From deterministic hazard modelling to risk and loss estimation
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ABSTRACT: Several steps need to be accomplished for a quantitative landslide risk assessment. First, an
analysis of the hazardous process and intensity has to be performed. Afterwards, the physical consequences
inflicted by the hazard need to be quantified, preferentially in monetary values. For that purpose, a hazard de-
terministic modelling has to be coupled with information about the value of the elements at risk and its vul-
nerability to the hazard intensity. Dynamic run-out models for debris flows are able to calculate physical out-
puts (extension, depths, velocities, impact pressures) and to determine the zones where the elements at risk
could suffer an impact. These results can then be applied for vulnerability and risk calculations. The presented
risk assessment has been conducted in the area of Tresenda in the Valtellina Valley (Lombardy Region,
Northern Italy). Three quantitative hazard scenarios for different return periods were prepared using available
rainfall and geotechnical data. The FLO-2D program was applied for the simulation of the debris flow propa-
gation. FLO-2D uses an Eularian formulation with a finite difference numerical scheme that requires the
specification of a discharge hydrograph as an input and the basal shear stresses are calculated using a quad-
ratic model. The modelled hazard scenarios were consequently overlaid with the elements at risk. The pro-
spective damage to the houses was estimated using proposed vulnerability functions (flow height and impact
pressure). Direct economic losses to the buildings were estimated, reaching € 610,088 to 6,453,366, depend-
ing on the hazard scenario and vulnerability curve used.

1 INTRODUCTION

Critical situations are unique because of their intrin-
sic uncertain nature, and the human behaviour
changes in relation to the critical state; therefore,
standardization of activities in an emergency situa-
tion can be hardly definable in a rigorous way (Dra-
bek & Hoetmer 1991). As a consequence, different
spatial and temporal scenarios have to be outlined,
analysed, and integrated in emergency plans. Start-
ing from hazard scenarios that identify the temporal
and physical characteristics of the expected hydro-
geological events, risk scenarios should be defined
by describing the possible effects on the social, eco-
nomic and environmental systems.

The integration of both hazard and its conse-
quences is becoming an accepted and expected prac-
tice in risk reduction management (Glade et al.
2005). For this reason, landslide risk investigation
has been a major research focus for the international
community in recent times (Leroi et al. 2005, Dai et
al. 2002). Several approaches has been applied in the

past to analyze landslide risk depending on the scope
of the analysis; the scale of the study; the physical
context; and social environment. These approaches
can be classified regarding the way they estimate the
risk based on the level of quantification in: (i) quali-
tative methods; (ii) semi-quantitative methods; and
(ii1) quantitative methods (van Westen et al. 2006).
Significant efforts have been performed in the
past in terms of expressing the hazard frequency and
the vulnerability of the elements at risk in numerical
terms. Hence, obtaining a quantitative risk assess-
ment (QRA) that can provide a systematic display of
economic and non-economic consequences of each
analyzed event or scenarios (Michael-Leiba et al.
2003, Bell & Glade 2004, Remondo et al. 2008,
Zézere et al. 2008, Jaiswal et al. 2010). This type of
method is an effective and robust technique that al-
lows a good understanding of each process involved
in the final assessment. One of the main advantages
of a QRA is that it can be compared with other types
of risk that can affect a community and because of
its quantitative nature it can be communicated more
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comprehensibly to the policy and decision makers to
be used for risk management strategies.

In this site-specific study which is located in the
Tresenda village, hazard scenarios are prepared and
risk is quantified in economic terms as potential loss
to buildings. For the hazards scenario preparation,
available meteorological and geotechnical data are
used as inputs for the dynamic run-out modelling of
possible debris flows. Afterwards, risk is quantified
in economic terms for three return periods.

2 STUDY SITE
2.1 Tresenda village

The village of Tresenda in the municipality of Te-
glio (Fig. 1) was selected as a suitable test-site be-
cause its geological and geomorphological settings
are favourable for a debris flow occurrence. Spatial
distribution of past damage derived from historical
records, local chronicles, and interviews with local
people; suggested this site to be highly susceptible to
hazardous events and subject to significant potential
losses (Blahut et al., in press). Soil slips-debris
flows can be triggered on the steep slopes above
Tresenda, as the soil thickness varies between 70 to
250 cm and material could involve both earth and
stones. Past events has been documented where the
flows crosses minor roads and impact buildings in
the Tresenda village, while running along main
drainage lines. If a major event occurs, casualties
and serious damages can be expected as well as the
obstruction of a main road (S.S. 38).

Figure 1. Location of the Tresenda case study area shown as
white rectangle.

2.2 Past events on the region

In May 1983, severe precipitations triggered more
than 200 shallow landslides and debris flows in Val-
tellina. Landslides occurred mainly on vine-terraced
slopes between Tirano and Sondrio. Most of the
landslides started on slopes between 30° and 40°. In
Teglio, on 22™ and 23" of May 1983, three soil-
slips evolved into larger debris flows with lengths
from 300 to 460 m and areas reaching 60,000 m®.
Two of them occurred on 23™ May on the slopes
above the village of Tresenda (Fig. 2), causing 14
casualties and destruction of buildings and infra-
structure. The national road S.S. 38 was blocked,
and this made impossible to reach the upper part of
the valley for few days. (Cancelli & Nova 1985).

A similar event happened on the same slope on
26™ of November 2002 (Fig. 3), producing less
damage than in year 1983 and, fortunately, no vic-
tims. The flow remained confined and caused a mi-
nor flooding of the area close to the village due to an
obstruction in the drainage channel. In this case, the
fast response of the groundwater table and the high
intensity of the rainfall played an important role in
the evolution of the event (Di Trapani 2009, pers.
comm.).

§2. St == :
Figure 2. Photographs of two debris flow from 23"
in Tresenda. Photo: Archive of CNR-IRPI, Torino.

May 1983

3 HAZARD SCENARIOS

It was assumed that potential debris flows occurring
in the study area will be triggered in areas of high
slope and high flow accumulation. After the field
surveys and DEM analysis, three potential debris
flow sources were selected (Fig. 3). These potential
sources were modelled in a dynamic numerical ap-
proach to assess the run-out intensity.
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Figure 3. Delimitation of the 1983 and 2002 debris flow ac-

cording to GeolFFI database and CM Valtellina di Tirano.
Possible sources and drainage lines/profiles of new debris
flows are shown and area of a hypothetical risk scenario is de-
limited.

To delimit the hazard of these debris flows, sev-
eral steps have to be implemented in order to be
modelled: (i) detailed analysis and estimation of
rainfall return periods for the study area and model-
ling the rainfall-runoff process based on the different
return period scenarios; (ii) analysis of the terrain
features; (iii) laboratory tests of soil samples and de-
termination of the debris flow rheology; and (iv)
modelling of the debris flows.

Firstly, available hourly-rainfall records were used
to calculate rainfall return periods of 10, 50, and
100-years. A 48-hour rainfall, which may trigger a
debris flow, was simulated in the study area and the
time of exceedance of rainfall threshold was investi-
gated for different return periods. The simulated
rainfall was used to specify the time when rainfall
threshold was exceeded and a debris flow triggered.
The rainfall-runoff modelling allowed specifying
nine input hydrographs for the three potential debris
flow sources and three return periods.

Soil samples were collected during the fieldwork
and analysed in geotechnical laboratory. Two repre-
sentative samples were selected based on the criteria
of the proximity location to the possible initiation
and run-out zones. Geotechnical parameters and par-
ticle size distribution for each sample were obtained
and used to infer the rheological parameters to be
used in the dynamic run-out model. The debris flows
scenarios were modelled with the 2-dimensional
depth averaged FLO-2D software (FLO-2D 2009).

3.1 Rainfall modeling and threshold exceedance

Hourly rainfall data from Castelvetro rain gauge
were analysed in order to calculate return periods of
rainfalls. Castelvetro rain gauge lies in the vicinity
of the study zone, about 3 km west from Tresenda.
The hourly rainfall data available cover a 30-year
period from 1980 to 2009. To calculate the rainfall
return period of 10, 50, and 100-years a Gumbel Ex-

treme Value Type I distribution was used (Gumbel
2004). The results for the three return periods are
summarized in Table 1.

Table 1. Calculated precipitation for different return periods
and rainfall duration.

Return Period 10 years 50 years 100 years
Duration (h) Precipitation (mm)

1 27 37 39

2 39 53 59

3 45 61 67

6 60 80 88

12 85 113 125

24 111 147 162

48 143 191 212

A 48-hour rainfall storm was modelled using the
FLO-2D model based on historical information
(Guzzetti et al. 1992, Crosta et al. 2003, Di Trapani,
pers. comm.) of past debris flow events. The storm
rainfall was discretized as a cumulative percentage
of the total. This discretization of the storm distribu-
tion was established through local rainfall data that
defines storm duration and intensity. The storm was
modelled spatially over the grid system.

Several rainfall thresholds available for the study
area have been calculated in the past. Debris flow
initiation thresholds were calculated for the 48-hour
rainfall (Table 2).

Table 2. Rainfall thresholds for debris flow initiation using a
48-hour rainfall in Castelvetro rain gauge.

Threshold
Author Type Value
Govi et al. (1984) I-D 2.74 mm/h
Cancelli & Nova (1985) I-D 2.18 mm/h
Ceriani et al. (1992) 1-D 2.38 mm/h
Agostoni et al. (1997) IMAP-D 2.51 mm/h
Luino et al. (2008) IMAP-D 1.74 mm/h

3.2 Laboratory analysis

Soil samples were collected between July 2009 and
February 2010 along the slope uphill from Tresenda.
The materials are mixed loose deposits mostly com-
posed of gravel and sand with a consistent percen-
tage of silt and almost absent clay. According to the
Unified Soil Classification System (USCS), chosen
by the American Society for Testing and Materials
(ASTM) as standard, they are GM (silty gravel with
sand) or SM (silty sand with gravel), with a unifor-
mity coefficient (CU) between 20 and 157. The
mean sample has the following composition: gravel
36%, sand 44%, silt 19% and clay 1%. All the sam-
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ples are very superficial so they are particularly rich
of organic matter (3.3-7.3%). The natural water con-
tent (Wy) is strictly dependent on the climatic condi-
tion during sampling, and its value range from 0.5%
to 14.5%. The bulk unit weight (yo), measured in
place by the sand -cone method, ranges between
13.8-16.1 kN/m® while the calculated yq4ry ranges be-
tween 12.8-15.7 kN/m’. With an estimated spemﬁc
gravity of the soil solids (Gs) equal to 27.2 kN/m’,
the calculate porosity (n) is 42-53% and the sedl-
ment volumetric concentration varies between 0.47
and 0.58 m’/m’. Atterberg limit results are not de-
terminable because of the almost total lack of clay:
this means that the studied material pass from the
semi-solid to the liquid state in a while. Direct shear
tests were performed to obtain the peak and residual
values of the shear strength parameters: ¢, = 3.4-
18.5 kPa; @, = 28°-36°c, = 0-17 kPa; ¢, = 26°-35°.
These values are in good agreement with past labor-
atory analysis made of the area (Cancelli & Nova
1985, Crosta et al. 2003).

3.3 Debris flow modeling

The time where the rain storm exceeded the thresh-
old was registered and discharge hydrographs were
produced from the previous rainfall-runoff model-
ling. Volumes were calculated from the peak dis-
charge hydrographs (Table 3 & 4).

Table 3. Release volumes in cubic meters for the three profiles
and return periods.

10 years 50 years 100 years
Volume (m®)
Profile 1 390 1162 1424
Profile 2 330 1142 1410
Profile 3 425 1251 1518

Table 4. Peak discharge in cubic meters per second for the
three profiles and return periods.

10 years 50 years 100 years

Peak Discharge (m’/s)

Profile 1 4.8 11.4 13.4
Profile 2 4.2 11.2 13.3
Profile 3 5.1 12.1 14.1

The debris flows run-out was modelled with the
FLO-2D software. The FLO-2D model uses a qua-
dratic rheological model that incorporates a Bing-
ham shear stress as a function of sediment concen-
tration, and a combination of turbulent and

dispersive stress components based on a modified
Manning » value (Eq. 1):

o _ O KoV nSV
;S 2 4/3
Vo n 8y h™ h

(M

where, Sy is the friction slope (equal to the shear
stress divided by y,,#); V is the depth-averaged ve-
locity; 7, and # are the yield stress and viscosity of
the fluid, respectively, which are both a function of
the sediment concentration by volume; v, is the spe-
cific weight of the fluid matrix; K is a dimensionless
resistance parameter that equals 24 for laminar flow
in smooth, wide, rectangular channels; and #n,; is an
empirically modified Manning n value that takes
into account the turbulent and dispersive compo-
nents of flow resistance. The rheological properties
of the flow were estimated based on the results of
the laboratory analysis. The final parameters used in
the modelling were 7, = 1,500 Pa and # = 2,800 Pa.
The Manning n-value that characterises the rough-
ness of the terrain was selected as 0.04 sm'"”. This
value was confirmed in the FLO-2D user’s manual
(FLO-2D 2009).

4 QUANTIFICATION OF RISK AND
PROSPECTIVE ECONOMIC DAMAGE

Quantification of damage to buildings in the case
study area was done by examination of the results
from the hazard modelling to the respective build-
ing. Heights of accumulation and highest impact
pressures near the walls were extracted for each in-
terested building. The results were used to calculate
risk maps for the three return periods by using two
different vulnerability curves.
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Figure 4. Flowchart of the methodological framework for the
risk scenario quantification.

A vulnerability curve proposed by Fuchs et al.
(2007) based on the height of the debris flow as an
intensity parameter and the proposed vulnerability
curve by Barbolini et al. (2004) for impact pressure
of snow avalanches were used for the analysis. Di-
rect losses to the buildings were calculated by multi-
plying the calculated vulnerability by the building
value (Fig. 4).

4.1 Elements at risk in the study area

There are 111 buildings in the immediate vicinity of
the Tresenda scenario, 57 of them within the delim-
ited hypothetical scenario area. The majority of them
are three story buildings constructed with brick ma-
sonry and concrete structures. Value of each build-
ing was estimated using the construction prices pro-
vided by Engineers and Architects of Milan (DEI
2006) According to them, a construction cost of 801
€/m? corresponds to single standing house with 2-3
storeys. The value of the buildings was calculated by
multiplying their area from the DB2000 (2003) da-
tabase by the number of floors and by the recon-
struction value per m’. Total value of the buildings
within the scenario area is reaching € 14,895,500
with a range from € 34,360 to € 1,079,000 for a sin-
gle building, and with an average reconstruction cost
of € 261,324 per building.

Besides the buildings, a state road S.S.38 lies be-
tween the buildings and the Adda River and minor
paved roads are present. A principal railway line is
running along the state road, connecting province
capital Sondrio with Tirano and Switzerland up-
stream the Adda River. According to the database of
Registry Office, 173 people are living in the houses
within the delimited scenario. In this approach, only
economic risk to buildings is quantified, neglecting
the damage to other infrastructure and to the people
living in the area.

4.2 Hazard scenarios and damage to buildings

In total, six hazard scenarios were prepared for each
return period and for accumulation heights and im-
pact pressures, respectively. The results are pre-
sented in Figures 5-7 showing the difference in the
magnitude of the hazard. Moreover, information
about the possible damage to the houses is shown,
resulting from the calculated vulnerability using the
respective vulnerability function. Light damage
means vulnerability between 0 and 0.1, medium
damage represents vulnerability 0.1-0.5 and heavy
damage relates to vulnerabilities between 0.5 and 1.

Destruction means that vulnerability of 1 was
reached.

Impact Pressure 10RF
0-1kPs

medium damage N 10 - 40 kPa
light damage [N more than 40 kPa

Flgure 5. Results of the hazard modelhng for the 10-year return
period showing the calculated degree of damage to the build-
ings. On the left height of accumulation, on the right impact
pressures.

— o
[} Expocied damage  Flow Helght SORP
l* . cestruction Emo-aim 4 o-1kPa
W heavy damage g 1- 10 6Pn
madium damage [ 10 - 80 Py

Flgure 6. Results of the hazard modelling for the 50-year return
period showing the calculated degree of damage to the build-
ings. On the left height of accumulation, on the right impact
pressures.

| Expacted damage  Impact Pressure 100RF
A . sestruction 0-1kPa
W heavy damage N 4 - 10 kPa
madium damage S 10 - 40 kPa

Flgure 7. Results of the hazard modelhng for the 100-year re-
turn period showing the calculated degree of damage to the
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buildings. On the left height of accumulation, on the right im-
pact pressures.

4.3 Risk scenarios and quantification of direct
economic losses

4.3.1 10-year return period

In the hazard scenario considering the 10-year return
period (0.1 probability) of the debris flows, 35 build-
ings are likely to be impacted. The total direct dam-
age to houses is considerably affected by the use of
different vulnerability functions. Considering the
flow height vulnerability function, the direct damage
reaches € 610,088. In the case of impact pressure
vulnerability function, the total direct monetary loss
to the buildings is estimated to € 2,059,321
(337.55% of the first damage estimate). Risk levels
span from 0 (no risk) to 8,271 €/year for a single
building in case of the height of accumulation vul-
nerability function and from 0 to 27,780 €/year for a
single building in case of the use of impact pressure
vulnerability function.

4.3.2 50-year return period

In the 50-year return period hazard scenario (0.02
probability), 49 buildings are likely to be impacted.
After the application of the vulnerability function
using as an intensity parameter the flow height, 32
buildings will suffer light damage, 9 buildings me-
dium damage, and 5 buildings high damage. Three
buildings will be completely destroyed. After appli-
cation of the impact pressure vulnerability function,
different results were obtained: 21 buildings will
suffer light damage, 8 buildings will have medium
damage and 6 buildings will have heavy damage.
Fourteen buildings will be probably destroyed. Con-
sidering the flow height vulnerability function, the
direct damage reaches € 2,311,219. In the case of
impact pressure vulnerability function, it reaches €
5,059,011. Risk reaches 7,644 €/year for a single
building in both cases of risk calculation (Fig.
11.18).

4.3.3 100-year return period

In the 100-year return period hazard scenario (0.01
probability), 49 buildings are likely to be impacted
as in the case of the 50-year scenario. After the ap-
plication of the vulnerability function using as an in-
tensity parameter the flow height, 19 buildings will
suffer light damage, 22 buildings medium damage,
and 4 buildings high damage. Four buildings will be
completely destroyed. After application of the im-

pact pressure vulnerability function, higher damage
pattern was obtained: 16 buildings will suffer light
damage, 7 buildings will have medium damage and
8 buildings will have heavy damage. Eighteen build-
ings will be probably destroyed. These results show
the same pattern as in the case of 10 and 50-year re-
turn periods. The number of affected houses is simi-
lar to the previous scenario. Expected damage is,
however, much higher.

The total direct damage to houses is considerably
affected by the used of the different vulnerability
functions as in the case of the previous scenarios.
Considering the height of accumulation vulnerability
function, the direct damage reaches € 3,151,675. In
the case of impact pressure vulnerability function
application, the total direct monetary loss to the
buildings is estimated to € 6,453,366. Risk reaches
3,822 €/year for a single building in case of the flow
height vulnerability calculation and 6,127 €/year for
a single building in case of the impact pressure use.

4.4 Limitation of the results

The modelling itself as well as the results allows ex-
pressing the economic risk to exposed buildings in a
quantitative way. However, there are still some limi-
tations, which need to be addressed. Firstly, it is as-
sumed that the return period of a rainfall, potentially
causing a debris flow, is the same as the return pe-
riod of the resulting debris flow. Other assumptions
arise from the modelling itself: DEM resolution,
rheological properties acquired in the laboratory that
are upscaled to the entire area, and volume esti-
mates. Other implications arise from the application
of vulnerability curves applied to the Tresenda sce-
nario which might seriously affect the resulting
damage and risk estimates. It turned out, that the use
of impact pressure-based vulnerability curve is giv-
ing much higher damage estimates than the flow
height-based vulnerability curve (Fig. 8).
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Figure 8. Comparison of loss estimations for the three return
periods using two vulnerability curves. RP — return period; h —
height vulnerability function; P — impact pressure vulnerability
function.

Estimated economic value of the building has also
important effect on the results, as it is assumed simi-
lar unit value of buildings, neglecting its particular
conditions and current state. Finally, estimates about
the value of the furniture and expenses needed to
remove and re-deposit the debris material, or dam-
age to the roads and lifelines are not taken into ac-
count.

Besides the presented limitations, we believe that
the approach applied in this analysis is generally ap-
plicable to other areas and may give important in-
formation to the local stakeholders.

5 CONCLUDING REMARKS

Presented approach allowed to assess debris flow
hazard and risk in a quantitative way and to calcu-
late prospective direct damage to buildings in the
case study area. Direct economic losses to the build-
ings were estimated, reaching € 610,088 to
6,453,366, depending on the hazard scenario and
vulnerability curve used.

The approach proposed in this study may assist
local decision makers in determining the nature and
magnitude of the expected losses due to a dangerous
event. Besides, a preventive knowledge of the pro-
spective physical effects and economic conse-
quences may help to properly allocate financial re-
sources for disaster prevention and for mitigation
measures. Improved information may support deci-
sion makers on how to allocate and manage re-
sources to deal with future hazards in the area.

It is obvious that the approach still has some weak
points (e.g. delimitation of initiation areas, assess-
ment of people’s vulnerability, etc.). However, be-
side its limitations, it increases the knowledge about
prospective outcomes of future hazards and thus
contributes to the protection of the people and their
assets.
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