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ABSTRACT

Steep mountain catchments typically experienceelaggdiment pulses from hillslopes which are stdred
headwater channels and remobilized by debris-flowbedload transport. The purpose of this reseaas to
investigate the coarse sediment transport througbpscatchments and how channel storage can icfuen
debris-flows. This required intensive field-basedignorphic monitoring of flow events in the Manizad Réal
torrent catchments which can experience debrissland bedload transport every year.

In the Manival Torrent, the sediment transfers weharacterized at a seasonal time scale by a ctenple
sediment budget of the catchment derived from rdadte topographic measurements between importawt fl
events (cross-section surveying and terrestriagriasanning). Two debris-flows were observed, ali ag
several bedload transport flow events. Sedimengburkconstitution of the two debris-flows reveatleat most

of their volumes were supplied by channel scourfmpre than 92%). Bedload transport during autumn
contributed to the sediment recharge of high-orleannels by the deposition of large gravel wedgdéss
process is recognized as being fundamental forigibw occurrence during the subsequent spring and
summer. A time shift of scour-and-fill sequences whserved between low- and high-order channelsatiag

the discontinuous sediment transfer in the catchndeming common flow events. A conceptual model of
sediment routing for different event magnitudegrigposed.

In the Réal Torrent, post-event surveying and Hightiency monitoring stations were used to comgar
compile measurements of flow events. Three delms-Events and three periods of bedload transpdaft w
small headwater debris-flows were observed. Seditnansport volumes for debris-flows were very $amio
the Manival with important volume growth in the an&l. The largest observed debris-flow was examined
detail revealing a downstream decrease of maxintam tieights, shear stress, velocity, and flow tasise. We
hypothesize with supporting evidence that the dettwiv front scours and destabilizes the channgljtticannot
transport the material because of its high sedirententration. Therefore, the trailing hypercomicad surge
picks up the remaining material, grows in volumed @oalesces with the decelerating debris-flow.hBitie
front and following surges play an integral role fiet erosion during a debris-flow event.

Multi-date cross-sections in both the Manival angeRhave clearly shown that debris-flows have Sicpmt

scouring with large spatial variability. Bedloadrisport was observed to be at equilibrium wittelittariability.

Field observations of channel deformations show dedris-flow scouring is strongly controlled bystigam
slope and storage conditions. A logarithmic relagltp is proposed as an empirical fit for the prgodn of

channel erosion. The most susceptible materialermsion in the Manival are the unconsolidated girawedges
developed from bedload transport. This material dhasooth surface within the rugged channel whauh loe

automatically mapped with a 20 cm digital elevationdel from either terrestrial or airborne lasearsc by
calculating roughness with a one meter window. hsvides an automatic assessment of erodible ameas
channel at the time of the laser scan survey.

This study has contributed to the need of quaitédield observations in the realm of debris-floesearch.
Complete and thorough databases were obtaineddyrating multi-date cross-section surveys, mudtiedaser
scans, and high-frequency monitoring stations. @fiesh evidence revealing sediment transfers, ckann
interactions/controls, debris-flow dynamics, anatage characterizations in two different catchmentwides a
strong basis in the development of conceptual aatisgcal models. These observations also higtdigtthe
significant field parameters that have an influeonelebris-flows and steep catchment systems.



RESUME

Dans les bassins versants abrupts de montagnargis Iquantités de sédiments provenant des pestaipées
viennent se déposer dans la partie supérieureodests et sont remobilisées par les laves togkesi ou par
charriage. Le but de ces travaux était d'étudietrdasport des sédiments grossiers dans les pettsins
versants torrentiels et d'analyser l'influence dockage de ces sédiments dans le chenal sur les lav
torrentielles. Cela a requis sur le terrain uneerigeé surveillance géomorphologique des événements
d'écoulement dans les bassins versants des todertanival et du Réal, susceptibles de produire ldees
torrentielles et du transport solide par charrielggque année.

Dans le torrent du Manival, le transport de sédimanété caractérisé par un suivi saisonnier dunbila
sédimentaire du bassin versant, réalisé grace amdssires topographiques répétées entre les évétemen
importants d’écoulements (sections transversalgsletés au scan laser terrestre). Deux évenerdentaves
torrentielles ont pu étre observés, ainsi que elusi évenements de charriage. La reconstitutiomutiget
sédimentaire de ces deux laves torrentielles dééuée la majeure partie de leurs volumes a étérsdmp par
I'érosion du chenal (a plus de 92%). Les évenenmmtsharriage qui ont au lieu au cours de l'autormne
contribué a la recharge sédimentaire du chenatipahpar le dép6t de grands bancs de gravier.rGeepsus
est fondamental au déclenchement de laves torilestiers des printemps et été suivants. Un déeatizms le
temps des séquences érosion /dép6t a été obsérgdemnparties supérieure et inférieure du chegaélant un
transfert discontinu de sédiments dans le basgisame pendant les événements d'écoulement comnilms.
modéle conceptuel de transfert des sédiments @gbpé pour les différentes magnitudes d'écoulement.

Dans le torrent du Réal, les inspections aprésetuent et les stations de mesure a haute fréquengqeeomis
de comparer et de compiler les mesures des écontenigois laves torrentielles et trois périodesharriage
avec de petites laves torrentielles en amont @nbbservées. Le volume de sédiment transportédksdaves
torrentielles du Réal est similaire a celui du Mahiavec une augmentation importante du volume d@ans
chenal. La plus importante lave torrentielle obéera été examinée en détail et a révélé une dilmman aval
des hauteurs d'écoulement maximales, des consaugecisaillement, de la vitesse et de la résistanc
I'écoulement. Nos résultats suggérent que le fleria lave torrentielle érode et déstabilise lenehemais qu'il
ne peut pas transporter les matériaux en rais@a dencentration élevée en sédiments. Par cong¢tpgague
hyperconcentrée qui suit se charge des matériatants, croit en volume, et fusionne avec la laveentielle
en décélération. A la fois le front et les vagses/antes jouent un réle essentiel pour I'érosmms H'un
événement de lave torrentielle.

Les multiples relevés dans les sections transwershl Manival et du Réal ont clairement montré lgadaves
torrentielles ont créé une érosion significativia &ariabilité spatiale importante. En revanche,déformations
du lit induites par le charriage sont en équilidres observations sur le terrain de la déformatlanchenal
montrent que I'érosion par les laves torrentiedisscontrélée étroitement par la pente en amdeseatonditions
de stockage des sédiments. Cette érosion du clpendl étre prédite par une relation logarithmiques L
matériaux les plus sensibles a I'érosion dans IeiWhsont les bancs de gravier non consolidés ésrpar le
charriage. Ce matériau constitue une surface Bssesein du chenal rugueux et peut étre automatigoem
cartographiée avec 20 cm de précision a partirateées de laser scan terrestre ou aérien. La téguesit étre
calculée avec une fenétre d'un meétre. Ceci founmi évaluation automatique des zones sensibl&sasitin
dans un chenal au moment du relevé au scan laser.

Cette étude a permis d’alimenter le domaine dessld@rrentielles en observations quantitativesesterrain.
Des bases de données completes et détaillées @nbbéenues par l'intégration de multiples relevés d
différentes sections transversales, des nombrelaydges laser, et des données des stations dearefiaute
fréquence. Les mesures de transfert de sédimergsntéractions/contréles dans le chenal, de lamjgue des
laves torrentielles, et la caractérisation deskstges dans deux bassins différents fournissentase solide
pour le développement de modeles conceptuels tedtisfaes. Ces observations ont également mis a&tedee
les paramétres importants & mesurer sur le tegraiont une influence sur les laves torrentielles.
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1 GENERAL UNDERSTANDING OF DEBRIS-FLOWS

1.1 Debris-flow features

A debris-flow is generally defined as Very rapid to extremely rapid flow of saturateshrplastic
debris in a steep chanrigHungr et al., 2001). Poorly sorted sedimentsedixvith water and organic
debris typically form destructive surges with seelinconcentrations higher than 50% by volume or
70% by mass (Costa, 1984; Phillips and Davies, 19PHe flow undergoes longitudinal grain size
sorting which develops a steep bouldery front @ad) and is followed by a slurry in the tail (Pars
1986; Iverson, 1997) (Figure 1). Multiple pulses cacur with the first pulse typically consistinfy o
boulders as a large isolated surge and the segopdéses are often characterized as muddy waves
(Zanuttigh and Lamberti, 2007). The most strikiegtfire of debris-flows is their ability to transpar
considerable volume of sediment {&Ehd 16 m®in alpine environments) over long distances (sévera
km) and at relatively high velocities (generallytbeen 2 to 20 m™Y (lverson, 1997; Rickenmann,
1999). The volume of a debris-flow is known to dadizelly grow during propagation by entrainment

of in-channel sediment (lverson, 1997; Hungr et24l05). This process is referred as bulking.

Debris-flows typically occur in steep, small to eage size mountain streams (referred as torrents in
Latin Europe) and induce each year disturbancegoamthmages to infrastructures. These steep
channel processes are one of the most common addspvead hazards in many mountain
environments worldwide (Jakob et al., 2005; Shraal., 2012). Landslides and debris-flows cause
25-50 deaths and a two billion dollar loss eachr yedhe United States (National Research Council,
2004). They occur in 950 cities in China with amaa economic loss of 228-304 million dollars
(Ding et al., 2012). In the Himalayas, 350 lives st each year (Dahal and Hasegawa, 2008). In the
European Alps, channelized debris-flows and flocaisse 5-10 deaths each year (Arnaud-Fassetta et
al., 2009). Many debris-flows are not reported bseathey occur in remote and unoccupied areas.
The growth of urbanization and the increasing fezmy of extreme climatic events in mountainous
regions make the impact of debris-flow hazardsease (Pierce et al., 2004; Stoffel and Beniston,
2006; Bollschweiler and Stoffel, 2010).
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Figure 1 Schematic representation of a debris-flow surige a/bouldery front (from Pierson, 1986)

Debris-flows are important geomorphic agents inangl environments (Dietrich and Dunne, 1978;
Swanson et al., 1988; Stock and Dietrich, 2006)r8ek incision by debris-flows in steepland valleys
was recently recognized as a key process for thikerstanding of landscape evolution models in
unglaciated mountains (Stock and Dietrich, 200@8bis-flows are also known to produce extremely
high punctuated sediment supply to river network wonsiderable effects on low-order channel
morphology and texture (Miller and Benda, 2000xhAugh their occurrence is relatively rare, their
legacy on upland valley floor landscape is londitas(Benda, 1990). Alluvial terraces formed by the
propagation of sediment waves coming from deboesl are common landforms in upland
environments. It is also recognized that sedimewt \@oody debris supplied to larger channels by
debris-flows play an important role for the diveysdf mountain streams aquatic habitats (Benda et
al., 2005). Large woody debris and boulders proesgential structural elements for habitats in-fish
bearing streams (Bigelow et al., 2007). Debris-Bogan be destructive in the short-term, burying
habitat and biota, destroying spawning beds atiddipools (Everest et al., 1987; Nawa and Frissell
1993); however the long-term effect is positive iabitat heterogeneity (Benda et al., 2003).

Debris-flow magnitude and frequency are stronglyntadled by climate changes. Local
dendrogeomorphological reconstitutions in the Swiks clearly showed an increasing frequency of
debris-flow events during wet periods of the Litibe Age (Stoffel and Beniston, 2006). Contrasting
expectations have been made concerning the effegiobal warming on debris-flow activity. The %
expected shifting of rainfall events from summespoing and autumn may decrease the occurrence OFU

debris-flow events (Stoffel and Beniston, 2006)oj€sted climate changes may also modify the 8

frequency of extreme debris-flows under the effettstorm intensity increase and permafrost 8

degradation (Stoffel, 2010). Nevertheless, recemstigations of debris-flow activity in the French E

Alps since the 1980s (Dévoluy and Massif des Epriesealed a decreasing frequency at low- i

elevations (< 2200 m) (Jomelli et al., 2004; Joinedllal., 2007). This trend is related to the reledr 5
|_

increase of temperature and decrease of the nuohifierezing days, which can explain a decrease of%

I
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the sediment recharge rate between debris-flowts\{@omelli et al., 2004). In the Massif des Ecrins
it was also demonstrated that the response ofdgsdebris-flows to the increase of extreme summer
rainfall events is characterized by an importamtalality conditioned by the lithology and naturé o

the sediment storage in the triggering slopes (lloatal., 2007).

1.1.1 Classification of debris-flows

Successive landslide classifications from Hutchin€®68), Johnson (1970), and Varnes (1978) have
proposed a variety of terms for debris-flows angeoimass movements used in practice. In general,
they describe a debris-flow as an intermediate gg®dbetween landslides and water runoff. For this
study, we refer to a simple classification of floypes and landslide processes according to sediment
concentration and typical velocity ranges (Jakod dardan, 2001) (Figure 2). Bedload transport
occurs during flow events (eg. Figure 3A) with leediment concentrations (<20% by volume). A
debris flood is defined as‘very rapid, surging flow of water, heavily chagigeith debris, in a steep
channel (Hungr et al., 2001). Sediment concentrationggeafrom 20 to 50% and they have similar
peak discharges to water runoff (Wilford et al.020Hungr, 2005). However, debris flood is not a
well accepted term and it is difficult to distinghidebris flood from small debris-flow with low pea
discharges. Therefore, we do not make use of thre te this report. Hyperconcentrated flow is
generally similar to a debris-flow but with a lowsgdiment concentration of 20-60% (Lavigne and
Suwa, 2004). Both hyperconcentrated flows and ddlmivs can occur during a same event according
to changes of water content or sediment conceotratiring propagation (explained later in this

chapter).

Debris-flows (eg. Figure 3B) can be classified adocw to the triggering mechanisms. Most

frequently, debris-flows are initiated from land€ls or runoff (Blijenberg, 2007).

1) Landslide initiated debris-flowdong duration rainfall saturates hillslopes which

typically trigger shallow landslides, and with egbuwater content, the landslide can
transform into a debris-flow by dilatancy or ligaefion during movement (Johnson
and Rahn, 1970; Fleming et al., 1989; Iverson ¢t18B7). The landslides can also be
triggered by seismic activity, and with saturatéapss, the vibrations can liquefy

large slopes which transforms into catastrophiaiddlow events (Ni et al., 2012).

2) Runoff initiated debris-flowshigh intensity rainfall forms water surges thab

channel beds and gradually become a mature (wedlldeed) debris-flow
(Takahashi, 1981). This situation is common in maayts of the world including
Japan (Imaizumi et al., 2005), European Alps (Gretjoand Fontana, 2008), United

States (Coe et al., 2008) and more. In the FranigR of Colorado during a monsoon,



runoff initiated debris-flows have been found torhere common and hazardous than
landslide initiated debris-flows (Godt and Coe, 2000ther triggers that form water

surges include dam bursts and glacial lake outilastis which are less frequent but
more catastrophic (Caine, 1980; O'Connor and C49@3; Rickenmann et al., 2003;

Coe et al., 2008; Guzzetti et al., 2008).
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Figure 2 Classification of flow and landslide processesdegliment concentration (volume and
weight), velocity, and behavior. Figure from Jakaid Jordan (2001), modified with compiled data
from Hungr (2000) and Pierson and Costa (1987).

Flgure 3 Example of (A) a flood in the Manival torrent (b -by Joshua Theule) and (B) a debris-
flow in the lligraben torrent, Switzerland (photorin Hurlimann et al., 2003)
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Debris-flows can also be classified according ®ritmout environment. Confined- (or channelized-)
debris-flows travel along pre-existing channelsinconfined- (or hillslope-) debris-flows are not
restricted by pre-existing channels over the majoof their length (Conway et al., 2010). In a
rheological point of view, debris-flows can genBrabe classified as either (1) granul@ron-
cohesive) at which the fine particle fraction is/lenough for direct grain contact which influentes
mass behavior or (2) cohesive (muddy) at whicHithefraction (containing clay) is large enough for
a fine particle-water mixture to form an interstitiluid which lubricates grain motion and impo#ss

behavior type on the whole material (Coussot andrivés, 1996).

1.1.2 Conditions for occurrence

Debris-flows occur with the critical combination sédiment supply, water input and gravitational
energy (Takahashi, 1981). Typically the water iniguthe trigger induced by rainfall and sometimes
enhanced by snowmelt (Rickenmann and Zimmermanr3)19 Rainfall intensity-duration
relationships are often proposed for determinimggaring thresholds (Caine, 1980; Badoux et al.,
2008; Coe et al., 2008; Gregoretti and Fontana82G0zzetti et al., 2008).

Even with a critical water supply, debris-flows Wwibt occur unless sediment is available (eg. Goe e
al., 2008). Storage that typically supplies sedimendebris-flows in the Alps includes colluvial
deposits (e.g. talus slopes, tills, landslide degpsand alluvial fills (Theler et al., 2010). The
frequency of debris-flows therefore strongly depend the geomorphic activity of hillslopes (Jakob
et al., 2005). Bovis and Jakob (1999) proposedstinduish transport- and supply-limited debrisAflo
catchments according to the conditions of sedimetharge (Figure 4). In transport-limited
catchments, there is always enough sediment alaifab a debris-flow to occur and the limiting
factor for debris-flow occurrence is the rainfdih supply-limited catchments, a lower sediment
recharge rate prevails and it takes a long timeHferchannel to replenish after a debris-flow evint

this situation, the limiting factor for debris-floeccurrence is the sediment availability.

Critical slopes for debris-flow initiation and degition have been characterized in different
environmental settings. The analysis of summer 18&Gris-flow events in Switzerland provided
ranges of triggering slopes for different geomoltppizal contexts: 51-78% for talus slopes, 45-70%
for rock gullies, and 23-65% for channels (Rickenmand Zimmermann, 1993). The lower slope
threshold in channels is explained by the higheteweischarge supplied by higher drainage areas.
Inverse power laws of channel slope vs. drainagasararely extend to slopes greater than 0.03Lto O.
which is interpreted as the morphological signawfréebris-flows (Stock and Dietrich, 2003), and
gives an indication of the critical slope for debifow deposition. It is also recognized that the

deposition slope depends on the debris-flow volame@rheology (Rickenmann, 1995).
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Figure 4 Conceptual model from Bovis and Jakob (1999) shgwhe debris-flow occurrence for
supply-limited and transport-limited systems whiiighlights the importance of sediment recharge.

1.2 Scientific study of debris-flows

1.2.1 Field Observations

Field studies contributed to important advancesthe understanding of debris-flow dynamics.
Different types of observations can be made inftblel to obtain information about debris-flow

geomorphology, sedimentology, flow properties, past activity.

At the reach scale, post-event topographic surgegém be used to obtain debris-flow heights, widths %
and superelevations in bends. These data are vsédck-calculate velocity and discharge (eg.
Johnson and Rodine, 1984; Berti et al., 1999; Hiztin et al., 2003). Multi-date surveying within a

ODUCTI

reach is commonly used to capture erosion and dapoand to determine yield rates and sediment ¢
budgets. These measurements are usually made eviths| range finders, total stations, and mostg
recently differential GPS (dGPS) and terrestriaklascanning (TLS). The advantage for using TLS is
that it provides a fast way to obtain very accui@2 to 4 mm) and high resolution (0.4 to 20 cm)

digital elevation models (DEM) for a large spatiaverage (Schirch et al., 2011a; Staley et al.1R01
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(Table 1). TLS-derived DEMs can also be used toasttarize channel roughness and surface grain-
size. This was already tested with success in g@eerivers (Heritage and Milan, 2009), but nat fo
debris-flow channels (to the best of our knowleddge)r long channel reaches, TLS surveying
becomes more difficult because of the time requér@nfor scanning at many positions and data
processing. In this case, cross-section surveys total station and dGPS provide a practical way to

detect channel changes along several kilometers-éamin and Wise, 2001; Nyman et al., 2011).

Catchment-scale erosion and deposition can be rmutairom photogrammetry and airborne laser
scans (ALS). High resolution airphotos are mordlitgavailable, however the steep topography and
vegetation cover makes morphologic monitoring \difficult (Veyrat-Charvillon and Memier, 2006;
Breien et al., 2008; Berger et al., 2011b). ALSadatbecoming more common in terrain analysis with
its capability of measuring high resolution DEMs filyering ground point echos. Multi-date ALS
scans are expensive however it is the most completk efficient method for capturing surface
deformations of a debris-flow affected area andgieeintifying accurate volume changes (Bull et al.,
2010). Resolution and accuracy can vary for botbtgdrammetry and ALS depending on flight
elevation and speed. Their volumetric errors vidrefore vary from 8 to 14% (Table 1). Since debris
flows are unpredictable, ALS or photogrammetric\t DEMs can be used as preliminary surfaces
and fast post-event surveys can be made with d8§.3Cpnway et al., 2010) or TLS (eg. Bremer and
Sass, 2012).

Table 1 Examples of DTM accuracies and resolutions derifrech ALS, TLS, photogrammetry
(Photo.) and GPS in debris-flow catchments. Measuotume changes, errors and level of detection
(LoD) are shown for debris-flow events in the catelmts.

Source of study Method Height DTM Net Volume Volumetric LoD
Accuracy  Resolution Changes () Error

to t+1 (cm) (m) (%) (cm)
Berger et al., Photo. Photo. 28 2 1000 - 14 000 -- 40
2011b
Breien et al., Photo. Photo. 28 3.33 240 000 10 -
2008
Veyrat- Photo. Photo. 116 5000 - 23 000 12
Charvillon and
Memier, 2006
Bremer and ALS ALS 15-35 1 6 000 - 12 000 8.2 -
Sass, 2012
Bull et al., 2010 ALS ALS 40 4 350 000 14
Schiirch et al., TLS TLS - 0.2 90 - 2000 0.2-7 10
2011a
Staley et al., TLS TLS 0.2-0.4 0.004 50 - 250 1-4 0.4-05
2011
Scheidl et al., ALS ALS 30-144 1 30 000 - 90 000 28 -50 --
2008
Conway et al., ALS GPS 20-42 0.25 100 - 41 000 38-134 -
2010




Debris-flows rheological properties can be charamtd with grain-size distribution and shape of
debris-flow levees and lobes (Ancey, 1999). Shagesoss-sections on lobe deposits for granular
flows (frictional) have a smoother surface and emere cohesive (when dry) than muddy flows
(viscoplastic) (Bardou et al., 2003). A very praatimeans for estimating the yield strength of the
debris-flow material is measuring the thickness sloghe of overbank lobes (Johnson, 1984; Tecca
and Genevois, 2009). In the canton of Wallis, Seviend, debris-flow deposits were measured for
classification in 35 catchments (Bardou et al.,300here was a distinct difference of grain-size
distributions. Granular flows were found to be waaltted with a g of gravel and muddy flows were

poorly sorted with a E of medium to coarse sand.

Important field observations were also obtainednfioigh-frequency monitoring stations of debris-
flow channels. Typically, ultra-sonic sensors andéalar and geophones are used to measure the flow
heights and velocities at frequencies generallfdrighan 1 Hz (eg. Marchi et al., 2002; Arattano et
al., 2012a). Monitoring cameras (video and phote) used to validate instrumental readings and to
characterize flow behavior and particle velocitesthe flow surface (eg. Imaizumi et al., 2005).dRo
water pressure or moisture sensors installed inbdrks and channel bed monitor the antecedent
conditions and response to passing flgerg., McArdell et al., 2007; McCoy et al., 2010eison et

al., 2011). Recently, researchers have been ahbiirdotly measure the shear stress of debris-flows
with force plate and erosion rates with scour sendaring a flow event (Berger et al., 2011a). Many
monitoring catchments have one or two stations whiuits the spatial coverage of the debris-flow
monitoring. By increasing the number of instrumeatsng the channel, the dynamics of surge

propagation can be observédiflimann et al., 2003; Navratil et al., in press

Numerous field studies were also dedicated to ¢lerrstruction of past debris-flow activity by using
dating techniques applied to debris-flow depo&hsndrogeomorphology is the reconstruction of past
geomorphic activity inferred from tree ring infortizan (Stoffel et al., 2006; Bollschweiler et al.,
2007). On debris-flow fans, scarred tree ringsromgh rate decline give dates of debris-flow events
(Jakob and Friele, 2010; Stoffel et al., 2006; iRelind Santilli, 2008). For lichenometry, a local
growth curve of lichen near a given study sitededito give an age of the largest lichens found on
debris-flow deposits which gives an approximate afy@ debris-flow event (Helsen et al., 2002).
These dating methods can be used to study clirf@atigs on debris-flow activity and to construct
magnitude-frequency relationships for a given aaetit (eg. Stoffel et al., 2006; Jakob and Friele,
2010; Lopez Saez et al., 2011).

1.2.2 Experimental laboratory studies

It is notoriously difficult to study in the fielche effect of single controls (e.g. channel slop@ep

water pressure, grain-size distribution) on defhoig- processes. Laboratory experiments can provide
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interesting observations on such processes. Tiftimges (inclined planes) experiments showed that
the sediment size of the erodible bed and the sedirmoncentration of the flow influence erosion
rates (Papa et al., 2004). The travel distanchefitanular flow can be controlled by the erodlize
thickness and the slope of the inclined plane (Maeg et al., 2010). The travel distance can also be
controlled by the initial volume input and sedimeoincentration (D'Agostino et al., 2010). Large-
scale debris-flow experiments are performed byl Geological Survey with a 95m long and 2m
wide debris-flow flume (lverson et al., 1992). Tiwe of pore-fluid pressures and total bed-normal
stresses provides insights on how debris-flowsdaposited (Major and Iverson, 1999). On erodible
beds, the influence of the pore pressure of thdilgi® bed on flow momentum and velocity was
recently studied (Iverson et al., 2011). Data atgtdiduring these experiments revealed that the flow
momentum increases as a power function of the eledied’'s water content. This highlights the

importance of antecedent conditions on debris-flaeractions with channel.

1.2.3 Debris-flow modeling

Important efforts have been made during the lastdees in the field of debris-flow modeling at
different spatial scales. In the Italian Alps, 4€bds-flow catchments were used to derive stadiktic
relationships between debris-flow magnitude, theniphetric deposition area, and the cross-sectional
inundated area at the alluvial fan apex (Berti &idoni, 2007). These relationships were combined
with a digital elevation model using an automatedec (DFLOWZ) for predicting inundated areas
from debris-flows. A similar approach was recemitgposed for the prediction of the potential runout
area covered by debris-flow deposits (Scheidl ainteRmann, 2010). An energy line approach was
used to predict debris-flow velocity and dynamiegsures in Sarno, Italy, where in May 1998, ten
debris-flows occurred (Toyos et al., 2008). Regoesmodels were found with empirical and field-
measured peak velocity and peak discharge relatdgktvertical distance from the energy line ara th
surface. The probability of occurrence for deblisve and shallow landslides can be simulated by

using the spatial distribution of hydrology, geoptwlogy, and geomechanics (Simoni et al., 2008).

Regional-scale modeling of debris-flows generallgkes use of DEMs and remote sensing imagery
for determining susceptible areas for debris-flowtiation and runout. This provides a preliminary
investigation of debris-flow hazard analysis. le tbregon Coast Range, USA, 10m DEMs and 25m
satellite images are readily available from which @an produce flow paths, topographic attributes
(eg. slope, aspect, roughness, and flow area adatiom) and landcover data. This information
allows application of empirical probabilities foelaris-flow runout paths calibrated by field mapped
debris-flow tracks (Miller and Burnett, 2008).
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2 SEDIMENT TRANSFER BY DEBRIS-FLOWS

2.1 Catchment-scale sediment cascade

2.1.1 Sediment supply from hillslopes

In steep catchments, sediment is transferred isegutrom hillslopes down to channels where debris-
flow and bedload transport occur. The sedimentcasuin the Alps typically originate from rockfall,
landslides, and hillslope debris-flows (eg. Schager et al., 2009). Other mountain ranges such as
the Oregon Coast Range have sediment budgets dewhiby mass wasting (Benda and Dunne,
1997). Gully erosion is an important sediment seurc the Te Weraroa Stream catchment, New
Zealand, which supplies considerable volumes oferradtinto the river (Gomez et al., 2003). The
sediment production from the gullies was dramdicaduced by reforestation on the hillslopes, but
most of the sediment generated by gully erosion stased in the torrent channel and still contribute

to the sediment transport during flow events.

Lithology and bedding configuration are promineontrols for developing erosional landforms which

influence the sediment dynamics of a catchmentwim debris-flow catchments in the French and
Swiss Alps (Manival and Saxé-Métin, respectivetglationships were developed between structural
properties of the bedrock and active geomorphidufea (Loye et al., 2011). It was notably

established that the anisotropy of the rock stierghtrols the spatial pattern of the gullying netky

and then of the sediment sources.

Active hillslope processes need to be connectatidachannel for providing sediment to the stream
network. The degree of hillslope-channel couplim@ iprimary control of the geomorphic sensitivity
of upland catchments. In the lligraben torrent loatent, Switzerland, sediment yields from
subcatchments with active hillslope-channel cougpline one to two orders of magnitude larger than
those obtained from subcatchments with disconnduitésfopes (Schlunegger et al., 2009). A 30-yr
monitoring program of geomorphic activity in a St upland catchment revealed that downstream
of the most effective hillslope-channel couplingas, an increase of channel instability is observed
(Harvey, 2001).

Catchment-scale sediment dynamics of torrents rsayl@e dramatically influenced for long periods
of time by catastrophic events. An illustrative exde was provided by the Wenjia Gully in Sichuan
(China) after the Wenchuan earthquake in 2008 testiby Ni et al. (2012). Before the earthquake,
the catchment was stable with a dense forest cbuéthen the earthquake triggered a major lanelslid
in the upper catchment depositing in the gully b@dgure 5). Within two years after the landslide,
rainfall triggered five debris-flows with magnituslever 1.5 x 10m°. The lligraben in Switzerland is

another good example of the importance of the tdustory for understanding the present

CHAPTER 1: INTRODUCTION
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Figure 5 The Wenjia gully (A) before Wenchuan 2008 eareh(wshowmg a stable highly vegetated
catchment, and (B) after the earthquake that treghi@ major landslide that transforms downstream
into debris-flows (from Ni et al., 2012).

geomorphic activity of upland catchments. A catgshic rock avalanche occurred in 1961 and
supplied 5x10m? of sediment to the upstream channel. The presshisdflow activity of the torrent

is still influenced by the sediment influx provided the rock avalanche (Schlunegger et al 2009).

2.1.2 Sediment yields

Upland catchments are characterized by an extremability of sediment yields, for any considered
time interval. A compilation of data from literaturevealed that for drainage areas of the same size
the maximum recorded debris-flow volumes in the sAfjuctuate over 2 to 3 orders of magnitude
(Liébault et al., in press). Important efforts hdneen deployed during the last decades to empyrical
predict debris-flow volumes flowing out of catchnten

During summer of 1987 in Switzerland, an intensastarm triggered 600 debris-flow events with
volumes ranging from 1 000 - 200 004 (Rickenmann and Zimmermann, 1993). The larger tsven
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occurred in periglacial zones where large amouhtsase and unconsolidated material were located.
Based on analysis of these events, three predietiv@rical formulas for debris-flow volumes were
developed including several predictors: (1) actiannel length and fan slope, (2) erosion constant,
catchment area, and mean channel slope, (3) ruoefficient, 24h rainfall, and catchment area.
These equations had a similar performance withcaedsing scatter as the volumes increase, yet the

predictions are still considered a general estimate

In Colorado, Utah, and California, 53 burnt delfiésv prone catchments were characterized with 25
indicators (catchment morphometry, soil propertiesk types, rainfall properties, and burnt seyerit
that were used to predict volumes of eroded matédigbris-flow volumes) (Gartner et al., 2008).
Multiple regression analysis was used to propogeedictive model for debris-flow volume which
included the best performing indicators: (1) catehtnarea with slopes greater than 30%, (2)
catchment area with moderate to high burnt seveaity (3) total storm rainfall. The developed model
explained 83% of the variability in the volumes ddbris-flows. Other databases were inputted to

validate the model, 87% of the predicted valueswethin two residual standards of error.

Historical data of debris-flows from 130 basinglie eastern Italian Alps were collected to compare
volumes with morphometric and geological charastes (D'Agostino and Marchi, 2001). The three
independent variables used in the predictive madel catchment area, mean channel slope and
geological index (GI). The GI corresponds to thedevility of the lithology in the catchment feeding
the channel. Fractures and alterations can aldgeimde the index value. A relationship was found
between volume and catchment area which its engellgrzomes larger as the area increases. The
model had an accuracy of 87 508 which could be explained by heterogeneity of ggialand
hydroclimatic conditions. This type of predictiveodel gives a general estimate of magnitude;
however field investigations, detailed geomorploaditions, and event frequencies are needed for a

more practical assessment.

Sediment flowing out of upland catchments may lamdported as bedload or debris-flows. The
respective contribution of each process in thersedi yield of small mountain streams is of primary
importance for the prediction of catchment respsnsaainfall events. Sediment transport by bedload
and debris-flow processes were assessed throu§hdtserland during the catastrophic August 2005
floods (Rickenmann and Koschni, 2010). Bedload gpant volumes were found to be related to %
runoff volumes and channel slope, but debris-fl@lmnes were much more variable and could not beE

predicted by these two variables. The study foumadl €mpirical predictions using catchments metrics 2

D

were more powerful for debris-flows. Another recetuidy proposed an interesting comparison of ©
bedload transport and debris-flow volumes basetbog-term data from two monitoring catchments
in the Eastern ltalian Alps (Mao et al., 2009).sThevealed that for equivalent return periods, idebr

flow volumes were 2 to 3 orders of magnitude lathan bedload transport volumes.

CHAPTER 1: INTR
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2.2 Interactions with the channel

2.2.1 Channel scouring

Channel scouring is known to have an importanuerice on debris-flows’” magnitude and behaviour.
Not only does erosion increase the debris-flow'sune, it can also increase the debris-flow’s
momentum and speed which increases the travehdisigverson et al., 2011; Mangeney et al., 2010).
At the Chemolgan test site in Kazakhstan, fieldesxpents released water surges from a lake into a
channel composed of an ancient moraine and bedi®idkenmann et al.,, 2003). As the channel
scoured, the water surge grew into a debris-floth wi00% sediment volume originating from the
channel bed (total eroded volumes for each expetimanged from 26 000 to 127 006)mAnother
example of volume growth is provided by a rainfatluced debris-flow in the Faucon torrent
(Southern French Alps) that started as a hillskbgieris-flow in the source area (5006) which grew

10 times in volume from channel scouring and astairiotal volume of 50 000%in the fan (Figure
6A) (Remaitre et al., 2005). This volume growthnirchannel erosion is consistently found among
other field investigations which include debrisvi® in Hong Kong (Hungr et al., 2005), Victoria,
Australia (Nyman et al., 2011), and the Queen G@iarlislands, British Columbia (Fannin and Wise,
2001) (Figure 6B-D). In the case of the lligrab8witzerland, landslides stopped on hillslopes or in
channels with volumes of 500-440C (Berger et al., 2011b). Debris-flows occurred mfrds with

volumes of one magnitude larger.

The eroded volume per length of channel segmehini is referred as “yield rate” (Hungr et al.,
1984). In the Queen Charlotte Island (British @ahia), 174 debris-flow and debris-avalanche events
had a large range of yield rates (0 to 40mit) with scour depths reaching 3 m and sometime® &p t
m (Hungr et al., 2005). In the Eastern ltalian Alf27 basins were studied showing the highest
frequency of yield rates being approximately 10m with an extreme value of 125°m* (Marchi

and D'Agostino, 2004). Channel scouring by deldogs can be viewed as a supply-limited process
since it is generally constrained by the depthhef érodible bed. This is not the case for scouring

induced by bedload transport, which is controllgdhe shear stress (Haschenburger, 1999).

Little is known about the timing of erosion by diskitows. A flume experiment with an erodible bed
shows that the most significant erosion occurs rizkline flow front (Rickenmann 2003). The front
destabilizes the channel banks and the tail wigihdni water content erodes (mobilizes) the material.
In the lligraben torrent, erosion rates were measim the channel by erosion sensor columns (Berger
et al., 2011b). The largest observed debris-floegpssively scoured the bed before the front rehche

maximum height. After the front passes, erosiortinors at a lower rate with a longer duration.
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Figure 6 Examples of channel scouring contributions torideftow bulking: (A) Erosion and
deposition along a channel after the passage ebasdflow in the Faucon Torrent, French Alps (from
Remaitre et al., 2005), (B) longitudinal patterfyield rates and volume passing for a debris-flow
Hong Kong (from Hungr et al., 2005), (C) yield mat@entrainment) for a debris-flow in Victoria,
Australia (from Nyman et al.,, 2011) and (D) cumwm@tvolume of a debris-flow in the Queen
Charlotte Island, Canada (Fannin and Wise, 2001).

A smaller debris-flow also scoured at the headhefftow. Consistent measurements were difficult to
obtain because of the deposition between eventstladeworking of the bed during the events
(scourffill). There is still little known about theariability of erosion rates from debris-flows bese

of limited field observations.
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2.2.2 Controlling factors

Channel scouring is controlled by both the deldds+fproperties and the channel bed conditions.
Hungr et al. (2005) lists the important channeltdes: for controlling yield rates as slope angle,
channel width and depth, bed material, bank argg@k height, bank material, bank stability, and
tributary drainage area or discharge. Rickenmarth Zimmermann (1993) limited the list to two

important factors for erosion, (1) erodible stordgeth and (2) channel slope.

Field experiments at the Chemolgan site in Kazakhsthowed that channel scouring increases
linearly with the water runoff volume (Rickenmanh a&., 2003), although data shows a high
scattering. Observed yield rates along the scoutliragnnel were also controlled by the hydraulic load
of the flowing mixture, defined as a function oketmixture volume, the mixture density, and the
channel slope. Similar conclusions were found ftbenmonitoring debris-flow catchment of the Réal
in the French Alps, where a good correlation wasiaobd between the magnitude of rainfall bursts

and the volume of debris-flow surges (eg. Naveitdal., in press).

Sediment concentration of debris-flows is anothmepartant control of channel scouring. In field
experiments at Chemolgan, erosion rates increasgdtioe sediment concentration of the flowing
mixture reached 0.4, then it decreased as the setliconcentration kept increasing up to 0.7
(Rickenmann et al., 2003). These observations werdirmed by laboratory experiments showing
decreasing erosion efficiency with sediment conegioin by volume (Rickenmann et al., 2007).
However small scale experimental tests showedtligaeffect of sediment concentration on erosion
rate was less significant than the effect of gsaie of the erodible bed (Egashira et al., 200h)s T
was also observed in other experiments, wherenttrease of bed grain-size monotonically decreases

the erosion rate (Papa et al., 2004).

Laboratory experiments also demonstrated that ywater pressure in an erodible bed increases the
erosion rate of a debris-flow (lverson et al., 20Ilhe large scale experiment released saturated
material from the gate onto partially saturatedsbéelthe manipulated variable in the test was the
volumetric water content in the erodible bed oiixed slope of 31°. It was found that the increase o
pore-pressure facilitates progressive scour ob#teand reduces basal friction. The added mas®to t
flow from scouring increases the flow's momentupeed, and travel distance. Therefore, antecedent
rainfall and storm durations can influence the wwduof erosion and the magnitude of a debris-flow.
However, saturated beds are not a requirementeifotisiflow scouring, the bed material and slope are

found to be just as important (Mangeney, 2011).

Channel scour is limited by the slope of the bedalbscale laboratory experiments on dry erodible
beds show that erosion begins at the angle of eepbthe bed material which normally corresponds
to talus slope angles of the source area (Mangehey., 2010). This experiment also showed that

erosion increases the momentum of the debris-floti the channel slope is less than half the repose
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angle of the bed material. Field observations dbrideflow scouring for different conditions of

channel slope produced variety of results. Compdath in the Queen Charlotte Islands, British
Columbia show a large scatter on yield rate veesldiagrams (Hungr et al., 2005). The confined
reaches in the database revealed a limiting slép¥0®d for channel scouring. A larger compiled
database covering Queens Island and VancouverdlsBuitish Columbia showed that unconfined
reaches scour above 10° and confined reaches aboue 5° (Guthrie et al., 2010). Hillslope debris-
flows in Iceland revealed at a limit of 19° for cmel scouring (Conway et al., 2010). The

confinement of a reach can therefore be seen aasing factor of scouring.

2.3 Channel storage changes over time

Since debris-flow scouring is controlled by chansielrage, debris-flow occurrence is dependent on
the formation and mobilization of in-channel sedntneeservoirs. The spatial and temporal patterns of
channel storage were studied in the field in dé@feércontexts along the stream network. A presamtati

of key findings from low- to high-order channelgi®posed here.

First-order channels generally experience seasyadds of cut-and-fill which are directly influerdte
by hillslope processes and debris-flow occurrefibéty-nine debris-flows were monitored during a 6
year period in a first-order channel of the Ohyadiide, central Japan (Imaizumi et al., 2006)vds
observed that important infilling from freeze-thawd dry raveling from hillslopes during the winter
resulted in the largest deposits in the spring.r3dtows in this headwater depleted the infill iohgy

the summer, providing important sediment rechaoginé downstream reaches. The smallest channel
storage occurred typically during autumn. Anoth@nitoring program in a first-order channel in the
Chalk Cliffs, Colorado, allows for observing seveadabris-flows in one year (McCoy et al., 2010).
Smaller debris-flows tend to a have shorter tralisiance depositing within the first-order channel
while larger debris-flows scoured the channel déwithe bedrock. The residence time of storage in
these reaches depends on the frequency of largeitmdg rainfall events that trigger the largest

debris-flows (normally occurring during summer ceative storms).

In the Oregon Coast Range, it is found that stofageuilt up in first- and second-order channels ~
supplied by mass wasting (Benda, 1990). The sedisie® of bed-material supplied by mass wasting ©
is generally too coarse to be entrained by wateoffuOnly debris-flows triggered by landslides in

hollows are able to remobilize these sedimentsuf€id). Investigations on the frequency of debris-

RODUCT

flows in the Oregon Coast Range from the datings@diment deposition in hollows revealed a —
p
recurrence interval of 750 yrs in first-order chelsnand 1500 yrs for second-order channels (Benda—
—
and Dunne, 1987). Contrary to the observations fagtive alpine environments, debris-flow in the

forested mountain range of Oregon appears as anfeeguent phenomenon.
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In the lligraben debris-flow catchment, the trangiestorage has been monitored through the entire
catchment seasonally and annually (Berger et @L11). Landslide deposition in first-order reaches
have a residence time less than one year. Thiaggamnobilizes to the torrent channel and is again
stored for less than one year. The trunk streanrevbebris-flows propagate was characterized by
very active cycles of erosion and deposition olierrhonitoring period, emphasizing a short residence
time of sediment. The Manival torrent (French Alpigo shows frequent cycles of cut-and-fill along

the main channel, which is fed by very active ratikind rockslides in the upper catchment (Veyrat-
Charvillon and Memier, 2006). This shows that steafthments are highly responsive to sediment

pulses from the source area with little resideivoe ©f storage.

Since 1983, biannual cross-section surveying onalhevial fan of the Waipaoa catchment, New
Zealand revealed seasonal cycles of aggradatiorinaigion (Fuller and Marden, 2010). More recent
sequential DEMs revealed that scour and fill inesiv7 000 tonnes of sediment within 3 months.
Landslides and debris-flows from the gully compkexanhance the storage development in the fan
during wet weather periods and large rainstormy. figriods limited the activity in the gullies and
therefore water runoff incised the storage in the. fThese examples highlight the significance of

sediment supply and climate for the development depletion of channel storage in the steep

catchments.
Deposition of Sediment
in Channels By Debrjs Flow(s)
Channel Aggradation
Burial of Boulders
©  Gravel-~bed Morphology
Further Channel Degradation Channel Degradation
Weathering of Boulders . Boulders Exhumed
Mixed Boulder - and Channel Mixed Boulder and Gravel-
Bedrock Morphology Bed Morphology

Figure 7 Typical evolution of a debris-flow channel ovené (from Benda, 1990)
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3 THESIS OBJECTIVES

This study focuses on an intensive field-based gephic monitoring to quantitatively analyze flow
events in active debris-flow catchments. Two stgitgs were selected in the French Alps, the

Manival and Réal torrent catchments which frequesierience debris-flows and bedload transport.

Objective 1. Sediment transfer in debris-flow catemts at a seasonal time scale

The first objective (Chapter 3) is to characterdr®l understand how sediment transfers through an
active debris-flow catchment at a seasonal timdesc@everal studies have acknowledged the
necessity for obtaining a short enough timescal®gerving sediment transfers in steep catchments.
In addition, full spatial coverage of a debris-fleatchment is needed to identify the scour-filkgats

that are known to exist from hillslopes to high-ardeaches. This was accomplished by a complete
sediment budget of the catchment derived by malte dopographic measurements between important
flow events. This detailed sediment budget momupriook place in the Manival torrent catchment
from 2009 to 2011. The channel scouring by delboisd was quantified as well as the channel
responses during autumn water runoff events. Bethris-flow and bedload transport contributions

were quantitatively compared which identifies thggnificance and function in the catchment.

Objective 2: Debris-flow propagation and channdknactions

Post-event topographic surveys and high-frequenmyitoring stations in the Réal Torrent are used to
compare accuracies of transport volumes, velociaes discharge of flow event (Chapter 4). The
compiled database provides an opportunity to actismpwvo objectives 1) to characterize trends of
sediment transport for debris-flow and bedloaddpant processes and 2) quantify and the changing
properties of a debris-flow front (heights, vel@st discharge, volumes, and flow resistance) and
analyze how they interact with the channel. Toppgic surveys were measured from April 2010 to
October 2011 and three monitoring stations beganadipn in September 2010. Six flow events with

revealed how sediment is transferred through tlammdl according to flow types. One large debris-

N

o

flow was studied in detail which revealed surgenghs in volume, surge coalescence, yield rates an

debris-flow front dynamics (decreasing shear stifias resistance, velocity and heights).

Objective 3: Spatial variability of channel erosiby debris-flows

The final objective (Chapter 5) was to analyzedpatial variability of channel scouring, analyze th

effect of slope on channel scouring, and proposethod for mapping sensitive reaches to erosion.

CHAPTER 1: INTRODUC
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Channel storage and channel slope have importAnentes on debris-flow scouring, and in turn, the
scouring influences the debris-flow magnitude araldl distance. These relationships have been
found in laboratory experiments but have not bedansively quantified and compared in the field.
Both the Manival and Réal torrents were comparedthis chapter which introduces global
relationships in debris-flow catchments. The disttion and significance of debris-flow scouring in
the torrent catchments are identified with multiedaross-sections distributed throughout the two
catchments. Standardized measurements of scoumdlined by active width) and channel slope
(upstream from cross-section and 6 times the chanitkth) allow for a realistic multi-catchment
analysis. Detailed TLS multi-date scans betweerrislélows and floods allow for scour/fill to be
correlated with roughness. This chapter presentscaur/slope relationship and a roughness

classification for available storage which canlgds developed into hazard models.

This thesis contributes to the need of quantitafietd observations in the realm of debris-flow
research. Complete and thorough databases weraaibthy integrating multi-date cross-section
surveys, multi-date laser scans, and high-frequemmyitoring stations. Quantified evidence revealing
sediment transfers, channel interactions/contasbyis-flow dynamics, and storage characterizations
in two different catchments provides a strong basisdevelopment of physical models. These
observations also highlight the significant fielarpmeters that have an influence on debris-flovds an

steep catchment systems.
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1 STUDY SITES OVERVIEW

The two study sites, the Manival and Réal, are \aafjve debris-flow catchments located in the
French Alps (Figure 8). We have conducted inteniald monitoring of morphologic change in these
catchments between important flow events during ¢heng, summer and autumn. The Manival
catchment was the most practical field site becafsiés close proximity to Grenoble. The Réal
catchment was more difficult to manage, however dite was very important to study because it
experiences multiple debris-flows each year.

2 THE MANIVAL TORRENT CATCHMENT

The Manival is a very active debris-flow torrentanésrenoble in the Chartreuse Mountains of the
Northern French Prealps, located at 45° 17° N, ®7% E (Figure 9). It flows intermittently into ¢h
Isére River in the Grésivaudan valley. The higlgfiency of debris-flow events (once every year since
2008), easy access throughout the main channepraseénce of a large sediment trap (25 06Dim
the channel (protecting the urbanized alluvialdgainst debris-flows) makes the Manival site sigtab
for implementing a monitoring program of sedimemainsfer associated with debris-flows. The 3.6-
km? catchment above the sediment trap has 1130 mlief wéth a mean catchment slope of 81%
(Table 1) and the 1.8-km study reach extends fioenapex of the alluvial fan to the sediment trap
(Figure 9A and F).

Figure 8 Location of the two study sites in the French Albg, Manival and Réal torrent catchments.



Figure 9 View of (A) the Manival torrent and its source aréB) Manival's urbanized alluvial fan
(C) sediment source area (D) debris-flow scoueadh (E) debris-flow levee and gravel wedge from
bedload transport (F) sediment trap (Photos AaBj F were taken from Sébastien Gominet,
Photothéque IRMa)
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Table 2 General features of the Manival Torrent

Drainage area (kfh 3.6
Minimum elevation (m a.s.l.) 570
Maximum elevation (m a.s.l.) 1738
Mean catchment slope (%) 81
Length of the study reach (km) 1.8
Mean slope of the study reach (%) 16
Mean active channel width (m) 15
Monitoring period 07/2009 — 12/2010
Number of topographic surveys 9

Number of check-dams along the study reach 19
(whole catchment) (+180)

Sediment trap capacity fn 25000
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Figure 10 The Gumbel frequency distribution of the maximurilydainfall observed in the Météo
France station of Saint-Hilaire-du-Touvet, from 496 2010, located 5 km from the Manival.

The nearest meteorological station (Saint-Hilawet@uvet, located 5 km from the Manival, on the
same mountain side) has a mean annual precipitati@d50 mm and a 10-yr daily rainfall of 88 mm
(Figure 10). Spring and summer (May to Septembgpeeences intense rainfall from convective
storms which typically trigger debris-flows. Durimgitumn (September to December), steady long-
duration rainfall are common which produce bedltashsport. During winter (January to March),

snow typically covers the catchment and the chabeebmes dormant.
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Figure 11 A) 3D view of the geologic structures of the Maali(from Loye et al., 2012) B) general
process map of the Manival indicating active emosand the active channel, the yellow zone is the
most important sediment source of the catchment.

The catchment is located in the northern Prealgsariteuse Range), which corresponds to the
Mesozoic cover of the external alpine crystallirdt.bThe bedrock is composed of highly fractured,
alternating sequences of marls and limestone frmupper Jurassic to early Cretaceous (Figure 11A)
with a bedding thickness ranging from decimeterméters (Charollais et al., 1986). The catchment
has been formed along the axis of an anticline sitocondary Miocene folding and continuous
overthrust faults (Gidon, 1991). Sets of inversd ssverse faults cuts across the hinge of the upper
catchment.

Geomorphic processes in the Manival are typicalpénd prealpine catchments (Figure 11B). Thick ¢

TE

colluvial deposits below the cliffs and hillside ngeformed by shallow landslides, hillslope debris- —

S

flows and snow avalanches. Limestone rock faceprange to active rockfall which supplies debris to >

D

talus slopes. During the snowmelt season, gultieateéd below rock faces can experience one rockfaIIE
every 5 to 10 minutes (according to the authoedtfexperiences).

Upstream from the sediment trap, which is locatetthe distal limit of the upper third of the allavi
fan, the mean channel slope is 16% over 1.8 krhaapex of the alluvial fan. This steep channel has

CHAPTER 2: S
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a mean active width of ~15 m (range: 10-20 m) arebents a typical morphology of a debris-flow
scoured channel with levees, boulder fronts andsedags (Figure 9D). It is entrenched into theewid
alluvial fan (40 to 250-m wide, increasing downatrg. Macroforms related to bedload transport are
observed along the main channel. They can be dkfisegravel wedges with well sorted grain-size
distributions (Figure 9E). These macroforms padtytotally fill the debris-flow scoured cross-
sections and reveal that bedload transport is @oitant component of the torrent sediment budget.
Further geomorphic descriptions can be found irviptes works (Veyrat-Charvillon and Memier,
2006; Peteuil et al., 2008).

Approximately 180 check-dams were constructed stheel890s throughout the main channel and
small gullies. They are managed by the French foaesl torrent-control service of the Isere
Department (ONF-RTM38). Nineteen concrete checkslane present along the upper part of the
study reach. Before the 1970s, debris-flows proaban the upper fan through several active
channels, but to avoid the maintenance of checksdalong secondary channels, the ONF-RTM38
decided to concentrate debris-flows along one singhnnel constrained in the right-side of thebfian
embankment works (gravel levees). This work wasivatgd because of the urbanization on the
alluvial fan (Figure 12). Archive analysis of theaMval flood history during the last two centuries
showed that the torrent can produce large delmgsflranging from 10 000 to 60 00C (®eteuil et
al., 2008). Lopez Saez et al. (2011) presentsdurdetails on the debris-flow history of the Mariva
with these archives and the reconstruction of plastris-flow events using dendrogeomorphology.
Since 2008, the Manival has produced one debns-ach year depositing into the 25 009-m
sediment trap. The trap is a 40-m wide and 130#g kediment retention basin built in 1926 and was
closed since 1991 by a 5-m high concrete dam wutlbesopenings allowing water and fine sediment

to pass through the dam, trapping only the coaestidon of the sediment transport.



Figure 12 Air photos from 1948 and 2003 show the increaseribfnization on the alluvial fan. The
torrent is less active in 2003 because of the emging works of the last century (from Peteuil let a
2008)

3 THE REAL TORRENT CATCHMENT

The Réal torrent is a very active debris-flow tatriocated in the upper Var River catchment of the
Southern French Prealps, located 06° 54.5' E, ZANO(Figure 13). It flows intermittently into the
Tuébi River, a tributary to the Var River, near #imeall village of Péone. Debris-flows occur 2-3dsn
every year and interacts with bedload transportgsses which makes this catchment ideal for
morphological monitoring. The 2.3-Keatchment has 800 m of relief with a mean catchisiepe of
58% (Table 3).
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BJTgRa\/ine

Figure 13 View of (A) the Réal torrent, its source area tBég‘Ravine”, and the confluence to the
Tuébi River (B) the source area (C) debris-flm@wsed channel (D) gravel wedge formed from
bedload transport and debris-flow levees on thé&dan

Table 3 General features of the Réal Torrent

Drainage area (ki 2.3
Minimum elevation (m a.s.l.) 1254
Maximum elevation (m a.s.l.) 2048
Mean catchment slope (%) 58
Length of the study reach (km) 1.8
Mean slope of the study reach (%) 16
Mean active channel width (m) 25
Monitoring period 04/2010 — 09/2011
Number of topographic surveys 7

Number of check-dams along the study reach 8




The catchment is in the mountainous Mediterrandiamate with a mean annual rainfall of 2050 mm
and a 10-yr daily rainfall of 102 mm (Météo Frarstation of Péone from 1951-2010) (Figure 14).
Spring and summer (May to September) typically hawavective storms which trigger debris-flows.
During autumn (September to December); steady @ang duration rainfall generates bedload
transport. The catchment is typically covered bgvenn the winter (January to March), thereby

having a dormant channel.

Bedrock geology is composed of Paleogene sandstorkslternating sequences of Cretaceous and
Jurassic marls and limestone (Figure 15). Quatgrdaposits cover approximately 70% of the
catchment. Most of the sediment transported duiting events comes from spectacular alluvial fills
related to the obstruction of the valley by a gtadiuring the Wirm period. These 100-m thick
unconsolidated alluvial constructions are pronéntense gullying and landslides which provide an
unlimited sediment supply to the torrent. They eamposed of a stratified mixture of coarse gravels
and boulders with a fine sandy clay matrix. Anaetileep-seated landslide affecting Jurassic black
marls since the 1920s located on the right bantkh@fmain channel also contributes to the sediment
recharge. However field observations reveal thatrtiost important sediment source comes from a
very active gully entrenched into the fluvio gldadaposits (Chambon and Richard, 2004); we cadl thi
gully the “Big Ravine”.

The 1.8-km study reach extends from the confluaridbe Tuébi to the proximal limit of the alluvial
flat (Figure 13A). The mean channel slope is 16% @we mean active width is ~25 m (range: 15-55
m). The channel morphology is a complex assembtéiggosional and depositional forms resulting
from both debris-flow (Figure 13C) and bedload $gort processes (Figure 13D). In the upstream
part of the study reach, the active channel is walel occupies the entire valley floor. An isolated
vegetated alluvial terrace is observed in the naidqulirt of the study reach, on the left bank of the
torrent. This terrace tread is continuous alongldlse 800 m of the study reach, and creates a buffe
zone between the active channel and the hillsldpesveen the exit of the hillslope-confined valley
and the confluence with the Tuébi, the Réal flolem@ a short 250-m reach entrenched into the recent
terraces of the Tuébi. Sediments coming from thel Rée incorporated into the wide (55 m) and
steep-slope (0.09) active channel of the Tuébi,timdsy bank erosion from debris-flows, which

prevents the formation of a large alluvial fan.
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Figure 14 The Gumbel frequency distribution of the maximurilydainfall observed in the Météo
France station of Péone, from 1951 to 2010.
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Figure 15 The Réal catchment’s general (A) geology (modifiesn Quélennec and Rouire, 1981;
Jomard, 2003) and (B) surficial processes indigagictive erosion and active channels
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Figure 16 View of the Réal torrent from the third check-damta the “Big Ravine”. The left photo
is from 1938 and the right is from 2004. Large aggtion occurred, filling and burying the check-
dams, and the “Big Ravine” has been deeply incifeaimn Chambon and Richard, 2004)

The study reach of the Réal is controlled by edjt#ck-dams constructed between 1933 and 1983 and
managed by the forest and torrent-control servidbe Alpes-Maritimes Department (ONF-RTMO6).
Five of these check-dams are cut-stone dams ceotetrbetween 1933 and 1935, and all of them are
now totally or partially buried by debris-flow degits. The archives of ONF-RTMO06 revealed that
cut-stone check-dams of the Réal were regularlghtened after their construction, attesting channel
aggradation of the Réal during the"2@ntury (Figure 16). The three other check-darescancrete
dams deployed between 1976 and 1983. One of theowigartially buried by sediment. Clearly, the
most important hillslope contribution comes frore tBig Ravine” which shows considerable incision
during the past century (Figure 10). Historicaladabout debris-flows of the Réal are scarce in
comparison with the Manival’s. The only reportedbreflow volume concerns an event of 20 000 m
that occurred at the end of thé"@ntury.
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1 INTRODUCTION

The volume of channelized debris-flows have frediyebeen identified as influenced by channel
scouring along the flow path (see Hungr et al.,22@8r a recent review). Several case studies of
debris-flows triggered by slope failures reporteat the volume of initial failures were insignifidaas
compared to the total volume of the event (BendhRunnne, 1987; Remaitre et al., 2005; Berger et
al., 2011b). Debris-flows incorporate in-channalisent as they move down slope. This is known as
debris-flow bulking and the rate at which debri®Afs scour the channel is referred as the yield rate
(expressed in fper unit length of channel). Therefore, the presenf erodible sediment in
headwater channels is recognized as a primary aoorr the timing and magnitude of debris-flows
(Jakob et al., 2005). Some authors proposed toimis@ate supply- and transport-limited debris-flow
catchments as a function of the sediment rechaigefor low-order channels, this being defined as
the rate at which colluvium fills the scoured chalnafter the passage of a debris-flow (Bovis and
Jakob, 1999). The higher the recharge rate, theehiig the susceptibility of the catchment to pradu

a debris-flow during high-intensity rainfall events

Temporal fluctuations and spatial distributionscbénnel storage are therefore key controls of debri
flow occurrence and magnitude. In steepland catateneéhese fluctuations are influenced by both
debris-flows and bedload transport, but the respeafluence of both can be very different between
investigated sites. Field studies of sediment feans Oregon’s steepland catchments revealed that
low-order channels accumulate sediment input froifsldpes for thousands of years until a slope
failure occurs and transforms into a debris-flowichihscours the sediment of first- to second-order
channels (Benda and Dunne, 1987; Benda, 1990)nGhe nature of coarse sediments delivered to
headwaters, common runoff events are unable tolin®kdhem as bedload and therefore sediments
are accumulated for very long periods of time. &msequences of scour and fill were reported in
other regions, but over much shorter timescalesedent study of an alluvial fan in New Zealand
revealed seasonal cut-and-fill sequences drivesubgessive wet and dry periods (Fuller and Marden,
2010). In this case, aggradation phases of thar@amnelated to large sediment influx from debrisafé
during wet periods, when failures are triggerethimupper catchment. Degradation phases are related
to bedload transport events during autumn. Obsenatof a first-order channel in Japan showed
sediment accumulation during winter freeze-thawlagcand channel scouring during summer
convective storms (Imaizumi et al., 2006). Mosthad sediment flushing was driven by debris-flows
while bedload transport was considered as a miedimgent transport process. Annual sediment
transfer investigations in the lligraben catchméatitzerland) also revealed the importance of
alternating scour and fill of the channel in thelerstanding of sediment transfer in complex debris-
flow catchments (Berger et al., 2011b), howeveermitions between debris-flow and bedload

transport were not emphasized.



Intensive seasonal field observations of the sedliro@scade in steepland catchments prone to debris-
flows are still lacking in the alpine environmemidanotably in catchments where sediment transfer is
driven by both debris-flow and bedload transpotiede two processes may occur during the same
flow event, but some events do not produce delsgsf when bed material is entrained only by shear
stress exerted from water flow. We refer the lat@se as a bedload transport event. This chapter
presents observations from frequent field survelysealiment transfer in the Manival debris-flow
torrent in the French Alps (Figure 17), where segee of scour and fill were studied at a seasonal
timescale from first to fourth-order channels. Tehaxbservations allowed us to (1) quantify the
relative contribution of channel scouring for dekftow volumes, and to (2) characterize the sedsona
cycles of scour and fill from low- to high-orderarinels with respect to the driving processes (debri

flow vs. bedload).

2 MATERIAL AND METHODS

2.1 Sediment budget

2.1.1 Channel storage changes

Multidate topographic surveying of cross-sectiomsewsed for monitoring channel storage change in
the study reach of the Manival torrent. Cross-sestiwere regularly spaced along the study reach,
paying special attention to sample sections whieaamel deformation (scour and fill) was expected to N
be active. Thirty-nine cross-sections were deploghuhg the 1.8-km study reach of the Manival, <>E
giving a mean cross-section spacing of 46 m (3dithe mean active channel width) (Figure 17). <ZE
Wooden stakes on top of the channel banks werallegtfor cross-section benchmarking. Points E
were surveyed along transverse lines at each lofeslbpe, and each measurement point was markeq-':_
with spray paint. This saved time during subsegseanteys by only measuring the active portion of =
the cross-section (the portion where paint marksewe longer visible). The mean point spacing WasE

1.3 pts/m. Two days were required for surveyingoithe cross-sections. Topographic surveys were

UDG

measured with a total station (Leica Flexline TSO0Zhe manufacturer’s electronic distance
measurement precision is 1.5 mm +/-2 ppm, andrigelar resolution is 7 or 3.4 mm of precision at =

a distance of 100 m. The total station was benckadbon permanent points of alluvial terraces.
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Figure 17 (A) Orthophoto view of the Manival catchment (ima@eAerodata International Surveys)
located at 45° 17’ N, 5° 49.75’ E; (B) Shaded fetizap of the Manival study reach derived from
airborne LIDAR surveys, displaying locations of ssesections, check-dams, and laser scanned areas;
Sites S1-S3 refer to multi-scanned headwater regéhgure 28)



Figure 18 Views looking downstream and upstream from XSHRigure 17) in the Manival study
reach showing (A) debris-flow levees and coarse &l (B) gravel wedges filling the U-shape
debris-flow channel

The time frequency of topographic surveys was otiett by the occurrence of competent flow events

(flow events that induce a morphological respornfsthe channel), but the time-lapse between two

successive events was sometimes too short to parmétrfect match between events and surveys.

Eight post-event surveys were measured since s@gffg, two surveys being done after debris-flow
events of moderate intensity. It is important tantren that the debris-flows in this torrent areeafin

the form of multiple surges (eye witness reportesudges with 10 minute intervals for one debris-
flow). Therefore topographic surveys capture theetintegrated volume change of the torrent during
the event. For this paper, the two types of evardéharacterized:

» A debris-flow event consisting of multiple surgatso including secondary bedload transport.
Typical field indicators are unsorted levee, lokeg, and terminal deposits with a fine
sediment matrix (eg. Figure 18A). The secondaryldaettransport can sometimes deposit

sorted unconsolidated gravels in the thalweg.

« Bedload transport events refers to bedload prosesseurring without debris-flows which
regularly occur during intermittent flows and fleoffom low intensity rainfall and snowmelt.
Typical field indicators are sorted unconconsokdatgravel deposits which sometimes
develop into large wedges reaching bankfull (egufé 18B). No debris-flow field indicators
are present.

Cross-sections (Figure 19) were used for quantifyilumes of erosion and deposition in the channel

and back-calculating bed-material sediment trarigpging the morphological method (Ashmore and
Church, 1998), widely applied for balancing seditmkuadgets in gravel-bed rivers (Ferguson and
Ashworth, 1992; Martin and Church, 1995; Reid et aD07; Raven et al., 2009). Volumes of

deposition Vp) and erosion\g) between cross-sections are obtained by the follgw
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Figure 19 Example of two Manival cross-section surveys (XS&8h channel deposition (blue) and
an eroded bank and levee (red) during the P2 pariadtumn 2009.

Aeiy T Aens

VE = o 2 ) I—(n,n+1) (1)
Aowm ¥ Ao

VD = © 2 o) L(n,n+1) (2)

with L, the streamwise distance between the two crogs®sea andn+1, andAg andAy the cross-
sectional area of erosion and deposition, respagtihe net storage changé between two surveys
for the channel reach between two cross-sectiodsteymined by the difference of the two volumes
Vp andVe. The principle of mass conservation is used terdahe the coarse sediment transport for

each reach with:
V, =V, -V &)

with V, the sediment output and the sediment input. Through monitoring sedimertpotis at the
downstream end of the study reach, the sedimem$goat and the sediment input can be determined

for each sub-reach comprised between two crosgasct

Uncertainties of erosion or deposition volume eatas for each sub-reachky, , were calculated

according to the propagation of uncertainty’s |dWaylor (see Reid et al., 2007 for details):

ool R




The termsog, and o, refers respectively to errors associated withsssestional area of erosion
or deposition at cross-sectiongndn+1, respectively, ande refers to the error associated with the

distance between cross-sectionandn+1. Cross-sectional areas of erosi@dg)(or deposition Ap)

were calculated by the following:

A= n (Q +2q+1jdi i+l %)
i=1
A = Z(%)d' i+ (6)

with &, the erosion depth at pointf;, the deposition depth at pointandd;;.; the distance between
pointsi andi+1. Thereforeg, used in Equation (4) can be calculated using #ndoF's propagation

of uncertainty with individual errors associatedhn&, f, andd;;.;. Erosion and deposition depths
were calculated as elevation differences betweem dwccessive surveys. We assumed that the
uncertainty of elevation measurements was equivaienthe Dg, of the bed surface grain-size
distribution of the channel, which is approximat&\ycm for the Manival (measured by Wolman’s
pebble counts on 100+ particles). A similar valuasvattributed to the error associated with the
distance between two successive points, sincedsiéign of the prism during surveys is influenced b
the roughness of the bed. The error associatedthétlturvilinear distance between two successive
cross-sections was measured on a high-resolutigitaditerrain model (DTM) derived from an
airborne laser scan (ALS) and was attributed aevalul m, corresponding to the pixel size of the
DTM.

2.1.2 Sediment output

The 25 000-rhsediment trap was used for reconstructing sedimetput by post-event topographic
surveys. The trap is a 40-m wide and 130-m londgnseat retention basin built in 1926 and was

closed since 1991 by a 5-m high concrete dam wifleesopenings allowing water and fine sediment

DGETS IN THE MANIVAL

to pass through the dam, trapping only the coaesgidn of the sediment transport (Figure 20). 8inc
it can be expected that the trapping efficiencthefcheck-dam is not 100%, resurveys of the sedimena
trap may only give a lower-bound estimate of thdireent output. Nevertheless, several observationsE
lead us to consider sediment losses as negligibiengl the monitoring period. We observed that UEJ
bedload deposits never reached the distal encedfalp during the recorded events. We also observeﬁ
that debris-flows were slowly moving in the trapdathey progressively reached the dam with a ¢
boulder front obstructing the sluice openings. $tteng channel incision observed downstream fromg

the dam, which indicates sediment starvation, sigmests a high trapping efficiency.
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Figure 20 View of the sediment trap after a debris-flow w{h) the dam blocked by the boulder
front with tree debris and (B) the rest of the tiilipd with finer sediment.

Most surveys of deposition in the sediment trapf(4) were measured with the Leica TS02 total
station. These surveys were subtracted from asteaklaser scan (TLS) of the empty sediment trap
surveyed at the onset of the monitoring programS Hurveys were measured with an ILRIS-3D
(Optech Inc.) terrestrial laser scanner, with a51l661 laser giving a minimum footprint of 22 mm at

100 m. This TLS has a laser repetition rate of 28@0with a maximum range of about 1200 m for

80% reflectivity surfaces. The manufacturer’'s psixis of the TLS are 7 mm for distance, 8 mm for
position, and 8@rad for angle. The minimum point spacing is 2 crhGQ0 m.

Overall point densities of the total station susveyere comprised between 0.08 to 0.23 ptsfthe
deposition surface was smooth and conical, howdeeget a more reliable representation of the
deposition surface, we increased the density afeyed points in areas with irregular topography and
each break of slope was carefully sampled durirey dhrvey. Total station measurements were
manually aligned with the previous TLS survey usihgo 10 tie points (check-dams corners and
edges) by using IM Align module on the softwareyRarks™ of InnovMetric. The uncertainty
associated with deposition volume estimates wassaes by calculating the propagated uncertainty
related to two parameters: (i) the surface roughmédsch was attributed a value corresponding to the
D5 of the surface grain-size distribution for delftisv deposits (0.07 m) and bedload deposits (0.05
m), and (ii) the standard deviation of alignmenbepf the tie points which ranges from 0.05 to00.1
m.



Figure 21 Example of DEM of Difference (DoD) with TLS in tlsediment trap before and after the
first observed debris-flow event

One post-event survey was done with the TLS (Fiqakte For the sediment trap, TLS surveys

required less than one hour with a final point gpagess than 2 cm and a maximum root mean squar

EPMANIVAL

error (RMS) between the multi-date cloud point&@f.02 m (detailed TLS methods are presented inE
Section 2.3).

Sediment trap surveys were measured during thes-sexgion survey campaign, except when [

GETS IN

sediment deposition was not visible in the sedintert or when a substantial part of the deposit Was%
removed by dredging operations. The sedimentigapanaged by a private company in charge oflﬂ_D
dredging operations to maintain a full capacityrowme. Generally, the time lapse between the flow 5
event and the dredging works was long enough tdeim@nt a topographic survey. For three out of %
eight times, the trap was disturbed after smalbdko The outputs in these situations had to bell
estimated according to sediment yields determinau £ross-section surveys.
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Table 4 General features of the three headwaters in tlamiwl catchment dedicated to the
monitoring of sediment supply from hillslopes byDIAR resurveys

S1 S2 S3
Length of the surveyed reach (m) 140 95 170
Drainage area (km?) 0.03 0.17 0.52
Channel slope (%) 67 55 45
Stream order* 1 2 3
Scanned surface (m?) 1600 - 1900 660 840
Number of check-dams 0 5 11

*pased on LiDAR-derived DTM stream network

2.2 Sediment supply from low-order headwaters

The sediment supply from headwaters was monitosedl$ resurveys and an airborne laser scan
survey (ALS) for three study areas (Figure 17)mal§ active first-order headwater entrenched into a
talus slope below a limestone cliff with 400 m eél{denoted as S1), and two upstream second- and
third-order steep-slope channel reaches confindwvee® eroding hillslopes directly delivering
sediments to the channel by shallow landsliding hitidlope debris-flows initiated on talus slopes
(denoted respectively as S2 and S3). General deasdics of these 3 areas are presented in Table 4
The S1 site was accessible on a trail and can &e §em a view point with optimal angle and
coverage. S2 and S3 sites were chosen becauseing Isafe viewable locations and they are reaches

between the first-order to the main torrent channel

The TLS data were collected on a seasonal basisgdR009 (April, July, August, and November).
Scanning positions for S1 were taken both withi ¢hannel and across the upper catchment using 2
to 8 locations with distances ranging from 2 to ®00S2 required two to three scanning positions
with distances of 20 to 450 m. S3 required onetjposat a maximum distance of 250 m. In order to
save time in the field, long range scans had a mmaxi point spacing of 0.1 m which can vary

according to shadow effects (channel areas hidgeerkain obstructions from the laser).

The ALS survey for the entire catchment was flowrhblicopter in June 2009 by a private company
(Sintegra) using a 200 kHz Riegl LMS Q560 lasemsea. The flight elevation fluctuated between
450 and 650 m above ground, with a maximum instetas scan angle of 25 degrees, giving a laser
footprint range between 0.16 and 0.24 m for flataies. The mean density of the filtered point dou
was 6.9 pts/mand the altimetric and planimetric errors wereGmd 0.15 m, respectively. However,
with the raw LIDAR data for the 3 sites, sparseetagon cover was manually cleaned preserving a
point density up to 30 ptsfinManually cleaning refers to identifying and séleg the backscattering

from vegetation in the scan’s point cloud and dieggit rather than using automatic filters.

The multi-date scans (ALS and TLS) were mergedaigthed on IM Align module on the software

Polyworks™ of InnovMetric. With the IM Align, identifiable penanent structures such as check-
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dams can be selected as tie points for differemmscthe point clouds of these features can then be
aligned with the Automatic Iterative Closest Poalgorithm (Besl and McKay, 1992). Digital
Elevation Models (DEMs) with 0.1 m resolution wereated by ordinary kriging interpolation for the
TLS data. This interpolation method was chosen Umzahe resulting relief representation was
qualitatively identified as the most reliable te tireld morphology. The DEM from the ALS data was
created with a linear drift kriging for smoothinggh density linear swaths of points in the airborne
scans. These DEM layers were used to create @ad3EM of differences (DoD) for calculating
volumes of erosion and deposition. The uncertaasgociated with volume estimates was assessed by
using IM Align to find the maximum RMS of alignmeanbetween the multi-date point clouds (+ 0.08

m) covering areas with permanent structures (lax@end Vagners, 2003; Rabatel et al., 2008).

2.3 Initial channel storage quantification

The volume of sediment storage in the main chaah#éhe torrent was estimated at the onset of the
monitoring. The objective was to determine the lofauy conditions of the captured storage changes
over the monitoring period and to evaluate thetimacof the total alluvial sediment reservoir tligt
remobilised during debris-flows. The Manival torrdras limited lateral migration with well defined
channel banks where the susceptible areas areottedtby the engineering works of the RTM

services. This provides realistic estimations afrarted channel storage to the sediment trap.

Channel storage & (July 6, 2009) was obtained by the “sloping lobake level” (SLBL) method
(Jaboyedoff and Derron, 2005). The SLBL has bedially defined as a surface above which rocks
are assumed to be erodible by landsliding (Jabdyedal., 2004) and the method was adapted toz,:'
estimate the sediment infilling of glacial U-shapdleys (Jaboyedoff and Derron, 2005; Otto et al., %
2009). The general principle is to deepen DTM gixieicluded in the alluvial fill by an iterative <§E
routine until an assumed bedrock surface shapeec®nstructed. The surface geometry was "'IJ
determined by quadratic equations. Cross-sectionBe Manival are located in the main channel of;
the alluvial flat where a U-shape is most likely ftmm (validated with multi-date cross-section
overlays). Therefore it seemed relevant to useS3hBL method for quantifying the volume of
erodible sediment by debris-flows along the maianctel of the Manival. In this case, the maximum
scour surface is not controlled by bedrock becalisehickness of alluvial fill is much greater than
the maximum potential scouring depth of debris-Bdwhich we estimated around 4 to 5 meters). The

main channel is entrenched in the alluvial fan witlpeneral range of thickness from 10 to 30 meters.

ALS-derived DTMs were used with a grid size of oneter to run the SLBL routine (Jaboyedoff and
Derron, 2005). The first step was to edit manu#iily limits of in-channel depositional landforms.

This was done by mapping the spatial extent ofatikve channel using both 12.5-cm resolution
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digital orthophoto (Aerodata International Survegsll a hillshade representation of unfiltered DTMs
with vegetation manually cleaned. The second stes W assign values for two user-defined
parameters of the SLBL routine which constrainghape of the reconstructed parabola. The first is
the maximum depth of the alluvial storage and #wosd is the maximum curvature of the debris-
flow scour surface. These two parameters were méted from the interpretation of the cross-section
shapes of the torrent. For each cross-section geuhvia the field with the total station, we intelqted

the maximum debris-flow scour surface by fittingaynomial curve to the bank slopes on each side
of the active channel, assuming that the bank lprddi controlled by debris-flow erosion. We also
constrained the best-fit polynomial with the lowekdvation observed at each cross-section duriag th
monitoring period, providing that this lowest eldga corresponds to the presence of older highly
consolidated coarse lag (similar in strength ta kefirock) preventing deeper scour during subsdquen

flows (Figure 22). This procedure allowed for cédting the sediment storage in the main channel
and controlling the SLBL-derived sediment volume.

110 1 XS 18 (Figure 17)

— Preliminary
—P1

—P2

—P3

——P4

—P5

—P6
—P7/P8

= Potential maximum
scour surface

T T

Realative Elevation (m)

Distance from left bank (m)

Figure 22 Examples of Manival cross-section interpretatiamsdetermining the maximum debris-
flow scour surface from best-fit polynomial curvedhe XS 18 shows a maximum scour surface
constrained only by the bank slopes since the lbelegsation reached over the monitoring period did
not excavate the channel up to the coarse lag;l2®R29 shows a polynomial fit constrained by the
lowest elevation over the monitoring period, sitioe presence of a coarse lag formation suggedts tha
the channel will not deepen any further; thin cobuli lines: cross-section resurveys over the

monitoring period (P1-P8); thick black line: maximudebris-flow scour surface derived from
polynomial fit.



2.4 Rainfall monitoring

Two tipping bucket rain gauges (Rainwise Inc.) wati96-mm diameter and resolutions of 0.12 and
0.16 mm were used for rainfall monitoring in thécbanent. The rain gauges are connected to a data
logger recording instantaneous time of tips andvailg computation of rainfall intensity at varying
time intervals. The first was installed in OctoR&08 at the apex of the alluvial fan (Figure 1Tam
elevation of 860 m a.s.l. The second was installethe catchment ridge in July 2010 at an elevation
of 1490 m a.s.l. We chose open sites easily addedsom the road to facilitate regular visits bet
instrument for maintenance and data collecting. fwerain gauges are spaced 1.1 km apart, and they
both generally showed similar rainfall readingghe Manival during the summer (Figure 23). From
autumn to spring the upper rain gauge is susceptiitbsnow cover and melt. Therefore the lower rain
gauge was used for analysis because of its contsrexording from the beginning of the monitoring
program.

30 ‘ — Confluence
| Ridge

cumulative rainfall (mm)

1/7/10 8/7/10  15/7/10 22/7/10 29/7/10  5/8/10  12/8/10 19/8/10

Figure 23 A) Variation of cumulative rainfall between th&a rain gauges during the summer 2010
with convective storms. Only one storm does notehawmparable volumes (August 5, 2010); B)
Interior view of the tipping bucket rain gauge (Raise Inc.) with a 196-mm diameter and a 0.12 mm
resolution.
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3 RESULTS

3.1 Rainfall and channel responses

Despite rainfall of low to moderate intensity dgyithe monitoring period (less than one to two year
return period) (Figure 24, Table 5), consideraltlannel responses were observed along the torrent.
Eight periods of significant geomorphic activity meobserved along the study reach between July
2009 and December 2010 (denoted as P1 to P8), tvilbese periods being characterized by the
occurrence of a debris-flow (August 2009 and JWHEIP The maximum daily rainfall was observed
during P1, with a value of 34.7 mm. A frequency lgsia of maximum daily rainfall based on the
nearest long-term rainfall time series (Météo Feamtation of Saint-Hilaire-du-Touvet, 1964-2010,
elevation of 970 m a.s.l, located 5 km from the Malh on the same mountain side) gave a 10-yr
daily rainfall of 88 mm (90% confidence interval83-94 mm). This calculation was based on a
monthly sampling of maximum daily rainfall to inase the size of the sample and to provide a more
accurate estimate of extreme rainfall (Djerboud)12Mjerboua and Lang, 2007). According to the
fitted probability law, the return period of the xilaum 24h rainfall observed during the monitoring
period was 1.0 yr. The maximum 5-minute rainfateirsity was recorded during P6, with a value of
79 mm ht*. This high-intensity storm event did not initiary debris-flow in the catchment. Debris-
flows occurred during P1 and P5, when maximum &dlirihtensities were 49 and 25 mm™hr
respectively. The minimum rainfall intensity assted with an observable channel response was 7
mm hr* during P3 and P8.
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Table 5 Summary values of rainfall for each monitoringipe of channel storage changes; mean and
maximum intensities are calculated for a 5 mintites-interval; rainfall data from the rain gauge at
the Manival ridge are indicated in brackets andadtbsimilar values to the rain gauge located near
the main channel

Survey time period Period Total Maximum Mean Maximum Debris-flow

ID rainfall ~ 24h rainfall storm burst

(mm) (mm) intensity  intensity
(mmhit)  (mm hrt)

06/07/09 — 28/08/09 P1 93 34.7 3.2 49  25/08/2009
30/08/09 — 07/10/09 P2 24 14.5 2.8 17
08/10/09 — 12/11/09 P3 101 16.6 1.9 7
13/11/09 — 01/06/10 P4 239 32.2 2.1 10
02/06/10 — 08/06/10 P5 26 24.4 6.2 25  06/06/2010
09/06/10 — 08/10/10 P6 174 21.3 3.0 79
04/07/10 — 08/10/10*  P6* 135 (170) 21.3(21.0) k) 34 (35)
14/10/10 — 25/11/10 P7 150 22.3 2.2 17
14/10/10 — 15/11/10*  P7* 115 (76) 22.3 (23.0) D) 17 (6)
25/11/10 — 10/12/10 P8 33 19.4 2.0 7

*Time period with available data from the Manivalge rain gauge
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3.2 Torrent sediment budgets

Sediment budgets reconstructed for the Manivalngdutie eight investigated periods are summarized
in Table 6. Unit volume changes (including vyieldes) for these periods are reconstructed from the
cross-section resurveys (Figure 25). The high yiatds from the debris-flows (P1 and P5) identifies
the extent of entrainment which can divide thedotrchannel into two sections, the proximal and
distal reach in reference to the apex of the adlufan. Sediment transport volumes were computed by
first cumulating the unit volume change, and thesytare readjusted so that the output volumes match

the sediment trap volumes (Figure 25).

During P1, a debris-flow occurred. The geomorpluitviy of the main channel was only driven by a
short-duration convective storm which occurred 8 Rugust 2009. With the storm burst defined as
a continuous rainfall according to a 5-minute tisbep, the duration was 45 minutes with a totallof 1
mm and a maximum 5-minute intensity of 49 mrit.hEonsiderable channel erosion was observed
(Figure 26) in the proximal part of the study re&icdm the apex of the alluvial fan, while the dista
part was characterized by net deposition. Maximaoall scour reached 2.9 m. A net storage loss of
2034 ni +/-199 was obtained, which was equivalent to tbdiment output captured by the TLS
survey of the sediment trap (1873 mi- 62). Therefore, sediment input from the uppatchment
could be considered as very low (not greater ttmiBgiven uncertainties of storage changes and
output) and most of the sediment yield was supptigcchannel scouring along the main channel.
There were no signs of a debris-flow upstream fthenproximal reach. This suggests that the debris-

flow initiated in the proximal reach of the mairaciel.

Table 6 Sediment budget for the Manival Torrent obtaifiein cross-section and sediment trap
resurveys; sediment inputs were back-calculateoh fstorage changes and outputs; uncertainties of
channel erosion and deposition are calculated ftioen Taylor's law of uncertainty propagation;
storage change uncertainty is the sum of erosiah @egposition uncertainties; sediment output
uncertainty is calculated from individual errors@dated with topographic surveys; ranges of values
proposed for sediment output (when a topographigesuof the sediment trap is not available) or
input are derived from storage change uncertainty

Period Sediment Storage Channel  Channel Sediment
Study period D Input Change Erosion Deposition Output
(m°) (m’) (m°) (m°) (m°)
06/07/2009 - 28/08/2009 P1 0-63 -2034 (+199) 5232 (+136) 3199 (+63) 1873 (+62)
30/08/2009 - 07/10/2009 P2  736-842 789 (+84) 1409 (+31) 2197 (+53) 0
08/10/2009 - 12/11/2009 P3 198-260 -73 (#66) 1546 (+36) 1473 (+31) 266-338
13/11/2009 - 01/06/2010 P4 0-36  -580 (+81) 1961 (+45) 1372 (+36) 535-625
02/06/2010 - 08/06/2010 P5 0-537 -3052 (+272) 7658 (£178) 4605 (+93) 3320 (x176)
09/06/2010 - 08/10/2010 P6 174-246 -608 (+82) 2246 (+46) 1637 (+36) 773-865
14/10/2010 - 25/11/2010 P7 0-49  -267 (+35) 921 (+20) 685 (¥15) 226 (+34)
25/11/2010 - 10/12/2010 P8 0-76  -306 (+51) 1351 (+29) 1056 (+23) 515 (+41)
06/07/2009 - 10/12/2010 1108-2109 -6147 (+870) 7195-8075
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Figure 25 In-channel storage changes per unit length andresditransport in the Manival Torrent
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entrainment extent (proximal reach) is indicatedtiyy dashed grey line; blue line: deposition; red —
line: erosion; black line: net storage change
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Before 25AUGO09 Debris Flow = B After 25AUG09 Debris Flow "‘x

Figure 26 Photo sequence displaying channel scouring oftlgrist 2009 debris-flow in the main
channel of the Manival; views looking downstream

During P2 period (August 30 to October 7, 2009)suzcession of small rainfall events with a
maximum intensity of 17 mmhinduced moderate channel changes related to tkttmasport, with

a general storage gain of 789° m/-84, homogeneously distributed along the studgch. A
substantial part of the sediment loss from the Aud2009 debris-flow was recharged during P2
(Figure 25) by the deposition of gravel wedges @toeage recharge was estimated to be between 33
and 41% given the uncertainty of the volume catiatd. The sediment trap stayed empty during this
period, meaning that an important amount of sedinhaa been delivered by the upper catchment
(calculated between 736 and 843)ndespite the low rainfall. The main channel fimoéd as a
sediment trap, capturing gravels coming from thpemgatchment. A similar pattern of rainfall was
observed during P3, with long duration and lowmstg rainfall events, typical of the autumn season
A net storage loss of 89°m/-66 was obtained. The sediment trap was distltine dredging
operations; however, assuming zero input, the awtpuld be estimated from the sediment transport
trend to be 266-338 frand a recharge from the upper catchment of 198rR26@hannel responses
were not very important, except in a small proxinnahch where considerable gravel wedges
accumulated in the channel, generating 1.2 m ofosiépn locally. Those gravel deposits were
supplied by both channel scouring in the proximalmthannel and sediment supply from the upper
catchment. The P4 period (November 13, 2009 to Jurg910) included small rainfall events with
low intensity (maximum of 10 mm Yy during the early spring. A net storage loss od 58 +/-81
was captured, without any sign of debris-flow atyivAgain, the sediment trap was disturbed by
dredging operations; however, assuming zero sedimpunt, the output could be estimated from the
sediment transport trend to be 535-625and a recharge from the upper catchment of 0-36Ttre
most remarkable channel response was observedeinptbximal reach, where a considerable

remobilisation of the gravel wedges deposited duthre P3 period was observed. It is possible that



those gravels were transported down to the seditm@mtsince no significant channel deposition was

observed in the distal reach.

The most important debris-flow of the monitoringripd occurred during P5 period which was
initiated by a short duration convective storm theturred the '6 June 2010. With the storm burst
defined as a continuous rainfall according to aibute time step, the duration was 2.3 hours with a
total of 21 mm and a maximum 5-minute intensity26fmm hi*. The general pattern of erosion and
deposition along the main channel was very sintdahe one of the August 2009 debris-flow (Figure
25). A net storage loss of 3052 mi-272 was obtained, which is equivalent to thdiment deposition

in the trap, measured at 3328 #1-176. Channel scouring of the proximal reachptiep most of the
sediment output and the direct contribution of thgper catchment to the sediment yield was
negligible. The debris-flow grew in volume alongeach of 600 m length and 18% slope, contributing
(4000 ni to the distal reach and sediment trap. Despitdidiie intensity of the rainfall, the sediment

supply from the upper catchment was low (higherdabastimate of 537 ¥ However, mud marks

were observed upstream from the scoured reachesiimg) that fine sediments were already present.

They most likely originated from hillslope runoffiébank erosion.

The channel response after the June 2010 debwswias different than what was observed after the
August 2009 event. The debris-flow occurred inyeadmmer; for the rest of the summer (P6), a
series of high intensity rainfall (range: 20-79 ntmi) did not produce any debris-flows. The P6

period was the most active in terms of rainfallf bat the most sensitive in terms of geomorphic

response. The proximal reach continued to scouereds some thin gravel wedges were deposited in

the distal reach (Figure 25). A net storage los§Q#f n? +/-82 was obtained. The sediment trap was
disturbed; however, the output was estimated to7B@865 m and a recharge from the upper
catchment of 174-246 frwas obtained. The August 2009 debris-flow lag lvée deposits were

eroded during this period and accumulated into gjravedges along the distal reach. Throughout
autumn 2010 (P7 and P8), these gravel wedges dhaduzbilized downstream into the sediment trap

without substantial sediment supply from the upgachment (Figure 25).

3.3 Sediment supply from first-order headwaters

Seasonal repeat TLS surveys of Manival headwatens April to November 2009 revealed important
elevation changes over time. At site S1, locateBigure 1, four DEMs of difference (the subtraction
of a post and prior DEM) were produced during tleeiqd. From April to June and from June to
August, the most striking change was a strong deseref elevation in the proximal part of the gully,
which had reached 3 to 5 m locally (Figure 27A &)d The loss in elevation was most dramatic
between June and August even with rockfall depasitairring just upslope. During this period, no

convective storms occurred and no geomorphic #gtvas observed along the main channel of the
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Manival. Moreover, no gain of elevation was obsdrirethe distal part of the gully (confirmed with
painted field marks), and it is difficult to imagrong travel distances of sediment without any
significant rainfall. Therefore, the captured ekswa changes in the proximal part of the gully ddou
have been driven by the melting of buried snow aedations of the winter which were mixed and
recovered by rockfall deposits coming from the \actrock wall (Figure 27C and D). Snow
accumulations in shaded gullies resulted partlynflemow avalanches, which are very frequent in the
upper catchment of the Manival. The resulting DEMdifference could not be integrated in the
sediment budget analysis since most of the lostuelconcerned snow (total volume loss: 754+fn
145).

TLS resurvey of the S1 site during August (corresflmg with P1) showed that a talus slope failure
occurred in the proximal zone (Figure 28A). An @nsof 266 ni took place at the talus slope with
268 nt depositing 40 to 80 m down the gully. The net démn of 2 ni +/-87 shows very little input
from the rock wall. No morphological change waseawbed further downstream in the gully. There
were not any rainstorms or sustained rainfall thhmwt August 2009 until the debris-flow event. The
small talus slope failure was most likely initiatdaring the storm event of August 2009 that geweerat

a debris-flow in the main channel of the ManivaheTremobilized sediments remained in the distal
part of the headwater channel and for the resh@fmonitoring period. Even though the S1 site was
disconnected from the channel, other first-orderdwaters were active and connected to the channel

and the S2 and S3 site (locations in Figure 17).

TLS resurveys of S2 and S3 sites during August AB09period) showed net erosion in the upper
reach (S2, Figure 28C) and net deposition in theetaeach (S3, Figure 28E). No signs of a debris-
flow were observed along these two reaches, anthtiphological changes were induced by bedload
transport. The confluences of the numerous lefkbéaast-bank) gullies of the S3 site stayed
unchanged, without any fan formation related todbposition of hillslope debris-flows in the main
channel. Laser scan observations for the followirgod (from August to November 2009, P2 and
P3) showed the inverse situation, with net depmsiiih the upper reach (Figure 28D) and net erosion
in the lower reach (Figure 28F). As for the pregi@eriod, these responses were related to bedload
transport. During 2010, little geomorphic actiwitas observed in the 3 sites and no TLS surveys were

implemented.

We acknowledge the fact that there may be an inflaeof check-dams (visible in Figure 28C-F) on
sediment transfer. There were not any second- iod-tlnder uncontrolled reaches available at the
study site to make any comparisons. Furthermorservhtions showed that erosion and deposition
takes place at varying check-dam spacing for betirid-flow and bedload transport. Therefore, with
the observed complexity and limited information @anot make a detailed analysis on the effect of

check-dams.
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Figure 27 Snowmelt indicated by DEM of differences derivednfi TLS and ALS resurveys of the
S1 site on the Manival from April to June 2009 @)d June to August 2009 (B); LoD: level of
detection of significant elevation change basedhenRMSE of the merging proced&ew (C) is of
the proximal zone of the S1 site where snow wastlgnosixed in the deposits; view (D) is of the
proximal zone of a typical first-order gully of thdanival showing snow accumulation partially
covered by rockfall deposits
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Figure 28 DEM of differences derived from TLS resurveys of 81 (A and B), S2 (C and D) and S3
(E and F) sites on the Manival between August andeihber 2009; LoD: level of detection of
significant elevation changes based on the RMSBEefmerging process
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3.4 Fluctuating channel storage over time

The initial channel storage for the main channehef Manival torrent at the onset of the monitoring
estimated to be 35 500°maccording to the SLBL method. This value is in @greement with the
storage volume estimated by cross-section intafioet of the maximum debris-flow scouring
surface, which gave a total volume of 31 508 ffhe storage estimates were subdivided in 3
functional reaches according to the geomorphicaresgs observed during the monitoring period: the
proximal reach where maximum channel scouring viseved, holds an initial storage of 13 500 m
the transport reach where an equilibrium was olesebetween erosion and deposition, with 13 800
m® of storage, and the lower reach where depositias ligher than erosion, with a storage of 4 200
m°. After two years of monitoring, the total sedimetdrage decreased to 25 400 (fFigure 29) with
the proximal reach losing 7 600°nthe transport reach losing 708, rand the lower reach gaining 1
400 nt (Figure 30). Most of the storage loss was indumgthe two debris-flows, which remobilised
14% of the in-channel sediment reservoir. If orilg proximal reach is considered, the two debris-

flows evacuated 56% of the available storage.
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Figure 29 Evolution of in-channel sediment storage durimg onitoring period along the Manival
study reach. Upper and lower limits are plottecbaging to the calculated uncertainty. DF denoted
debris-flow occurrences
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Figure 30 The distribution of the channel storage changenduttie monitoring period derived from
cross-section interpretation of the maximum defbois-scouring surface. Within the monitoring
period, the proximal reach had a large storage tbhedransport reach had little change, and thverdo
reach gained in storage.

4 DISCUSSION

Gregoretti and Fontana, 2008) found that debrigdlin the Dolomites (ltalian Alps) formed due to
the scouring effect of critical discharge from peakoff. They also found that the triggering araees
located where sediment is available and where awdrflow can occur. Observations in the Manival
Torrent are consistent with these findings; chanadl debris-flows were initiated in the proximal
reach of the main channel where most sedimentgedisapresent. Triggering occurred during high
intensity rainfalls. For the two debris-flow eventdear field observations upstream from the main
channel showed that surface water runoff was teitian the upper catchment producing water surges
(indicated by high water marks). Morphological sigires of bedload transport were clearly detected
in these upper reaches (sorted unconsolidated Igoeposits), without any signs of debris-flow
propagation (unsorted levee, lobe, lag, and tedndeposits with a fine sediment matrix). Multiple
surges occur in the Manival which we do not knowewtfit transports sediment in the headwaters

(before, during or after the main channel debis¥l However, the sediment budgets indicate that



there was little sediment transfer between the mélaand the upper catchment for all the surges

combined.

Sediment budget reconstitutions showed that déorisvolumes at the downstream end of the study
reach are equivalent to net erosion along the nchiannel (Figure 25, Table 6). The direct
contribution of hillslope erosion to debris-flow lume was insignificant, despite the occurrence of
talus slope failures during storm events (Figurg 3@diment transfer along the stream network was
characterized by important spatial discontinuitesing summer storms. Sediment coming from talus
slope failures or gully stores stayed capturedhéndistal reaches of headwaters and did not progaga
down to the main channel (Figure 28). A similaraation of sediment retention after a debris-flow
in a second-order steep-slope channel was madeeaChalk Cliffs experimental site in Colorado
(McCoy et al., 2010). These temporary storagesénManival headwaters were released during long
duration and low intensity rainfall events in autuand were deposited as gravel wedges along the
main channel, partly refilling the previous delftsny scoured channel. The retention of sediment in
headwaters during the summer induced the formatfdow sediment concentration water surges in
the proximal main channel, with a high erosive “taydic load” (Rickenmann et al., 2003). When
these water surges entered the main channel, #megly scoured the channel and transformed into

debris-flows.

The morphological responses to debris-flows aldmgrhain channel of the Manival torrent showed
that debris-flow volumes increased by more thamd&is of magnitude over streamwise distances of
several hundreds of meters. Field observationsriegpdor the Faucon Torrent in the French Alps
revealed a similar increase of debris-flow volumean incorporation of channel sediments, with
scoured volumes of ~10 000 mlong short reaches of 600 m (Remaitre et al5R®ediment budget
analysis of debris-flow events reported for thgriben in the Swiss Alps showed that the debris-flo
volume at the exit of the catchment were one ooflenagnitude higher than typical landslide volumes
observed in the production zone (Berger et al.,1BD1The normalization of scoured volumes by
reach length for the Manival gave mean yield ratethe proximal reaches of 5 to 72mm*, with
maximum values of 17 frm™. These values are close to the T0mit reported in the Eastern lItalian
Alps (Marchi and D'Agostino, 2004) and within thenge of 3.6 to 30 fnm* from the recent

compilation of yield rates for confined debris-fls\fHungr et al., 2005).

T BUDGETS IN THE MANIVAL

The respective influence of debris-flow and bedlt@tsport on channel deformations during flow

events is of crucial importance for the understagdif mountain stream morphodynamics. Field <
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common. The intensive topographic monitoring of kh@nival Torrent gave a unique opportunity to
characterize sediment budgets for both flow tyjie®&n though it was easy to determine if a debris-™
flow occurs during each monitoring period and therompare morphological responses of periods

with and without debris-flows, it was much morefidiflt to discriminate the effects of the two flow
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types for the periods characterized by a debris-floccurrence. In this latter case, channel
deformations integrate the effects of both typesesbedload transport is generally active duriow/fl

recession and between debris-flow surges. Our momg strategy was not designed to detect the
variability of the flow properties during events dano cross-correlate with a high-frequency
morphological signal. Without such informationisitnot possible to unambiguously attribute scouring
and filling phases to specific flow conditions. Hewer, other field (Berger et al., 2011a) and
experimental evidences (Mangeney et al., 2010)tiigetmat the maximum scouring is related to the

passage of the debris-flow front.

The influence of sediment recharge on debris-flisvguite evident in the Manival. Figure 29 and
Figure 30 show a large decrease in channel stafégrethe June 2010 debris-flow (P5). This affected
the channel’'s response to rainfall for the resthefyear. In Figure 31, rainfall burst intensityues
duration is plotted (bursts defined as a continuaisfall, according to a 5-minute time interval).
These bursts are identified to when the channelstadge (before June 2010 debris-flow), when the
channel was without storage (after June 2010 d#brg, and when a debris-flow occurred. The
mean burst intensity and duration corresponds wighl triggering thresholds from other monitoring
sites (bursts defined with a 10-minute time int@r{@adoux et al., 2008; Coe et al., 2008). However
when the channel was without storage, there wdrdathbursts similar to ones which triggered
debris-flows. If storage was available, these Isucstuld have triggered debris-flows and therefore
changing the threshold. This is clearly shown wiite maximum burst intensities in Figure 31.
Unfortunately there is not enough data for calengpthe different triggering thresholds; however a
general range can still be observed (interprete@shold range). The threshold range was
approximately drawn to fit a line at the maximuntest for bursts with channel storage (lower-limit),
and then a parallel line is drawn along the buwdtech triggered debris-flows (upper-limit). This

shows that the presence of storage controls thstisétly of channel response to rainfall.

The general patterns of spatial and temporal viitialof geomorphic responses in the Manival
catchment is consistent with other recent repamteditoring studies on sediment dynamic in debris-
flow channels (Remaitre et al., 2005; Imaizumilet2006; Fuller and Marden, 2010; McCoy et al.,
2010; Berger et al.,, 2011b). The pulses of sedinsmiply from hillslopes during the winter
accumulated in first-order channels and are traresfeo their next higher order reaches duringngpri
and summer storms by debris-flows. These obsensatian be summarized by a conceptual model of

seasonal cycles of sediment routing from low tdagder channels (Figure 32).
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Figure 31 Mean and maximum rainfall burst intensities adgamgst duration. Bursts are grouped
according to available storage (before P6 deboisAfl(filled-red) and the channel with minimal
storage (after P6 debris-flow) (empty-black). DeHlows (solid-black) correspond well with
thresholds from other sites with burst calculatjdnswvever the presence of storage can influence the
threshold line (interpreted threshold range).

The model incorporates different event intensities:

(1) Low rainfall intensity events during spring and saen (1-2 yr return period) remobilizes
sediment from first-order channels which have besarged with debris during winter by
slope processes (rockfall and snow avalanches)d&hdgs may be entrained by slope failures
generating short-travelling debris-flows, as obedrby TLS survey of the S1 site during
summer 2009 (Figure 28). We can also easily imagia fine-grained debris may be
mobilised as bedload by surface runoff and trarisdoover short distances to second- or
third-order channels. The net deposition obsereedife third-order S3 site during summer
2009 is consistent with this scenario (Figure 288)en if the expected general trend for
intermediate channels is deposition of debris cgrfiiom headwaters, it is possible to observe

local channel scouring (Figure 28C). The stochastture of the sediment supply from
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hillslopes during winter can explain heterogenemurwditions of debris coverage in first-order
channels, and then variable conditions of sedinsepply to intermediate channels during

summer.

In high-order channels, the expected response gliha summer is channel scouring by
debris-flow entrainment of loose sediment accunedlaturing the preceding autumn. These
debris-flows are formed by the sediment concemimaincrease of surface runoff when the
flow starts to entrain sediment from the main clenihis has been consistently observed in
the Manival during summer 2009 and 2010 (Figure @fere the volume of the two debris-
flows obtained in the sediment trap was equivatenbet erosion along the main channel.
During autumn, high-order channels are expectegdeive sediment coming from debris in
intermediate channels that accumulated during thranger. These sediment transfers are
governed by bedload transport, with rainfall inidas being generally insufficient to initiate
debris-flows. Net deposition in the main channaimpautumn 2009 confirmed this scenario
(Figure 29). Qualitative observations made by tidFERTM38 after a small flow event in
September 2008 (Peteuil et al., 2008) confirmeddegtosition during autumn in the main
channel of the Manival. It was not the case in sumt2010, where net erosion was observed
(Figure 29). This may be attributed to a low seditreupply from hillslopes during winter,

which may explain low sediment availability in imeediate channels.

Intermediate rainfall intensity in the summer was abserved during the monitoring periods.
However it can be assumed that the storage in @ia shannel is still evacuated out as a
debris-flow. In the headwaters, longer travel dis&s would be observed with more
continuity in the sediment routing. The headwatetarial could potentially contribute to the
main channel debris-flow as well as depositing migtén the main channel. In autumn, this

new material would then continue to mobilize outtef channel in the form of gravel wedges.

Extreme rainfall intensity in the summer flushedisent from first- to fourth-order channels
out of the catchment system. An illustration ofstlig provided by the recent debris-flow
history of the Manival. A large landslide occuriedhe upper catchment during winter 1991,
with a volume of 26 000 festimated from ALS data (Figure 33). The archivéONF-
RTM38 revealed that during the summer of 1991, important debris-flows occurred and
deposited a cumulative volume of 25 008 imthe sediment trap. The large hillslope pulse
depositing in the headwaters in the winter wasrdigly flushed out of the catchment during

rainfall events in the summer.
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Figure 32 Conceptual model of seasonal cycles of channelrsaod fill from first-order to high-

order debris-flow channels according to level airst intensity. Thickness of lines indicates the
importance of storage. Seasonal cycles with low mamrainfall intensities have downstream
progressing sediment waves initiated by pulse®dinsent supply from hillslopes during winter. The
cycle with intermediate summer storms has a sunftoshing from the headwaters but large lag

deposits continue to flush out in autumn. The em&resummer events have longer sediment routings

which flush out most of the channels with minined deposits during the summer storms.

Figure 33 View of a landslide (26 000 in the upper catchment of the Manival which fdile the
winter of 1991; during the summer of the same ywar,channel-debris flows deposited a sum of 25
000 n7 in the sediment trap
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In the upper catchment of the Manival, a paraltetlg has been made by monitoring the sediment
production for the cliffs and gullies using TLS {ley 2012). The seasonal variability of sediment
supply from hillslope confirms the proposed conuapimodel (Table 7, Figure 34, Figure 35, and
Figure 36). Large amounts of rockfall have beereoled during the P4-5 periods in which most were
concentrated in the winter time (Figure 36). Tressn holds the most important recharge in the
headwaters with 3 425%of rockfall production.

The calculated sediment input of the torrent chhfroen cross-section surveys can be compared with
the upper catchment production from TLS surveyl@&). The budgets are similar for the shortest
time period P2-3 in the autumn which confirms th&uenn recharge with bedload transport. However,
volume comparisons for the P1 and P4-5 periodsalagree. This could be explained by the long
periods (5-8 months) between scans where sedimamsport may have been undetectable. Some
important second- and third-order reaches werdcdiffto scan because of the ruggedness of the
upper catchment. These reaches may have experienpedant erosion and deposition which could
not be measured (indicated as yellow in FigureRBgure 35, and Figure 36). Despite the rigorous
field work involved with the main channel and uppatchment in both studies, there still needs to be
a better scanning coverage in the channels and owmrespondence of scans/surveys within each

season.

Table 7 Overall headwater sediment budget recorded duttiegthree survey periods and net
sediment balance of the 16 months of monitoringkBzalculated sediment input from cross-section
surveys of the main channel and sediment trapargared.

XS survey of the
TLS survey of the upper catchment .
main channel
Survey

periods | Rockfall (nf)  Erosion (M) Deposition (M)  Net budget (§) | Sediment input (f)

P1 99 (£6) 1184 (+93) 557 (+46) -726 (+104) 0-63
P2-P3 50 (+3) 1162 (+46) 300 (221) -904 (51) 934-1102
P4-P5 3425 (+21) 2592 (+92) 4269 (+176) -1748 (+199) 0-573

Total 3575 (+30) 4938 (+241) 5135 (+251) -3378 (+361) 934-1734
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Figure 34 Geomorphic activity revealed by comparing the toppgic differences of the two
successive TLS surveys operated in April and Aug08® (from Loye, 2012).
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Figure 35 Geomorphic activity revealed by comparing the toppbic differences of the two
successive TLS surveys operated in August and Nbge@009 (from Loye, 2012).
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Figure 36 Geomorphic activity revealed by comparing the toppbic differences of the two
successive TLS surveys operated in November 20809y 2010 (from Loye, 2012).

5 CONCLUSIONS

This study revealed the importance of detailedroaent-scale field monitoring to understand debris-
flow and bedload sediment transfer. Longer momigprperiods is needed for a more complete
understanding of the proposed conceptual model.ddewy this study reveals important time shifts in
scour- and fill-sequences in this active torrentlzament for common flow events. The two important
processes, bedload (channel recharge) and detws(@hannel scouring), are identified to be the
seasonal forcings for sediment transfer in theetdrrcatchment. Finally, sediment pulses from

hillslopes are the original control for these pssEs where further research is still needed.

The conceptual model provides a better understgndim seasonal cycles of scour and fill. Some
authors provide similar sediment routing schemdsaba much longer timescale (Benda, 1990). The
presented model provides valuable input for assgssurrent and potential hazards (seasonal and
extreme). The determination of where and when ingobrstorages occur allows for more effective

management in these catchments.
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1 INTRODUCTION

Debris-flows are known to have changing conditidngng propagation. They entrain channels which
gives an important volume growth to the flow (revi'om Hungr et al., 2005). Multiple surges often
occur during one event which can coalesce into ésiggnd more mature surges (Zanuttigh and
Lamberti, 2007). Sediment concentrations are kntwioe able to significantly increase and decrease
during the propagation of the flow (eg. Pierson &uwtt, 1985; Rickenmann et al., 2003). These
changing characteristics of the flow can influerrc&arying height, velocity, discharge, and flow
resistance of the material. For understanding tdgsamic flow conditions and channel interactions,

two typical methods are used 1) post-event surgegind 2) high-frequency monitoring stations.

Post-event surveys have been a widely used methrochéasuring channel morphology, sediment
transport, debris-flow velocities, discharge, amdreflow resistance. Traditional cross-section sysv
have shown to be able to characterize yield andgitpn rates which then characterizes the volumes
and extents of debris-flows and bedload transgoinapter 3, Fannin and Wise, 2001; Nyman et al.,
2011). Debris-flow velocities and discharge arenmadly backcalculated from surveyed channel bends
with superelevated flow heights using the forcedesoequation (eg. Hungr et al., 1984; Chen, 1987;
Prochaska et al., 2008). Measured flow heightgcity, and slope from the post-event survey are
commonly used to backcalculate flow resistancefiwierfits to understand the viscosity and sediment
concentrations of the debris-flows (eg. Rickenmd999). For debris-flow channels, the accuracies
of post-event survey are usually not compared vgtults from high-frequency monitoring stations,

which are known to be the most accurate measursméxebris-flows (Arattano et al., 2012).

High-frequency monitoring of debris-flows is a difilt project to setup and maintain, however
research groups are increasing these monitoringramts because of their capability for observing
several parameters of the complex process (eg.iatal., 2002; Arattano et al., 2012; Navratil et
al., in press). Typical monitoring stations consisgeophones, ultrasonic sensors (or radar), aiebv

cameras which satisfy the basic measurements otitgl height, discharge, and visual validation.
Only few monitored catchments have multiple stegidrstributed throughout the debris-flow channel
and most of these are located only in headwatenrwia (Berti et al., 2000; Marchi et al., 2002;

Harlimann et al., 2003; McCoy et al., 2010; Aratiaet al., 201p

There are few studies that integrate post-evemegurg and high-frequency monitoring together for
observing debris-flows. Some studies have intedratgographic surveys of flow heights and
superelevations at channel bends with high-frequemonitoring stations to increase the spatial
resolution for observing the dynamic front of a idelilow (Berti et al., 1999; Hirlimann et al., 280
Tecca and Genevois, 2009). Other studies have ratg) multi-date elevation models with the
monitoring stations which were located in only améwo reaches (eg. Imaizumi et al., 2005; Schirch

et al., 2011b; Staley et al., 2011). A pre- and4geent topographic survey of a whole channel lengt



integrated with multiple monitoring stations is aique study which will allow for observing
downstream changes of debris-flow characteristieg. (height, velocity, discharge, and flow
resistance) and their interactions with the chanfte¢ link between the channel morphology and the
dynamics of the debris-flow has not been well obsgr These important observations require detailed
measurements spatially and temporally in the fieldich is very difficult to obtain with this

unpredictable phenomenon.

This chapter presents the capability and religbdit post-event surveys for 1) measuring volumes of
debris-flows and bedload transport from cross-eastand 2) backcalculating velocity and discharge
from superelevated channel bends. The study igddda the Réal Torrent where both debris-flows
and bedload transport occur every year. The topbiraesults are evaluated by direct comparisons
with three high-frequency monitoring stations diaited throughout the torrent (each station equdppe
with three geophones, an ultrasonic sensor, amdhagauge) (Navratil et al., 2012; Navratil et al.,
press). With the two methods, a compiled dataset lba created with an unusual amount of
information distributed throughout a whole debtaf channel. The first objective is to characterize
and analyze the sediment transport trends for sifllosivs and bedload transport processes. The_I
second objective is to quantify the changing progerof a debris-flow front (heights, velocities,
discharge, volumes, and flow resistance) and aadhgir interactions with the channel and with othe

surges (coalescence).

2 MATERIAL AND METHODS

2.1 Post-event field surveys

2.1.1 Cross-section surveying

Multi-date topographic surveying of cross-sectitvegian on April 15, 2010 for monitoring channel

ROPAGATION, CHANNEL INTERACTIONS - REA

erosion, deposition, and sediment transport in stuely reach of the Réal torrent. Fifteen cross-
sections were deployed along the 1.8-km study régigure 37), at places expected to show high and%
representative morphological responses to flow &svand giving a mean-cross section spacing of 1209

m (5 times the mean active channel width). The terobaracter of the site induces costly and time- -

S

expensive field surveys. Therefore, we reducedchtimber of cross-sections to be able to complete aE]:_D

survey in one day. Wooden stakes on top of the n#dabanks were installed for cross-section L4

D

benchmarking. Points were surveyed along transvemse at each break of slope, and each measuredr
point was marked with spray paint (10-30 pointsgess-section). This saved time during subsequenﬂi
|_

surveys by only measuring the active portion ofdiess-section (the portion where paint marks were
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Figure 37 Réal torrent catchment (A); hillshade view of tberent with cross-section and monitoring

instrument locations (B); long profile from the sadnt source “Big Ravine” to the confluence of the
Tuébi River (C).
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Figure 38 Example of the surveyed events for a cross-seé@&m downstream from the alluvial
apex and 40 m downstream from the monitoring std®éal_S1. This cross-section has the highest
yield rates for large torrent debris-flows. Thelppnenary surface of the active channel was full of
sediment and was gradually eroded to almost 6 mgltine monitoring period.

no longer visible). The mean point spacing waspiisém. At least one day was required for surveying
all the cross-sections. Topographic surveys werasored with a total station (Leica Flexline TS02).
The ONF-RTMO06 Forest Service overtook the crossi@ecsurveying halfway through the

monitoring program using a rangefinder and meagusiaff..

The timing of topographic surveys was driven by tleeurrence of flow events that were able to
modify the torrent channel morphology. Figure 3®wh an example of a multi-surveyed cross-
section for the entire monitoring period. Howeu&e time-lapse between two successive events wa
sometimes too short to allow a perfect match betvwksv events and field surveys. It is important to
mention that the debris-flows in these torrents @ften in the form of multiple surges, whereas

topographic surveys capture the time-integratedmel change of the torrent.

OW PROPAGATION, CHANNEL INTERACTIONS - REAL

Cross-sections were used for quantifying volumesro§ion and deposition in the channel and back-

FL

calculating bed-material sediment transport ushegrhethod presented in Chapter 3 for the Manival ¢

torrent. The same method for calculating volumeentainties is also used. After the installatioriief

DEBRI

monitoring stations, the cross-section volumeshmreadjusted to match the station’s volumes, which

provide a more accurate estimate of sediment input.
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2.1.2 Backcalculating debris-flow velocity

The largest debris-flow in the monitoring prograrhietr occurred on June 29, 2011 had multiple
channel bends topographically surveyed. The ddloisrevealed large amounts of scouring and clear
distinct mud marks throughout most of the torrenarmel. The reflectorless laser from the total
station was used to survey flow heights, profilsd cross-sections located at 7 reaches (80-160 m
lengths) where channel bends and high-frequencyitororg stations are both located. Velocities can

be backcalculated using superelevations with theetbvortex equation (Prochaska et al., 2008) with

whereg is the gravitational acceleration (9.81 ®),s\h superelevation height (m,is the correction

the mean velocity (m'™s as:

factor for viscosity and vertical sorting, abdis the flow width (m).R; is the channel's radius of
curvature (m):

R = 360L

20

whered is the angular difference (degrees) between twesesection azimuths, ahds the measured

(8)

arc length which is measured from three pointhiénchannel bend (typically 15 to 20 m spacing).

Prochaska et al. (2008) shows that the scale osunement for curvature influences the calculated
velocities. However, little is known about the sewity of the correction coefficienk. This topic has
not been thoroughly investigated in previous stiaerek varies from 1-10 and in many cases, or
thek is not used (iek=1). The coefficient can vary according to viscpsihd vertical sorting which
effects the superelevation (Hungr et al., 1984)s Tiethod has been identified to have approximately
20% uncertainty (lverson et al., 1994) where in htases the velocity estimates are too high (Jakob
et al., 1997). The truk (Equation 7) and its sensitivity are determinedhiis study by comparing 16
velocity back-calculations to the velocities measufrom geophones distributed within 1.5 km. The
longitudinal distribution throughout the channellwaiso show the variation and trends of the debris

flow front conditions.

2.2 High-frequency debris-flow monitoring stations

Three high-frequency monitoring stations instaile@®ctober 2010 (detailed description in Navratil e
al., in press) were used for comparing the regtfiitie multi-date cross-section volumes and thé-bac
calculated debris-flow velocities and dischargesr EBach station (Figure 39), an environmental
datalogger CR1000 (Campbell®) was chosen for ity \@v energy consumption. The stations are
powered by a battery (100 Ah) and a solar panel (& providing their complete autonomy.

Rainfalls were recorded with a 5 min. time steprddlonic sensors and radar sensors (Paratronic®)



ultrasonic sensor

- di i ;
Figure 39 View of monitoring station 1 (A), station 2 (B), dustation 3 (C) with additionally three
geophones distributed 100 m apart along the chdfroeh Navratil et al., in press)

Table 8 Characteristics of the monitoring stations (fridawratil et al., in press)

Station Id. Drainage Area Elevation (m) Eroded area  Channel slope
(Ag km2) (%) ©)
Réal_S1 1.3 1450 30 0.195
Réal_S2 1.7 1340 20 0.123
Réal_S3 2.0 1254 18 0.095

* the remaining % corresponds to vegetated area

provide the flow level at the monitoring cross-gactwith high-frequency recordings (200 ms

LOW PROPAGATION, CHANNEL INTERACTIONS - REAL

recording time-step). These elevations were usexnapute the wetted surface area at each gaugin

cross-section. At the Réal_S1 (station 1), the g@ugross-section is located in a section contdolle
by a check-dam to guarantee morphological stabifitthe flow section. At the two other remaining

DEBRIS

sites, no check-dams were available; so flow sedtpography was regularly checked by the RTM .
service after each cross-section change. The passfdhe front of the debris-flow generates

significant soil vibrations at the vicinity of therrent which can be recorded with geophones (e.g.
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Marchi et al., 2002; Hirlimann et al., 2003; Itakwst al., 2005). In this study, at each site, we
deployed sequentially three vertical geophones GSB0Geospace® (natural frequency, 8Hz) near
the flow section to record the front velocity ofodis flows (distance interval of approximately 100
Table 8; Figure 39). They were used to estimatestinge velocity to compute the discharge and total
volume of the water-sediment mixture. The monitstations were visited at least every 3 weeks and
systematically after large flood events. A GSM camimation was installed at each station in order to
send a SMS alert when a heavy rainfall occurs,tanmbllect data samples each day to the office (5
min. time step recordings). This procedure allowso &or checking regularly the status of the

monitoring stations from the laboratory to avoidssing data.

3 RESULTS

3.1 Flow records

3.1.1 Rainfall conditions and flow occurrence

During the period of April 2010 to October 2011x periods of recognizable geomorphic activity in

the main channel were observed in the Réal to(darioted as P1 to P6 in Figure 40), three of these
being characterized by the occurrence of debrisdI(E1, E2, and E6 events during P1, P2, and P5
respectively) (Figure 40, Table 9 and Table 10yeriEs E3, E4, E5, and E6 are characterized as two

processes, hillslope debris-flows in the upperlieaand water runoff in the lower reaches.

The 10-yr daily rainfall in the vicinity of the REwas calculated using the rainfall time series of
Péone (Météo France station of Péone, 1951-20&@atedn of 1659 m a.s.l, located at 4 km from the
Réal, on the opposite hillside) and we obtainedlaesof 102 mm (90% confidence interval : 97-108
mm). The frequency analysis was based on a morsidalgpling of maximum 24h rainfalls. The
calculated return period of the maximum daily raihbbserved during the monitoring period was 1.0
yr. The maximum rainfall intensity (based on 5 mtime step recording) was observed during P5,
with a value of 79 mm Hr During P1, a maximum rainfall intensity of 21 nim was sufficient to

produce a debris-flow.

Rainfall conditions corresponding to individualvile@vents in the torrent are summarized in Table 10
(denoted as E1 to E7). The debris-flow events rdilii have a larger rainfall burst (Figure 41);

however they are not always consistent with runigtances. Antecedent conditions are characterized
by the total rainfall from the preceding week. Hoee there are not enough events to analyze the

rainfall intensities, durations, and antecedentld@ms with flow types and runout distances.
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Figure 40 Rainfall characteristics during the 2009 - 2011liqeer Rainfall intensity/volume, and
occurrence of the main debris-flow events (redpl&@1l — E7; see Table 9) and the cross-section
surveys (survey time periods P1 — P6; see Table 10)

Table 9 Survey time period of channel storage changestwith rainfall, maximum/mean intensities
(with 5 min. recording) and flow observations. ExeeR1-E7 are described in Table 10.

Period Survey time period Total Maximum Mean Debris-flow/water
Id. rainfall intensity intensity run-off observation or
(mm) (mm hr?) (mm hr?) monitoring

P1 15/04/10 — 18/05/10 100 21 3.0 El

P2 18/05/10 — 01/07/10 57 31 1.3 E2

P3 01/07/10 — 21/10/10 130 21 1.1 5 rainfall evevits
Ima>12mm hit

P4 21/10/10 - 21/06/11 499 34 2.2 E3, E4, E5

P5 21/06/11 — 13/07/11 41 79 1.9 E6

P6 13/07/11 - 05/10/11 143 60 1.8 E7

Table 10Debris-flow events observed during the 2010-204rlopl and rainfall characteristics. For
several events, debris-flow was observed only énusstream partipped of the torrent, with no flow
or only water-runoff in the lower paiogver) of the catchment (i.e. E3, E4, E5, E7).

Event Date Type of flow Rainfall  Rainfall Maximum Rainfall volume
Id. Debris  Water Volume Duration Intensity  during the preceding
flow  runoff R, (mm) D (hr) lmax (Mmhr?) week (mm)

E1 10/05/2010 v 6 1 21 48

E2 18/06/2010 v 6 0 31 24

E3 28/04/2011 v upper Vv lower 47 28 10 30

E4 31/05/2011 v upper Vv lower 18 4 29 10

E5 05/06/2011 v upper Vv lower 40 12 34 37

E6 29/06/2011 v 39 1 79 1
E7 17/09/2011 v upper Vv lower 45 5 60 0
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Figure 41 Mean burst intensity vs. duration of the rainfalrst; the mean burst intensity is associated
only with the rainfall that triggered each deblitmaf surge. E1 — E7 referred fable 9. The runout
distance was shown with a grey-scale: in blackdaris-surge propagated up to Réal_S3; in grey, up
to Réal_S2; in white, up to Réal_S1. E7 was congbdse four individual bursts (for details see
Navratil et al., in press).

3.1.2 Event descriptions and results (P1-P6)

The channel response and sediment budget are teated for the Réal during six investigated
periods summarized in Figure 42. Yield and depasitiates are given with their budgets distributed
downstream from the apex of the alluvial flat (vesiynilar distance from the “Big Ravine”). The
cumulative budget travelling downstream composesthiume passing for each given flow event. For
P1 to P3, monitoring stations have not been iretalet and therefore the sediment inputs and autput
of the channel could not accurately be determiiégdrefore these values give the minimum volume
estimates since all volumes passing must be abenee Eor P4 to P6, the topographically measured
volumes are corrected by adding an offset volumehsd they will match the most accurately
measured volume from the monitoring stations. Tdllsws for giving a proper estimate of the

sediment input and output of the channel.

Proximal, intermediate, and distal reaches areddiviaccording to the monitoring station locations
which also distributes the different geomorphiqreses appropriately (Figure 42). Transport volume
in each reach is characterized by interpreted floscesses with black (debris-flow) and grey (bedlloa

transport, or hyperconcentrated flow). Debris-floaesve a sharp distinct increase of height in the



hydrographs, with a triangular-tail (Navratil et.,aln press). Hyperconcentrated flows have an
elongated front and tail with typically smallerwiicheights than debris-flows. Morphologically, it is
more difficult to distinguish event types. Typigallf there are no debris-flow features (leveebek
unsorted channel deposits with sandy-clay matistyiduted throughout the channel, then we say that
there were no debris-flow pulses. In this case,timamconsolidated well sorted gravels are found in

the channel.

P1: April 15, 2010 — May 18, 2010

During P1, a small convective storm initiated aréefiow on the 18 of May 2010 (E1). The storm
surge duration was 20 minutes with a total preaijsin of 5 mm and a burst intensity of 21 mrt.hr

In the proximal reach, the debris-flow volume grbw approximately ~2 000 frand continued to
grow in the intermediate reach through channel seguo at least 5 200 iInThe flow diverged into
two channels and converged into one channel iintkemediate and distal reach indicating that there
were multiple surges during the event. Large leaaes lobes are typical in these locations as well.
The total channel contributed 4 100 +11dwich most of the sediment transported througtdtbl
reach and into the Tuébi River. The input was deiteed to be insignificant according to field
observation of a small hillslope debris-flow featgr terminal lobes just upstream of the proximal

reach (Figure 43).

P2: May 18, 2010 — July 01, 2010

One month later, I8of June 2010, another debris-flow occurred dufy A 20-minute duration
convective storm surge triggered the event witbtal fprecipitation of 6 mm and a burst intensity of
31 mm hi*. The trends of proximal and intermediate reacrsiernand distal reach transport and
deposition were similar to P1. The local channeusitg in the proximal reach had a maximum scour
depth of 3.9 m. Despite the short time intervalleein events, there was a significant sediment dutpu
which estimated to be 4 300-4 500 (similar to P1). A net storage loss of 3 100 +I@bwas
obtained, and a sediment input comprised betwe2B0land 1 350 fnIn the field another hillslope
debris-flow was observed from the same gully agnduP1, where this time scouring and deposition

extended further into the proximal reach (Figurg 43

75
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Figure 42 Yield (red), deposition (blue), and unit volume ba (black) rates from measured cross-
sections for all events (P1-6). Total volumes ofrgs passing through for all monitored periods are
presented with comparisons from the monitoringiatat (P4-6); processes types are indicated by
black (debris-flow) and grey (water-runoff or hypencentrated flow). Stations without marked
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After P1

Big Ravine. Hillslope debris-flows can deposit @andde material when entering the torrent.

P3: Julyl, 2010 — October 21, 2010

During P3 in the late summer and autumn of 20100b&erved the propagation of gravel wedges
along the main channel. This period was chara&eri® long duration rainfalls with a comparatively
high maximum intensity of 21 mm Hr Sediment input of 1 200-1 400°rwas deposited into the
proximal reach. It is not sure whether hillslopdrigflows deposited material in the proximal reach
and the beginning of the intermediate reach, dutiegour month period of P3. However, the bedload
transport occurrence was quite apparent at theetiee period with unconsolidated sorted graveis. |
the lower part of the intermediate reach and te&bieach, channel storage (mostly from the previo
debris-flow deposits) was gradually transported iott the Tuébi River with 3 400 +500°nof
sediment output. Here significant gravel wedgesapproximately 4 600 Mmwere developed
according to the magnitude of the sediment trarigpemd of erosion and deposition. The net storage

loss of the channel was measured with 2 200 +1%0 m
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Step formed by

deposit or
bedload transport

Figure 44 Photograph of the torrent (after P3) showing thétipla processes; debris-flow levees,
debris-flow channel deposit (or a developed stemfbedload transport) with the build-up of a gravel
wedge behind it from bedload transport

P4: October 21, 2010 — June 21, 2011

The P4 period carried through the winter and spdh@011 where activity has not been observed
until April 28 to June 5, 2011. This period was reltderized by long duration rainfalls with a

comparatively high maximum intensity of 34 mni"hMonitoring stations were in operation during

this period and the next two periods providing mdegailed surge descriptions including time, flow
type, maximum flow height, front velocity, peak chsirge, and volumes (Table 11).

A 28-hour rainstorm with a maximum burst intensity 10 mm ht* triggered the E3 event
(28/04/2011). Two debris-flow surges were obserwely in Station 1 (Table 11). Three days later a
four hour rainstorm with a maximum burst intensitief 29 mm ht triggered the E4 event

(31/05/2011). Observations were again located ion8tation 1 with one debris-flow surge.

In the next week another rainfall (12 hr) with maxim burst intensity of 34 mm htriggered the E5
event (05/06/2011). Station 1 observed 4 pulsemefdebris-flow and three hyperconcentrated flows
with one minute intervals. The first pulse was #rdeflow with the most significant magnitude.

Station 2 observed only one hyperconcentrated 8lod/ Station 3 had no observations.



P4 topographic surveys represent the combined £&HES. The proximal reach gained 6 800afn

material from the active gully as mostly hillslogebris-flows which were verified in Station 1. The
intermediate reach experienced moderate channetisgoof 690 M in the form of bedload processes
(hyperconcentrated flows according to Station 2ndst all of this scoured material continued to

propagate through the distal reach and into théiTR&er in undetectable magnitudes at Station 3.

P5: June 21, 2011 — July 7, 2011

The most intense rainstorm for the entire monignieriod (max. burst 79 mmhrl hour storm)
triggered the largest debris-flow (E6) on June 2011. The back-calculated volumes from the
topographic surveys indicate that 2 008 af material from the gully was transported inte th
proximal reach. Scouring and levees were distribtheoughout the reaches. The volume grew into 4
000 nt? passing through Station 1. This station observegu&es of 2 debris-flows and 6
hyperconcentrated flows with intervals ranging frdri0 minutes (Table 11). The sixth pulse is a
debris-flow having the most significant magnituchel 2.5 minutes later the next important and faster

surge (HF) passed through. The combined surge whooumulates to 4 400°m

Topographic surveys in the intermediate reach betw®tation 1 and Station 2 indicate very large
scouring of 3 500 fiwith 6 900 mi passing through Station 2. Levees and lobes wsoedistributed

throughout the reach. The channel diverges into different flow paths and then converges in the
intermediate reach indicating that multiple pulsesurred. Station 2 observed four pulses which two
were debris-flows and two hyperconcentrated flowth wtervals ranging 1.5 — 6 minutes (Table 11).

The fourth pulse is the only significant surge (Dfth a large peak discharge.

NNEL INTERACTIONS - REAL

Topographic surveys in the distal reach, betweatidst 2 and Station 3 indicate a small channel lossZ;
of approximately 500 fwith a total volume 7 400 hpassing through Station 3. Levees and Iobesg
were again distributed throughout the reaches waistinct high mud marks on trees and channel 2
bends. Station 3 observed one large debris-flowepfdr the entire event (Table 11). This singleseul

volume is larger than the combined pulses at St&iwhich suggests that the pulses coalesced.

P6: July 13, 2011 — October 5, 2011

A five-hour storm occurred with a maximum bursteimity of 60 mm ht triggering event E7
(17/09/2011). A large sediment pulse of 3 400 mostly from the “Big Ravine”, deposited into the

RIS-FLOW PROPAGATIO

proximal and intermediate reaches (according tobtek-calculated topographic surveys). Station 1%
observed five pulses with two debris-flows and ¢hhgperconcentrated flows with intervals ranging 3
from 2 — 40 minutes (Table 11). The most signiftqauise was the fourth (DF). The combined pulses%

accumulates to 2 400%passing through Station 1.
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Table 11 Physical properties of flow events in the Réalrént measured from the three monitoring
stations. (modified from Navratil et al., in press)

Survey Eventld./  Station Surge Flow Time (UTC) Max. Front Vel. Peak Disch. Total
Period Date Id. Type* (hh:mm:ss) Height v(ms?h Q(m®sY  Volume
H (m) V (m®)

E3 S1 1 DF 22:33:57 0.3 0.7 0.8 100
28/04/2011 | S1 2 DF 22:38:38 0.2 0.7 0.6 80

S2 --- ~0

S3 ~0

E4 S1 1 DF 17:48:11 0.3 0.7 0.8 70
31/05/2011 | S2 - ~0

P4 S3 ~0
ES S1 1 DF 07:37:17 0.3 1.4 1.8 100
05/06/2011 | S1 2 HF 07:39:40 0.2 1.2 11 40

S1 3 HF 07:40:26 0.3 1.3 1.6 70

S1 4 HF 07:41:52 0.3 1.2 1.4 60

S2 1 DF 07:50:41 0.5 0.6 1.2 60

S3 ~0

E6 S1 1 DF 13:02:12 0.7 1.6 35 190
29/06/2011 | S1 2 HF 13:05:30 0.4 1.7 2.3 110

S1 3 HF 13:06:42 0.5 0.2 2.6 60

S1 4 HF 13:08:33 0.6 1.4 2.9 200

S1 5 HF 13:18:08 0.6 0.3 0.7 10

S1 6 DF 13:19:26 1.9 4.2 32.3 1,900

P5 S1 7 HF 13:23:00 1.3 45 22.1 1,200
S1 8 HF 13:23:54 1.0 2.3 12.5 730

S2 1 HF 13:16:55 0.6 0.9 1.9 170

S2 2 DF 13:18:24 11 11 6.4 420

S2 3 DF 13:22:57 2.0 3.5 50.0 3,000

S2 4 HF 13:29:16 1.2 1.2 8.0 2,500

S3 1 DF 13:28:43 2.0 2.7 334 8,600

E7 S1 1 DF 15:54:25 0.5 14 2.4 450
17/09/2011 | S1 2 HF 16:10:42 0.5 0.4 0.7 300

S1 3 HF 17:20:30 0.4 1.3 1.8 40

S1 4 DF 17:22:08 1.2 15 6.5 1,400

P6 S1 5 HF 18:02:15 0.6 0.5 0.8 230
S2 1 HF 16:06:25 0.4 1.5 1.7 420

S2 1 DF 17:27:17 1.2 13 8.4 850

S2 2 DF 17:32:29 0.7 14 3.7 650

S3 1 HF 17:32:59 1.6 25 18.2 6,300

" Flow patterns’ definition is based on the maximwater level gradient during the rising of the flelevation: the surge
corresponds either to a debris-flow (DF) with aidajsing stage (<1 s.) or a hyperconcentrated flaw; >1s.).
™ Total volume of water and sediment

Topographic surveys in the lower part of the intediate reach indicate that channel scouring
occurred with an accumulation of ~1 000passing through Station 2. This station obsertedet
pulses of which two were debris-flows with intevalf 21 and 5.2 minutes. The second pulse (DF) is
the most significant in discharge. The combineds@uolume accumulates to 1 906 passing
through Station 2.

The topographic surveys in the distal reach sheecuence of scouring and redeposition of 1 600 m
which is typical for the development of gravel wedgn the torrent channels. This indicates thatthe
was bedload transport from Station 2 to StatioritB very little sediment output (~300°n Station 3
observed only one pulse which was a hyperconceutrféw of 6 300 M The important difference
between the calculated volumes can be explainethéylimitations of the monitoring station for

quantifying sediment volume for surface water rlipobcesses.



3.1.3 Debris-flow volume measurement comparisons

Multi-date cross-section surveying and high-fregquyemonitoring stations have variable comparisons
of volume measurements for sediment transport €rdg). It should be mentioned again that the
cross-section measurements for sediment transputtmes had a corrected volume from the
monitoring stations to account for sediment induterefore, measurement comparisons are general
and just the consistencies of errors or large atmmaerrors should be examined. Interestingly,
volumes are comparable for debris-flow processesyéry different for hyperconcentrated flows or
water flows. Volumes from high-frequency monitorisigitions measure both the sediment and water
which makes the highly concentrated debris-flow @enaccurate measurement. These debris-flow
volume measurements are very similar to the maltedopographic surveys with differences ranging

from 4-27% of the measured volume.

The largest percent difference (2 069%) was locatie®tation 3 during the P6 period with little
bedload transport. During this period, large chamasponse was measured in the proximal reach

from a hillslope debris-flow. In the intermediaiach, large deposition occurred with a mixture of _j

REA

debris-flow and bedload deposits. Very little seelmntraveled through the distal reach. Therefdre, t
hydrograph readings, with a maximum flow heighL.dd m, were most likely measurements of water '

discharge.

3.1.4 Surge dynamics for June 29, 2011 debris-flow

The June 29, 2011 debris-flow (P5) is the largesint and has the most detailed and complete

L INTERACTIONS

measurements from the monitoring stations and t@pdgc surveys which provides further insight on %
the dynamics of the surges during the event. Them® change of surges and their coalescence for<Z(
the event is shown in Figure 45. Hydrographs fer tiree monitoring stations show the magnitude O
and timing of discharge for each surge during trene The surges with significant magnitudes have g
volumes (sediment + water) indicated in red (detbois) and blue (hyperconcentrated flow). The

total sediment transport volume of the event issuead from the multi-date cross-section surveys

indicating the sediment input from the channel leetwstations.

Station 1 (Figure 45A) has 8 surges (details inl@alvhich the & surge is the debris-flow (1 900°m
+30%) traveling at 4.2 m’s A distinct pulse (7 surge) at the end of the debris-flow tail indisate
hyperconcentrated flow (1 200°m30%) with a higher velocity of 4.5 mtsThe last surge {8 is a
smaller and slower hyperconcentrated flow (73Qt80%, 2.3 m$). According to the velocity of the
surges, the"7surge (hyperconcentrated flow) will converge vittle debris-flow while the last surge

will separate.

CHAPTER 4: DEBRIS-FLOW PROPAGATION
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Table 12 Differences of sediment transport volumes cateadldrom cross-section surveys and high-
frequency monitoring stations (Volume Differenceddb Difference) with their indicated process
types DF (debris-flows) and HF (hyperconcentrated$ or water flow).

Survey  Station Process Vol. Diff. % Diff.
Period Id. Type (m®)
P4 S1 DF 20 4
S2 HF 700 99
S3 HF 480 100
P5 S1 DF -370 9
S2 DF 900 13
S3 DF -1200 16
P6 S1 DF 890 27
S2 HF/DF -700 57
S3 HF -6000 2069
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Figure 45 Hydrographs of the 29 June 2011 debris-flow (P&asuring discharge at station 1 (A),
station 2 (B) and station 3 (C) (discharge ihsh. Surge fronts are indicated with arrows and the
ones with important volumes are indicated in reeb(ds-flow) and blue (hyperconcentrated flow).
Sediment transport volumes are for the whole egaltulated from multi-date cross-section surveys.
It also indicates the volume growth (channel infnatween stations. (modified from Navratil et a.,
press)
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Station 2 (Figure 45B) has 4 surges which the®ge is the debris-flow (3 000°m30%) traveling at

3.2 m §". The debris-flow grew in height and has a volunneilar to the combined"and 7' surge
volumes at Station 1 which confirms that they ceedel. Several minutes behind the debris-flow is the
last hyperconcentrated surge which grew to 2 560+80% traveling approximately 1.2 m'.s
Topographic surveys indicate that 3 500 +42Dhas been entrained between Station 1 and 2. The
only surge that had an important volume growth authcoalescence was the last hyperconcentrated
surge with +1 770 m+30%. This indicates that the hyperconcentrated féntrains more material

than the debris-flow.

Station 3 (Figure 45C) has one surge with a volwh® 600 ni +30% traveling at a decreased
velocity of 2.4 m 8. This volume is a little larger than the topogriapiolume 7 400 +900 Pnand

shows a decreased maximum flow height. The largecése of the debris-flow tail and the little
geomorphic response between the two stations (+#)0ndicates that the hyperconcentrated flow

must have accelerated and coalesced with the efédnis

3.2 June 29, 2011 debris-flow velocity and discharge

3.2.1 Reach-scale comparison (Station 3)

Several days after the June 29, 2011 debris-flday, @ total station was used to survey flow heights

ERACTIONS - REAL

channel profiles, and cross-sections in seven esa(t6 bends) covering most of the torrent (Figure =

N

46A). The superelevation in these bends was useddizulating velocities and discharge. Two a
reaches directly overlap monitoring stations 2 anahich allow us to directly compare and analyze <

the post-event topographic results.

A detailed comparison is made in the reach of &tadi (Figure 46B) showing all the surveyed points
and channel bends with superelevations (crossesechA-D). The left bank (LB) of cross-section A is
used as an example of measurements. It has thieepeimts (15 m spacing) used for determining the
curvature resulting in & of 94 m and ald of 0.57 m. Prochaska et al. (2008) describes ttiet
variations ofR. is influenced by the scale of measurement. In feigl6C, we test the scale Bf
measurements and tkecoefficient in the velocity calculations. Mean agities for the left bank (LB)
and right bank (RB) were calculated from varyingant spacings (5-40 m) and a rang&¢1-10) is
used. The sensitivity of the scale for measurengeimsignificant in comparison to the sensitivitiyko
where velocities range from 2.9 to 11.2 th ¥Ve were able to accurately determias 10, in

accordance to the mean velocities derived frongt@phones (2.7 m's

In Figure 47, velocitiesk(= 10) and its parameters are shown for crossesect-D with curvatures
R. (range of 37 to 220 m) and superelevatidhgrange of 0.11 to 0.77 m). The mean of the rigitt a
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left bank velocities are used for representing ¢hess-section velocity. These velocities for A-D
average 2.3 m’swhich is a little less than the measured geopimoean velocity 2.7 m’s However,
cross-section B has a significantly lower veloaitigich could have been caused by a disturbed bank
of a large debris-flow lobe (observed in the fielBy excluding cross-section B, the mean velocity
becomes 2.8 mi'swhich is very similar to the geophone calculaticFise ultra-sonic sensor measured
a maximum flow height of 2.0 m, in the same rargtthe surveyed maximum flow height 1.82 m at
the same cross-section. The two methods seem ® dzod agreement with each other within the

reach.

200 Meters

measured points:
—— @ right bank
. @ left bank
. e thalweg

IRIANING!
QNI T AT

Hitt

10 4

Velocity (m/s)

<4— geophones
(2.7 m/s)

0 10 20 30 40

3 point measured interval (m)

Figure 46 A) locations of surveyed debris-flow marks andfige for P5. B) Example of one
surveyed reach where Station 3 is located, whitdwal for detailed measurement comparisons for
flow height and velocity calculations. Four crosstons (A-D) are found to have good curvatures
and super-elevations for back-calculating velositidich are presented in the next figure. C) Véjoci
calculations for cross-section A showing large atiwins withk, wherek=10 has the best velocity to
match the geophone calculations (2.7 m/s).

84



GEO

GEO A B D sm>
A 1.0, —dH + 300
081 o RclB(m)
06 4 RcRB(m) + 200
041 /\\ //\fr 100
i«o.o ‘ ‘ ‘ D ‘ ‘ 0 %
S.0.2 4 L_/ e - &
0.4 1 ¢ A + -100
0.6
+ -200
0.8 4 A
1.0 - -+ -300
20 30 40 50 60 70 80 90 100 110 120
[ ® Cross-section Velocity
B 5] ~ 7 Mean Velocity with B
a | Mean Velocity without B
£ 47 Geophone Velocity }
BT D AU
8 T - .- - - - - - - - - - g S~ -
o 5 ]
2 2 4
14 e
0 T T T T T T T T T |
20 30 40 50 60 70 80 90 100 110 120
12 o —— Wetted Area + 0.20
C «~ 101 ——Local Slope 1018 a
£ +0.16 £
o F0.14 E
o
< +0.12 8
B L 0.103
] +0.08°®
Q
= | 0.06 2
0.04
20 30 40 50 60 70 80 90 100 110 120
D 3.0 - T 12
2.5+ + 10
2.0 ~ 8
E 15 -6 §
T
104 ——H(m) T4
A ST 3H(m)
0.5 4 W (m) T2
0.0 T T T T T T T T T 0
20 30 40 50 60 70 80 90 100 110 120

Ref. Downstream Distance (m)

Figure 47 Survey measurements for the reach located at Bt&tiafter E6 event. Channel bend
locations A-D are indicated with A) curvature (Ra)d super-elevation (dH), B) calculated velocities,
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C) wetted area and local slope and D) flow width) @kd height (H). Calculated velocities obtain a &
mean velocity similar to the velocity obtained frame geophones (GEO). Measured flow heights also§

correspond with the ultrasonic sensor (US).
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3.2.2 Full channel comparison

For all the surveyed reaches covering most of treemt, velocities for 16 channel bends were
calculated for the same debris-flow using the same¢hod (Table 13). These results show that the
coefficientk can change at different stages in the torrentufeigi8A). Againk can be calibrated
according to the velocity measured between geoghahéh results in a coefficiektvarying from 5

to 10. The final calibrated velocities appear teehkarge variations within short distances whichldo
indicate its uncertainty (Figure 48B). However, thend of the local slope appears to correspond
strongly with the velocities’ variation, and furth®re, the velocities derived from the geophonss al
show large variations within the reach of StationTBerefore, we are comfortable with analyzing
these velocity calculations which have a graduatetiese downstream in parallel with the local slope.
A strong linear relationship was found betweendékris-flow velocity and local slope with arf &
0.69 (Figure 49).

Table 13 Surveyed debris-flow features at channel bendglagir back-calculated velocities, and
discharges

Flow Flow Rc
Distance from Slope Width Height (outer Rc (inner  Wetted V* Q

alluvial apex (m)  (m/m) (m) (m) dH (m)  bank) bank) Area(nf) (msH) (m*s?h
663** 0.16 8.6 2.6 11 75 93 9.2 3.8 35
698 0.16 7.0 3.6 1.4 55 40 10.5 3.6 38

951 0.08 8.2 2.5 0.7 36 35 9.2 2.1 19

966 0.11 8.8 2.2 0.5 -68 -65 8.8 2.2 19
1104 0.16 9.2 1.9 0.2 - 335 115 3.6 41
1159 0.10 8.4 2.0 0.1 -198 -171 11.2 2.4 27
1162** 0.08 7.5 19 0.1 -394 -138 9.4 2.6 25
1410 0.09 9.5 2.4 0.4 -91 -95 15.5 2.3 36
1572 0.09 10.0 17 0.2 187 167 10.2 2.3 24
1621 0.11 13.4 1.7 0.6 106 242 135 3.2 44
1789 0.11 9.3 2.2 0.4 125 213.4 12.9 3.3 42
1827 0.07 9.3 18 0.7 58 55.4 10.3 25 26
2085** 0.12 8.9 14 0.5 -85 -223 7.2 2.9 21

2108 0.07 7.7 15 0.1 -42 -59 6.9 0.8 6
2124 0.14 55 1.6 0.8 44 141 53 3.4 18
2144 0.11 9.8 11 0.6 -45 -107 6.3 2.0 13

* Calibrated by the selectddaccording to mean velocities from geophones
** Closest channel bend to each monitoring station
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Figure 49 The backcalculated front velocity for the June Z21.1 debris-flow related to slope

The maximum flow heights, flow width, wetted arealdocal slope are distributed downstream at an
average 20 m interval in Figure 50. The maximurwfleeight (ranging from 1.1-3.6 m) has a strong
downstream decrease where as the flow width (rgnfgom 5.5-13.4 m) has no apparent trend. The
wetted area is calculated by multiplying the maximilow height with width. This is then normalized
by a shape coefficient which corresponds to theastgre-event surveyed cross-section. This wetted
area also has a strong decrease traveling downstrdeere as the local slope has a more gradual

decrease. For each reach through the torrent,stapevary to at least 0.1 m'm

The wetted perimeter multiplied by velocity caldekthe discharge of the measured channel bends
with an average of 21 hs* (from 6 to 44 M s") (Figure 51). These measurements are generafly les
than the peak discharges derived from the monijcstations which has an average of 3%i(from

32 to 50 m s*. The back-calculated discharge values also haweea variation as the debris-flow
travels downstream. We are not able to determieie timcertainties; we can just assume that they are
higher than the velocity measurements. The monigostation uncertainty is 30% creating a limitation
for finding any clear trends. Visually, the disapais the highest around the middle station (sta)o

and traveling downstream the discharge decreases.
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Figure 50 Longitudinal distribution of A) maximum flow hdigand flow width, and B) local slope

and wetted area, measured after the P5 event.
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Figure 51 Discharge values from back-calculated velocitia$ wptted areas; monitoring station

discharges are also compared showing local vansigmd a settle dissipation downstream.
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4 DISCUSSION

4.1 Reliability of post-event surveys

4.1.1 Sediment transport volumes

Multi-date cross-section surveys are found to haiw@lar observations and calculations as the high-
frequency monitoring stations. Debris-flow volungerived from both methods have approximately
4-27% difference in volume. Topographic surveyiingeg a more accurate sediment volume estimate
for bedload transport because the ultra-sonic serae limited by measuring the bulk volume (water
+ sediment). There are however other monitoringrumsents, such as the piezoelectric bedload
impact sensors (PBIS), that are a much more aecunathod for the measuring bedload transport

volumes (Rickenmann and McArdell, 2007).

The fifteen cross-sections have a better spatiaérage than the three monitoring stations, which
allows for characterizing the spatial variabiliti toansport volumes and channel interactions. & th
Manival torrent, 39 cross-sections provided aceuranlumes which matched the sediment trap
volumes (Chapter 3). With only fifteen cross-seawsiin the Réal torrent, the volumes still agredwit

the monitoring stations as long as the cross-sestitumes are calibrated with one of the stations.

An important limitation with cross-section surveyiis the need for a sediment input or output volume
measurement typically from either a sediment trapigh-frequency monitoring station. In the Réal,
we required to add 2 000°no the largest event (P5) in order to match thiemes to the best-
measured monitoring station. The P4 and P6 evedisia@ require any added volume because the
processes had short travel distances. Another tenmolimitation with topographic measurements is
its inability to measure individual surges of areetvwhich was observed during the June 29, 2011
debris-flow. Several individual headwater debrmaf were also identified from the monitoring
stations during bedload transport events. We hase shown with the monitoring stations that
hyperconcentrated surges can transport just as reediment than debris-flows during the same

event.

4.1.2 Backcalculation of velocities

Back-calculating superelevations in channels bevittsthe forced vortex equation have shown to be
very effective in this study. These velocities eliffrom geophone measurements by 0.1 to 0.4 m/s. In
order to achieve such accuracies, the corkecoefficient must be used. We usek aoefficient

between 5 and 10 which can vary the velocity byrexmately 1 m/s. However many debris-flow



studies do not uselacoefficient (ork=1) for their velocity calculations, which in thase of the Réal

torrent, it gives a velocity three times greatamtithe true value (plus 4 to 7 m/s).

Hungr et al. (1984¥uggests that thieis probably controlled by the viscosity and veatisorting of

the front. As the viscosity increases, theoefficient should increase as well. We have olezkthat
thek coefficient has an approximate downstream incredseever, we identify (in the next section)
that the flow resistance coefficients includingcasity have a downstream decrease. Therefore other
factors must have a stronger influence on the Kfica@nt such as the vertical sorting of the front,

bend geometry, and other material properties (Hehgt., 1984; Chen, 1987).

4.2 Influence of channel interaction and surge coalescence

For the June 29, 2011 debris-flow, multi-date cissstion surveys, post-event channel bend surveys,
and high-frequency monitoring stations provide ayventeresting combination of results. The
monitoring stations reveal that hyperconcentratedyes coalesce with the debris-flow surge.
Interestingly, between station 1 and station 2, igperconcentrated flow had the most important
volume growth and not the debris-flow ahead ofig(re 45). This intermediate reach is where the
highest yield rates of the torrent occur (Figuréb2'he debris-flow front has been a prominent surg

throughout the whole monitored torrent with a dotnegem decrease of height observed by both theO
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monitoring stations and the post-event surveysth\ifie post-event survey of channel bends, we carﬁ

estimate the maximum shear stre¢ m*) of the debris-flow front defined as:

T = pgHsin(S)

@

The water-sediment density)(is estimated to be 2300 kg*nimeasurements of earlier deposits at the
same torrent from Chambon et al.,, 2010). The sk&ass has a strong downstream decrease i
parallel with the yield rate (calculated from multite cross-sections) (Figure 52A). The yield rate
represents the erosion for the total event whictsequently has a linear relationship with the debri

flow front's shear stress (Figure 52B). Other delfiow monitoring sites have observed important

erosion at the debris-flow front (Berger et al.128). The longitudinal sorting of the debris-flow
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distributes the highest sediment concentratiorhftont creating a steep slope with a high shear

stress which creates the most erosive force ofloine However, a very high sediment concentration X

DEB

in the front can inhibit the transport capabilifiytbe eroded material. During laboratory experiment
on erodible beds, debris-flow fronts have been fesketo destabilize the banks and the more fluid <
like tail entrained the material (Rickenmann et 2003). Field experiments at the Chemolgan site inL.
Kazakhstan (Rickenmann et al., 2003) showed lgttenvth in the debris-flow front which indicates
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that the large channel erosion was entrained intaihef the flow. We can assume a similar situatio
in the Réal; the well defined debris-flow front gaoed the channel bed and destabilized the banlks. Th
tail of the debris-flow was originally short anddhiittle growth which must have had a high sediment
concentration. Therefore, the debris-flow left leaaturated material in the channel which was then
entrained by the following hyperconcentrated fl@wie hyperconcentrated flow grew in volume and
coalesced with the tail of the decelerating defbois~ This indicates that both the debris-flow fton
and the tailing surges both play a role in the Boguand sediment transport of the material. Thatfr

acts as the plow and the following hyperconcentratege acts as the truck carrying the material.
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Figure 52 A) Longitudinal distribution of yield rate derived froresurveyed cross-sections and shear
stress derived from post-event survey for the Aehdebris-flow. B) It appears that shear stresbef
debris-flow front influences the total event yietde of the flow event.
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4.3 Flow resistance characterization

The downstream decrease of the front's shear sdresselocity, the increasing sediment volume and
coalescence of surges indicate that the June 2B] 2@bris-flow may have a changing flow
resistance. We would like to accurately charactetie flow resistance of the debris-flow front and
relate it to the calculated velocity and shearsstr&everal equations (which assume a steady omifor
regime) have been used to characterize flow resistdor debris-flows (Table 14). The flow
resistance coefficient for these equations have lbeekcalculated using the field measurements of
flow height, slope, and velocity for over 200 dsHiow observations Rickenmann (1999). Large
scattering of two magnitudes was observed for @isgd ) where as only one magnitude of scattering

was observed for Manning’s coefficiem) @nd Chezy’s coefficient (Gezy).

The June 29, 2011 debris-flow post-event survey® wsed to compare the performance of Equations
10-13 for predicting velocity (Figure 53). The flowsistance coefficients were backcalculated and
their mean were applied to the equations. We fived the Manning-Strickler (Equation 11), Chezy
(Equation 12), and an empirical equation from (Kat®98) (Equation 13) are very similar and with
the best results. The Newtonian laminar flow (EmuatlO) is largely overestimated with large
scattering because of its high sensitivity to heiile have observed that velocity is more corrdlate

with slope rather than height which make the twbtuflow equations more appropriate.

Table 14 Equations used for estimating debris-flow surgdogities (v) using flow resistance
coefficients pn, Cerezy and G. Table modified from Rickenmann (1999)

Formulas Eq. Defined variables
. v : front velocity (m 8)
H?sin(S . - -
Newtonian laminar flow V= ’097() 10 H : maximum flow he_lght (m)
Bu S : channel slope (m M
p : water-sediment density ~ 2300 kg’ m
Newtonian turbulent flow: b 2/ sin(S) 1/2 (measurements of previous deposits
Manning-Strickler ve—— 7 11 from Chambon et al., 2010)
equation n g : acceleration due to gravity (if)s

B : equals 7 for channels between a U-

. i and trapezoid shape (Hungr et al., 1984)
Newtonian turbulent flow: v=C,._ H % sin(S)*

Chézy equation chezy 12

flow resistance coefficients :
1 (Pa. s)n (s M), Cenery (M*®s7), and
Cl (m0.7 S—l)

Empirical equation

(Koch, 1998) v=C,H *sin(S)* 13
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Newtonian laminar flow

5 Newtonian turbulent flow (Strickler-Manning)
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Figure 53 Predicted velocitiesv] from Equations 10-13 are compared with the olekwfor the
June 29, 2011 debris-flow. Flow resistance coeffits are the backcalculated means from the
observations.

The downstream distribution of the backcalculated fresistance coefficients for the June 29, 2011
debris-flow has a large variation (Figure 54). Heattering can be influenced by the unsteady flow
regime of debris-flows. The calculated viscosity ¢an range from 200 to 1800 Pa. s with a mean of
576 Pa. s. For one event in the Acquabona torlety, (Berti et al., 1999), backcalculated apparent
viscosities also had a large scatter with a rangm 524 to 1609 Pa. s. Other apparent viscosifies o

debris-flows have been reported to be approxima&edp Pa. s (Hungr et al., 1984).

Manning’s coefficientif) in the Réal event ranges from 0.14 to 0.41'€ mith a mean of 0.20 si.
This corresponds to observed granular debris-flahish have a mean of 0.16 s'thfor small scale
events and 0.18 s i for large scale events; where as fine-grainedelacale debris-flows have a
mean of 0.05 to 0.08 s#i (Rickenmann, 1999; Rickenmann and Weber, 200@aiGhater flows in
gravel bed channels have the lowest mean value0670s m”® (Rickenmann, 1994; Rickenmann,
1999).

Chezy's coefficient (Ge,) ranges from 2.6 to 7.7 ‘ms* with a mean of 5.8 fit s* for the Réal

event. Our observations are very similar to an eirethe Schipfenbach catchment, Switzerland with



the Gpezy ranging from 3.3 to 9.1 i s* but without a downstream trend (Hirlimann et 2003).
Other observations observed a meap.gof 11 nf® s* (Rickenmann and Koch, 1997), 17 to 22°m
s* (Ayotte and Hungr, 2000), and 147" (Jakob et al., 2000). In general, these estimaen the
lower end of large datasets ranging from 3 to 36 s (DeLeon and Jeppson, 1982; Rickenmann,
1990).

Previous rheological studies have identified defboiws in the Réal to be muddy flows (visco-plastic
fluid) despite their granular appearance (Chambbmle 2010). However, our backcalculatad
corresponds to a granular flow behavior accordm@Rickenmann and Weber (2000). The observed
range of G,y also indicates that the flow was more resistantamparison to large debris-flow
datasets. Unfortunately, we do not have rheologitssurements for the June 29, 2011 debris-flow.
However, we can question the characterization eddtlow types between the two studies. “Granular
flows” according Rickenmann and Weber (2000) maslude “granular flows with a visco-plastic
fluid” which for Chambon et al. (2010) is considgr@ “muddy flow” with a granular appearance. If

this is the case, granular flows with or withowtog-plastic fluid have a similar flow resistance.

All of the presented flow resistance coefficientgygest that the debris-flow has a downstream
decrease in flow resistance. High yield rates oleskiin the main channel would have provided
enough sediment for an increasing flow resistaiterefore, the debris-flow front may have been
diluted by either the small preliminary surges befthe front, water input from secondary tributsyie

or the hyperconcentrated flow which coalesced wiehdebris-flow tail. However, we do not have any

more information for further analysis.

The shear stress of the debris-flow is relatedi¢étdyrate (Figure 52) and the velocity is corredate
with slope (Figure 49), therefore we made a conspariof the depth-slope product (H sinS) with
velocity which is equivalent to the Chézy equatfdable 14). The June 29, 2011 debris-flow (Figure
55) results were compared with several events amy sites including: 1) debris-flow surges during
the P4-P6 periods measured from the monitoringpsigtn the Réal, 2) several debris-flow events in
coastal British Columbia which were determined frpost-event surveys and eye-witness reports
(Hungr et al., 1984), and 3) another debris-flowrdwvith post-event surveys and monitoring stations
in the Schipfenbach catchment, Switzerland (Hunfimat al., 2003).

The depth-slope product (H sinS) is found to hawdrang relationship with velocity as a power-

OW PROPAGATION, CHANNEL INTERACTIONS - REAL

function (R of 0.81) for all of the events (Figure 55). Theement is a littler higher than the Chezy -

equation but the difference appears to be insicanifi according to the envelope of the results. The@'

BR

compiled events have a4, ranging from 2.6 to 10.5ts™. All of the events in the Réal (large and

L
small) are shown to be consistent with this retetiop. The depth-slope product for the June 291201 O
debris-flow has almost a one magnitude range amdelocities almost have half a magnitude range.;r

Predicting velocities and shear stress for a délmig event requires a better understanding of the,"'_J
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control of the flow resistance coefficients. It ggite evident that these coefficients cannot be
considered constant for one event; however we dase=nvelope of almost half a magnitude for the

Cehezycoefficient.
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Figure 54 Backcalculations of flow resistance coefficiemsluding (A) p andh and (B) Ghezy and
C,for the June 29, 2011 debris-flow with post-evamvey data. Coefficients are plotted along the
downstream distance of the torrent showing a hayfation for one flow front and a decreasing trend
for flow resistance.



100 -

0.6387
y = 6.2102x
R*=0.8114
Cchezy— 10.5
10 | % /CChezy_ 5 8
w
< ACOO
E A /Cchezy— 2.6
N—r /
- /
1 — &
/%/ 'S June 29, 2011event (post- event surveys)
— o P4-P6 debris- flows (monitoring stations)
A Hurlimann et al., 2003
[m] Hungretal., 1984
O. 1 — Chezy EquatioP ‘
0.01 0.1 1 10
H sinS (m)

Figure 55 Velocity related to depth-slope product (H sii8) with compiled field observations from
the June 29, 2011 debris-flow, debris-flow surgesing) the periods P4-P6 from the monitoring
stations, debris-flows in coastal British Columigitungr et al., 1984), and one debris-flow event in
the Swiss Alps (Hurlimann et al., 2003).

4.4 Sediment transport trends by process type

L INTERACTIONS - REAL

For flow events during the survey periods (P1-6)jthtdate cross-section surveys in the Réal havell

been able to observe two distinct trends of sedirmansport volumes (Figure 56A). These two trends <

, CHANN

are separated by the different types of eventsortgnt debris-flows (red) and 2) headwater debris-
flows/bedload transport events (black). Their eopebs have an inverse trend indicating a sequence og

storage transport through the catchment. Sedimaisep from the gullies (mostly the Big Ravine)

(survey periods P3, P4, and P6). The torrent délosiss are larger (5 200 — 7 600°yrand have

longer travel distances which removes the matetitbf the catchment leaving tail and levee deposit g

=
<
deposit in the proximal and upper-intermediate meftom short traveled headwater debris-flows (<.E')
o
O

throughout the reaches (survey periods P1, P2Pahd These tail and levee deposits are then eroded
by bedload transport in the intermediate and digtathes (maximum of 3 400°mand during this
period the proximal reach is recharged again (supegiods P3, P4, and P6).

The rainfall conditions that trigger the two typelsevents generally have different characteristics.
Torrent debris-flows (P1, P2, and P5) are triggesittt short-high intensity rainfall bursts (21, 31,
and 79 mm ht). The largest debris-flow (P5) has the longesation of the three events with 1 hour

of continuous rainfall. Headwater debris-flow/bextidransport events (P3, P4, and P6) typically hav

CHABTER 4: DEBRIS-FLO
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longer duration rainfalls of 4 to 28 hours. Howeudeir maximum rainfall intensities can sometimes
be as large as the torrent debris-flow’s intensi(®9, 34, and 60 mm . In this situation, there may

not be enough sediment recharge in the main toteeptoduce a torrent debris-flow. This has been
the case in the Manival torrent where the chanreddiment budget was very low, and even the

largest observed rainfall intensities did not taggny torrent debris-flows (Chapter 3).

Multi-date cross-section surveys in the Manivaléat have similar trends of sediment transport for
torrent debris-flows (indicated as red in Figur&h@Most of the debris-flow volumes in both torrent
come from the entrainment in the proximal reacthwitgh yield rates of up to 15 — 19°m™.
Channel erosion typically occurs in loose uncomstéd gravel wedges formed by bedload transport.
Torrent debris-flow events in both the Réal and Malnare very dependant on this storage and on

high rainfall intensities.

The sediment transfer from the source to the cHaardfferent for the Manival and Réal. The Réal
torrent has a sediment source in a very activey glitectly connected to the torrent on the allutiiad
(The Big Ravine). This gully is incising weak flaviglacial deposits which provide an unlimited
supply of material influencing a short cycle of iseeht routing. The recharge is quite evident (Fégur
56A) showing gully debris-flows depositing into theoximal reaches. The hillslope pulses are of the
same magnitude to the torrent debris-flow volunkes.the Manival torrent, the sediment source from
the headwater channels produces less materiakamat directly connected to the main torrent on the
alluvial flat (Figure 56B). Therefore, the sedimatgpends on bedload transport to continue the

transfer of storage into the main torrent duringglduration low intensity rainfall.

The most channel response for the Réal and Maarealocated in the proximal reach on the alluvial
flat with local slopes of 0.15-0.24. This is a feachich stores the hillslope production. This stygra
grows until a large flow event entrains the matdsecoming most of the debris-flow volume. The

debris-flows transport the material for at lea® Hm downstream.
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5 CONCLUSIONS

Post-event surveys in the Réal torrent have effelgtiand accurately measured sediment transport
volumes of six flow events within 1% years. For thmest debris-flow on June 29, 2011, channel-
bend surveys also accurately measured front vadecitlischarge, and flow resistance. Multi-date
cross-section surveys and monitoring station volum@surements were comparable for debris-flows
and less comparable for bedload transport. Frofucitees backcalculated by superelevations at
channel bends is found to be highly sensitive # dbrrection coefficienk. For the June 29, 2011

debris-flow, the velocities measured from the gewmgs corresponded with the backcalculated
velocities wherk ranged from 5 to 10. As the debris-flow travelsvdstreamk can vary, which does

not correspond with the flow resistance of the wetbow front.

Predicted debris-flow velocities using the Chezy @trickler-Manning equations for Newtonian
turbulent flow are well correlated with observedoegies. The June 29, 2011 debris-flow in general
has a high flow resistance which may be considased granular flow with a visco-plastic fluid. idt
observed however that the backcalculated flow t@ste coefficients decrease downstream. For all of
the debris-flows in the Réal and other sites inclgdhe Swiss Alps and coastal British Columbi&, th

Chezy coefficient is shown to have a well definadetope of less than one magnitude.
The June 29, 2011 debris-flow observations are sanmed below:

1) The debris-flow has a distinct sharp front withdinds varying from 1.1 to 3.6 m with a

downstream decrease.
2) The shear stress of the debris-flow front corredpamith the total event yield rate.

3) The hyperconcentrated surge behind the debris-thas a significant volume growth

rather than the debris-flow itself.
4) The hyperconcentrated flow coalesces with the ddlmv tail in the distal reach
5) Flow resistance of the debris-flow front decredssgelling downstream

We hypothesized that the debris-flow front scouared destabilized the channel, but it could not grow
because of its high sediment concentration. Theraad unstable material remaining in the channel
was remobilized by the trailing hyperconcentratedf this surge grew in volume and then coalesced
with the decelerating debris-flow. It is difficuth explain the decreasing flow resistance of tbatfrit

may be influenced by preliminary water flow in ttteannel (Navratil et al., in press).

For all of the flow events monitored in the Réateat from April 2010 to October 2011, two distinct
event types are observed: 1) torrent debris-flowgckvhave large channel scouring and long travel

distances and 2) headwater debris-flows which s@nd deposit in the torrent at short travel
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distances, with bedload transport occurring doveastr. The Réal has distinct sediment routing of
material in an event-based cycle from gully to pmead/intermediate reach and to the end of the dista
reach. The entrainment and transport trends fotaitient debris-flows are very consistent in thalRé

and the Manival torrents. More events are needdld the integration of topographic surveying and
high-frequency monitoring distributed along whoberénts to find consistencies of the surges and

their longitudinal dynamics.

This chapter has presented the variability of ariddlow during propagation. Despite their

complexities, these debris-flow events have coasigsrends of sediment transport volumes with high
yield rates. The combination of post-event survgyand high-frequency monitoring stations needs to
become a standard approach to accurately desbebeatying propagation of debris-flow events and

their important interactions with the channel.
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Chapter 5:

SPATIAL VARIABILITY OF CHANNEL EROSION
BY DEBRIS-FLOWS
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1 INTRODUCTION

For several decades, the volume of a debris-flosv leen found to originate mostly from channel
scouring (described in Chapter 3). Large scourimigh( yield rates) is typically observed where
channel storage is present. Yet, there have belendilvances for understanding channel scouridg an

its influence on the dynamics of debris-flows.

Channel storage encompasses many influences ois-flelars. The growth of the debris-volume
increases the flow’s momentum which then incred@lsesrunout distances (lverson et al., 2011). In
retrospect, for debris-flows initiated by waterges (from runoff or glacial lake outbursts flootis
entrainment increases the sediment concentratiochwdneates changing flow conditions (described
in Chapter 4). The sediment concentration incredske flow decreases erosion rates in the erodible
bed. Also larger grain-sizes in the storage deesedbe erosion rates (Egashira et al., 2001).
Experimental studies showed that the growth of mdoma from scouring becomes insignificant when
the erodible beds are below half the repose amndéngeney et al., 2010). This shows that channel

slope has a strong influence on channel erosiatebyis-flows

The relationship between scour and slope is diffitudetermine because in the field many spatial
and environmental conditions are present. Maximoausng of the 1987 debris-flows in Switzerland
revealed a broad linear relationship with slopeckBnmann and Zimmermann, 1993). Debris-flow
yield rates in the Queen Charlotte Islands, Britdlumbia were highly scattered in relation with
slope (Hungr et al., 2005). The database considftdéd@4 debris-flows and avalanches compiled from
different practitioners and researchers. There wwasigh variability of channel conditions
(confinement, grain-size, slope, and channel widthyl observation errors, especially the erosion
measurements because the pre-event geometry @h#rmel was not known (Hungr et al., 2008).
Detailed airborne laser scanning (ALS) and diffée#énGPS surveys for several debris-flows in
Iceland showed that detailed multi-date field measents at several sites can be used to study the
effect of slope on channel scour by debris-flowsr(@ay et al., 2010). More multi-date field studies
are needed in debris-flow research for providirgdfibased observations of channel responses to

debris-flows.

There are three main objectives in this chapteckwhses multi-date field measurements for analyzing
(1) channel storage and (2) channel deformatiorst,Fspatial variability of channel scouring is
analyzed for debris-flow and bedload transport @sses. Second, the effect of slope on channel
scouring during debris-flows is analyzed. Thirdnathod for mapping sensitive reaches to erosion is
proposed by correlating roughness with scour atdThe study sites include both the Manival
(Chapter 3) and the Réal (Chapter 4) torrent cagctisnwhich experiences frequent debris-flows and
bedload transport. The influence of slope and g scouring is quantitatively determined with

detailed pre- and post-event topographic surveyiige characterization of channel storage and its
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influence on debris-flow scouring is analyzed iailevith multi-date terrestrial laser scanningan

selected reach of the Manival torrent.

2 METHODS

2.1 Channel observations from cross-section surveying

Scour and fill in the Manival and Réal torrents evguantified by topographic resurveys of cross-
sections (described in Chapter 3). Along the 1.8skmndly reach of the Manival, 39 cross-sections are
distributed with a mean spacing of 40 m (3 times riean active channel width). For the Réal, only
15 cross-sections were deployed along the 1.8-kdysteach, giving a mean-cross section spacing of
120 m (5 times the mean active channel width). &€sestion locations are found in Chapter 3, Figure
17 for the Manival and Chapter 5, Figure 37 for R@al.

Eight post-event surveys were done in the Maniwvedesspring 2009, with two being after debris-flow
events of moderate intensity. The monitoring pelilmdhe Réal was from spring 2010 to autumn
2011; six post-flow surveys were measured, witkehoeing after debris-flows of moderate intensity.
The level-of-detection for significant elevation atiye between pre- and post-event surveys is
determined from the §2 of the bed surface grain-size distribution, whichthe Manival and Réal are
approximately 5 cm. It is important to mention tkiz¢ debris-flows in these torrents are often m th
form of multiple surges. The topographic surveystgee the time-integrated elevation change of the
torrent and not the individual surges. An eye wateeported 4 surges for an event in the Manival,
and high-frequency monitoring stations in the Réderve a variation of one to four surges dependingg

on the downstream distance from the source arearghlaet al., in press). In many cases for

LO

individual surges, the front of the debris-flow sto®the bed and the tail reworks the material whereLU'I;
deposition can occur (eg. Berger et al., 2011a. fail deposit of the debris-flow is measured ia th &£

post-event topographic survey; this gives a loveamia estimate of scour depth.

Determining a standard method for measuring chasoelrr in a debris-flow channel is difficult.
Distinguishing debris-flow scour rather than baaitufre or scouring from hillslope processes require
careful interpretation. Analysis needs to be mawenfavailable data and field observations. An
example of a surveyed cross-section before and aftevent (Figure 57) helps to define metrics that

were derived from cross-section resurveys. We khisentaximum scour depth (d) for analysis in

NNEL EROSION BY DEB

order to have the closest true measurement of @low scour. The maximum scour depth is the <
greatest negative elevation change within the aativannel of the resurveyed cross-section. Bank(I)
erosion is not included as channel scouring, becthis is not directly controlled by the shear sdre Lo

of the debris-flow acting normal to the channefasce.
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Figure 57 Cross-section view before and after a debris-flaetive channel width and maximum
scour depth (g, are used for finding statistical correlationshwstope. The 2 meter sampling of
scour and fill depths are found within the totaiaewidth. The maximum three scour samples (red
dash) and maximum three fill samples (blue dashuaed for frequency distribution analysis.

For comparing debris-flow scouring in multiple siteve normalize the maximum scour by (what we
call) the channel scour width ). This width, according to the flow dynamics, i®asured from
the top edge of each bank where the flow occurFegufe 57). The overbank deposition such as
levees and lobes are not included in the width beezdhey are separated from the actual flow in the
channel. These debris-flow channels can have degi#ferent bank heights from previous debris-
flows. Therefore careful field and data interpnetatis required to match the closest bank to the

observed flow height.

For analyzing frequency distribution of scour anlj multiple samples in each cross-section are
needed to increase the data population. Theref@enater sampling interval is taken for the active
width (Waaive (Figure 57). Active widths can be determined frpne- and post-event surveys by
delineated significant elevation changes of the (hé&bault and Laronne, 2008). This width includes
the levee and lobe deposits on the channel bantdar to include important debris-flow deposition.
Channel width varies throughout the channel whddemsections have higher sampling numbers. In
order to have an even sampling distribution aldregahannel profile, the maximum three samples for
scour and fill are selected (Figure 57). This dilsits the zero population in the wide channelsaver

inactive patches occur within the active width.
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Figure 58 Multi-date profile of a reach in the Manival tent derived from cross-section surveys.
Minimum surface used for slope calculations iséatkd by the thick thin with solid dot. Different
slope measurements for XS 27 agg(8pstream slope), . (local slope), and &, (downstream
slope).

Defining the method for measuring channel slope&esy important. In debris-flow channels, the ¢
channel bed elevation can vary through time chantie local slope. However, the scale and Iocation9
of measurement is even more important. Figure $8vshan example of a very active reach in the"U-';
Manival torrent. Throughout the survey periods ¢levation can vary up to 4 meters. The minimum %
elevation measured throughout the monitoring progwas used representing the stable channel'-'DJ
bottom. Different measurements for slope were takestream (), locally (S.ca), and downstream

(Suwn)- These slopes at different scales are testeithéar correlation with channel scouring.

2.2 Data compilation from literature

For developing a global relationship between deftwis scouring and channel slope, data from the

literature have been compiled for a more thoroughlysis. Maximum debris-flow scour depths,

HANNEL EROSION BY

widths, and upstream slope need to be obtained ffetailed topographic measurements of channel©
cross-sections. Three previous studies have mattiese requirements for debris-flows triggered byg

water surges:

CHAPTE
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1) The Chalk Cliffs in Colorado, USA (Staley et alQ12) have a small debris-flow catchment
(0.3 knf) with multiple debris-flows occurring every yeandiiced by runoff from high
intensity rainfall (Figure 59A). The channels (&fspranging from 0.15 to 0.56) are supplied
by very active cliffs with rockfall, rockslides, @dnhillslope debris-flows. The site was
resurveyed by TLS for debris-flow events and thegdat event (820 W is used for
comparison in this study (Staley et al., 2011).

2) Eastern Victoria, Australia (Nyman et al., 2011}¥ haultiple sites with burnt areas where
debris-flows were triggered by runoff from highensity rainfall (Figure 59B). Catchments
(with cross-section surveys) ranged in areas front6 2.0 kM with channel slopes of
approximately 0.2 to 0.8. Material originated fraamposed hillslope material and loose
colluvial and alluvial channel storage which proeldicdebris-flow magnitudes of 2 900 — 6
000 nt. Three debris-flows from different catchments wewmmpared with three cross-
sections each. Pre-event surface was interpolatsatd@ding to cross-section features from the

post-event field surveys.

3) Fjaerland, western Norway (Breien et al., 2008)egigmced a large glacial lake outburst flood
(GLOF) in the spring of 2004 which initiated a deHtow (Figure 59C). The initial glacial
lake area was 10 000°rand the channel slope below varied from 0.07 ¥ {average of
0.31). Some breached moraine material and mostyred storage composed a debris-flow
volume of 250 000 f This is a less active torrent where only two othebris-flows occurred
in the last century. Cross-sections were extraftech DEMs derived from aerial photos

before and after the event.

The upper catchment of the Manival was also contphyeusing transects from multi-date TLS data
in first- to third-order reaches (Chapter 3). Tlwstforder reach consisted of a runoff generated
granular flow on a talus slope. The second- and-#hider reaches experienced runoff generated water
surges not yet at a debris-flow state because wfdediment concentration (the debris-flow was

developed further downstream).

108



igur 5 Channel views of the compaed study sites romditafe; (A) the Chalk Cliffs i
Colorado, USA (from Coe et al., 2008), (B) Eastéittoria, Australia (from Nyman et al., 2011), and
(C) Fjaerland, western Norway (from Breien et 2008).

2.3 Laser scanning for the characterization of erodible material

Channel scour, deposition, and roughness were maghfom multi-date terrestrial laser scans (TLS).
The focus of this study was to make detailed olaems in one reach (test reach) with a resolution
that can be applied throughout a channel or rietwark. The test reach is located in the Manival

torrent, a very active reach 190 m long 17 m wikigyre 60A).

The reach was scanned before and after three efdmtiisis-flow / bedload transport / debris-flow)
with an ILRIS-3D (Optech Inc.) terrestrial lasemasnoer (first and last hillshades of the monitoring

program shown in Figure 60B-C). Several scanningitipms from different viewing angles were

NNEL EROSION BY DEBRIS-FLOWS

always used for obtaining the maximum point coveratpereby minimizing the most important
source of error (Schirch et al.,, 2011a). The mieltgzans for each survey campaign were mergeﬁ
together using Polywork¥ which calculated a root mean square error (RM®Bying from 0.6 to

5 C

1.0 cm. The final point density after data proaagdor each campaign ranged from 22 to 55 points%
per 20-cm grid cell (Table 15). Merging the muléite scans together by selecting permanent featureE
<

I
@)
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as reference points produced a RMSE range of 1 tom3 According to a 20 cm resolution,
overlapping data between survey campaigns covetdd 59% of the study reach. Further details on

instrumentation and measuring techniques are fouthapter 3.

DEMs with a 20cm resolution were developed by tgkime mean elevation of points within each
20cm cell. Cells with at least five points werediar analysis; this limits any noisy data that sloet
accurately represent the surface. Interpolatiorhous were not used for developing the DEMs. We
only used non-interpolated overlapping data. ThenR€esolution allows for quantifying erosion and
deposition in narrow channels which are typicakieep catchments; it also allows a more efficient
computing time for large scale applications. Elmratdifferences were then directly calculated from

the post- and pre-event 20-cm grids.

For characterizing the nature of the channel sedinvee apply a method proposed by Cavalli et al.
(2008) who identifies channel features using roegsnfrom airborne LIDAR. Step-pools and riffle-
pools were distinguished with the standard devmatibresidual elevations with a 0.5 m grid and@ 2.
m search window (1:5 ratio). With the TLS datalie test reach of the Manival, we used the same
ratio with the 20 cm grid and a 1-m diameter searttfdow. The kernel-cell in the search window is
kept for analysis only if there are at least fie#isin its window. This filters out poorly coveradeas

which are usually found on the vegetated bankkethannel.

Similar methods with higher resolutions (within tereters) have been used with TLS data for
characterizing grain size in gravel bed rivers (tdge and Milan, 2009). The large grain size
distribution in debris-flow channels makes this lgsia complex, and the high resolutions create
inefficient computations. Therefore, our 20 cm gradle applied for characterizing the channel festur
instead. The final characterizations of sensitivaenal from roughness were then tested on airborne
laser scan data in the Manival at the same resakitiThe characterized sensitive material was

validated with the surveyed cross-sections.
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Figure 60 (A) location of the test reach in the Manival caibemt; hillshades derived from 20 cm TLS
scans when the test reach was full of sedimentiliyn2009 (B) and when it was empty in July 2010
(C); 4 meter contour interval.

e

Table 15 Test reach TLS scan periods with measurementrageeand errors.

Date Paints per Multi-date Multi-date
20cm cell RMSE data coverage
(cm) (%)
July 2009 28 -- --
August 2009 22 1 57
November 2009 25 3 52
July 2010 55 1 59
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3 RESULTS

3.1 Spatial variability of scour and fill

3.1.1 Scour and fill for the Manival

During the monitoring program in the Manival torteright events have been observed between
survey periods P1-8. Two debris-flows (P1 with D@ and P5 with 3 300 fhwere triggered during
short intense rainfalls during summer convectieerss. The intense runoff develops into water surges
which scour channel storages; these surges dewopebris-flows which continue to propagate
down the channel with even more scouring. Thesatewasually have multiple surges (4 observed
from eye witness). The bedload transport events4(Rad P6-8) normally occurred during long
duration rainfalls in autumn and during snowmelspring. Detailed descriptions, sediment budgets,

and yield rates for these events are found in @&t

Large spatial variability of scour and fill has hesbserved after the events in the Manival (Figiire
Debris-flows (P1 and P5) have significant scoufing to 2.4 and 2.9 m) in the upper reaches of the
study site. The average maximum scours are 0.8g1)L.0 m (P5), and the fills are 0.6 (P1) and 0.7
m (P5). Bedload transport events (P2-4 and P6-#8}ively have little scour and fill distributed
throughout the entire study site. The average maxiracour is less, ranging from 0.4 to 0.6 m, and
for fills from 0.3 to 0.5 m.

The large debris-flow scoured areas located iruftyeer reaches are distributed between long spaced
check-dams. The scoured material is normally lagsmnsolidated gravel wedges which have been

deposited by bedload transport. They typically d#&pa low slopes reaches downstream from steeper
reaches. Little fill was observed in the upper hescafter the debris-flow events and the lowerhesc

also had little scour and fill.

Even with generally less scour and fill during lmedl transport, there was still large scouring (&.1

2.1 m) and fill (1.2 to 2.6 m) in one or two reash&his large localized scour and fill occur where
gravel wedges are developed and mobilized. In 26@#¢e bedload transport occurred, especially in
the upper reaches, due to a more important sedisuguly from the headwaters. In 2010, there was
still bedload transport in the lower reaches. Twas due to the gradual scouring of the previous
debris-flow deposits in the channel and leveess Thaterial accumulates into gravel wedges and

gradually mobilizes out of the channel.
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Figure 61 Map view of maximum scour (red) and fill (blua)the Manival for measured events and
upstream slope (magenta). (DF refers to debris-8od/ BL refers to bedload transport)
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3.1.2 Scour and fill for the Réal

During the monitoring program in the Réal torresik events have been observed between survey
periods P1-6. Three main channel debris-flows @200 i, P2: 7 000y and P5: 7 600 were
triggered during short intense rainfalls during suenmer convective storms. Small hillslope debris-
flows and bedload transport (P3, P4, and P6) oeduduring long duration low intensity rainfalls.
Detailed descriptions, volumes, velocities, andliigsge rates for these events in the Réal are fiound
Chapter 4.

Large spatial variability of scour and fill was @isbserved in the Réal torrent (Figure 62). Theideb
flows significantly scoured the upper reaches widgximum depths of 2.0 m (P1), 3.8 m (P2), and 4.8
m (P5). The event average of maximum scours rafrged 1.0 to 1.3 m and fills ranged from 0.7 to
0.8 m. Events during P3, P4 and P6 have a higheabiity because of the multiple processes
involved (hillslope debris-flows and bedload tramsjp The event average of maximum scours ranges

from 0.6 to 1.3 m, and for fills from 0.7 to 1.2 m.

Debris-flows consistently have a large scourinthim upper reaches because of the large fillingnef t
hillslope debris-flows. The upper reach has vetielffill as well as the lower reaches for bothwco
and fill. During bedload transport events, hillgogebris-flows interact with the upper reaches with
deep scours (maximums from 1.8 to 4.5 m) and f{iteximums from 2.0 to 5.8 m). The lower
reaches have relatively little scour and fill excesere gravel wedges are developed and mobilized.
There is not enough information to characterize tittislope debris-flows, thereby excluding their
effected cross-sections for analysis. Only the detlprocesses in the lower reaches are used where

gravel wedges are developed and mobilized.
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Figure 62 Map view of maximum scour (red) and fill (blue) the Réal for measured events and
upstream slope (magenta). (DF refers to debris-8od/ BL refers to bedload transport)
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3.1.3 Comparison between debris-flow and bedload transport

As observed in Figure 61 and Figure 62, debris$land bedload transport had distinct behaviors for
both the Manival and Réal torrents. A general caispa of mean elevation change between debris-
flow and bedload transport is made with notched fbloxs for the Manival (Figure 63). Debris-flows

had 78 samples and bedload transport had 211 &ysas Not enough data was available in the Réal

to make an accurate comparison which consiste® sb#ples for debris-flows and bedload transport.

The t-test was used for assessing whether the Hgrmtributed independent variable (mean
elevation change) for debris-flows and bedloadgpant in the Manival significantly differed from
equilibrium. According to the null hypothesis thlaé mean value of elevation change is zero, debris-
flows could be rejected but bedload transport caultibe rejected at a 5% confidence level. Mean
elevation changes for debris-flows have a p-vadiss than 0.001and the 95% confidence interval for
the mean ranges from -0.23 to -0.06 m. Mean elewvathanges for bedload transport have a p-value
of 0.36 and the 95% confidence interval for the meanges from -0.04 to 0.02 m. Debris-flows had a
large variation of elevation changes with a mediatue of -0.10 m and bedload transport had a
median of 0.00 m and with much less variation. Tiistical test and results clearly indicate that

debris-flows are a scouring process and bedloadpat is at equilibrium.

0.8
box plot legend
0.61 .
e —  within 1.5 times the
04l i ‘ inter quartile range
T
—_
e 0.2t E
] 75th percentile
o
2 o (0.00) :
£ (-0.10) median } 95% confidence
c 0.2} i interval
o
% i 25th til
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Qo
3]
S 06" . ‘
(3]
1
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-1.2+ ) - o the inter quartile range
| |

debris-flow bedload

Figure 63 Notched box plot of the mean elevation changesefmh cross-section in the Manival
torrent indicate significant difference between rielow and bedload transport. Box plots indicate
the median, 25 and 7% percentiles, data extents within 1.5 times therimuartile range and the
outliers larger than 1.5 times the inter quari@ege. Notches indicate the 95% confidence rangjeeof
median value.
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For comparing scour and fill between bedload trartspnd debris-flows in both the Réal and
Manival, the maximum three samples of each crossesewere used (Figure 64). In the Manival,
there are 234 samples for debris-flows and 633 knipr bedload transport. Réal has 135 samples
for debris-flows and 127 samples for bedload trartsp

The Mann-Whitney U test was used to assess wheligemon-normally distributed independent
variables (scour and fill) are statistically di#et. According to the null hypothesis (medians leetv
scour and fill are equal) debris-flows for the Maadiand Réal could be rejected at a 5% confidence
level (Figure 64). The hypothesis for the bedlaatgport in the Manival could also be rejected, but
not for the Réal. The Manival has more samplestioigdow p-values of 0.003 for debris-flows and
0.001 for bedload transport. The Réal has feweiptzsrwith p-values of 0.023 for debris-flows and
0.339 for bedload transport.

According to Figure 64, both torrents indicate theuring during debris-flows is the most important
channel response. Debris-flows in the Manival hawveedian scour of 0.31 m and fill of 0.12 m. This
is larger than the bedload transport which has diamescour of 0.07 m and fill of 0.06 m. The Réal
has a larger channel response with a median diéwisscour of 0.44 m and fill of 0.28 m. Its bediba
transport has a median scour of 0.20 m and fi0.@® m. Debris-flow scouring is significantly large
than its fill and has the greatest variation. Badléransport for both catchments has little diffiers
between scour and fill. The large variation of scand fill for the Réal's bedload transport is

influenced by the hillslope debris-flows enterihg upper reaches.
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Figure 64 Notched box plots of the maximum three sampleséour and fill at each cross-section.
Both (A) the Manival and (B) the Réal show that thest scouring occurs during debris-flows. Box
plots indicate the median, 2%nd 7% percentiles, data extents within 1.5 times therimjuartile
range and the outliers are larger than 1.5 timesiriter quartile range. Notches indicate the 95%
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The spatial distribution of debris-flow scour ainitildan be influenced by the upstream slope (seen i
Figure 65). Only results from the Manival were usedcomparison because of its larger database.

The upstream slope (p was compared with the maximum three random sasvgdlecour and fill for

both bedload transport and debris-flows. Debrig#fBrour strongly decreases as the slope decreases

down to 0.16. Debris-flow fill gently increasesths slope decreases, however the study site ddes no

include the important depositional reach for defiaws. For bedload transport, both scour andddl
not have any trend with slope. Either the scaldhefmeasured slope is too large or the time raesalut
is too long for flood measurements. Nevertheldssse results indicate that upstream slopg (&

an important influence on debris-flow scouringtie Manival.
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Figure 65 Notched box plots of the maximum 3 sampled scodrféirfor each cross-section in the
Manival related with upstream slope,{SDebris-flow scour and fill relates to slope whes bedload
transport shows no relation. Not enough data ifabta for comparing the Réal torrent. Labeled
slope values are the center values of the bins.fBuis indicate the median, 2and 7% percentiles,
data extents within 1.5 times the inter quartilegeand the outliers are larger than 1.5 timesntiee
quartile range. Notches indicate the 95% confideange of the median value.
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3.2 Global relation of debris-flow scour and channel slope

With the Manival cross-sections, the three slofgs Socar and Sun) Were measured at different
scales. These measurements were correlated with soearring from two debris-flow events (Figure
66). The correlation coefficients indicate that tipstream slope,ghas the most influence on erosion.
Another important observation is that the correlagi dramatically increase when the scale increases
up to 6-8 times the channel width or 10 times thannel scour width (\W.). Therefore, the § at

this scale is used for analysis in this study. Tdlgpe controls the debris-flow condition before

entering the cross-section.

The mean W, for the Manival torrent during two debris-flows sv&0.1 m (range of 5.1 m to 18.7
m). The defined  in the Manival ranges from 0.13 to 0.28 (mean p.lk6the Réal torrent for three
debris-flows, the mean W, was 11 m (range of 3.8 m to 20.2 m). The defingdrSthe Réal has a
range of 0.12 to 0.27 (mean 0.16).

A global database of debris-flow scour{gl, scour width (W), and upstream slope {p were
compiled with 144 cross-section measurements ftoenManival torrent (and its upper catchment),
Réal torrent, Fjaerland, Norway (Breien et al.,@0&astern Victoria, Australia (Nyman et al., 2§11
and the Chalk Cliffs, Colorado, USA (Staley et 2011). The § ranges from 0.12 to 0.84,4 from
0.1 to 8.8 m, and W, from 1 to 49 m.
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Figure 66 Correlation between mean scour and slope foddheis-flows in the Manival torrent

measured at different scales. Upstream slope wéidisored length of 10 times the scour width shows
the best correlation with debris-flow scour.
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A logarithmic relationship (Rof 0.50) was found between the normalized maxineuosion (g /
Wseow) @and §, (Figure 67). Scouring decreases rapidly below pstraam slope of approximately
0.15. As the slope increases above 0.15, the iserehscouring becomes gradual which could be
influenced by supply-limited reaches. The steepesasurements are in the range of repose angles of

gravels and cobbles which are typically found dagtalopes (slopes of 0.61-0.73).

The envelope between thestand the [ of the erosion/slope distribution is approximatbbif an
order magnitude. This distribution can be explainexbstly by the available storage. Scour depths can
range from the upper- to lower-envelope for the esamoss-sections in both the Manival and Réal
which depends on whether there is storage pregetitei channel. Other similar sites, such as the
upper catchment of Manival and the Chalk Cliffsoaterrespond well with the envelope boundaries
and presence of storage. The steepest two reaéhltee danival upper-catchment are talus slope
failures where the channels were completely filldth sediment. The next lower reaches are found
below the envelope, these reaches experienced ofiaehyper-concentrated flow because of little
sediment availability. The Chalk Cliffs with a sian S,,, experienced debris-flows which had deeper

erosion with the presence of storage.

Nyman et al. (2011) found that the debris-flow saayin the burnt areas also depend on the channel
storage. The cross-sections before the events mestly full of storage with reaches scouring down
to bedrock afterwards. These channel conditionda@ém$ why they are in the upper-envelope.
However, some of the cross-sections for the gldaked outburst flood (GLOF) induced debris-flow in
Norway were almost full of storage and they arehinitthe lower-envelope of erosion. Most of the
reaches were originally V-shaped and were scounéal riectangular trenches with vertical sides
(Breien et al., 2008). The changing of the charstelpe at this large magnitude influences the Y

normalization of debris-flow scour by width.

FLOW

Outlying points above the envelope are cross-sestioth a deep, narrow active width, U-shape form. @
The channels are filled with loose colluvial antingll material that are easily washed away. The %

L
cross-section shape is unusually deeper than ther atross-sections. Outlying points under the O

envelope are mostly reaches without storage exoefite GLOF induced debris-flow reach.
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Figure 67 Relationship of maximum erosion (normalized by Wjdind upstream slope measured by
resurveyed cross-sections. Three debris-flows &al fblue) and two for Manival (red) show the
variation of erosion for each cross-section. Ofiiies are compared revealing a global relationship.

3.3 Characterizing erodible material with TLS

3.3.1 Sequence of events and topographic descriptions

Erodible storage was characterized in a very acgaeh of the Manival torrent with a terrestriadda
scanner. The TLS results for the multi-date sumvgyn the test reach includes an event sequence of
debris-flow (P1), bedload transport (flooding) (B2and debris-flow (P5) (Figure 68). These periods
correspond with the monitored channel responsesredd from the cross-section resurveys (Figure
61). The P4 period is within the TLS scanning peobdthe P5, however it had little change in thst te

reach and therefore it is not grouped with the \ne

Initially (end of July 2009) the reach was full @ficonsolidated sorted gravels (gravel wedges) which

created the highest elevation long profile (Fig68C). These gravel wedges have the smoothest
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roughness in the reach 4= 0.039 m), which also makes the reach the smobfoedhe entire

monitoring period (Figure 68B).

On August 25 2009, a debris-flow (P1) passed throing reach. Scans with the TLS were taken
several days after showing significant scouringFfé 68A). However, the long profile shows that the
debris-flow did not scour the entire gravel wedggyre 68C). The reach had a mean elevation
change of -0.41 m. The reach lost 788 of material which is 41% of the debris-flow volume
measured at the outlet of the catchment. The pofiee is a little rougher (Figure 68B) with g,Df

0.042 m but still contains smooth material (gravetiges deposited at the lower end of the reach).

From the end of August to November 2009 (P2 and B&jlload transport occurred during low
intensity, long duration rainfalls. Several floweens eroded the previous debris-flow tail depcasitd
levees which formed new gravel wedges. These graedfjes were likely mobilized from the source
area into the test reach with net deposition (EiggB8A). The reach had a mean elevation change of
0.12 m with a relatively normal distribution. El¢iea in the profile increases on the upstream and
downstream extent of the gravel wedge (Figure 688% reach gained 226°mf material which is
29% recharge from the previous debris-flow scourifipe test reach becomes smoother where

deposition took place @@= 0.039 m).

The last debris-flow (P5) scoured down to the cleamottom (highly consolidated old debris-flow
deposits) (Figure 69). The highly consolidated malfe scour was insignificant compared to the éarg
scour depths of the unconsolidated gravels. Thémim long flat profile after the event shows that i
is at channel bottom (Figure 68C). The elevatioang/e again has an asymmetric distribution (mean
of -0.46 m). The reach lost 1 013 of material which is 31% of the debris-flow volurmidter this
event, the test reach had the highest roughnessd@ntire monitoring period (= 0.049 m). There

FLOWS

were smooth deposits in the lower end of the redoich were likely formed during the recession
limb, but they quickly eroded away later by bedlt@hsport. Since this event, there has not begn an @
recharge from the source area for the rest of ¢ae. YWithout unconsolidated storage in these reache %
no events occurred, even during high rainfall istéé®s observed from June-July 2010 (maximum 79 LéJ

mm hr?).
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Figure 68 Results of TLS scans in the test reach of the Manorrent showing the relationship
between debris-flow scour and roughness. A) Elewalifferences between survey dates with
frequency distribution of scour and fill. B) Rougss derived from the TLS for each survey date with
their frequency distributions in the reach beloe s (roughness above thedis considered noise
from steep features such as banks and check-dahesklasses are defined according to the
roughness/scour relationship; dark green (mediight, green and rose (defined in Figure 71), arl re

(above the roughnessdp C) Channel profile of each TLS survey with JAGA10 revealing channel
bottom.
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debris-flow. The reach before the event was alibhask full of a gravel wedge (A). The wedge was
scoured down to the highly consolidated coarsedgapsit (C) and debris-flow levees (D) are
deposited. Remnants of smaller terraces can balf(Binwhich are sequences of fill and scour during
or after the debris-flow event.

n
The effect of the check-dam upstream of the temthrecan also be seen in Figure 68. The greates%
debris-flow scouring occurred closest to the cheaky and progressively decreased downstream. TheT'l_
largest bedload deposits are also closest to teeketham where the gravel wedge is formed. Check-g
dam analysis is difficult, because of the diffigutb obtain enough information to discriminate the
effect of the step-profile, the presence of chamstelage and the debris-flow condition. The check-
dams are known to disrupt the debris-flow momen{Ramaitre et al., 2008), where the loss of the
energy can be reflected with the channel scourbggrved downstream of the check-dam. However

CHAPTER 5: CHANNEL EROSION BY DEB

throughout the channels of the Réal and Manivghicant scouring only occurs below the check-
dams when storage is present.
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3.3.2 Classifying erodible material with roughness

In the maps of Figure 11A-B, it can be seen thatiddlows preferentially scour on smooth surfaces.
This can be quantified by using the TLS data favuging cells which have been scoured and not
scoured by debris-flows. These groups are therectk® pre- and post-event roughness (Figure 70).
The Mann-Whitney U test showed that the non-nowyrditributed independent variable (roughness)
have statistically different medians for scourelliscand non-scoured cells with a 5% confidencelleve

and p-values less than 0.001.

Scoured cells have a median pre-roughness surfé@83b m which is significantly less than the non-
scoured cells (0.043 m) and the post-roughnessedaells (0.047 m) and non-scoured cells (0.043
m). The pre-roughness scoured cells representringelgwedges which have broad smooth convex
surfaces. The non-scoured surfaces typically reptdsoulders, channel banks, and check-dams. The
post-roughness scoured-cells represents the ramaimaterial after the scouring, this can be thie tai
deposits of the debris-flow surge, or old debrisvldeposits (highly consolidated and unsorted) twvhic

forms the channel bottom.

Scour depths are correlated with the pre-roughsedace which is distributed in 1 cm bins (Figure
71). The distribution is plotted below thegsDof roughness (17 cm). Any higher roughness is
considered noise in the distribution such as steepndaries where little horizontal erosion is
calculated as large inaccurate channel scouring.rdighness of 2-3 cm is the highest frequency for
scoured cells. There is a linear relation betwe®s ¢cour depth and roughness with the bins
statistically different from one another. This tleextends to the roughness 6 cm which indicates the
extent of the sensitive gravel storage. The limekationship could be caused by the outside suidhce
the gravel wedge which is included in the 1-m windmughness calculation along the limit of the
gravel wedge. We do not have information for adyupredicting depths of scour; we can only

identify the scourable material.

With the 20-cm grid, the gravel deposits can bematically mapped (Figure 68C) according to the
calculated roughness. Gravel wedges are two claBses85 m and 0.35-0.6 m, which marks the
median and extent of roughness relating to scoufiing next class, 0.6-0.17 m, covers areas that
might be scoured but with little contribution, suaf channel banks, large cobbles and boulders that
are embedded in a matrix (debris-flow depositsudghmess greater than 0.17 m covers areas mostly
permanent structures such as check-dams and steamet banks. The search radius of 1 m is
sometimes problematic for capturing the roughnesseftire boulders (their tops appear to have
smooth roughness). However, the more sensitivesatha gravel wedges) are mapped accurately

which is of most concern in active debris-flow chels.
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Figure 70 Notched box plots for precondition surfaces (A)whbat debris-flow scouring occurs on

a smoother roughness with a 95% confidence lewstt-Eondition surfaces (B) are rougher because of
the eroded gravel wedges and the deposition ofsifibw levees. Over 207 xI8amples were used

for analysis. Box plots indicate the median™ 25d 7' percentiles, data extents within 1.5 times the
inter quartile range. Notches indicate the 95% icemice range of the median value.
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Figure 71 A) The roughness relation with scour reveals adlirieend ending at 0.06m roughness
indicating the extent of the gravel storage. B) ftmess is binned at 1cm with the highest frequency
between 0.02-0.03m. The plots extend to thedDthe roughness calculations; any larger roughiges
considered noise and is normally located on chdpengks and check-dams.
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3.4 Reach-scale roughness

The sensitive gravel wedges can also be mapped asiborne laser scanning (ALS). The raw ALS
data was treated manually along the channel wittraqimately 30 pts/fmwhich was normally
filtered automatically producing 6 pts/ifsee Chapter 3 for further details). A 20 cm gvis used to
apply the roughness methods used in the test afable Manival.

ALS data in the Manival catchment was surveyed Jun€009 which represents the channel
conditions before the first debris-flow in Augudi, 2009 (P1). The roughness is consistent with the
test reach output which was surveyed during theeselmannel surface condition. The storage in the
test reach is the largest storage in the wholembriThis corresponds to the largest scouring wisich

verified with the surveyed cross-sections (Figug Thannel storage (determined from roughness)

covers 52% of the torrent.

We were not able to perform the same analysis thghALS in the Réal torrent. The point densities
varied throughout the catchment. The upper reaeliese large scouring occurs have the poorest
quality with laser swaths of large band spacindss Tould be caused by the variable flight elevatio
or the flight speed of the aircraft. The lower feax have a better quality point spacing which shows
good channel feature correspondence with the sanghness values as the Manival, however there is

not enough quality data for analysis.
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Figure 72 Storage mapping using roughness calculations defieen ALS with a 20cm grid (treated
within the torrent channel). The storage beforeAligust 2009 debris-flow is related to the erosion
(m?) from the surveyed cross-sections.
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4 DISCUSSION

4.1 Comparing debris-flow and bedload scouring

Scouring was observed to have a large spatial hiityain the Manival and Réal torrents. Debris-
flows are a significant scouring process with aydavariation of scour depths. In contrast, bedload
transport is at equilibrium with small variation e€ouring. Debris-flows tend to have important
scouring (up to 2-5 m) where gravel wedges werattmt Because of the large discharge of the
debris-flow events, this scouring accumulates tgelarolumes (2 000 to 8 000°rand transported out
of the catchment. During bedload transport, impdrscouring (up to 1-2 m) occurs in localized
reaches where gravel wedges were mobilized frormhréa reach which does not play an important
role on the catchment’s sediment production. InEastern Italian Alps, long-term field data of an
active debris-flow catchment and an active bedtoaasport catchment with equivalent return periods
revealed that debris-flow volumes were 2 to 3 @der magnitude larger than bedload transport
volumes (Mao et al., 2009). We have observed indateis-flow catchment that debris-flows produce

2-10 times more sediment than bedload transpohinvine year.

The spatial variation of scour and fill in graveddorivers during bedload transport can be modeled
with an exponential density function (HaschenburgE®99). As the discharge increases, the
distribution of scour and fill becomes stretchethvéin increase of depth (Powell et al., 2005). €hes
characteristics are seen in Figure 63 for bothMheival and Réal torrents with small magnitude and
variation of scouring during bedload transport garde magnitude and variation of scouring during
debris-flow processes. This indicates that scouidndpedload transport depends on the shear sifess

the flow where as the debris-flows depend moreheretodible depth.

4.2 Influence of slope and storage on debris-flow scouring

Defining a proper slope was found to be very imaatrtfor characterizing the channel response in
debris-flow channels. Rather than local slogg,he upstream slopg,gscale of 10 times the scour
width) was found to be more significant for conlirgy channel scouring. It better characterizes the

condition of the debris-flow front entering a givelmannel cross-section.

The Manival and Réal torrents independently shoaedlationship between debris-flow scour and
upstream slope,s With the comparison of multiple study sites, gaothmic trend revealed that,S
has a high influence in many torrent catchmentslwvhan be developed as a statistical model (Figure

73). The general potential scour depths is comtrdlly the storage level (erodible thickness) irdidta
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by the upper- and lower-envelope. A transport-ithiend supply-limited regime can be established
from the empirical data collected from the fieldheTtransport limited-regime has a strong incredse o
erosion with slope because storage is usually tiatiang factor. The supply-limited-regime (steepe

than 0.15) has a small increase of erosion witpeslbecause the thickness of the erodible bed

becomes thinner.

1/2 talus talus slope
1.00 - slope angle —
1 A

storage level

0.10 1

0.01 1

normalized maximum erosion (depth/width)

transport-
limited

supply- limited

0.00 ‘ ‘ ‘ ‘ ‘ ——

0.10 1.00
upstream gradient (m/m)

Figure 73 Statistical model of normalized debris-flow emsicontrolled by upstream slope and
storage level. The logarithmic envelope is the upped lower-limits from Figure 67. Transport-
limited and supply-limited regimes are divided adoog to the critical slope for erosion (0.15).
Experimental results from Mangeney et al. (201@gests that dry erodible beds have little influence
on debris-flow travel distance below half the repaggle. Our critical slope is much less than thedf
talus slope angle (pore-water pressures coulddomtibuting factor).
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Laboratory experiments showed that the presena@nddrodible bed increases granular flow travel
distance by 40% (Mangeney et al., 2010). Lineati@hships exists between the travel distance and
thickness of the erodible beds for a given slopgleanThis represents the positive energy exchange
from channel erosion to the passing flow. Mangegiegl. (2010) showed that below a critical slope
(which corresponds to half the repose angle ofntlagerial), erosion does not have any influence on
the travel distance. Above this critical slope, th#buence of erosion on travel distance increases
exponentially as the slope increases. The compilatif field data show contrasting results. The
critical slope above which channel erosion hasangteffect on debris-flow volumes (and then runout
distances) corresponds to the transition betweeniqusly defined transport- and supply-limited
regimes. Empirical observations revealed that dritical slope is around 0.15. This value is
significantly lower than half the repose angle efllsediment of the Manival and Réal, which can be
roughly estimated from talus slopes in the upp&hraents (0.6). This can be explained by the effect
of pore-water pressure which likely decreases titieal slope above which channel erosion influence

granular flow dynamics (experiments from Mangeniegi e 2010 were done with dry beds).

The envelope of erosion in Figure 73 representsrefaive thickness of the erodible bed (or the
relative storage level), which according to Mangemre al. (2010), also represents the potential
increase of travel distance. This emphasizes tperitance of storage; it is an important controttzan
occurrence of a debris-flow, its magnitude, andutsout distance. The positive energy exchange from
erodible beds to the flow was also revealed byelacale experiments (lverson et al., 2011). These
experiments were performed on a constant slop®)W&h varying pore-water pressures, which was
found to increase the erosion efficiency and tleeeefthe mobility of the debris-flow. However,
experiments from Mangeney et al. (2010) were peréat on dry erodible beds which had large
increases of travel distances controlled by slopkthickness of the bed. The increase of pore-water
pressure can change the erodible thickness ofdtighut the erosive capability mostly depends en th
material of the bed. Debris-flows in the ManivaldaRéal can experience debris-flows without
antecedent conditions because of the unconsolidgtee! storages which are typically found in these

steep active catchments.

It should be noted that the erosion also dependsenondition of the passing debris-flow suchhas t
sediment concentration of the passing flow (Egashktral., 2001). Within one debris-flow event, a
reach can experience deposition because of higmeaticoncentration and then it can be eroded by a
proceeding surge with a lower sediment concentrdtimnaizumi et al., 2005). Field laboratory tests i
the Chemolgan site in Kazakstan showed that délbris-scouring increases linearly with water
runoff volume (Rickenmann et al., 2003). This iradés that even with large channel storage, there
still needs to be a large enough water surge talimebhe erodible bed. We do not include the flow

condition in the statistical model but it shoulddznowledged as a contributing factor.
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4.3 Mapping potential debris-flow scour and volume

An effective way to determine locations of potentiabris-flow scour is by identifying the loose
gravel wedges on steep slopes in torrent catchm&hts TLS results showed that they are smooth
macroforms which have a distinct roughness fromrtlgged debris-flow channels. A digital terrain
model with a 20 cm grid can effectively characterinese potential scour areas by using roughness
characterization from Cavalli et al. (2008). It Hmesen shown that even ALS can be used with careful
processing to produce a 20 cm elevation grid wiheam automatically maps the most sensitive and

contributive material to debris-flows covering wlaobrrent reaches.

Debris-flow erosion can also be quantified by aglgmofile of a torrent by using the logarithmic
relationship of normalized erosion versus upstreaemnel slope  (Figure 73). The potential scour
widths need to be interpreted as well as the x&asitorage level of the channel. Maximum and
minimum debris-flow scour can be determined acecwydio the logarithmic envelope and their
cumulative volumes can estimate potential debag+flolumes. The benefit of this method is that low
resolution calculations (ten times the potentiaduscwidth) can be used for determining different
magnitudes of scouring and volume. A simple appbcaof this model was made in the Manival
torrent from the headwaters down to the extenhefstudy reach (sediment trap) (Figure 74). A long
profile was made from a 1-m DEM and the upstreampes|y, was calculated at one meter intervals
with measurement lengths of 110 m (10 times thennseaur width). The potential scour depths were
determined from the meandXlower limit), and Bs (upper limit) logarithmic equations from Figure
67. The highest potential scouring was found alibeestudy reach (Figure 74A), however seasonal
debris-flows typically began at the upper end o€ tstudy reach because of larger storage
development. The upper-catchment is too steepefprlar storage to develop in the channel; if there
large storage, it is from an infrequent large ldiddswhich can produce catastrophic debris-flow

events.

The potential volume growth of a debris-flow can determined by the cumulative downstream
calculation (one meter interval) of the normalizedur depth multiplied by the estimated scour width
(Figure 74B). For potential scour widths in the é&wvand mean erosion limits, we use the mean scou
widths which were observed during the monitoringgopam (10.1 m) for a general estimate. For the
maximum scour width, we use the average full chbwigth (14 m), the widths are variable but with
very little downstream trend. The average potentidlimes of typical debris-flows in the study reach
are of course similar to the measured volumes 2-03 000 ). The model provides a potential
scour volume of 8 000 hwhen the study reach is full of sediment. In thensrio when the upper
catchment is full of sediment from a landslide d#pahe maximum potential debris-flow volume
growth of the entire catchment is 19 006. tAs mentioned before in Chapter 3, a large laddsli
occurred in the headwaters in the winter of 199%h &b 000 M of material. In the next summer, this

volume of material was remobilized as not just oressive debris-flow but two individual events of
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10 000 M and approximately 15 000*mhich is still less than the potential maximumisTiodel
still needs to be tested on other sites for acgunasolution, and variations of storage situations
steep catchments. However with it being derivedhfseveral sites, it already provides a strong basis

for application in multiple areas.

It should be noted that the Manival and Réal hagklaariations of scouring because of local storage
conditions; therefore the lower- and upper-limitgmsion vary from reach to reach. For assessiag t

storage conditions, if a 20 cm DEM is availables tbughness corresponding to storage can identify
the upper-limits of erosion in each reach. Thegradon of the roughness and the logarithmic model

still needs to be made in future studies where hégblution laser scanning is available.
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Figure 74 Example of the statistical model applied in the Mahtorrent from the headwater to the
end of the study reach derived from a one meter DBMThe normalized erosion logarithmic
equation for the mean,oF) and s were calculated at one meter intervals by usiegustream slope
(110 m length measurements). B) The cumulative naeki of the calculated erosions show the
potential debris-flow volumes of the catchment. €Wed seasonal debris-flows occur downstream
from the typical starting point, their maximum patial volumes are 8 000 InThe total potential
maximum of the catchment is 19 00G mhich is greater than the largest historical deHaw
(approximately 15 000 H
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5 CONCLUSIONS

Multi-date cross-sections in both the Manival angiRhave clearly shown that debris-flows have
significant scouring with large spatial variabilitBedload transport was found to be at equilibrium
with less activity. Within the same catchment, éeHows produce 2-10 times more sediment than

bedload transport within a year.

Field observations of channel deformations show dedris-flow scouring is strongly controlled by
upstream slope and storage conditions. A logarithmliationship is proposed as an empirical fit for
the prediction of channel erosion. Two regimes hasen observed: 1) the transport-limited regime,
which has a large increase of erosion with slog# tie critical slope (0.15), the regime then shis

to 2) the supply-limited regime, where the incregserosion becomes more gradual with slope

because the erodible beds become thinner.

The most susceptible materials for erosion in theniMal are the unconsolidated gravel wedges
developed from bedload transport. This material asmooth surface within the rugged channel
which can be automatically mapped with a 20 cm DEMn either TLS or ALS by calculating

roughness with a one meter window. This provideswatomatic assessment of erodible areas in a

channel at the time of the laser scan survey.

We have defined standard measurements for a diovdass scour depth and upstream slope which
can be used for predicting debris-flow volumes. Emwelope of the logarithmic relationship still
needs to be better understood. We suspect thdhittleness of the erodible bed and the pore-water

pressures must be important contributing factotses€ parameters at varying slopes need to b%o

LO

further explored in both laboratory experiments field monitoring of debris-flows. Multi-date cress

o
section surveying has shown to be very useful feasaring scour depths. They are cost and time
efficient for measuring and data processing. Paxtewpressures are more difficult which require

monitoring stations located in the erodible beds.
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1 SUMMARY OF CONCLUSIONS

The purpose of this research was to investigate ctherse sediment transport through torrent
catchments and how this sediment can influenceisifibws. This required intensive field-based

geomorphic monitoring of flow events in the Maniwadd Réal torrent catchments which frequently
experience debris-flows and bedload transporthéh Manival Torrent, the sediment transfers were
characterized at a seasonal time scale by a cangéetiment budget of the catchment derived from
multi-date topographic measurements (cross-sestioveying and terrestrial laser scanning) between
important flow events (Chapter 3). In the Réal €otr post-event surveying and high-frequency
monitoring stations were used to compare and cempiasurements for important flow events
(Chapter 4). This extensive monitoring allowed ascompare sediment transport volumes between
debris-flow and bedload transport processes amdsi allowed us to characterize a debris-flow's
propagation and interaction with the channel. Fathtstudy sites, the spatial variability of channel
scouring was analyzed and correlated with chanlogles(Chapter 5). The surface of the eroded
material from debris-flows was also characterizgdrdughness with airborne and terrestrial laser

scans.

Field monitoring at a detailed catchment-scale b@sn deemed very important for understanding
debris-flow and bedload sediment transfers. Theitamortant processes, bedload (channel recharge)
and debris-flow (channel scouring), were identifiede the seasonal forcings for sediment transfer
the torrent catchment. The sediment budget redatieh of two debris-flows revealed that most of
the debris-flow volumes (more than 92%) were s@gblby channel scouring. The influence of
sediment recharge on debris-flows was quite evidéadlload transport during autumn contributed to
the sediment recharge of high-order channels byd#position of large gravel wedges. During the
monitoring period, high rainfall intensities trigge debris-flows only when these gravel wedges were
present in the entrainment zone. During the manmitoperiod, the sediment budget has been
decreasing because of little sediment supply whiistis the activity of the torrent. Historicallyaidge
sediment supplies created large channel resportbinwine same year with large debris-flows. We
developed a conceptual model of seasonal cyclssdiment routing from low- to high-order channels
for three levels of rainfall intensities. For loavkls of intensity (observed annually), the pulsks
sediment supply from hillslopes during the wintexcamulated in first-order channels and were
transferred to their next higher order reachesndgusipring and summer storms by debris-flows. The
high level of intensity (catastrophic) producesad continuous sediment transfer through the entire

catchment.

Post-event surveys were found to accurately measedenent transport volumes and debris-flow

velocities in the Réal Torrent according to comgams with high-frequency monitoring stations. The
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backcalculated front velocities using the forcedien equation was highly sensitive to the corretctio
coefficient k. For the June 29, 2011 debris-flow, the velocitresasured from the geophones
corresponded with the backcalculated velocitiesnmheanged from 5 to 10. The flow resistance of
the debris-flow front could be effectively backadted using the Chezy and Strickler-Manning
equations for Newtonian turbulent flow. Their cogéints decreased traveling downstream with large
variations. For all of the debris-flows in the Réald other sites including the Swiss Alps and @bast
British Columbia, the Chezy coefficients are wittdnone magnitude envelope when comparing

velocities and depth-slope products.

Key observations for the June 29, 2011 debris-flmer 1) the debris-flow has a distinct sharp front
with heights varying from 1.1 to 3.6 m with a doweam decrease 2) the shear stress of the debris-
flow front is correlated with the pre-/post-eveilg rate 3) the hyperconcentrated surge behind the
debris-flow grows significantly (rather than thebde-flow itself) 4) this hyperconcentrated surgert
coalesces with the decelerating debris-flow indistal reach and 5) the flow resistance of the idebr
flow front decreases travelling downstream. Froesthobservations we hypothesize that the debris-
flow front scoured and destabilized the channelwvelger the front could not grow in material because
of its high sediment concentration. The saturatestable material that remained in the channel was
remobilized by the trailing hyperconcentrated flolhis surge grew in volume and then coalesced
with the decelerating debris-flow. It is difficutt explain the decreasing flow resistance of tbatfrit

may be influenced by preliminary water flow in ttleannel (Navratil et al., in press). These findings
indicate that the debris-flow front and the folloi surges play an integral role for net channel

erosion of the event.

For all of the flow events monitored in the Réateat from April 2010 to October 2011, two distinct

event types were observed: 1) torrent debris-flanich have large channel scouring and long travel
distance and 2) headwater debris-flows which seadrdeposit in the torrent at short travel distance

with bedload transport occurring downstream. Thaxipnal/intermediate reach of the main torrent is
the most responsive reach of the catchment beaafuiee large depositions from the headwater
debris-flows and the large scouring from the largeent debris-flows. The large yield rates and
sediment transport volume trends for the torrefirideflows are very similar between the Réal and
Manival torrents. The geomorphic monitoring in botitchments has shown that debris-flows highly

depend on channel storage in the steep proximehesa

SIONS

Multi-date cross-sections in both the Manival angiRhave clearly shown that debris-flows have 5
significant scouring with large spatial variabilityhereas bedload transport was found to be atg
equilibrium with less variability. In fact, debribws produce 2-10 times more sediment than bedloa08
transport within one year. Field observations adrotel deformations show that debris-flow scouring ©
is strongly controlled by upstream slope and s®@mnditions. A logarithmic relationship is propdse ﬁ

as an empirical fit for the prediction of channebsson. Two regimes have been observed: 1) the%

I
@)
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transport-limited regime, which has a large inceea$ erosion with slope until the critical slope
(0.15), the regime then switches to 2) the supphtéd regime, where the increasing erosion
becomes more gradual with slope because the eeobddsls become thinner. This empirical model
requires a channel profile with an upstream slap @n active channel width to determine potential

erosion and debris-flow magnitudes.

The most susceptible materials for erosion in theniMal are the unconsolidated gravel wedges
developed from bedload transport. This material dasmooth surface within the rugged channel
which can be automatically mapped with a 20 cm DEMN either TLS or ALS by calculating

roughness with a one meter window. This provideswatomatic assessment of erodible areas in a

channel at the time of the laser scan survey.

2 OUTCOMES AND PERSPECTIVES

We have developed a conceptual model which prowadestter understanding on seasonal cycles of
scour and fill. Some authors provide similar seditreuting schemes but at a much longer timescale
(Benda, 1990). The presented model provides vauaiput for assessing current and potential
hazards (seasonal and extreme). The determinafiomhere and when important storages occur

allows for more effective management in these catstis.

Debris-flows were shown to have a very dynamic pgation which is difficult to predict. Despite

their complexities, these debris-flow events hawaststent trends of sediment transport with high
yield rates. The combination of post-event survgyand high-frequency monitoring stations needs to
become a standard approach to accurately desbebeatying propagation of debris-flow events and

their important interactions with the channel.

Standard measurements for a dimensionless scotlr dieg upstream slope can be used for predicting
debris-flow volumes. The envelope of the logarithmglationship still needs to be better understood.
We suspect that the thickness of the erodible metithe pore-water pressures must be important
contributing factors. These parameters at varyioges need to be further explored in both laboyator
experiments and field monitoring of debris-flowsullitdate cross-section surveying has shown to be
very useful for measuring scour depths. They at ead time efficient for measuring and data
processing. Pore-water pressures are more difficith require monitoring stations located in the

erodible beds.

This study has contributed to the need of quantédield observations in the realm of debris-flow
research. Complete and thorough databases wereeabthy integrating multi-date cross-section

surveys, multi-date laser scans, and high-frequemmyitoring stations. Quantified evidence revealing
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sediment transfers, channel interactions/contdsbyis-flow dynamics, and storage characterizations
in two different catchments provides a strong basithe development of conceptual and statistical
models. These observations also highlighted thaifgignt field parameters that have an influence on

debris-flows and steep catchment systems.

CHAPTER 6: CONCLUSIONS
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