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Abstract. For a quantitative assessment of debris flow risk, of the resulting damage to the affected buildings. The physi-
it is essential to consider not only the hazardous processal damage was quantified for each affected structure within
itself but also to perform an analysis of its consequencesthe context of physical vulnerability, which was calculated
This should include the estimation of the expected monetanas the ratio between the monetary loss and the reconstruction
losses as the product of the hazard with a given magnitudealue. Three different empirical vulnerability curves were
and the vulnerability of the elements exposed. A quantifi-obtained, which are functions of debris flow depth, impact
able integrated approach of both hazard and vulnerability ipressure, and kinematic viscosity, respectively. A quantita-
becoming a required practice in risk reduction managementtive approach to estimate the vulnerability of an exposed el-
This study aims at developing physical vulnerability curves ement to a debris flow which can be independent of the tem-
for debris flows through the use of a dynamic run-out model.poral occurrence of the hazard event is presented.

Dynamic run-out models for debris flows are able to calcu-
late physical outputs (extension, depths, velocities, impact

pressures) and to determine the zones where the elemems |niroduction

at risk could suffer an impact. These results can then be

applied to consequence analyses and risk calculations. Omhe increase in population and resulting demand for re-
13 July 2008, after more than two days of intense rainfall, sources has given rise to a continuous pressure to settle in
several debris and mud flows were released in the central pagilaces were the interaction between humans and continuous
of the Valtellina Valley (Lombardy Region, Northern Italy). land processes becomes a potential risk (Nadim and Kjek-
One of the largest debris flows events occurred in a villagestad, 2009). For this reason, it is essential to analyze the
called Selvetta. The debris flow event was reconstructed afpossible damage that the hazard process can yield in the af-
ter extensive field work and interviews with local inhabitants fected sectors. A quantifiable integrated approach of both
and civil protection teams. The Selvetta event was modellechazard and risk is becoming a required practice in risk re-
with the FLO-2D program, an Eulerian formulation with a duction management (Fell and Hartford, 1997; Duzgun and
finite differences numerical scheme that requires the spectacasse, 2005). This quantitative assessment should include
ification of an input hydrograph. The internal stresses arethe expected losses as the product of the hazard with a given
isotropic and the basal shear stresses are calculated usingngagnitude, the costs of the elements at risk, and their vulner-
quadratic model. The behaviour and run-out of the flow wasability (Uzielli et al., 2008). In the past, several authors have
reconstructed. The significance of calculated values of theyroposed different methods to quantify the risk by estimat-
flow depth, velocity, and pressure were investigated in termsng the hazard in a heuristic-empirical or statistical manner;
while assessing the vulnerability of the affected elements in a
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In order to improve the results of a debris flow risk as- bility Factor” (OVF) and the average number of vulnerable
sessment, it is necessary to analyze the hazard event usimppulation in a given facility directly hit by a landslide. The
quantitative information in every step of the process (vanOVF was derived from the landslide volume, location of the
Asch et al., 2007) and the vulnerability of the elements ex-elements at risk, and the protection a facility can offer. In-
posed. The contribution of the dynamic run-out models in-dividual risk was calculated as the summation of the prod-
side a quantitative assessment is to reproduce the distributionct of the frequency of a flow affecting the facility and the
of the material along the course, its intensity, and the zonevulnerability of the most vulnerable individual for each of
where the elements will experience an impact. For this reathe scenarios. They also calculated the societal risk. Castel-
son, dynamic run-out models have been used in recent yeatanos (2008) performed a local risk assessment based on the
as a tool that links the outputs of a debris flow hazard initia-back-analysis of one historical landslide in Cuba. Based on
tion/susceptibility modelling (released volumes) with physi- the parameters obtained from the modelling of past events,
cal vulnerability curves. run-out simulations were carried out with a beta version of
the MassMov2D software (Beguaret al., 2009) for twelve
potential zones. Vulnerability curves based on the depth of
the flow and the conditions of the buildings were generated
using detailed building typology characteristics and run-out
results, and economic risk values were computed for three
Different approaches and methods have been developed iscenarios. Zimmerman (2005) described Switzerland’'s new
the past for a quantitative risk analysis using dynamic run-approach of natural hazards and risk management using the
out models and where the vulnerability of the elements atSorenberg debris flow as an example. For tligeBberg
risk is described in a quantitative or qualitative manner. Inevent, hazard maps were prepared according to three prob-
this direction, Bell and Glade (2004) performed a quanti- ability classes scenarios. The scenarios were based on past
tative risk analysis (focusing on the risks to life) in NW- events and field verification. Debris-flow run-out was simu-
Iceland for debris flows and rock falls. Their approach to lated using a random walk approach (Gamma, 2000) by ap-
the hazards is based on empirical and process modelling thatlying a simple model that assumes that the motion is mainly
resulted in specific run-out maps. The hazard zones were degoverned by two frictional components: a sliding friction co-
termined based on the recurrence interval of the respectivefficient and a turbulent friction coefficient that is determined
processes. For the determination of the respective levels dby a Chezy-type relation (Rickenmann, 1990). Results of the
vulnerability, a semi-quantitative approach defined by matri-modelling were displayed as intensity maps. Federal recom-
ces was used based on available literature and the authorgiendations provide definite criteria for the intensity classes
past findings (Glade, 2004). Their calculated vulnerability based on the height and the velocity of the flow. Adjustment
levels were incorporated into a consequence analysis that imef the land-use plans and building codes were established re-
cluded the definition of elements at risk, the determination ofgarding the intensity classes. Jakob and Weatherly (2005)
spatial and temporal probabilities of impact, and the seasonajuantified debris flow hazard and risk on the Jonas Creek fan
occurrence of the event. Calvo and Savi (2008) proposed & Washington, USA. They constructed frequency-magnitude
method for a risk analysis in a debris flow-prone area in Ar-graphs to build different return period scenarios as an input
denno (ltalian Alps), utilizing a Monte Carlo procedure to to a debris flow run-out model. The FLO-2D model was used
obtain synthetic samples of debris flows. To simulate theto calculate maximum flow depths and velocities in order
propagation of the debris flow on the alluvial fan, the FLO- to assess the hazard. Intensity maps were developed based
2D model (O'Brien et al., 1993) was applied and probability on the modeled outputs of each modeled scenario. Potential
density functions of the outputs of a model (forces) were ob-deaths were calculated assuming that in the high intensity ar-
tained. Three different vulnerability functions were adopted eas the vulnerability is equal to 1, while the vulnerability is
to examine their effect on risk maps. Muir et al. (2008) pre- equal to 0 in the medium and low intensity zones. In terms
sented a case study of quantitative risk assessment to a sitef risk management, Crosta et al. (2005) carried out a cost-
specific natural terrain in Hong Kong, where various scenar-benefit analysis for the village of Bindo in the Valsassina val-
ios were generated with different source volumes and settey (Central Pre-alps, Italy) where a part of an active slope is
of rheological parameters derived from the back analyses ostill a threat. They identified different mitigation plans such
natural terrain landslides in Hong Kong. Debris mobility as a defensive structure, monitoring, and a combination of
modelling was performed using the Debris Mobility Model both. They built hazard scenarios with a method that coupled
(DMM) software developed by the Geotechnical Engineer-a stability analysis with a run-out assessment for different po-
ing Office (Kwan and Sun, 2006), which is an extension of tential landslides. The stability analysis was modeled using
Hungr's (1995) DAN model. They derived probability dis- a 2-D numerical code and the run-out was simulated with
tributions from past events run-outs and calculated the probthe quasi-three-dimensional finite element method of Chen
ability distribution of debris mobility for each volume class. and Lee (2000) in the Lagrangian frame of reference. The
Regarding the vulnerability, they used an “Overall Vulnera- different scenarios were compared with a scenario where no

1.1 Numerical modelling for hazard analysis in a
Quantitative Risk Assessment (QRA)
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mitigation action was introduced. A cost-benefit analysis of US) software application to quantitatively estimate the losses
each scenario was performed considering the direct effect om terms of direct costs (e.g. repair, loss of functionality),
human life, houses, and lifelines. as well as regional economic impact and casualties (Hazus,
The recent work done by means of numerical physical2006). In the case of snow avalanches, Wilhelm (1998) ob-
modelling within a risk analysis suggests that dynamic run-tained a function by analysing the damages caused in terms
out models (correctly used) can be of practical assistanc®f impact pressure by dense snow avalanches on concrete
when attempting to quantify the assessment. Together withpuildings with reinforcement. The building vulnerability was
a good understanding of the slope processes and their relalefined as the ratio of the cost of repairing the damages and
tionship with other conditional factors, run-out models re- the value of the building. Based on the function proposed by
sults can be used in a hazard analysis to: estimate the spatilhelm (1998), Cappiabanca et al. (2006) developed a func-
tial probability of the flow affecting a certain place with de- tion for people inside the buildings. Using the same approach
tailed outputs as deposition patterns, travelled distance andf relating the expected losses of a structure with the impact
path, and velocities and impact pressures. Results obtainegressures of the avalanche, Barbolini et al. (2004) proposed
from the run-out modelling are directly involved as factors vulnerability functions for buildings and persons for powder
that influence and affect the vulnerability of an exposed el-snow events. To overcome the scarcity of well documented
ement. However, quantitative vulnerability information for events and their consequences, Bertrand et al. (2010) used
landslides is difficult to obtain due to the large variability numerical models to simulate the structure behaviour under
in landslides types, the difficulty in quantifying landslides snow avalanche loading. The structures were modelled in
magnitude, and the lack of substantial historical damagehree dimensions with a finite element method (FEM), and

databases (van Westen et al., 2006; Douglas, 2007). a damage index was defined on global and local parameters
of the buildings (e.g. geometry of the structure, compressive
1.2 Physical vulnerability assessment strength of the concrete). The vulnerability was established

as a function of the impact pressure and the structure fea-

Several efforts have been made in the past to define and asdares. For rock falls, Heinimann (1999) estimated vulnera-
sess the vulnerability of an element or group of elements expility curves as damage functions of six different categories
posed to a landslide hazard. The vulnerability can be classiftype) of buildings related to the intensity of the rock fall.
fied as:physical functional andsystemio/ulnerability. The  The response of reinforced concrete buildings to rock fall
physical vulnerabilityrelates to the consequences or the re-impact was investigated by Mavrouli and Corominas (2010),
sults of an impact of a landslide on an element (Glade, 2003)considering a single hit on the basement columns. They cal-
Functional vulnerabilitydepends on the damage level of the culated for a range of rock fall paths and intensities, a damage
element at risk and its ability to keep functioning after an index (DI) defined as the ratio of structural elements that fail
event (Leone et al., 19963ystemic vulnerabilitdefines the  to the total number of structural elements.
level of damage between the interconnections and functional- Regarding vulnerability functions for landslide and debris
ity of the elements exposed to a hazard (Pascale et al., 2010jlow hazards, Kaynia et al. (2008) applied to a real event the
In this paper, a focus on the physical vulnerability will be proposed probabilistic methodology of Uzielli et al. (2008) to
highlighted with regard to a method which is commonly usedestimate the physical vulnerability of building structures and
in a quantitative risk assessment. the population to landslides. Vulnerability is defined quanti-

In a quantitative risk assessment, physical vulnerability istatively as the product of landslide intensity and the suscepti-
commonly expressed as the degree of loss or damage to lility of elements at risk. The uncertainties are considered
given element within the area affected by the hazard. It isby a First-Order Second Moment approach (FOSM). This
a conditional probability, given that a landslide with a cer- work was complemented by Li et al. (2010) by proposing
tain magnitude occurs and the element at risk is on or in thenew functions for the vulnerability of structures and persons
path of the landslide. Physical vulnerability is a represen-based on the landslide intensity and the resistance of the ex-
tation of the expected level of damage and is quantified orposed elements. Using another type of procedure to assess
a scale of 0 (no loss or damage) to 1 (total loss or damagebhe vulnerability, Galli and Guzzetti (2007) gathered infor-
(Fell et al., 2005). Thus, vulnerability assessment requiresnation of past events in Umbria (ltaly) that have damaged
an understanding of the interaction between the hazard evenduildings and roads. They established functions between
and the exposed element. This interaction can be expressehte area of the landslide and the vulnerability of buildings,
by damage or vulnerability curves. major roads, and minor roads. To assess the vulnerability

Some progress has been made in developing vulnerabilto a debris flow, Haugen and Kaynia (2008) proposed that
ity curves, matrices, and functions for several types of hazthe impact of a flow sets a structure in a vibratory motion.
ards and mass movements. Extensive work has been carriestructural vulnerability is defined by a damage state proba-
out by FEMA (Federal Emergency Management Agency)bility. This was approached using the principles of dynamic
on vulnerability functions for earthquakes, floods, and hur-response of simple structures to earthquake excitation and
ricanes. These functions are used in the HAZUS (Hazardragility curves proposed in HAZUS. Fuchs et al. (2007) used
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a well-documented debris flow event in the Austrian Alps to o ' 20 K
derive a vulnerability function for brick masonry and con- L
crete buildings. They defined a damage ratio that describe PRl
the amount of damage related to the overall damage poter
tial of the structure. A vulnerability function was created
from the calculated damage ratio and the debris flow inten-
sity (flow height). A comprehensive review of several qual-
itative vulnerability methods used in landslide risk analysis
was made by Glade (2003). Iramn
Whereas the above mentioned examples analyze the ha
ard separately from the vulnerability of the elements at risk, /// 4 ”A
our aim is to use the strength of the debris flow run-out mod- T
els to quantify physical vulnerability by means of the impact '7( AN
pressure outputs. We present an integrated approach of di o oo N
tailed rainfall data and dynamic modelling to calculate the in-
tensity and run-out zone of the 2008 Selvetta debris flow that
caused damage to thirteen buildings. The debris flow evenfig- 1. Location of the Selvetta case study area.
was reconstructed and back-analyzed. Geomorphologic in-

vestigations were carried out to study the behaviour of the .
flow and intensity aspects such as run-out distances, veloci(-cance"' and Nova, 1985). In July 1987, more than 500 mass

ties, and depths. Synthetic physical vulnerability curves Weremovements were triggered by a severe rain storm (Crosta et

prepared based on the flow depth, impact pressures, and kingl" 1990). If{l_ve"vm;\ges ano? t;ett;a?srgozrgaélgg mfrastrtjc(;
matic viscosity. These curves relate the physical outputs ofure were critically damaged. otal 0 evacuate

the modelling and the economic values of the elements aPersons, 53 casualties qnd 2000 million eur@3 ¢f dam-
risk. ages were recorded (Luino, 2005). From 14 to 17 Novem-

ber 2000, prolonged and intense rainfalls triggered about 260
shallow landslides in Valtellina (Crosta et al., 2003). About
200 soil slips and slumps took place in the terraced slopes,
and one third of them evolved into debris flows (Chen et al.,
The Selvetta study site is situated inside the Valtellina Valley2006)- In November 2002, the Valtellina area was affected by
in the Italian Central Alps (Fig. 1) and administratively is a &" €xtreme rainfall (more than 700 mm) that triggered more
part of the Colorina municipality. Geomorphologically, it be- than 70 soil slips and debris flows. The event caused 2 ca-
longs to the Orobic Alps which are forming the north-facing sua_llt_|e_s and extensn_/e damaggs to structures and economic
slopes of the Valtellina Valley (a U-shaped valley profile de- activities, evaluated in 500 millions of euros (Aleotti et al.,
rived from Quaternary glacial activity). Selvetta is located 2004).
in a north-facing slope of the valley. The slopes are mainly
composed of metamorphic rocks (gneiss, mica schist, phyls  1ha gelvetta 2008 debris flow
lite, and quartzite) and intrusive rock units, with subordinate
sedimentary rocks (Crosta et al., 2003). On less steep partghe Selvetta debris flow event took place on Sunday,
two Pleistocene glacial terraces could be distinguished atthe3 july 2008. During this day, the majority of the Valtel-
height of about 560-760 ma.s.l. and 1120-1240ma.s.l. Théina Valley was isolated from the rest of Lombardy Region
lower sections are covered with glacial, fluvio-glacial, and pecause of intense precipitations that caused blockage of the
colluvial deposits of variable thickness. state road S.S.38 connecting the capital of the province Son-
Valtellina Valley is an active region with respect to ge- drio with the lower part of the valley. Torrents caused tem-
omorphologic processes and mass movements. In the reyoral inundation of the main valley floor with about 0.5m
cent past, the valley has suffered from major catastrophiof water on the main road and railway line. The only ac-
events in terms of flooding and landslides. In May 1983, cesses to the upper part of the valley were via Aprica Pass
heavy precipitations triggered more than 200 shallow land-and from Switzerland. The response team of the Civil Protec-
slides and debris flows in Valtellina. A cumulated precipita- tion and another fast response teams were evacuating people
tion of 453 mm was measured during the month, which cor-from the affected area. Total number of evacuees in the Val-
responds to 34% of the total annual precipitation. Landslidesellina valley was around 220 people and reached around 300
happened mainly on vine-terraced slopes and most of thén Lombardy Region. The most severely affected municipal-
landslides started on slopes betweenh&@d 40. Three soil-  ities were Valmasino, Forcola, and Colorina where several
slips evolved into larger debris flows with lengths from 300 debris flows and mud flows occurred.
to 460 m and areas reaching 60 00%) causing 14 casualties

Valmasino
.

ForcolaSelvetta | §ondrio /
oo -

Como La ke

Municipalities of Sondrio Province

2 Selvetta study site and past events in the region
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The largest muddy-debris flow occurred in the village of Initation area
Selvetta. According to the morphological classification of ‘
debris flows for the South-Central Alps proposed by Crosta
et al. (1990), this debris flow can be classified as a debris
avalanche evolving into channelled debris flow. The debris g /
flow event was reconstructed after extensive field work and Forestarea
interviews with local inhabitants and civil protection teams.
At first, several rock blocks of a size up to 2ifell down
from the direction of a small torrent above the village. The
blocks were followed by a first surge of debris and mud
that damaged the houses. This surge caused the most dan
age in the deposition area. This was followed by a second j# '
hyperconcentrated flow with fine mud content that partially §
washed away the accumulation from the first wave.

The main objective of the fieldwork was to collect in-
formation to describe the behaviour of the flow during its
course. Measurements of the flow depths along the path
and sedimentation features that hinted the evolution of the ..
flow were carried out. Entrainment and deposition features
were mapped. The deposits inside and outside of the channez «
were considered and channel profiles were made in locations § = N
where the velocities and discharge of the flow could be de- g
duced. 2

The evolution of the flow in terms of velocity was recon-
structed by the use of empirical formulas. The estimation of : —
the velocity is important to evaluate the flow behaviour and Horizontal length (m)
assess its rheology. To derive the mean flow velocity in each [ Tomostaptic pofie of the Selvetta debris flow
channel cross-section, the superelevation formula (Eq. 1)
proposed by McClung (2001) and Prochaska et al. (2008Fig. 2. Google image and profile of the Selvetta debris flow path

Alpine meadows area

Deposition Ar

was applied: with the five main morphological sections determined on the field.
Nk b () of volume and the mobility of the flow was the inclusion to

the flow of the rainfall run-off and the reactivation of water

where,v is the mean velocity of the flow (n7$), Rc is the  springs formed by the increase of the ground water table. Af-
channel’s radius curvature (my,is the gravity acceleration ter some tens of meters the flow became larger and started to
(ms?), Ahis the superelevation height (md,is a correc-  erode the channel to the bedrock. The channel erosion was
tion factor for the viscosity, and is the flow width (m).  associated with the acceleration of the flow on steeper parts
Hungr (2007) in Prochaska et al. (2008) indicated that theof the slope and on rock steps. The average inclination of
value of the correction factor can be usually “1”, with the ex- the path in the forested area is°34ut there are several steps
ception of cases with sharp bends where some shock wavesieeper than 680 At 760ma.s.l. the flow decreased its ve-
develop. locity when it reached another less steep part of alpine mead-

Geomorphologic investigations allowed distinguishing the ows on morainic sediments near Rodolo village (Fig. 2). The
following five main sections of the flow: (1) the proper flow channel in this section of the flow was not eroded to the
scarp, (2) path in forested area, (3) path on alpine meadbedrock and the flow itself accumulated a lot of material from
ows, (4) accelerating section, and (5) accumulation areahe upper section. On a flat glacial terrace, at the height of
(Fig. 2). 640 ma.s.l., the flow diverged to the right side where it joined

The initiation area of the flow was situated approximately a small ravine and entered an acceleration zone area. In this
at 1760 ma.s.l. in a coniferous forest. The proper scarp wasection, the flow reached the highest velocity and heights.
very small, with an area of about 2rand a height about The apex of the accumulation zone starts at 310 ma.s.l. The
0.5m. The debris flow originated as a soil-slip in thin collu- accumulation zone has an area of about 959@nd the vol-
vial cover on a very steep-@5°) forested slope. This sug- ume of the deposited debris was estimated by field mapping
gests that the flow started as a small failure and gained moto be around 15000#n(Fig. 3). The behaviour of the de-
mentum with additional entrained material from the channelbris flow in the deposition area was reconstructed based on
bed and walls. Another important source for the increasethe recognition of characteristic patterns such as sediment
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Average | Maximum | Calculated | Calculated | Calculated
slope () | slope mean | maximum | mean flow
angle () | velocity | flow height | height
(m/s) (m) (m)
Forestarea | 35 57 48 285 192

Alpine 24 34 372 26 187
meadow

DISCHARGE (m?/s)

el
ACCUMULATED PRECIPITATION (mm)

5

g

14/07/2008 10:00 PM

13107/2008 7:00 PM
13/07/2008 10:00 PM
14/07/2008 1:00 AM
14/07/2008 4:00 AM

13/07/2008 1:00 AM

X 12/107/2008 10:00 PM

g

2 150

Altitude (m.a.s.1.)

PRECIPITATION (mm)
ACCUMULATED PRECIPITATION (mm)

AM

R

1/07/2008 7:00 PM
4/07/2008 4:00 AM

13/07/2008 1:01
13/07/2008

1

Fig. 3. Selvetta debris flow path including the calculated mean ve-
locity, maximum flow height, and mean flow height for each mor-
phologic section. Fig. 4. Derived hydrograph of the debris flow, including the re-
leased volume and peak discharge (above) obtained from the hourly
precipitation records from the Morbegno rain gauge (bottom).
sorting and the angle of rest in the borders of the final de-
posit. Deposits consisted of a fine-grained fluid mixture with _ o o
suspended coarse debris on the top and fine material on tHéiltural machinery. Fortunately, no victims or injuries were
bottom. reported, mainly because of the awareness of the civil de-
Precipitation records showed that the flow did not occurfence organization who evacuated the local inhabitants from

immediately after the peak precipitation which was recordedtNeir houses.

at 7 a.m., but with more than three hour delay. Unfortunately,

there is no rain gauge in the proximity of the initiation zone. , Modelling of the event for determining vulnerability
The closest one is in Morbegno (about 8 km from the scarp) . ,rves

and shows hourly peak rainfall of 22 mmhbetween 6 and

7a.m. (Fig. 4). The cumulated rainfall during 48 h before the The field observations of the debris-flow event in Selvetta
event reached 92 mm. Although this record did not precisel\yyere taken into account and used for a back analysis us-
describe the situation in the initiation area, it could be useding a modelling approach. They were the basis to calibrate
for a rough estimation of precipitation and for measuring thethe models and simulate the debris flow process during its
delay of initiation after peak precipitation, because recordscourse. The modelling of the Selvetta debris flow was di-
from other gauges in the vicinity also show the rainfall peak yided into two parts. The first part was a simulation of the
between 6 and 7a.m. rainfall in the area to calculate a discharge hydrograph and

One of the main characteristics of the event is the influencehe effect of the rainfall intensity in the flow. The second
of the entrainment process on the flow. The channel experipart was a simulation of the debris flow that included the
enced considerable deepening and bank erosion. In severadsults of modelling of the rainfall and the entrained mate-
parts of the channel, it was found that obstruction by largerial. The DEM available and used for the Selvetta area was
boulders and trees may have temporarily influenced the flowa 2 m grid model obtained from a LIDAR survey. The FLO-
behaviour by causing a dam-break effect that resulted in theD software was used to simulate the rainfall and the debris
two different surges in the deposition area. flow event (FLO-2D, 2009). A damage analysis of the ele-

There are 95 buildings situated in Selvetta. The debris floments at risk in the Selvetta event led to a vulnerability as-
event destroyed two of them and caused damage of varyingessment which was then later combined with the modelling
levels of severity to another eleven buildings. Structural dam-outputs. This resulted in three proposed vulnerability func-
age was reported to the facilities located on the alluvial fantions: flow height, impact pressure, and kinematic viscosity
(roads). Also, a lot of damage was reported for cars and agrieurves (Fig. 5).

DD/MM/YYYY HH:MM
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LIDAR digita dimensionless resistance parameter that equals 24 for lami-
Precipiton data {e'?li‘ﬁ?m";@ﬂ S e nar flow in smooth, wide, rectangular channels, but increases
— /l/ 7 — — with roughness and irregular cross section geometry; gnd n
J \ is an empirically modified Manning value that takes into
{Ewmmmmm | ( ~Gedloay l ouiting cost ostimtion account the turbulent and dispersive (inertial grain shear)
foet e Geomorraly | | -Damage analyss components of flow resistance. The parametgrsndn are
|

- Terrain analysis
‘_‘—‘ defined as exponential functions of sediment concentration

which may vary over time. The vyield stress (Eqg. 3) and the

-Rheological parameters
Debiris fl hydi h -Sediment volumetric concentration b . - .
b fow coarsp g o) i viscosity (Eg. 4) are calculated as follows:
I ! Flow velodies sssessment
ﬂ:ahbralion and\ — - i % it -L-y — aleﬂlcv (3)
\__ validation / N \
I n=ae2Cv (4)
Selvetta debris flow V:Jlnerabilily curves
event modeling. -Impact pressure . .
FLO-2D model -Deposition height where,a1, 81, az,and B are regression constants obtained
quadratic rheology -Kinematic viscosity A .
from the correlation of results of laboratory experimets,

is the fine sediment concentration (silt- and clay-size parti-
Fig. 5. Flowchart of the methodology applied in the Selvetta casecles) by volume (FLO-2D, 2009)
study area. The boundary conditions are specified as follows: the in-
flow condition is defined in one or more upstream grid ele-
) ments with a hydrograph (water discharge vs. time) and val-
The mathematical model used to model the Selvetta degeg ofC, for each point in the hydrograph. The outflow con-
bris flow event was FLO-2D, which is an Eulerian two- gjtion is specified in one or more downstream grid elements.
dimensional finite difference model that is able to route The model requires the specification of the terrain surface as
non-Newtonian flows in a complex topography based on &y yniformly spaced grid. Within the terrain surface grid, a
volume-conservation model. The model input is in the form compytational grid, i.e. a domain for the calculations, must
of a flow hydrograph at the head of a depositional debris fanyg specified. The Manning value should be assigned to
distributing the debris over the fan surface, allowing for ob- g5ch grid element to account for the hydraulic roughness of
structions and pathways such as infrastructures (buildingsye terrain surface. The values can be spatially variable to

roads, channels, and bridges). These make the model relggcount for differences in surface coverage (FLO-2D, 2009).
vant for the determination of flow patterns on the surface of

afan. The flow volume is routed through a series of tiles that4.1  Rainfall modelling
simulates overland flow (2-D flow), or through line segments
for channel routing (1-D flow). Flow in two dimensions is The hourly measured rainfall data during the period of the
accomplished through a numerical integration of the equa-11 to 13 July 2008 was modelled as accumulated rainfall
tions of motion and the conservation of fluid volume. The distributed all over the area domain in a real time (hourly
governing equations are originally presented by O’Brien ettime steps). Outflow sections were selected where the run-off
al. (1993). rain of the modelled area domain is discharged. The outflow
The FLO-2D software models the shear stress as a sunections are artificial sections whose purpose is to discharge
mation of five shear stress components: the cohesive yieldlow off the area domain system. For the Selvetta event, two
stress, the Mohr-Coulomb shear, the viscous shear stress, t#@nes were selected as outflow sections: (1) the scarp, where
turbulent shear stress, and the dispersive shear stress. Ahe release area is located and the slope failure occurred;
these components can be written in terms of shear rates givand (2) the debris flow path channel, where the amount of
ing a quadratic rheological model function of sediment con-rain can be an influencing factor in the mobility and the sed-
centration. The depth-integrated rheology is expressed (aftément concentration of the flow. Due to the Eulerian nature
dividing the shear stresses by the hydrostatic pressure at thef the FLO-2D software and finite differences scheme, the

bottom of the flowy k) as Eq. (2): parameter that mainly controls the numerical performance
is the grid spacing. In the simulations using FLO-2D, the

Ty KnV ntdeZ grid spacing was taken as 2 m, which corresponds to the grid
St= Ymh | 8y h2 ' B3 (2 size in the digital elevation model. The result of the rainfall-

runoff modelling is a water discharge hydrograph that is later
where, St is the friction slope (equal to the shear stress di- added to the release volume of the failed mass in order to ob-
vided byymh); V is the depth-averaged velocity; andn  tain a time stage debris flow release hydrograph (Fig. 5).
are the yield stress and viscosity of the fluid, respectively,
which are both a function of the sediment concentration by
volume; yn is the specific weight of the fluid matrix is a
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8 B. Quan Luna et al.: The application of numerical debris flow modelling

4.2 Debris flow modelling

The estimation of the peak discharge inside the discharge hy-
drograph is of vital importance as it determines the maximum
velocity and flow depth, momentum, impact forces, ability to £
overrun channel walls, as well as the run-out distance (Rick-
enmann, 1999; Whipple, 1992; Chen et al., 2007). For the
estimation of the final debris flow hydrograph, the volumes
of the entrained material estimated from measurements dur-
ing the field work were introduced as an additional and vari-
able sediment concentration into the hydrographs used in the
FLO-2D model with the empirical formula use proposed by &
Mizuyama et al. (1992), who proposed a relation betweenthe | = .
magnitude of the debris flow (volume in3mand the peak ; f e
discharge for muddy-debris flow (Eq. 5): : oo

0p=0.01881%7%0 (5)

where, Qp, is the peak discharge (in%s~1) and M is the
debris flow volume magnitude (infh A time-stage of sed-
iment concentration was produced based on the shape of theg. 6. Modelling results of the Selvetta debris flow (left). Com-
hydrograph (Fig. 5). This was done to agree with observa-parison of the real and modelled debris flow run-out extent: The
tions that the peaks in debris flow hydrographs correspondnaximum heights of the accumulation and maximum impact pres-
to high sediment concentrations, while the final part of thesures modelled by the FLO-2D model are shown (right).
hydrograph have a more diluted composition. The procedure

also reproduced the distribution of sediment concentration )
influenced by a dilution in the falling tail of the hydrograph. What actually happened. The modelled heights of accumula-

The maximum and minimum concentrations were 0.55 anotion show good agreement with the real situation measured
0.25, respectively. in the field. The highest accumulations are reached upslope

Parameterization of the FLO-2D model was done by Ca"_from the destroyed and heavily damaged buildings, decreas-

bration, since no independent estimates of the model frictiof"d 0 the edges of the deposition area. It should be noted

parameters were available. The calibration of the model Waéhalt in some cases the flow did not reach some of the lightly

based on a trial-and-error selection of rheological modelsdamaged structures. This is caused by the fact that FLO-2D

and parameters, and the adjustment of the input parametefi©€S N0t model;he dlestruct_|on ?}f ttlehbglldlpgﬁand thus it
which define the flow resistance. Parameters were adjusteﬁemalns as an obstacle causing the "shadow” effect. Appar-

until good agreement between the simulated and observe™ incrgase of heights of accumulati'on in thg di;tal parts of
characteristics were accomplished with the following crite- the flow is most probably caused by imprecision in the used

ria: (i) velocity and height of the debris flow along the chan- DEM. Highest values of impact pressure are reached imme-

nel, (ii) final run-out, and (jii) accumulation pattern in the de- diatély near the start of the apex. Afterwards, the pressures

position area. The parameters that reasonably filled the caliontinuously decrease. This is caused by the progressive de-

bration criteria and had the best results weye: 950 Pa and crease of accumulation heights and velocities on the alluvial
n=1500Pa. These rheological parameters were calculateﬁm'
according to the sediment concentration of the flow (taken
into account inside the debris flow hydrograph) and the cong  Generation of vulnerability curves
stant values oty =0.0345 forz, and 0.00283 fom; and
R=20.1 forty and 23.0 fory were selected from O’Brien  The Selvetta debris flow event represents an important case
and Julien (1988). The chosen Manning n-values that characstudy due to the fact that both hazard information and dam-
terize the roughness of the terrain were = 0.048hwhere  age information is available for a further analysis. The dif-
the flow was channelled, and 0.15sH? in the deposition  ferent range of damage to the buildings makes it possible to
zone. The Manning n-values and the constant value along thassess the vulnerability using a vulnerability function that re-
channel ofk =24 were selected as suggested in the FLO-2D|ates the hazard intensity with the degree of damage.
manual.

Figure 6 shows the maximum run-out and deposition mod-
elled by FLO-2D and the field-measured extent of the event
which underlines the good agreement of the simulation with

1553600
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5.1 Methodology where, V is vulnerability andh is the modelled height of
accumulation. From its definition the vulnerability cannot

In our approach, the vulnerability functions were calculatedexceed 1, thus for intensities higher than 3.63 m, the vulner-

using damage data obtained from the official documents ofbility is equal to 1.

damage assessment coupled with the information from the

modelling outputs. This approach allows calculation of vul- 5-3 Vulnerability curve using impact pressures

nerability functions using the height of debris accumulation )

and also the impact pressure. The impact pressure informdMPact pressure values were extracted in the same way as

tion is widely used in snow avalanche risk assessment but ifccumulation heights considering the values near building
is not widely applied for debris flows risk calculations. walls oriented towards the flow direction. Maximum mod-

The damage data was analyzed from the RASDA doc_elled impact pressures were used to calculate the vulnerabil-

. function (Fig. 9).
uments (RAccolta Scheda DAnni — Damage AssessmentY . . I .
Form), which are mandatory to be drafted within 48h af- A logistic function (Eq. 7) which fits the results has a high

ter a disaster for claiming recompensation funding. For thecoefflment of determination-¢) reaching 0.98 for impact

Selvetta debris flow, these documents were prepared by thBressures up to 37.49kpPa:

engineers of the General Directorate of Civil Protection of 1 596x|p/28.16/-1808

the Lombardy Region and the local police, where they esti-' = 1+/P/2816/ 18

mated the losses in monetary values of each building. Forr =1 for P> 37.49kPa

each building, the approxlmate reconstrugtlon va}lue was CalY/vhere,v is vulnerability andP is the modelled impact pres-

culated according to building type and size, using the data o : . ;
. . 7 : : sure. As vulnerability cannot exceed 1, for intensities higher

given in the Housing Prices Index prepared by the Englneer?han 37 49 kPa. the vulnerability is equal to 1

and Architects of Milan (DEI, 2006). All of the buildings ' ’ yiseq '

were single to three storey brick masonry and concrete strucg 4 Vulnerability curve using kinematic viscosity

tures. The calculated reconstruction values of the buildings

in the studied area ranged frofh66 000 to€ 455 000; while  ysing the same approach as described previously, a vulnera-

the recorded damage ranged from ab8@000 to€ 290000  pijlity function where the momentum of the flow is taken into

(Table 1). account is proposed. This function relates the maximum ve-
Vulnerability is defined by the fraction between the loss locity of the flow and its height at the moment of impact with

and the individual reconstruction value, and was calculated structure (Fig. 10).

for each of the thirteen building structures that were affected A logistic function which fits the results has a high co-

by the debris flow event (Fig. 7). The obtained results wereefficient of determination/€) reaching 0.98 for kinematic

consequently coupled with the modelling results (height ofviscosity up to 5.40 ths~1 (Eq. 8):

accumulation, impact pressures). This allows developing

vulnerability curves that relate the building vulnerability val- v = 5‘38Xk'k"/29'2?‘_‘;gf:ﬂ for P <5.40mP st

ues with the process intensity. The generated physical vul-v _ 1“' v/29.24 for P> 5.40mP s~1 ®)

nerability curves can be used as an approach for the esti-

mation of the structural resistance of buildings affected bywhere,V is vulnerability and kv is the modelled kinematic

a debris flow event. viscosity. As vulnerability cannot exceed 1, for intensities

higher than 5.40 fs~1, the vulnerability is equal to 1.

for P <37.49 kPa
- (7)

5.2 Wulnerability curve using heights of accumulation

Height of accumulation values were extracted for each af-8 Discussion and conclusions

fected building. For every building the maximum and mini- . . . .
) . ; Three physical vulnerability curves that relate the intensity
mum heights of accumulation varied a lot. As a consequence . : .
of debris flows and the economic losses were derived from

an average height near building .Wa”S ariented towards_ thEfhe Selvetta debris flow event. The event was reconstructed
flow direction was considered. Figure 8 shows the relatlon—in 2 geomorpholoaic. empirical. and numerical approach us-
ship between the vulnerability and deposition height values.. 9 P gic, emp : PP

. . o . ._'ing a quadratic rheological model. Field geomorphologic in-
Figure 8 indicates that the vulnerability increases with in-\,oq4ioations were directed towards evidences related to the
creasing deposition height. We propose to usea logistic funcpepaviour of the flow and different sections of the flow path
tlo_n (Eq. 6)2' The calcula’Fed fungtlon has coefficient of Oleter'Were identified regarding the activity and deposits of the flow
mination ¢) is 0.99, for intensities between 0 and 3.63 m: during its course. The FLO-2D model is applied for the back-

1.49% /1,939 /2513 calculation and the results _coi_n_cide in a good manner with
V=S Les?sm [Orh=363m (6)  the real event. The most significant results obtained by the
v=1 forh > 3.63m model are the maximum height, maximum velocities, and
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10 B. Quan Luna et al.: The application of numerical debris flow modelling

Table 1. Values used for the vulnerability functions assessment.

House price Model flow  Model Max  Model impact

Building Building No. of  Building index Building Reported height velocity pressure
No. type floors use (EURTP) value damage Vulnerability A" (m) “y"(ms1 “P” (kPa)

1 brick masonry 3 genericuse €881 €426900 €284251 0.666 2.29 1.37 22.03

2 brick masonry 2 genericuse €881 €129720 € 3000 0.023 0.68 0.29 1.66

3 brick masonry 3 genericuse €881 €256190 €256190 1.000 3.54 1.48 35.86

4 brick masonry 2 genericuse €881 €66240 €66240 1.000 3.70 1.46 38.06

5 brick masonry 2 genericuse €881 €216200 €120100 0.556 2.00 1.25 23.89

6 brick masonry 2 genericuse €881 €146760 €20000 0.136 0.47 0.40 8.53

7 brick masonry 2 genericuse €881 €105720 € 2000 0.019 0.15 0.26 0.03

8 brick masonry 2 genericuse €881 €108100 €2100 0.019 0.15 0.26 0.03

9 brick masonry 2 genericuse €881 €170760 € 3000 0.018 0.40 0.29 0.04

10 brick masonry 2 genericuse €881 €129720 € 2000 0.015 0.18 0.29 0.01

12 brick masonry 2 genericuse €881 €108100 € 2400 0.022 0.28 0.25 3.26

13 brick masonry 3 genericuse €881 €455360 €290167 0.637 2.10 1.33 20.21
30 brick masonry 2 genericuse €881 €170760 €60000 0.351 1.26 0.94 13.61

Buildi

Debris flow extent
Building state

- destruction

Building # 4

Extent of the Selvetta debris flow

Fig. 7. Extent of the Selvetta debris flow damage to buildings is shown. Destrudtiert; heavy damageV =0.5-1; medium dam-
age:V =0.1-0.5; light damage’ =0-0.1.

impact pressures reached by the flow in each cell throughabout whether the observed discrepancy is the result of the
out the entire simulation. These outputs were investigated irdifference in modelling, construction techniques, or a com-
terms of the resulting damage to the affected buildings. Thebination of both. The difference may also be partly due to
intensity parameters used for the generation of the vulnerathe estimation of the average accumulation height.
bility curves are based on the height of accumulation, maxi-
mum velocity, and impact pressures. However, more data is The calculated impact pressure vulnerability function was
needed to increase the robustness of the curves. compared to two functions used in snow avalanche risk as-
sessment (Fig. 12). Similar behaviour of the function can be
The flow height vulnerability function obtained in this noticed in comparison with the linear function of Barbolini
study suggests different vulnerabilities compared to thoseet al. (2004) which was developed from avalanche data for
obtained using the equations given by Fuchs et al. (2007) antlVest Tyrol, Austria. Wilhelm (1998) proposed two differ-
Akbas et al. (2009) (Fig. 11). Vulnerability 1.0 (total destruc- ent relationships for vulnerabilities higher than 0.5: the for-
tion) is reached at 3.63 m, which is considerably higher thanmer (i) continues its linear trend and reaches vulnerability 1.0
2.5m of Akbas et al. (2009) and 3.0 m of Fuchs et al. (2007).at 34 kPa; the latter (ii) indicates that structures are consid-
However, the number of data points in both studies is lim-ered beyond repair in cases of impact pressures higher than
ited; therefore, it is not possible to reach a robust conclusior25 kPa. These functions of Wilhelm (1998) were calculated
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Fig. 11. Comparison of the proposed vulnerability functions pro-
posed by Akbas et al. (2009), Fuchs et al. (2007) and the vulnera-

:Igreg Proposed vulnerability function for modelled impact pres- i, curve calculated from the Selvetta debris flow event in 2008.
ures.

from data about reinforced structures impacted by avalanches The use of numerical modelling for the simulation of the

in Switzerland. Compared to our equation, results using thedynamics of debris flows in the generation of vulnerability
Wilhelm (1998) functions vary a lot in lower vulnerabili- curves can present an advantage in terms that the intensity
ties (up to 0.6). At vulnerability of 0.9 (33kPa), our func- outputs (e.g. flow height and pressures) are straight forward
tion converges with the function of Wilhelm (a) and reachesand can be spatially displayed. The results can be over-
V =1.0 at 37.49kPa. This is also different from Barbolini et laid with the elements at risk and detailed physical informa-
al. (2004), who put vulnerability of 1.0 at impact pressure of tion can be obtained in a specific area. The approach pre-
34 kPa (similar as Wilhelm, 1998). sented here can be assumed as an approximation of a building
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1 - ——o>o more data of damaged buildings affected by debris flows, or-
0o d L ganizing them according to the type and use. This kind of de-
— - - Wilhelm 1998 b L // scription plays a very |mpo.rta}nt role for the ar.1aIyS|s', asinthe

081 8 e e 1% // case where damage to buildings contents will be higher than

to the building structure itself (i.e. shops and warehouses).
Hence, a better estimation of the reported damage should be
assessed based on structural and non-structural damage. A
complete database with detailed information about building
type, building use, building characteristics, building quality
and state, and the amount of recorded damage (physical and
economic), should lead to a better estimation of debris flow
vulnerability curves.

There is also a high degree of uncertainty regarding the use
of the model to simulate the different processes that played
a key role in the evolution of the Selvetta debris flow event.

; ; ; . . i . Assumptions and empirical laws were used based on the need
0 5 10 % 20 25 30 3 40 of inputs that FLO-2D model requires and the behaviour of
Impact pressure (kPa) the process (e.g. addition of sediment in the discharge hydro-
graph to model the entrained material and peak discharge).
Fig. 12. Comparison of the proposed vulnerability functions pro- Uncertainty regarding each modelled process has to be quan-
posed by Barbollini et al. (2004), Wilhelm (1998), and the vulnera- tified in the future to reduce uncertainty. Although dynamic
bility curve calculated from the Selvetta debris flow event 2008.  debris flow run-out models has been used with regularity in
the past to reconstruct past events by calibration of the input
. . o : parameters, there are still some limitations in the physical
.reS|.st.ance to end.urela debris flow, .Wh'Ch IS mformanon thatdescription of the parameters defining the applied rheology
is difficult to obtain directly on the field. Another important (quadratic).

advantage in the employment of run-out models is that the Nevertheless. the presented approach attempts to propose
intensity factors of the hazard can be analyzed in conjunc- ' h bp b prop

. : . o . a quantitative method to estimate the vulnerability of an ex-

tion with the physical vulnerability of the elements at risk, . :
A . . osed element to a debris flow that can be independent on the

making it easier to quantify the suffered consequences. Th

. . . .. Temporal occurrence of the hazard event.
aim to present different types of vulnerability curves in this
analysis is to help the decision makers decide which type of _ _
intensity description best fits their needs and affected area. fcknowledgementsThis work has been supported by the Marie
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