/s (Fig
4a). It is interesting to see that the fast moving surges eventually merged with preceding slower ones, leading to one
big first surge that seemed to be slightly detached from the rest of the flow (Fig 4a-b). The tail of the flow again
displays rather regular surges, but with a reduced number. The generally high flow height at site Pians can be explained
by the bedrock reach at Pians, which is much more narrow compared to the cross section at site Grins. To test the self-
similarity of the shapes of surges we overlaid the regular, non-coalescing surges in the back of the flows at both sites.
We find that surges after a longer travel distance are more similar than the ones at the upper station (Fig4 c-d). We
speculate that this might be connected to internal flow dynamics of the very fine grained flows rather than external
forcing, e.g. from lateral or basal sediment input.
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Fig. 4. Stage hydrographs of the debris-flow event at Lattenbach on September 10", 2016, at the site Grins (a) and the site Pians (b); blue boxes
mark the surges used to calculate average normalized surges at site Grins (c) and site Pians (d).

5. Discussion

We tested whether the shape of the visually undisturbed (non-coalescing) surges in the back of the flow can be
modelled by hydraulic theory. For this, we compared the non-dimensional shape of the surges with a recently
developed wave equation for roll wave deformation. The derivation of the equation goes beyond this contribution. A
summary of the model can be found in Arai et al. (2014) as well as in the proceeding of this conference. For the
simplified case of a linear velocity profile the wave equation reads

2 2 92
o 30w _ 07w 1)

atr 277 o&r ”af:z

where ' is the dimensionless variance of the mean flow height (i.e. n' = 0 equals mean flow height), & is a
dimensionless coordinate traveling with the mean wave celerity (i.e. §' = 0 is the center of the surge, &' > 0 is towards
the front, and & < 0 is towards the tail), T’ is the dimensionless time, and p is a measure for the mean flow velocity.
In this equation, all information on flow resistance in packed into the information of mean flow height and mean flow
velocity, and therefore does not require a pre-defined rheologic flow model. Fig 5 shows a comparison of the model
predictions with the observed surges displayed in Fig 4c. We see a reasonable agreement the between the model and
the observation; however, we must note that the variations of the observed surges at Grins are high compared to a later
state of the event as observed at site Pians (data from site Pians could not be used for comparison with the model,
because the no velocity measurements are available).
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Fig. 5. Comparison of the normalized waves recorded at Lattenbach on September 10™, 2016, at the site Grins with model predictions using
Equation 1. Parameters " and ¢’ are as explained in the text; the flow is from left to right.

6. Conclusions

In this contribution we presented monitoring data of debris flows occurring from 2015 to 2017 at the Lattenbach
creek, AUT. In total six events were recorded with event volume of ~ 45,000 m?. Though there was a significant
variation of event volumes, velocities, and water content (visually assessed from videos), the events showed some
common features. All events were triggered by short, intensive rainfalls, all events occurred as a sequence of several
surges, and 5 out of 6 events exceeded the engineering design water discharge with a return period of 150 years. A
rotational laser scanner together with a high-frequency Doppler radar were successfully tested and the data will be
further analyzed. The events with a large event volume showed irregular surges at the front of the flow, which were
associated with large boulders and woody debris. At a later stage the surges appeared more regular and were used for
comparison with predictions from a new wave equation from hydraulic theory. All surges had higher velocities
(celerities) than the front. For the largest event (2016) we observed a significant transformation of the hydrograph
over a distance of more than 1 km resulting in a very large frontal surge and a reduced number of smaller surges.
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Abstract

The instrumental monitoring of torrential catchments is a fundamental research task and provides necessary
information to improve our understanding on the mechanisms of debris flows. While most monitoring sites include
meteorological sensors and analyze the critical rainfall conditions, only very few contain soil moisture measurements.
In our monitoring site, the Rebaixader catchment, 11 debris flows and 24 debris floods were detected during the last
nine years. Herein, the initiation mechanisms of these torrential flows were analyzed focusing on the critical rainfall
conditions and the soil water dynamics. Comparing the temporal distribution of both rainfall episodes and torrential
flows, the Kernel density plots showed maximum values for rainfalls at the beginning of June, while the peak for
torrential flows is at July 20", This means that highest probability of debris flows and debris floods triggering is about
1.5 months later than the one of rainstorms in the catchment. Thus, the antecedent rainfall and especially the soil
moisture conditions may influence the triggering of torrential flows. In a second step, a new updated rainfall threshold
was proposed including total rainfall duration and mean intensity. The analysis of soil moisture data was more
complicated and no clear trends were observed in the dataset. Therefore, additional data has to be recorded in order to
quantitatively analyze the role of soil moisture on the triggering of flows and for the definition of thresholds. Some
preliminary results show that the soil moisture at the beginning of a rainfall event affects the maximum increase of
soil moisture, while a slight trend was visible comparing the initial soil moisture with the necessary rainfall amount
to trigger a torrential flow.

Keywords: monitoring; rainfall infiltration; soil moisture; threshold; Pyrenees

1. Introduction

Detailed data recorded at catchments with monitoring systems are necessary to improve our knowledge about the
triggering mechanisms of debris flows and other torrential processes. Herein, we present data recorded at the
Rebaixader torrent, where torrential activity is high and a comprehensive time series on the initiation of debris flows
and debris floods is available. In this study, we distinguish between the torrential flows using the classification of
Hungr et al. (2001, 2014).

There are three principal approaches to monitor and analyze debris-flows triggering. The most common approach
focuses on rainfall measurements and generally defines thresholds for debris-flow triggering (e.g. Abancé et al., 2016;
Bel et al., 2017; Coe et al., 2008; Deganutti et al., 2000). The second approach analyses the soil water dynamics by
recording moisture and/or pore water pressure in natural slopes of the catchment (e.g. Comiti et al., 2014) or in the
channel bed (McCoy et al., 2012). The third approach investigates the channel discharge (e.g. Gregoretti et al., 2016).

The present investigation focusses on the rainfall and the soil moisture measured at the Rebaixader catchment. The
rainfall time-series covers the last 10 debris flow seasons (2009 to 2018), while the soil moisture records started in

* Corresponding author e-mail address: marcel.hurlimann@upc.edu
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2013. The main objective of the study is to improve our understanding on the initiation mechanisms of debris flows
and debris floods. A secondary goal includes the definition of critical values or thresholds that are necessary
information for the launch of early warning or alarm systems.

2. The Rebaixader monitoring site
2.1. Settings

The Rebaixader monitoring site is located in a small first order basin at the Southern Central Pyrenees, which shows
a typical morphology of a torrential system (Fig. 1) developed in an old glacial valley. The catchment drains an area
of 0.53 km?; the altitude ranges from 1350 m asl at the fan apex up to 2475 m asl at the highest peak. The debris flows
and debris floods initiate in a steep bare scarp with a badland-like morphology and progresses to the channel zone.
This latter is 150 m long and has a mean slope of 21°. At the bottom of the slope, the fan has area of 8.4 Ha and an
average slope of 18°.

The bedrock consists of Palaeozoic slates and phyllites formed during Hercyanian orogeny (Muiloz, 1992), while
the soils include colluvium and glacial deposits. The main scarp is located in a thick lateral till, which consists of
sandy gravels, and provides almost unlimited sediment availability.

The climate conditions are affected by three principal factors: 1) the west winds from the North-Atlantic, ii) the
vicinity of the Mediterranean Sea; and, iii) the orographic effects of the Pyrenean mountain range. In the Pyrenees,
the most common triggering rainfalls are on one side short duration and high intensity convective summer storms, and
on the other side long-lasting rainfalls with moderate intensity during autumn (Hiirlimann et al., 2003).

a)

b ._. -

LR R [
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F=1 fan ) J[
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A

Fig. 1. The Rebaixader monitoring site. (a) General view of the catchment with the open scarp, where the debris flows and debris floods initiate.
(b) Situation of the monitoring stations used in this study (green dot indicates the rain gauge, light blue squares represent the infiltration stations
and the red rectangle specifies the area where the sensors of the flow detection station are installed).
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2.2. Monitoring description

The monitoring in the Rebaixader torrent started in summer 2009 and includes at the moment five different stations.
In this study, we used records of the two meteorological stations METEO-CHA and METEO-TOP, two infiltration
stations (INF-SCARP1 and INF-SCARP2) and the FLOW-WR station, which detects and identifies the different
torrential flows (Fig. 1).

The principal rain gauge is METEO-CHA, which is installed in the lower part of the catchment. It is a standard
tipping bucket rain gauge with a resolution of 0.2 mm (until 2015, the resolution was 0.1 mm). The rain gauge
METEO-TOP was temporarily installed just above the main scarp and not used in this study. The infiltration stations
are built in a steep (30-40°) bare slope at the highest part of the open scarp, which is actually stable but very close to
the most active portion of the initiation zone. They consist of eight soil moisture sensors (Decagon 10HS) and two
water potential sensors (Decagon MPS-2). This set-up is totally different to other sites in the literature, where soil
moisture and pore water pressure are measured in the channel bed (McCoy et al., 2012). All of the monitoring stations
have a sampling rate of 5 minutes.

The most important part of the monitoring system forms the FLOW-WR station, which detects and allows
classifying the flows. Sensors in this station include five geophones, one ultrasonic device, one radar sensor and one
video camera. All these devices are located in the channel reach or at the highest part of the fan (Fig.1) and register
the data at 1 Hz. Detailed information on the monitoring system is available in Hiirlimann et al. (2014).

3. Analysis of the rainfall data

Between July 2009 and September 2018 a total of 11 debris flows and 24 debris floods were observed. Rainfall
data from METEO-CHA are available for all events except one debris flows, which was measured by METEO-TOP.
Moreover, 446 rainfall episodes that did not trigger any important torrential flow were selected. Rainfall parameters
like duration (D), total rainfall (Pi), mean intensity (I) and maximum intensity for different durations (e.g. Imax_smin
for 5 minute), were evaluated. An important and critical task during the rainfall analysis is the definition of the total
rainfall duration. Herein, this parameter was determined by the condition that no rainfall was observed one hour before
and after the episode.

In the first step, the rainfall events were analyzed searching for seasonal or cyclic patterns using Kernel density
plots. The Kernel density is a method to estimate the density of a sample smoothly by removing the dependence of the
end points of histogram bins centering the blocks at each data point (Duong, 2001). The temporal distribution of all
the 481 rainfall episodes (both triggering torrential flows or not) is plotted in Figure 2a. The results show that the
highest density for the rainfall episodes is at 14:00 UTC and between April and July, with a maximum at June 5. If
this density plot is compared with the one of debris flows and debris floods occurrence (Fig. 2b), some interesting
facts can be observed. First of all, the maximum Kernel density for the triggering of torrential flows is shifted 45 days
to July 20 and the range of high density values is between June and August. In contrast, the maximum density of a
trigger is approximately at the same hour as for the rainfall episodes (13:00 UTC). The difference of the temporal
occurrence between rainfall and triggering of torrential flows (about 1.5 months) may be associated with the effects of
antecedent rainfall and the soil moisture evolution during late spring and early summer. The importance of antecedent
rainfall and the corresponding increase of soil moisture has been reported many times in debris-flow and landslide
research (Gregoretti and Dalla Fontana, 2007; Wieczorek and Glade, 2005), but until now no clear relation between
antecedent rainfall and debris-flow triggering was observed at Rebaixader (Abanco et al., 2016). Nevertheless, a
possible effect of snowmelt cannot be neglected for debris flows that occur in late spring or early summer (Hiirlimann
et al., 2010; Abanco et al., 2016). It must be stated that additional information of rainfall (intensity, duration or total
rainfall) was not incorporated in the density plot. However, the measurements gathered at Rebaixader confirm the
hypothesis that debris flows are generally triggered in summer by convective rainstorms of short duration and high
intensity, while long-lasting rainfalls during spring normally not provoke events (Hiirlimann et al., 2014).
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Fig. 2. Temporal distribution of rainfall and torrential activity. Kernel density plots of 481 rainfall episodes (a) and 35 debris-flow or debris-flood
events (b).

In the second step, the rainfall threshold for the triggering of torrential flows was assessed. Abanco et al. (2016)
already proposed two thresholds for the data registered during 2009 and 2014. The present dataset includes additional
records of the last four years. Therefore, the threshold for the relation between total duration and the mean intensity
was reconsidered and updated. The new threshold line was defined applying the following procedure: first, a power-
law trend line was fitted using the data of the 11 debris-flow triggering rainfalls. Then, the scale parameter defined in
the previous step was reduced, keeping constant the exponent, until all the debris flows were located above the
threshold line. The new updated threshold can be expressed by

| =11 D07 (1)
, where | is the mean intensity (in mm/hours) and D is the duration (in hours) of the rainfall events. Although the
rainfall events, which triggered debris floods, were not used to define the threshold, it is noteworthy that most of them

are located above the threshold. Indeed, only four debris floods (usually of small volume) did not fulfill the threshold
condition.
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The resulting threshold is illustrated by the red line and expressed in Eq. (1).

4. Analysis of the soil moisture data

The analysis of the soil moisture due to rainfall infiltration focuses on the station with the longest record (INF-
SCARP1). Figure 4 shows two examples of the soil moisture response during rainfalls that produced torrential flows.
The soil moisture is given by the volumetric water content (VWC) and is measured at three different depths (-15, -30
and -50 cm). The first case shows the fast response and sharp increase of the VWC at the three depths due to a short
and intense rainstorm (Pyt = 15.8 mm in 3.3 h) that triggered a large debris flow of about 10000 m®. The second
example illustrates the soil moisture response during a rainfall with a longer duration and smaller intensity (Pt = 54.5
mm in 7h), which triggered two debris floods with a total volume of about 2000 m>. In this case, the VWC slowly
increased during about 2 — 3 h and maximum values were generally lower than in the first example, although the total
rainfall is more than three times higher. A significant time lag occurred between the start of the rainfall and the increase
of VWC.

Unfortunately, soil moisture measurements are not available for all the debris flows and debris floods occurred in
the site. Technical problems have been occurring many times, since maintenance is complicated in such a remote high-
mountain environment and because processes like soil thawing and freezing, rock falls and other slope instabilities are
very common. Nevertheless, a complete record of rainfall and soil moisture is available for seven of the torrential
events (three debris flows and four debris floods). Figure 5 shows the soil moisture values measured at -30 cm at INF-
SCARPI. The seven events are compared with soil moisture data from non-triggering rainfalls, which were selected
for Imax_smin-values larger than 35 mm/h.

The relation between the initial VWC before the rainfall and the increment of VWC due to the rainfall is presented
in Figure 5a. A tentative trend is observed for the rainfalls that triggered torrential flows: a larger increase of soil
moisture was measured when the soil was dryer at the beginning of the rainfall. In addition, maximum rainfall intensity
recorded in 5 min were compared with the initial VWC (Figure 5b). A slight trend might be identified, which show
that smaller rainfall is needed to trigger debris flows when the initial VWC is higher. Such a pattern was already
observed during a rainfall analysis in Italy (Gregoretti and Dalla Fontana, 2007).
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5. Conclusions

Monitoring data on debris-flow triggering has been recorded in the Rebaixader catchment since 2009. A total of 11
debris flows and 24 debris floods were detected during this period. In this work, we focused on the initiation
mechanisms of these torrential flows by analyzing the critical rainfall conditions and the soil moisture related to water
infiltration into the soil.
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The results show that most of the torrential flows in the test site occurred in summer (between June and August)
and at around 13:00 UTC. In contrast, the highest probability of rainstorms is about 1.5 months earlier (between April
and July), which supports the hypothesis that antecedent rainfall, snowmelt and/or soil moisture conditions are
important for debris-flow triggering. The intensity and duration of rainfall is not included in this analysis, but previous
studies at Rebaixader showed that most debris flows are provoked by short and intense rainstorms in summer, while
spring rainfalls of lower intensity and longer duration normally do not trigger debris flows. In addition, a new updated
threshold was defined including total duration and mean intensity of the rainfalls.

Regarding the soil water dynamics, the VWC changes during rainstorms were analyzed. Preliminary results show
that a higher soil moisture increment is produced when the soil is dryer at the beginning of a rainstorm. Comparing
rainfall and soil moisture measurements, the data indicate that the maximum 5 minutes rainfall intensities required for
the triggering of torrential flows are generally larger than the non-triggering rainfalls, as it could be expected.
Moreover, it seems that the initial soil moisture content affects the values of the triggering rainfalls and smaller rainfall
amounts are necessary to trigger a torrential flow when soil moisture content is higher at the beginning of the rainstorm.
However, a complete data set is available only for a small number of events. Therefore, additional data are necessary
to confirm the former hypothesis and to define threshold values of soil moisture causing torrential flows.

Acknowledgements

The study is funded by the national research project called “Slope mass-wasting under climate change (SMuCPhy)”
granted by the Spain Government (project reference number BIA 2015-67500-R) and co-funded by AEI/FEDER, UE
and the EC H2020 project ANYWHERE (DRS-01-2015-700099).

References

Abanco, C., Hiirlimann, M., Moya, J. and Berenguer, M., 2016, Critical rainfall conditions for the initiation of torrential flows. Results from the
Rebaixader catchment (Central Pyrenees): J. Hydrol., p. 541, 218-229, do0i:10.1016/j.jhydrol.2016.01.019.

Bel, C., Liébault, F., Navratil, O., Eckert, N., Bellot, H., Fontaine, F. and Laigle, D., 2017, Rainfall control of debris-flow triggering in the Réal
Torrent, Southern French Prealps: Geomorphology, 291, p. 17-32.

Coe, J. A., Kinner, D. A. and Godt, J. W., 2008, Initiation conditions for debris flows generated by runoff at Chalk Cliffs, central Colorado:
Geomorphology, 96(3—4), p. 270-297.

Comiti, F., Marchi, L., Macconi, P., Arattano, M., Bertoldi, G., Borga, M., Brardinoni, F., Cavalli, M., D’Agostino, V., Penna, D. and Theule, J.,
2014, A new monitoring station for debris flows in the European Alps: first observations in the Gadria basin: Nat. Hazards, 73(3), p. 1175-
1198, doi:10.1007/s11069-014-1088-5.

Deganutti, A. M., Marchi, L. and Arattano, M., 2000, Rainfall and debris-flow occurrence in the Moscardo basin (Italian Alps), in Proceedings,
Debris-Flow Hazards Mitigation: Mechanics Prediction and Assessment, Taipei, Taiwan, Balkema, p. 67-72,.

Duong, T., 2001, Notes of seminar at Weatherburn Lecture Series for the Department of Mathematics and Statistics, University of Western
Australia, 24th May 2001

Gregoretti, C. and Dalla Fontana, G., 2007, Rainfall threshold for the initiation of debris flows by channel bed failure of the Dolomites, in
Proceedings, Debris-Flow Hazards Mitigation: Mechanics Prediction and Assessment. Chengdu, China, Millpress, p. 11-21.

Gregoretti, C., Degetto, M., Bernard, M., Crucil, G., Pimazzoni, A., De Vido, G., Berti, M., Simoni, A. and Lanzoni, S., 2016, Runoff of small
rocky headwater catchments: Field observations and hydrological modeling: Water Resour. Res., 52(10), p. 8138-8158,
doi:10.1002/2016 WR018675.

Hungr, O., Evans, S. G., Bovis, M. J. and Hutchinson, J. N., 2001, A review of the classification of landslides of the flow type: Environ. Eng.
Geosci., 7(3), p. 221-238.

Hungr, O., Leroueil, S. and Picarelli, L., 2014, The Vares classification of landslide types, an update: Landslides, 11(2), p. 167-194,
doi:10.1007/s10346-013-0436-y.

Hiirlimann, M., Corominas, J., Moya, J. and Copons, R., 2003, Debris-flow events in the Eastern Pyrenees. Preliminary study on initiation and
propagation, in Proceedings, Debris-Flow Hazards Mitigation: Mechanics Prediction and Assessment, Davos, Switzerland, Millpress, p. 115—
126.

Hiirlimann, M., Abancé, C. and Moya, J., 2010, Debris-flow initiation affected by snowmelt. Case study of the Senet monitoring site, Eastern
Pyrenees, in Proceedings, Mountain Risks: Bringing Science to Society, Florence, Italy, p. 81-86.

Hiirlimann, M., Abanco, C., Moya, J. and Vilajosana, 1., 2014, Results and experiences gathered at the Rebaixader debris-flow monitoring site,
Central Pyrenees, Spain: Landslides, 11, p. 939-953.

McCoy, S.W., Kean, J.W., Coe, J.A., Tucker, G.E., Staley, D.M., and Wasklewicz, T.A., 2012, Sediment entrainment by debris flows: In situ
measurements from the headwaters of a steep catchment: J. Geophys. Res. 117, F03016.

Muiioz, A., 1992, Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross-section, in Thrust Tectonics, edited by McClay,
K. R. ed., Thrust Tectonics, Chapman & Hall, pp. 235-246., Chapman & Hall.

137



7" International Conference on Debris-Flow Hazards Mitigation

Debris-flow monitoring using load cells and pressure sensors on
Sakura-jima Island

Takahiro Itoh®* Naoki Fujimura®, Hitoshi Katou, Satoshi Tagata“, Takahisa Mizuyama®

2 Center for Advanced Research and Development,Nippon Koei Co., Ltd., 2304 Inarihara, Tsukuba 300-1259, Japan
®Volcano and Debris Flow Research Team, Public Works Research Institute, 1-6 Minamihara, Tsukuba 305-8516, Japan
‘Nara Prefectural Office, 30 Ohji-cho, Nara 630-8501, Japan
Nippon Koei Co., Ltd., 1-14-6 Kudan-kita, Chiyoda-Ku, Tokyo 102-8539, Japan
®National Graduate Institute for Policy Studies (GRIPS), 22-1 7Chome Roppongi, Minato-Ku, Tokyo 106-0032, Japan

Abstract

Numerous debris flows have recently taken place frequently in Sakura-jima Island located at southwest in Japan due to rainfall
events after ash deposition due to volcanic activities since 2010. Debris-flow measurement system with loadcell and pressure sensor
(DFLP) had been applied for debris-flow monitoring (Osaka et al., 2014). In present study, a modified monitoring DELP system
using load cells and a stainless-steel plate is employed. Mass density and sediment concentration are calculated using data obtained
by the DFLP system and data measured by ultrasonic level meter and surface velocity by of image analyses of CCTV camera.
(Results) Temporal changes of specific weight, sediment concentration and sediment volume of debris-flow in Nojiri and Arimura
Rivers in 2014 were well measured using DFLP system. Sediment concentration and specific weight were calculated in both rivers,
and there are at least 10 data in Arimura River and 8 data in Nojiri River for calculations of temporal changes of mass density and
sediment concentration since 2012 and 2014, respectively. Averaged sediment concentration near peak discharge are calculated as
0.441 in Arimura River and 0.279 in Nojiri River, respectively. However, values of calculated concentration do not always take
correlation with rainfall depth before debris-flow occurrences. Data analyses continuously need by more data collections of debris-
flow events.

Keywords: Debris flow; DFLP; Sakura-jima, Loadcell, Sediment Concentration, Specific Weight

1. Introduction

Numerous debris flows have recently taken place frequently in Sakurajima Island, which is located at southern-
west in Japan, due to rainfall events after deposition of volcanic ash by volcanic activities since 2010, and the number
of debris-flow occurrences has been gradually increasing though volcanic activities were active in 1980s there and the
number of debris-flows occurrences decreased in 1990s to 2000s due to decrease of volcanic activities. The numbers
of debris-flow occurrences are counted by the numbers of disconnected wire sensors. Many kinds of measurements
have been carried out to evaluate flow characteristics of debris flows. In those monitoring, temporal changes of flow
depth, discharge and bed profiles tried to be collected using ultrasonic sensors and video camera, and profiles of bed
elevations were also monitored along the channel for longitudinal deposition and near river mouth in the sea using a
sounding machine, that was for measuring bed elevation due to debris-flow deposition under the sea, to evaluate
sediment runoff volume from river mouth. Sediment in debris-flow bodies was measured using a sampler box produced
by an iron bucket. However, it was quite difficult to obtain continuous data for sediment discharge and the runoff
volume due to debris flows.

A modified debris-flow measurement system with loadcell and pressure sensor (DFLP) system, which is firstly
installed in Switzerland (McArdell et al., 2007), using load cells and an iron plate was installed to evaluate flow
characteristics of debris flows at the Arimura River No. 3 sabo dam in June in 2012 (Osaka et al., 2014). After the

* Corresponding author e-mail address: a6556@n-koei.co.jp
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installation in Arimura River, a system with small size of loadcell and iron plate without accuracy change of
measurements was discussed for easier maintenance, and the newly modified three systems with an iron plate (1 m in
width and 1 m in length) were installed transversely at the No. 1 sabo dam in Nojiri River in March in 2013.

In present study, temporal changes of specific weight, sediment concentration and sediment volume of debris flow
using DFLP systems in Nojiri and Arimura Rivers in 2014 were shown because of well measured data using DFLP
system. Sediment concentration and specific weight were calculated in both rivers, and there are at least 10 data in
Arimura river and 8 data in Nojiri river for calculations of temporal changes of mass density and sediment
concentration since 2012 and 2014, respectively. Averaged sediment concentration near peak discharge are calculated
as 0.441 in Arimura River and 0.279 in Nojiri River, respectively.

2. Installation and modification of the DFLP

Figures 1 to 4 show plan view and longitudinal bed profiles of Noji river and Arimura River, respectively. Nojiri
River is southern-west area in Sakurajima, and is with a watershed area 2.99 km?, bed slope 4.5 % measured from top
of river to the river mouth and flow width 13.2 m at the Nojiri No. 1 sabo dam (see Figs. 1 and 2). Arimura River is
in southern-east area in Sakurajima with a watershed area 1.35 km?, bed slope 19% and flow width 20.5 m at the
Arimura No. 3 sabo dam (see Figs. 3 and 4), though the information is shown in previous research (Osaka et al., 2014).

Herein, in Arimura and Nojiri Rivers where debris flows take place frequently, the number of debris-flow
occurrences in Arimura River exceeds 6 per year: e.g., 6 times in 2010, 6 times in 2011 and 9 times in 2012, and in
Nojiri River exceeds 10 per year, e.g., 18 times in 2010, 10 times in 2011, 21 times in 2012 and 18 times in 2013 in
Nojiri River. In Arimura river, debris-flow measurement system with loadcell and pressure sensor (DFLP) system was
installed in June in 2012, and ultrasonic velocity meter was also set up in 2013 (Osaka et al., 2014). Measurements
using a DFLP system on the bed can obtain temporal changes of data without disturbing debris-flow body. Flow
discharge and depth are measured by image analyses of CCTV or ultra-sonic wave meter. Data sampling and
collections system are introduced in the literature (Osaka et al., 2014).

In Nojiri River, after the installation in Arimura River in 2012, a system with small size of loadcell and iron plate
without accuracy change of measurements was discussed for easier maintenance against mechanical troubles and the
newly modified three systems with an iron plate (1 m in width and 1 m in length) was developed and installed
transversely at the No. 1 sabo dam in March in 2013, as shown in a picture in Figure 1.
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Fig. 1. Plan view of Nojiri River basin and installed various sensors for debris-flow monitoring (Osaka et al., 2014)
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3. Typical debris flows monitored by the DFLP
3.1. Temporal changes of flow discharge, weight and pressure
Many sensors have been installed (see Figures 1 and 3) to measure occurrence and runoff of debris flow, and those
are as follows: Rain gauge on the bed, X-band MP Radar, ultrasonic water level meter, wire sensor, falling ash gauge,

acceleration vibrograph (in only Arimura River) and CCTV camera in Arimura and Nojiri River. In Sakurajima Island,
the number of debris-flow occurrences are counted by the numbers of disconnected wires of wire sensor and wires are
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installed at the position of 60 cm, 120 cm and 180 cm on the bed surface to define debris-flow magnitude. In Arimura
River, debris flow took place 13 times in 2014, and debris flows with middle magnitude were observed on June 27th,
July 30th, August 29th and November 1st, among these events debris flows on June 27th were observed by the DFLP
systems. While, in Nojiri River, debris flow took place 17 times in 2014, and debris flows with middle magnitude
were observed on May 14th, June 21st, June 27th, July 9th, August 1st and November 1st. Debris flows on June 21st
and 27th were measured by three DFLP systems in Nojiri River. In Arimura River, debris flows are observed by the
DFLP system as shown in Figure 3, and sediment concentration of both coarse sediment and suspended & liquid phase
can be estimated by data measured by the DFLP system and calculations (Osaka et al., 2014) as shown in Figure 5.
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Fig. 5. Flow chart for calculations of mass density and sediment concentration using data obtained by the DFLP system (Osaka et al., 2014)
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Fig. 7. Temporal changes of rainfall depth, surface velocity and flow depth measured by ultra-sonic meters, pressure head and weight on the bed
by the DFLP system in Nojiri River (Debris-flow events on 27th June in 2014)

In present paper, monitored data and the related knowledge are introduced for debris-flow events measured well
by the DFLP system in 2012 to 2015. In debris-flow events on 27th June in 2014, two debris-flow surges were
observed with magnitude of 64.4 m®s in peak discharge, 1.1 m in a depth and 13.8 m/s in surface velocity at Arimura
River, because the flow width was not full in spill way of the sabo dam (around 4 m). Debris flows with one surge
took place with magnitude of 1.0 m in peak flow depth at Nojiri River in the day. The velocity and flow depth are
analyzed by image analyses of CCTV video camera in Arimura River, and by data of CCTV video camera and
ultrasonic meter in Nojiri River.

Figure 6 shows temporal changes of rainfall depth, surface velocity and flow discharge, as well as pressure head
and weight on the bed, which are observed at Arimura River. Figure 7 shows temporal changes of rainfall depth,
surface velocity and flow depth measured by ultra-sonic meters, pressure head and weight by the DFLP system at
Nojiri River. In addition, two pressure gauges on the iron plate are set longitudinally with 50 cm in a distance, and the
pressure differences are measured though the value of zero for each pressure meter is moving before events. Those
debris surges can be observed well, and temporal changes of those data are compared with time of disconnected wires.
Wire sensors are at downstream of the monitoring section in Arimura River and, whereas, wire sensors are at upstream
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of the monitoring section in Nojiri River. Differences between arrival time of peak values and disconnected time of
wire appear clearly, and travel time of debris flow is also measured with several sensors.

3.2. Specific weight and sediment concentration

Temporal changes of specific weight, sediment concentration and sediment volume of debris flow using data
obtained by DFLP systems are calculated as flow chart shown in Figures 5, in Nojiri and Arimura Rivers in 2014,
because of well measured data using DFLP system. Detail explanation for calculations of specific weight and sediment
concentration are introduced in Osaka et al. (2014). Specific weight is the ratio of mass density of debris flow to clear
water without a dimension and sediment concentration is volumetric concentration.

The bed slope at the Nojiri No. 7 sabo dam test site is 1/7.6 (7.50 degrees) and the supposed equilibrium sediment
concentration for the bed slope is 0.147 for a specific weight of 2.65 and an interparticle friction angle of the sediment
particles of 34 degrees. The bed slope at the Arimura No. 3 sabo dam is 1/5.3 (10.7 degrees) and recently 1/14 (4.1
degrees). The supposed equilibrium sediment concentration for the bed slope is 0.235 and 0.0721, respectively, for
same values of physical parameters of sediment particles in Nojiri River.

Figures 8 (a) to (b) are calculation data for sediment concentration, specific weight of debris flow, and sediment
discharge rate for events on June 27th, 2014 in Arimura River. Figures 9 (a) to (c) also show calculation data in Nojiri
River.

In Arimura River, sediment concentration and specific weight are calculated as 0.463 and 1.76, respectively, on
June 27th, 2014, and sediment discharge is totally calculated as 46,073 m? in total surges and 22,656 m? in second
surge as shown in Figures 8. Temporal changes of specific weight and sediment concentration can be calculated during
debris flow events using DFLP system. In addition, data for sediment concentration of debris flow is obtained by eight
debris-flow events, and the averaged sediment concentration, which is averaged near peak of debris-flow surge, is
0.441 during June in 2012 to September 2016 in Arimura River (see Table 1).
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River
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In Nojiri River, sediment concentration and specific weight (Fig. 9) were calculated such as 0.552 (left side), 0.667
(center), 0.816 (right side) and 1.94 (left side), 2.13 (center), 2.38 (right side), respectively, in Nojiri River (on 27th
in June, 2014). Effects of channel shifting on mass density and sediment concentration are clearly shown in
measurements in Nojiri River, though the characteristics could depend on flow magnitude of debris flow. Sediment
volume for solid and liquid phase is calculated using data in Figure 9. Total runoff sediment volume is 1,920 m?, and
sediment volume of solid and liquid phase are estimated 1,781 m® and 139 m?, respectively. Moreover, averaged near
peak of debris-flow surge, is 0.279 during June in 2014 to June 2016 in Nojiri River (see Table 1).

Table 1 lists calculated sediment concentration near peak stage by the DFLP system at Arimura River. Disconnected
wire, accumulated rainfall depth and rainfall depth during 10 minutes before debris-flow occurrences are also listed
in the table. Table 2 lists calculated sediment concentration and so on at Noriji No. 1 sabo dam like Table 1. Sediment
concentration seems to be independent on rainfall intensity in Arimura and Nojiri River.

Table 1. Sediment concentration of debris flow calculated by DFLP at Arimura No. 3 sabo dam

Time (y/m/d)

Disconnected wire

Sediment concentration Rainfall depth

Rainfall depth during

(1st, 2nd, 3rd) near peak stage (mm) (*) 10 min. (mm) (**)
2012/6/15 2 0.290 39.0 14.0
2012/6/21 1 0.371 122 10.0
2014/6/27 3 0.288 34.0 11.0
2014/8/1 2 0.295 21.0 15.0
2014/8/29 2 0.515 13.0 6.00
2015/6/3 2 0.491 52.0 7.00
2015/6/11 2 0.554 10.0 9.00
2015/6/14 2 0.551 23.0 7.00
2016/6/27 1 0.654 86.0 12.0
2016/9/20 2 0.402 74.0 16.0
Average 0.441 39.3 9.88

(*) Accumulated rainfall before debris-flow occurrences
(**) Maximum rainfall depth during 10 minutes before debris-flow occurrences (mm)

Table 2. Sediment concentration calculated by DFLP at Nojiri No. 1 sabo dam

Time (y/m/d)  Disconnected wire Sediment concentration Rainfall depth Rainfall depth during
(1st, 2nd, 3rd) near peak stage (mm) (*) 10 min. (mm) (**)

2014/6/21 2 0.156 12.0 5.0

2014/6/27 1 0.191 55.0 10.0

2015/3/19 3 0.435 16.0 6.0

2015/4/6 1 0.371 8.00 7.0

2015/6/6 2 0.187 24.0 7.0

2016/4/21 2 0.182 15.0 8.0

2016/6/19 2 0.270 42.0 19.0

2016/6/27 2 0.443 82.0 12.0

Average - 0.279 23.0 7.00

(*) Accumulated rainfall before debris-flow occurrences
(**) Maximum rainfall depth during 10 minutes before debris-flow occurrences (mm)
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Estimated sediment concentration counts solid and liquid (mud) phase, and the value does not seem to be equal to
the equilibrium sediment concentration of solid phase, that is coarse component of sediment. The bed slope at the
Nojiri No. 7 sabo dam is 1/7.6 (7.50 degrees) and the supposed equilibrium concentration for coarse component of
sediment is 0.147 for the bed slope, and the values of 0.235 and 0.0721 are also supposed respectively for the bed
slope at the Arimura No. 3 sabo dam is 1/5.3 (10.7 degrees) and recently 1/14 (4.1 degrees). Meanwhile, averaged
value of calculated sediment concentration is 0.279 and 0.441, respectively, using the DFLP system. Those values are
almost twice than those of estimation by the equilibrium concentration for coarse components, and we need evaluate
whether those differences are caused by liquid phase (mud), other factors and so on.

4. Conclusions

Debris-flow measurement system with loadcell and pressure sensor (DFLP system) are developed by modification
of the DFLP proposed firstly in Switzerland, to almost directly measure temporal changes of debris flows. In Nojiri
and Arimura Rivers in Sakurajima Island, DFLP systems were installed in March of 2013 and June of 2012,
respectively. Temporal changes of debris-flow quantities need to be evaluated through stable measurement method
such as direct measurements using the DFLP system, because of evaluation for internal flow structures of debris-flow
surges. Several typical debris flows were measured by present methods. Results obtained using the DFLP in present
study are summarized as follows.

(1) Mass density and sediment concentration are calculated using data obtained by the DFLP system and data
measured by ultrasonic level meter and surface velocity by of image analyses of CCTV camera. There are at least
10 data in Arimura River and 8 data in Nojiri River for calculations of temporal changes of mass density and
sediment concentration since 2012 and 2014, respectively. Especially, coarse components (solid phase) and liquid
phase of debris flows can be estimated by calculations using the DFLP system, and those mass density and
sediment concentration are calculated.

(2) Estimations for sediment concentration for each event are compared to rainfall values such as the accumulated
rainfall before debris-flow occurrences and maximum rainfall depth during 10 minutes before debris-flow
occurrences. Averaged value of calculated sediment concentration is 0.279 and 0.441 based on measured data
obtained from DFLP systems in Nojiri No. 1 sabo dam and Arimura No. 3 sabo dam, respectively.

(3) However, values of calculated concentration do not always take correlation with rainfall depth before debris-flow
occurrences. Data analyses continuously need by more data collections of debris-flow events.
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Abstract

The Rieu Benoit is a debris-flow-prone catchment located in Valloire (Savoie, France). In 2011, a lateral landslide was detected
about 600 m upstream of the fan apex where houses are present. This landslide has evolved slowly since 2011 but is likely, in
case of rapid collapse, to provide up to 150,000 to 200,000 m® of material to the channel and generate intense debris flows thus
threatening human settlements on the fan and in the Valloire ski resort. This paper presents a contribution to the definition of a
protection strategy based on the principle that a catastrophic evolution of the landslide can be detected sufficiently in advance to
set up an effective alert procedure. Such early warning system can be designed provided (i) the landslide is instrumented to
properly detect its evolution and characterize the volumes likely to mobilize into debris flows, this is carried out using
photogrammetric, seismic, and electrical techniques; (ii) the interaction between the landslide and the channel is observed and
sufficiently understood, this is carried out using a time-lapse camera taking a picture every two hours and at higher frequency
once a flow is detected by a geophone; (iii) subsequent debris flows are observed and characterized in terms of flow thickness
and velocity, this is carried out at a monitoring station located at the fan apex and equipped with a radar flow stage sensor and
three geophones; (iv) consequences on urbanized areas are evaluated a priori on the basis of scenarios, this is carried out by
simulating the spreading of debris flows for different volumes and material properties. The final step consists in building alert
and evacuation procedures in collaboration with local authorities.

Keywords: debris flow, landslide, monitoring, hazard assessment, risk protection

1. Introduction

The Rieu Benoit is a 6.3 km” debris flow-prone catchment located in Valloire (Savoie, France). Elevations range
between 1,540 and 3,037 m a.s.l. The Rieu Benoit is a tributary of the Valloirette mountain river which flows across
the city and has the capacity to propagate debris flows triggered in its tributaries. Significant events were recorded in
1682, 1934, 1935, 1982, 2006, 2008, 2009 and 2011. In 2011 a lateral landslide (Fig 1.a) was detected about 600 m
upstream of the fan apex where houses, buildings and roads are present (Fig 1.b). This landslide has evolved slowly
since 2011 but is likely, in case of rapid collapse, to provide up to 150,000 to 200,000 m’> of material to the channel
and generate intense debris flows thus threatening human settlements on the stream fan and in the Valloire ski resort.
A scientific study was initiated in the aim of defining a protection strategy based on the concept of integrated
management of natural risks. This strategy is based on the principle that a catastrophic evolution of the landslide
could be detected sufficiently in advance to set up an effective alert procedure. Before setting such a procedure, we

* Corresponding author e-mail address: dominique.laigle@irstea.fr
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need to better understand and quantify all factors potentially contributing to the debris-flow triggering. In particular,
in the case of a landslide triggering, it is critical to unravel the various cascading effects that can lead to increased
risk to the population. This paper focuses on the methodology and monitoring techniques used to address these
questions about the physical processes at work in the considered catchment.

N VRGN

Fig. 1. (a) picture of the stream channel and approximate delineation of the landslide (red dashed line); (b) local topographic map with the
downstream part of the Rieu Benoit stream including the alluvial fan and position of human settlements. The position of the lateral landslide is
given by the red dotted line. Pictures for the photogrammetry study were taken from the positions marked by the blue dots (see section 3.1.). The
yellow dot gives the position of the permanent observation station (see section 4.1.). The pink dot gives the position of the monitoring station (see
section 5.).

2. Objectives and methodology

Our main goal is to analyze the possible cascading effects leading to an increase of the debris-flow risk. This can

be achieved by considering the following points:

Debris flows can be initiated in the upper part of the catchment, we must thus consider them independently of the
landslide. This study will be mainly based on a Lidar survey covering the whole catchment, which will be used to
characterize all the areas of active erosion and to analyze the connectivity of these areas with the hydrographic
network. We supplement this analysis with information on past events from historical archives.

We need to characterize the landslide and, in particular, its volume and conditions of collapse in order to create
scenarios of future evolution (see section 3.)

We need to analyze precisely the processes at the contact between the landslide and the stream channel. This area
has already been recognized as a key-point of debris-flow triggering for the reasons developed in section 4.
Because of the complexity of cascading processes, one can hardly deduce the flow characteristics (depth,
velocity, discharge...) immediately upstream of the areas at stake only from consideration of the triggering
conditions. Thus, we considered monitoring the flows at the apex of the stream fan. This point will be presented
in section 5.

It is only when we understand the exact impact on urbanized areas that we can set up efficient alert systems and
procedures. Our strategy consists in establishing a series of hazard maps based on forecast scenarios of evolution
of the landslide. This point will be presented in section 6.
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3. Landslide monitoring

Before setting a permanent station to monitor the landslide evolution (Larose et al., 2015; Bottelin et al., 2013;
Colombero et al., 2017), we performed preliminary photogrammetric and geophysical studies in order to estimate the
landslide activity and the potential unstable volume, respectively.

3.1. Photogrammetric study

We performed two photogrammetric surveys in 2015 and 2018 to estimate the activity of the landslide. Pictures
were taken from three sites located in the opposite side of the thalweg and represented by blue dots in Fig 1.b. Each
pixel of the photos represents a 3 cm x 3 cm surface of the terrain and the elevation, measured with a RTK GPS, is
known with a precision of 4 to 6 cm. On Fig 1.a, we can clearly see the headscarp and the lower gully. The
difference between 2015 and 2018 surveys (Fig 2.) reveals maximum motions of 1.5 m, with erosion zones mainly
located at the top of the gullied area and, to a lesser extent, at the headscarp. No massive motion is observed and the
material moved over three years is estimated at 230 m’.

Fig. 2. Difference between the November 2015 and July 2018 photogrammetric surveys. Red: accumulation. Blue: erosion. The maximum
motion is 1.5 m and the displaced volume is estimated at 230 m®. The red dashed line gives an approximate delineation of the landslide. The
black line marks the position of the seismic tomography profile (see section 3.2.)

3.2. Geophysical investigation

A geophysical campaign including seismic and electrical tomography profiles was carried out in July 2018 with
the aim of determining the geological structure of the slope and the prone-to-move volume. Fig 3. shows the seismic
image (P-wave velocity) obtained along the slope (black line in Fig 2.). The analysis of both electrical and seismic
results has led to the detection of three layers: (1) a thin, low-velocity (300-600 m/s) layer of grass cover and
colluvium, (2) a 20-m-thick till layer with a velocity ranging from 800 m/s to 1,000 m/s, (3) a high-velocity (from
2,000 m/s to 2,800 m/s) layer, probably corresponding to the weathered bedrock. The permeable till layer is drained
and the water table is low, probably located close to the interface with the bedrock.
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Fig. 3. Seismic tomography profile (P-wave velocity) performed along the slope (black line in Fig 2.) in the upper part of the landslide (over the
gullied area).

The landslide develops in the till layer with a rupture surface (bottom of the layer) located at about 20 m below
the surface (Fig 3.). From this observation, we estimate that the maximum volume of the prone-to-move material is
between 150,000 and 200,000 m’. By creating different landslide scenarios, we will be able to estimate the soil
volume that could reach the thalweg and generate debris flows.

4. Monitoring the landslide — stream channel interaction

The contact zone between the landslide and the stream channel is of particular interest for several reasons. The
slope gradient of the stream channel is higher in this area compared to values observed upstream and downstream.
The destabilization of this section by erosion could lead to the release of substantial quantities of solid material,
independently of the landslide activity. Additionally, it could destabilize the bottom of the landslide and trigger its
collapse. In the absence of significant erosive processes of the streambed, the collapse of the landslide would provide
large quantities of solid material in this area, which are likely to be remobilized by water or debris flows coming
from the upstream part of the catchment. For these reasons, it was decided to specifically monitor this area by
combining two techniques: permanent observation using a camera and quantitative evaluation by comparison of
DEMs obtained by Lidar surveys before and after some substantial activity is detected by the camera.

4.1. Permanent observation station

The permanent station was installed on the North bank of the stream, about 50 m above the channel. Its position is
given by the yellow dot in Fig 1.b. It is mainly composed of a camera (Canon Rebel T6") aimed upstream toward the
base of the landslide, and a time-lapse controller (DigiSnap Pro™) taking a picture every two hours in normal
conditions. The camera is installed on a mast, protected by a waterproof box and electric power is supplied by a solar
panel (Fig 4.a). The pictures (Fig 4.b) are locally stored in full resolution and some of them are compressed and
transferred using the GPRS network. The pictures are regularly visually checked to detect signs of morphological
(erosion/deposition) evolution in this area. Additionally, to enhance the temporal resolution during an event, the
camera is triggered by an external input based on a geophone sensor. This geophone, installed near the stream on a
lateral bank, measures the vertical ground displacement speed. The geophone signal is digitalized and processed by
an Arduino Nano® and triggers the camera every 4 seconds if it overcomes a calibrated threshold. More technical
information is available in Piton et al. (2018).
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Fig. 4. (a) The permanent observation station installed about 50 m above the stream channel on the left bank and pointing upstream. Its position is
given by the yellow dot in Fig. 1.b; (b) Example of a picture shot by the camera, the gullied part of the landslide can be seen on the top right side
of the picture

4.2. Lidar survey of the landslide — stream channel interaction area

The direct observation of the landslide — stream channel area helps detecting processes but is not sufficient to
quantify them. In that aim, we acquire a series of high-resolution DEMs of the area of interest: one initial DEM
acquired in July 2018 used as a reference and one DEM each time movements are detected. Comparison of the
DEMs will provide a basis for quantification. Such strategy requires acquisition techniques that can be quickly
deployed. For this reason, we have chosen to carry out surveys with the help of a drone (Escadrone SIX 3%, Fig 5.a)
equipped with a Lidar (YellowScan Surveyor Ultra®). A 3D representation of the initial DEM, which has a
resolution of one point every 0.1 m, is given in Fig 5.b.

Fig. 5. (a) operating the drone; (b) 3D representation of the initial DEM acquired in July 2018 by the Lidar installed under the drone
5. Monitoring floods and debris flows at the fan apex

The main threat on human settlements comes out of the flows that are likely to reach the Rieu Benoit alluvial fan
and the Valloirette downstream. Characteristics of the floods and debris flows in this area can hardly be deduced
from the consideration of triggering processes only. That is why we decided to install a monitoring station at the fan
apex with the objective to directly measure flow depths and velocities and to discriminate between floods with
bedload transport and debris flows (Fontaine et al., 2017). The monitoring station (Fig 6.) is set up at the outlet of the
gorge overhanging the fan (pink dot in Fig 1.b). It is equipped with a tipping bucket rain gauge, a radar flow stage
sensor and a set of three vertical geophones, about 100 m away. Data are recorded by an environmental datalogger
(Campbell Scientific CR1000X®) powered by a solar panel, and are stored in a SD card (Bel et al., 2017). Thanks to
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the geophones located along the channel at a known distance, we can assess the velocity of the debris-flow front on
the basis of the phase shift between the peak intensities of vibrations detected by each instrument (Arattano &
Marchi, 2005). Flow stage and conditioned seismic signal are sampled at a 20-Hz frequency. Rainfall is totalized
over a 5-min period.

£
£
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I

Fig. 6. Flow monitoring station located at the fan apex (pink dot in Fig 1.b) with: rain gauge, solar panel and flow stage sensor on cables; all
devices are connected to a datalogger.

6. Debris-flow event scenarios and associated hazard maps

As the volume of material mobilized during a single event cannot be known long before the debris flow triggers,
the adopted strategy consists in building a series of scenarios and analyzing the respective possible consequences on
urbanized areas. In practice, the consequences of each scenario, and, in particular, the affected area, are assessed
with the help of the 2D numerical model Lave2D (Rickenmann et al., 2003) dedicated to the computation of debris-
flow spreading. This model is based on shallow-water equations and on the assumption that the mechanical
properties of the flowing material are properly represented by a Herschel-Bulkley rheological model, which is
reasonable on this site. Each scenario will be defined as a set of input parameters: the total debris-flow volume, the
peak discharge at the fan apex and the rheological parameters — yield stress, density and consistency. Simulations
will be carried out on a high-resolution 1 m x 1 m DEM based on an airborne Lidar survey.

Fig 7. gives a preliminary example of such computation (with no practical pertinence), using a rough DEM and
for a debris-flow volume of 50,000 m’. The recent acquisition of a precise DEM based on a Lidar survey will
improve the assessment of the affected areas related to debris-flow scenarios. Once all hazard maps are available, we
can quickly and easily estimate the downstream consequences of any collapse or triggering process observed
upstream and we can define protection measures accordingly.

151



Laigle / 7" International Conference on Debris-Flow Hazards Mitigation (2019)

Fig. 7. Tentative example of computation of the area affected by debris flows for a single scenario, this example of a 50,000 m’ debris-flow
spreading computed using a rough DEM is given for illustrative purpose only.

7. Conclusions

We have presented the principles of a protection strategy based on the concept of integrated management of
natural risks and its application on the Rieu Benoit catchment, Valloire municipality, Savoie, France. The main
threat on this site results from the recent activation of a lateral landslide which is likely to drastically increase the
intensity of phenomena in this debris-flow-prone catchment. We have mainly presented the monitoring activity
developed to improve understanding of the cascading effects, which, from a landslide collapse, may lead to debris-
flow spreading in the urbanized areas of the Valloire ski resort. This study will help defining event scenarios and
assessing the corresponding hazards more accurately. The next steps will consist in: 1) defining the features of a
permanent alert system to be installed and transferred to the local municipality, and 2) collaborating with the local
municipality to define a crisis management plan (information, warning, evacuation of the population...).
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Abstract

The destructive nature of debris flows makes it difficult to quantify flow dynamics with direct instrumentation. For this reason,
seismic sensors placed safely away from the flow path are often used to identify the timing and speed of debris flows. While seismic
sensors have proven to be a valuable tool for event detection and early warning, their potential for identifying other aspects of
debris flows (such as sediment concentration) is less studied. Here, we use two monitoring sites to investigate the extent to which
debris-flow dynamics can be decoded from ground vibrations. One site is a bedrock channel in a steep semiarid basin in central
Colorado (Chalk Cliffs), and the other is in a debris-flow channel incised in alluvium in a recently burned area in southern California
(Van Tassel). At both sites, seismic data are measured with geophones (4.5 Hz) mounted next to the channels and sampled at high
frequencies (500-1000 Hz). Independent constraints on flow dynamics are provided by laser distance meters to record flow stage
(at 10 Hz) and high-definition video cameras to record flow velocity and qualitative estimates of sediment concentration. The
observed debris flows at Chalk Cliffs typically consist of a series of short-duration (~30 second) surges with total durations of <40
minutes and have coarse-grained fronts and fluid-rich tails. In contrast, the events at Van Tassel are longer duration flows (>40
minutes) that begin as debris flows and transform into more steady debris floods. The arrangement of sensors at both sites allows
us to identify correlations between vertical ground velocity, frequency, flow stage, and qualitative estimates of sediment
concentration.

Keywords: debris flow; flood; seismic; ground vibrations; post-wildfire; channel; frequency; spectrum; Colorado; California

1. Introduction

Debris flows and landslides generate seismic signals as they move downslope, which can be used to detect the event
and provide early warning for communities downstream (e.g., Arattano, 1999; Hiirlimann et al., 2003; LaHusen, 2005;
Allstadt, 2013). A debris flow is a fast-moving flow, which carries a large amount of fine to coarse sediment
downstream in steep mountainous areas. Debris flows may mobilize from the failure of a discrete landslide (e.g.,
Iverson, 1997), or they can be triggered by runoff and associated sediment entrainment (e.g., Coe et al., 2008). Runoff-
generated debris flows, which are the focus here, typically occur in semiarid areas with abundant loose sediment
situated downslope of low-permeability surfaces, such as bedrock in alpine areas or water-repellent soil in recent burn
areas (Kean et al., 2013). Regardless of the style of initiation, the fast-moving and destructive nature of debris flows
makes them difficult to monitor. Geophones, which can measure the ground vibrations produced by debris flows, are
a robust monitoring tool because they can be placed a safe distance away from the flow path. Using seismic signals to
understand debris-flow and sediment transport processes requires an understanding of how the seismic waves are
generated. Quantitative models have developed specifically for bedload in rivers (e.g., Govi et al., 1993; Burtin et al.,
2008, Tsai et al., 2011; Gimbert et al., 2014; Roth et al., 2016), but the equivalent for debris-flow processes is in its
infancy (Huang et al., 2007; Kean et al., 2015; Lai et al., 2018; Allstadt et al., 2019). Here, we use ground vibrations
created by debris flows at two sites with different flow and geologic characteristics to help extract information on flow
dynamics that is not available from other instrumentation (e.g., stage sensors and videos) and to better understand the
relation between a flow and the seismic signal it generates.

* Corresponding author e-mail address: abigailmichel7@gmail.com
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Fig. 1. Views from the banks of (a) the bedrock channel at Chalk Cliffs (5.5-m long reach), CO, and (b) the sediment covered channel at Van Tassel,
CA (9.3-m long reach). (c) Locations of both study sites. (d) Cross section of Chalk Cliffs channel (red) and Van Tassel channel (black) at
monitoring site locations. Diamonds show the locations of the geophones in the cross section.

2. Study Sites

The two study sites (Fig. 1 and Table 1) have semiarid climates and debris flows that are primarily triggered by
runoff and associated sediment transport. One site is a narrow bedrock channel at the outlet of a 0.06 km? alpine basin
in central Colorado (Chalk Cliffs), and the other site is a wider sediment-covered channel at the outlet of a recently
burned 4 km? basin in southern California (Van Tassel). Although the two locations have similar debris-flow initiation
processes, the two sites have substantially different drainage areas, channel dimensions, and geologic materials, and
thus, have different flow characteristics and seismic signals. Both Van Tassel and Chalk Cliffs have similar
instrumentation (described below) with high-frequency data recorded during rainstorms.

2.1. Van Tassel, California

The Van Tassel site is in the Angeles National Forest within the granitic San Gabriel Mountains in southern
California. Most of the drainage area above the station was burned at moderate and high severity by the Fish fire,
which began on June 20, 2016. Wildfires temporarily alter the hydrologic response of a watershed by decreasing the
infiltration capacity of the soil and making soils easier to erode (Moody et al., 2013). These changes greatly increase
the susceptibility of steep basins to debris flows for several years after the fire (Cannon et al., 2010). Between the fire
and the first winter rainstorm in December 2016, the channels above the Van Tassel basin were loaded with dry ravel
from the steep (>35°) burned hillslopes. The dry ravel further increased the sediment cover at the station (Fig. 1b). We
analyze the first two flow events after the fire. The first event on December 16, 2016, was a debris flow (sediment
concentration >40%), and the second event on January 20, 2017, was a debris flood (sediment concentration between
10% and 40%) (Fig. 2).

2.2. Chalk Cliffs, Colorado

Chalk Cliffs is in the Sawatch Range of the Rocky Mountains in central Colorado. The cliffs are a band of
hydrothermally altered quartz monzonite that is highly fractured. Additionally, the area has very sparse vegetation
cover and 60% of the drainage is exposed bedrock (Coe et al., 2008). The slopes in the basin are very steep, with
colluvium slopes ranging from 25° to 40° and bedrock slopes ranging from 40° to almost vertical (Coe et al., 2008).
Several debris flows occur each year between May and October, when intense rainfall produces runoff from the steep
slopes that entrain loose channel material accumulated from winter rockfall. The debris flows at Chalk Cliffs are short
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in duration (<40 min) compared to Van Tassel and generally contain a series of surges (~30 seconds each). The channel
at the monitoring station is typically covered with sediment from the beginning of the summer until debris flows scour
the channel to bedrock by mid-summer. The sediment cover has a strong damping effect on the debris-flow ground
vibrations (Kean et al., 2015). Here, we focus on two events when the channel had a bare bedrock bed, to contrast the
signals with the sediment-covered Van Tassel channel (Fig. 1a, 1b).

Table 1. Summary of site characteristics

Site Characteristics Van Tassel Chalk Cliffs

Setting Recent burn area Alpine

Drainage area 4 km? 0.06 km?

Channel width 7m 3m

Channel slope 7° (over 30 m) 17° (over 42 m)

Channel material Sediment covered (Alluvium)  Exposed bedrock (Quartz monzonite)
Debris-flow duration >40 min <40 min with ~30 sec surges

3. Measurement Methods and Data Analysis

The debris-flow monitoring systems at Van Tassel and Chalk Cliffs are similar and record high-frequency data
when a rainfall threshold is exceeded. The instrumentation at each site includes a rain gage, multiple geophones, a
laser distance meter to measure flow stage, and a high-definition video camera to record flow characteristics and
velocity. Rainfall is measured using a tipping-bucket rain gage, installed near the channel cross sections, and sampled
every 2 seconds. Rainfall data are used to calculate 5-minute peak rainfall intensities (ls), which have been closely
correlated with debris flows in both study settings (Kean et al., 2013). Both sites use 4.5 Hz geophones connected to
a seismic data recorder. Both seismic stations are digitized at a high gain of 32, have 629,327 counts per volt, and a
geophone sensitivity of 32 v/m/s. At Van Tassel, there are three single-channel geophones mounted vertically along
the channel and sampled at a rate of 500 Hz. At Chalk Cliffs, there are two triaxial geophones that are sampled at a
rate of 1000 Hz. In this analysis, we focus on the records from a single vertical geophone at each site, which is located
on the side of the channel at the same cross section where stage is measured (Fig. 1d). Laser distance meters are used
to measure flow stage at both sites. They are suspended ~3 m above the channels and sampled at a rate of 10 Hz. The
Chalk Cliffs laser is installed on a bridge section directly over the channel (Fig. 1a). Distance measurements are
converted to flow stage above the bedrock channel bed. To avoid the possibility of being destroyed by large flows, the
laser distance meter at Van Tassel was not mounted directly over the channel. Instead, the Van Tassel laser is
suspended at an angle on the side of the channel (Fig. 1b). Flow stage at Van Tassel is estimated by multiplying the
laser distance measurements by the cosine of the shot angle. High-definition cameras at both locations are used to
record information on flow type and velocity during daytime events (see Smith et al., 2019). Video and seismic
recording is triggered using a rainfall threshold. At Van Tassel, there is a single camera mounted on the side of the
channel. At Chalk Cliffs, there are two cameras, one located at the bridge cross section at the channel (view in Fig. 1a)
and another on the opposite side of the basin with a broader view of the channel (view in Fig. 2a and 2b). We use the
videos and their audio to interpret how the flow characteristics, such as sediment concentration, vary with time and as
a timeline of events to compare to seismic observations.

From each site, two events with different levels of sediment concentration were chosen for analysis. A low-water
content (sediment-rich) debris flow at Chalk Cliffs occurred on August 4, 2017, and was triggered by a rainstorm with
a peak Is of 20 mm/hr. The surges are typical at the site and consist of coarse-grained fronts and fluid-rich tails lasting
less than a minute in duration (Fig. 2a). A second more watery debris flow at Chalk Cliffs occurred a day later, on
August 5, 2017, when rainfall intensities were much greater (Is = 80 mm/hr) than the previous day. This debris flow
lasted approximately 13 minutes and contained a series of sediment-rich surges embedded within a steadier, more
watery flow. This event also had a higher peak surge velocity (7.2 m/s) than the previous day (2.6 m/s) (Fig. 2b). The
maximum grain sizes in the August 5 debris flow (~0.3 m, Fig. 2a) were also larger than on August 4 (~0.1 m, Fig.
2b). At Van Tassel, the first event was a debris flow that occurred on December 16, 2016, during the first major
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Fig. 2. (a) Low-water content debris flow at Chalk Cliffs on August 4, 2017; (b) High-water content debris flow at Chalk Cliffs on August 5,2017;
(c) Debris flood at Van Tassel on January 20, 2017. A ~1-m diameter boulder can be seen in the left of the image. An image of the December 16,
2016 debris flow at Van Tassel is not available because the event occurred at night.

rainstorm after the fire, with a peak Is of 60 mm/hr. The event occurred at night, and the video images were too dark
to interpret. Although video cannot confirm the flow was a debris flow, we assume it was a debris flow based on the
characteristics of the flow-stage time series, which show an abrupt rise in stage similar in shape to surge fronts
measured in other post-fire debris flows in southern California (Kean et al., 2011). The second event at Van Tassel
was a debris flood that occurred on January 20, 2017, following the third major rainstorm after the fire (Is =40 mm/hr).
This flow lasted approximately 40 minutes, had a flow velocity of approximately 5 m/s, and transported ~1-m diameter
boulders (Fig. 2¢) and large woody debris.

For each event, the seismic records were corrected to physical units of vertical ground velocity (V) and plotted
with flow stage. Vertical ground velocity was determined from a function of the recorded counts, gain, and sensitivity
of the geophone and digitizer. Spectrograms were then created with a 5-s window and were normalized by their
respective absolute maximums. Most of the periods with high seismic power were correlated with times of high stage.
However, raindrop impacts also contributed to the seismic signal at both sites with comparable amplitudes as
vibrations generated by the flows. We isolated the seismic signature of rainfall impacts by analyzing the geophone
time series during the intense triggering rainfall that occurred before the arrival of the flows. The timing of this rainfall
noise was closely correlated with the time stamps of rain gage bucket tips. We found that rainfall impacts generally
create high-frequency seismic energy on our sensors (~>30 Hz), whereas the seismic signal of the flows produced
energy at both low and high frequencies (~<30 Hz and ~>30Hz, respectively). To remove rainfall noise, we applied a
lowpass Butterworth, zero-phase filter to the geophone signals with a cutoff frequency of 30 Hz. After applying the
filter and examining the time series of each event, it was clear that most of the effect from the rainfall had been
removed while the low-frequency signal from the flows remained (Fig. 3b and 3d).

3.1. Low-water content debris flow at Chalk Cliffs on August 4, 2017

The first event consists of two 30-second surges about 1 min and 15 sec apart from each other (Fig. 3a and 3b).
The spectrogram shows three identifiable peaks in amplitude (Fig. 3a). The first peak is an impact from a rock rolling
down the channel, as confirmed in the video. The following two peaks in amplitude are broader and correspond to the
two surges, labeled as high sediment concentration flows. The ground velocity time series displays an increase in V
that tapers to a lower V as the surge passes the station (Fig. 3b). Surges often identified in debris flows are commonly
characterized by a sediment-rich front followed by a water-rich tail. Surge fronts generally exert forces orders of
magnitude greater and flow heights significantly higher than the rest of the flow (Iverson, 1997). The impacts of the
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large grain sizes that have accumulated at the front of the surges produce the peak amplitudes, and the amplitudes
diminish as the flow tail passes the station (Huang et al., 2007).
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Fig. 3. Chalk Cliffs ground vibrations and flow stage for (a and b) low-water content debris flow on August 4, 2017, and (c and d) high-water
content debris flow on August 5, 2017. (a and ¢) Normalized spectrograms of ground velocity. (b and d) Time series of lowpass filtered ground
velocity (blue) and flow stage (black).

3.2. High-water content debris flow at Chalk Cliffs on August 5, 2017

The second event at Chalk Cliffs is a larger event, both in maximum V as well as flow heights (Fig. 3¢ and 3d).
The time series shows periods of high ground motion velocity are longer in duration than the first event. The maximum
flow height reaches 1 m, double the height of the flow of the other event. Although this debris flow was larger, similar
characteristics to the previous day’s event are visible in both the time and frequency domain. Short surges are identified
within the larger flow by correlating values of high stage, high V, and high energy in the frequency domain (indicating
a large amount of debris). Another good indicator of the surge is the sudden peak in ground velocity that slowly tapers,
as seen in the previous event. The watery tail at the end of the surge has higher amplitude V than the tail of the previous
event, suggesting that later tail had greater flow velocity and sediment concentration. The video shows that the high
flow depths transport a larger variation in grain sizes in comparison to the event from the previous day. Unlike the
first event at Chalk Cliffs, the highest amplitudes in V (t = ~19:37:12 and ~19:41:43) do not coincide with the peak
stage (t = 19:38). This difference suggests that the flow during the peak stage had slightly lower sediment
concentrations than at other times during the flow.

3.3. Debris flow at Van Tassel, December 16, 2016

The first major rainstorm after the fire produced a debris flow at Van Tassel (Fig. 4a and 4b). At the start of the
flow, there are several short impulsive signals in the amplitude (duration <1 s) that correspond to a broad range of
frequencies and high power in the spectrogram. Two possibilities for the source of the impulsive signals are thunder
and impacts from large clasts, which have been shown by Hsu et al. (2011) and McCoy et al. (2013) to create large
excursions from the mean normal force. Audio from the nighttime video footage did not record any thunder. We
therefore interpret the brief spikes in V, which have high power across a broad frequency range, to be impacts from
large clasts in the flow (labeled as “impacts” in Fig. 4a). Two minutes after the beginning of the flow, the stage time
series ends, because mud splatter covered the laser. Five minutes after the beginning of flow, there are two 90-second
periods of high power (labeled “High sediment concentration flow” in Fig. 4a). The power is greatest at the beginning
of the period and gradually tapers with time. We interpret these periods to be pulses of high sediment concentration
with large clasts. Unlike the two events at Chalk Cliffs, the high amplitude V is sustained for a long period of time (as
opposed to occurring briefly during surges), suggesting that the first flow at Van Tassel had high sediment
concentrations during most of the flow. Itis not until around 11:38 UTC that a signal suggesting a watery tail arrives
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as evidenced by the lack of high power in the spectrogram, but we cannot confirm with the video because this event
occurred at night.
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Fig. 4. Van Tassel ground vibrations and flow stage for (a and b) debris flow on December 16, 2016, and (¢ and d) debris flood on January 20,
2017. (aand c) Normalized spectrograms of ground velocity. (b and d) Time series of lowpass filtered ground velocity (blue) and flow stage (black).

3.4. Debris flood at Van Tassel, January 20, 2017

Based on video observations, the second event at Van Tassel was a debris flood (Fig. 4c and 4d). The flow lasted
for over 40 minutes, although we focus our analysis on the 10 minutes around the time of peak flow. Despite the fact
the flow has lower sediment concentrations than a debris flow, the time series of V resembles patterns like the Chalk
Cliffs surges, displaying periodic peaks in V that gradually taper. Along with these surges, large spikes in V with high
power across the frequency domain indicate that there were periodic large impacts from boulders such as the one seen
in Fig. 2c.

Like the first event at Van Tassel, the flow has high vertical ground velocities and high power distributed
throughout much of the flow, showing debris is consistently being transported. However, the event on January 20 also
has periods of low power within the spectra during times of high stage (labeled watery flow in Fig. 4c and 4d). We
interpret these periods as times when the flood had much lower sediment concentrations than times when the spectra
had high power.

4. Discussion and Conclusions

Comparison of the events at the two field sites with different sediment concentrations has shown that a significant
amount of information can be derived from near-channel ground vibrations. At Chalk Cliffs, we observed that a flow
in a bare bedrock channel produced a seismic signal with a broad frequency range (5 Hz to 400 Hz), whereas the
sediment-covered channel at Van Tassel had a limited frequency range, with similar low-frequency characteristics but
much lower peak frequencies (5 Hz to 100 Hz). The effect of sediment cover on the frequency content is best seen in
the unfiltered spectrograms shown in Fig. 5. In a previous study conducted by Kean et al. (2015), it was observed that
the maximum amplitude of V recorded from ball drop tests on loose sediment was orders of magnitude smaller than
the maximum amplitude of V recorded on bare bedrock. For this reason, the difference of frequency bands seen
between the two sites is thought to be due to the bare bedrock channel of Chalk Cliffs as compared to the dampening
that occurred from the sediment-covered channel of Van Tassel. Additional differences between the ground vibration
response at the two sites may be due to differences in flow speed, channel gradient, grain size distribution, instrument
response, and seismic attenuation between the two sites. We also found that rainfall was an important source of seismic
noise at high frequencies. For this reason, it was important to remove the rainfall signal using a lowpass filter to isolate
the signal from the flow. In addition, we were able to infer times where large debris such as boulders or trees were
transported within the flow by using the deviations from the average frequencies. The large impacts (Figs. 3 and 4)

159



Michel / 7th International Conference on Debris-Flow Hazards Mitigation (2019)

stand out as an impulse on the time-series signal and in the spectrogram and are especially clear during periods of
lower sediment concentration.
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Fig. 5. Comparison of unfiltered spectrograms for events at Chalk Cliffs (bedrock channel) and Van Tassel (sediment-covered channel). The
presence of loose sediment on the bed of the Van Tassel channel substantially damps the high-frequency vibrations relative to Chalk Cliffs.

All four events had substantial contrasts in relative frequency amplitudes between times of high-sediment
concentration flows and low-sediment concentration flows. These contrasts are well illustrated by the amplitude
spectrums of ground velocity during 15-s time windows in each event (Fig. 6). Flow periods with higher sediment
concentrations (orange lines) have greater ground velocity amplitudes than flows with lower sediment concentrations
(blue lines), though these comparisons are not normalized by stage or flow velocity.

Our observations show that complementary observations of flow stage, video, and ground vibrations reveal a more
complete picture of debris-flow and debris-flood dynamics than can be obtained with a single style of measurement.
Moreover, the combination of sensors provides measurement redundancy that can fill gaps in observation when one
sensor does not work (such as when a laser is destroyed or splattered with mud, or a nighttime event that cannot be
observed with video). However, much additional work is needed to move beyond the qualitative observations of
sediment concentration presented here to quantitative estimates of sediment volumes and grain size. Our data show
that one challenge to making quantitative measurements of sediment concentration is the different seismic properties
of the channel bed (i.e., the seismic properties of loose bed sediment versus bedrock and attenuation and scattering of
the signal between station and source), which can vary during a flow. Emerging theory, such as Lai et al. (2018), and
laboratory-style observations, such as Allstadt et al. (2019) are providing new insights into the seismic signature of
debris flows that should further unlock the potential for seismic measurements to aid the understanding of debris-flow
dynamics.
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Fig. 6. Comparison of amplitude spectrums in 15-s time slices of ground velocity during flows with comparatively lower (orange) and higher (blue)
water contents at (a) Chalk Cliffs and (b) Van Tassel. The events and time windows are: Chalk Cliffs low-water content debris flow on August 4,
2017,23:16:38 to 23:16:53 (a, orange); Chalk Cliffs high-water content debris flow on August 5, 2017, 19:39:45 to 19:40:00 (a, blue); Van Tassel
debris flow on December 16, 2016, 11:35:15 to 11:35:30; and Van Tassel debris flood on January 20, 2017 (b, blue). Amplitude spectrums are
averaged over a 0.2-s window.
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Abstract

It is important to understand the development and decay processes of debris-flows in order to plan effective debris-flow
countermeasures. However, few studies have successfully observed the development and decay processes of debris-flows. This
study aimed to reveal changes in characteristics of debris-flow surges as they flow down, based on observation using time lapse
cameras installed at multiple sites along a debris-flow torrent in the upper Ichinosawa catchment within the Ohya landslide, central
Japan. Observation results showed that debris-flow surge volume and flow velocity tended to increase in the section just below
their initiation point. In the subsequent section, debris-flow surges tended to maintain their volume and flow velocity while
descending. Increases in flow velocity were observed in sections with a fixed bed, the channel bed consists of exposed bedrock
with no sediment cover. Debris-flow surge volume and velocity tended to decrease in these sections, in which channel gradient
decreases abruptly. These observation results can be explained by the theory of equilibrium concentration, which states that
sediment concentration in the flow approaches the equilibrium concentration given from the channel gradient by the erosion and
deposition of sediment. At the same time, small debris-flow surges tended to terminate with a short travel distance, which cannot
be explained fully by the theory of equilibrium concentration.

Keyword: Ohya lindslide; observation; development and decay; the equilibrium concentration; fixed bed

1. Introduction

Debris-flows cause severe natural disasters due to their high velocity, and destructive power. It is important to
understand the development and decay processes of debris-flows in order to plan effective debris-flow
countermeasures. To clarify these processes, laboratory experiments have been conducted and developed the models
based on physical flow mechanisms (Egashira et al., 1986; Iverson, 1997; Suzuki et al., 2009). One of representative
models is the theory of equilibrium concentration, which states that sediment concentration in the flow approaches the
equilibrium concentration given from the channel gradient by the erosion and deposition of sediment (Takahashi,
1977; Imaizumi et al., 2017; Lazoni et al., 2017).

Field observations are another approach to understand the behaviors of debris-flows, and have been conducted in
many countries including China (Chu et al., 2011), Italy (Arattano et al., 2012), Japan (Okano et al., 2009; Suzuki and
Suzuki., 2009), Switzerland (Berger et al., 2010). These studies have confirmed that debris-flows consist of multiple
surges (Abanco et al., 2014; Imaizumi et al., 2016), and a surge frequency near the initiation zones of debris-flows is
usually higher than that observed down