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SUMMARY

The lligraben catchment, due to its particular ggmal and geomorphological features, is one ofrtiost
active debris torrent in Switzerland. An hydrolagdianalysis was performed through a frequency arsabf
the surrounding ANETZ (Meteoswiss) stations andfedi interpolation with GIS methods to finally géie
IDF curve for the area (assuming several hydrokigiehaviour). Flood peak discharges were caladlate
with the software HAKESCH and flood hydrograms,dzhen an empirical method, allowed to define the
resulting flood volumes for several return period.

Check dams installed across the whole lllbach chlamere also studied to get an overview of their
functions; geomorphological and sediment transpuaeractions were analysed in order to understaed t
trumps and weaknesses of these structures. Nurherackel AVAL-1D was used to look at the behaviofir o
debris flow at the vicinity of check dams and asstsreliability to reproduce the reality. Finalytrial was

done with the model RAMMS to confirm the previoesults and test an experimental bed erosion module.

RESUME

Le bassin versant de I'lligraben est un des tosraritives torrentielles les plus actifs de Suidse. analyse
hydrologique, comprenant une analyse fréquentikestations ANETZ entourant I'lligraben (Meteoseais
ainsi que l'utilisation des SIG pour l'interpolatiodes données pluviométriques au bassin versant de
I'lligraben, a permis de construire la courbe ID&ld zone étudiée. Les débits de crues ont étéléal@
'aide du logiciel HAKESCH ainsi que les volumes deie, basé sur des méthodes empiriques, pour
différentes périodes de retour.

Une étude a également été menée sur les barragesrdetion torrentielle installés le long de bitich afin

de faire un inventaire de leurs différentes foriosur la base de considérations géomorphologiejués
charriage, on a pu établir leurs points forts erdefaiblesses. Le modéle AVAL-1D a servi a étudeer
comportement des laves au droit des seuils epleyension a reproduire la réalité. Finalement tests ont

été effectués avec le modéle RAMMS pour confirmes tésultats précédents et évaluer un module

expérimental d’érosion du lit du torrent.
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1 INTRODUCTION

1.1 General context
The lligraben is a well-known steep headwater catait prone to very frequent debris flow activitlyisl
located near the village of Susten, canton Wailighe southwestern part of the Swiss Alps andrelge
from the summit of lllhorn (elevation 2716 m a)stb the confluence of the lllbach and the RhoneeRi
(610 m a.s.l.). Compared to its relative small grek0knT), the lligraben catchment has developped, since
the Rhone glacier started to retreat (~15’000-10'9€ars ago), a very important fan (~7kuhat forced the
Rhéne river to deviate its path to the toe of themflank of the Rhéne valley (Figure 1). The faoreased
in size as debris flows deposited material alosgviay down to the Rhéne. The unusual size of thedald
be explained by the geological and morphologicallfees of the catchment.
Protection measures have been built following titastophic event of 1961 and a general safety pbhee
been elaborated at the beginning of th& 2&ntury in order to assess the potential hazdras rhight
threaten the Susten village and cantonal infragtras. A monitoring system was set up (includinge¢h
raingauges, a radar device, two video camerasadodce plate) with the goal to warn the authaositidhe

people in charge of security as well as the pomngbr coming debris flows.
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Figure 1. Situation of lligraben and lllbach catemts (Google Earth)
1.2 Historical review of lligraben debris flow proesses

1.2.1  Historical records
The lligraben is well-known over Switzerland fos itecurrent debris flow activity and the size of fian
tends to prove it. Appendix 3 lists all recorde@m¢ since the beginning of historical records982L The
biggest debris flow ever recorded occurred in 1981is event is described in detail in section 1.E@m
this event, the historical records were divided ihtparts:



= 1961 to 1965: 21 events are listed (rockfall deboisrce for debris flows).

= 1965 to 1982: no event recorded

= 1982 to 2000: 13 events recorded

= 2000 until now: 31 events recorded
The temporal varability of the results is strikanisometimes many events occur per year and soegtim
over a long period, there were no events recordietie 1961 rockfall event provided an importagtisnent
source for debris flow and thus consequently higdgdency of debris flow are understandable, the
distribution of events over ~80 years leads to ftiilowing comment: either there are processes & th
catchment that increase debris flow frequency dusome periods (1961-1965, 2000-2008) and the
remaining time the processes are less actived)eve tare others factors which play a role, likehiaopiic
ones.
The former is hardly defensible because the twamgarited above correspond to an exceptionnal exedt
to the installation of measurement devices respagti moreover, for the 2001-2008 period, a studyeh
shown there seems to exist a cycle of wet and daysy leading to more or less frequent eventsthisit
approach is based on only 7 years of measureni@aigdr & al., in prep).
The second hypothesis formulated above is much meailestic for several reasons: until 1961, exce o
1945, the scarce records might be due to a relatigensciousness of the potential hazard and swelits
might have been ‘forgotten’. Since 1961, this hdZaecame a reality and a cautious attention felthen
following events. When the retention dam (check défr) was built, the hazard decreased and peolpla fe
security; as debris flow started again, recordgeddetoo, with less than one event/year on aveaagesince
the measurement devices were installed, numerargeper year were recorded. These assumptionsdead
believe that anthropic factors (i.e. accuracy ebrding all events) might mislead the interpretagiaresults

from historical data should be taken cautiously mvassigning return period to events.
1.2.2 The 1961 event: the awareness of hazardratecpon measure concept

In  April 1961, a huge rockfall of ~3.5 millions loiec meters of stones and fines occured at the béck
lligraben catchment. It spread until the actuahtamn of check dam n°1 and blocked the lligraberett,
creating a natural dam which collapsed in June 198 lake outburst triggered a huge debris flow
(estimated volume of 500’000%rthat filled the channel, overflowed in many plecdestroying houses in
Susten and the cantonal’s road bridge. This eviemked the main valley road for several weeks. 9621
the canton allowed credits to start the correctibthe torrent, in order to protect people andasfructures
against the destructive force of debris flows.

In autumn 1963, boreholes were undertaken for ggedb investigations and studies were conducted unt
July 1965. In August 1967, the correction workststhand lasted until end of 1969 for the firspstehich
included a concrete dam and 2 check dams. Dured ®70’s, 27 other check dams were built (Appeddix
and 2).

Between 1965 and 1982 (see also Appendix 3) nasiftow were related; there are two reasons thatdco

explain this fact: the first one is that the booknhich alla data were recorded was lost; the sttceason is



that maybe there were debris flow, but of unsigaifit importance (or they stopped on the uppergdatte
fan); this is due, at least for the first yeart(s}he construction of the check dam n°1 (a 50nh-ihegention
dam which was built to stabilize the huge unstahkess remaining from the 1961 rockfall). This dam,
situated at ~1000 m a.s.l., filled up in one oew Bvents but at least prevented for 17 years dligisl flows
to occur. From 1982, debris flows started again@uirred almost every year from this date [28pnkthe

30 check dams built about 1/3 are actually buroiedestroyed.

1.3 Geological and geomorphological features
Geological and geomorphological studies were cotedum lligraben to determine the potential trigggr
area as well as the kind of material that couldlekvered. Geomorphological studies were perforneed

understand the processes and potential future ajavients.

1.3.1 Geology

The deep and steep lligraben valley is inciseti@bbrder between two tectonic units: on one $iddhrust
contact of the Siviez-Mischabel sheet and on theraside, the Pontis sheet (Figure 2, Figure 3rigdre
4). This thrust has been refolded and vertical{Zgure 4). On the northern side, the whole Goraletgest
(see Figure 3) is composed of triasic marble limess and dolomites, both making up the cover of the
Pontis sheet. At the contact between the sheetdindebreccias as well as ‘rauwackes’. On the seirth
sideslopes, the permo-triasic cover of the Siviagelabel thrust forms the whole northern flankltbforn
and is composed almost entirely of quartzites. @a to distinguish between two types of quartzites:
white, massive ones, of inferior Trias age andgiteen ones, sericitic and frequently conglomergtieen to
Permo-Trias. The latter contain brown, ankerit-teyers, that are interpreted as paleosoils [66Fdnetric
layers of vacuolar and pulverulent quartzites émhucker-Quartzit in German) are found at the eouaf
pinched synclines of ‘rauwackes’, dolomites andsic limestones. All these rocks are intensivedgtinred,

due to their belonging to the Rhéne-Simplon faydtem.
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Figure 2. Tectonic map of lligraben area (Geoldgmkas of SW|tzerIand©SW|sstopo) The cover of Sidez-
Mischabel sheet is shown in pink-red and the co¥éine Pontis sheet in yellow-green. Legend in Ajipe 5

Figure 2 shows the contact zone between the twort®al sheets, with the fault running along thieath
and lligraben torrent. This fault is at the origiiithe erosion process. Indeed, a torrent findég on areas
where it can erode the most easily. Faults andmézl weaknesses are totally appropriate locdtiosuch

purpose. The contact of two cover sheets as wetthedarge fault (i.e. ramification of the major Grie—



Simplon fault system) induced a heavy fracturatbémocks and created easy erodable layers likeclagc
kakyrites,etc.

Figure 3. Geological map of the lligraben area (Ggioal atlas of Switzerland©swisstopo). Legend\ppendix 6

The dolomite is unusually susceptible to weathedng provides a large amount of silty material. The
calcareous deposits and dolomites are stronglygdiand repeatedly cause landslides. The petrograph
composition of the deposits was determined fronmessdvsamples taken in the fan in order to deteet th

sediment sources and their percentage withingdergent output [56].

Table 1. Petrological composition and distributadrihe rocks in lligraben [56]

Quartzite | Quartzite with rose-Qz | Greywacke | Dolomite | Calcite Schist and Gneiss
Southern Northern Northern Northern

Southern slopes Channel bed
slopes slopes slopes slopes
43.7% 16.8% 1.9% 3.0% 20.5% 14.2%

A petrographic analysis in the coupled system éireas directly linked with the channel) was perfed and

it showed that more than 60% of the sediment outfmmes from approximatively 6% of the entire
catchment (southern flanks, under lllhorn). Theodutes represents 25% of the entire sediment budget
1961 event was triggered in these dolomites wale. channel bed (schist and gneiss) provides &%y af
the entire sediment supply.

Figure 4 shows clearly the imbrication of the tweats and the vertical fault related to the Rhénga®n
fault system.
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Figure 4. Geological cross-section of the lligrabega (Geological atlas of Switzerland©swisstopejjend in
Appendix 7

1.3.2 Geomorphology
The lligraben area is divided into two catchmehé& Hlbach catchment (whose llisee hydropower raser
catchment were removed from the study) and theallign catchment which is the source of debris flbihe
latter (4.7 k) is characterized by very steep slopes (100% @rage) whereas the former (3.7 %&m
reaches an average of 75%. The channel itself Hdsstopes (compare to other mountain torrentsyiram
from 20% at the back of the lligraben catchment18% on the fan. Figure 5 shows the distribution of

slopes over lligraben and lllbach catchments.
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Figure 5. Distribution of the slopes in the lligestband lllbach catchment [45]

1.3.2.1 Triggering areas
Geomorphological and aerial photography analysisewsrformed in previous studies to determine the
areas prone to provide material for debris flowsdtion [23],[45],(pers. communication Bardou afigure
7). Results delineate four active to very activaeoin debris flow processes (Figure 6): the bityai the
back of the catchment composed of highly weathesekls, without any vegetation; the big channelderb
and without vegetation too; the Vanoischigrabervesy active gully and the Steinschlaggraben, whose



debris flows sometimes overflow check dam n°1 withgoing through its spillway (pers. communication
Bardou).

Figure 6. Location of the four most active zoneHIgraben catchment (orange: gully very activeéhat most back of
lligraben; red: big channel; yellow:Vanoischigrabblue: Steinschlaggraben). Google E&fth

These four zones are presently very active and glithal warming, the permafrost layer conditionfigh

altitude would certainly change, resulting in alpble increase of soil destabilization and delosv f
frequencies and magnitudes.

Snow avalanches seem to play an important rolbdrtriggering mechanism of debris flows: indeedthas
catchment is very incised and rockfalls importamiow firns are protected from melting until quigeel in

the season and act as a potential additionnal smfrwater; they also keep the soil saturated: féasure
leads to a shorter response of the catchment amfalt event and thus increase the runoff coedfiti

Figure 7. Longitudinal geological profile of upgégraben catchment (Sartori, 2001)

1.3.2.2 Sediment balance
The sediment volumes delivered by lligraben inte Rhéne are estimated to be around 22% of the total

yearly Rhéne sediment budget.



A study [56] was conducted on the bulk sedimenunms tranferring through lligraben (only the part
coming from the southern flank of lllhorn was cadtad, this zone being considered as the main sdorc
debris flows), both on annual records (2000 to 2@0®@ on a time span of 45 years. The conclusiogs a
» an average sediment loss of 80'008/ymar for the 45 years analysed (in fact this vaum
corresponds to a analysis done with images fron® 9 2004 from which the mass balance was
derived)
= an average annual volume of 120’00disnassessed to transit to the Rhéne river (estm=2000-
2006); considering that ~60% of the channel bedadsposed with material coming from the
southern flanks of lllhorn, a volume of ~72°006was assessed as coming from this area. This is in
the same order of magnitude than the previous lzdion.
This study, if providing satisfying results, hase ttisadvantage not to take into account the bedtaadport,

which is a major sediment transfert process indlbgn.

1.3.2.3 lllbach fan morphology
The fan of a torrent usually shows its activity.eTHigraben fan is unusually large in comparisorthwi
similar catchments in the region. After a roughineation of deposited material, the radius and vasnvere
estimated to be 2 km and 500°000'008 raspectively. The left bank, mainly covered withelst, show
numerous debris flow traces (gully, levee, flownto The right bank is much more urbanized and d¢dts
traces have been erased, but the local appellaiensignificative of debris flow past activitie&].
A geomorphological analysis of the fan [19] hasveidhat its evolution during the last 500 yearsldde
divided into 3 phases: an active building phasenfe12 to 1880, followed between 1880 and 1970 by a
phase where sedimentary dynamics was positive daaorof terraces) and from 1970 up to now, a stabl

phase, where the lligraben fan seems to be in aifitrgum, which is not the case for the fan apexe.

1.3.2.4 Landuse and coupled/decoupled systems
The lligraben catchment is composed to 44% of rarken, 42% of forest area and 14% of grassland area
In [23] the distinction is made between coupled dadoupled system, where the coupled system censist
only of erosion areas that are connected to theraianetwork; 27 to 45% of total catchment is cdastd
as connected, depending on the intensity of aakiafent; the coupled system provide more than 9%
the sediment leaving the catchment [23]. The deeaupystem was divided into three subsystems:
grassland, forest and decoupled erosion. The démbupystem showed almost no correlation with
precipitation as in the coupled system, where eymscipitation event with an intensity larger than

2mm/10min was associated with a debris flow ocauwed23].

1.4 Instrumentation
The global protection concept and warning systemlfgraben started in 1999. In this frame, a costgl
monitoring system was installed between 2000 ar@B2@ includes 3 geophones, a force plate, 2 video

cameras, a radar device and 3 automatic rain gauges



The geophones measure the ground vibrations prddbgea passing debris flow and log the data as
impulses if the amplitude of the vibrations, transed as voltage, exceed a threshold magnitud®on®/.
The geophone data represents the vibration inteasiintegrated information since the sensors cetioe
number of exceedings during 1 seconde.

Except for the raingauges, all devices are situatedg the channel on the debris fan (Figure 8¢ fdar
device, mounted at the cantonal road, measuresflalae depths. Its also provides the debris flows
hydrograms. The three geophones were installeldenmiddle and lower part of the fan within abou®®s0
The geophones trigger the measuring devices anuktitielcan be calculated from the time difference
between the geophones and the radar device. The thin gauges are located in the southern patteof
drainage basin (n°1 is located at 2200 m a.s.|,at°2630 m a.s.l. and n°3 at 950 m a.s.l), whicthés

primary debris flows initiation zone [28].
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Figure 8. Monitoring system of lligraben in 20010Radar device; VC:video camera; GEO;geophoner&fsgauge)
[28]; the force plate, situated at the same locatian the radar device, was mounted in 2003.
1.5 Obijectives of the work
The main objectives of this work are:

() to perform an hydrological analysis based dreguency analysis of rainfall data in order to get
an IDF curve for lligraben; to estimate peak disgka for several return periods with their
corresponding hydrograms (Chapter 2 and 3).

(1 to understand the effects and interactions of tieck dams on debris flows and floods from
field data (Chapter 4).

(1) to perform numerical simulations of debris flowstwthe models AVAL-1D and RAMMS to
evaluate the performance of these models in reginoduhe flow behaviour close to the check

dams, as well as checking the actual limits oféhesdels (Chapter 5).



2 HYDROLOGICAL ANALYSIS

2.1 General setting and objectives
The climate in lllgraben is strongly influenced ibg location in an alpine valley: a mild climatedaa low
annual precipitation [28]. The mean annual preatmt ranges from 700mm in the lower part of the
drainage basin to 1700mm at the lllhorn (BAFU, 1999
The lligraben torrent is prone to many researchdistumainly focus on the behaviour and particliksibf
the debris flow events (several events/year) ratihan on the triggering mechanisms. In 1999, theora
ordered a complete study of the catchment in aaassess the potentially hazardous areas andisistab
warning system concept; theses studies treateddiffierent topics related to steep headwater basin:
geomorphology, geology, hydrology, erosion and reedi transfer as well as debris flow activity
monitoring [23],[28],[29],[30],[40],[45],[56].

The objectives of the first part of this work argmerous:
» rainfall analysis with recent datasets and comparigith other documents (HADES, IDF curves
made by WSL)
= elevation influence on precipitations
= rainfall interpolation methods
= construction of DDF and IDF curves for the lligraligsin
= design discharge calculation

= design hydrograms creation

2.2 Short literature review on hydro-meteorologicalstudies in Iligraben
Several authors have shown that often there eaistdnfall intensity threshold above which deblss
occur. Caine (1980) and Zimmermann & al. (1997)ehauggested the following relations between the

critical intensity and the duration of a rainfalleat:

lerie= 14.82 D** (Caine, 1980) Eq.1
leie = 21 D®"?(Zimmermann and al, 1997) - for internal Alps areas Eq.2
where

lorir = critical rainfall intensity [mm/h]

D = rainfall duration [h]
Several critical intensities have been calcula?@], [following Eq.1 and Eqg.2 and are given in Table

Table 2. Critical rainfall intensity related toméll duration

Rainfall duration Rainfall intensity (Caine, 1980)| Rainfall intensity (Zimmermann & al., 1997
[h] [mm/h] Total [mm] [mm/h] Total [mm]
14.82 14.8 21.0 21.0
3 9.65 28.9 9.5 28.5
7.36 44.2 5.7 34.7
24 4.29 102.9 2.1 51.1




It was attempted to establish a correlation betwaerfall and debris flow events (Figure 9). Untorately,

to perform this study, the pluviometric distributian the lligraben catchment was not known very
accurately. Only raingauges surrounding the lligral§Sierre, Grimentz and Hérémence) were used to
establish the relation triggering factor — deblisvfevent. The dataset were composed of 24h-rhidégdth
records measured from the beginning of th& @éntury to the end of the ®@entury. The 24h-rainfall
records do not reflect accurately the stormy evéygserally those that trigger debris flows). Theense,

short-duration storms rainfall data are smootheddily records.
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Figure 9. Relation between rainfall depths (statiohSierre, Grimentz and Hérémence) and debnig éeents
(Zimmermann & al., 2001)

From the 3 stations used for the analysis (Si¢tegémence, Grimentz), it was said that the dailyfad
depths are similar; this assessment was extendedt{aming that the behaviour of precipitationsha main
Rhéne valley is quite similar to those on the sidileys (which is in fact fairly wrong). When anaiyg the
relation between precipitations and debris flomwpence, no clear trend could be extracted fromrekalts
and has led to the following comments [72]:

= for almost half of the debris flow events, the dadinfall sum was 10mm or less.

= for a few events, no rainfall was recorded at tts¢aBions.

= what is the role of snowmelt in the debris flowtigtion process?

= no rainfall threshold could be given for debrisiflnitiation.

= no event-volume could be found in comparison taipitations volume.

As those results let some unsolved questions, wilel@ to conduct an analysis of the spatial angteai
distribution of the precipitations based on recamd accurate rainfall records coming from the Srexa
ANETZ stations (automatic raingauges belongindieoNleteoSwiss network) around lligraben.

At present, 3 raingauges are installed in the dlbgn catchment [28] to better catch the stormyfahin

patterns (raingauge timestep=10min) and the hydrtearnological behaviour of the area.



2.3 Hydrological frequency analysis

The aim of a frequency analysis is to analyse fb&ilution of measured data in order to find tletimal
distribution laws that fit as best as possible é¢hgpirical values. By this procedure, we are ablektain
interpolated/extrapolated rainfall values for amyadion and return period (but the smaller the mesament
period, the higher the uncertainties for high netperiod); such an analysis leads to the creatfothe
Intensity-Duration-Frequency curves (IDF), usefabltto characterize and predict the precipitatiohs
given area.

For this work, the frequency analysis was perforrmadthe 5 ANETZ stations surrounding the lligraben
catchment. These stations are listed in Table 8.fidguency analysis could have been done witldéte
coming directly from the lligraben raingauges, arebults would have been highly improved, but
unfortunately, records are available only since1200hich is too short to perform a useful frequency

analysis; even with 25-30 years of records, theagxiations to 100-, 300 years return period areqgash.

Table 3. Characteristics of ANETZ stations surrangdhe lligraben area

_ Available records
Distance from _
ANETZ _ _ _ (10min-data) /
, X-coordinate| Y-coordinate Elevation | lligraben catchment _ )
station _ period of operation
centroid
[] [m] [m] [m.a.s.l] [m] [year]

Sion 592200 118625 482 22860 1981-2008
Visp 631150 128020 640 17230 1979-2007
Montana 603600 129160 1508 11470 1981-2008
Zermatt 624300 97575 1638 29080 1982-2007
Evoléne 605415 106740 1825 20120 1986-2007

The elevation ranges and distances from lligralzechenent are very heterogenous (see Figure 10}hisor

reason, we have used several methods to look whattmnsistency in the data exists or not.

2.3.1  Description of the data used for the frequemalysis

The ANETZ stations used in our study (10min. tirepstecords) are operating since 25-30 years (T3ble
The resolution is very high, making the size of ttsgasets huge (~53000 data per year). We rec@ived
datasets. The first one included the maximal anpredipitations for 1h, 3h, 6h, 12h and 24h andseond
one the complete record (in order to get the 10-aad 30min. annual maxima). Due to measurements a
probably technical problems, some data are mis@sgecially in the first years after installatiohtbe
stations) and others are inconsistent. This leaddareful attention given to the data: all dataxshg a value

of 32767 indicate an error in the dataset. Thetgegavere deleted. All the maxima were then che¢iezl
hypothesis was that a peak value had to be inclidedstorm event, (i.e. with increasing or decirgas
rainfall depth before and after the peak intensitgil not be an outlier among no or weak precijpitati

rainfall values).
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Figure 10. Situation of the ANETZ stations surromgdhe lligraben catchment (in blue)
2.3.2  Frequency analysis process

2.3.2.1 Empirical frequency functions and probabpidistribution functions
The 10min. data were mainly used to refine the ¢DFves below 1h duration; the reason behind thibat
the rainfall that triggers debris flows are oftdrstormy pattern, with maximum intensities lastiigser to
10min. than 1h.

The 10-, 20-, 30min., 1h, 3h, 6h, 12h and 24h marinmtensities were sorted from minimum to maximum.
A rank n was given to each variablg going from the smallest to the biggest valueerfor each rank;na

relative frequency was assigned with the relation:
fx) = % Eq.3

where n = sample size

From these discrete values, we calculated the atmelfrequency function, given by:

Fs()(i):z fs(Xi) Eq. 4
=1
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Figure 11. Empirical frequency functions and praligtdistribution functions (extract from [9])

By this way, we get the frequency of occurrencegassl for each of the observed value. These cumelat
frequency functions are sometimes called plottirgsigoons; a probability is then assigned to the

observations, with:

P(szm):% Eq. 5

where m = rank of the observed value
n = sample size

There exist many empirical distribution functioaad almost all can be summarized in a general ssjue,

which guarantees symetry around the median [43]:

F - mMC Eq. 6
(Xm) oG q

where m = rank of the observed value
n = sample size
¢ = coefficient contained between 0 and 0.5

The existing formula was reviewed by Cunnane [1B6pwame to the conclusion that the choice depends o
the related population. He recommands to use Griegdormula for a Gumbel distribution, but accogli

to [43], the best compromise should be Hazen foamul

In order to decide which one fits the best our dataused the following relations:
) [
Weibull : —— Eq.7
n+1

where i = rank of the observed value
n = sample size
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Gringorten: ———— Eq.8
o v 012 |
Hazen: 1-05 Eq. 9
n
We assigned a return period T to each empiricatibigion. This was calculated with:
T(x) = 1/(1-F(x)) Eq.10

Following the process, the next step is the catmraof a probability distribution function (thedieal
function based on a population) that can bestuitdata. As one aim of the study is to look at deniange
of return periods, our choice turned on the GEVn@&alized Extreme Value) distribution functions,osh

general form is:

1k
F(x) =exr{—(1—kﬂj } Eq.11
a

where k, u and are parameters to be determined
Type I: Gumbel (k=0)
Type II: Frechet (k<0)
Type lIIl: Weibull (k>0)

The common use in Switzerland for extreme valuélsasGumbel distribution function.

Gumbel distribution (EV1) is given bif:(x):ex{—ex;{—)(;;ﬂ —00 < X <00 Eq. 12
d _ 6 5’
where: ,6’—7

o — 0o

a=x-[£C ;

C = Euler constant = 0.5772

a andp = parameters of the law
There must be as many independent moments as thieenwf parameters to be estimated; generally, the
moments of low-order are chosen, like mean ancwaéd (that are estimates, taken from the sample).
A few relations has been used to get the probwbitit each value, attribute a return period to each
probability and finally calculate a rainfall degtr a chosen return period (in order to build tB& lcurves).

These relations, derived from Eqg.12 are the folihmui

F(x):ex;{—exp(—u)] Eq.13
u=—In[-In(F)] Eq.14
u:X;Iga Eq.15

X=a+[u Eq.16



The frequency for each value of the distributiow la computed from the reduced variable u (as abthi
from Eq.15). The return period T for each prob&pilvas calculated according to Eq.10. Finally E§ywhs

used to obtain the rainfall depth for a given netperiod T.

At this stage, we are able to build the empiricainiple) frequency function and probability (popolat

distribution function.

2.3.2.2 Testing the goodness-of-fit
A test procedure (most often goodness-of-fit test)sed solely to accept or reject the null hypsithét,
which is, in our case: ‘the distribution functiore( Gumbel) fits the observed values’. The goodrudit
constitutes an internal check of the model.
One of the test comprises the visual examinatiothefajustements (graphically); this method seeui® q
basic, but still remains one of the best tool g to the quality of the fit. However, this metheduires a
long experience in the domain and is quite a stilvEapproach.
The other, more objective way of checking a fittdsuse a statistical test. The two more commorttaze
Chi-square testy®) and the Kolmogorov-Smirnov test. The former isdito compare the theoretical and the
sample values of the relative frequency functiod e latter is used to compare the theoretical thad
sample values of the cumulative frequency funcf@n
By using the Chi-square test, the following proidewere encountered:
= Due to the small number of data, the division a&f ample led to a reduced number of classes.
Gibbons & Chakraborti [21] recommand that the tké&oal size of values for each class should be
five at minimum. They also demonstrate that therght of the test is maximal when the theoretical
sizes within classes are the same. In our datadtbt,~20-25 values per sample, we get maximum
five classes, which is very few.
= When calculating the score of’,,s, we obtain really high values compared to the caleulated
with a quantile at 90% or 95% confidence leveh@hi-square law.
= Due to a very low freedom number (which dependsthen number of classes), the differences
between the score calculated and the quantile ratairom Excel were huge and led us to reject
systematically the null hypothesis (i.e. to consitie probability distribution function used to tiite

empirical function as not appropriate).

The Kolmogorov-Smirnov test consists to measuneafoontinuous variable, the maximum gap between th
theoretical frequency and the empirical frequency.

We have first to define our null hypothesisg, ithen to calculate the.g (which is the maximum difference
between two points lying on the theoretical andahmpirical frequency function). We then have toagwa
check value c¢ (which corresponds to 1-alpha, he.donfidence interval); we observed that thisrirake
decreases as the sample size increases (see Apgédiis is in fact logical because the bigder sample
size is, the bigger the range of values we get,thns the confidence interval &-decreases. This interval
also diminishes as the significance lewéhcreases (considering the fact that there argotmmentary).

We chose a significance level of 10%. We get tivaloe and compare it with the test-valyg,dif dmax is

smaller than c, then the null hypothesis (herethieeretical distribution function fits the observaata) is



accepted, and so the fitting distribution is cotréitnot, Hy has to be rejected and we have to use another
distribution function.

In this study, we used both the visual ajustemesthod and the Kolmogorov-Smirnov test. Results are
described in §2.4.

2.3.2.3 Interpolation and extrapolation values
After checking the probability distribution functias appropriate, we interpolated the rainfall tefpt 2.33-
30-, 100- and 300 years return period (i.e. thetroften used return period in Switzerland in term o

probability of occurrence of an event). Resultslasted in Appendices 8 to 13.

2.3.2.4 DDF and IDF curves
The last stage of this analysis was to build th@tB®uration-Frequency (DDF) and Intensity-Duration
Frequency (IDF) curves. We used the 10-, 20- amdi®0(when suitables), 1h, 3h, 6h, 12h and 24h and
2.33-, 30-, 100- and 300 years return period ttdithiem. Results are shown in §2.4.

2.4 Results of the frequency analysis
The results are displayed for the four ANETZ stadioSion, Visp, Montana and Evoléne (Zermatt was no
used further on in the process as explained in 8&dbresults are displayed in Appendix 12). Thelgsa
were done with rainfall depth on the X-axis andinetperiod on the Y-axis, in a semi-logarithmiclec@he
time-consuming analysis to extract the 10-, 20- &dwhin. maxima led to results which could not bedus
for many of them because of inconsistencies betweercomplete dataset and the annual maxima dataset

given (see §2.3.1); the way the data were treatelolply varied from one dataset to the other.

2.4.1 ANETZ station : Sion
The 10-, 20- and 30min. values were not analysethfs station. By checking the results visuallgeaould
assert that if for 3h, 6h and 12h, the fits look&@good, this is not the case for 1h and 24h ékteemes
empirical values look quite far for the Gumbel disition curve). The Kolmogorov-Smirnov test was
applied and the results showed that all the Gumtisédibution fits has to be accepted as represestat the
population.

The DDF and IDF curves are shown in Figure 12 dgdre 13, whose tables are listed in Appendix 8.
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2.4.2 ANETZ station : Visp
Visual checkfor 10-, 20- and 30min., 1h, 3h, 6h, 12h and 24h showetty good adjustments for all the
timesteps considered. The Kolmogorov-Smirnov test applied and the results showed that all the @umb
distribution fits has to be accepted as represgetaft the population.
The total dataset could be used to build the DDFIBM curves. Results are shown in Figure 14 agdrei

15, whose tables are listed in Appendix 9.
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Figure 15. Intensity-Duration-Frequency curve fasp/

2.4.3 ANETZ station: Montana
The 10-, 20- and 30min. values were not analysethfs station. Visual monitoring reflects that fgi, 6h,
12h and 24h the fits looks quite good, but notther 1h (the extremes empirical values look quitddathe
Gumbel distribution curve). The Kolmogorov-Smirni@st was applied and the results showed that all th
Gumbel distribution fittings has to be acceptedegsesentative of the population.

The DDF and IDF curves are shown in Figure 16 agdrg 17, whose tables are listed in Appendix 10.
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Figure 17. Intensity-Duration-Frequency curve faorithna

2.4.4  ANETZ station : Evolene/Villa
Visual inspectiorfor 10-, 20-, 30min., 1h, 3h, 6h, 12h and 24h showstomtbad adjustments for all the
timesteps considered. The Kolmogorov-Smirnov tess applied and the results showed that the Gumbel
distribution fits all the time intervals considereacept for 30min., where the test at 10% configanterval
had to be rejected. We chose to use another GEvitdition function: the Fréchet (EVII) or log-Gueib
distribution function. The confidence interval wspt the same and after testing the data, the null

hypothesis was not rejected.



To build the DDF and IDF curves, the 10- and 20nmervals were included whereas the 30min. was
rejected because of misleading results (i.e. fittgtd another distribution function). One has tdio® that
the 20min. interval gives values close to the ériral; these values have to be taken with caution.

The total dataset could be used to build the DDFIBM curves. Results are shown in Figure 18 agdrei

19, whose tables are listed in Appendix 11.
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Figure 19. Evolene's Intensity-Duration-Frequenarve for Evolene

245 ANETZ station : Zermatt

Graphs for each timestep are listed in AppendRBF and IDF curves and related tables are displayed
Appendix 12.



2.5 Comparison with IDF curves from WSL
The IDF curves created during this work for thdistes Sion, Montana, Visp and Evoléne were compared
with the one established by the WSL [69]. We intdaped and extrapolated from the WSL curves theesl
for T=30, 300 and 1000 years.
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Figure 20. IDF curve for Sion [69]
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Figure 21. IDF curve for Sion (values interpolated extrapolated from Figure 20)

Related tables and charts are listed in Appendix 13
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Figure 22. IDF curve for Visp [69]

T=30y —T=100y —— T =300y ——T = 1000 y

1000

100 A

|

/)
/

<
: SN
= ~
> SN
7]
c —
7] N~
2 ENAS
~
£ 10 N N
\\
1
10 100 1000 10000

Duration [min]

Figure 23.1DF curve for Visp (values interpolated and extiaped from Figure 22)

Related tables and charts are listed in Appendix 14



2.5.3 Montana
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Figure 24. IDF curve for Montana [69]
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Figure 25. IDF curve for Montana (values interpethand extrapolated from Figure 24)

Related tables and charts related are listed ireAgix 15.



2.5.4 Evoléene
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Figure 26. IDF curve for Evoléne [69]

T=30y —T=100y ——T=300y — T = 1000y

1000

— 100Af\\\\‘\~
<
£ N
£ N
\\:\\\\\\\
2
0
c o~
g SIS

10 100 1000 10000
Duration [min]

Figure 27. IDF curve for Evoléne (values interpethand extrapolated from Figure 26)

Related tables and charts are listed in Appendix 16

A comparison have been done to look whether a aahshift appears between the two IDF curves or not
and if the meteorological regimes between the pet®01-1970 and 1980-2008 are significantly différe
The results are displayed in Table 4 to Table 7.

This analysis has shown that it is very difficaltfind a consistent trend between the two serieatd. This
could be due to several factors and we made thaafimlg assumptions/comments:
= the data used in [69] are daily whereas from 1980tw now, the timestep is 10min.; the
interpolations done from a daily basis to finerdsteps leads inevitably to rash results.

= the precipitation distributions could have changede significantly in one century.



= measurement errors are in general diminished wNEAZ stations.
» the station of Sion operates since 1954, 23 ydatata were used to build the IDF [69].
= the station of Evoléne operated only for 11 yearbwas set 600m higher than the ANETZ one. The

frequency analysis done in [69] is to take withtau

Table 4. Comparison between the IDF curves obtaimed able 5. Comparison between the IDF curves froraetstudy
this study (ANETZ data) and the WSL study (data (ANETZ data) and the WSL study (data ranging from

ranging from 1954-1977) for the station Sion 1913-1978) for the station Visp
Station SION Station VISP
Return period [y] T=2.33 T=30 T=100 T=300 ]
Return period [y] T=2.33 T=30 T=100 T=300
Duration A this study- A this study- A this study-A this study- _ i i _
WSL WSL WSL WSL Duration A this study A this study-A this study{A this study-
WSL WSL WSL WSL
[n] [%] [%] [%] [%]
1 13.2 32.8 31.0 39.8 éh117 [‘?’é - [%717 > [%176 = [%] —
g 3'2 %; 2767 53 0.33 711 717 716 -73.0
- - - - 0.5 -69.5 -71.9 -72.3 -73.6
12 33 0.9 18 0.1 1 -66.6 -73.5 -74.8 -76.1
24 5.6 13.4 13.4 15.8 3 7.0 15 4.7 6.1
6 -30.0 -48.2 -52.7 -54.0
12 -10.2 -30.8 -36.9 -37.4
24 -0.8 -18.7 -25.7 -24.7

Table 6. Comparison between the IDF curves froraghéelTable 7. Comparison between the IDF curves froraetstudy
study (ANETZ data) and the WSL study (data ranging(ANETZ data) and the WSL study (data ranging fra@68-

from 1929-1978) for the station Montana 1979) for the station Evoléne
Station MONTANA Station EVOLENE/VILLA
Return period [y] T=2.33 T=30 T=100 T=300 Return period [y] T=2.33 T=30 T=100 T=300
. A this study-A this study-A this studyA this study . A this study- A this study-A this study-A this study-
Duration WSL WSL WSL WSL Duration wsL wsL WSL WSL
[h] [%] [%0] [%] [%0] [h] [%] [%] [%0] [%0]
1 -31.8 -21.3 -19.6 -19.4 0.17 -11.1 26.4 32.6 38.4
3 -14.6 -22.7 -24.6 -27.1 0.33 7.6 58.3 66.7 74.3
6 0.2 -6.5 7.9 -10.5 1 3.5 21.4 22.8 25.2
12 155 10.5 9.7 6.9 3 33.1 23.0 18.2 16.6
24 24.1 30.5 32.5 30.6 6 50.3 38.7 33.0 31.1
12 61.3 56.0 51.0 49.9
24 59.6 57.0 52.5 51.8

As no clear relations were found within the dataset chose to use the IDF curves elaborated irfirémee
of this thesis, because the new available data tfenmANETZ network provides more accurate rainfall

depths than previously and hence representativdtsdsr timestep 1h, 3h, 6h, 12h and 24h.

2.6 Effects of altitude on rainfall distribution
Another aspect we looked into is the influencehef altitude on the precipitations. First of all, weuld like
to point out that in view of the distances and ation differences between the stations, and in \déthe
micro-/macroclimates regimes that affect the cawfowallis, the results shown below are to takenwgibme
care.
The Wallis is generally affected by three meteagmlal regimes: the continental, the oceanic and the
mediterranean regimes [3] . These are responditneseveral microclimates and hence for the valiigtof

the precipitations encountered in this canton asvalin Figure 28.
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Figure 28. Precipitation gradients (function oftatte) through Penninic
Alps and Mt-Blanc massif (Bezinge, 1974)

The basis for this analysis were the monthly ambiahrainfall depth means (2001 to 2007) for tlaishs
Sion, Visp, Montana, Evoléne and lligraben. Thagauge P1 in lligraben (2210 m.a.s.l.) was usdtim

work because it is the most reliable of the threstalled in the catchment.

After checking the data of Zermatt and after a thscussions about the meteorological regimes inligyal
we decided to remove Zermatt from the further higisical analysis: on one hand because Zermatt is
affected by the southern precipitation that doreatly influence lligraben meteorological regimedan the
other hand because of its location (i.e. the fisttReNETZ of the five selected).

When plotting monthly rainfall depths vs. elevati@for all stations), many errors were observed lom t
graphs. Removing the winter and early spring vatwgsiderably enhanced the results. The reasatofog

so is that during the winter months, only snowaiifig at high altitudes and snowfalls are not rded by
raingauges (Appendix 19). Many other plots havenbé@ne for annual values, annual extrema for given
duration (Appendices 17 and 18) but finally the thonhdata have been used because we get the monthly

rainfall depths for lllgraben and thus, we had etuaate comparison basis.

The effect of the precipitation gradient in lllgeabhas been studied by Nydegger [45]. She focusdte
precipitation data recorded by the three raingawyes analysed more than 20 storm events (only those
showing a trend in precipitation increasing withitatle). She demonstrated that there exists aivelat
increase of precipitation amount linked to theeatiénces of elevation between two points in thehraént.

To ensure a link between the study of Nydeggeramdwe applied the same methodology but basetien t

monthly precipitations instead of event ones. Tdsults are shown in Figure 29 and Figure 30.
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exponential ajustement

After computing the data and taking the mean ohesmrie of altitude difference (HH,), we obtained the

following relations, for both linear and exponehtigression functions:

Linear regression:
R=Px0.0004(Hx—H p)+P» Eq.17
Exponential regression
R:Ppo.ooo4mx—H p) Eq.18
where: R = precipitation at any point x in the catchment

P, = precipitation at station P

H, = elevation at any point x in the catchment

Hp = elevation at station P
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250
y = 0.028x + 29.181
R?=0.941
200
X
X
X
E X
£ 150 Ad ¥ * SION
= % = VISP
§ - X MONTANA
= = EVOLENE
« X
= | X ILLGRABEN
= *
> e ¥ m MEAN
£ 100 .
= — Linear (MEAN)
o
= 3 |
. B L ] i
8 1
3 ¥
50 + %
i X
0 ‘ ‘ ‘ ‘
0 500 1000 1500 2000 2500

Elevation [m]

Figure 31. Monthly rainfall depth vs. elevatiom the stations Sion, Visp, Montana, Evoléne argtdlben

A linear trend was chosen by Nydegger [45] toli# tlata, choice that is discussed below. The refason
both linear and exponential function trials is whem the assumption that there is neither reason no

evidence that precipitations increase linearly veiltitude; this assumption is partly verified basedthe



correlation coefficient Rthatshows a better correlation with the exponentiatfiom than the linear one.
Figure 31 corroborates these assumptions; thusgakio account an altitude gradient for furthealgsis is
rightful. But due to the high scatter amongst taeadone has to take this results cautiously.

Eqg.18 has then been used to determine the diffeagmfall depths for each ANETZ; His the elevation of
the station and Hwas taken as the elevation equal to the centroiigeaben area (i.e. 1744 m.a.s.l.); this
was done to bring back the precipitations of edatias to a value equal to the mean elevatiotigraben

(this is useful for calculations in §2.7.1.2)

2.7 Rainfall depth interpolation
At this stage, we have rainfall depths accordinfpto different sources (for each ANETZ) :
= HADES plate 2.4
= HADES plate 2.4.2
= |DF curves for the ANETZ stations
= Modified rainfall depth (altitude effect) for theNETZ stations

The two first methods [59] allow to read directhetvalues on a map. The two last one were obtdiged

interpolation. These methods are described below.

2.7.1  GIS methods for interpolating
The main functions used to interpolate precipitatralues distributed in space with a GIS are:
= Kriging
= Thiessen polygons
= Inverse Distance Weighting (IDW)
The kriging method is precise when many data aeglable (which is not our case) and the two other
methods are quite simple to make use of. The higleeANETZ network density is, the more precise th

interpolation is; but for this work, we based oa tinly accurate data available.

2.7.1.1 Thiessen polygons
Thiessen (or Voronoi) polygons define individuakas of influence around each set of points. Thiesse
polygons are polygons whose boundaries define tba #hat is closest to each point relative to ko
points. They are mathematically defined by the eedicular bisectors of all the lines between alhfs

The Thiessen formula is of the form:

RS
P= R@;&B%ﬁ..ﬁ%_; =Y aR q=—S_ Eq.19
+A+.. + n n '
e S S

where

P = mean rainfall on the subcatchment

A; = relative surface of the first Thiessen (Volonmdlygon

P, = rainfall data of the first Thiessen polygon’sngauge

n = number of raingauge stations

S = area of each subcatchment influenced by eaufanage

a = weight of each raingauge station polygon on eatitatchment Thiessen formula
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Figure 32. 3D-view of the influence of each statnlligraben (in red) by the Thiessen polygonshodt(Google
Earth™)

The Thiessen polygons method, as displayed in Ei@2; is not suitable for the context because ef th
important distances between the stations. Thealtign catchment is included only within Montana’s

polygon, which is a rather rough assessment ofahlity. This method will not be used further ifstthesis.

2.7.1.2 IDW
The principle of IDW is the following: it is statdtat the further is a point/value from the aredntérest,
the minor is its influence; example: the precipitas calculated in Evoléne have a minor influennethe
rainfall pattern in lligraben than those of Montafais method allows a better representation ofr¢adity.
Because the IDW function interpolates only accaydim distances, the altitude effect on the preafjuihs
has been taken into account (see 8§2.6) before USWy Then we calculated from the values of altistas

(for a given return period and duration), the cgpanding value in lligraben.

One aim was to compare values obtained from IDW Wit one picked up in HADES [59]. Consequently,
the interpolations were performed with the sevpaabhmeters:

» Rainfall depths both with and without altitude effe

= Return periods of 2.33 and 100 years

» Rainfall duration of 1h and 24h

An example of IDW is shown in Figure 33.
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Figure 33. IDW technique applied with: altitudeesff, return period=100 years and rainfall duratidm=

We can see that the rainfall distribution variegegmuch close to the stations and this effectris@hed as
the distance from the station increases. We cansde an artefact created during the IDW interjmoiat
which is present in all calculations. The reasartties is unknown, but it has no or very few infhee on the
results as the values on each side of the ‘lineekadifference of 1-2mm, which is part of the utaiaties
inherent to such a methodology. As lligraben igejfiar from each station, the variation of preapdn
amount within lligraben catchment is rather smaBo(to 5% between min. and max. values, which is
accurate enough at the scale we are working). €i@dr shows the tiny variations obtained through the
catchment with IDW method.
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Figure 34. IDW- Zoom on lligraben + lllbach catchmtee Computed with: altitude effect, return peri@@0 years and
rainfall duration=1h

2.7.2 HADES vs. IDW
Table 8 is a summary of rainfall depths obtainethulie methods mentionned above. Important deviatio
in the results are noticed, depending on the metised. Comparisons have been made among thesedata

find whether a consistant relation exist or not.

Table 8. Summary of the rainfall depths obtainetth wifferent methods

. HADES 2.4 HADES 2.4.2 | IDW without altitute effect IDW with altitude effect
Duration [h]
Rainfall depth [mm]

233 1 18 16 10.4 12.1
) 24 42 42 24.3 28.3
Return period [year] 1 70 = ) 0.9

100 - -
24 90 90 128 154

The comparison between the two IDW calculationgh(vaind without effect of altitude) shows that i th
latter, the values increase between 17% and 20%o1@og to the return period and the rainfall diarat
chosen).
Differences with HADES are much more emphasizedvéi@r a constant trend was found: for 1h duration,
the values with IDW are systematically lower tharHADES and for 24h duration, systematically higher
the reasons for such differences could be intezdrby two factors:

» adifference in the measurement technique (i.elADES, records are daily, thus interpolation to 1h

is rather uncertain: in our case, it led to an estmation of the precipitation amounts whereas the

24h records led to an underestimation).



» the precipitation regimes due to climate changes, ibterpolation techniques (point kriging for
HADES and IDW for this study) and also the accuralcspneasurements are among other parameters

that influence the results.

Table 9. Rainfall depth differences between IDW BADES

Duration
1h 24h
ratio IDW with altitude gradient / HADES plate 2.4 -30% +70%
ratio IDW with altitude gradient / HADES plate 24. -25% +103%
ratio IDW without altitude gradient / HADES platet2 | -40% +40%
ratio IDW without altitude gradient / HADES platet2| -35% +70%

Before starting the calculation of the peak disghar one has to choose design rainfall depths tham
many sources summarized in Table 8. Taking intcsiclemation previous comments, HADES values were

removed. Therefore, we kept the results stemmed N analysis.

2.7.3 IDF curves lligraben
The IDF curves for lligraben were built followingi$ approach: as the IDW were calculated for 2.836,
years, 1h and 24h, we had to find the other vahezessary to build the IDF with another approadh; w
determined the ratio ANETZ/lligraben (i.e. data fibgraben obtained from procedure in §2.7.1.2) 8o
results are displayed in Table 10 and Table 11,wedooked for the ANETZ/lligraben ratio that keep
constant (or nearly constant) for the differenunetperiod and duration contemplated. The only AKET
which shows nearly constant ratio with lllgrabeigntana, while the other fluctuate by more tha#20
We could have used the IDW technique to get theeslto build IDF for lligraben, but it was time-

consuming and might not give better results.

Table 10. Ratio ANETZ station / lligraben rainfdépth (from IDW without altitude gradient) for 1124h duration and
2.33-, 100y return period (T)

Station Sion Visp Montana Evolene
Duration [h] | T=2.33[y] T=100 [y] T=2.33[y] T=100 [y] T =233[y] | T=100[y] |T=2.33[y] | T=100y]
1 0.99 1.03 0.87 0.80 1.03 1.07 1.05 1.06
24 0.77 0.74 1.00 1.01 1.06 1.09 0.81 0.74

Table 11. Ratio ANETZ station / lligraben rainfdipth (from IDW with altitude gradient) for 1h-, l24luration and
2.33-, 100y return period (T)

Station Sion Visp Montana Evoléne
Duration [h] [ T=2.33[y] T=100 [y] T=2.33 [y] T=100 [y] T =233[y] | T=100[y] | T=2.33[y] | T=100 [y]
1 0.85 0.88 0.74 0.69 0.88 0.92 0.90 0.91
24 0.64 0.62 0.83 0.84 0.89 0.90 0.67 0.61

The IDF curves of lligraben are shown in Figuread Figure 36. To built them, the values found with
IDW were multiplied by the factor found in Table &40d Table 11 for Montana. Raw data are listed in
Appendix 21.
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Figure 36. IDF curve for lligraben (with altitudé&ext)
A last point was analysed by comparing the DDF euflgraben and the rainstorm events that triggered
debris flows since 2001 (McArdell & Badoux, in rewi). Results are shown on Figure 37 and Appendix 21
Figure 3.



250.0

200.0

150.0

100.0 4

Rainfall depth [mm]

50.0

0.0

0 5 10 15 20 25 30 35
Duration [h]

[—T=2331y] T=30 [y] ——T=100[y] ——T=300[y] ® Recorded event]

Figure 37. DDF curve of lligraben area (with elématgradient) and comparison with recorded everitk(squares)

We can see that most of the storm events thatetriggbris flows are of a quite high frequency (mefperiod
less than 2.33 years, except for three events {3002, 03.06.2005 and 18.07.2006), whose retutinge
are comprised between 20 and 30 years. We mightrafke the assumption that if events occur when
precipitations are very frequent (and debris flaw generally triggered when high amounts of water a
available), then either available material for deflows is very sensitive to small discharge arthis other
water supply acting at the same time as overlaod fin the triggering process, like hydrogeological
processes.

The attempt to find if a correlation between tharst return period and the debris flow volume exigts
vain because at the time of writing, old debrisfleolumes were recalculated with a new technigue T

only debris flow volume known was the one at theesre right handside of Figure 37 (~60’008).m



3 DESIGN DISCHARGE AND HYDROGRAM ASSESSMENT

As mentionned in §2.7.2, the design rainfall degthgstimate the peak discharge in lligraben haenb
fixed.
Several methods are available to assess desigmadigs for small catchments in Switzerland; butntlost

often used are the software packages HQx_méso_@HKESCH (as well as the Koélla method).

3.1 HQx _méso CH
HQx_méso_CH uses 6 different methods for calcuja@20, Q100 and Qmax: GIUB 96, Muller-Zeller,
Kolla meso, Kirsteiner, Bad7 and the moment methods
The GIUB 96 method is a method of enveloppe-cudch allows to calculate Q100 and.£ There are
two options: the first one gives Q100 ang.rom the catchment area and the second one needseéhn
discharge value of the torrent. In both casesdibeharges are calculated from the two parametargda
that depend on the geographic location of the caécit. The methods of Muller-Zeller and Kirsteinex a
envelopped-curve methods too. They allow to cateul@100 and Q. The Kdlla method allows to
calculate Q20 and Q100 whereas the moment methb&aah7 provide values for Qmax.
HQx_méso_CH runs automatically. One needs to éhéeparameters of the catchment and the outlet. Th

parameters a and b have already been introdudée software for the whole Switzerland.

The software HQx_méso_CH was developped for catoheE knf (mesoscale). Thus the calculation was
made only for Iligraben and lllbach catchments beedllgraben only is too small. Results are diggpdain
Appendix 23 (in blue = R in red = Q100. We can see that the dischargeseayelow compared with the
one obtained with HAKESCH (see below). One reason that might be the regionalisation of the

parameters and the use of a large scale map, whie$n’'t accurately reproduce the catchment.

3.2 HAKESCH
The software HAKESCH 1.0HochwasseAbschétzung irkleinen Einzugsgebieten de®chweiz) consists
of a package of 5 models (Miiller, Taubmann, Kattadified rational formula and Clark-WSL) which give
a range of peak discharges (20 years and 100 yetns period) for small catchments (<1Gkibut the
range in which the best results were obtained mprised between 1 and 5 RmA new version of
HAKESCH (2.0) will be soon available, but becausenany numerical instabilities a few weeks ago, we

decided not to use the beta-version.

3.2.1 HAKESCH methods

3.2.1.1 Miller modified
HQmax = 43@ EEZ/S Eq. 20

HQmax = maximal probable flood in the catchment”/bi]
Y = runoff coefficient, given by RICKLI & FORSTER 997)
E = catchment area [Kin



The Miller method is based on discharge obsenaijontil mid-1940’s). From these results, an envpé
curve was built and is given by the above relatidre runoff coefficientp is obtained from the mean slopes

of the catchment as well as from the soil map. Tinishod is efficient from catchments bigger tham@k

3.2.1.2 Taubmann
HQ(,T) = AIX(,T,a) Y[, T)IZ(t) Eq. 21

HQ(T) = discharge of return period T {fs]

A = catchment area [kih

X = runoff factor [dimensionless]

Y = climatic factor [dimensionless]

Z = amplitude reduction factor [dimensionless]
T = critical rainfall duration (=concentration tijne
T = return period [years]

o = complex runoff coefficient

The runoff factor X corresponds to the rainfall @&gary to produce runoff. It depends on the complieaff
coefficienta which is determined from the soil occupation map #me Curve Number from SCS. The
climatic factor Y is defined as the ratio betweka tletermining rainfall intensity of the studieéarand the
one of a test catchment (Urbana, in the USA).

The concentration time is factor of the channegterlL [km], the mean slope of the main channebpi

the estimated flow height [m]. The method is usadchtchments with area between 0.5 and 360km

3.2.1.3 Modified rational formula
HQ(X):O.278]ITC,X)@/S|E [m3/skmz] Eq. 22

HQ(x) = peak discharge of return period Xfsi

i = critical rainfall intensity [mm/h]

s = peak discharge after Rickli [dimensionless]

E = catchment area [Kin

T = concentration time [min]

X = return period [year]

Conversion factor 0.278 is due to the chosen units

The concentration time, which corresponds to tingést time a raindrop will need to flow from thethest

point in the catchment to the outlet is given by:

TC =TB +TFI Eq. 23

Tg = necessary duration to saturate the soil layjer [h
Tr = total flow time [h]

Tr can be divided into an runoff time and a convegaimoe.
Tg depends on the properties of the soil layers aadtematically calculated from HAKESCH with the

saturation volume of Kolla.

T, =0.0195001%7 [J~***[min] Eq. 24

L = flow distance (distance between the outlet redfurthest point in the catchment) [m]
J = mean slope between the outlet and the furfeést within the catchment [-]



In the modified rational formula, we make the asgtiom that the rainfall duration is equal to the
concentration time. The rainfall intensities fowveel return periods are considered as constamgitine

storm event and are calculated from the rainfalhtdans.

3.2.1.4 Kolla
HQ(X) =[i(T.,X) — f(T., X)] [F ¢ kg +Qg, with T, =T, + T, Eq. 25

HQ(x) = flood discharge of return period x¥si

i(T¢, X) = precipitation of return period x and duratit, [mm/h]

f(T., X) = loss in the underground [mm/h]

FLest = catchment area which contributes to the flodas’]

kg = factor taking into account anplification effeétthe floods due to antecedant soil moisture [-]
Qg = discharge coming from the glaciers’[sh

Tc = concentration time [h]

Tg = necessary duration to saturate the soil layjer [h

Tr = total flow time [h]

The Kolla method is based on the total flow time if@odified rational formula). In this method, asgtion

is made that the major contribution to peak flovbased on areas closed to the channel (i.e. cathacta
in Introduction, which means here not more thanmi®®@m the channel). The determining rainfall digat
(=concentration time) depends mainly on the rainfalantity necessary for runoff production from the
connected areas. This method implies to know thea#on volume of a soil, which is function of theils
features as well as the geology of the catchmedijt [Ehis volume is given in mm of rainfall. The méall
intensities are given following the method desdtilie [59], plate 2.4. The discharge coming fromciga
Qa1 Was not included in the calculations because tier visible glacier (even if there might be &irn

remaining until late in the season due to the dedmiering their surface and protecting from mgjtin

3.2.1.5 Clark-WSL

This method is the most recent of the 5 methodsldivs to determine the flood discharge for selvetirn
period for small catchments (1-5Rmit combines linear storage and linear transtatichis method is based
on the one formulated by Clark (i.e. a rainfall@tfrmodel which describes flow as a combinationiréar
storage and linear translation). The linear regdgalescribed by a constant K and is locatedeatltlet of

the catchment. This constant in time-related arsgddmaimportant effect on the discharge repatrtiiinotime

and thus on the magnitude of the peak dischargealitranslation is taken into account by a diagfame-
Area. Flow formation is based on the division o tteatchment in zones having the same hydrological
behaviour (i.e. isozones). For the numerical caliboh of discharge Q(t), Clark chose to use a disctime-

step method, using the Muskingum method.

3.2.2  Expected results
Usually the Miller formula gives the highest disg®(which could be considered as the extreme gvent
whereas the Taubmann formula gives generally trelest one. To have a satisfying result, the tiother
should lie in between; the design discharge shiteldaken as the mean between the two of the three

methods that give the higher results.



3.2.3 Data and methodology
Before getting more into details, we have to claoifie formal aspect: if up to now, the designatilgnaben
or lllgraben catchment meant the whole lligrabesag(ligraben, lllbach, fan) because specificati@sn’t
necessary, from now, the distinction will be us&d.simplify the text, lligraben catchment will beitten
ILL and the abbreviation ILLBAF will be used fotdkaben+lllbach catchment+Upper fan.
Most of the formula used in HAKESCH are based onfall and morphometric characteristics. The desig
precipitation values are summarized in Table 8.
The morphometric features include: catchment sira, and max. altitudes, drainage system lengttallo
slope and longest flow path. They have been cédkdland all the design discharge assessment prioaess
been applied for both ILL (Table 12 and Figure 88Y ILLBAF (Table 13 and Figure 39).The underlying
idea for this splitting is that we consider thabde flows in lligraben are mostly initiated at thack of ILL,
where sediment supply are unlimited (transporttiehisystem); but we can logically assume thatlthadh
catchment (and upper fan area) could contributéetal the debris flow with water, even if since the
construction of the lllsee dam, the dischargedliim¢h have dropped down. Nevertheless this inputcc
lead to an increase of the volume of debris flow. he max. volumic concentration for debris flawset
around 0.63 [32], which explains why the volumeaoflebris flow, in a transport-limited system, canno
increase indefinitely; but if water is added in #ystem, then debris flow volume might increasdrgga
The area and drainage system differ significandywieen ILL and ILLBAF; these features have a great
influence on the results in HAKESCH. The choicetlvd drainage system (Figure 40 and Figure 41) is
important (i.e. determining the concentration tipiehas been generated in ArcView and checkedhen t
base of orthophotos and the national database Ik 25
The results would have to be analysed carefullyotaiirm or invalidate our assumptions. The othetdees

(elevation, slope, flow path) are not differing rhuzecause they are derived from ILL.

Table 12 : Morphometric features of ILL Table 13 : Morphometric features of ILLBAF
lligraben+llibach catchment+upper fan [km?] 9.26 lligraben catchment [km 2] 4.77
Elevation max. [m] 2300 Elevation max. [m] 2300
Elevation min. [m] 853 Elevation min. [m] 886
Max.elevation difference [m] 1447 Max.elevation difference [m] 1414
Max. channel elevation [m] 2000 Max. channel elevation [m] 2000
Min. channel elevation [m] 853 Min. channel elevation [m] 886
ch | olevation diff 1147 Channel elevation difference [m] 1114
ann.e clevation dierence (] Drainage system lenght [m] 27441
Drainage system lenght [m] 44732 Longest flow path [m] 3547
Longest flow path [m] 8925 Slope at the downstream part of the [] 011
Slope at the downstream part of the [ 011 contributive catchment :
contributive catchment '
Distance between top of channel and Distance between top of channel [m] 270
top of contributive catchment [m] 270 and top of contributive catchment

Beside the precipitations and morphometric da&)dhduse (Figure 42 and Figure 43) and soil-tyre of
importance because they fix the storage capadtigsinfiltration rates. Thus the runoff coefficignatio
between the rainfall which flows at the surface dhd raw precipitations) could be calculated. This

coefficient is a critical point because it deteresirthe part of the catchment which contributed¢oftood



peak. However this coefficient is hard to define amost of the time, one gives a weighted average the
whole catchment (depending on the landuse andygm). Another aspect which should be pointed sut i
the relation runoff coefficient — rainfall duratiowhich is most of the time not taken into accounthe
formulations. In this work, we based our assesstmetihe table from the Institution of Engineerssfalia

(1987). They suggest to multiply by a correctiantdr of 1.05 (for a 20 year return period event) &.2

(for a 100 year return period event) the runofioient obtained from the tables.

Figure 38 : 3D-View of ILL (Google EarthTM)
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Figure 40 : ILL drainage system Figure 41 : ILLBAF drainage system

Some authors have proposed some methods to estmeatenoff coefficient (Rickli & Foster 1997; Ml
& Melli), the Curve Number (Taubmann & Thiess 1984intner & Burlando 2003; Dobmann 2009) and for

the Kdlla method, the rainfall volume (Kélla, 1988JI detailed results are listed in Appendix 24.
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The Clark-WSL method uses an approach, based nptoonthe morphometric features but also on the
hydraulic properties of the catchment. The flownfation is based on the division of the catchmezbnes
that have a similar hydrological behaviour, thag aalled isozones (Figure 44 and Figure 45). These
isozones were created by the mean of a GIS. Aftewpaiting several geomorphic data (flow directidowf
accumulation), one has to define, on the basishefdrainage system network, which zones belong to
channel and which not; this procedure allows t@ glifferent velocity rates depending on the zones the
water will normally flows faster in a channel thatopen-land; the latter can be found in slopendise
diagrams [2]). Then a tool permits to find the fldimne in each cell and finally one might create the
isozones. As we could see, the isozone process tateaccount the morphology of the catchmentpgjo

as well as the flow velocity. The Clark-WSL methinodHAKESCH uses isozones of 10min. interval.
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3.2.4 HAKESCH results
The detailed results appear in Appendices 24 & 26.

The main results are listed in Table 14 and Talle As mentionned in §83.2.2, Miiller method usually
provides the maximum discharge, but this is notagbvvalid in this study, whereas Taubmann method
systematically gives the lowest results. As indidain 83.2.2, the Kolla, Clark-WSL and modifiedioatl
formula methods will be used for the calculationtbé hydrograms. For comparison with the results
obtained in HAKESCH, we built the model described20] on MS-Excel (Appendix 25). We obtained the
same results than in HAKESCH (difference of a fejv %

As discussed previously, the differences betweerntwo features (drainage system and catchment erea)
ILL and ILLBAF respectively, led to huge gaps iretdischarge results. The altitude influence alse (s

§2.6) induces a significant difference.

Table 14. Results of HAKESCH simulation for k@nd HQqo— ILL

Method HQy [ma/s]
Catchment Data source H 3 — - L
Q. [m”Js] Taubmann Modified rational formula Kélla | Clark-WSL | Muller | Proposition
Rainfall without HQ20 14.5 16.8 16.7 24.7 48.7 22.2
ILLGRABEN _elevatl_on effect_ HQ100 26.5 40.7 31.6 43.7 48.7 42.2
Rainfall with elevation HQ20 20.4 29.1 26.6 38.3 48.7 27.8
effect HQ100 38 66.5 49.5 66.5 48.7 49.5
Table 15. Results of HAKESCH simulation for l@nd HQqq— ILLBAF
3 Method HQy [m3/s]
Catchment Data source HQu[m*/s] Taubmann Modified rational formula Kélla | Clark-WSL | Miller | Proposition
Rainfall without HQ20 23.2 34.8 29.5 48.4 58.8 32.1
ILLGRABEN + )
ILLBACH + elevation effect HQ100 45.4 85.1 55.7 86.6 70.2 55.7
UPPER EAN Rainfall with elevation HQ20 27.7 48.5 40.3 62.7 58.8 40.3
effect HQ100 54.2 111.7 74.6 109.8 70.2 74.6

The area between ILL and ILLBAF changes almost feample to double. As discussed in the introduction
of this chapter, HAKESCH is well-calibrated for claments whose sizes lie between 1 and %5kirhe
choice of a design discharge could be made on dhanaption that to assess a major event, one has to
consider the worst case.

Floods were not really studied in lligraben becadedaris flows are of greater interest; consequertburate
records are scarce; in these conditions, it woeltiypothetic to give a exact value of the peakidisge for

a given return period. Approached discharges armdowithin ILL. Moreover, as said previously,
HAKESCH was calibrated on catchments whose sizes &é&nf on the average; ILL, with 4.8 Kiis in the
order of magnitude.

Knowing the peak discharge, the peak time (assumée@ equal to the concentration time) and the ffuno
coefficient, we will try to build flood hydrogramsnd determine the related volumes for storm evehts

given duration and return period.

3.3 Flood hydrogram

3.3.1 Methodology
The lligraben doesn’t have a gauging station, asynagher small catchment in Switzerland. The fqutze
under the cantonal road bridge is able to measelasiflows and mudflow/hyperconcentrated flow atyfi

but not water floods.



Nevertheless, there exists a method developpedagget{24] which allows, with the determination bfde
independant parameters, to reconstruct the floattdgyam of a given event. This method suggests an
hydrograph in the form of an asymmetrical bell ttbarresponds to the statistical distribution ofXvall
(Eq.26, often called ‘Maxwell equation’). The rédat is defined by three independent parametersigand

given by [17]:

Q(t) =Q)ase+Qpea(ﬁ@_ttp jn Eq. 26

where

Qq = flow at time(t) [n/s]

Qbase= baseflow [¥s]

Qpeak= peak flow [ni/s]

T, = time to peak or raising time [min]; it was cdked here with the relation, ¥ 3/8 T,
T. = concentration time [min]

n = shape factor [-]

Usually, these parameters are determined from friddsurements or by calibration with recorded event
(especially parameter ‘n’). In lligraben, no flobgdrogram from past event is available for thelration of
the parameters. It led to the following assumptions
» the baseflow is considered as unsignificant contgparehe flood discharge.
= the catchment is rather small and very steep:uheff reaction following a rainfall event is quick
and the hydrograph should have a shape with aleto kurtosis and a strong positive skewness.
= the shape factor ‘n’ isn’t known a priori, contraoythe runoff coefficients (see 3.2.3). One way t
bypass this issue is to calculate the total volofmgrecipitations (1), use an initial value for (2),
calculate with Eq.25 the different discharges mieti(t) (3), calculate the total volume of the flood
(4) and then divide (4) by (1). This operation giverunoff coefficient that has to be ajusted ® th
right coefficient (i.e. the true runoff coefficientire known, see Appendix 24). To solve this isgeie
use a target value function, we find the shapeofagt’” and at the end we get the design
hydrograms.
= the method described above and displayed in Tableats the advantage to take into account the
physical features of the catchment (but one hasrtond that the runoff coefficients have a range of
uncertainty).
= this method is maybe less efficient than if we dditl our parameters on recorded hydrograms, but

is a nice approach when no records are available.



Table 16 : Methodology used to determine the Qi@8dfhydrogram — ILL (precipitations with elevatigradient)

Return period 100 years
Flood type
modified rational formula| Kélla Clark-WSL
Qpeaic [m?/s] 67 50 67
Shape factor n [-] 1.4 5.3 1.1
. . . hypothesis : t is constant for the several return period, because
Concentration time [min] 36 132 30 . . .
it doesn't change significantly
Peak time t, [min] 14 50 11
Rainfall intensity [mm/h] 104 38 120
Catchment area [ha] 477 477 477
Rainfall intensity[m/s] 2.9E-05 1.1E-05 3.3E-05
Raw rainfall volume [m?] 297648 398772 286200
Runoff coefficient [-] 0.41 0.41 0.41
Discharge Volume
Time [min] modified rational Kélla Clark-WSL modified rational Kélla Clark-WSL
formula formula
0 0 0 0 0 0 0
1 6.443705713 8.40408E-06 13.06402276 193.311 0.000 391.921
2 15.29666827 0.000305196 25.13838621 845.522 0.010 1537.993
3 24.29863797 0.002386356 35.42125508 2033.382 0.090 3354.782
4 32.74408611 0.009950259 43.93210085 3744.663 0.461 5735.383
5 40.32198477 0.029397735 50.8088334 5936.645 1.641 8577.611
6 46.9021585 0.069848281 56.22023225 8553.370 4.618 11788.483
7 52.45156204 0.14278711 60.33838161 11533.981 10.997 15285.241
8 56.99262332 0.261469223 63.32785441 14817.307 23.125 18995.228
9 60.57977564 0.440192583 65.34124588 18344.479 44.175 22855.301
10 63.28525719 0.693530758 66.5175336 22060.430 78.187 26811.065
3.3.2 Results
100 200000
90 1 r 180000
80 et TTTETEToTET T r 160000
70 r 140000
o
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Figure 46. Flood hydrogram for;63— ILL (precipitations with elevation gradient)

The range of volumes found for the several floquby(Table 17) is wide, going for& from 97°000 ni to
350’000 mi. All hydrograms and raw data can be found in Apjre27.
Up to this point, all scenarii were taken into aow(ILL and ILLBAF, with or without altitude inflance on
precipitations).
The different flood hydrograms were analysed amdesoomments can be formulated:

= the Kolla method gives hydrographs with moderatsitp@ skewness and mesokurtic kurtosis,
compared to the Clark-WSL and modified rationahfata (which solve the assumption formulated

above).



= the volumes obtained with Kélla are always (anddy the highest (see Table 17). This could be
explained by the concentration times, that are nmlaober for this method (i.e. dependant on the
catchment drainage length) than for the two others.

We also tried to look at the way we could use ttexipus results with the debris flows analysis.

» one important feature to know when working with ideflows is the magnitude of an event. Hampel
(1977), cited in [27], suggested to use the flootume to obtain debris flow volumes. The flood
analysis done in this thesis was used to assesdetiris flow volume (and thus return period, but
this is quite hazardous). To switch from flood voki to debris flow volume, we based on an
assessment that the average percentage of watsohadn the mixture, should be around 50% for
water phase and 50% for solid phase (pers. commtioicMcArdell); air phase is neglected.

= correlating the flood volume with debris flow volentould be quite hazardous; in lligraben, the
delay between the storm event and the trigger @élais flow is often rather small; on the same
reasoning, a flood happens when all the holes,edspns and infiltration capacities are exceeded,
thus corresponding also to a delay between thensément and the trigger of the flood. As debris
flows in lllgraben are mostly trigger by loose sednt fluidization, the relation infiltration cap#ci
exceedance — event trigger, and thus establishiai@&on flood volume — debris flow volume could

be seen as a possible way of hazard assessment.

Table 17. Summary of the results of volume caléwtator ILL and ILLBAF

. 5, | modified rational N

Catchment Rainfall type Volume [m ] formula Kolla Clark-WSL
V2.33 10'878 15'839 26'386
V10 38'540 55'520 37'210
rainfall without altitude effect V30 66'980 94'860 64'300
V100 101'850 142'280 97'630
ILL V300 151'910 219'140 145'550
V2.33 10'665 22'043 9'663
V10 46'380 61'460 44'380
rainfall with altitude effect V30 80'340 105'650 77'240
V100 122'070 163'700 117'360
V300 183'180 241'870 175'060
\/2.33 21'616 31'868 20'039
V10 76'680 106'720 65'020
rainfall without altitude effect V30 120'750 168'760 104'190
V100 193'380 267'100 166'700
ILLBAE V300 302'750 428'200 254'050
V2.33 24'323 35'891 23'410
V10 86'850 106'400 77'980
rainfall with altitude effect V30 137'320 173'810 125'030
V100 277'100 344'670 250'540
V300 340'340 424'200 305'960

As conclusion, we can affirm that the most realigésign flood (and consequently volume) shoulthken
from ILL, with taking into account the altitude giiant of precipitations (realistic assumptions aedurity
values because higher than those without elevagradient) and using the modified rational formula o
Clark-WSL method.



4 CHECK DAMS AS FLOOD-/DEBRIS FLOW MITIGATION MEASU RE

4.1 Historic of the check dam concept
As already mentionned in the introduction, follogithe disastrous debris flow event of 1961, theaanof
Wallis ordered a general safety concept which kaslted in the construction of a retention dam ¢kldam
n°1l, see Appendix 2) and 29 check dams built &lway along the lllbach torrent until the Rhéneeriv
(Appendix 1 and 2).
The aim of this chapter is to provide a generakrdes of the check dam concept as protection meaasr
well as their function in a steep headwater catcfirilee Iligraben.
The first appearance of check dams in Wallis dagek to the beginning of the "L8entury: the goal was to
‘break’ the torrent rather than dyking it up. ThHeeck dams (called weirs at these times) were luiit
trunks set perpendicular to the torrent; they fatraecaisson which was filled with stones. Thesacttires
were anchored both in the channel bed that in émkd But soon, masonry structures replaced thel@roo
ones because of their relative fragility. At thégor of the check dam concept, there was a wilidduce
bank erosion by giving the channel a lower grad[@d]. In the seventies, the reinforced concretec&h
dams did their appearance in numerous torrentsendhedoris flows were a recurrent phenomenon (llignab

Merdenson, Mauvoisin,...)

Figure 47. Serie of check dams for channel statiitin [15]

4.2 Definition of torrent check dams
A check dam is a small sediment storage dam bu#téep gullies to stabilize the channel bed. Aroom
use for these structures is to control channelidedris flow frequency and volume. Check dams are
expensive to construct and are therefore usualllf baoly where important installations lie downstop
(Chatwin et. al.
From this definition, we see that the check danesused as storage and stabilizing structures (gpeer
48). However, the storage capacity in lligrabemas$ the main reason for the choice of these strastu
because debris flows frequently occur and sedirmansport is important; the difficult access to tafsthe
check dams prevents to remove the accumulated satimfter each important event. Before going @rrth
on, we would like to clarify one point: in the folling chapters, there will be the terms ‘lligrabemid



‘lllbach channel’ mentionned; the first one reféosthe whole area (lllgraben+llibach+fan) wherelas t
second one will be used to name the channel ofathe

The real need for check dams in lligraben wag ttabilizing effect: indeed, due to its frequeabds flow
activity, the lllbach channel and banks, especiallythe fan, are made of sediments accumulated from
previous debris flows. Even if the steep banksdai some stability, this material would be deéitzdal as

the bed is moving quite fast in lligraben. Moreguwde deep incisions in the channel bed observestavh
check dams are missing indicate that debris floWevode it quite easily: this process leads toridetiow

feeding and subsequently to an increase in volwsveedl as a rise in sediment transport rate.

BASE LEVEL
Fix paint
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deepaning of the larmant in its bed s nol more
possibia

Figure 48. Check dam effects: retention and lepgtfiile fixation [42].

In classical hydraulics, the check dams (or weirdlice important energy dissipations: in concretens, to
be efficient, the height of the fall should be aadt the height of the flow. For debris flows, gyer
dissipations are important when falling from a ¢hdam only if the fall height is important compartedhe
flow height [15]. In practice, the order of magmiéuof debris-flow height is around 1m; this medrad to be
efficient, the drop should be around 10m. In ingeestypical debris-flow has the tendancy to aitisstiow
channel in order to minimize the brutal energy éssd'hus, when a debris flow falls from a smallpgrthe
area behind the check dam will rapidly fill with teaal that will more or less stagnate (becausestrans
in this zone are smaller than in other zones).dmes cases, the strain rate could even not be réache
forming a dead zone (Figure 49). Thus the debow fill the holes at toe of the check dam and @ean
intermediate slope between the top and the botfdimeacheck dam (Figure 49).

By placing a serie of small check dams close oom feach other, a debris flow can ‘see’ them anstais
flow before and after the check dam, which in défia results in the same slope as the original ditne
debris flow in this case considers that the cheok @& a roughness a bit more pronounced that uBugln

the case of a important drop, energy dissipatiaifyéas an effect on the reduction of flow velgdit5].
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Figure 49. Effect of check dam on debris flow dyi@afh5]
When designing a check dam, the engineer has &daie the check dam follows as much as possible th
shape of the cross-section, in order the wingsrdbkave to suffer important dynamic impacts.
During a debris flow, generally not much scour dtd@ppear at the foot on the check dam due to ¢fael d
zone previously defined.

4.3 Check dam purposes
Check dams are generally built in series (FigureMgure 48 and Figure 50) and this for severadona:

* to reduce the channel slope; this leads to a reducf sediment transport and all gravity-driven
processes in general, in which slope is a majaufeaformula to assess debris flow motion and
runout, are mostly based on geomorphic featuregpeShas the major influence on debris flow
stopping (Figure 50). This slope reduction hasdocbmpensated with abrupt elevation transition
(drop structure).

Figure 50. Effect of a serie of check dams on deftwiv dynamic [42].

= where the flow has the tendancy and the spacedlvesv¥reely, bank undermining is to take into
account, and this might lead to damages to infnagtes placed on or near the bank of the channel.
Check dams have the advantage to force the fldalltowv a given direction (i.e. between the wings)
and so prevent strong bank scour (Figure 51); bisdecreasing the channel slope, they favour



sediment deposition and thus enlargement of thereHavidth: this might lead the flow not to reach
bank toe and run in between.

torrent non corrected torrent corrected

large divagation ~| | divagation restricted
€ 4
i
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bank destabilization by

scour of the toe of the bank check dam

Figure 51. Influence of check dam on lateral eno$#2].

check dams, as said above, have two main purposesition and stabilization. Retention is of
limited use in lllgraben (i.e. continuous sedimsmpply), but the volume stored behind a dam could
stabilize unstable sideslopes, as displayed onr&igl. Depending on the height of the check dam,
this volume might be consequent; depending on tia@mel morphology, it could have an influence

quite far upstream.

stabilized
landslide

Figure 52. Stabilization of unstable slope [42].
a check dam concept could be useful to preventlaigages due to bed fluidization; this process
occurs in the channel itself [32]. The main issughwhis phenomenon is the debris flow
amplification concept [60]. In a certain range tipes, a bed layer of substantial depth may be
subject to fluidization by a small debris flow ared clear surface flow. A small debris flow inigat
by short and intensive rainfall could trigger suahpotential. Figure 53 shows the effect of
amplification as a function of the bed slope. Tdnaph was determined for a clear water input and a
stony bed (lllbach channel bed is actually ratlengosed of medium size elements, but this could
evolve in time). For slopes less than about 15%glification is negligeable (this is the case fdr al
the section controlled by check dams). Betweenntb3®%, amplification increases almost linearly;
in [72], it is reported that from 900 to 1200m k.ghe main channel slope lies around 20%.
Between 40 and 45%, the amplification increasesnpsytically, and over 45% it is out of the
formula application (this correspond to the minimoomdition for the occurrence of a landslide of a

saturated mass of loose material) [32].
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Figure 53. Ratio of bed fluidization to surfacewldepth, according to [60]

Figure 54 demonstrates how a single debris flowgakts on the channel bed.

Figure 54. Bed fluidization by a debris flow. Sussige erosion by following pulses occur [32].

The addition of water and sediment from the bed wirease the debris flow depth. According to
Figure 53, the amplification should continously reese, but after Takahashi [60], a maximum
volume concentration of 0.63 prevents an indefigitewth of a debris flow. The bed has usually a
higher concentration of solids than the flow; ihdae fluidized only if there is a supply of excess
water. Because of the compensating effect of irsg@dlow depth and limiting concentration, it's

understandable why often erosion (which rather khba regarded as bed fluidization) by a debris
flow is constant along a given channel reach.

The reduction of slope due to check dam may resunh important reduction of the amplification

factor. Thus bed fluidization is reduced or eveavpnted. Only if the backfilling of the check dam

is such that more or less the original valley slagpgeached again by the deposition (‘critical

maximum slope’, discussed later), then a partiatlitation of these deposits seems possible again.
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Figure 55. Schematic view of a debris flow proaass torrent secured by check dams [32].
Massive concrete check dams are expected to hatabdizing effect even when huge rainfall
events saturate the bed of the main channel. Teed&bris flow surge will mobilize the movable,
fluidized bed, but after this surge, the bed wil kearranged by the flow in order to present a
reduced slope, and further fluidization is not flgssagain.
Even if the collapse of one or several dams woolkdmcrease substantially the volume of sediment
involved, the situation, locally, would be equalt Imot worse, than in a natural situation, sinae th

driving parameters are about the same [32].

although check dams have been widely adopted ictipea these systems may not always help to
control debris flow of an anticipated size as theght have previously been filled up with sediment
transported by a number of small-scale debris flowhe torrent. Frequent removal of deposited
sediment from check dams is not feasible for fim@nand technical reasons. Effective planning
techniques should be promoted so that better dordrobe achieved even if check dams are filled
up with sediment prior to a destructive event. Atireation of the sediment volume trapped by each
check dam could be carried out, based on the patemodrage volume (Y of each dam, which can

be defined by equilibrium and initial bed deposit&lopes. Ycan be calculated by [47]:

Vp_(HdCOﬂZ[BI 1 _ 1 }
2 |tan(@-&) tan(6-&) Eq. 27

where

Hg = height of the dam [m]

B = flow width [m]

© = slope of the original torrent bed [-]

0o = initial bed slope of the storage area before iddlmw [-]

0.= equilibrium bed slope corresponding to the sedintencentration of the debris flo]



The equilibrium bed slope is found by:

=L tang Eqg. 28

where : = mass density of sediment particles [ki/m
p = mass density of water including fine sedimexgi]
0. = equilibrium bed-slope corresponding to sedinoamtcentrationC of debris flow [-]

¢ s = inter-particle friction angle [°]

V, of each check dam can be occupied fully only whearaform supply of debris flow exists for an
infinitely long time, which seldom happens in natufherefore, only part of Man be considered to
be occupied during any debris flow. In order toobethe safe side, 20-30% of,¥ould be assumed

as estimated trapped volume, based on experimesialts under different supply conditions [47].

4.4 General design features
A check dam is a cross structure along the chaimdigraben, due to frequent debris flows and aripnt
force impacts on the structures, reinforced coecobieck dams have been set up, whose general shape
shown in Figure 47, Figure 56 and Appendix 2.
These structures, for lligraben (and probably fangn other torrents), were designed according to the
following points:

= morphological characteristics of the channel aredlibnks (due to bed divagation, the design for

numerous check dams has changed many times)
= federal guidelines for static calculations [57]
= no dynamic calculations were performed at that tibeecause it was not in use and the knowledge
about debris flow processes was quite poor (perannication Missbauer).

There exists several types of check dams, dependinghe need, the location, the geomorphological
features, the budget, etc.
In lllgraben, the choice felt on gravity check dafisese dams are quite ‘easy’ to design compao¢hters
(‘autostable’, ‘autostable with back-stabilizer’,; they should have a height comprised between 2Zlemtb
be economically suitable and are very sensitivpitenomena such as scouring, settlement and fundatio
resistance [18].
These dams are composed of a central body, anl@wveséction, lateral wings which are set up quieml
into the banks and barbicans to avoid water presbehind the dam (Figure 56). As said in 84.2, one
objective of check dams on debris flows is to guigeir path. The wing walls have the same functien

concrete lining of debris flow canals [32].
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Figure 56. General sketch of a concrete gravitgkitam [7]
The main forces acting on a gravity check damthesweight of the dam (i.e.'gravity dam’), the &tat
pressure behind the dam as well as dynamic presdtwen debris flows. The static pressure can be

calculated by the hydrostatic pressure/force (Fidif) and is described by:

pPe=p0gz  (hydrostatic pressure) Eq. 29
F=%,a/ng2 (hydrostatic force per unit width) Eqg. 30
where

pw = Water density [kg/f
z and H = height of the check dam [m]

g = gravitational acceleration [rffs 9.81

D i
H ideal surface water level
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Figure 57. Hydrostatic pressure distribution betdrcheck dam [7]
The dynamic impact pressure of a debris flow oreturcontrol works is several time bigger thanlater
hydrostatic pressure, up to 13 times, but in gdrferadesign, the engineer has to take into accaunt
pressure 6-7 times bigger [35].
The other main usual calculations in dam desigmésas for retaining wall) are the earth thrustpitig
resistance, internal static calculation. The desfirthese structures relies mostly on observatind a
professionnal experience. The check dam designegtrin torrents is quite often derived from theeriv
engineering concept [31].
Osti & al. [47] developped a formulation to estimahe minimum spacing (L) required between two

consecutive check dams:

Hd

> Eqg. 31
tan(@-a) a



where
@ = average bed-slope between the two check dams [-]

Hy = height of the dam [m]

6.= equilibrium bed slope corresponding to the sedimtencentration of the debris flow [-]

This relation was tested by taking mean values f§gn6.2 and 84.6.2.%, was set to 0.036 was set to
0.08 and Hto 5m. We obtained a value of 102.24m; the comditi>102.24m is fullfilled in lligraben. This
relation could be used as a method for a first@gpration on the minimum spacing needed for arcieffit
effect of check dams.

4.5 Weaknesses of check dams — issues overview
As mentionned previously, check dams have numeaduantages; but gravity check dam, in spite ofrthei
quite easy design, are very sensitive to scoutgamaind settlement.
Since the 1970’s (period of construction of theathdams), tens of debris flows and floods occurred,
flowing through these structures without damagihgm too much compared to the high frequency of
occurrence of the events. Nevertheless, on théh@6kcdams built in the 1970’s, 8 collapsed or anaell
and at least 3 had to be maintained (n°20 (Fig@®e 5°25 (repaired with flexible net) and n°29).eTh
mechanisms leading to the collapse or severe dantaghe check dams were (for the ones whose we& kno
something):
= undermining
= Jateral erosion: check dam n°19 almost broke ue ttulateral overflow of a debris flow and
subsequent incision in the banks; check dam nt ving was destroyed following the intense
storms of summer 1986 (Figure 58 and Figure 59 [@#&ck dam n°25 right wing was also scoured
and two flexible ring nets have to be set up tdgubfurther lateral erosion and collapse of the da
(Figure 60).
= deficit in sediment supply: the collapse of cheeknd n°12 to n°15 is probably due to a deficit in
sediment supply: this reach lies at the confludretgveen lligraben and llibach; until 1927, lllbach
was a wild mountain stream, but in this year, #8lslEam was completed (and further heightened in
1943). The dam completely changed the hydrodynaomdlitions of lllbach catchment by catching
most of the water of the upper catchment. Thistéed decrease in lllwasser (torrent draining the
lllbach catchment) discharges as well as sedimansport. During the construction of the check
dams, the channel bed was maybe in a non-equitibgbase, with degradation dominating. This
feature probably further led to the collapse ofdhens.
= impacts of big boulders: especially in the uppett p&the catchment, some check dam crests are
seriously damaged (Appendix 28: figures 3 to 7).
If an appropriate civil engineering design is ofjonamportance, flow dynamics and geomorphological
features of lligraben catchment cannot be neglectettaking into account these parameters coad le

to severe damages or even collapse of the corgtretgtures



Figure 59. Overview of scour at check dam n°20 [52]

Figure 58. Lateral scour and destabilistation efadhdam
n°20 [52]

Figure 60. Lateral erosion and flexible ring netrles at check dam n°25 [67]

The objectives concerning these issues are tongaterview of the geomorphological processes grdiben
(from check dam n°9 to the Rhdne river), with aselolook upstream and downstream of the check dams;
the aim is to get an idea of the flow behaviouruathese structures and to assess the actualo$tite
check dams according to channel morphological featand theoretical concepts (equilibrium and aaiti

slopes, potential scour depths, sediment transport)

4.6 Geomorphological analysis

4.6.1 Field data
lllgraben channel morphology is mainly affected dsbris flow and bedload dynamics. These two flow
types interact strongly, creating a complex sedintesnsfert process (see Figure 77). A recent study
(Berger, in prep.) tends to show there exists aticel between the ‘flood-years’ type and the ‘delfiow-
years’ type on the channel bed level: floods €mall, very frequent floods) seem to deposit matevhile
debris flows and severe floods seem to removenthigrial.
A field campaign was conducted and consisted insomegnents of length profiles as well as cross cesti
the latter especially close to check dams. The urea®ents were done using the Leica DISTO"ARser
device (for short distances and slopes/banks angesurements) and the Leica Laser Lo¢¥tbimoculars



for long distances and also for angle measurengesfecially for the channel length profile). Thtgees of
cross sections have been measured:

= the ‘flood channel’, incising into the debris flaleposits and being of most interest for the scodr a

sediment transport analysis (see Appendix 28: éid)r

= the ‘debris flow channel’, which could be considkes what is called generally the minor bed.

= the top-bank cross sections, measured from thefttpe ‘debris flow’ channel banks.
The scatter of the data is not equally distributkohg the channel; the measurements density isegratthe
vicinity of the check dams. Anyway the data gatbegee a good view of the morphology of the channel

along the fan and its evolution close to the stmed.

4.6.2 Length profile and slopes
The data collected are summarized in Figure 61 c#eobserve that at the fan apex (i.e. check ddam)n°
the slope mean is around 9.5% while near the bigmamouth, slopes lie around 7%. After Zimmermann &
al. [72], mean fan slope is 10.1%, divided intougoper part with a mean of 11.1% and a lower patth wi
8.4%. A calculation of the original slope (withdaking into account check dams) between check ddis n
and check dam n°29 gives a slope of 9.2%. On alilres between two consecutive check dams, the mean
actual slope doesn't exceed this value (see Ta®jethe reduction of slope is the most importanmdfi
from check dam construction. However, even if treamslope doesn't exceed the original bed sloe, th
slopes at the fan apex are close to this valualanckase from upstream to downstream (Figure 61).
This weird feature, at least for the section betweleeck dam n°16 and n°19, could be explained hyge
rockfall which occurred on the left handside of ttlbach channel; the torrent is incising this mass
increasing the bed slope. Moreover, between thetadBhbridge and check dam n°19, a debris flow
overflowed on the left bank, creating a new charamel bypassing the previous one until check darf.n°1
This shortening had to be compensated by an iner@ahe slope. But the explanation for the erfarehas

to be found elsewhere.
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Figure 61. lligraben length profile and slopes (Bimber 2008 data). Location of check dams are gigandication.

We went further in the topic to find whether thesésts any consistency between the slopes measutiee
channel and the one found on the fan.To do thatira® two cross profiles at ~45° across the fathenw
and on the E of the lllbach channel (Figure 62sURs are displayed on Figure 63, Figure 64 andefdjx

32. On Figure 63, we are able to see a decreageaflopes when going downstream across the fan (th
representation of the channel slope is bad, asdleaize used is 40m: thus the slopes are infleeéry the
steep slopes of the banks and are not represasjtativ

#3008 wisn00 0 w7008

Figure 62. Location of the slope profiles along fiiEach fan
The general trend is:

= slope of more that 10% for the upper part of thre fa



= slope between 8-9 % at the middle of the fan
= slope around 7% for the distal parts

Figure 63. Slopes on the lllbach fan; cell sizebm4

Figure 64 shows much more into details the spdisfibution of slopes for the three profiles asalg. We
have the confirmation of a general decrease ofeslayith distance from fan apex, even if there iclear
break between slopes. This general trend is quifenmly widespread. One explanation for this feafwn

a large scale, would be related to the depositaitem of debris flow across the fan. Slope is ponfactor

for debris flow dynamics and flatter slopes leadeposition.

The successive debris flows have stopped depemdfintheir rheology, their volumes, the bed slopés, e
and these slope patterns could be used as a nudrdeposition over time: small and frequent defids/s

are less prone to reach the lllbach mouth tharabdjrare ones. The former would deposit much nateri
even stop close to the fan apex and the latterdvibodv further down. Deposition is enhanced asdbbris
flow flows out of the channel. These successiveoditipns could actually explain quite well the fslope
gradation.

Being aware of such processes might be importarmotghly evaluate the area prone to erosion and
deposition (depending on the sediment-transpotgs®). Debris flows would rather deposit in thetngasn
part of the fan and provide less sediment for tberttream reaches, whereas floods would remove thes

deposits (because on steeper slope) and depdbkiefdownstream (where slopes are more gentle).

Moreover, a comparison was performed between allaMe length profiles from 1998 to 2008, and it
seems to exist a constant increase in slopes wwith(Appendix 29). These observations are limitethieen
check dam n°15 and check dam n°20 and could beaiegol by several geomorphological changes that
occurred during this period:

= abypass (explained above)

= numerous observations made at check dam n°15 dd(Rfgure 65) show that the channel bed is

moving vers fast and could lead to local slopesctviaire completely different from the bulk one.
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Figure 64. Synthesis of slopes on the easternnehamd western part of lllbach fan.
Most upstream point is check dam n°19

Caution should be taken to the scale at which detaanalysed: working on an event time scale /
local spatial scale is completely different tharrkirmg on the year or decade time scale / fan Spatia
scale. Making a direct link between local obseordi and fan observation could lead to wrong

interpretations.

Check dam
n°15

Check dam
n°16

2006 bed level

\ 2009 bed level

Figure 65. Bed elevation between check dams n°@ishah6 between 2006 and 2009 (observations madatgou)

4.6.2.1 Equilibrium slope
After computing and comparing the slopes over timdéligraben, we had a look more into details om th
differences between the initial bed slope of lllbatannel, the actual slope influenced by the cliecks
and the concept of equilibrium slope.
The equilibrium slope is mentionned in many pagéf$36],[47],[68] and is described as the equiliton
state to which each channel tends to reach. Higtignt streams often exhibit a naturally formeg-gteol

architecture, which likely represents self-ajusttmenstream towards higher bed stability (LenziD2pD



Lenzi and Comiti have done many researches ondpie bf natural step-pool morphology and tried to
demonstrate that the river creates by itself suop dtructures in order to minimize its energy. Eaene
reasoning might apply for torrent check dam buidihat is a reduction of the destructive energftarids
and debris flows. Equilibrium slope could be defirzes the slope below which channel bed will not eqaty

is a balance between erosion and deposition ofreeds [7]. Figure 66 shows the effect of check slam
the equilibrium slope: as this ideal case is seldemehed, check dams allow to diminish the potketizded
volumes compared to the one which would occur withibese concrete structures.

Initial slope

\ e
Bed sills

Figure 66. Effect on check dam on the eroded voltomreach the equilibrium slope [39].
Equilibrium slope d (see Figure 67) is related to shear stress (wtocid be seen as a function of intrinsic
bed properties (like grain size), as defined by &teyeter); once the latter is exceeded, sedimansgport,
and thus erosion, can start. Two granulometricile®fhave been realized under the Bhutan bridge and
between check dams n°26 and n°27, in the flood reélarby Minoia [44]. The raw values as well as
granulometric curve are listed in Appendix 30.
If during a flood or concentrated flow, the bedp&as greater than: Jhen bed erosion will occur and if this
equilibrium hasn’t been considered when designimgcheck dams, the stability of the upstream clleck
is threaten. This is the reason why, at leastchieek dam at the most downstream part of the cthahoeld
lie on a fix point, to prevent a total collapsetloé system. As a general rule, the critical gradéould not
be assumed to be more than 4% (pers. communidatithh

Jecould be calculated, using the following relati@i [

3e004Tk0" Eq. 32
CImax%

where
doo= grain size whose diameter is represented by@Hie@rcentile from the grain distribution curve [m]
Omax= Maximal specific discharge per meter channel wjidttis/m]

Eq.32 is used for rectangular channel. For trapleg@hannel, we use:

Qmax m
CImaxDH where y >8 Eqg. 33



Figure 67.3D-sketch of a serie of check dams and equilibslope concept [7]
From Eq.32, we calculated the equilibrium slope dach reach lying between 2 successive check dams.
Results are displayed on Table 18. We can seethegach, following the method in [7], is in egoiium
and thus all reaches are prone to erosion.

Table 18. Theoretical equilibrium slopes calculdtdllgraben from check dam n°11 to n°29. Flodsictiarge is taken

from hydrological analysis (return period: 2.33 ngeamethod:modified rational formula, with elevati@ffect on
precipitations)

lligraben reaches

20to | gazoduc
11t0 15[15t016]16t019[19to 20| gazoduc | to21 [21to24|24t025]|251t0 26| 26to 27 | 27 to 28 | 28 to 29
equilibrium slope Je [-] 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03] 0.03 0.02
grain size dgo doo [m] 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21
max specific discharge | Omax [mals/m] 2.0 1.7 2.0 2.3 2.1 2.3 2.1 2.3 2.5 2.0 2.0 3.5
minor channel width B [m] 8.7 10.1 8.7 7.3 8.0 7.5 8.1 7.3 6.8 8.6 8.4 4.9
max discharge Qmax [m3/S] 17 17 17 17 17 17 17 17 17 17 17 17

flood return period = 2.33 years
maximum discharge taken from the modified rational formula for lligraben, with altitude effect on precipitations

If we now compare these values with the ones obthiny calculating what we have called the ‘critical
minimum slope’ (Figure 68) (that is the mean slbp&wveen the foundation of the upstream check daireto
crest of the next downstream check dam; it reptesée mean slope below which scour could occtineat
toe of a check dam; see details in Appendix 34)pl&erve that the critical minimum slopes are, pkéar

2-3 locations, above:JWhen looking at the critical maximum slope (Fig&8), one can see that 3 reaches
reach the maximum slope: this means that thesdnesaare a kind of ‘maximum slope possible’ and are
prone to erosion (in fact, on the 3 reaches corckrd are located where check dams have been ges)ro
The equilibrium slope is probably never reachedllgraben, but by building check dams, one allows t
approach it and to reduce the potential amountedfdrosion. This equilibrium concept provide atifor
stable bed to flow erosion; however, even if thidoal slopes are often exceeded, one has be ahaté¢he

chosen flood here has a quite high discharge aadndocorrespond to very frequent events; by takirty



m’/s flood, the critical slope values raise to 5%, Svhich correspond to the mean slope betweenrtaekc

dams.
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Figure 68. Comparison between measured slopesrdivdlaninimum and maximum slopes

4.6.2.2 Scour problematics
Scour is a major issue for gravity check dams aa&lth be considered cautiously. From the field gta
some features specific to check dams could be wetelerom the raw cross-section data, we triedht@mece
the results by representing the channel morpholugywith the real width, but with a ratio: measured
channel width / mean channel width. To do that,divéded the dataset into two parts: the ‘flood ahelh
width and the ‘debris flow channel’ width; the tbpnk width hasn’t been used for this analysis.
Then we calculated the mean channel width for lotiabses (after removing the outliers) and we divillie
the measured cross-sections by these values tmmdbtaratio of a given channel width to the maatues
(which could be assess as a kind of equilibriumtijidThe aim of this representation was to havéesaal
representation of the zones which are enlargedamowed compared to a reference width. The result i
shown on Figure 69 and Figure 70. One can seebth&doking at the ‘flood channel’, there is an afnho
systematic enlargment just downstream of check dant sometimes upstream too. This feature is
interesting because it shows that something happensd these structures; enlargement of the chatne

the right of a check dam is not a positive aspectabse it means that scour happens.
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Figure 69. View of lligraben fan. Represented &srfitio: measured flood channel width/main floodratel width
from check dam n°11 to Rhone river; local slopesiadicated beside
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From Figure 69 and Figure 70, we tried to seelifla was possible between these enlargements and th
local slopes; no systematic trend could be observed

Scour is a process which can occur in both vertical lateral directions. The check dams, by sttaighg

the slope up, have to compensate this flatteningrbgbrupt transition to the next reach. This eattdrop
(Figure 71) induces an increase in velocities ahdmweaching the channel bed, the accelerated Himto
dissipate the extra kinetic energy gained by twebuprocesses. These processes provoke erosidre of t
ground layer before the flow reaches a normal regigain. These energy dissipation at the toe tieake
dam creates most of the time a scour hole, whosgHeand depth depend on many factors like diseharg

slope, drop height, etc.

horizontal level

=R 72

scour hole deposition

scour hole lenght

Jv: original bed slope
JN: minimal bed slope

Figure 71. Minimum(=equilibrium) slope and energgsibation due to check dam implantation [7].

Although strong scour holes in lligraben have begrorted in many reports and could be observedafigrt
on one or two check dams, the trend during the ureagnt campaign was more on partial depositiod an
partial scouring at the toe of check dams, as showrrigure 72 and Appendix 29. This figure is very
interesting and shows quite well the problemati’e. can see on the left bank at the toe of the tstre@
small landslide; the middle part of the channdilied with ~1m of gravel and sand deposition while the
right bank, we see the scour under the check damelisas a small lateral landslide. Figure 73 shoved

the lateral incision from water into the toe of tight bank, generating bank destabilization.

The deposition downstream of check dam are madgafels, sand and are quite uniformly distributed.
There are probably due to bedload transport, whiiah,to energy losses, hasn’t enough strenght te i
sediment further downstream; this deposition wélvilashed away at the following important flood ebds
flow. However, this sediment amounts force the flmamove lateraly as it cannot continue straighthie
channel; these lateral derivations seem to indue®bserved lateral erosion.

Depending on the flow process dominating (debosvflflood, baseflow), the morphology of the channel
and thus the state of check dams will continousbnge.

Long period of baseflow will tend to fill the chaglpnmajor floods would tend to erode (dependinghan
transport capacity, discussed below) and debris fimuld include both processes: the front will tend

erode as the tail could be associated to hyperotrated flows and will tend to deposit dependingtso



transport capacity. In lligraben, balance budgetrgeto show that debris flow is more an erosiorcgse
than a deposition one, but this topic is still gabjto discussion.

Figure 73. View from the brink of check dam n°11 on
lateral erosion

An analysis of maximal potential scour depth hasnbperformed based on empirical formulations. They
give a maximum potential scour depth given a fldstharge. The first method is described in [3@sts

are displayed in Appendix 34. The maximum poterg@ur depth for a 2.33 years flood lies between 9m
and 46m; these values are overestimating the yeti# reason which could explain such extremesesgis

in the equation: the sill spacing has to be intoedll As spacing between check dams are very impdrta
lligraben, this led to inadequate results.

Another method, described in [7], was approachedome needs to know among other parameters the
velocity and flow height downstream of the checkndés we have no information about these parameters
we just made a simple calculation, with averagaupaters (that are representative of lligraben cldecks)
and a 2.33 years flood. The resulfi¥ given as scour depth measured from the enengytti the deepest
point of the scour depth (see Figure 74). This oethas the advantage to take into account solicsart

(if present). A value of 3.25m was found, from whikinetic energy and flow depth has to be removed.
These values are much more realistic and it mighinteresting for further studies, to look at tlotemtial
scour depth which could result from a given flood.
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Figure 74. Schematic view for scour depth calcatatvith [7].



4.6.2.3 Sediment transport capacities

As sediment transfer for frequent to very frequevints seems more related to flood than debrissflaw
was interesting to have a look at the flood transpapacity of the lllbach, to more or less visgalivhich
reaches (based on 2008 survey) are prone to erastmwhich one to deposition. We based our calicuat
on the concept of maximum transport capacity oivargflood. Meyer-Peter developped a method far fla
river while Rickenmann and the SOGREAH extend tivenilations to mountain torrent (with limiting slep
at 20%). We used this two methods to assess thamabsediment transport capacity for each reaclgpseh
main features are given in Table 19. We made thenagtion that lllbach river is a transport-limiteder (at
least for the upper part) and that the paving laydilbach river is inexistant (due to the higkeduency of

debris flow events which are eroding this layeeath surge).

Table 19. Main features of channel morphology ligréiben

reach mean slope mean 'debris_ flow mean 'ro_od distance between
channel' width channel' width check dam

[] [%] [m] [m] [m]

11to 15 8 10.8 8.7 498
15t0 16 9.15 16.1 10.1 202
16t0 19 8.83 10.2 8.7 434
19 to 20 7.98 13.6 7.3 152
20 to gazoduc 8.96 9.5 8.0 129
gazoduc to 21 7.43 17.9 7.5 156
21to 24 7.55 20.7 8.1 562
24 t0 25 4.62 14.3 7.3 134
25 to 26 7.19 22 6.8 160
26 to 27 6 14.1 8.6 239
27 t0 28 6.6 14 8.4 348
28 t0 29 5.45 12.7 4.9 141

The flood hydrogram for a L2sflood event was obtained in the hydrological analgsid is given is Figure
75. The solid transport starts not long after tegitning of the flood and solid hydrogram showskpea

values comprised between 2 and ¥sm
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Figure 75. Hydrogram and solidogram for asgdlood, using the modified rational formula (withiialde-rainfall
effect)



The total maximum sediment volumes that can bespamed by the flood are displayed on Figure 76.
Calculations have been performed for all reacheistatal volumes which could transit within a reauke
given as the sediment balance between two consecaches; if the maximum transport volume on the
downstream reach is higher than on the upstream enosion will occur (unlesszJds reached); if not

deposition will take place. Results are given ibl€20.
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Figure 76. Solid volumes for a,@flood, calculated from hydrogram given in Figure 75

Volumes Rickenmann Volumes SOGREAH ‘

Table 20. Maximum sediment transport capacity dated for each reach from check dam 11 to 29, denisig a 2.33

years flood
Sediment transfer in debris flow channel Sediment transfer in flood channel
reach volume with di ; di " volume with di t di t volume with di t di t volume with di t di t
Rickenmann | Sediment [ sedimen SOGREAH | Sediment | sedimen Rickenmann | Sediment | sedimen SOGREAH | Sediment | sedimen
balance process balance process balance process balance | process
formula formula formula formula
[ [m/m] | [m®] | [m®] [m */m] f[m®]  [m®] [m/m] | [m*] f [m®] [m*/m] f[m®] { [m®]
11to 15 2'748 129'682 3'051 ]32'951 2'748 123911 3'051 |26'544
15t016 | 3596 |57891] 287208 3745 |60'288 3596 |36'317| 12'406 H 3745 |37'820] 11277
16 t0 19 3'349 |34'155] -23'736 3547 |36'178] -24' 3349 [29132] -7'185 | deposition | 3547 [30'857 -6'963
19to 20 2'735 |37'191] 3'036 3'039 ]41'335

2'735 19'963| -9'169 deposition | 3'039 |22'187| -8'670

20 to gazoduc| 3448 [36'823] -368 3627 [37'667] -3 3448 27583 7'620 20014 6827

| gazoduc to 21| 2'371 [42'433] 5'609 2'725 48782 2371 [17'779] -9'804 ' 20'439] -8'574
211024 2'448 [50'669] 8236 2'793 [57'811 2448 [19'827] 2048 ] 22'622] 2'182
241025 916 |13'099] -37'569 1314 [18'796] -39 916 | 6'687 | -13'140 ' 9'595 | -13'027
25 t0 26 2'220 148'836] 35'736 2592 |57'021 ] 2220 [15'005] 8'408 17'625] 8'030
26 t0 27 1'546 21792 -27'044 1965 |27701] -29' 1546 [13'292] -1'803 ! 16'896] -729
271028 1'870 |26'184] 4'392 2'274 |31'830 ] 1'870 [15710] 2'419 : 19'098] 2202

28 to 29 1275 |16'193] -9'991 deposition | 1'695 |21'527 -10'303] deposition § 1275 | 6'248 [ -9'463 deposition | 1'695 | 8'306 | -10'793 |deposition

Erosion / deposition processes are fluctuatingequonstantly from one reach to the other one tBaimain
issue we can see are the volumes eroded or dephogitein a same reach. If the volume coming to &ec
dam n°11 could be justified because sediment sugmdyream is quasi unlimited, we are in right toabhat

is happening for the following reaches. The volumesied are really huge. To demonstrate it: if ake the
reach 15 to 16, that is ~200m long, an eroded velafrt-28'000m would mean around 146fm. By taking

a mean channel width of 14m and bank erosion, waldvoave a vertical erosion of 6-8m, which is, &or

Q».33flood, not reasonable at all.



In order to deal with empirical erosion values, made the assumption, this time, of a¢@lood and
erosion was calculated using empirical formulatioftsey were developed to assess the potential noawim
erosion depth for debris flow; the first one isaarom [20]; it stipulates that for debris flovagtincision of
the bed could be estimated as 1/3 to 1/5 of tharalavidth (1/3 for material very sensitive to éorg. The
other relation is taken from Kronfeller-Kraus (198hd was developped following extreme debris flow
events that occurred in Austria; it is given by:
e=15+125%] Eq. 34

where

e = maximum potential erosion [m]

J =slope [-]

The first estimation would give, for a mean chann&lth of 14m, a maximum erosion depth of 2.8m to
4.6m and Eqg. 42 gives, for a mean channel slo@&®gfan maximum erosion depth of 2.5m.

As these formulas were developped for rare evéntsjustified to make the calculations with a,¢flood.
The results are given in Table 21 and Table 22ingsu balance have been calculated here as themaxi
volume transported, but with taking account forsesn when the flow has enough strenght to erodette
calculation of the erosion depth, we use the Eq.T3# erosion depths were multiplied by the leraytd
mean width of each reach to get the maximum erog@ume. We assumed that the transport capacity
entering in the system (i.e. check dam n°11) ialtdthis gives huge volumes (~400'00)nafterwards, the
erosion/deposition volumes have been calculategdoh reach. If the erosion depth could be asswased
realistic, the maximum sediment transported rearbireck dam n°11 corresponds to an extreme ddbwis f
event volume! and for such discharges and transgpardlumes, debris flow are more prone to occun tha

floods.

Table 21. Maximum sediment transport and maximuwsien depth for Q100 for debris flow channel typmdified
rational formula; with altitude effect)

Sediment transfer in debris flow channel
reach volume with Rickenmann max'".’”m sediment | sediment volume with max'”.“”m sediment | sediment
formula erosion balance rocess SOGREAH erosion balance rocess
p P!
volume formula volume
[l [m */m] [m°] [m®] [m°] m2ml | m% | [m®]
11to 15 37'223 402'008 40'151 |433'631
15t0 16 41'174 662'901 8456| 410464 43'338 |697'742 8'456
16 to 19 38'344 391'109 11510] 391109 41'063 [418'843 11'510
19to 20 31'316 425'898 5163| 396272 35'224 [479'046 5'163
20 to gazoduc 39'481 375'070 3211] 375070 41'983 [398'839 3211
gazoduc to 21 27'147 485'931 6782| 381852 31'608 [565'783 6'782
21to 24 28'032 580'262 28429| 410281 32'386 | 670'390 28'429
24 to 25 10'494 150'064 3981| 150064 15'344 |219'419 3'981
25 to 26 25'422 559'284 8444| 158508 30'072 [661'584 8'444
26 to 27 17'702 249'598 7582| 166090 22'845 [322'115 7'582
27 to 28 21'420 299'880 11327 177417 26'406 |369'684 11'327
28 to 29 14'605 185'484 3906| 181323 19'736 |250'647 3'906




Table 22. Maximum sediment transport and maximuwsien depth for Q100 for flood channel type (maadifrational
formula; with altitude effect)

Sediment transfer in flood channel
reach . . max'”_‘”m sediment | sediment |[volume with SOGREAH max'”.‘”m sediment | sediment
volume with Rickenmann erosion erosion
balance process formula balance | process
volume volume
g [m3/m] [m®] [m®] [m®] [m3/m] [m®] [m®] [m®]
11to0 15 37'223 323'840 40'151 349314
15t0 16 41'174 415'857 5'636 329'476 43'338 437'714 5'636 354'950
16 to 19 38'344 333593 9770 333593 41'063 357248 9'770 357248
19 to 20 31'316 228'607 2'677 228'607 35'224 257'135 2'677 257'135
20 to gazoduc |  39'481 315'848 2'580 231'187 41'983 335'864 2'580 259715
gazoduc to 21 27'147 203'603 2'852 203'603 31'608 237'060 2'852 237'060
21t0 24 28'032 227'059 11437 215'040 32'386 262'327 11'437 248'497
2410 25 10'494 76'606 2'360 76'606 15'344 112'011 2'360 112'011
25 to 26 25'422 172'870 2'557 79'163 30072 204'490 2'557 114'568
26 to 27 17'702 152'237 5293 84'456 22'845 196'467 5293 119'861
27 to 28 21'420 179'928 7'454 91'910 26'406 221'810 7'454 127'315
28 to 29 14'605 71'565 1'460 71565 | deposition 19'736 96'706 1'460 96'706 | deposition

Following the previous results, a last calculattave been made: this time, we took as{again, but
assuming an erosion depth of 0.5m. The erosionnwetuhave been obtained with the same method as
previously explained and the maximum transport céypavas assumed in the reach 11 and 15. A sediment
balance have been done in order to see the maxwolume transported in each reach and if erosion or
deposition occur. Results are displayed in Tablar&BTable 24. As we can see, for debris flow ckarthe
eroded volumes are not very important expect fer rlach between 21 and 24 (where check dams are
missing). All the upper part is in erosion procésscept reach 20 to gazoduc where a tiny volumédcou
deposit) whereas huge deposition volumes are exgpdoetween check dams 14 and 15. Downstream,

erosion is the major process.

Table 23. Maximum sediment transport and maximuwsien depth for Q2.33 for debris flow channel typmdified
rational formula; with altitude effect)

Sediment transfer in debris flow channel

volume with volume with

reach Rickenmann erosion sediment | sediment SOGREAH erosion sediment | sediment
balance process balance process
formula formula
[] [m3m] [[m3] | [m?] [m°] m3m] [ [m®]] [m?®] [m°]
11to 15 2'748 [29'682 3'051 |32'951

15to 16 3596 |57'891] 1626 31'309
16 to 19 3349 [34155[ 2213 33522
19 to 20 2'735 |37'191] 1034 34'556

20 to gazoduc] 3'448 |36'823] 613 35'168

gazoduc to 21] 2371 42433 1396 36'565 2725 |48'782] 1396
2110 24 2'448 |50669] 5817 42'381 2793 [57'811] 5817
24 t0 25 916 |13'099[ 958 13'099 1314 |18'796] 958
25 to 26 2220 |48'836] 1760 14'859 2592 [57'021] 1760
26 to 27 1’546 [21792] 1685 16'544 1965 [27'701] 1685
2710 28 1'870 |26'184] 2436 18'980 2274 [31'830] 2436
28 t0 29 1275 [16'193] 895 16'193 1'695 |21'527] 895

3'745 160'288] 1626
3547 |36'178] 2213
3'039 |41'335] 1034

3627 [37'667] 613 '

deposition 21'527| deposition

For the flood channel type, the erosion/depositimtesses are more balanced. However, the volumes

deposited in reach 19 to 20, 24 to 25 and 28 tar@d9mportant, of several meters.



Table 24. Maximum sediment transport and maximussien depth for Q2.33 for flood channel type (miedif
rational formula; with altitude effect)

Sediment transfer in flood channel

volume with . . volume with . .

reach . . sediment | sediment . sediment | sediment
Rickenmann erosion SOGREAH erosion

balance process balance | process

formula formula

[l m3/m] {m®1 ] m® | [m?®] m3m] {m>1] m? | [m?]

11to 15 2'748 [23'911 3'051 |26'544

1510 16 3'596 |36'317] 1020 24'931 3'745 |37'820] 1020 27'564

16 to 19 3'349 |29'132| 1888 26'819 3'547 |30'857| 1888 29'452

19 to 20 2735 |19'963| 555 19'963 3039 [22'187] 555 22'187

20 to gazoduc | 3448 [27583] 516 20'479 3627 [29014] 516 22772
gazoduc to 21 | 2371 [17'779] 585 17'779 2725 |20'439] 585 20'439

21024 2448 19827 2276 | 19827 2793 [22'622] 2276 | 22'622
2410 25 916 | 6'687| 489 6'687 1314 | 9595| 489 9'595
25 to 26 2220 [15'095] 544 7'231 2592 [17'625] 544 10'623
26 to 27 1546 [13292] 1028 8'259 1965 |16'896] 1028 | 12'084
27 t0 28 1870 [15'710] 1462 9'720 2274 [190008] 1462 [ 12'430
28 t0 29 1275 | 6248 345 6'248 | deposition | 1'695 [ 8'306] 345 8'306 | deposition

4.6.3 Synthesis
The analysis done through this chapter allowedaeehan overview of the sediment transport processes
acting in the lligraben and influencing the geonmmipgy of the channel. We have seen that check dams
play a major role in these processes as they aitteochannel slope distribution and allow for brdluction
of erosion, by approaching or reaching the equiliorslope. However these structures are sensitive t
scouring and from the check dams analysis, we cobkirve that both deposition and erosion processes
could occur at the same time, one increasing theraine sometimes. If debris flows are the procetss
lead to major geomorphological changes, frequerttd$ and bedload transport seem to have an importan
role to play in lligraben. The deposition and eposaround check dams were caused by such phenomenon
and if no debris flow occur, this situation mighonsten (increasing of lateral erosion and check tzen
scour) or get better (sediment deposition anchijllof the bed). When a big debris flow occur, taong
erosion destabilizes the whole system; the ‘normeadcesses then start again on this new situakimuie
77).

natural ground
level for
frequent events

buried part
of check dam

ground Iével after
a ‘catastrophic’ debris flow event

Figure 77. Evolution of the channel bed in time.rdpresents the evolution of the channel bed feguent sediment
transport events (bedload, small debris flow).€)resents the bed degradation after a big debrsdlient. Bed level
evolution starts again from this new erosion le(®ardou et al., in prep)

The sediment transport capacity calculated for raiontorrent are directly related to sediment sipel

slope; if slope is increasing, sediment transpaltt imcrease too, leading to bigger destabilisatminthe



channel (erosion/deposition pattern). We calcul#itedeffect of a quite frequent flood, entering slystem
(in check dam 11) with a complete transport cagaaitd then we assumed a bed erosion of 0.5m. The
results of this analysis (conducted for both defboiw channel type and flood channel type) werd:tha
» the erosion volumes along the reaches are compbisteeen 300 and 6000°fdepending on the
channel type and reach length)
= if the maximum transport capacity assumption ujpstrés fullfilled, then the deposited (and then
bed aggradation) and eroded (bed deggradationmeasuare very important for both debris flow
hazard (overflows possible) and check dam stal{gitpur due to erosion).
= the sediment volumes transported by bedload mightither important and are generally not taken
into account in the calculations of sediment badammclligraben (i.e. the force plate was set up to
measure debris flow and not bedload transport).
The informations derived from these calculationghhibe useful to define which zones have to beddok
cautiously after a important event and could bdulde define potential erosion area for debrisivlm the
numerical model RAMMS (discussed in 85.3).



5 DEBRIS FLOW MODELISATION

5.1 Debris flow generalities and modelisation
We have seen in the previous chapters that cheuk Have an important influence on flood and detois
dynamics but they have their weaknesses. If tlevipus chapter was more focused on check dams
themselves, geomorphological concepts as well gsrial considerations about sediment transport, we
wanted to go further in the study of flow dynamiesid especially debris flow dynamics. The well-
instrument lllgraben catchment provides accuratgiddlow data, that have to be exploited intensafyreal
time debris flow records are very scarce. We perént the debris flow simulations using the softwares
AVAL-1D and RAMMS (2D model), both developped byetWSL.

5.1.1  Debris flow triggering mechanism

For the formation of debris flows, large amountssefliment, water and steep slopes are requiredgCos
1984). There exist different mechanisms for dethwis initiation (Costa 1984, Zimmermann 1990):

= Landslides (with liquefaction of a sliding mass)

= Firehouse effect (scree mass movements on stepgssd the toe of rock faces)

= Liquefaction of channel bed (i.e. fluidization)

= Natural dam collapse (i.e. lake outburst)
Debris flow initiation by sudden surface runoff dharacterized by a progressive destabilisationhef t
channel bed and a rapid transition from intenselbad transport to hyperconcentrated flow and finti
mature debris flow. This rapid transition happerithiw a short distance from the onset point of rinion
of particles.When the clear-water discharge reatteerodible sediment layer, part of this watéitrates,
depending on the permeability of the sediment &edposition of the water table. The rest remaimfasa

runoff and initiates the motion [63].

5.1.2 lligraben debris flows features

Debris flows can be seen as a flowing mixture casedoof a matrix of water and fine sediments (fognin
the fluid part) and a granular part, with blocsttban reach several meters in diameter. They &gsn of
imbricated in each other and differentiation candoae on the percentage of each component: if xnatri
dominates, it is called matrix-supported debrisvfend if blocs dominates, clast-supported delwis.fThe
classification of a slurry is thus done by the patage of each phase (Figure 78). In oppositiowater
flows in which water and sediment phases are glesparated, debris flows are generally considascd
single phase flow composed of a fluid and a solid;phe air phase is neglected (i.e. due to madioo

strong internal pressures, air is expulsed of theume).
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Figure 78. Three-phase diagram of debris flow ni@te(Philips and Davies, 1991)

Debris flow in lligraben are most often relatedrasddy ones; they generally consist of muddy slarrie
(dolomites) with some boulders of quartzite or tal¢28]. Depending on the availability of upstream
material, the proportion between these two parnigdceary quite much. Video records show a largeyeanf
debris flow types occuring in lligraben.

Since the force plate has been installed on chaok i’29 (see Introduction), measured bulk densities
debris flow are available: for the bulk flow, deties ranging from 2000 to 2250 kgfmre calculated [40].
Based on rough estimates, a percentage of 50% eade50% solids (pers. communication McArdell) coul
be assumed on the average in lligraben.

These considerations allowed us to roughly getigddhyw volumes based on flood volumes. The link
between flood hydrograph and debris flow hydrogragls already mentionned by Takahashi (1980).
Debris flow volume is one of the essential inputapeeter needed in AVAL-1D and RAMMS.

5.2 AVAL-1D model

5.2.1 Theoretical concepts and litterature review

AVAL-1D is a one-dimensionnal model developped g institute WSL mainly for avalanche calculations
[4], [10], but has been subsequently successfplpfied to debris flow modelling. The model is basedhe
Voellmy model (1955), modified by Salm (1966, 1972)which an homogenous block-fluid motion is
considered (Figure 79). AVAL-1D is based on a nuoarsolution of the shallow water equations (i.e.
which describe the motion of the flowing mixturehish have been extended to granular flows. Theifigw
friction is based on the Voellmy equations, in whtbe basal shear stress (controlling the flowstasce
and the depositional behaviour) consists of a fertiuChezy-like friction tern (varying with the square of

the velocity) and a dry Coulomb-like friction tegrrand is given by [4]:



Tz,r(O):/JUZ'*'m%U 2 Eq. 35
where

w = dry friction coefficient [-]

& = turbulent friction coefficient [m#

U = mean velocity [m/s]

T = shear stress at the base of the flow [kPa]

O =normal stress at the base of the flow [kPa]

09 = bulk unit weight

The total friction slope Ss given by:

U 2

St=pucosy+—— Eq. 36
éh

where

h = flow height [m]

&h = dynamic resistance parameter covering turb@fect in motion

Figure 79. Voellmy fluid representation [4]

Apart from the total mixture volume, the two paraensy and& mainly control flow depth and velocity. The
more fluid-like behaviour (at higher velocities)ripresented b§ and the more solid-behaviour (at lower
velocities) by the friction coefficient.

The dimensionless value of p is the ratio of thecdorequired to slide on the interface to the force
perpendicular to it. It is a measure of the reastato motion caused by molecular adhesion of ane fo
the other over the areas of true contact. The valug not only depends on the load (pressure or
perpendicular force), but is also dependent onctir@acting materials and the state of the interfaee
lubricated, dry, wet, contaminated, etc.) [8]. Tiwaigher either is, the more friction there will Ha.
application of the semi-empirical techniques of ¥haellmy rheology to rock avalanches, McLellan and
Kaiser (1984Yound that the travelling geometry is one of thganaonsiderations in the choice pf The
upper and lower bound limits @f are given by the inclination of the line joiningettop of the pre-failed
block and the distal tip of the debris and the sla the shallowest segment, respectively. The best
prediction may be achieved by assuming tlhat tana, wherea is the average runout slope or slope of
streaming the ramp (which separates the ruptufacand the main accumulation of debris).

An additional component to the Voellmy-Salm mod&vas active and passive earth-pressure effecketo

accounted for [28]. The stress in the longitudutiegction is proportionnal to the hydrostatic m@®. This



earth-pressure or ‘geotechnical’ paramétecould be discriminated into an active (tensilefl arassive
(compressive) parameter depending on the velocagignt in the longitudinal direction [4].
As previously mentionned, the basis for AVAL-1Qtie analytical Voellmy-Salm model, but in companiso
to the theoretical frame, real cases have shown fina changes happen in the reality, especialbuakhe
friction parameterqu is a parameter that depends:
= on the material characteristics (density, wateiteot) etc.)
= on the debris-flow pressure perpendicular to thoeigad
= slightly on velocity (1 decreases as velocity increases)
Little changes should be applied to this parameter.
Foré&, things are different is a parameter that depends on:
= the geometry of the acceleration zone (roughnesdirement, etc.)
= real topography (less uniform than in Voellmy-Satmdel), which causes adding loss of energy
that had to be compensated by highealues (i.e. less turbulent friction).
= flow depth: in the analytical model, flow depthe @onsidered higher than reality shows. Since the
force of & is directly dependant on the flow depth, a highealue has to be applied to compensate
the smaller flow depth. The increaseaheans higher velocities in the debris flow tranll at the
beginning of the runout zone.
The evaluations showed that, in comparison to tiadyéical Voellmy-Salm model, the increased vaoatof
the slope in the runout distance slows down théaache stronger than using the analytical Voellmalrs
model; in definitive, in most cases, the calculatgmbut distances of both models do not differ iggntly.
An extensive sensitivity analysis has been donénanwell documented debris flow in Switzerland [54]
These parametrizations allow to establish whiclampater/feature has an influence on which flow fieatu
» a higher = to higher velocities and longer deposit zone
= a highen = to slighltly lower velocities and shorter depimsi zones
= higher debris flow volumes = higher velocities dmlger deposition zones

= higher fracture zone height = slighltly higher @taes and slightly longer depostion zones

5.2.2 Advantages/Disadvantages of 1D-model
First attempts for the calibration of the frictigmrametersy and & have been done using the software
RAMMS. But due to its greater complexity, paranettion was time-consuming. For this reason, our
choice felt on AVAL-1D: it allows a much faster panetrization than RAMMS, but on the other side, the
data resolution (cell size for RAMMS; accuracy aleshsity of cross-sections for AVAL), the simplifta@an
could influence much the results; in any case,mpatdzation has to be performed again with RAMMSt B

knowing the range of friction values saves a |atiok.

5.2.3  Description of AVAL-1D parametrization proced
AVAL-1D allows to calculate, for a granular flonhe velocity, flow height as well as flow pressuteay
given point along a reach. The input features neede:

= arelease block volume



= friction valuesp and§ (considered as constant along the channel, wiiehsimplification of the
reality)
= cross-sections; X,Y,Z position, channel width, baniles (i.e. for the calculation of lateral frigt)
= flow density; this value is constant over a simolatand doesn’t influence the results because this
term disappears when the equations are solved.
= earth pressure coefficieht this coefficient represents the energy lossegaearth pressure on the
flow. If usually set as 1 for water, for debrisvilothis value was set at 2.5 (pers. communication
McArdell; Hungr,1995)
= time step, total calculation time, element size. @ell size)
= observed runout location as well as calculatiompoould be defined anywhere; they allow, if real
data are available, for comparison of observedtewéh simulated ones. This is a very interesting
feature because it becomes easy to visualize teeteff a parameter on the sensitivity analysis.
We calibrated our simulations on observed debow févents extending from 2001 to 2008 (Appendix 4).
As AVAL-1D needs cross-sections as input, the oh@tdebris flow events felt on years where aceurat
cross sections were available:
= 2005: the DTM-AV was made in 2005; the profiles &eobtained with the software
GEOMENSURA (description of the software by Mino#&l]).
= 2008: measured cross sections from this work
The events selected are listed in Table 25. Theasel zone for all events was fixed a few hundreignme

upstream of check dam n°1, as the events werededdry the geophone installed on check dam n°1.

Table 25. Main characteristics of debris flowsdalibration with AVAL-1D (McArdell & Badoux, in relew)

Source Date Time | Eventvolume [fh| Volume method R [MS] | Humax[M] | Viront [M/S]

WSL | 28" May 2005| 16:00 86’000 ? 147 2.37 9

WSL | 3 June 2005 19:20 28’000 ? 17 1.37 2.09

WSL | 13" June 2005 09:10 23000 ? 40 1.13 6.13

WSL | 16" June 2008 09:00 10’000 ? 19.85 1.39 2.37

wsL | =& July 2008 19:23 59'896 Strickler integratipn 101.0 2.35 5.3
5.2.4  Results: sensitivity analysis

Tens of trials have been performed to observeitflaence of the main parameters involved in the

simulations. Graphic results of flow height andifldepth are displayed in Figure 80 and Figure 81.
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Figure 81. Maximum flow velocity distribution foné debris flow calibration of 28.05.2005 with AVALD

In particular the two friction parameters, releastime, release height and location of the release in

the channel have been analysed. It has to be Ilsaidnt comparison with other studies where runomes

and corresponding flow heights are taken as thaltrggople used for calibration, in lligraben, flow

velocities and heights are quite well-known in camigon to runout distance, which doesn’t exist @&bris

flow are washed away by the Rhoéne river).

u : this coefficient has a great influence on theout distance and a minor one on velocities and
flow height. As it is related to the topograph (isurface roughness), by increasing this value, we
increase the roughness and the mass is slowed ditimu values between 0.09-0.1, the debris
flows are not able to reach the Rhone river, evgrinoreasingé until more than 1000 nfis
Empirical trials have shown thathas to be equal or lower to the slope of the rbed. By taking
0.1, we are over the mean slope values found irpeha. For values of 0.08 and lower, debris

flows reach the Rhone.



= ¢ : the range of values for the turbulent parametemportant. It has a great influence on flow
velocities and height (see Eq. 35) and is a seasgtarameter. The highér, the higher velocities
we observe.

= Release volume: the higher volume, the higher flelocities and heights we get at the outlet.

= Release height: the release height has no influendie results in our case, probably due to the
fact that the release area is located far away fhanforce plate.

= Location of the release zone: one trial has bear dy changing the location of the release area,
and results are completely different. We havervesgiigate further in this way because we knew

that true release zones were situated upstreaimeckadam n°1.

The results obtained in this study confirmed mdshe results found in previous studies and theaitesl in

§ 5.2.1. As always, with two (or more) parameteradjust, several set of adequate parameters asgbj
Anyway, most of the timep was more ore less fixed first, thénwas changed, because of its greater
sensitivity.We plotted the two friction parametagainst the debris flow volume, in order to looketter a
trend exists in the data or not. Results are dysplan Figure 82 and Figure 83 (the™.Bune 2008 event

doesn’t appear because the debris flow never reatlesforce plate even by changing all the pararsete
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Figure 82. Relationships between turbulent fricp@amameteg and debris
flow volume
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Figure 83. Relationships between basal frictiorapeaten. and debris flow
volume

The following comments has to be taken with camahbee only four simulations could be performed, tdue
scarce topography data available:
= p doesn’t vary much (between 0.6 to 0.8) from onnéue the other, but a very slight increase
(except for the 13.06.2005 event) with the volumze s visible.
= & varies much more with event volume, ranging frodnt@ 1100 (except again for the 13.06.2005
event). This feature could be interesting for fartmvestigation: a§ depends of the flow velocity
and height, it is a justifiable approach to linkijt with event size, because as volume increass, fl
depth and velocities increase too.
The range of values found farandé is in accordance with results from other studi®spendix 35) and
with two relations developped in [71]. The lattensider that. is independent of the volume (i.e. adequate
with values displayed in Figure 83, as range ofi@as$ tiny) but related to the catchment area ffie.more

water available, the more fluid the debris flowlvwi¢). The formula are given by [71]:

H1=01339% (lower value) Eq. 37
H1=0183°3 (upper value) Eqg. 38
where

S = catchment area [Kin

With an area of ~5 kfm we found, for lligraben, values comprised betw8d¥5 and 0.1. Moreover, the
values forp andé in lligraben, published in [71], were fixed a06.and 0.6 for a 20°'000 Yevent, which is
almost the same that we found for the 03.06.20@5te{see Table 26 and Table 27).

5.2.5 Influence of check dam on the flow behaviour
The presence of check dams along the channel rasdjfiite much the flow behaviour. As for open clehnn
hydraulics it is quite well documented, for deldlisv, literature is scarce on the topic.
An attempt has been done using AVAL-1D to simukateell-calibrated debris flow event and look clése

check dams the reaction of the flow. This trial wlase to understand how the model reacts in theepoe



of a drop structure and if any link could be madspécially based on energetic considerations) lestwe
debris flow behaviour and open channel hydraulicths location. The shallow water equations aré no
accurate for vertical drop feature and AVAL-1D doesallow for such particularities (i.e. in the tography
editor, when creating a vertical drop, all values put to ‘0’); that the reason why we entered &y wteep
slope, representing an abrupt change in the chanmglhology. According to Rickenmann & al. (200thg
1D-model FEMTOOL, used to model debris flow scenarlligraben, isn’t able too to take into accotinis
drop structures and so the topography was smoeaititese locations.

As AVAL-1D models the channel by the intermediafecmss-sections, and as water flow properties are

changing very quickly at a drop structure (Figudg, 8ve add cross-sections close to the concraietates.

Turbulent rolier
" il

Figure 84. Water flow behaviour at the right ofreeck dam [39]

The first attempt was done by considering an ‘idebannel of constant width, constant bank anghes,
average drop height of 5m and a real debris flquir§i.e. 01.07.2008 event).

The results are given in Figure 85. We are abketthat the flow accelerates when approachingttaek

dam, with a peak at the brink of the check damatrits toe. Then the flow decelerates as it flowsrolder

slopes. The model is hence able to reproduce & tyaiasition in topography.
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Then, we added cross-sections to get a dense netwfomeasurements points (20m upstream-, 10m
upstream, 2m upstream-, 1m upstream-, check dast, dsettom of check dam, 5m downstream-, 10m
downstream- and 20m downstream of check dams m®2®, gazoduc, and n°21). The aim was to observe

the evolution of the energy grade line . Resulésdasplayed in Figure 86.
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Figure 86. lllbach channel length profile and 012008 debris flow energy grade line between checksdn°19 and
n°21

As velocities and depths are obtained at eachteel@oint, we were able to draw the energy grate by

applying the Bernouilli equation for each point:

p,V¢__ P, V3

+-+ 1 =7+ 5422 4\ Eq. 39
ATy g 2y g a
where

z; and 2z = energy of position of the bed (i.e. elevatiam] |

p/y = energy of pressure (i.e. here considered afaiveheight) [m]

v1°/2g and ¥/2g = kinetic energy (i.e. related to flow velogifyn]

Ah = head loss (i.e. mecanic energy loss by tramgftion from kinetic energy into heat) [m]

The Bernouilli relation takes into account the moi energy (given by the elevation of the bea given
point), the pressure over specific weight, whicrangethat the pressure is proportional to flow deypiti is

considered as hydrostatic, and the kinetic enavbich is related to the flow velocity.

If the general shape of the energy grade linetisfgang, some weird features appears at the boinkome
check dams (n°20 and 21). There is a sudden peakarfyy before falling down again. At the toe of th
check dam, there is also a weird feature, as tkeeggrgrade line goes down and up a few metersdurth
downstream.

The reasons for these features could be that sesw@mgptions expressed in the Voellmy model are not
completely fulfilled, especially the ratioyp/as the flow accelerates, then the pressure idhyarostatic
anymore but is transformed into a dynamic pressuosefficient might be necessary to take into antéor

this pressure change.



AVAL-1D, in its actual shape, ‘see’ the drop asteep slope and the mass is accelerated after #k ch
dam; this results in larger velocities and energydg line goes up. Immediately afterwards, the mass
decelerates, because of friction and energy dezseaSVAL-1D will always conserve energy (pers.
communication Bartelt). The problem is that AVAL-HDesn’t take into account momentum/energy losses
due to an impact (dam, drop structure,...). The gnlrgses due to friction are integrated in the &qna
(this is the reason why the energy grade line ¥adlguite good the channel bed). There frictiondssare

the main energy losses to take into account. Thigec energy dissipation of a debris flow is talkeato
account with the 3 parameteps & anda.

It would be worth looking at the effect of an exémaergy dissipation (i.e. impact energy loss) andhergy
grade line and if it would be valuable for the mbotietake it into account. In open channel hydmuli
modelisation, as in HEC-RAS, this extra energy igason is modeled by adding an expansion or
contraction coefficient loss to the Bernouilli etjoa. By comparing with flume data, one showed that
could adequately fits the reality. A drop structuvél be considered as a contraction, because flow
accelerating. The coefficients are multiplied by #bsolute difference in velocity heads betweerctineent
cross section and the next cross section downstnehioh gives the energy loss caused by the tiansikt

is given by:

Ah, =C[~32\£—V—12
g 29

where

Eq. 40

Ahg = energy loss due to impact [m]
C = contraction coefficient [-]
v,%2g and y/2g = kinetic energy at upstream and downstrearssesection [m]

For abrupt transition, a contraction coefficienOdd is recommended (HEC-RAS hydraulic manual).

A trial was made by using an additionnal energy I(i5q.41) added to the values used to draw theggner
grade line (Figure 86). Results are displayed gufé 87. We can see that applying an extra enesgyds
used in hydraulics doesn’t modify much the enertpdg line and sometimes create extra ‘bumps at the
brink of the check dam. The actual state is safighand shows that losses due to friction seemetthb

main energy losses involved in the process.
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5.3 RAMMS
RAMMS was used in this work to look at the flow feah in two dimensions at the vicinity of check daas
well as to look if it reproduces the observatioredmwith AVAL-1D. We also used a promising moduiatt
allows to calculate the erosion capacity of a defiow, by defining (with the knowledge of few pareters)
an erodibe layer. This tool was used here morenirexperimental way, because for the moment, no
comparison is possible with other studies. Themnly one paper available on the subject that leandth

rock and ice avalanches (Schneider & al., in prep).

5.3.1 Theory
RAMMS (RApid Mass MovementS) is a 2-D numerical deb developped by the institute WSL
(Switzerland). This physically based dynamic mdabdically solves the same flow equations as AVAL;1D
with the difference that it uses a finite volumbeme to solve the 2-D shallow water equations fanglar
flows (implying the horizontal extension of thelds greater than their vertical thickness). loalses a
different numerical solver than AVAL-1D.
The frictional resistance,3n x-direction and § in y-direction, which is acting against gravitatiah
acceleration, is described by using a Voellmy apghowhich incorporates, same as for AVAL-1D, the
friction parameters and& [4]. The simulated output can easily be integrated a GIS environment [12].

The friction slope is given by:

_ geozr(Uz+U5)| U,
Six [gH,UCOSCH 3 J\/U§+U§ Eqg. 41



Sfx=[gH/Jcoscr+ gcoscr(U§+U§)—| Uy Eq. 42

¢ INVEESE

where
g = gravitational acceleration [fs
H = flow height [m]
a = slope angle [°]
U, = velocity component in x-direction [m/s]
U, = velocity component in y-direction [m/s]

5.3.2 GUI and parameters
To run simulations with RAMMS, one has first to geDEM on ascii format and a topographical mapror a
orthophoto. As RAMMS is based on the Voellmy-Salwdel, the release mass is drawn as a block (release
area) but for that, one has to know the voluméhefdvent. The calculation domain is then builtréduce
considerably the calculation time, the domain loalset drawn as close as possible to the limit ofsthdied
area (it saves precious calculation hours!). Theg ,\, calculation time, dump step, density (same as in
AVAL-1D) have to be set, as well as the cell sizer¢ it is based on a DEM and not on cross-secttbes
advantage is that a very fine resolution is possitblresolution is coarse, then a 1-D model (dss section

measured precisely) could be of better use.

5.3.3  Entrainment of material

In RAMMS, there is now the possibility to observesion evolution. This module allows to check vigua
and on a log-file (for each time step required)ghmsion mass, volume, entrainment rate, and thisdveral
soil layers. To use this module correctly, one toalsnow the depth of the erodible layer, its dgnaitd an
erodibility factor, which reflects the susceptityilof the material to be eroded by a debris flomaot.
Very scarce simulations on the topic are availabiiés factor has to be defined through a sensjtivi
analysis. To perform this analysis on a good wang bas to know to which kind of soil, water satiomat
etc., this erodibility factor corresponds. Theralso an erosion law to define. Three types ardabla:

=  Velocity driven law

= Momentum driven law

= Velocity square driven law
For our simulations, we chose the two last oneabse velocity driven law is a rather old formulatio
Momentum driven law is explained below. Velocityage driven law is the most used and the moststeali

one. It is based on the shear stress formulatelatéd to the velocity squared).

The total volume of a debris flow is often not camé along the debris-flow path, as depositionferos
occurs during an event. When erodible layers afiee along a debris flow path and if the debraswflhas
enough drag force to entrain material, then thisotfhas to be taken into account. In [55], simatat had
been done without using the entrainment algoritang that led to strong unconstitencies with obskrve
events. Since recently, RAMMS includes such anrélym to account for entrainment of a ground layer.
The entrained mass is accelerated instantaneonidlyet debris flow velocity. Experimental studies/dna

shown that the increase in mass depends mainliierelocity of the flow U and on the availabilitf the



material. The front of the debris flow is very a@wesand generally the highest depths are measurtdsa
location. Even if the tail could have high veloe#tj generally it has small heights. The entrainmaig is

given by [55]:

Q:%sz U Eq. 43

Momentum is given by = mU, where m = massg.is explicitly given by the product of the flow dépH,
the debris flow density, and the calculation cell area.
Factork controls the rate at which the erodible layerngraned into the flowing avalanche. Values for

debris flow should range between 1 (muddy tail J@derosive front) (pers. communication McArdell)

5.3.4 Results

5.3.4.1 General inputs and outputs
The event used for the simulations is the one 0d28005. The release area was drawn a few hundred
meters upstream of check dam n°1, with a releaisgthef 5m and a total volume of 86’00G riThe choice
of 5m was based on the total volume of the evedtamthe channel width upstream of check dam nfis T
value is probably not realistic but as previouslntionned, the release height has no influencderflow
features if the control section is set far enougimfthe release area (which is the case for treefplate).
The calculation domain was set first very closeht® channel to save time, but this way of doingtted
mistakes so we extended the domain to a wider zone.
Then we had to check if the set of parameters oétawith AVAL-1D was adequate; a check/recalibratio
is always necessary, but by knowing the range ohrpaters that fit, we saved a lot of time. A few
simulations have been performed: parameters haate dfganged a little and have been fixed=0.07 and
£=1000.
As for AVAL-1D, the flow behaviour close to checkrds evoluates very quickly, with mass accelerading
the brink of check dam and decelarating a few raefiaither. To represent as best the blocking efiéet
check dam on debris flow, we modified the DTM-AV &gding 2-3 meters to the wings of check dams n°19
to n°21. The results of the previous comments e@aled in Figure 88 and Figure 89. The velocifigsp

from ~3-4 m/s to 9-10 m/s in a few meters.

5.3.4.2 Erosion inputs and ouputs
The erosion inputs are:
= the choice of a bed layer (top, middle, bottormpum case only the top layer was considered)
= the layer depth: taken at 0.5m (rough trial estiomatbut it might be more)
= the density of the bed layer (taken at 18G(kg)
» the erodibility factor (which was changed from ®@210)
= a potential erodible area; for this parameter, veel fthe choice between defining the entire
calculation domain as affected by debris flow topléentially eroded, or to specify erosion zones;

the latter was chosen by taking only the channdl foem check dam n°2 to Rhéne river and by



removing the check dams (they would have been dersil as an additionnal amount of mass by
RAMMS).
The eroded volumes displayed in the GUI are foumdchoosing the flow depth results, then eroded
volumes. It is possible to check the eroded volaineach time step or for the total event.
Numerous simulations have been done; bugs appaathd beginning because negative volumes increased
with time; as deposition is not possible to takw iaccount in RAMMS, this artefact was corrected by
widening the calculation domain; in fact, the issuss that mass was flowing out of the domain, legdd
volume inconsistencies (pers. communication Chrjste
The main features which were changed were the ©yeasithe soil layer, the erodibility factor andeth
erosion law. General considerations can be forradlat

= The erosion law (momentum driven or velocity squaeesn’t influence much the results (between
1 to 4% difference in the eroded volumes for thenéconsidered).

» The density of the erodible layer seems to haveeatgmportance on the erosion volume; by taking
densities of 1800 kg/frand 2200 kg/r we obtained a difference of 17% less volume tier 1800
kg/n.

= The most influencing parameter seems to be thetgliodfactor. If for erodibility factor ranging
from 0.5 to 10, the whole 50cm-layer was erodedaking a value of 0.2, only half of the mass was
eroded along the reach.

On Figure 88 and Figure 89, we can see the regudt simulation. For a 86’000 event, we have

overflows at some places, that were not observélaeimeality.

Figure 88. RAMMS simulation of the 28.05.2005 evé@istribution of flow velocities between check dafii9 to
check dam n°21. Light blue:3-4m/s, green:5.5-7ne/d;9-10m/s

If the increase of flow velocities and the bareéfiect of check dams on debris flow are clearlybles the
explanations for the overflows are probably duento reasons:



= this area is still probably under the influenceh# release zone height: as stated above, theseelea
height doesn’t have an influence if the area adriet is located far enough from the release #rea.
it is too close, then it has an influence.

= the debris flow was simulated with the erosion niedand by taking an initial release volume of
86’000 nf. At this point the erosion volume added is aroB®00-30’000m. It means that the
debris flow total volume at check dam n°20 is arb@®0’000n, which could explain the local

overflows.

Figure 89. RAMMS simulation of the 28.05.2005 evéistribution of flow heights between check dam®and
check dam n°21. Light blue:1.50-2.25m, yellow:-8.55m, red: 4.3-5m
5.3.5 Conclusions
RAMMS has been used associated with AVAL-1D totfir friction parameters of the Voelly-Salm model
for several recorded debris flow. We could see that parameters fit in the range of values found in
literature and with previous calculations madelligraben [71].
RAMMS is a powerful tool that allows the determioat of debris flow features like flow height, flow
velocity and spreading. It was able to correctlgibealculate some debris flow events [54].
The erosion tool is very promising. By knowing mareless the zones prone to erosion (84.6.2.3), the
geotechnical features of the channel bed and omdbkées of observed event, one has with this togrg
good way to backcalculate an event. This shoulolatb assess the initial volume of the debris fipw.
release area) and thus more realistically simukaddlow features all along the channel (i.e. distfimg the
uncertainties provoked by an inappropriate releas®e). This tool might be complementary to a field
technique like the specific linear erosion assessnaes developped in [27]. But for the moment, iittg to

efficiently evaluate its performance, as no puldishesults are available.



6 CONCLUSIONS AND PERSPECTIVES

The lligraben catchment have been studied for nyaays for its frequent debris flow occurrence, there
were no analysis done on the flood characterigtittgraben. This work brought new data on thgéascale
rainfall patterns influencing the hydrology of tbatchment. Through a frequency analysis perfornmethe
newest available data of ANETZ stations, we weirle &b build the IDF curve for lligraben, making sem
assumptions that will have to be verified when lttgraben raingauges will have sufficient data flming

the same analysis and thus determine if the metbggaised could be applied to other catchmentd or i
other assumptions have to be made.

The calculation of flood peak discharge, with almeblogy recommanded by the BAFU, led to a wide
range of results because of the many cases tat@adnount. Many assumptions are inherent to HAKIESC
and field work is an important point in the methlodyy, especially to determine the runoff coefficeat it is

a very sensitive parameter, it could be good tdyaramore into details the influence of subsurfageff
and infiltration in mountain catchments. It wouldabe good to look whether the values we got are i
relation with what really happens in the catchmdyt,the mean of real-time measurements of flood
discharges.

The check dams built all along the lligraben faayph major role in the reduction of erosion, angstim the
debris flow magnitudes. They have numerous purpagésthat is the reason why in the 1970’s, all over
Europe, concrete check dams were constructed innthie torrents prone to debris flow activity. In
lligraben, the protection measures concept hadegtdimpact on the debris flow processes as thappsid

for a few years; but debris flow started againrafitev years, and never stopped since then. ArouBafl
these check dams collapsed, mainly due to geomimgical reasons. Indeed, if an appropriate stradtur
design is clear, a study of the geomorphologicdl flow processes are of first importance. By stagythe
entire channel and more closely the check damsityciwe came to the conclusion that the different
sediment transfert processes interact strongly detvweach other and the stability of the check daight

be evaluate considering several aspects like:¢hh flow regime/period (aggrading or degradihgge, in
relation with the concept of equilibrium slope)etkevel of the channel vs. maximum scour depth, the
maximum sediment transport capacity of a givend]oshich allow to determine which areas are suljject
deposition and which to erosion. All the featuras dndication of the actual and probable evolutafrthe
channel bed depending on the type of event thahthagcur. A further topic on research on the subjec
would be to analyse the influence of sediment frartsn the total sediment transfer processedgnalben.
Actually, only debris flow events are recorded dhe bedload is the unknown part of the processes. A
modelisation with continuous rainfall records wolnd interesting to study the evolution of runoffthe
catchment and understand how the bedload evolvesaihe other processes. The other aim would be to
evaluate the percentage of bedload compare tosd#ébwi, and it could be interesting to understane t
interactions and local/total sediment processéisdrchannel and its evolution in time.

Debris flow were modelled using two software depeled at WSL: AVAL-1D and RAMMS. The former
demonstrated its simple use and the short timeatetm get results. It is probably the best tool agnthe

two to parametrize the different parameters whighwsed in both model, because both developpetieon t



Voellmy theory. We tested the ability of AVAL-1D t@produce flow behaviour at the vicinity of check
dams, and it showed than the equations used imduel (friction parameters) reproduced quite wed t
open-channel hydraulics in such cases. An atteany been done using extra energy losses, but shése
showed that few differences could be found.

RAMMS is a much more powerful tool: it allows toodel debris flows in 2D and recently, an erosion
module was developped. We tried to use it but mmoen experimental way. This tool, when knowingteui
well the catchment, material properties as welll@sris flow behaviour, could be powerful to backcitdte
debris flow volumes and assessing the initial vaurhan event. But for the moment, no paper islalvks

on the subject and there would be the need for rtréalg before showing its real abilities.
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