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Preface

This book offers a cross-disciplinary coverage for the rapidly growing field of
integrated approaches in risk assessment in mountain areas. It considers all the
aspects related to hazard and risk assessment, risk management and governance,
all illustrated with a wide range of case studies. The book associates (1) technical
chapters on the state-of-the-art methods for the understanding of mountain processes
and quantitative hazard and risk forecasts and (2) case study chapters detailing
the integration of natural, engineering and human sciences within multi-scale
methodologies for risk management and prevention planning.

Long-term cohabitation of the social, economic and environmental systems in
mountain areas necessitates (1) to reflect the ‘chain of safety’ (e.g. pro-action,
prevention, preparation, response and follow-up) and (2) to cover the chain of the
‘living with risk’ process, from quantitative risk assessment to coping strategies
including socio-economic and political decision-making. The observed increase in
disastrous events over the last decades, associated with an often low perception
of most natural risks by the local communities, along with the lack of efficient,
socially accepted and environmentally sound remedial measures are amongst the
drivers behind the increasing effects of mountain risks.

Landslides and rockfalls on mountain slopes, debris flows within torrential
streams and flooding on river valleys, driven by climatic and anthropogenic factors
as well as land mismanagement, all cost the economy dearly, especially in mountain
areas. Even today, development is still taking place in many hazardous zones, and
even more development is taking place in future hazard zones where planning and
predictive assessment are at odds. Growing attention has to be paid also to the impact
of climatic and non-climatic changes that will result in changing hazard risk patterns
over Europe. The development of viable livelihoods on the long-term also endorses
the task of governing the risk assessment process at all levels of spatial planning,
and for several spatial and temporal scales.

The assessments of natural hazards and risks are generally carried out by natural
scientists from fields such as engineering geology, geomorphology, geophysics,
hydrology, soil science and geography; however, while the physical problems
associated with risk assessment need continual science and engineering attention
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vi Preface

(e.g. development of monitoring techniques, alert systems and protection measures),
some of the ongoing questions need to be addressed by other disciplines including
social and economic science, cognition science, civil and public law, planning and
politics.

Most text books deal with some aspects related to hazard and risk assessments
(Turner and Schuster 1996; Lee and Jones 2004; Glade et al. 2005; Landslide
Committee – National Research Council 2008; Sassa and Canuti 2008). This book
focuses on comparative multi-disciplinary case studies and gives a complete picture
of all the aspects related to hazards and risks.

The book provides valuable insights, guidance and advice to research scientists,
engineers, people in charge of local and regional risk management, planners
and policy makers and all those who share a common interest of effective risk
reduction to show them the importance of an integrated approach of all aspects
of risks in mountainous areas. It is envisaged that the presented cross-disciplinary
approach may extend their vision, add to their understanding and possibly, facilitate
their work.

The first part of the book is focusing on new techniques for assessing mass
movement and flood hazards. It describes the state-of-the-art techniques for the mor-
phological characterization and the monitoring of displacements. Computational
advances are described to understand the physical processes, the interactions within
the systems and to quantify the hazard.

In the introduction, Greiving et al. (Chap. 1) discuss key issues related to
aspects of hazards and risks of natural processes in mountain areas and set up the
framework of risk governance, which aims to integrate these elements. Lu et al.
(Chap. 2) introduce several innovative remote-sensing techniques to monitor and
analyse the kinematics of slow moving to moderately moving landslides. These
are illustrated in three case studies in Italy and France. Kniess et al. (Chap. 3)
highlight the interest of combining different techniques obtained from numerous
developments in remote-sensing, near-surface geophysics, field instrumentation
and data processing. In a number of case studies, they show significant advances
in characterizing the landslide morphology and internal structure. Ferrari et al.
(Chap. 4) give an overview of the recent developments of numerical models to
describe the complex behaviour of slow and rapid mass movements which form the
basis for hazard and risk assessment and the development of reliable Early-Warning
Systems (EWS). Special attention is given to the complex hydrological system of
landslides, which controls their dynamic behaviour. Case studies are presented to
illustrate the performance of the numerical models detailed in this chapter.

The second part of the book is focusing on methodologies to assess the impact
of the natural hazards on the society in terms of risks. It presents methods and tools
for a quantitative risk assessment of dangerous rapid mass movements using run-out
models and the characterization of the vulnerability of the elements at risk.

Luna et al. (Chap. 5) evaluate several dynamic process-based models able
to simulate the propagation of rapid mass flows and forecast the hazard (e.g.
delineation of the zones where the elements-at-risk will suffer an impact of a
certain level of intensity) and the risk through the application of fragility and

http://dx.doi.org/10.1007/978-94-007-6769-0_1
http://dx.doi.org/10.1007/978-94-007-6769-0_2
http://dx.doi.org/10.1007/978-94-007-6769-0_3
http://dx.doi.org/10.1007/978-94-007-6769-0_4
http://dx.doi.org/10.1007/978-94-007-6769-0_5


Preface vii

vulnerability curves and the generation of risk curves based on economic losses.
Mavrouli et al. (Chap. 6) give a review on the current methodologies that are
used for the assessment of rockfall susceptibility, hazard and risk. The authors
present advances involving the consideration of the magnitude of the events and
the intensity of the phenomena at selected locations as well as the incorporation
of a quantitative vulnerability into the risk equation. van Westen et al. (Chap. 7)
discuss the analysis of multi-hazards, especially in terms of their interaction, in
mountainous environments at a medium scale (1:25,000). They give an overview
of the problem of multi-hazard risk assessment illustrated through a case study
for the Barcelonnette area (French Alps). Sterlacchini et al. (Chap. 8) discuss how
vulnerability assessment plays a crucial role in ‘translating’ the estimated hazard
level into an estimated level of risk. They stated that it is impossible to address risk
assessment without assessing vulnerability first, and it appears unquestionable that a
multi-disciplinary approach is requested in vulnerability assessment studies. Garcia
et al. (Chap. 9) present a quantitative survey to evaluate the response capacity of the
population in the mountainous environment of the Italian Central Alps, in order to
assess the levels of preparedness and the perceived risk. The outcome of the enquiry
showed that, in this case study, a gap between the occurred disasters and the possible
lessons to be learnt still exist and that an effective method to share and disseminate
knowledge is missing.

The third part of the book is focusing on the response of the Society towards the
problems of hazard and risk. It highlights the role of spatial planning, Early-Warning
Systems and evacuation plans for risk management. It establishes practical thresh-
olds for acceptable and tolerable risks and emphasizes the validity of education and
communication towards the Society.

Greiving and Angignard (Chap. 10) discuss options for mitigating risk by
spatial planning and highlight the effectiveness of such measures by analysing
the example of the municipality of Barcelonette (French Alps). Mavrouli et al.
(Chap. 11) distinguish two different strategies for corrective and protective measures
for the mitigation of landslide risk, namely stabilization/interception measures
and control measures. A variety of mitigation measures are presented for three
different landslide types: rockfalls, debris flows and shallow to deep seated slope
movements. Angignard et al. (Chap. 12) discuss the interconnection of factors that
determine risk perception through a series of social variables and by concentrating
on the relevance of legal frameworks and insurance possibilities. The theoretical
implications of risk culture on risk assessment and management in practice are
explained by the example of the case study of the region of Valtellina (Italian
Central Alps). Garcia et al. (Chap. 13) analyse different types of Early-Warning
Systems with the aim to connect scientific advances in hazard/risk assessment with
local management strategies and practical demands of stakeholders/end-users. An
Integrated People-Centred Early Warning System (IEWS) is presented, which is
mainly based on prevention as a key element for disaster risk reduction. Peters-
Guarin and Greiving (Chap. 14) give an analysis about risk acceptability and
tolerance, which greatly depend on the existing social, economic, political, cultural,
technical and environmental conditions of the society at a given moment in time.
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Frigerio et al. (Chap. 15) propose interactive tools by means of a WebGIS service
architecture to inform stakeholders about the different stages of risk management,
especially the preparation phase and emergency management. Different cases are
set up using a common open source environment: multi-hazard risk assessment,
risk management with interoperability on spatial data and metadata, collection of
information on historical natural events and visualisation of outcomes of multi-
hazard risk analyses.

The book chapters are the results of the collaborative work of 19 young
researchers of the MOUNTAIN RISKS Project (www.mountain-risks.eu/) carried
out during 4 years, from January 2007 to January 2011. This collaborative work was
supported by the 6th Framework Program of the European Commission through
a Marie Curie Research & Training Network. The focus of the project is on
research and training in all aspects of mountains hazards and risks assessment and
management. The project has involved 14 partners throughout Europe, each hosting
a Post-Doc (ER) and a PhD (ESR) position. The partners have organized a series of
intensive courses and workshops to train young scientists in all aspects of natural,
social and engineering sciences dealing with mountain risks.

We wish to express our gratitude to all those authors who have made this volume
possible and to the staff of Springer for all their support.

Utrecht, The Netherlands Theo van Asch
Strasbourg, France Jean-Philippe Malet
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Chapter 1
Introduction: The components
of Risk Governance

Stefan Greiving, Cees van Westen, Jordi Corominas, Thomas Glade,
Jean-Philippe Malet, and Theo van Asch

Abstract This introductory chapter discusses key issues related to aspects of
hazards and risks of natural processes in Mountain area’s and discusses the
framework of risk governance, which aims to integrate these elements.

Hazard assessment intends to make an estimate of the spatial and temporal
occurrence and magnitude of dangerous natural processes. The chapter describes
different methods to assess hazard in a qualitative and quantitative way including all
kind of data driven statistically approaches and the use of coupled hydro mechanical
deterministic models.
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2 S. Greiving et al.

Since statistical approaches, will meet difficulties in future predictions in case of
changes of the environmental factors, like land use and climate, special attention is
given to the use of physical deterministic models which makes it possible in theory
to do predictions about hazard without historical data sets.

An overview is given of the different approaches to come to a final risk assess-
ment. For a risk assessment information on temporal, spatial and intensity proba-
bilities of the endangering processes is required as well as an identification of the
vulnerability of the society for the impact of these processes. Vulnerability assess-
ment, which forms a key element in these procedures still knows a lot of difficulties.

Current research on natural risks is fragmented and isolated with natural sciences
and engineering disciplines on the one hand and societal sciences on the other
hand. The complex, socio-political nature of risk calls for an integrated approach. A
discussion is presented about the concept of risk governance, which tries to combine
all the physical, technical, socio-economic and political aspects to take the right
decisions for a safe and sustainable society.

Abbreviations

IUGS International Union of Geological Sciences
GIS Geographical Information Systems
ALARP As Low As Reasonably Practicable
EIA Environmental Impact Assessments
EWS Early Warning Systems
DEM’s Digital Elevation Models
LIDAR LIght Detection And Ranging
F-N curves Frequency vs. Number of fatality’ graphs
UN United Nations
UN-ISDR United Nations International Strategy for Disaster Reduction
EC European Commission
IRGC International Risk Governance Council
RG Risk Governance
RA Risk Assessment
RM Risk Management
RC Risk Communication
MORLE Multiple Occurrence Regional Landslide Events

1.1 Hazard Assessment

Hazard and risk assessment are prerequisites for a safe and sustainable development
of the society in mountainous areas. Hazard assessment for example of landslides
aims at an estimate of the spatial and temporal occurrence and magnitude of these
natural processes (IUGS Working Group on Landslides 1997).
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Decisions in the area of so called “traditional” hazards like landslides are
normally based on expert expertise, often combined with results from modelling
analysis. Hereby, the calculation of the spatio-temporal probabilities of the natural
hazards on the basis of recent field monitoring but also related to available historical
information is crucial.

Different methods are used to assess landslide hazard in a qualitative and
quantitative way (Soeters and Van Westen 1996; Carrara et al. 1999; Guzzetti et al.
1999; Dai et al. 2002). All kind of data driven statistically approaches are used now
at days to relate the occurrence of landslides which their causal factors. In recent
years there is a growing interest for the use of coupled hydro mechanical models,
which can describe quantitatively the frequency and dynamic of landslides.

For the assessment of hazard by the heuristic or statistical approach temporal
information is needed in terms of magnitude and frequency of dated historic
landslide events that can be related with sufficient long historical records of the most
important triggering events: rainfall and earthquakes (Zezere et al. 2004; Corominas
and Moya 2008). However, analysed data are only available for a specific period –
and are thus not representative for longer periods. This problem is enhanced when
using historical data. These add indeed the value of information in particular for
frequency and magnitude analysis of the investigated processes. It has to be admitted
that historical data are always incomplete information covering in particular the
large scale events, but not the events with smaller magnitudes.

Historic information can be completed by landslide interpretation from aerial
photographs and satellite imagery. This needs however great skills in field and photo
interpretation and even then different experts may deliver different results (Carrara
et al. 1992; Van Westen et al. 1999).

Statistical approaches, which are based on correlations between past landslide
occurrences and the causative landscape factors will meet difficulties in future
predictions in case of changes of the environmental factors, like land use and cli-
mate. The observed climate changes related effects on temperature and precipitation
will lead to new uncertainties, because past events might be not representative
anymore. Similarly, other changes in the catchments (e.g. deforestation, melting
of glaciers, surface sealing through settlement development, surface modification
by infrastructure, etc.) will also lead to high uncertainties. Here, the perspective
changes from probabilities to just possibilities. With public decision-making not
having any precise information at hand, restrictions for private property rights
are probably not anymore legally justifiable. Hereby, justification of actions and
consensus about thresholds for acceptable risks and response actions becomes more
important.

1.1.1 Susceptibility Assessment

The spatial component of the hazard assessment is called the susceptibility assess-
ment. A susceptibility map shows the subdivision of the terrain in zones that have
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a different likelihood that landslides or other mountain hazards may occur. The
likelihood may be indicated either qualitatively (as high, moderate low, and not
susceptible) or quantitatively (e.g. as the density in number per square kilometers,
area affected per square kilometer, Safety Factor, height or velocity of run-out).
Landslide susceptibility maps should indicate both the zones where landslides
may occur as well as the run out zones. Therefore the landslide susceptibility
methods are divided into two components. The first susceptibility component is
the most frequently used, and deals with the modelling of potential initiation areas
(susceptibility to failure). The resulting maps will then form the input as source
areas in the modelling of potential run-out areas (run-out susceptibility).

Many statistical techniques have been developed and applied successfully to
landslide susceptibility assessment and mapping in the last 10 years using bivariate
or multivariate approaches, probabilistic approaches (like Bayesian inferences or
logistic regression) and artificial neural networks approaches Such techniques are
capable to predict the spatial distribution of landslides adequately with a relatively
small number of conditioning variables.

Overviews and classification of methods for landslide initiation susceptibility
assessment can be found in Soeters and Van Westen (1996), Carrara et al. (1999),
Guzzetti et al. (1999), Aleotti and Chowdury (1999), Cascini et al. (2005), Chacon
et al. (2006), Fell et al. (2008), Cascini (2008), Dai and Lee (2003).

Landslide susceptibility assessment can be considered as the initial step towards
a quantitative landslide hazard and risk assessment. But it can also be an end
product in itself, or can be used in qualitative risk assessment if there is insufficient
information available on past landslide occurrences in order to assess the spatial,
temporal and magnitude probability of landslides.

Methods for assessing landslide run-out may be classified as empirical and
analytical/rational (Hungr et al. 2005). For susceptibility zoning purposes both
methods are widely used given their capability of being integrated in GIS platforms.
However, they vary a lot depending on the type of process modelled, the size
of the study area (modelling individual events or modelling over an entire area),
availability of past occurrences for model validation, and parameterization.

For flood susceptibility assessments, also the two components mentioned for
landslides can be differentiated: the initiation component dealing with the runoff
modelling in the upper catchment (hydrologic modelling), and the spreading
component, dealing with the estimation of the spatial distribution, height and flow
velocity in the downstream section (hydraulic modelling).

In near-flat terrain with complex and also in urban environments and in areas
with a dominant presence of man-made structures, flood models are required that
calculate flow in both X- and Y-direction (2-D models). Such models, like SOBEK
(Stelling et al. 1998; Hesselink et al. 2003), Telemac 2D (Hervouet and Van Haren
1996) and MIKE21 can also be applied in the case of diverging flow at a dike breach.
They require high quality Digital Elevation Models (DEM’s), which ideally are
generated using LIDAR data (Alkema and Middelkoop 2005). The flood modelling
is usually carried out at a municipal to provincial scale, at a selected stretch of
the river. These models provide information on how fast the water will flow and
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how it propagates through the area. It is very suitable to assess the effects of the
surface topography, like embanked roads and different land cover types on the flood
behavior (Stelling et al. 1998).

1.1.2 From Susceptibility to Hazard

Hazard assessment requires information on temporal, spatial and intensity prob-
abilities. The analysis of these probabilities is very different for landslide and
flood hazard assessment. In the case of flood hazard assessment, flood inundation
scenarios are generated for flood discharges that are related to a specific return
period, which can be analyzed using magnitude/frequency analysis of historical
discharge data. The resulting flood scenarios already indicate the areas that are likely
to be flooded (hence the spatial probability of flooding in these areas is 1), and the
intensity of flooding (in terms of water depth, flow velocity or impact pressure).

In the case of landslide hazard assessment the conversion of susceptibility maps
into quantitative hazard maps is much more complicated, especially at medium
scales of analysis. Conversion of landslide susceptibility maps into landslide hazard
maps often requires a separate estimation of the spatial, temporal and magnitude
probabilities of landslides (Guzzetti et al. 1999; Fell et al. 2008; Van Asch et al.
2007; Corominas and Moya 2008; van Westen et al. 2008), which may not be correct
as these three components are interdependent.

• The spatial probability required for hazard assessment is not the same as the
landslide susceptibility. A susceptibility map outlines the zones with a relatively
likelihood of landslides. However, only a fraction of the high hazard zones out-
lined in these maps may actually experience landslides during different scenarios
of triggering events. In most of the methods that convert susceptibility to hazards,
triggering events and the landslide pattern they cause, play a major role. Hence
it is important to obtain event-based landslide inventories or MORLE (Crozier
2005) for which one can determine the temporal probability of the trigger,
the spatial probability of landslides occurring within the various susceptibility
classes, and the intensity probability. In this approach, which is mostly carried
out at medium scales, the susceptibility map is basically only used to subdivide
the terrain in zones with equal level of susceptibility.

• Intensity probability is the probability of the local effects of the landslides.
Intensity expresses the localized impact of a landslide event, measured in
different ways, such as height of debris (e.g. for debris flows), velocity (e.g.
of debris flows, or large landslides), horizontal or vertical displacement (e.g. of
large landslides), or impact pressure (e.g. for debris flows, rockfalls). Whereas
the magnitude of a landslide, which can be represented best by the volume of
the displaced mass, is a characteristic of the entire landslide mass, the intensity
is locally variable, depending on the type of landslide, the location with respect
to the initiation point, and whether an element at risk is on the moving landslide,
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in front of it, or directly above it. The quantitative estimation of the probability
of occurrence of landslides of a given size is a key issue for any landslide hazard
analysis (Malamud et al. 2004; Fell et al. 2008). Magnitude probabilities of
landslides can be estimated after performing the magnitude-frequency analysis
of landslide inventory data. For estimating landslide magnitudes, the area of
landslide (m2) can be considered as a proxy (Guzzetti et al. 2005b) to the volume,
which is often difficult to collect from inventories. The frequency-size analysis of
landslide area can be carried out by calculating the probability density function
of landslide area using the maximum likelihood estimation method assuming two
standard distribution functions: Inverse-Gamma distribution function (Malamud
et al. 2004), and Double-Pareto distribution function (Stark and Hovius 2001).

• Temporal probability can be established using different methods. A relation
between triggering events (rainfall or earthquakes) and landslide occurrences
is needed in order to be able to assess the temporal probability (Corominas
and Moya 2008). Temporal probability assessment of landslides is either done
using rainfall threshold estimation, through the use of multi-temporal data sets in
statistical modeling, or through dynamic modeling. Rainfall threshold estimation
is mostly done using antecedent rainfall analysis, for which the availability of a
sufficient number of landslide occurrence dates is essential. If distribution maps
are available of landslides that have been generated during the same triggering
event, a useful approach is to derive susceptibility maps using statistical or
heuristic methods, and link the resulting classes to the temporal probability of
the triggering events. The most optimal method for estimating both temporal
and spatial probability is dynamic modeling, where changes in hydrological
conditions are modeled using daily (or larger) time steps based on rainfall data
(Van Asch et al. 2007). However, these require reliable input maps, focusing
on soil types and soil thickness. The methods for hazard analysis should be
carried out for different landslide types and volumes, as these are required for
the estimated losses.

1.1.3 Physical Modelling and Monitoring as a Basis
for Hazard and Risk Assessment

The use of physical deterministic models plays an essential role in quantitative
landslide hazard and risk assessment because these estimate in a quantitative way
failure and motion, calculate run-out distances, velocities, impacts and material
spreading. The use of physical deterministic models makes it possible in theory to do
predictions without historical data sets. However the modeling tools require rather
detailed spatial information about the input parameters, sometimes very difficult
to obtain, like for example soil thickness. Therefore this deterministic approach
is only feasible in more site specific situations or at the catchment scale in rather
homogeneous areas with simple landslides (Dietrich et al. 2001; Chen and Lee 2003;
Van Beek and Van Asch 2003).
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Coupled hydrological slope stability and run-out models can be used to determine
the temporal frequency of land sliding. Coupled hydrological catchment models
and hydraulic propagation models forms the basis for flood frequency assessment.
An estimate of the temporal occurrence of landslides triggered by earthquakes is
more problematic. There are many types of hydrological triggering mechanisms
dependent on the state of the system, which defines the thresholds for first-
time failure and landslide reactivation. Therefore it is a necessity to understand
the hydrological triggering mechanisms. Most systems are related to infiltrating
water, decrease in suction and increase in groundwater pressures (van Asch and
Sukmantalya 1993; Terlien et al. 1995; Fredlund et al. 1996; Sun et al. 1998; Brooks
et al. 2004) Also, surface runoff following high-intensity rainfall in steep catchments
can infiltrate into accumulated debris and trigger debris flows (Blijenberg 1998;
Berti and Simoni 2005; Tang et al. 2011). Difficulties in modelling properly the
hydrological triggering system are related to the complexity of real landslides,
the difficulty to monitor groundwater levels or soil moisture contents in unstable
terrain, and the difficulty to understand the water pathways within the landslide
bodies (Brunsden 1999). Especially, the complex morphology of landslides and
the presence of fissure systems may result into complex and inter-connected
hydrological subsystems (van Asch et al. 1996; Malet et al. 2005).

In hydrological models a coupling between unsaturated and saturated flow and
the influence of the vegetation on water losses by evapotranspiration is essential
to forecast changes in failure frequency induced by climate and land use changes
(Bonnard and Noverraz 2001; Bogaard and van Asch 2002; van Beek 2002).

With respect to the hazard assessment of slow moving landslides, the essence
of modelling must be focused on an accurate reproduction of the deceleration
and acceleration of landslide bodies and in particularly, a reliable forecast of the
potential transformation towards catastrophic, extremely rapid surges. Post-failure
movement of landslides is controlled by a complex and dynamic interaction between
mechanical and fluid properties and states which results in a spatio-temporal
variation in the effective strength and apparent rheological properties of the material
(Vulliet 1997, 2000; Picarelli et al. 1995; Leroueil et al. 1996; Pastor et al. 2010).

Due to these complex interactions, the parameterization of hydrological and
geomechanical factors by field and laboratory tests is not sufficient to describe the
post-failure movement patterns of landslides (Vulliet 2000) and not all the processes
can be included in detail in the simulation (van Asch et al. 2006).

The modelling of fast landslides with large run out distances (rock falls, debris
flows, rock avalanches) is important because of their intensive impacts and the
higher spatial probability to hit elements at risk. The deterministic modelling of
these rapid mass movements for a reliable hazard zonation is problematic because
of the great variety in and complexity of the triggering processes, the amount
of sediment release per event, the related mechanical run out characteristics,
the mechanics of entrainment along the run-out track and the spreading in the
deposition zone (Quan Luna et al. 2012). The modelling becomes uncertain
because direct field measurements of key variables such as pore-pressure and
viscosity are impossible. Rheological properties (yield stress, viscosity) determined



8 S. Greiving et al.

from laboratory small-scale samples may not be representative at the slope scale.
The parameterisation for a given rheological model is therefore most times deter-
mined by back-analyses of observed events (Malet et al. 2004; Hungr et al. 2005;
Quan Luna et al. 2012). For a reliable hazard zonation of these flow-like features
in the deposition areas, one has to know the detailed DTM’s of the dynamic and
changing topography of the built-up debris fans to predict adequately the spreading
(Hungr et al. 2005; Van Asch et al. 2007).

One of the challenges is to extend our methodologies to get better predictions
about the temporal occurrences and magnitudes of landslides making use of
statistical and deterministic methods or a combination of this. When there is a
lack of temporal information it is promising to couple spatial probability of land-
slides (susceptibility) acquired by statistical techniques with temporal probabilities
obtained by stochastic hydrological slope instability modelling using rainfall with
different return periods as input (Thiery 2007).

The last decade shows a rapid development in all kind of geodetic, geo-
information and remote sensing techniques to detect, and monitor landslides and to
deliver more precise topographical information and other environmental causative
factors (Van Westen et al. 2005). An important task for the future is to further ex-
plore develop and evaluate these new techniques because they seem very promising
to improve our ability for early warning and for hazard and risk assessment.

1.1.4 Multi-technique On-Site and Remote Monitoring
as a Basis for Hazard and Risk Assessment

To develop comprehensive hazard assessment procedures, it is important to incor-
porate time series, 3-D patterns and deformation analyses in the model-building
exercise; it is also essential that the physically-based models be improved so that a
greater spatial and temporal description can be included. This goal requires first
that rapid-varying factors (rainfall, freeze-thaw, meltwater, ground acceleration)
and slow-varying factors (tectonic movements, weathering and associated property
changes, erosion, deposition, changing confinement and unloading) are properly
specified at adequate spatial and temporal resolutions. The influence of these
elementary factors for the different landslide types can be identified through new
investigation and monitoring techniques, and detailed analyses of event databases.

The last decade shows a rapid development in all kind of geodetic, geo-
information and remote sensing techniques to detect, and monitor landslides and to
deliver more precise topographical information and other environmental causative
factors (Fig. 1.1). Displacement monitoring of unstable slopes is a crucial tool for
the prevention of hazards. It is often the only solution for the survey and the early-
warning of large landslides that cannot be stabilized or that may accelerate suddenly.
The choice of an adequate monitoring system depends on the landslide type and size,
the range of observed velocity, the required frequency of acquisition, the desired
accuracy and the financial constraints.
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Fig. 1.1 Multi-technique strategy of investigation and monitoring of an active slope movement

Displacement monitoring techniques applied on landslides can be broadly
subdivided in two main groups: geodetic and remote-sensing techniques.

Geodetic surveying consist in detecting geometrical changes in the landslide
topography by measuring geometric parameters such as angles, distances or dif-
ferences in elevation (e.g. levelling, tacheometry; Naterop and Yeatman 1995;
Jaboyedoff et al. 2004). These techniques necessitate the installation of targets
in and outside the landslide and in measuring their position at different times.
They have the advantage to be very accurate (0.2–2.0 cm) with a high potential of
automation. Furthermore, many authors demonstrated the efficiency of a permanent
(Malet et al. 2002) and non-permanent (Squarzoni et al. 2005) differential Global
Positioning System (dGPS) for landslide monitoring with a centimetric accuracy
during any daytime and weather conditions. However, because landslides can
show highly variable displacement rates in time and space according to the local
slope conditions (bedrock geometry, distribution of pore water pressures), the
major drawbacks of the geodetic techniques are (1) to provide only discrete point
measurements of the displacement and (2) the costs of installation and maintenance
of the survey network. They are usually only justified in the case of a real risk for
the population.

Remote-sensing techniques are interesting tools to obtain spatially-distributed
information on the kinematics (Delacourt et al. 2007) and can be operational from
spaceborne, airborne and ground-based platforms. Remote-sensing techniques give
the possibility to discriminate stable and unstable areas and to map sectors within
the landslide with different kinematics from a regional to a local scale. They are
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also useful tools for a process-based analysis of the deformation field affecting
the slope (Casson et al. 2005; Teza et al. 2008; Oppikofer et al. 2008). In the last
decades, the development of ground-based platforms for landslide monitoring at
the local scale provided many advantages over spaceborne and airborne platforms
despite a shorter spatial coverage (Corsini et al. 2006). The geometry and frequency
of acquisitions are more flexible and adaptable to any type of local environment.
In addition permanent installations of ground-based platforms allow continuous
monitoring (Casagli et al. 2004). Three main categories of ground-based remote
sensing techniques are used in landslide monitoring: Ground-Based Synthetic
Aperture Radar Interferometry (GB-InSAR), Terrestrial Laser Scanning (TLS) and
Terrestrial Optical Photogrammetry (TOP). Detailed reviews of the application of
GB-InSAR and TLS to landslides can be found in Corsini et al. (2006), Tarchi et
al. (2003), Jaboyedoff et al. (2010), Teza et al. (2007, 2008) and Monserrat and
Crosetto (2008). A state-of-the art of the application of TOP to landslide and related
geomorphological processes is given in Travelletti et al. (2012).

An important task for the future is to further explore develop and evaluate these
new techniques because they seem very promising to improve our ability for early
warning and for hazard and risk assessment.

1.2 Risk Assessment

Risk assessment focuses on the consequences of the impact of these processes on
society in terms of loss (IUGS Working Group on Landslides 1997). In order to
come to a risk evaluation we need to identify the vulnerability of the society for the
impact of these flooding and landslide processes and to assess the losses.

1.2.1 The Problem of Vulnerability

There are different types of vulnerabilities and associated losses which are related
to physical, economic social and environmental aspects. For analyzing the physical
vulnerability various types of approaches can be used, that can be either quantitative
(Uzielli et al. 2008) or qualitative (Glade 2003), and based on heuristic, empirical
or analytical methods. In the case of flooding, vulnerability curves are available that
link the flood intensity (water height, velocity or impact pressure) to the degree
of damage for different elements at risk. In the case of landslides vulnerability
assessment is much more complicated. First of all because there are many types
of landslides, and different measures of intensity (e.g. impact pressure for rock-
fall, height for debris flows etc.). Secondly, the spatial variation of the intensity
is much more difficult to estimate for landslides than for flooding, as the run-
out of mass movements depends on many factors, which are very difficult to
predict on a medium scale (e.g. expected initiation volume). There are also much
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less historical damage data available for landslides than for flooding that allow
the construction of vulnerability curves (Fuchs et al. 2007). Therefore the focus
in landslide vulnerability assessment at a medium scale is mostly on the use of
expert opinion in defining vulnerability classes, and the application of simplified
vulnerability curves or vulnerability matrices. In many situation, when there is
not enough information to specify the expected intensity levels of the hazard, or
when there is not enough information available to determine vulnerability classes,
vulnerability is simply given a value of 1 (completely destroyed). Other types of
vulnerability (e.g. social, environmental, and economic) are mostly analyzed using
a Spatial Multi-Criteria Evaluation, as part of a qualitative risk assessment.

Damages on physical elements at risks like buildings and infrastructures can be
translated relatively easy in direct losses in terms of money. More problematic are
the assessments of direct and indirect economic and environmental losses due to the
complexity of economic and environmental systems. The most difficult is to define
indicators which can express direct and indirect social damages and losses related
to for example fatalities, injuries, psychological impact and loss of social cohesion
(Glade 2003; Guzzetti et al. 2005a).

1.2.2 From Hazard to Risk

For a direct risk assessment of physical objects the hazard and vulnerability
components have to be integrated with an exposure component. This exposure
component is based on an analysis of the number of elements at risk that are spatially
overlapping with a certain hazard scenario. In the case of flooding, the individual
flood extend maps for different return periods can be spatially combined in GIS
with the footprints of the elements at risk (e.g. buildings) to calculate the number of
buildings affected during that specific scenario. In the case of landslides the hazard
map, which has basically the same spatial units as the susceptibility map, is spatially
combined with the elements at risk. Here the spatial probability that within a certain
hazard class a landslide will occur needs to be included in the analysis, leading to a
much higher degree of uncertainty then in the case of flood risk assessment.

To come to a quantitative risk assessment the losses or consequences are
calculated by multiplying the vulnerability and the amount of exposed elements
at risk for each hazard scenario with a given temporal probability The results is a
list of specific risk scenarios, each one with its annual probability of occurrence and
associated losses. The specific risk is calculated for many different situations, related
to hazard type, return period and type of element at risk. Given the large uncertainty
involved in many of the components of the hazard and vulnerability assessment, it
is best to indicate the losses as minimum, average and maximum values for a given
temporal probability.

The specific risks are integrated using a so-called risk curve in which for each
specific risk scenario the losses are plotted against the probabilities, and expressing
also the uncertainty as minimum and maximum loss curves. The total risk can then
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be calculated as the integration of all specific risks, or the area under the curve. The
risk curves can be made for different basic units, e.g. administrative units such as
individual slopes, road sections, census tracts, settlements, or municipalities.

A similar approach can be used also for the analysis of population risk (societal
risk), although the analysis depends on the spatial and temporal distribution of
population and the application of specific population vulnerability curves, either
for people in buildings, or in open spaces. The results are expressed as f-n curves
(Salvati et al. 2010).

1.2.3 A Summary Related to Aspects of Risk Assessment

Table 1.1 gives a summary of the main aspects related to risk assessment at a
medium scale for flooding and different types of mass movements discussed in the
earlier part of this section. It is clear from the description of the problems associated
with each of the components of quantitative risk assessment, that a hazard and risk
assessment often includes a large degree of uncertainty. If the uncertainties in the
input factors cannot be evaluated, or if there are simply not enough data to estimate
the hazard and vulnerability components, the best option is then to carry out a
qualitative risk assessment instead. This could be done in several ways. For instance
a set of worst-case scenarios could be used to address the maximum possible losses,
without including information on temporal probabilities or vulnerabilities (See for
instance the example from the Barcelonnette area in this chapter). Another option is
to carry out a qualitative risk assessment using a Spatial Multi-Criteria Evaluation,
in which a hazard and a vulnerability index is made using a set of indicators and
expert derived weight values.

The results from the risk assessment are subsequently used for evaluating the
best disaster risk reduction measures. Some of these measures require quantitative
risk assessments, whereas for other qualitative risk assessment can be sufficient.
For cost-benefit analysis of physical mitigation measures, quantitative values of
annualized risk are required which should be based on the analysis of many different
scenarios with respect to their return periods (probabilistic approach). For the
development of early warning systems and the design of disaster preparedness
programmes, quantitative risk could be calculated for specific hazard scenarios
(deterministic approach). For spatial planning and Environmental Impact Assess-
ments, also qualitative risk information could be used.

1.3 Risk Management

Risk management is the systematic application of policies, procedures and practices
to the tasks of identifying, analyzing, assessing, monitoring and mitigating risk.
It takes the output of the risk assessment and weighs up risk mitigation options
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Table 1.1 Main aspects related to risk assessment at medium scale for flooding and different types
of mass movements

Components Flooding Rockfall Shallow landslides Debrisflows

In
p

u
t 

d
at

a

Historical data Direct: discharge data 
for stations upstream 
of the study area.

Indirect: rainfall-runoff 
modelling, 

Generally only location 
information is available 
on past events. Only in 
few cases also dates 
and volumes are 
available

Multi-temporal 
inventories based on 
image interpretation. 
Information of specific 
event dates and 
associated 
sizes/volumes are 
limited. Event-based 
inventories are 
essential

Collection of data 
historical debrisflow 
events, with dates 
and associated areas 
affected. In most 
cases this information 
is very limited.

Factors Lithology, 
discontinuities, slope, 
soils, land cover, 
protective measures.

Soil thickness, 
geotechnical properties 
and slope information 
is difficult to collect at 
medium scale. 

Initiation volume, 
hydrological 
parameters, rheology, 
detailed topographic 
profiles. 

S
u

sc
ep

ti
b

ili
ty

Initiation 
susceptibility

Not needed if 
discharge data 
available. Otherwise 
based on rainfall 
runoff modelling, 
depends on 
availability of (daily or 
continuous) rainfall 
data. Spatial 
variability is an 
important point

This requires sufficient 
historical information, 
and can be done using 
statistical or numerical 
approaches. 

Depending on the input 
data simplified 
physically-based 
modelling can be 
carried out. Otherwise 
statistical analysis is 
carried out.

Either based on 
simplified physically-
based modelling of 
shallow landslides, or 
using hydrological 
models that include 
sediment component. 

Runout 
susceptibility

Good estimate 
through hydraulic 
modelling

Application of empirical 
or simple numerical 
approaches is possible. 
More advanced 
numerical approaches 
can be applied in 
smaller areas.

Application of simple 
empirical approaches 
is most commonly 
used.

Regional runout 
models that are based 
on reach angles, 
application of specific 
runout models for 
individual catchments. 
Validation is 
problematic. 

H
az

ar
d

Spatial 
probability

1 for different flood 
scenarios

If advanced 
approaches are used a 
good estimate can be 
obtained

Depends on the 
availability of event-
based inventories

1 if numerical 
simulations are used 

Temporal 
probability

Magnitude-frequency 
analysis of discharge 
data

Difficult, because it is 
based on past records, 
whereas the link with 
triggering events is less 
clear. 

Link with return period 
of triggering event 
(rainfall or peak ground 
acceleration)

Link with return period 
of triggering rainfall 
event is sometimes 
difficult. 

Intensity 
probability

Resulting directly from 
the modelled 
scenarios

If advanced 
approaches are used a 
good estimate can be 
obtained, otherwise a 
reasonable estimation.

Based on frequency-
size distribution of 
event-based 
inventories

If numerical 
simulations are used 
the resulting maps 
may indicate 
debrisflow height or 
velocity.

R
is

k

Exposure This can be done by 
simple GIS overlaying 
of flood scenarios with 
elements at risk

This can be done by 
simple GIS overlaying 
of rockfall scenarios 
with elements at risk

Depends on the 
possibility to obtain 
estimate of spatial 
probability.

Depends very much 
on the quality of the 
runout model used. 

Vulnerability Vulnerability curves 
are available for most 
elements at risk, 
including building 
contents

Even though 
vulnerability curves are 
less available, a 
general indication of 
vulnerability is possible

Simple approaches are 
mostly used relating it 
to expected landslide 
size.

Some vulnerability 
curves are available, 
but actual damage is 
highly variable. 
Depends on quality of 
runout model. 

Type of risk 
assessment

Quantitative risk 
assessment is 
possible, and level of 
uncertainty is 
relatively limited

Quantitative risk 
assessment is possible 
for deterministic 
scenarios. Relation 
with temporal 
probability is more 
problematic

Very high degree of 
uncertainty for 
quantitative risk 
assessment. Mostly 
done qualitatively 

Quantitative risk 
assessment is 
possible, but with high 
degree of uncertainty. 
Relation with temporal 
probability is more 
problematic

DEM should be very 
detailed (LIDAR 
preferably), surface 
roughness, boundary 
conditions

Colours indicate the degree of uncertainty: yellow D high, orange D moderate, green D
relatively low
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Table 1.2 Landslide risk mitigation strategies

Strategy Action Goal

Risk acceptance Do nothing
Hazard avoidance Reduce exposure Locate people and structures in safe places
Hazard reduction Slope maintenance Control of landslide preparatory factors

Reduce landslide occurrence:
landslide stabilization

Reduce driving forces
Increase resisting forces

Reduce landslide severity Reduce landslide magnitude and/or intensity
Minimizing

consequences
Evacuation Saving lives and reduce damages
Reduce vulnerability Increase resilience of exposed element
Protection Avoid damages

Modified from Corominas (2013)

(Fell et al. 2005). Different strategies may be considered to face landslide risk
(Corominas 2013): accepting the risk, avoiding hazardous locations, reducing the
hazard level, and minimizing the consequences (Table 1.2).

These strategies have different goals and actions, and may be implemented
through specific measures, which may be either active or passive (Mavrouli et al.
2012 – this book). Active measures aim at modifying the occurrence or the
progression of the landslides and involve earthworks, the construction of concrete
structures (structural measures) or the implementation of surface protective works
including eco-engineering techniques (non-structural measures). Passive measures
do not interfere with the landslide process. They are conceived to either avoid or
reduce the adverse consequences of the landslides as in the case of the land use
planning or the early warning systems.

1.3.1 Risk Acceptance

Risk acceptability is the predisposition to accept the risk. This occurs when the
incremental risk from a hazard to an individual is not significant compared to others
risks to which a person is exposed in everyday life. Under the risk acceptability
premises, any action for further reducing the risk is usually found as not justifiable.
However, risk acceptance may sometimes be forced by the lack of economic
resources to reduce landslide hazard or to construct protection works. Risk may
then be managed within the ALARP (As Low As Reasonably Practicable) principle
and it is considered tolerable only if its reduction is impracticable or if its cost is
grossly in disproportion to the improvement gained (Bowles 2004).

Risk acceptance strategy also includes transferring the costs through insurance,
compensation, or emergency relief actions. Slow-moving landslides and creep
mechanisms may justify taking the option of repair and replacement of the affected
structures without adopting specific stabilization or protective measures.
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1.3.2 Hazard Avoidance

Hazard avoidance is fundamentally achieved by adopting land use planning
measures that aim at reducing the exposure to the hazardous events. This strategy
is by far the most efficient and economic option to manage risk. It is also important
to consider that some landslides cannot just be controlled by implementing stability
or protective measures. This is particularly true for very rapid and high intensity
phenomena, such as large debris flows or rock avalanches. Avoidance of hazard
requires, first of all, the appropriate identification and mapping of all existing and
potential landslides and their potential paths, which is the goal of the landslide
susceptibility and hazard maps. The detail and intensity of the analysis will depend
on the available resources and, at its turn, it will condition the spatial resolution and
reliability of the landslide hazard map and subsequent zoning.

1.3.3 Hazard Reduction

Hazard reduction strategies aim at improving the safety of the elements at risk
in areas threatened by landslides. The goal of these strategies may consist (i)
to reduce the probability of occurrence of the failure or the reactivation of an
existing landslide by means of stabilization works or (ii) to construct structures
with the purpose to intercept or constrain the landslide progression, reducing its
magnitude, velocity, and run-out. The stabilization of the slopes or the existing
landslides may be achieved by either reducing driving forces or by increasing
resisting forces. Some recent books present an up to date review of the current
practice of landslide stabilization (e.g., Turner and Schuster 1996; Cornforth 2005;
Highland and Bobrowsky 2008). Reducing driving forces is mainly achieved by
the removal of the unstable mass or by slope regrading. The increase of resisting
forces in the slopes may require the use of external loads such as retaining structures
or anchoring systems. Drainage is one of the most effective actions in stabilizing
slopes by increasing shear strength of soils and reducing cleft water pressures in
rock joints. Alternatively, the hazard level may be reduced once the landslide has
occurred. To this end, the measures have to be implemented along the potential
landslide path. They may have different goals such as diverting the trajectory away
from the exposed elements, directly protecting the exposed elements or decreasing
the landslide intensity by reducing the magnitude, the velocity or both.

The implementation of these type of active measures require careful engineering
design, which must be technically feasible, affordable, environmentally sound, and
accepted socially, making sure that they will not divert the problem elsewhere.
Numerical models are usually used to facilitate the decision of the location of the
structures (e.g. barriers, dissipaters) and for their dimensioning. Despite the recent
developments a lot of uncertainties still remain, which concern the rheological
parameters of the moving mass and in the assessment of the potential movable
volume in order not to overcome the storage capacity of the retention works.
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Maintenance and protection of the slope is also part of the hazard reduction
strategy. The former aims to control the evolution of preparatory factors such as rock
weathering, toe erosion or water infiltration that dispose the slope prone to failure.
Measures to restrict the development of instability preparatory factors include slope
protection and adoption of best practices (Chatwin et al. 1994; GEO 2003).

1.3.4 Consequence Reduction

Risk may be mitigated by minimizing the damages by avoiding the harmful effects
of the hazardous process. Measures for reducing the consequences of the landslides
range from the reinforcement of the exposed elements, the implementation of
adaptive designs, the active protection, and the evacuation systems. These measures
may involve a combination of non-structural and structural measures. Vulnerability
of the exposed elements may be reduced by structural reinforcement or with
adaptive designs (e.g. large bridge spans, flexible pipes). They must be considered a
very last option only as few structures are able to resist high intensity impacts such
as those produced by debris flow or rock-fall events. Most frequently, consequence
reduction is achieved by the construction of protective works which include
structural elements such as galleries, wall, tunnels or earth-works.

Alert systems are a risk mitigation option for places where urban population
and infrastructures have expanded into landslide-prone areas. Their goal is to alert
the public in order to reduce their exposure to the landslides and to mobilize the
emergency teams within government departments. The alert system requires an
effective early warning system (EWS) for landslides, as well as operational adminis-
trative units and educated population. EWS are commonly based on correlation with
triggers (i.e., cumulative rainfall) or on monitoring schemes that use predefined rates
of displacement or changes in groundwater levels to launch the alert (Guzzetti et al.
2008). Some landslide triggers such as earthquakes are, however, difficult to predict.

1.3.5 Implementation of Risk Mitigation Measures

The most efficient strategy to manage landslide risk is avoiding hazardous zones by
means of an appropriate land-use planning policies. This requires the consideration
of the potential hazardous locations, which is the goal of the landslide susceptibility
and hazard maps. Despite the impressive development of the landslide mapping
methods and the support of the GIS platforms and integrated physically based
models, the definition of hazardous zones is still a challenge. The main uncertainties
come from our inability to estimate the landslide volume beforehand and the
probability of occurrence, particularly considering the climate and the land-use
changes. Consequently, landslide maps must be validated and updated whenever
possible.
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The slope stabilization and protection measures are best recommended in
situations where population or infrastructures are subjected to an imminent landslide
threat (Mavrouli et al. 2012 – this book). In any case, to stabilize a landslide requires
the appropriate understanding of the failure geometry and of the mechanism.
Landslide stabilization is a permanent activity that does not stop after the completion
of the works and continues with the maintenance of the structural elements and with
the monitoring of the whole system.

Operational early warning systems exist only for a few areas and most of those
systems are prototypes. Furthermore, inadequate monitoring networks, insufficient
personnel and, sometimes, insufficient warning criteria hamper the ability of the
existing systems to issue effective warnings (Baum and Godt 2009). Because of
this, when considering any type of risk mitigation technique it is important not to
generate a false sense of security, particularly in urbanized areas and to inform and
educate population properly.

1.4 Risk Governance as an Overall Framework

1.4.1 Introduction

In mountain regions, natural hazards and risks are of major importance. Due to
the limited space in the valley floors and the slopes, it is often unavoidable to use
exposed areas for susceptible socio-economic activities. Therefore it seemed to be
consequent, to focus on this in detail in mountain regions.

Commonly, the link between modelling, consequent prediction of natural pro-
cesses and risks to management and governance of these is rather weak. This is
true for places all over the world, however, more dominant in mountain regions.
Consequently, it is important not to stop with the modelling and the production of
results, often presented in form of maps. Instead, it has to be carefully evaluated
what is really needed. This setting is in particular determined by the local,
regional and national legislation. Therefore, it is consequent to include the involved
stakeholders’ right from the start and get guidance from the relevant institutions
throughout the whole procedure of process analysis incl. modelling and presentation
of relevant results in required forms in order to allow a sustainable development of
the region. Herein, risk governance as a guiding principle is of major importance.

The reduction of disaster risk from multiple hazard sources is an explicitly
pronounced aim in several international agendas, for example in the Agenda 21
(from the UN Conference on Environment and Development, 1992), the Johan-
nesburg Plan (adopted at the 2002 World Summit on Sustainable Development)
or the Hyogo Framework for Action 2005–2015: Building Resilience of Nations
and Communities to Disasters (UN-ISDR 2005). Strategies and actions to “control,
reduce and transfer risks” on basis of risk assessments and analyses can be
subsumed under the term risk management (UN-ISDR 2009). Linking the relevant
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actors and policies throughout the disaster management cycle, but also creating an
inventory of information on disasters are propagated as key objectives by the 2009
EC Communication “A Community approach on the prevention of natural and man-
made disasters” (European Commission 2007). Here, it becomes clear that available
knowledge on disasters is currently limited and suffers from a lack of comparability.

However, this current limitation of research on natural risks, which is fragmented
and isolated (i. e. with natural sciences and engineering disciplines on the one hand
and societal sciences on the other hand) the importance and difficulty of maintaining
trust among all stakeholders, and the complex, socio-political nature of risk call
for an amplified approach. The concept of risk governance tries to fill exactly
this gap.

The objective of this book is to give an overview of the whole concept of risk
governance and its application in the field of natural risks, shed some light at
each single component, explaining its significance and inherent challenges. Due
to the complexity and multi-disciplinarity, this approach is a first step to identify
the main challenges and bridge the existing gaps between natural and social
sciences in disaster risk research. Herein, risk governance strategies are of major
importance.

1.4.2 A Theoretical Discussion of Risk Governance

‘Risk governance’ aims to enhance the disaster resilience of a society (or a region)
and includes “the totality of actors, rules, conventions, processes, and mechanisms
concerned with how relevant risk information is collected, analysed and commu-
nicated and management decisions are taken” (IRGC 2005). Risk governance is
therefore related to the institutional dimension of resilience, which “is determined
by the degree to which the social system is capable of organising itself and the
ability to increase its capacity for learning and adaptation, including the capacity to
recover from a disaster” (UN-ISDR 2002).

The IRGC definition points at the elements of risk governance (RG): risk assess-
ment (RA, divided into a pre-assessment and a risk appraisal) and risk management
(RM on basis of a tolerability and acceptability judgement which is informed
by the assessment of risk). The whole procedure has to be embedded in a risk
communication (RC) process among scientists, politicians and the public (public
and private stakeholders). The whole risk governance framework is explained by
the following Fig. 1.2:

This figure clearly indicates that the framework is divided into two spheres,
an assessment sphere which is about generation of knowledge and a management
sphere where decisions are taken. The latter is of a normative character and
thus influenced by cultural beliefs and political preferences. However, even the
assessment sphere is influenced by normative factors, because whoever controls
the definition of risk and controls risk policy. Thus a concern assessment should
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Fig. 1.2 Risk governance framework (Source: Adapted from IRGC 2005)

be part of the risk appraisal. It has to be stressed, however, that there is no clear
divide between the two spheres. Although they might also be represented in different
institutions (e.g. Geological Surveys – spatial planning unit), their relation and
communication has to cross these borders.

Aiming at the development of integrative models and concepts that link the
different phases of risk governance mentioned before, attention has to be paid to
the given variations in characteristics of the several risk types, both on the collective
level and the individual risk perception. There are many factors known to affect
an individual’s perception of risk, namely familiarity with a risk, control over the
risk or its consequences, proximity in space, proximity in time, scale of the risk or
general fear of the unknown (the so called “dread factor”). Apart from these factors,
individual risk perception is also shaped by how the community or a certain socio-
cultural milieu generally deals with a special type of risk or risky situations. Risk
perception enters the risk management equation through differing estimations on,
for example, how probable in space and time an event may be, and how much money
is to be spent on preparedness according to the level of acceptable risk which is a
characteristic of each single cultural setting and differs largely from one region to
the other. These factors might contribute in each single case in a different manner to
the perception and estimation of risk. In addition, they are strongly interlinked with
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more collective socio-political factors and form a particular culture of risk. The
variation in different cultural (regional, national) contexts is a perspective studied
within the cultural risk paradigm.

Risk governance has become increasingly politicised and contentious. The main
reasons are controversies concerning risks that are not supported by adequate
scientific analysis methods (Armaş and Avram 2009). Rather, risk controversies are
disputes about who will define risk in view of existing ambiguity. In many cases
policy discourse is not about who is correct about assessment of danger, but whose
assumptions about political, social and economic conditions, as well as natural
or technological forces win in the risk assessment debate. Thus, the hazard as a
potentially damaging physical event is real, but risk is socially constructed.

Scientific literacy and public education are important but not the only aspect
necessaries to avoid conflicts about risk. Emotional response by stakeholders to
issues of risk is truly influenced by distrust in public risk assessment as well as
in risk management. Due to this fact, those who manage and communicate risks
to the public need to understand the emotional responses towards risk and the way
risk is perceived by the at-risk population. It is a matter of the definition of risk
how risk policy is carried out. Moreover, defining risk is an expression of power.
Slovic (1999) thereby argues that whoever controls the definition of risk controls
risk policy. Within the communication strategies in all approaches, trust can be seen
as a central term in this respect (Löfstedt 2005).

Distrust makes institutional settings vulnerable as it lowers the efficiency and
effectiveness of management actions. The whole disaster cycle from mitigation,
preparedness, response to recovery is embedded in an institutional system. Thus,
institutional vulnerability can in principle be understood as the lack of ability
to involve all relevant stakeholders and effectively co-ordinate them right from
the beginning of the decision-making process. It refers to both organisational
and functional forms as well as guiding legal and cultural rules. Consequently,
a stakeholder-focused process is needed meaning consulting and involving ad-
ministrative stakeholders as well as the general potentially affected community.
In this regard, research on risk governance has to be understood as co-operative
research: a form of research process which involves both researchers and non-
researchers in close co-operative engagement. However, any communication has to
be tailor-made to the educational background as well as social and cultural beliefs
of individuals and groups and adjusted to the given legal-administrative framework
of a study site.

The concept of risk governance has been created and adapted in the area of
new emerging mostly man-made risks such as nanotechnology. Nonetheless, it is of
particular relevance for mountain risks either. Actually the successful management
of mountain risks is limited due to the fact that the interactions between individual
sectors, disciplines, locations, levels of decision-making and cultures are not known
or not considered (IRGC 2005; Greiving et al. 2006). Inadequate public available
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information about risks in terms of societal and natural dimensions, inapprehensible
procedural steps as well as insufficient involvement of the public in the risk related
decision-making process lead to severe criticism and distrust towards respecting
relevant decisions in regard to a specific risk.

The risk governance approach has recently been regarded as important by the
new Territorial Agenda of the EC, launched in 2007 in Leipzig, Germany by the
Member States Ministers for Spatial Planning as part of the priority 5 “Promoting
Trans-European Risk Management” (European Commission 2007).

1.4.3 Relevance for Europe

Within the global change debate, the field of climate change in general, but
particularly as a triggering factor for many natural hazards, is of special importance
for Europe with its existing settlement structures, cultural landscapes and infras-
tructures which have been developed over centuries. Mitigation actions, carried
out i.e. by spatial planning (discussed more in detail in part 3), are under these
circumstances less effective than in countries which are still growing rapidly in
terms of population and the built environment. Here, disaster prone areas can be
kept free from further development whereas most of these areas are in Europe
already built-up. However, this calls for authorities to improve public risk awareness
and to look for means to mitigate this problem. Moreover, measures based on
mandatory decisions of public administration, as well as measures which are
in the responsibility of private owners need to be understood and regarded as
suitable by their addresses for their implement ability. This is clearly visible when
looking at evacuation orders or building protection measures to be taken by private
households. Having these facts in mind, the “active involvement”, of the population
at risk, propagated e.g. by the European Communities Flood Management Directive
(European Communities 2007), has to be seen as crucial for the success of the
Directive’s main objective: the reduction of flood risks.

Within the European Community it has also been recognized, that a risk approach
has also to be applied to other natural hazards such as coastal hazards or soil erosion
and landslide hazards (e.g. Soil Thematic Strategy 2006). The risk governance
approach has recently been regarded as important by the new Territorial Agenda
of the EC, launched in 2007 in Leipzig, Germany by the Member States Ministers
for Spatial Planning as part of the priority 5 “Promoting Trans-European Risk
Management” (European Commission 2007).

The previously addressed issues found the basis for this book. Thus the content
includes the traditional assessments of hazards and risks indeed, but it offers infor-
mation and concepts beyond the purely engineering and natural science solutions.
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1.5 Conclusions

Hazard and risk assessment are prerequisites for a safe and sustainable development
of the society in mountainous areas. Hazard assessment aims at an estimate of the
spatial and temporal occurrence and magnitude of damaging natural processes. Risk
assessment focuses on the consequences of the impact of these processes on society
in terms of loss.

The observed climate changes related effects on temperature and precipitation
will lead to new uncertainties in the assessment of hazard, because past events might
be not representative anymore to predict future hazards. Similarly, other changes in
the catchments related to land use change will also lead to high uncertainties in the
prediction of these processes.

The use of physical deterministic models plays an essential role in quantitative
hazard and risk assessment because these estimate in a quantitative way the
frequency, spatial extent and impact of these processes without the necessary access
to historical data sets.

A major step forward in the assessment of landslide hazard is the further devel-
opment of all kind of geodetic, geo-information and remote sensing techniques to
detect and monitor landslides and to deliver more precise topographical information
and other environmental causative factors.

Vulnerability assessment is a crucial step towards a risk assessment. Vulnerability
assessment for the different element at risk are especially difficult in case of land-
slide hazard. Other types of vulnerability assessments (e.g. social, environmental,
and economic) are also problematic due to the complexity of economic and
environmental systems.

It turned out that a quantitative risk assessment often includes a large degree of
uncertainty. If the uncertainties in the input factors cannot be evaluated, or if there
are simply not enough data to estimate the hazard and vulnerability components, the
best option is then to carry out a qualitative risk assessment instead.

It is not appropriate to focus solely on products of hazard and risk assess-
ment, without a careful evaluation what society really needs. Therefore, it is
important to include the involved stakeholders’ right from the start and get
guidance from the relevant institutions throughout the whole procedure of risk
assessment and presentation of relevant results in order to allow a sustainable
development of the region. Herein, risk governance as a guiding principle is of major
importance.

Risk governance is an important framework which integrates all the aspects
related to risk assessment, tolerability and acceptability judgment of risk and risk
management. It aims to study how relevant risk information is collected, analysed
and communicated and management decisions are taken.
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Chapter 2
Innovative Techniques for the Detection
and Characterization of the Kinematics
of Slow-Moving Landslides

Ping Lu, Alexander Daehne, Julien Travelletti, Nicola Casagli,
Alessandro Corsini, and Jean-Philippe Malet

Abstract Remote sensing has been proven useful for landslide studies. However,
conventional remote sensing techniques based on aerial photographs and optical
imageries seem to be more suitable for detecting and characterizing rapid-moving
landslides. This section introduces several innovative remote sensing techniques
aiming at the characterization of the kinematics (e.g. displacement pattern, defor-
mation, strain) of slow- to moderate-moving landslides. These methods include
Persistent Scatterers Interferometry (PSI), automatic surveying using total station
integrated with GPS, Ground-Based Synthetic Aperture Radar Interferometry (GB-
InSAR), image correlation of catalogues of optical photographs (TOP) and Terres-
trial Laser Scanner (TLS) point clouds. Three case studies, including the Arno river
basin (Italy), the Valoria landslide (Italy) and the Super-Sauze landslide (France)
are presented in order to highlight the usefulness of these techniques.
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Abbreviations

ALS Airborne Laser Scanner
CPT Coherent Pixels Technique
DInSAR Differential InSAR
EW Early Warning
GB-InSAR Ground-based Synthetic Aperture Radar Interferometry
IPTA Interferometric Point Target Analysis
LOS Line-of-Sight
PS Persistent Scatterers
PSI Persistent Scatterers Interferometry
InSAR SAR Interferometry
SBAS Small Baseline Subset
SPN Stable Point Network
StaMPS Stanford Method for Persistent Scatterers
TLS Terrestrial Laser Scanner
TOP Terrestrial Optical Photogrammetry
DEM Digital Elevation Model
GPS Global Positioning System

2.1 Introduction

Data products of remote observing systems are increasingly available with higher
spatial and temporal resolution and offer new opportunities for the detection, map-
ping, characterization and monitoring of landslides. The application of advanced
sensors and analysis methods can help to significantly increase the quantity and
quality of our understanding of potentially hazardous areas and helps to reduce
associated risk.

The choice of an adequate observing system depends on the landslide type and
size, the range of observed velocity, the required frequency of acquisition, the
desired accuracy and the financial constraints. Displacement monitoring techniques
applied on landslides can be broadly subdivided in two main groups: geodetic and
remote-sensing techniques.

– Geodetic surveying techniques consist in detecting geometrical changes in the
landslide topography by measuring geometric parameters such as angles, dis-
tances or differences in elevation (levelling, tacheometry; Naterop and Yeatman
1995). These techniques necessitate the installation of targets in and outside
the landslide and in measuring their position at different times. They have the
advantage to be very accurate (0.2–2.0 cm) with a high potential of automation
(Malet et al. 2002; Jaboyedoff et al. 2004; Foppe et al. 2006). Furthermore,
many authors demonstrated the efficiency of permanent (Malet et al. 2002) and
non-permanent (Squarzoni et al. 2005; Brunner et al. 2007) differential Global
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Positioning System (dGPS) for landslide monitoring with a centimetric accuracy
during any daytime and weather conditions. However, because landslides can
show highly variable displacement rates in time and space according to the local
slope conditions (bedrock geometry, distribution of pore water pressures), the
major drawbacks of the geodetic techniques are (1) to provide only discrete
point measurements of the displacement and (2) the costs of installation and
maintenance of the survey network. They are usually only justified in the case
of a real risk for the population.

– Remote sensing surveying techniques are interesting tools to obtain spatially-
distributed information on the kinematics (Delacourt et al. 2007) and can be
operational from spaceborne, airborne and ground-based platforms. Remote-
sensing techniques give the possibility to discriminate stable and unstable areas
and to map sectors within the landslide with different kinematics from a regional
to a local scale. They are also useful tools for a process-based analysis of the
deformation field affecting the slope (Casson et al. 2005; Teza et al. 2008;
Oppikofer et al. 2008). In the last decades, the development of ground-based
platforms for landslide monitoring at the local scale provided many advantages
over spaceborne and airborne platforms despite a shorter spatial coverage
(Corsini et al. 2006). The geometry and frequency of acquisitions are more
flexible and adaptable to any type of local environment. In addition permanent
installations of ground-based platforms allow continuous monitoring (Casagli
et al. 2004; Delacourt et al. 2007). Three main categories of ground-based remote
sensing techniques are used in landslide monitoring: Ground-Based Synthetic
Aperture Radar Interferometry (GB-InSAR), Terrestrial Laser Scanner (TLS)
and Terrestrial Optical Photogrammetry (TOP).

In this section, several of the above mentioned innovative remote sensing
techniques are introduced and their usefulness in the detection and characterization
of the kinematics (e.g. displacement pattern, deformation, strain) of slow- to
moderate-moving landslides is highlighted through three case studies.

2.2 Detection and Characterization of Slow-Moving
Landslides from Persistent Scatterers
Interferometry (PSI)

2.2.1 The Principle of Persistent Scatterers Interferometry
(PSI)

For studies of slow-moving landslides, SAR interferometry (InSAR), which uses
the phase content of radar signals for estimating surface deformation, regardless of
weather and night condition, has recently already become a widely-used technique
(Gens and Van Genderen 1996). In particular, satellite InSAR represents a typical
example of repeat-pass interferometry, combining two or more SAR images of
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similar scene of terrain from slightly displaced passes of SAR sensor at different
times (Massonnet and Feigl 1998). Besides, side-looking imaging radar ensures
improvement of pixel resolution in viewing direction. Traditional satellite InSAR
technique is mainly focusing on differential InSAR (DInSAR) approach which
primarily employs two corresponding interferograms for differential measurements
(Massonnet and Feigl 1998; Rosen et al. 2000). DInSAR was proven useful in
studies of slow-moving landslides (e.g. Fruneau et al. 1996; Singhroy et al. 1998;
Xia et al. 2004; Strozzi et al. 2005). It largely fills the gap of conventional remote
sensing techniques of aerial photos and optical images, which are chiefly used for
mapping rapid-moving shallow landslides and debris flows (Lu et al. 2011).

However, the conventional DInSAR approach, which is based on the assumption
that surface deformation change is linear, is often affected by temporal decor-
relation and atmospheric disturbances (Massonnet and Feigl 1998; Ferretti et al.
2001). These disturbing factors, which produce a significant bias during the phase
measurement and the difficulty in fulfilling baseline criteria, bring the need for
further advanced processing of SAR images. One possible solution is to include
multi-temporal SAR images for a long-term interferogram processing, known as
the technique of Persistent Scatterers Interferometry (PSI). Over recent years,
several PSI approaches have been developed for the purpose of extracting long-term
stable radar benchmarks, namely Persistent Scatterers (PS), from some multi-
interferogram analysis of SAR data based on different statistical approaches.

For instance, a PSInSARTM technique was firstly developed by Ferretti et al.
(2001) and then improved by Colesanti et al. (2003). Another approach, known
as Stanford Method for Persistent Scatterers (StaMPS), which calculates a time
series of deformation with spatially-correlated nature of ground deformation, was
initially developed by Hooper et al. (2004) and further modified by Hooper
et al. (2007) for improvement of measuring accuracy. Besides, the approach of
Interferometric Point Target Analysis (IPTA), which detects persistent benchmarks
in low-coherence regions and includes large baselines for phase interpretation,
was suggested by Werner et al. (2003) and Strozzi et al. (2006). In addition, two
small baseline approaches were developed, including the Coherent Pixels Technique
(CPT) proposed by Mora et al. (2003) and Blanco-Sanchez et al. (2008), and Small
Baseline Subset (SBAS) indicated by Berardino et al. (2002), Casu et al. (2006) and
Lanari et al. (2004). Similarly, a stable point network (SPN) mode was also reported
by Crosetto et al. (2010) and Duro et al. (2003). These approaches mentioned above
enable a measurement of ground motion with millimeter accuracy (Lu et al. 2010).

2.2.2 Detection and Characterization of Slow-Moving
Landslides from PSI at Catchment Scale

Due to its large spatial coverage, PSI technique can be useful in detecting landslide
at regional scale. In this section, a case study for detecting and characterizing slow-
moving landslides at catchment scale is illustrated on the Arno river basin (central
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Italy). The whole basin covers about 9,130 km2 with 78 % (7,190 km2) area across
the mountainous and hilly areas. Previous researches have mapped more than 27,000
landslides within the whole basin, most of which are slow-moving deep-seated
landslides (Catani et al. 2005; Farina et al. 2006).

The PS data were processed from the technique of PSInSARTM (Ferretti et al.
2001) by Tele-Rilevamento Europa (TRE) on behalf of the Arno River Basin
Authority. In total 102 RADARSAT-1 images with incidence angle of 30ı–37ı,
covering the period from 2003 to 2006 with the acquisition interval of 24 days,
were analyzed. Among these images, 54 of them are ascending data and 48 of
them are descending data. More than 700,000 PS were finally derived with a pre-
defined coherence threshold above 0.60. The precision of displacement rates is
ranging between 0.1 and 2.0 mm�year�1 along Line-of-Sight (LOS). The geocoding
accuracy is within 10 m in east–west and 5 m in the north–south direction.

Lu et al. (2012) proposed a semi-automatic approach for detecting slow-moving
landslides. At its initial stage, a flat mask was used on PS data in order to focus
on PS exclusively located in the mountainous and hilly areas. Then two statistical
approaches were applied in the following analyses: (1) the Getis-Ord Gi* Statistics
(Getis and Ord 1996) and (2) the kernel density estimation (Silverman 1986). The
Gi* statistics (Getis and Ord 1996) was mainly employed to estimate the clustering
level of PS data. It specified a single PS at a site i, and its neighbours j within a
searching distance d. For each single PS at a site i, the Gi* index was calculated as:
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where n is the number of calculated PS datasets. nij is the number of PS within the
searching distance d, which is actually the sum of PS at the site i and its neighbours j.
x is the velocity of each single PS. s* is the standard deviation of PS velocity for
the entire dataset. The searching distance d was defined as 114 m, calculated by the
average distance of the shortest path to a channel and the shortest distance to a ridge
pixel calculated based on steepest descent direction as proposed by Tucker et al.
(2005).

The kernel density estimation was then used to fit a smoothly tapered surface as
a hotspot using a kernel estimator defined as
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where h is the searching window width, x–Xi is the distance of each calculating pixel
to each PS i. K is the quadratic kernel function defined as:
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This kernel estimator was calculated on all PS datasets, with the corresponding
Gi* index as the weighting factor. The final output was a smooth kernel density
map that represents PS hotspots for an easier and straightforward visualization for
landslide detection.

Figure 2.1 is the derived hotspot map reported by Lu et al. (2012), indicating
where potential slow-moving landslides might exist. It covers part of the Arno river
basin of Pistoia-Prato-Firenze and the Mugello areas. Hotspots with high positive
kernel density values are displayed with blue color whereas hotspots with low
negative values are given in red color. These blue and red hotspots reveal those
areas which are potentially affected by slow-moving landslides within the detection
precision of PSI technique. The deeper the color is, the more intense high-velocity
PS datasets are clustered, thus suggesting the presence of high density of mass
movements. The color of hotspots renders the information of moving direction.
Clustering of PS moving towards LOS (positive velocity) is represented by blue
hotspot whereas clustering of PS moving away from LOS (negative velocity) is
rendered in red hotspot. In addition, the radius of each hotspot suggests the extent
of a potential landslide-affected area.

2.3 Ground-Based Multi-instruments Monitoring
of Slow- to Moderate-Moving Landslides

2.3.1 The Combination of Geodetic and Remote Sensing
Techniques for Monitoring at the Slope Scale

In the case of reactivation of slow- to moderate-moving landslides, the mechanism
of failure and evolution at the slope scale is governed by a combination of different
processes. Continuous monitoring systems were used for uncovering such complex
movement patterns (Malet et al. 2002; Petley et al. 2005a). For such studies, the
critical components to assess landslide hazard are efficient information on the
velocity and acceleration of the moving masses (Hervás and Bobrowsky 2009). In
some cases, early-warning based on real-time continuous monitoring is in principle
possible by exploiting empirical relationships linking the progressive acceleration
to the timing of failure (Petley 2004; Petley et al. 2005b).

In order to compare the performance of real-time continuous geodetic (auto-
mated total station measurements) and ground-based remote sensing techniques
(GB-InSAR measurements), a field test was carried out from 23 to 25 February
2009 at the Valoria landslide (Northern Apennines). The particular focus was to
document the spatial and temporal patterns of slope movements during reactivations
and to compare the instrument’s pros and cons in the perspective of surveying and
early warning.
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Fig. 2.1 The landslide hotspot map of Pistoia-Prato-Firenze and Mugello basin (central Italy),
generated from: (a) ascending RADARSAT PSI; (b) descending RADARSAT PSI (Lu et al. 2012)
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The landslide is a complex and composite mass movement. Rotational and
translational slides in the source area and subsequent earthflows in the track and
accumulation zones are associated (Fig. 2.2). The landslide activity since 2001
ranges from persistent slow movements, associated with relatively low hazard and
risk levels, to phases of accelerated movements in the scale of some m�h�1 to
m�day�1 (Ronchetti et al. 2007; Corsini et al. 2009).

A continuous topographic monitoring system, based on a Leica TCA2003
automated total station is operated since March 2008. The system was installed in
response to the repeated reactivations that affected the landslide since 2001 and
it was designed to cover the whole landslide from the main upper scarp to the
toe. The monitored area extends over more than 3 km in length and ranges from
altitudes between 1,390 and 520 m. The automated total station is located midway
in the slope, on a panoramic position located a few hundred meters northeast of the
landslide (Fig. 2.2). More than 40 prisms were placed inside the landslide and 6
prisms were placed in stable areas as reference points for measurements correction.
The hardware setup includes a control unit (industrial computer) that is also used
for a permanent GPS network which was installed nearby the topographic survey
station (Fig. 2.3 I–III). The technical characteristics of the system (total station and
GPS) are summarized in Table 2.1.

The total station is mounted on a tribrach on top of a reinforced concrete
pillar that is anchored 1 m into the ground. The instrument is protected from
environmental impacts through a ventilated case made of 5 mm thick glass (Fig. 2.3
I, II). This hardware solution was set to perform a measuring cycle in a 3 h duty
schedule. During movement, prisms are followed by the total station using the
instrument’s Automatic Target Recognition functionalities. The search window was
set to 10 m, so that the system is potentially capable of measuring velocities up to
3 m�h�1 assuming the prism remains visible to the laser beam. Daily and seasonal
climatic conditions produce variations in distance measurements that are corrected
by applying p.p.m. corrections and using the reference prisms installed outside of
the landslide body as fixed locations.

From 23 to 25 February 2009, during a complete reactivation event, a ground-
based synthetic aperture radar interferometry (GB-InSAR) test was carried out. For
this purpose, an IBIS-L device, manufactured by IDS (Ingegneria dei Sistemi, Pisa,
Italy) was used (Fig. 2.4).

GB-InSAR was tested to assess if it can be used to complement measurements
obtained by the total station for movement rates up to cm to m�day�1. The high water
content in the landslide mass during the reactivation is particularly challenging for
GB-InSAR since phase ambiguity and loss of coherence due to ground moisture
changes data processing (Tarchi et al. 2003; Antonello et al. 2004; Corsini et al.
2006). To cover the entire slope, the radar was first directed toward the upper slope
for 17 h, and then toward the lower slope for 24 h (Fig. 2.2). In order to have
the possibility to compare results between radar and total station, new topographic
prisms were installed in the moving deposits within the radar scene coverage.
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Fig. 2.3 Automated topographic monitoring station with integrated GPS system. I. (A) GPS
Master and WLAN Antenna, (B) Automated total station, (C) Controller unit with OEM computer,
power supply and modem for data transmission, (D) Foundation with GPS and total station
monuments; II. Optical prism installed inside the landslide, target acquisition via laser beam;
III. Rover GPS installed inside landslide materials: (E) Autonomous power supply through solar
panel with controller and backup battery, WLAN streaming data transmission, (F) GPS Antenna
mounted on GPS monument

The IBIS-L consists of “Stepped Frequency Continuous Wave” radar unit
(Fig. 2.4). The main features of the device can be found in Table 2.2, while
specific operational parameters for the two surveys conducted at the Valoria
landslide are summarized in Table 2.3. The IDS developed software (GRAPeS)
was used to process data. A calibration dataset was created using about 30 raw
images and a coherence threshold of 0.6. This calibration set includes pixels that
are above the coherence threshold in all the 30 scenes. Displacement is then
calculated for each coherent pixel by stacking all the collected scenes, computing
phase differences between subsequent scenes and using stable areas as proxies for
estimating atmospheric correction. The results can be visualized as raster maps of
displacement or velocity, or as time series for each single coherent pixel.

2.3.2 Comparison of the Monitoring Datasets

The evaluated Leica robotic total station and IBIS-LGB-InSAR systems performed
well in detecting movements covering almost the entire case study site (Fig. 2.5).
While highly LOS velocities of few mm�h�1 were noted for both techniques the
surveyed prisms generally contained a higher level of noise for slow movements
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Table 2.1 Main parameters of the automated total station set-up with integrated GPS system

Instrument parameter Description

Total Type 1 Leica TCA 2003 (Leica Geosystems 2004)
Station Operating distance <2,000 m

Survey mode Automatic target recognition ATR, custom defined
intervals, e.g. 3 h

Total station position control Bi-directional Leica Nivel 210 (mrad,
temperature, sampling 300 ms)

Angular standard deviation 0.01 mgon
Distance standard deviation 1 mm C 1 ppm/3.0 s
Survey targets 41 prisms: 35 inside and 6 for control
External communication GSM modem/satellite link

GPS Master station 1 Leica GMX902 GG (L1,L2) dual frequency
receiver, antenna Leica AX1202GG, grid
connected (220 V) with back-up battery

Rover 3 receivers Leica GMX901 GG (L1, 12 CH.,1Hz),
autonomous power supply (solar
panel C battery)

Data transmission link Continuous data streaming via GMX902 WLAN
modena

Master unit Operating system Windows XP
Total station/GPS integration Software based, direct link to monitoring

equipment and data storage
Power supply 220 V grid-tied with 12 V battery as backup power
Remote data transmission GPRS modem

Fig. 2.4 GB-InSAR survey of the upper part of the Valoria landslide. Set-up: (A) Control unit
(Mobile PC with software), (B) Radar sensor head, (C) Linear scanner (2.5 m rail with sled), (D)
Support system (temporary or permanent mounts allowing for repeated observations), (E) Power
module (controller, fuses, 12 V batteries connected in serial)
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Table 2.2 GB-InSAR technical characteristics (IDS, IBIS-L model)

Instrument parameter Description

Frequency Ku band (available also in X band)
Radar type Stepped Freq. Cont. Wave (SF-CW)
Operative range [10–4,000] m
Range resolution 0.75 (0.5) m
Cross-range resolution 4.38 mrad
Displ. accuracy up to 0.1 mm
Acquisition time �5 min
Phase ambiguity limit �4.4 mm
Installation time �2 h
Power supply 24 VDC or electrical network
Size 250 � 100 � 100 cm
Weight �200 kg
Power consumption 70 W

Table 2.3 Operational parameters of the IBIS-L ground-based
InSAR surveys conducted at the Valoria landslide

Upper part Lower part

Date 25/02/2009 24/02/2009
Distance to hillslope [m] 300–1,900 450–1,300
Horizontal antenna aperture [degree] 38 38
Range resolution [m] 0.5 0.5
Cross-range resolution [mrad] 4.5 4.5
Acquisitions per hour [�] 8 9
Duration [h] 17 24

(Fig. 2.5; Prisms 42, 44). The observed higher noise levels in the observations of
slow moving events are due to the lower limit of detection of the total station.
Maximum velocity values measured in the upper part at the right flow by the GB-
InSAR reached about 99 mm over a period of 17 h and about 336 mm over 24 h
in the central part of the main flow. Thus, an average maximum LOS velocity of
about 5.8 mm�h�1 was measured in the upper and about 14 mm�h�1 in the lower
part. Higher velocities in the lower part were evidenced by prisms surveyed by
the total station with maximum rates of 52 mm�h�1 (Prism 28a) and 10.7 mm�h�1

(Prism 51). Further, the data acquisition for the entire field-of-view at once allows
for apparent distinction of zones of high and low displacements on qualitative
scales using GB-InSAR while topographic surveys are restricted to few discrete
observations. However, flow movements can be variable within just a few meters
yielding better absolute measurements when using prims targets compared to GB-
InSAR measurements without corner reflectors. It should be noted from the plots in
Figure 2.5 that closer LOS of InSAR to the slope movement direction produces a
better fit between InSAR displacement and “real” displacement measured by prims
(Prism 28a).
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Fig. 2.5 Results of displacement monitoring at the Valoria landslide during the winter 2009
reactivation. Prisms were measured by an automated total station from nearby the position of the
IBIS-L ground-based InSAR. Using an IBIS-L terrestrial Radar instrument, surveys of the upper
and lower landslide body were obtained. The displacements shown are in the Line-of-sight (LOS)
direction with respect to the location of the instrument reaching maximum values of about 336 mm
over 24 h of observation

Both adopted monitoring systems can be compared on the basis of general
knowledge, as well as on the basis of the information gathered during the field
tests. The assessment of several relevant issues for each system is summarized
in Table 2.4. During the set-up phase of topographic and ground-based InSAR
monitoring surveys, field and installation logistics are crucial. For both instruments,
operational cost during the initial phase of landslides monitoring are high due to
the unit and site development costs. Therefore, view shed, distance, incidence angle
between line-of-sight and slope displacement vector, power supply, accessibility,
and instrument safety need to be factored in to ensure a successful survey. Where
highly precise measurements are necessary due to slow movements (mm�month�1),
both the total station and the IBIS-L instrument require a stable and firm foundation.
As regards spatial coverage, the evaluated Leica robotic total station system has an
angle of operation of 360ı covering almost the entire case study site with some
line-of-site restrictions. Although line-of-sight restrictions also affect GB-InSAR,
in good coherence conditions, spatially distributed and continuous information can
be obtained for one LOS direction at a time. In practice this means that for the
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Table 2.4 The comparison between the total station and the GB-InSAR for the Valoria landslide
monitoring

Evaluation
criteria Total station with integrated GPS GB-InSAR

Unit cost Approx. 40.000 AC Approx. 150.000 AC
Initial

installation
and setup

1 week, min. 1 m2 of property with
good line of sight coverage
(elevated point)

2–3 h, portable unit requires min two
persons for set up and transport

Autonomous
operation
mode

Yes, requires 220 V power supply
(alternatively with solar panels)

Yes, requires 220 V power supply
(alternatively with solar panels)

Spatial
coverage
(extent and
resolution)

Point targets (optical prisms), max
observation distance 2 km, line of
site contact necessary but 360ı

angle of operation

Up to 4 km range distances.
Movements are pixel-averaged for
the entire field of illumination,
Spatial resolution decreases with
increasing distance. Operational
on a 60ı view

Temporal
resolution

Near-real-time (a cycle of 40 prisms
takes about 20 min to complete)

Near-Real-time observations (scene
every 6–10 min depending on the
max range distance) independent
of dormant or active state of
landslide

Displacement
resolution

mm (ang. St.dev. 0.01 mgon, dist. st.
dev 1 mm C 1 ppm)

mm to sub-mm

Displacement
range

mm to max range distance. However,
stability of targets makes it so
that in Valoria we managed to
measure max up to 120 m before
losing the point

Theoretically limited only by
maximum distance of operation
(4 km). However, the “real object”
captured in the pixel may change
in time

Velocity range Up to m/h. However, loss of prims is
likely in a few days if velocities
exceed m/h ! active state

4.4 mm/10 min. Maximum detection
range limited by wavelength

Remote data
accessibility

Yes, if using a router/modem to
connect to the on-site PC

Yes, if using a router/modem to
connect to the on-site PC

Data processing On-site, windows based OEM PC,
on-site post processing possible

On-site, windows based laptop PC,
on-site post processing possible

Maintenance Frequent visits prism targets
necessary when landslide is
active to replace or reorient the
prisms (2 operators needed: 1 at
the total station and 1 in the field)

After installation no maintenance
necessary, visits only for retrieval
of data

Reliability High, after initial phase, autonomous
operation continues for more than
3 years. Minor interruptions only
in remote data transmission.
Maintenance at prism targets to
ensure line-of-sight contact with
survey station

To be tested in the long term

Early warning
capability

Yes, transmission of automated
warning messages possible based
on “rules” that account for
displacement and/or velocity of
individual prisms or group of
prisms

Yes, transmission of automated
warning messages possible based
on max velocity in the scene
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total station the number of prisms determines the availability of displacement data
(generally no more than for 100 discrete targets), while the radar output maps
contain thousands of pixel, each with its own time series of LOS displacements.
The temporal resolution for both instruments ranges from near-real-time (duty
cycles of few minutes) to long-term monitoring (duty cycles of some years).
The measurement cycles are determined mainly by the type of landslide and its
dynamics. Displacement range and resolution differs slightly based on the different
approaches both instruments apply. GB-InSAR is characterized by a sub-millimeter
detection limit whereas the total station may identify movements only in the range
of few millimeters depending on the distance to the optical prism and atmospheric
effects. This is due to the lower limit of detection and generally higher positional
inaccuracy compared to the IBIS-L instrument.

At the upper limit, absolute movements over 100 m could be tracked with the
Leica TCA2003, whereas InSAR-based techniques tend lose the original target for
very large displacements. The high detection capabilities and spatial coverage of
the IBIS-L comes at the cost of averaging displacements for each pixel rendering
an exact (absolute) displacement measure impossible without the use of corner
reflectors. On the other hand, the data acquisition for the entire field-of-view at
once allows for apparent distinction of zones of high and low displacements on a
qualitative level.

Topographic surveys are restricted to few discrete observations obtaining abso-
lute measurements from within moving deposits. Since movements can be variable
within just a few meters prime targets may yield more exact measurements of
maximal values compared to radar derived displacements. With respect to the
velocity range, a highly sensitive detection level of the IBIS-L instrument resolved
Line-of-Sight displacements of only few mm�h�1 during field tests. At the Valoria
landslide, an average maximum LOS velocity of about 5.8 mm�h�1 was measured
in the upper and about 14 mm�h�1 in the lower part at the main flow. The automatic
total station is well suited for slow (mm�day�1) to moderate (m�h�1) movements
whereas it is not ideal for monitoring very slow moving landslides (mm�year�1).
Using a GB-InSAR approach maintenance efforts during longer operation periods
are in theory very low and field visits are required only for data retrieval. For the
total station autonomous and almost maintenance-free functioning is possible on
the long-term for very slow movements but when reactivations occur, frequent field
visits may be necessary to reorient the prisms. A particular advantage is possibility
to remotely access the computer that controls the total station ensuring long-term
autonomous operation and remote collection of data.

During the years of operation the automated total station was found to be a
reliable and constantly improving technology and a perspective tool for early-
warning at the Valoria landslide. During landslide reactivations, measurements
were taken in near real-time (3 h interval) and transmitted to an off-site computer.
Based on displacement or velocity information critical movement patterns can
be determined for individual prisms or for group of prisms. During autonomous
operation the IBIS-L detects automatically the highest velocity of a scene between
acquisitions and allows for a text message to be send in the case a predetermined
threshold is exceeded.
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2.4 Distributed Ground-Based Monitoring
of Moderate-Moving Landslide Using Image
Correlation Techniques

2.4.1 The Principle of Image Correlation (IC) Technique
Applied to Landslide Analysis

The focus of this section is to highlight the possible applications and limitations
of Image Correlation techniques applied both on terrestrial optical images and on
Terrestrial Laser Scanner (TLS) point clouds. Using matching techniques, two-
dimensional displacement fields can be derived by tracking objects in time series
of images. The technique is based on the automatic identification of identical
texture patterns within an image by maximizing a correlation function (Lewis 1995).
Its principle adapted for landslide kinematics analysis is described in Delacourt
et al. (2007).

Visible ground features have to be superimposed on two successive images
on stable parts located outside the landslide. On the areas affected by landslide
movements, the visible and recognizable features are shifted by the displacements.
In order to quantify the ground displacements, a correlation window is defined on
a reference (often the oldest) image. The corresponding window is searched in a
pre-defined explored area belonging to the second image. The starting point of this
explored area is the expected position of the window with the assumption that no
displacement occurred between two acquisitions. The process is repeated for each
pixel of the reference image. The Euclidean distance between the reference point
and the matching point represents the displacement amplitudes in the image plane.
By modifying the zone of interest, it is then possible to determine the displacements
at various positions within the images. It is important to note that the normalized
cross-correlation technique cannot track objects that start to rotate significantly or
are affected by important perspective distortions (Lewis 1995).

The size of the correlation window is a compromise between the desired accuracy
on the displacement estimates and the spatial resolution of the velocity field
(Delacourt et al. 2007). An increase of the size of the correlation window ensures
a good signal to noise ratio and thus a good precision, but the accuracy on the
displacement estimates decreases because of their averaging on a larger correlation
window. So far, Image Correlation techniques have been applied only on aerial
and satellite images (e.g. SPOT, QuickBird, OrbView, EROS) for the creation of
landslide displacement maps (Casson et al. 2003; Delacourt et al. 2004; LePrince
et al. 2008; Debella-Gilo and Kääb 2010).

The correlation results consist in matrices of displacement �u and �v along the
u- and v-axes in the image plane with their associated correlation index. In case
of orthorectified airborne images, the pixel size is constant, only the effective pixel
size at the ground has to be calculated to estimate metric displacements. In case
of terrestrial images, the pixel size is not constant in the image due to the oblique
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acquisition; the displacements field correlated in the image plane cannot be directly
interpreted in terms of metric displacements and an orthorectification procedure is
compulsory for a quantitative analysis.

Several datasets of multi-source images acquired at the Super-Sauze landslide
(South French Alps) over the period 2007–2010 from different platforms are
analyzed to highlight the usefulness of the technique.

2.4.2 Image Correlation of Terrestrial Optical
Photographs (TOP)

A set of images acquired at the Super-Sauze landslide over the period May–July
2008 is used to illustrate the potential of the technique for the characterization of
the kinematics during an acceleration period (Travelletti et al. in review).

Figure 2.6 presents the monitoring system installed in front of the landslide. The
instrumentation consists in a low-cost D70 Nikon reflex digital camera installed on
a concrete pillar located at a distance of 300 m from the lower part and 900 m from
the main scarp. The acquisition system is controlled by a datalogger powered by a
40 W solar panel. Every 4 days, a serie of images is acquired at 11:00, 12:00, 13:00
and 14:00 GMT.

Figure 2.7A details an example of displacement rates (in pixel�day�1) of the
ground surface in the image plane derived from image pairs of 1–4 June 2008.
The reference is the image of 20 May 2008. The contrast in displacement rates
between the landslide area and the stable area gives confidence on the calculated
velocity field. One can notice that the pattern of displacement rate is heterogeneous
spatially and temporally. The upper part of the landslide displays the highest velocity
ranging from 1 to 7 pixels�day�1 while the lower part displays velocity of less than
4 pixels�day�1. The maximum of displacement rate is observed around the 1 June
2008. Then the landslide decelerates to displacement rate of about 1 pixel�day�1.
No quantitative comparisons can be carried out at this stage because the pixel sizes
vary strongly in the image.

The displacement fields computed in the image plane are then orthorectified
in a local geographic coordinate system by transforming the central projection of
the image into an orthogonal view of the ground using the collinearity equations
(Kraus and Waldhäusl 1994). The details of the methodology are explained in
Travelletti et al. (2012). Figure 2.7B presents the amplitude of the 3D orthorectified
displacement rates for the period 1–4 June. The difference of kinematics between
the upper (until 3 m�day�1) and the lower (until 1 m�day�1) parts is important. The
performance of the method has been evaluated by comparing the displacements
derived from the image correlation, and the displacement monitored by dGPS on
several benchmarks distributed in the stable parts and on the landslide. A correlation
coefficient of r D 0.95 is found on 219 measurements and an average relative
accuracy of 20 % is determined (Travelletti et al. 2012).
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Fig. 2.6 Monitoring system with a very-high resolution camera installed in front of the Super-
Sauze landslide on a stable crest. Top: Monitoring system. Bottom: Image acquired by the
monitoring system presenting the different parts of the landslide from the camera location. The
numbers refers to: (1) lower part (toe) of the landslide, (2) middle part (transition zone), (3) upper
part (ablation zone), (4) main scarp (1,980 m), (5) front (1,734 m), (6) stable crests

2.4.3 Image Correlation of Terrestrial Laser Scanner
Point Clouds (TLS)

The potential of Terrestrial Laser Scanner (TLS) for the monitoring of geomor-
phologic processes has been demonstrated in the last years, mainly for defining
the structure of rocky slopes susceptible to rockfalls and rockslides (Abellán
et al. 2009; Oppikofer et al. 2009) or characterizing the dynamics of ice glaciers
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Fig. 2.7 Displacements obtained with Image Correlation for the period 1–4 June 2008: (a)
Displacement rates amplitude (color) and direction (arrows) in the image plane and cumulated
displacements along eight profiles crossing the landslide, (b) Displacement rates map orthorectified
in the local geographic coordinate system
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Fig. 2.8 View of the scanned area at the Super-Sauze landslide from the TLS base station, and
schematic presentation of the projective projection applied on the TLS point clouds with the
different coordinate systems involved in the procedure in order to produce a 2D image converted
in grey-scale values. The alignment of the stable parts of TLS point clouds on the ALS (Airborne
Laser Scanner) point cloud is indicated

(Avian et al. 2009) and landslides (Teza et al. 2008). Automatic matching algorithms
applicable to TLS data have started to be developed because of their capability
to fully exploit all the geometric information available in the point clouds. The
approach is to find correspondences among typical features located in multi-
temporal point clouds assuming that the tracked object has a constant geometry
in time and/or a perfectly rigid behavior.

Image Correlation techniques can be applied on repeated TLS acquisitions
in order to characterize the 3D displacement field. The hypothesis is that for
objects scanned from a unique view point, simple 2D correlation functions can be
applied on multi-temporal point clouds and yield the same range of accuracy than
complex and time-consuming 3D surface matching algorithms (Teza et al. 2008).
The performance of the cross-correlation algorithm is tested on datasets acquired at
the toe of the Super-Sauze landslide. A long-range terrestrial laser scanner Optech
ILRIS-3D has been used for the monitoring.

Ten acquisitions were acquired between October 2007 and May 2010 for
the same base station at an average distance of 100 m from the landslide toe.
The average point density at the ground surface varies from 153.0 pt�m�2 to
234.9 pt�m�2 with a standard deviation up to 351.7 pts�m�2 and a maximal density
of 1,148.3 pts�m�2. A projective transformation is used to represent the entire
geometrical information in a plan perpendicular to the viewing direction of the laser
scan using the collinearity equations (Kraus and Waldhäusl 1994) (Fig. 2.8). The
density varies from 0.78 to 0.94 pt�pixel�1 with a relatively low standard deviation
of 0.18 pt�pixel�1. The distance between the point clouds to the position of the laser
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Fig. 2.9 3D displacements field obtained by TLS measurements related to the acquisition periods
of July–October of the years 2008 and 2009. The dashed circle indicates the detachment of
compartment at the front of the toe

scanner is then determined and linearly interpolated in a regular grid. The norm of
the 2D gradient in u and v directions of the distance between the point clouds and
the TLS station is calculated for emphasizing the morphology of the landslide. The
generated images are then converted in grey-scale values (16 bits) and are used as
inputs for the image correlation algorithm (Fig. 2.8).

The computed displacements are generally well reproduced for all periods.
Two acquisition periods (July–October 2008, July–October 2009) are presented to
illustrate the performance of the approach (Fig. 2.9). For the period July–October
2008, displacements between 0.5 and 1.5 m are observed, corresponding to an
average displacement rate of 0.6–1.7 cm�day�1. The displacement field displays
significant spatial heterogeneities. The largest displacements are detected in the
front of the toe where the slope gradient increases. The detachment of a toe
compartment is also highlighted in the front.

During the period July–October 2009, the landslide displays a very different
kinematics both in terms of magnitude and spatial distribution. Displacements are
shorter and range from 0.1 m at the front to 0.6 m in the upper part, corresponding
to an average displacement rate of 0.1–0.8 cm�day�1.

The computed displacements are validated by comparing the displacement values
to DGPS observations of a series of blocks easily recognizable in the TLS point
clouds.
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2.5 Conclusion

This section details some of the latest developments of remote-sensing techniques
applied for the detection and characterization slow- to moderate-moving landslides.
At regional and catchment scales, the landslide hotspot mapping through PSI
analysis is an innovative approach for efficiently detecting slow-moving landslides.
The approach can automatically detect clustering of PS with locally-high velocity,
and a hotspot map indicating where potential mass movements exist. Future
work for improvement should focus on short wavelength X-band sensors which
largely increases PS density and decreases the revisit time. At the slope scale and
for individual landslides, the combination of different monitoring techniques has
proven to be very valuable. Since automated total stations require some days to
be implemented and points of interest must be preselected, such systems are not
rapidly deployable during emergency phases. However, this system is well-suited
for long-term autonomous operation and collection of data at active landslides
with known elements at risk. The remote sensing approach and rapid deployment
of GB-InSAR makes this an ideally suited technology during crisis and rapid
intervention. Image Correlation techniques applied to multi-temporal terrestrial
photographs or terrestrial Laser Scanner point clouds are of particular interest for
monitoring landslides characterized by annual pluri-decimetric displacements.

Considering the increasingly large fleet of remote sensing satellites operated by
space agencies and private companies, and the increasing widespread of aerial and
terrestrial sensors at constantly decreasing costs, the remote-sensing of landslides
and risk related information encounters generally favourable data availability. One
exception is currently the segment of L-band spaceborne SAR that has been
demonstrated as a valuable tool for the monitoring surfaces that induce a loss of
coherence with C- and X-band techniques (Strozzi et al. 2005). It is expected that
very high density point clouds derived from ALS and TLS sensors will become a
standard tool for landslide investigations. While it can be expected that remaining
computational issues arising from large point cloud analyses will be solved as
computational time becomes cheaper, many conceptual questions on the integration
of high resolution DEMs in hazard and risk assessment remain (Jaboyedoff et al.
2010).

A full exploitation of the daily recorded images will not only depend on the
implementation of operational processing systems but also on an easy data access
and exchange via European and international networks such as GMES and GEOSS.
The ‘International Charter on Space and Major Disasters’ has already demonstrated
the advantages of a more liberal data exchange in the aftermath of major disasters.
Analogous initiatives to open data archives including comprehensive time-series to
a broader group of potential users appear desirable. Similarly to issues concerning
easy data access, the availability of high quality software tools for the extraction
of the required information is of at least equal importance. Besides proprietary
software and in-house algorithms of private companies, many of such tools are
also freely available on the web. This includes software for SAR interferometry
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(ROI PAC, StaMPS), open source projects with general GIS and raster processing
capabilities (ILWIS, QGIS, OrbGIS). One of the most remarkable examples is
probably the ORFEO (Optical and Radar Federated Earth Observation) toolbox
which includes wide range of state of the art image processing tools and sensor
specifications.

Major challenges for the further development of analysis methods are the
integration of multi-modal and multi-temporal remote sensing datasets with existing
inventory databases and in-situ measurements. Finally it should also be mentioned
that the great success of collaborative mapping projects such as OpenStreetMap has
raised a broad public and academic interest in the application of crowd-sourcing for
many applications such as the monitoring of transportation networks, the collection
of information during disaster response phases or conflict management (Goodchild
2010; Heipke 2010). Examples for the application of such community based
platforms during landslide disaster already start to appear on the internet (http://
www.gawana.com/peru/ushahidi/). They should be explored as they could yield
a valuable information source that may complement “traditional” remote sensing
techniques.
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Chapter 3
Innovative Techniques for the Characterization
of the Morphology, Geometry and Hydrological
Features of Slow-Moving Landslides

Ulrich Kniess, Julien Travelletti, Alexander Daehne, Dominika Krzeminska,
Grégory Bièvre, Denis Jongmans, Alessandro Corsini, Thom Bogaard,
and Jean-Philippe Malet

Abstract In the last 10 years, landslide characterization has benefited from
numerous developments in remote sensing, near surface geophysics, instrumen-
tation and data processing. This section highlights various advances and innovative
techniques or processing methods to characterize the morphology, structure and
hydrological features of landslides. Airborne Laser Scanner (ALS) technique
has emerged as a promising tool for characterizing slope morphology, with the
perspective of automatic detection of landslide-affected areas. Combining ALS-data
DTM with geophysical and geotechnical information has allowed to reconstruct
the 3D landslide geometry considering data uncertainty and resolution. This is a
significant forward step in landslide investigation. Of major importance is also
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the detection and monitoring of water infiltration in the sliding masses, using
indirect prospecting techniques such as ERT and distributed temperature sensing
(DTS) using fibre-optic cables. These new techniques could be a major help in
understanding the water paths and in designing appropriate remediation systems.
Finally, although most of these results have been obtained in clayey landslides,
the applied methods can be extended to other landslide types, with some technical
adaptations.

Abbreviations

ALS Airborne Laser Scanner
DEM Digital Elevation Model
DTM Digital Terrain Model
ERT Electrical Resistivity Tomography
RMSE Root Mean Square Error
DGPS Differential Global Positioning System
DTS Distributed Temperature Sensing
GPR Ground Penetrating Radar

3.1 Introduction

During the last decade, techniques for landslide investigation and monitoring
have undergone rapid development. Innovative methods include remote sensing
imaging of the surface, geophysical imaging of the landslide structures and easy-to-
deploy point measurements in the landslide mass. This section discusses advanced
methods to characterize the morphology of areas affected by active landslides from
the processing of airborne laser scanner point clouds (ALS). In particular, the
possibility to automatically distinguish sliding zones from stable areas is discussed
by characterizing the terrain roughness. Shallow geophysical prospecting has also
considerably evolved with the emergence of 3D spatial imaging and 4D time and
space imaging, allowing the spatial and temporal variations of landslides to be
determined (Jongmans and Garambois 2007). The combination of remote sensing
methods and near surface geophysical techniques offers the possibility to image
the landslide surface and the structure at depth. ALS data and seismic noise
measurements have been used to investigate the 3D geological structure below
two large clayey landslides in the Trièves Plateau (France). It is shown that the
bedrock topography had, and still has, a major influence on the kinematics of the
two landslides. Because multi-source data have different spatial resolution and
characteristics, data interpretation and integration for building a 3D geometrical
model can turn out to be a difficult task (Bichler et al. 2004; Caumon et al. 2009).
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A new methodology for building 3D structure has been proposed for landslides
exhibiting a continuous basal shear surface. Finally, rainfall and its consequences
(erosion, infiltration, water level rise, pore water pressure built up) have a major
influence on the triggering or reactivation of mass movements in clay slopes.
The relation between rainfall, water infiltration and sliding activity is however
complex, and innovative field investigation is necessary to understand how water
infiltrates in cohesive material. The section discusses an attempt to monitor water
infiltration and subsurface flow within a clay-shale landslide using time-lapse
electrical resistivity tomography (ERT). This electrical survey took place during
an artificial rainfall experiment at the Laval landslide (South French Alps). An
alternative for soil moisture monitoring is to perform high-resolution temperature
measurements using fiber-optic cable. Temperature is used as a tracer to detect
spatial and temporal variation in soil moisture conditions through the monitoring
of soil thermal properties. The geological, morphological and kinematic settings
of the main landslides quoted in this paper – Avignonet and Harmalière (Trièves
Plateau, France), Super-Sauze (Barcelonette basin, France), Laval (Draix, France)
and Valoria (Northern Apennines, Italy), can be found in Bièvre et al. (2011, 2012),
Malet et al. (2003), Travelletti and Malet (2012) and Daehne (2011).

3.2 Characterization of Landslide Morphology from ALS
Data Processing

3.2.1 Influence of Vegetation Filtering

In order to obtain a DTM (Digital Terrain Model or bare earth model), which will
hold the relevant geomorphological information on a landslide, every point in the
point-cloud has to be classified (e.g. as ground, building, low/mid/high vegetation),
assigning a tag with the reflecting material to every cloud point. Many filtering
methods have been proposed to filter vegetation (Sithole and Vosselman 2001;
Zhang and Whitman 2005). For the Trièves Plateau (Avignonet and Harmalière
landslides), a “Hierarchical robust filtering” method (Briese et al. 2002) has been
applied to such highly vegetated slopes, as shown by the comparison between
unfiltered and filtered 2006 ALS point-clouds at Avignonet (Fig. 3.1). In order to
derive an equally spaced bare-earth DTM for further morphological analysis, the
ALS point cloud at Avignonet and Harmalière landslides was classified and filtered
using ‘Hierarchical robust filtering’ with the software SCOPCC. The average
density for both scans is therefore about 3 pts�m�2. The comparison of the point
cloud densities before and after the filtering (Fig. 3.1) shows that the decrease is
higher in vegetated areas.

In order to evaluate the quality of the vegetation filtering, two test-areas
of 100 � 100 m characterized by rough terrains are filtered manually using
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Fig. 3.1 Vegetation filtering on a data subset of the 2006 ALS point-cloud showing the unfiltered
(a) and filtered point-cloud (b). The unfiltered raw point-cloud also includes points resulting from
reflections on houses and trees, whereas the filtered point-cloud contains only the points classified
as ground

a 3D-Viewer for point clouds with some advanced point selection tools Point
Cloud Mapper (PCM). Figure 3.2a shows the unfiltered and filtered DEM (Digital
Elevation Model) with the location of the two test-areas. The manual filtered point-
cloud and the automatic filtered point-cloud are gridded (2 � 2 m) and the difference
is shown in Fig. 3.2b. Test-area 1 is situated in dense forest with steep slopes (>25ı)
including a drainage channel. Automatic filtering seems to throw out too many
points of the bare-earth as the DTM is too low in average (�0.85 m). The maximal
errors are about 3 m and the standard deviation of 0.70 m shows a quite high
variation. The second test-area is located in a village on just a minor slope (<10ı)
including some houses and trees. Results from the automatic filtering are better than
for test-area 1, but still below the reference in average (�0.34 m). The standard
deviation of 0.37 m indicates that the maximal errors of �2.41 and 1.01 m are
mainly outliers. The graphical representation of the two areas (Fig. 3.2b) shows that
main difficulties are connected with lineaments, the drainage channel in test-area 1
and tree/bush-chains in test-area 2. These two test-areas are extreme cases and more
isolated houses or/and trees have been filtered with less error.
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Fig. 3.2 Analysis of the upper part of Harmalière landslide. (a) Comparison between the shaded
reliefs from the unfiltered (left) and filtered (right) DEMs, (b) aerial photographs (top) and
difference between manual and automatic filtered DTMs (bottom) of the two test-areas
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Fig. 3.3 Map situation of the Valoria landslide showing the location of the 11 zones with different
slope activity, as well as the RMSE images obtained in these zones. The frequency distributions
for each zone are given in Fig. 3.4

3.2.2 Estimation of Surface Roughness

A valuable derivative of a DTM is the surface roughness. Different parameters
quantifying roughness have been proposed in the literature, including RMSE (Root
mean Square Error on height) and RMS-deviation (see Shepard et al. 2001). Two
applications of roughness are shown in this paper. For the Valoria landslide (Italy),
the RMSE of the surface elevation is calculated using a moving kernel, with the goal
to define characteristic signatures allowing discrimination between active and stable
areas. For the Avignonet and Harmallière landslides (Trièves area, French Alps),
roughness has been estimated using the RMSD along profiles with two step-sizes.

The Valoria landslide is a complex and composite mass movement, associated
with rotational and translational slides in the source area and subsequent earthflows
in the track and accumulation zones (Fig. 3.3, Daehne 2011). A Lidar-based DEM,
with a 1 m pixel size, was analyzed to compute roughness on specific zones with
different slope activity. Point cloud filtering was applied to remove vegetation and
scan line effects. Characteristic roughness signatures were calculated for eleven 100
� 100 m zones with known slope activity, ranging from very disturbed areas to flat
stable terrain. The locations of the 11 zones are shown in Fig. 3.3. The RMSE values
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Fig. 3.4 Cumulative frequencies of RMSE values of elevations computed for different landslide
units using a 5 � 5 moving window. Clearly distinguishable are stable units (black) with the major
contributions below RMSE 0.05 with the exception of unit 10 which is slightly biased due to
road embankments contained in the sample area. Head zone (light blue) and left flow (red) have a
large percentage of RMSE values above 0.1. Difficulties exist to differentiate right flow, toe, flow
confluence and the lower main flow. The main flow (dark blue) has a peak contribution from values
between 0.04 and 0.08 indicating smooth terrain

of DEM elevations were computed for the different zones using a 5 � 5 m moving
window. A de-trending surface representing average slope conditions was applied to
the background of surface roughness. The calculated RMS subsets are included in
Fig. 3.3. For each zone the corresponding RMSE cumulative frequency curves are
shown in Fig. 3.4. Stable areas (zones 9, 11) have RMSE values prevalently lower
than 0.04, while the source and the upper track areas (zones 1–4) are characterized
by a wide distribution of RMSE between 0.07 to about 0.18, with a prevalence of
values above 0.06. The RMSE distributions in zones located in the lower landslide
body are very similar. The smooth surface morphology of the main flow stands
somewhat out (Fig. 3.4) in that RMSE values are mainly below 0.07. In conclusions,
RMSE values lower than 0.04 are capable to unequivocally constrain stable areas,
particularly with low vegetating coverage. Conversely, the limit of RMSE equal to
0.05 or 0.1 can be considered as a reasonable boundary for detecting rough or very
rough areas, respectively, unequivocally associated to active earth slides or earth
flows. In between, no definite conclusion can be drawn.
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For the Avignonet and Harmalière landslides, exhibiting major differences in
morphology and displacement rates (Bièvre et al. 2011), the spatial roughness
distribution was calculated along profiles 10 m apart from the 2 m-resolution
2006 ALS-based DTM. Slope orientation was averaged at small-scale (SSc: 20 �
20 m) and large-scale (LSc: 200 � 200 m), and two height-profiles were extracted,
down-slope (UD D up-down) and parallel to the slope (LR D left-right). Roughness
(RMSD) was calculated along the profiles with a step-size of 2 and 20 m, at
small and large scales, respectively. The four images are shown in Fig. 3.5a, b,
d, e. The UD-roughness is low (dark blue) on the plateau and relatively high
(red) in Harmalière, the lower part of Avignonet and the terrain along the lake.
On the contrary, LR-roughness appears to be low everywhere, except along the
lake. Map of Fig. 3.5c shows the difference between the UD and LR roughness
maps; it reveals yellow-red areas with predominant UD-roughness and blue areas
with predominant LR-roughness. Three zones are distinguished: (1) the plateau and
upper part of Avignonet with no specific roughness, (2) Harmalière and lower parts
of Avignonet with UD-dominated roughness and (3) the terrain below the Avignonet
landslide and E of Harmalière along the lake with LR-dominated roughness. The
directional roughness then appears to be a good indicator for landslide activity,
revealed by down-slope roughness (created by perpendicular-to-slope scarps), while
erosion, generating drainage downslope paths, is shown by roughness along contour
lines. Several parts of Harmalière, as well as some regions along the lake, exhibit
unpronounced (green color) directional roughness and are not easily classified.

The same maps are presented for the large-scale roughness (20 m) in the lower
row of Fig. 3.5d–f. These maps are simpler, owing to the averaging effect of the
large profiles (200 m) relatively to the grid-spacing of 10 m. Overall, they show the
same trend as the small-scale maps, with however some differences. UD-roughness
(Fig. 3.5e) includes larger areas of the upper part of Avignonet, in opposite to the
small-scale case. This matches the lower activity in the upper part of Avignonet,
which leads to undulated morphology with longer wavelengths. In addition, the
directional roughness (Fig. 3.5f) shows LR-dominated (blue) areas along the ridges
bordering the landslides. Conclusively, the directional roughness seems to be a
promising parameter to classify morphology, especially for discriminating between
landslide and erosion morphological patterns. Further investigation on different
landslides would be needed to draw definite conclusions.

3.3 Combination of Ground and Airborne Data
for 3D Geometry Analysis

Remote sensing techniques and geophysical prospecting methods are increasingly
used to image landslide structures at the surface and at depth, respectively. Recently,
ALS data were successfully used to map recent and historical landslides in gentle
slope areas (Schulz 2007; van den Eeckhaut et al. 2007). Major advantages of ALS
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Fig. 3.5 Small-scale (a–c) and large-scale (d–f) directional roughness calculated at locations
equally distributed at every 10 m. The roughness is shown in downhill direction (a, d) and parallel
to the slope (b, e). (c) and (f) present the difference between the downhill (UD) and slope-parallel
(LR) roughness, meaning red areas are more rough downhill than slope-parallel and vice versa. This
is meant to show the primary force of morphology alteration, landslide (red) vs. erosion (blue). The
intensity of the colors in (c), (f) is the sum of the downhill and slope-parallel roughness (general
roughness) in order to highlight areas with higher roughness (independent of the direction). The
roughness is computed as RMSE-deviation. For small-scales the profile length is 20 m and the lag
is 2 m. For large-scales, the profile-length is 200 m and the lag is 20 m. (A) Extent of the Avignonet
landslide, (B) Extent of the Harmalière landslide

point cloud analysis are the flexibility and the quickness of acquisition as well as the
relatively simple data processing, allowing multi-temporal Digital Elevation Models
(DEM) to be generated (Oppikofer et al. 2008). In parallel, shallow geophysics
has also considerably evolved with the emergence of 2D and 3D spatial imaging,
allowing the study of the spatial and temporal variations inside landslides (Jongmans
and Garambois 2007). Although remote sensing and geophysical techniques are
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complementary for landslide imaging purposes, they have been rarely associated.
Roch et al. (2006) and Deparis et al. (2008) combined remote and ground imaging
techniques for determining the geometry and the 3D fracture pattern of potentially
unstable cliff sites. A dense digital surface model of the rock face was measured
from ALS and/or photogrammetry, while the GPR performed on the cliff allowed
the discontinuity pattern inside rock mass to be obtained.

Two applications of the combination of ground and airborne data are presented.
The first investigates the influence of the 3D paleotopography on the activity of two
adjacent landslides in glaciolacustrine sediments located in the Trièves area (French
western Alps). The second presents a data integration methodology for building 3D
landslide geometry, with application to the Super-Sauze and La Valette landslides
(Barcelonette Basin, France)

3.3.1 Influence of Bedrock Topography on Landslide
Characteristics at Large Scales

In the Trièves Plateau, the two adjacent landslides of Avignonet and Harmalière
presents major differences in morphology, displacement direction and displacement
rates. GPS measurements and digital photographs reveal that the difference in
kinematics between the two landslides can be tracked back to 60 years ago at least
(Bièvre et al. 2011).

The Avignonet landslide is directed towards the East (N 100 E) while the
Harmalière landslide is mainly oriented towards SE (Fig. 3.6a). The Harmalière
landslide, which has failed catastrophically in the 1980s, is still much more
active than the Avignonet landslide. A ground geophysical prospecting based on
ambient noise measurements (H/V method) was performed to record the resonance
frequencies at 104 locations (Fig. 3.6). The H/V technique is a single station method
consisting in calculating the horizontal to vertical spectral ratios (H/V) of seismic
noise records. For a single homogeneous soil horizontal layer (1D geometry)
overlying bedrock, the H/V curve exhibits a peak at the resonance frequency of the
soft layer (Bard 1998). Knowing the soil shear-wave velocity, the layer thickness
can be calculated. The 104 measured resonance frequencies were turned into clay
thicknesses. From these data and using a ALS DEM (Fig. 3.6a), a 3D map depicting
the base of the clays is proposed (Fig. 3.6b). It indicates that the basement is
very irregularly shaped with strong lateral E-W variations over 150 m. This map
reveals the presence of a N-S ridge of hard sediments (Jurassic bedrock and/or
compact alluvial layers) on the eastern side of the Avignonet landslide. This ridge
disappears when approaching the Harmalière landslide and makes place to what
can be interpreted like a NW-SE oriented paleo-valley of the river Drac. This ridge
could act as a buttress that could mechanically prevent the Avignonet landslide
from evolving as fast as the Harmalière one. Furthermore, the NW-SE paleo-valley
located under the Harmalière landslide corresponds to the sliding motion direction.
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Fig. 3.6 Avignonet and Harmalière landslides: (a) ALS-based DEM with the location of the H/V
measurements, (b) Paleo-topography of the former lake Trièves in the study area. Dashed lines
stand for Avignonet (A) and Harmalière (H) landslide boundaries

It is then proposed that the different kinematic behaviours of the landslide are partly
controlled by the paleo-topographic setting of the former Trièves lake.

3.3.2 Methodology for 3D Geometrical Modeling
at Slope Scales

The data used for landslide analysis and modeling are often numerous and acquired
using different techniques, either ground-based or airborne-based. They are thus
heterogeneous in terms of physical parameters, accuracy and resolutions. There-
fore, a major difficulty in 3D geometrical modeling of landslide consists in the
extraction of relevant information on the internal layering and on its integration in
a coherent framework (Bichler et al. 2004; Regli et al. 2004; Caumon et al. 2009).
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Fig. 3.7 3D geometrical model of the Super-Sauze landslide: (a) Location of the data points
extracted from the geotechnical, geophysical and geomorphologic data, (b) 3D geometrical model
illustrated through stratigraphic cross-sections interpolated with Universal Kriging. The landslide
material is composed of two geotechnical layers C1 and C2 overlying the stable substratum S
with some intercalation of moraine formation and torrential deposits M. (RMSE of the interfaces
between C1 and C2 of 1.7 m and RMSE of the interfaces C2 and S of 2.1 m). The layers C1 and
C2 have a mean thickness of 5.4 and 3.3 m. The volume of the landslide material is estimated at
560.000 m3. About 66 % of the volume corresponds to the most active layer C1

Consequently, before incorporating the data in a 3D geometrical model, several pre-
processing steps are necessary: (1) to georeference the data in a common reference
coordinate system, (2) to define their quality for the purpose of the modeling, and
(3) to interpret (or re-interpret) the data. The problem is that, in most cases, typical
data for 3D geometrical modeling are already in an interpretive digital or numerical
form (e.g. maps, cross-sections) for which the uncertainty is very difficult to assess
without access to the raw data.

Travelletti et al. (2011) developed a very flexible methodology applicable to any
kinds of digitized data. This methodology has been successfully applied on two
landslides located in the Southern French Alps: the Super-Sauze landslide developed
in black marls (Fig. 3.7a) and the La Valette landslide developed in flysch formations
and black marls (Fig. 3.8a). On both landslides, extensive datasets of geophysical,
geotechnical and geomorphological observations are available.

In order to evaluate the quality of the data, the methodology is based on the
concept of “hard data” and “soft data” initially defined by Poeter and Mckenna
(1995) and Clarke (2004). “Hard data” are characterized by a high degree of
reliability (e.g. explicit properties and very low uncertainties) while “soft data”
are characterized by a low degree of reliability (e.g. implicit properties and higher
uncertainties; Regli et al. 2004; Gallerini and De Donatis 2009). The reliability
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Fig. 3.8 3D geometrical model of the zones of transit and accumulation of the La Valette
landslide. (a) Location of the geotechnical and geophysical acquisitions, (b) 3D geometrical model
of the substratum topography interpolated with Universal Kriging (RMSE of 0.6 m). The data
points extracted from the geophysical tomographies and from the landslide boundary are also
indicated. In the zones of transit and accumulation, the depth of the landslide can reach 35 m.
It represents a volume of 2.2 106 m3 equivalent to 62 % of the total volume of the La Valette
landslide

index depends on (i) the quality of the original data source and (ii) the number
of processing steps needed to extract useful information. Travelletti et al. (2011)
defined a scale of reliability index between 1 (very soft) and 4 (very hard) as follows:

1. Very soft data: The original data are noisy, inaccurate for the purpose of
the analysis and with a high degree of subjectivity in the interpretation. The
original data do not have accurate spatial information. They are already in an
interpretative format or are derived from inaccessible raw data.

2. Soft data: The original data need several steps of processing to extract an useful
geometrical information. This is usually the case for indirect data such as petro-
physical properties determined with geophysical techniques at the ground surface
or in boreholes. The non-uniqueness of the inverted solution and the possible
decreasing resolution with depth are some drawbacks affecting the accuracy of
geophysical methods (Sharma 1997; Jongmans and Garambois 2007).
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3. Hard data: The original data represents generally well the geometry of the
landslide, even if some ambiguities in the interpretation remain. The data have
to be combined with other sources (generally geotechnical tests and geological
observations) to reduce the uncertainty in the interpretation.

4. Very hard data: The original data are sufficiently accurate and allow a straight-
forward interpretation of the geometry without any ambiguity. The data sources
are generally direct geomorphological or geological observations, borehole cores
and kinematic measurements.

The coordinates of the data points used in the 3D geometrical modeling are
extracted from georeferenced cross-sections and from the landslide limits in such
manner that the sub-surface topography is fully preserved (Figs. 3.7a and 3.8a).
A reliability index is attributed to each data point in order to associate a confidence
map to the final geometrical model. This method allows one to set priority for
the interpolation to the most reliable input data points. With this procedure, a
null value for the reliability index is attributed to the areas unconstrained with
data points. A frequent problem in data integration is caused by spatial and
temporal inconsistencies among interpretive data (cross-sections or stratigraphic
logs) that can be controlled and corrected with hard data located in the vicinity
of the acquisition using 3D visualization tools. Temporal inconsistencies (e.g. time-
dependent geometrical changes) are more difficult to detect without repetitive data
acquisitions at the same location. In theory, the data should be acquired in a
time short enough to avoid significant changes in the 3D geometry. In reality,
these conditions are hardly ever realized because of temporal, financial and site
configuration constraints. Therefore, recent data should have priority on older
data. According to the quantity of available data, additional exploration might be
necessary. The quality of the 3D geometrical modeling is defined by applying
different interpolation techniques (Triangular Irregular Network, Inverse Distance
with a weighting factor, Ordinary Kriging and Universal Kriging) and the analysis
of the Root Mean Square Error (RMSE) and expert analysis (visualization of
the sub-surface topography; Aguilar et al. 2005; Fisher and Tate 2006). In order
to compute the RMSE, a subset of data points with a high degree of reliability
is withheld from the interpolation by applying a random split-sample method
(Declercq 1996). Finally, in order to obtain a geometrical model in agreement with
the geological information, Travelletti et al. (2011) defined simple stratigraphic
rules to avoid interferences between stratigraphic layers to provide realistic 3D
geometrical models (Figs. 3.7b and 3.8b).

The 3D geometrical models of the Super-Sauze and La Valette landslides are
based essentially on geophysical surveys (refraction seismic tomography, electrical
resistivity tomography) and geotechnical investigations. These spatially distributed
techniques were shown to be very efficient for preliminary field investigations
because they provide a continuous imaging of the subsurface. However, geophysical
tomographies generally display a smooth image of the sub-surface (Figs. 3.7b
and 3.8b). The sub-surface appears excessively smoothed compared to the reality.
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In such conditions or if no data point is available in a specific area, it is necessary
to force the model to produce realistic results by adding data points coming from
expert knowledge.

3.4 Characterization of Water Infiltration Using ERT
and Temperature Monitoring

Water infiltration plays a crucial role in landslide mechanics (Maquaire et al. 2003).
Rainwater or snow melt infiltrates into the soil and recharges the groundwater
system. An increase in pore water pressure reduces the internal strength of slopes
and can generate instability of soil masses. However, when dealing with shale
slopes, material heterogeneity strongly affects the infiltration and moisture pattern.
Therefore, moisture monitoring in the shallow soil layer is of prime importance for
understanding the spatial and temporal behaviour of landslides. Two applications of
monitoring methods are presented here: Electrical Resistivity imaging (ERT) and
high-resolution distributed sensing (DTS) using fibre-optic cables.

3.4.1 Time-Lapse Electrical Resistivity Tomography (ERT)

Electrical resistivity of the subsoil is very sensitive to changes in water saturation
and pore water salinity. Monitoring Electrical Resistivity through Tomographies
(ERT) is potentially able to provide a spatial characterization of water flows within
a slope (Daily et al. 1992; Binley et al. 1996; Slater et al. 2000; French and
Binley 2004). Therefore, this technique is widely used to complement classical
hydrological methods (Robinson et al. 2008). In complement, ERT is also partic-
ularly interesting for estimating bedrock geometry in landslide investigations when
a resistivity contrast between the bedrock and the mobilized mass exists (Jongmans
and Garambois 2007; Marescot et al. 2008).

In order to characterize the dynamics of water infiltration in the subsoil of
heterogeneous marly landslides, rainfall experiments were carried out in 2007 and
2008 at the Laval landslide (Laval catchment, Draix, France) and at the Super-
Sauze landslide (Barcelonnette Basin, France). In both study cases, the landslide
material is composed of weathered Callovo-Oxfordian black marls characterized
by a heterogeneous fabric of flakes and centimetric to decimetric blocks encased
in a sandy-silty matrix. A multi-technique approach was set up to monitor soil
deformation and soil hydrology (e.g. groundwater level measurements, soil wa-
ter content monitoring, chemical tracer analysis, seismic tomography and ERT;
Debieche et al. 2011).
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At the Laval landslide, Travelletti et al. (2011) present an analysis of water
movement based on the interpretation of ERT monitoring using a time-lapse
inversion approach. The main objectives of this study were: (i) to characterize the
spatial and temporal development of the water infiltration front and the subsurface
flow in the soil and, (ii) to identify the time when the conditions of steady-state flow
(e.g. constant water flow rate) is reached.

Six inverted models of time-lapse inversion are used to estimate the uncertainties
of the resistivity values and to select the most appropriate inverted model for
the hydrological interpretation. The best model has been chosen according to the
RMSE of the inversion and the stability of the resistivity values in a test area
where no change in resistivity is expected. The noise level due to temperature
changes in the inversion process is estimated. A method for determining the time of
steady-state flow conditions is proposed and this time is compared to hydrological
measurements.

The experimental rain plot is located in the accumulation zone of the Laval
landslide on a moderate slope gradient (ca. 20ı); the zone is characterized by
macro-fissures at the surface which may act as possible preferential water pathways
(Garel et al. 2012). The simulated rainfall was applied on an area of 100 m2

with an average intensity of 11 mm�h�1 during 67 h and simulated using a
water pump and six sprinklers located along the borders of the experimental plot.
Chemical tracers (chlorure, bromure) were added to the rain water to characterize
the water pathways and flow velocity. The electrical resistivity of the rain was
kept constant (18 ��m ˙ 4 ��m) during all the experiment. A network of shallow
piezometers (with varying depths of 1–4 m) was installed for water sampling
and groundwater level observations. The rain experiment started with unsaturated
hydrological condition in the slope material (initial saturation degree of ca. 27 %).
The resistivity of the pre-event water present in the slope has an average resistivity
of 5 ��m ˙ 3 ��m.

The ERT tomography is located in the central part of the experimental plot in the
direction of the main slope gradient. The upstream part of the ERT line is located
outside of the artificial rain in an area called ‘dry plot’. The system features an
internal switch-system board for 48 electrodes with 1-m inter-electrode spacing.
Data acquisition lasted approximately 15 min; an acquisition was conducted every
1–3 h. A Dipole-Dipole configuration was selected. A filtering was applied to
remove all data with a measured potential lower than 5 mV. After filtering, 87 %
of the original dataset was kept for the analysis. The electrical potential, the input
current electrode geometry and the ERT line topography are used to compute
apparent resistivity value as input to the inversion process.

To determine the effects of soil temperature on the resistivity values, soil
temperature was monitored near the experimental plot along a vertical profile at
different depths (�0.13, �0.30, �0.50, �0.85 m). In addition, two temperature
sensors were installed inside the rain plot at�1.90 and�2.90 m in piezometers. By
using the model of Campbell et al. (2002), this study shows that inverted resistivity
values above 0.5 m can be very noisy due to temperature changes. However
correction of temperature effects will not significantly improve the results because
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the very shallow layers are generally poorly resolved in term of inverted resistivity
values. Consequently inverted resistivity values above 0.5 m depth are removed from
the inverted models and the consequent analysis. The apparent resistivity values
were inverted using the time-lapse approach based on cross-models implemented in
the RES2DINV inversion software (Loke 2006). The basic of a cross model is the
use of an inverted model from a base dataset as the reference model for later datasets.
Changes in subsurface resistivity are computed by using the apparent resistivity
changes to ensure that changes of inverted resistivity values are only due to changes
in apparent resistivity values (Loke 1999; Miller et al. 2008). Three types of cross-
models were compared. The best inverted model exhibits RMSE of less than 2.2 %.

The results show a decrease of resistivity (e.g. negative anomaly) with time
following directly the onset of the rain (Fig. 3.9a). The observation coincides with
the development of a wetting front progressing mainly vertically during the first
10 h of the experiment. The area located downstream and outside of the rain plot
is then affected by a negative anomaly showing that a lateral subsurface flow is
developing. After 30 h of rain, this lateral subsurface flow may have reached the
Laval stream. The evolution below the weathered clay-shales/bedrock interface is
not indicated because the sensitivity is too low below it. Consequently, infiltration
inside the bedrock cannot be depicted from the ERT dataset. However, regarding the
lateral development of the subsurface water flow at about 20 h after the beginning of
the rain, an important permeability contrast between the weathered clay-shales and
the bedrock can be suspected.

Despite the difficulty of finding a reliable relationship between resistivity values
and soil moisture due to the uncertainty of the inverted resistivity models (non
uniqueness of the inversion, 3D effects and the insufficient range of resistivity
value at the location of the soil moisture measurements), Travelletti et al. (2011)
succeeded in determining the time of steady-state flows based on a noise estimation
approach validated with hydrological measurements (Fig. 3.9b). On average, times
of steady-state flows conditions are reached 21 h after the start of the rain.
The topsoil is characterized by relatively short times varying between 5 and
15 ˙ 1 h while deeper locations mostly reached steady-state flow conditions after
20–28 ˙ 1 h. More time is needed for locations downstream outside the rain plot
(30–35 ˙ 5 h) to reach steady-state conditions. This time difference between area
outside and inside the rain plot strongly suggests the development of subsurface
lateral flow during the rain experiment. Two preferential flow paths could be
detected near the abrupt change of slope delimiting the landslide toe from the other
part of the landslide body. These flow paths induce fast water infiltration until the
weathered clay-shales/bedrock interface thus leading to steady-state conditions after
a short time of rain experiment (ca. 15 ˙ 2 h). These preferential flows are probably
connected through the weathered clay-shales/bedrock interface. The inverse of the
gradient of steady-state times is used to estimate an apparent saturated hydraulic
conductivity of 1.7 � 10�4 m�s�1. This value demonstrates the potential of the
weathered soil to rapidly drain the infiltrated water. The ERT interpretations cannot
explain complex hydrological behavior underlined by discrete information from
direct hydrological and hydrochemical methods (e.g. isolated water at small scale
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Fig. 3.9 Results of the ERT monitoring during a rainfall experiment at the Laval landslide: (a)
Resistivity changes relative to a reference inverted resistivity model before the start of the rain
experiment, (b) time of constant resistivity value indicated hydrologic steady state conditions. The
presence of fissure in the landslide toe allowing a rapid infiltration in depth is highlighted

with no connection with the surrounding; Garel et al. 2012). However, the main
processes occurring at larger scale are highlighted. The good contrast in resistivity
observed is mainly explained by the unsaturated conditions of the slope at the
beginning of the experiment.

At the Super-Sauze landslide, similar experiments were realized at larger scales
(rain plot areas of 1 m2) at the Super-Sauze landslide (Fig. 3.10a). In areas
characterized by high density of sub-surface fissures, changes in resistivity occurred
quite fast after the beginning of the rain at shallow depths and progress very slowly
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Fig. 3.10 Large-scale rain experiment in the Super-Sauze landslide (a) presentation of the
experiment rain plot: the shelter, the sprinkler and the ERT line crossing the 1-m2 rain plot (b)
time lapse inverted resistivity models (RMSE less than 3 %)

to greater depths (Fig. 3.10b). These observations highlight the important role of
preferential flow in clayey landslide for potentially supplying in a short time surficial
water to the water table.

Coupling 3D ERT at the ground surface and crossholes ERT measurements with
short acquisition time would help for providing 3D interpretation of subsurface
water flows and minimizing possible 3D effects. Reproducing similar rainfall expe-
riences with different intensities and slope conditions could provide complementary
and valuable information on subsurface flow development in weathered clay-shale
slopes.
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3.4.2 High-Resolution Distributed Temperature Sensing (DTS)
in the Shallow Soil

Temperature measurements are often used in soil science to recover soil properties,
including soil thermal diffusivity, which is a good indicator of changes in soil
moisture conditions in time and space (Johansen 1975). Recently, high-resolution
temperature measurements using fibre-optic cable have been applied in a broad
range of hydrological research (Johansson and Farhadiroushan 1999; Selker et al.
2006). Distributed temperature sensing (DTS) offers the opportunity to monitor
temporal and spatial temperature patterns in the soil, which is a big advantage
over point temperature measurements. The method is based on the observation of
back scattering and light travel time in a fibre-optic cable (for detailed description
of the method and examples of hydrological applications, Selker et al. 2006). The
commercially available DTS systems (e.g.: Sentinel DTS-LR® or Sensa DTS 800®)
provide continuous high resolution observation (up to 1 m spatial resolution and a
60 s integration time depending on the laser configuration) over large areas (cables
up to 10 km long).

One way to estimate soil thermal diffusivity from set of temperature information
is the analysis of its amplitude changes within soil profile. The amplitude method
(Horton et al. 1983) assumes temperature fluctuation in the soil to be sinusoidal
function of time with constant period of the thermal wave in the soil and exponential
decrease of its amplitude with depth. However, in the field scale measurements,
application of this method gives only raw estimation of soil thermal diffusivity due
to assumed simplifications. Behaegel et al. (2007) showed the capacity to estimate
apparent soil thermal diffusivity by solving the heat equation for a homogenous
half-space:

@T

@t
D D.�/ � @2T

@z2
(3.1)

where T is the soil temperature (K), t is the time (s), D is the apparent thermal
diffusivity (m2 s�1) and is function of soil moisture content (� ), and z is the depth
of the soil column (m). The input data set for this estimation is air and ground
temperature monitoring performed with the use of two thermistor temperature
sensors installed in single soil profile. This methodology was applied to the
high resolution temperature data coming from the fibre-optic cable measurements.
Steele-Dunne et al. (2010) presented a feasibility study to obtain soil moisture
information from passive soil DTS in a sand dune in the Netherlands. The fibre-optic
cables were installed at two depths (5 and 10 cm) in a vertical profile to monitor
propagation of temperature changes due to the diurnal cycle. Following Behaegel
et al. (2007), Steele-Dunne et al. (2010) proposed solving Eq. 3.1 with an implicit
finite difference scheme in order to optimize the apparent thermal diffusivity value
to obtain the best fit between simulated and observed soil temperature within the
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Fig. 3.11 Setup of tje high resolution Distributed Temperature Sensing: (a) Schematisation of 1st
experimental set up, (b) location of the fibre-cable within experimental area, (c) example of daily
soil temperature amplitude distribution within the experiment area; the rhombuses indicated the
area where the cable was surfacing and measuring soil surface temperature (daily amplitude higher
than 15 ıC)

24-h time window. For detailed information about experimental setup, description
of the optimization algorithm and results reader is referred to Steele-Dunne et al.
(2010).

Based on the concepts of Steele-Dunne et al. (2010) the high resolution
temperature measurements were used to test temperature as a tracer to detect spatial
and temporal variation in soil thermal properties, and thus soil moisture conditions,
for a clay shale material that is especially prone to landslide (Krzeminska et al.
2011). The soil temperature data were collected during two field campaigns in the
black marls mudslide of Super-Sauze (France) with the use of high resolution DTS
measurements. Two experimental sets were tested: 1st – using 130 m of fibre-optic
cable installed at approximately 0.20 m depth, in the spiral-like shape, covering
an area of approximately 100 m2 (Fig. 3.11a, b), and 2nd – using two fibre-optic
cables of 60 m length, installed at two depths as a straight lines, crossing three
morphologically diversified sub-areas (Fig. 3.12a, b).

Figures 3.11c and 3.12c, d illustrate the qualitative analysis of observed tem-
perature information. The differences in daily temperature amplitudes allow distin-
guishing between wet and dry areas at particular time (Fig. 3.11c) as low amplitude
value is good indicator of the areas that might be potential wet spots. On the other
hand, when looking at temperature variation in time and space (Fig. 3.12c) it is
possible to get an impression about wetting and drying periods based on differences
in observed temperature amplitude attenuation in time. The example of quantitative
analysis of soil DTS measurements are shown in the Fig. 3.12d, e. General, higher
values of apparent thermal diffusivity coincided with increases in observed soil
moisture content in time and space, giving evidence for wet areas identified during
cables installation, and increasing soil wetness at the end of the cables (Fig. 3.12d).
Moreover, when accounting for spatial heterogeneity of soil characteristics (e.g.
morphological sub-areas; Fig. 3.12b), the apparent thermal diffusivity correlated
quite well with the measured soil moisture data (Fig. 3.12e).
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Fig. 3.12 (a) Schematisation of 2nd experimental set up (b) location of fibre-optic cable within
experimental area: the punctuate line shows the location of the fibre-optic cable and the arrows
indicate morphological sub-areas.(c) Example of DTS measurements: soil surface temperature
measured at 0.01 m depth (upper bar) and soil temperature measured at 0.20 m depth (lower bar),
(d) Soil moisture measurements along the fibre-optic cables (upper bar) and estimated apparent
thermal diffusivity (lower bar), (e) Relationship between apparent thermal diffusivity values and
measured soil moisture content per sub-area

The results of Krzeminska et al. (2011) are coherent with the one presented by
Steele-Dunne et al. (2010). The overall trends in estimated diffusivity values were in
agreement with observed variation in soil moisture content, in spite of the fact that
absolute values for thermal diffusivity were often overestimated. Moreover, both
studies show that better control of the depth of sensors installation and additional
measurements of the soil surface temperature resulted in a significant improvement
of the calculated apparent thermal diffusivity. However, deriving soil moisture in-
formation is complicated by the uncertainty and non-uniqueness in the relationship
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between thermal conductivity and soil moisture. As a stand-alone technique soil
DTS and inversion method is not yet mature to give timely and effective information
about soil moisture. Therefore it should be seen more as support measurements to be
combined with other spatially distributed survey technique. However, giving further
research attention to solve both technical and analytical complications (listed and
discussed by Steele-Dunne et al. 2010) seems worthwhile since, once robust, DTS
technique can provide spatial and temporal information about soil moisture stage
over landslide hotspots with relatively low cost demands. In this way they could
become a valuable tool to improve hazard identification, monitoring of landslide
behaviour and prediction of their (re-)activation.

3.5 Conclusion

In the last years, landslide characterization has widely benefited from numerous and
impressive developments in remote sensing, geophysics, instrumentation and data
processing. The possibility of acquiring terrain information (height, displacement,
depth, etc.) with high accuracy and high spatial resolution is currently opening
up new ways of visualizing, modelling and interpreting these processes. These
new sensors can be mounted on terrestrial, aerial and/or satellite platforms or
at the ground, covering a full spectra of accuracies, resolutions, and monitoring
parameters. Geophysical and geotechnical investigations can also bring additional
information on subsurface processes and movements, which are essential for
monitoring and early-warning systems.

In this section, recent advances for the characterization of slope morphology,
structure and hydrological features are presented. Results have shown the value
of complement the different techniques for a better characterization of landslide
mechanisms. ALS data acquisition and processing have turned out to be promising
tools for the automatic characterization of slope morphology, with the perspective
of automatic detection of landslide-affected areas. Combining ALS-based DTM
with ground near surface geophysical and geotechnical data allows 3D geometry
of the landslide to be constructed considering data uncertainty and resolution.
This is a major forward step in landslide investigation. Of major importance is
also the detection of water infiltration pathways in the sliding mass, using indirect
geophysical techniques such as ERT or DTS with fibre-optic cables.
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Techniques for the Modelling of the Process
Systems in Slow and Fast-Moving Landslides
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Abstract This chapter reviews some of the current strategies for landslide
modelling. Main physical processes in landslides are first recalled. Numerical
tools are then introduced for the analysis of the behaviour of slow- and fast-
moving landslides. Representative case studies are introduced through the chapter
to highlight how different modelling strategies can be used depending on the
physical processes that the modeller wants to take into account.
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Abbreviations

H Hydraulic
H-M Hydro-Mechanical
CL Silty clay

4.1 Introduction

As different as the landslide types are, as different are the numerical models,
which have been developed to answer some of the common questions arising
in landslide hazard assessment: Which are the locations susceptible to climate-
induced landslides? Which are the predominant controlling factors for failure?
Which are the critical combinations of antecedent and precursor rainfall events?
Which is the released volume at failure? When is failure most likely to occur?
Of which type is the post-failure behaviour? Which is the probable movement
pattern after failure initiation? The variety of landslide types ranging from slow
moving (cm/year) to fast-moving landslides (m/s), of landslide volumes varying
between a couple to several million cubic meters, their distinct time history and the
various involved geomaterials can only be dealt with by means of landslide-specific
numerical modelling solutions. Nevertheless, the numerical models mostly share
common mathematical frameworks and basic physical concepts. Geomechanical
models can be basically categorised in models for the analysis of slope failure
initiation and models for post-failure landslide analysis. Both types of models aim
at gaining insights in the complex physical mechanisms and controlling factors
for the behaviour of instable or potentially instable slopes and to present that
information in understandable form. The kinematics of both, shallow and deep-
seated landslides is most often governed by climatic conditions influencing the
hydraulic regime and the mechanical response of the slope. Consequently, the
numerical codes have the common objective of simulating the slope or landslide
behaviour due to external hydraulic and/or mechanical perturbations. They are not
only useful tools for evaluating the stability of potentially instable slopes, but also
for predicting future slope behaviour for different climate scenarios. In consulting
expertise, they are often used to assess the effectiveness of planed constructive
remedial measures or the likelihood for mass acceleration and subsequent damaging
effects on infrastructures.

The numerical modelling of landslides is part of a multidisciplinary process,
starting from in-situ investigations and continuous measurements to identify the
landslide and its behaviour as a function of external, climatic factors and its
geological and hydrogeological structure (Fig. 4.1). Laboratory tests are conducted
to determine in more detail the behaviour of the geomaterials composing the
landslide. A geological model is built based on the available field data which allows
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Fig. 4.1 Interdisciplinary, iterative process of landslide modelling

characterising the landslide in more detail. Governing mechanisms are identified
or at least hypotheses on possible mechanisms are formulated. In some cases,
eventually the cause of the instability is determined. The geological and geotech-
nical characterisation of the landslide is important for the following modelling
steps. The choice of an adequate constitutive model for the numerical simulation
of geomaterial behaviour depends on the knowledge and lessons gained from the
geological model and the field- and laboratory tests conducted on the different
geomaterials. The actual process of numerical modelling itself is subject of technical
issues related to the codes and calculation methods, the translation of geological
and geotechnical input data into the model and the assumptions made based on
geological and engineering expertise. Finally, the results from the numerical model
can help in understanding the role of different complex physical processes in the
specific case study under consideration. They complete or revise the first output of
the geological expertise. In some cases, they identify critical issues which result
in further, more detailed and precise site investigations. The complete modelling
process is subsequently reiterated. The results from a numerical model need to be
subjected to critical evaluation and the model needs to be validated with data from
field instrumentation if it is supposed to be further used as a predictive tool for
landslide behaviour under variable environmental conditions.
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With reference to the described process of landslide modelling, this chapter
presents different modelling strategies, which can be applied to landslide problems.
In Sect. 4.2, an overview is provided of the main landslide features and key
physical processes in slow and fast moving climate-induced landslides, which
need to be considered in numerical models to correctly reproduce or predict
landslide activity. Although numerical models are often built specifically for a
given landslide problem, common modelling strategies are recognised and model
classes can be identified, which depend above all on the landslide type under
analysis. In this regard, Sects. 4.3 and 4.4 present the modelling frameworks for
slow and fast moving landslides, respectively. Applications of different types of
numerical models to example case studies from the FP7 Mountain Risks project are
presented to elucidate in more detail, which type of information can be gained from
different types of numerical models and which conclusions can be drawn for hazard
assessment. Finally, Sect. 4.5 provides a summary and recommendations for the use
of the results.

4.2 Main Physical Processes Involved in Climate Induced
Slow and Fast-Moving Landslides

Numerical models solve the landslide boundary value problem via integration
of the discretized physical time and space problem. The construction of the
mathematical framework including geomaterial constitutive models is a process
of conceptualisation of the real physical problem. It consists of idealisations and
simplifications and therefore contains always limitations. This section presents a
synthesis of the physical processes that have been identified for shallow slips and
flow-type failures and deep-seated, generally slow-moving landslides.

4.2.1 Shallow Slips and Flow-Type Failures

Shallow slips and flow-type failures are the most frequently triggered landslides.
The majority is triggered during or shortly after heavy rainfall events of short
duration or in combination with episodes of strong snow melting (e.g. Moser
and Hohensinn 1983; Harr 1981). In many cases, shallow landslides are triggered
over large areas corresponding to the spatial extent of rainfall events (e.g. Crozier
2005; Dai et al. 1999). The following list of points gives an overview of common
characteristic slope features and key elements of soil behaviour, which possibly
need to be considered in a physically-based analysis of shallow, rainfall-induced
landslides:

• Majority of first-time failures: Shallow, rainfall-induced landslides are mostly
first-time failures preceded by slow, downward slope movements and a sudden
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acceleration phase caused by stress changes due to pore water pressure variations.
Pre-failure deformations localise in some cases to form narrow bands of high
shear deformations.

• Shallow, translational failure: Failure occurs most often in 1–3 m depth as a
direct consequence of rain infiltration in shallow soil covers overlaying a more
consistent substratum (e.g. Dai et al. 1999). Commonly, the depth to length ratio
of the slide is less than 15 % and the failure can be characterised as a translational
slide (Abramson et al. 2002).

• Steep slopes: Shallow slope failures are commonly encountered in steep slopes
with angles higher than 25ı (Iverson et al. 1997). The slope angle is one of the
factors determining the type of slope failure: localised slip failures may occur at
various slope angles, while fluid-like landslides in granular soils are observed in
slopes with angles close to or lower than the friction angle of the soil (Olivares
and Damiano 2007).

• Partial saturation: Shallow slips occur mostly in steep slopes where a water
table is absent and the slope angle exceeds the friction angle of the soil. The
stability prior to a catastrophic event is mainly sustained due to the positive
capillary effects in partially saturated conditions (e.g. Fredlund and Rahardjo
1993; Fourie et al. 1999; Godt et al. 2009). The soil water retention behaviour
in partially saturated conditions governs the water relative permeability and
hydraulic gradients in the soil cover.

• Soil type, initial stress state and stress history: Colluvial soils, eolian deposits
(e.g. loess, volcanic ashes) and residual soils are particularly prone to shallow
failures due to, amongst others, a collapsible soil structure, susceptibility to
weathering processes and vertical soil layering from depositional processes
favouring the build-up of pore water pressures compromising slope stability (e.g.
Springman et al. 2003; Crosta and Dal Negro 2003; Rahardjo et al. 2004). Due to
their genesis and shallow depths, stresses are generally low in the shallow soil
covers and the soils are in a loose or medium dense state. These soils show
high losses of volume due to slight perturbations of the stress state and are
prone to flow-type failures in fully or close to fully saturated conditions (e.g.
Eckersley 1990; Spence and Guymer 1997; Wang and Sassa 2001). Soils in dense
configurations dilate upon wetting-induced shearing and often develop into slip
failures presenting a distinct sliding surface (e.g. Picarelli et al. 2008).

• Strong local material heterogeneities: Shallow failures involve mostly small
volumes of soil (couple of tens to hundreds of cubic meters). Site-related factors
often play an important role for the predisposition of a slope to fail. These
factors include, amongst others, the stabilising action of soil roots, geometrical
irregularities of the slope leading to stress concentrations and concentrations of
water flow paths and the presence of multiple soil layers leading to preferential
failure zones due to contrasts in mechanical and hydraulic soil properties, which
create preferential flow paths and govern the evolution of pore pressures (Johnson
and Sitar 1990).

• Strong relation between hydrological surface and hydrogeological subsur-
face processes: Shallow failures are directly related to external climate factors
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(e.g. rainfall, snowmelt). Hydrological processes at the soil surface are the first
link in the chain of processes leading to failure. These processes include water
ingress at the soil surface, evaporation/evapotranspiration and run-off generation.

• Hydrogeological role of the bedrock: Soil covers in steep slopes are generally
shallow and the bedrock influences greatly the pore pressure response in the soil
cover during rain infiltration as it can either act as a sink or source for water in
the presence of fractures or impede vertical infiltration and lead to build-up of
perched groundwater tables (e.g. Anderson et al. 1997; Cascini et al. 2010).

• Post-failure kinematics: Shallow slope failures can either be localised along a
slip-surface and the failed mass moves in a block-like manner (i.e. slip) or in a
diffuse, fluid-like manner due to partial or complete liquefaction of the soil slope
(i.e. debris flow, flowslide). In some cases, the movement of instable soil masses
ceases quickly after failure, in others they evolve into flow-type failures with
longer run-out distances. Flow-type failures such as debris flows and flowslides
result most often from shallow slips (e.g. Dai et al. 1999).

4.2.2 Deep-Seated Landslides

Large landslides present typically a volume of more than 1 million cubic meters.
Due to their large extent (several km2), they possess very often significant hydraulic
and mechanical heterogeneities leading to different movement patterns within the
sliding body. Large landslides are gravity-driven processes, which are typically in
a state of more or less constant movement with possible reactivation phases. They
display however considerable differences among each other with respect to their
velocities. Slow-moving landslides may reach velocities up to 1.6 m/year and rapid-
moving landslides reach velocities higher than 1.8 m/h (Cruden and Varnes 1996;
WP-WLI 1995). The following list presents some relevant features and processes in
deep-seated landslides:

• Majority of post-glacial slides with reactivation phases: Slow-moving land-
slides are mostly encountered in regions which have been subjected to a relatively
fast deglaciation period. Most large landslides have been moving for thousands
of years. In most cases, movement takes place along pre-existing slip surfaces.
The movement pattern is generally regular, but longer wet periods can lead
to acceleration phases. In the case of first-time failures, exceptional climate
conditions are often the cause of instability.

• Groundwater fluctuations: Large landslides present commonly a groundwater
table displaying seasonal fluctuations. Climatic conditions are the principle factor
for changing movement activity, even if the variations of the hydrogeological and
climatic conditions are in most cases not very marked (Castelli et al. 2009).

• Pre-existing sliding surface: Sliding masses move along single or multiple
shear surfaces, which are characterised by their limited thickness and reduced
(residual) shear strength with respect to the sliding mass (e.g. Alonso et al. 1993;
Ferrari et al. 2009).
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• Preferential flow paths: Fracture flow can play an important role in the
hydrogeological system of the landslide. In this case, precipitation itself has
limited predictive value for groundwater level fluctuations (e.g. Bogaard 2001;
Bogaard and Van Asch 2002). This is especially true when dealing with active
landslides, where infiltration processes are strongly affected by presence of a
dynamically changing fissure network providing preferential flow paths. On one
hand, fissures may provide direct access to the lower groundwater and increase
the groundwater recharge. On the other hand, they may increase the rate of
natural soil drainage (e.g. McDonnell 1990; Van Asch et al. 1996; Uchida et al.
2001).

• Kinematic features: Slow-moving landslides are slides which have either
experienced progressive displacements over long time periods and are still active
or went through a fast episode of movement in the past and now are only affected
by residual movements. Such creeping behaviour (2–5 mm/year) is in some
cases associated to displacements due to seasonal groundwater table fluctuations
(Alonso et al. 2003; Picarelli et al. 2004) and in other cases is told to be little
affected by external climate events (Macfarlane 2009). For cases of first time
failure, rapid movements may arise for example from a sudden decrease in shear
strength, as encountered in brittle materials such as fractured rock slopes or
overconsolidated clays. In stiff clays, the progressive development of the failure
surface decreases the average strength of the soil mass at collapse (Skempton
1964; Bjerrum 1967; Potts et al. 1997).

• Changes in geometry and boundary conditions: Very often, large landslides
are affected by changes in geometry caused for example by toe erosion from a
river (Ledesma et al. 2009; Ferrari et al. 2011).

4.3 Behaviour of Slow-Moving Landslides

4.3.1 Modelling Strategies and Hydro-mechanical Couplings

Slow-moving slides are quite frequent in mountainous or hilly areas and do
not represent a major challenge for land planning. However, they may display
occasional short term crises, generally as a consequence of exceptional climatic
conditions, which can damage infrastructure assets and buildings. These situations
represent a potential serious hazard that cannot be analysed in terms of probability
analysis, as the number of recorded past events is generally very small and
climate changes could significantly modify the environmental setting. Quantitative
relationships relating climatic condition fluctuations and sliding area velocity must
then be pursued by taking into account the most relevant physical processes involved
in the landslide behaviours. Conventional slope stability analyses are unable to deal
with such questions because they do not allow the velocity fields to be determined.
Numerical modelling has been developed to predict landslide displacement patterns



90 A. Ferrari et al.

Hydrogeological
modelling

Geomechanical
modelling

H H M Constrained
displacements

Water boundary
conditions

Mechanical boundary
conditions

Fig. 4.2 Outline of the coupling between hydrogeological and geomechanical models

over time in order to deal with specific issues such as strain localisations and the
development of shear zones (e.g. Dounias et al. 1988), viscous behaviours (e.g.
Vulliet 2000) and weathering processes (e.g. Eberhardt et al. 2005). In general, a
comprehensive analysis of slow-moving landslides requires a hydrogeological and
a geomechanical model. The evolution of pore water pressures within the landslide
body is often recognized as the main cause for the occurrence of displacement
accelerations. In this sense, the interaction among the hydraulic and the mechanical
processes must be considered in order to establish the quantitative relationship
between pore water pressure variations and slope movements.

Various levels of coupling between the hydrogeological and the mechanical
modelling can be established (Fig. 4.2). The hydraulic response is often analysed
first. To this end, a hydrogeological model is set up for the case study under
consideration based on the information collected during the monitoring campaign.
Rainfall, lateral flows, permeability, non-homogeneity, preferential flow paths and
vegetation should be duly considered. Hydrogeological modelling considers the
mass conservation of the fluid. In this sense, a purely hydraulic formulation (H)
is usually used. The resulting model can be a complex 3D transient finite element
model (e.g. Tacher et al. 2005) or a simplified column infiltration model, depending
mainly on the complexity and the involved physical processes which are relevant for
the analysed case. The hydrogeological model is usually calibrated on the values of
pore water pressures registered at several points of the slope for a reference time
span. As an outcome, the model provides the evolution of the pore water pressures
in time in the slope as a function of the boundary conditions and their fluctuations.

In the general case, geomechanical models include a hydraulic and a mechanical
component. Water mass and momentum conservations are usually implemented in
the codes. The two sets of equations can be solved simultaneously (fully coupled
approach, like in the case of the consolidation analysis) or separately (e.g. seepage
calculation coupled with limit equilibrium analyses); in the latter case, the hydraulic
part is solved first and the computed pore water pressures are used to drive the
mechanical component of the model. The geomechanical model is often calibrated
by comparing computed and measured displacements in relevant points of the slope.

The level of coupling between the hydrogeological model and the geomechanical
model must be defined. The computed groundwater pressures resulting from the
hydrogeological simulations can be introduced in the geomechanical model as
boundary conditions and they may evolve with time. In this case, a “one way”
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coupling is established between the hydrogeological and the geomechanical model.
When appropriate, the outcomes from the geomechanical model can be used in an
iterative way to update the hydrogeological model settings. In this way it is possible
to simulate the evolution of relevant factors (such as permeability or retention
properties of the involved materials) associated to the cumulated displacements. In
this case, a “two-way” coupling is established between the two model frameworks.

In the following sections, examples of numerical modelling of case studies
are reported with the aim to highlight the different coupling levels that can be
established. It will appear that this choice is fundamentally dictated by the physical
phenomena that are believed to play an important role for the case under analysis.
The mathematical formulation of the couplings (within the geomechanical model,
or between the hydrological and geomechanical modelling frameworks) are also
presented.

4.3.2 Coupled Hydro-mechanical Approaches

4.3.2.1 The Steinernase Case Study

The Steinernase case study represents an example of how the general methodology
for the hydromechanical coupling presented in the previous section can be adapted
in order to take into account the specifics of a given case study. Following the
outline in Fig. 4.2, pore water pressure evolutions with time and within space
were computed by a 3D finite element hydrogeological model and they were
inserted as nodal forces in a finite element geomechanical model, which uses the
coupled hydro-mechanical formulation (H-M) briefly recalled hereafter (Ferrari
et al. 2009). Changes in pore water pressures cause variations in stress, which in
turn induce displacements. Once calibrated, the coupled models could be used to
assess the landslide behaviour under different scenarios, including modified climatic
conditions (i.e. different rainfall patterns) and to implement mitigation measures.
This methodology has been successfully applied in other relevant case studies such
as the Triesenberg landslide in Liechtenstein (François et al. 2007).

The Case Study

The Steinernase landslide affects a natural slope on the bank of the Rhine between
the towns of Stein and Mumpf in the canton of Aargau in Switzerland (Fig. 4.3).
Three major infrastructure assets are located at the slope toe, namely a railway,
a highway and a cantonal road connecting Zurich and Basel. Due to the strategic
importance of the potentially involved infrastructure, systematic monitoring of the
landslide started in 1995. Inclinometers, piezometers and topographic control points
were installed. A general plan of the slope is shown in Fig. 4.3, showing the active
zone, which extends from the mountain road to the upper limit of the railway,
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Fig. 4.3 General plan of the Steinernase landslide showing the position of inclinometers and
topographic control points (Ferrari et al. 2009)

approximately 300 m in width and 230 m in length. The more active zone seems
to be part of a wider substable zone that extends longitudinally from the beginning
of the slope main scarp to the cantonal road. Inclinometer profiles clearly showed
the presence of a multiple surface failure mechanism: a unique slip surface, present
in the upper part of the slope, develops into a multi-surface system in the toe
zone. A schematic of the multi-surface system is depicted in Fig. 4.4 (profile A-
A’ in Fig. 4.3). Three main materials have been identified from the analysis of the
boreholes: (i) the soil composing the landslide body, (ii) the bedrock and (iii) the
Rhine Alluvium. In spite of some heterogeneity in index properties at a local scale,
soil of the landslide body is homogenous at the scale of the landslide and it was
classified as CL.

Pore water pressure variation within the slope was recognized as the main
cause for accelerations. Even if displacement data are not continuous because of
inclinometer reading delays and the assessment of the exact instants in which
movements start and end is not possible, it is worthwhile to note that accelerations
coincided with total head peaks. The groundwater table does not seem to reach the
topographic surface.
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Fig. 4.4 Cross-section along the centre of the landslide, indicating the multiple slip surface system
as interpreted from inclinometer readings (Ferrari et al. 2009)

Modelling Strategy

The interaction between the pore fluid pressure and the mechanical behaviour of the
solid skeleton is obtained with a Biot-type formulation (Biot 1956), in which the
mass and momentum of the fluid and solid phases are conserved. A thermodynamic
description of the general form of the field equations is given in Laloui et al. (2003).
When the failure mechanism of the slope is located above the piezometric line, it is
likely that movement accelerations can occur as a consequence of the changes in the
degree of saturation of the materials at the slip surface, due to the fluctuation of the
groundwater level. In such a case, the transition from a partially saturated to a fully
saturated state of the soil must be taken into account. In this sense, the behaviour
of the solid matrix is assumed to be governed by the generalised effective stress
equation (Nuth and Laloui 2008; Laloui and Nuth 2009) given by:

¢ 0 D ¢ � Srp• (4.1)

where ¢ 0 is the generalised effective stress tensor, ¢ is the total (Cauchy) stress
tensor (compression stresses taken as positive), Sr is the degree of saturation, p

is the pore fluid pressure (compression pressure taken as positive) and • is the
Kronecker’s delta. The generalized effective stress definition ensures a smooth
transition between partially and fully saturated conditions. Terzaghi’s effective
stress is recovered when Sr becomes equal to 1. An unsaturated soil is a three-
phase porous medium composed of solid, liquid and gaseous phases. The Biot-type
formulation uses an equivalent two-phase porous medium with a compressible
liquid phase, in which air bubbles are trapped within water. The solid grains
are treated as incompressible. A detailed description of the procedure to derive the
following equations can be found in Ferrari et al. (2009). The mass conservation
equation of the soil is described by:

Sr div @t us D div
�
kr K � grad

�
p C �f g � x

�� � n

�

ˇf Sr C dSr

dp

�

@t p (4.2)
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where @t us is solid skeleton velocity, kr is a scalar function of the degree of
saturation, K is the tensor of the saturated soil permeability, �f is the volumetric
mass of the fluid, g is the vector of gravity acceleration, x is the position vector, n

is the porosity and ˇf is the compressibility of water. Equation (4.2) expresses how
the temporal variation of the solid displacement (left side term) may be modified by
the Darcy’s flow (first right side term) and/or by the pore fluid pressure variation
(second right term). The evolution of permeability with the degree of saturation is
given by the expression proposed by Van Genuchten (1980):

kr D
�

Sr � Sr;res

1 � Sr;res

�3

(4.3)

where Sr;res is the residual degree of saturation. Retention curves relate the degree
of saturation to the pore fluid pressure; the following expression is used (Van
Genuchten 1980):

Sr D Sr;res C .1 � Sr;res/=

"

1 C
�

˛
p

�f g

�2
# 1

2

if p < 0I Sr D 1 if p � 0 (4.4)

where ˛ is a material parameter.
The momentum conservation equation can be written as:

div fC W © .us/g D � g � Sr grad p (4.5)

where C is the constitutive tensor, © is the strain tensor which is a function of solid
skeleton displacements and � is the total average mass density � D �d C n Sr �f ,
with �d being the mass density of the solid skeleton. The choice of the constitutive
tensor depends on the behavioural features of the involved materials (e.g. elasto-
plastic or visco-plastic). As an example, two different constitutive models (elastic
and elasto-plastic with isotropic hardening) are used in the case study described in
the following. Two field equations are then obtained with two unknowns (us; p).

A hydrogeological model for the entire area was developed by the Laboratory of
Engineering and Environmental Geology (GEOLEP) at the EPFL (EPFL 2008). An
extensive analysis of the hydrogeological features of the slope pointed out the role of
several key factors on the evolution of pore water pressure within the slope, such as
infiltration, preferential flows and vegetation. A 3D finite element hydrogeological
model was calibrated and validated in order to predict the pore water pressure
evolution in the area of interest for the years 2000, 2001 and 2006.

The two-dimensional mesh used for the model was created on the cross-section
A-A’ in Fig. 4.4. The unstructured mesh includes 1,694 nodes and 1,554 isopara-
metric 4-node elements (Fig. 4.5). The multiple slip surface failure mechanism was
considered an important feature to be explicitly taken into account in the model.
Three independent slip surfaces were introduced; their positions were carefully
reconstructed taking into account the inclinometer profiles for the instrumented
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100 m

Landslide body

Alluvium

Bedrock

Slip surface 1

Slip surface 2

Slip surface 3

0

Fig. 4.5 Finite element mesh for the geomechanical model

boreholes close to the cross-section. A Cam-Clay constitutive law was adopted
for the materials at the slip surface, while the rest of the landslide body was
assumed to behave as a high–rigidity elastic material. The choice of an elasto-
plastic constitutive model with isotropic hardening does not allow considering creep
effects; even if some creep component of the displacement were observed when
ground water fluctuations were small, it has been considered of limited importance
for the present analysis, where the focus is on the movements associated to the pore
water pressure increase. Fixed nodes were assumed at the bottom of the domain.
Horizontal displacements were prevented for the bedrock nodes of the left edge
while equivalent loading forces were applied at the right edge of the mesh. The
initial state of stress is that induced by the soil weight at rest. This assumption is
corroborated by the normal consolidated condition of the soils within the slope,
pointed out by the available oedometric tests.

Computed groundwater pressures resulting from the hydrogeological simulation
were introduced as nodal forces. They varied over time at selected nodes of the
model. Seepage elements were introduced for the superior edges of the domain
allowing simulation of the superficial runoff of the infiltrating rain when the
superficial layers become fully saturated; in this case, a zero pore water pressure
value is automatically imposed in these nodes. The model was calibrated for
the period between 1 January, 2000 and 31 December, 2001, during which two
acceleration phases were registered. The calibration was performed selecting the
values of the constitutive model parameters by matching computed and measured
displacement at several points of the domain. Available laboratory tests results were
used as guidelines for the selection of material parameters. Table 4.1 reports the
obtained parameter values. Further details on the geomechanical model can be found
in Ferrari et al. (2009).

Model Results

As a result of the calibration, Fig. 4.6 shows observed and computed displacements
for borehole B3e at two different depths (3 and 9 m). The plot shows that
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Table 4.1 Material
parameters for the slip
surfaces

Slip surface

Parameter 1 2 3

Slope of the virgin compression line 0.1 0.1 0.1
Slope of the swelling line 0.05 0.05 0.05
Poisson’s ratio 0.3 0.3 0.3
Slope of the critical state line 0.90 0.95 1.00
Initial void ratio 0.65 0.65 0.65

accelerations that occurred during crisis periods are reproduced well, both in terms
of durations and accumulated displacements. In accordance with measurements in
the field, larger displacements are computed for the more superficial part of the
slope. Computed pore water pressures for the same nodes are also represented in
the figure. The plots allow the appreciation of the quantitative correlation between
the evolution of displacement and the evolution of pore water pressure, which
constitutes the key point of the coupled hydro-mechanical model. These plots also
indicate that displacements in the more superficial part of the slope can be initiated
by a reduction (in absolute value) of the negative pore water pressure (suction). The
prediction capabilities of the model could be used in order to simulate the behaviour
of the slope when subjected to pore water pressure distributions induced by different
rainfall patterns and to assess possible stabilisation strategies. As an example of the
second case, displacement trends for year 2000-2001 were predicted for the case in
which a system of sub-horizontal drains at the slope toe was installed. This analysis
considered 50 m long drains drilled from the cantonal road. The presence of the
drains was introduced as a boundary condition in the hydro-geological model, and a
new distribution of pore water pressure was obtained for the period in question.
Predicted displacements are reported in Fig. 4.7 for borehole B3e at different
depths. Comparison with the original scenario shows that the drainage system, even
if realized at the slope toe, would have a positive effect in terms of movement
reduction, including the upper part of the slope.

The agreement between measured and predicted displacements was good in
several points of the domain. Moreover, the model sheds light on the physical
processes involved in the landslide; in particular, it appears that the transition from
partial to full saturation plays a major role in the accelerations in the movement
of the superficial material in the landslide in the slide, even though the total
displacements are quite small.

4.3.2.2 The Super-Sauze Case Study

The Super-Sauze case study is presented here to highlight how different modelling
strategies can be used to analyse a given landslide, depending mainly on the physical
processes which are included into the analysis. Different levels of H-M coupling
will be required for the different strategies. This section first presents a coupled
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Fig. 4.6 Computed and measured horizontal displacements and evolution of the computed pore
water pressures at borehole B3e for the period 1/01/2000–31/12/2001 (negative sign refers to
downhill displacements) (Ferrari et al. 2009)
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Fig. 4.7 Predicted horizontal displacements at borehole B3e for the scenario with sub-horizontal
drains (Ferrari et al. 2009)

hydro-mechanical modelling that was formulated with the main aim to reproduce
the short term behaviour of the Super-Sauze mudslide over 1 year and to quantify
the influence of the pore water pressure on the general acceleration of the mudslide
during the spring seasons of 2008 and 2009. In Sect. 4.3.3, a single phase approach
for the geomechanical model is presented in which the effect of the pore water
pressure variation is considered via the reduction of the available shear strength;
in this latter case, pore water pressures are introduced as a boundary condition
into the geomechanical model so that a “one way” coupling is established. It
will appear clear that this simplified approach makes the model simpler from a
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Fig. 4.8 Photograph of the
Super-Sauze landslide
(Travelletti and Malet 2012)

computational point of view and gives the possibility to have a spatial representation
of the results – for example for GIS applications – hardly obtainable with a more
elaborates fully coupled FE model. Finally, a hydrological model is presented with
the aim to highlight the role of preferential flows on groundwater level changes
(Sect. 4.3.4).

The Super-Sauze mudslide (Fig. 4.8) located in the upper part of the catchments
basin of the Sauze torrent in the Barcelonnette Basin is a well-documented landslide
(Malet 2003; Maquaire et al. 2003; Travelletti and Malet 2012). Geomorphologic,
geologic, geophysical, geotechnical and displacement monitoring studies have been
conducted over 15 years in order to monitor the landslide dynamics (Fig. 4.9). The
vertical structure of the study case can be described by a superficial unit (C1) with
a thickness ranging between 5 and 9 m (velocity > 1 cm/day) including a shear
surface identified at a depth between 5 and 8 m, a deep unit (C2) with a thickness
ranging between 5 and 10 m overlying a stable substratum (S) composed of intact
black marls. The C2-unit is considered as impermeable and very compact, with very
low to null displacement rates and comparable to a “dead body”. Velocities at the
slope surface vary temporally and spatially with a typical range of 1–3 cm/d and
acceleration peaks until 40 cm/day in the spring season during snowmelt.
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Fig. 4.10 Finite element mesh and boundary conditions for the hydro-mechanical model. The
location of the piezometers AV1, BV16, CV10, EV2 and the location of the pt1, pt2 and pt3 where
displacements of the ground surface were monitored are also indicated

Modeling Strategy

A 2D hydrological model is first established to reproduce the pore water pressure
variations observed in selected piezometers for the years 2008 and 2009 (AV1,
BV16, CV10 and EV2 in Fig. 4.10). Then, at each time increment, the solution of the
hydrological model is introduced as nodal force in the hydro-mechanical model. A
two-dimensional structured mesh composed of 3,955 nodes and 2,854 isoparametric
4-node elements is realized from a cross section of the 3D geometrical model of the
Super-Sauze mudslide (Travelletti and Malet 2012) (Fig. 4.9).

The hydrological boundary conditions are defined according to the observations
of Malet (2003) and de Montety et al. (2007) who demonstrated the influence
of the rain infiltration and the presence of deep water sources on the pore water
pressure within the mudslide body. The deep water sources are assumed to maintain
a constant basal pore water pressure within the mudslide. The rainfall infiltration
is assumed to be the main cause of the variations in pore water pressure. First,
flux boundary conditions and seepage elements are assigned along the topography
to simulate the rain infiltration in fully drained conditions. Second, two flux
boundary conditions are defined between the C2 layer and the stable substratum S
to simulate the deep water sources (Fig. 4.9). The stable substratum is considered as
impermeable. The effective rainfall recorded by a meteorological station installed
on the mudslide is used as input for the rain infiltration fluxes. The hydrological
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Table 4.2 Hydrological parameters of the mudslide body

C1 C2 Substratum Slip surface

Void ratio 0.7 0.7 0.1 –
Kx (m�s�1) 9.6 � 10�7 2.3 � 10�8 Impermeable Fully permeable
Ky (m�s1) 1.9 � 10�6 2.3 � 10�8 Impermeable Fully permeable
Sr,res (�) (Eq. 4.4) 0.6 0.5 1 –
’ (�) (Eq. 4.4) 140 150 – –

Table 4.3 Mechanical parameters of the mudslide body

C1 C2 Substratum Slip surface

Constitutive law Elastic Elastic Elastic Mohr-Coulomb

E (kPa) 1,500 1,500 200,000 1,500
v (�) 0.4 0.4 0.3 0.4
c0 (kPa) – – – 0
®0 (ı) – – – 26–33a

” (kN�m�3) 17 17 26 –
a26ı in the upper part and 33ı in the lower part of the mudslide
(Fig. 4.10)

parameters were determined through laboratory tests (Malet 2003) and adjusted in
the calibration procedure (Table 4.2). The locations of the deep water sources are
also adjusted in the calibration and their fluxes are assumed constant in time. The
hydrological calibration was realized over the year 2008 and the validation over the
year 2009.

Once the pore water pressure variations are correctly reproduced within the
mudslide, the mechanical response of the mudslide is simulated using a “one way”
hydro-mechanical coupling. The mechanical boundary conditions were defined
according to the interpretation of the geophysical and geotechnical investigations
realized in the mudslide between 1996 and 2009 (Travelletti and Malet 2012). A slip
surface introduced between the layers C1 and C2 is represented with an interface
element in order to reproduce large displacements in the same way as Comegna
et al. (2007) (Fig. 4.10). A Mohr-Coulomb constitutive law is attributed to the
interface while the rest of the mudslide body is considered as an elastic material.
This assumption is justified by the fact that the largest fraction of the observed
plastic deformations is concentrated in a relatively thin shear zone (0.20–0.30 m;
Malet 2003). The model was calibrated for the period from 1 January 2008 to 29
August 2008. The calibration was done by adjusting the effective friction angle of
the slip surface in order to obtain comparable computed and observed displacements
at three points of the mudslide obtained from the correlation of ground-based optical
images (Travelletti et al. 2012). Results from laboratory tests were used to assign
the initial parameters of the slip surface properties (Malet 2003) (Table 4.3). The
validation of the hydro-mechanical model was done for the period from 1 January
2009 to 29 August 2009.



102 A. Ferrari et al.

Model Results

The results of the calibration of the hydrological model show a good agreement
between the observed and computed pore water pressure at each piezometer location
(Fig. 4.11a). It was necessary to introduce a permeability anisotropy in the model,
which can be explained by the presence of fissures (vertical preferential flow)
observed in the mudslide body (Malet 2003). The variations of the pore water
pressure are particularly well reproduced during the water-table recharge in spring
and the drainage period in summer. As soon as the first rainfall occurred in
spring, the upper part of the mudslide rapidly becomes saturated. Water sources
observed in this area corroborate this model prediction. The agreement between
the observed and computed displacements of the hydro-mechanical model is quite
good and the acceleration period in spring 2008 and 2009 are well reproduced
(Fig. 4.11b). The spatial distribution of the displacements is presented in Fig. 4.12.
The largest displacements are located in the upper part where the mudslide body is
the thinnest, which is in accordance with the field observations. The slip surface
strength was necessary to increase in the lower part of the mudslide (artificial
increase of the effective friction angle) to compensate the narrowing of the valley,
which impedes the natural progression of the mudslide downstream (3D geometrical
effects) (Fig. 4.12). Possible multiple discontinuous sliding surfaces can also partly
explain the increase of the sliding surface strength.

From a hydrological point of view, the good adequacy of the hydrological
model with the reality corroborates the presence of deep water sources within
the stable substratum. The hydro-mechanical model confirms that the majority of
the deformations can indeed be concentrated in a slip surface solicited by pore
water pressure variations at the mudslide scale. These variations play a major role
in the mudslide kinematics during the acceleration in the spring season (short
term behaviour). However, in order to represent more accurately the observed
displacements and to model the long term internal deformations of the mudslide
(several years), the time-dependent behaviour (viscous component) of the material
should be also taken into account in a next step of analysis (Picarelli et al. 2004;
Ledesma et al. 2009).

4.3.3 Single Phase and Incompressible Fluid Modelling
Approach

The continuum model used to study the slow movements of the Super-Sauze
landslide is based on the conservation of momentum given by the common approach
of the depth-integrated form of the Navier–Stokes equation of motion considering
an incompressible flow (e.g. Savage and Hutter 1989; Hungr 1995; Iverson and
Denlinger 2001; Mangeney et al. 2007; Begueria et al. 2009; Hungr and McDougall
2009). It applies the concept of introducing a shear zone and a viscous component
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Fig. 4.11 Results of the calibration and the validation (a) of the hydrological model, (b) of the
hydro-mechanical model. The location of the piezometers AV1, BV16, CV10, EV2 and the location
of the pt1, pt2 and pt3, where displacements of the ground surface were monitored, are indicated
in Fig. 4.10
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Fig. 4.12 Results of the hydro-mechanical model for the period from 1 January 2008 to 11 June
2008

that is usually dependent on the velocities in the shear zone (Van Asch and
Van Genuchten 1990; Van Asch et al. 2006, 2007a, b; Corominas et al. 2005;
Ledesma et al. 2009; Ranalli et al. 2010; Ferrari et al. 2011). The assumption
of incompressibility is justified since volumetric strains are only very small and
landslide kinematics is primarily determined by shear strains. One considerable
simplification is the usage of a single phase, i.e. of a completely saturated material
within the landslide body.

On the basis of the monitoring data the main factors and mechanisms (besides
gravity and shear resistance of the material) determining the motion pattern of the
Super-Sauze landslide are assumed to be:

a. the topography of the landslide body, bedrock and shear zone,
b. the rate dependent behaviour of the material in the shear zone, and
c. changes in pore water pressures.

In the following it is described how these factors are taken into account in
the numerical approach. With respect to factor (a), the model is implemented in
the GIS scripting language PCRaster (Karssenberg et al. 2001) which facilitate the
utilization of complex 3D topographies through digital elevation models (DEMs).
The geometrical model is assembled by introducing the DEMs as grid (e.g. raster)
maps.
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Fig. 4.13 Scheme of the
driving and resisting forces
calculated in infinite slope
conditions

Adopting the theory of infinite slope mechanism, factor (b), is considered
by introducing the Mohr-Coulomb instability criterion together with a viscous
component into the equation of motion (Eulerian coordinates):

�h

�
@v
@t

C vr � v
�

D D C P � S � C � N (4.6)

with r D @=@x C@=@y the Nabla operator, v the velocity, � the density, h the height
of the moving mass referred to the bedrock topography (Fig. 4.13). D (M L�1 T�2)
is the driving shear stress component resulting from the own weight W D g�h
(M L�1 T�2) of a slice with thickness one, in which g is the gravity constant:

D D W sin ˛

1= cos ˛
D W sin ˛ cos ˛: (4.7)

The second driving stress component is the earth pressure component P
(M L T�2) limited by a minimum and maximum value according to Rankine’s
theory (Hungr 1995):

Pmin = max D Ka=p

W cos ˛

1= cos ˛
rh D Ka=pWcos2˛rh (4.8)

The earth pressure coefficient K is the ratio between the tangential and normal
stress and differs for the active (extension) and for the passive (compression) case.
Resisting stresses are S (M L�1 T�2), the frictional component defined by:

S D W cos ˛

1= cos ˛
tan 'app D Wcos2˛ tan 'app (4.9)

C the cohesion, that is set to zero and N (M L�1 T�2) the viscous component.
The influence of pore water pressures, factor (c), is taken into account by reducing
the shear resistance, e.g. the frictional stress by introducing an ‘apparent’ friction
angle:

tan 'app D .1 � rp/ tan ' (4.10)



106 A. Ferrari et al.

in which rp is the pore water pressure ratio (Duncan and Wright 2005) that is defined
e.g. for flow parallel to the bedrock surface as:

rp D �whwcos2˛

�gh
(4.11)

with �w the specific weight of water, hw the height of the water level referred to the
bedrock and cos˛ the direction cosine of the bed.

In Malet (2003) viscosity tests on black marls are recalculated and compared
using the Bingham, a bi-linear and the Herschel Bulkley model. The comparison
and 1D analyses of selected mudflow events at Super-Sauze (Malet 2003) have
shown that the Herschel-Bulkley model gives the best results. Nevertheless in a
first modeling stage the relationship between viscous stresses and velocity (strain
rate) is expressed by the linear Bingham model:

N D �

�
@v
@z

�

D �
	 v

d



(4.12)

where � (M L�1 T�1) is the viscosity parameter and d (L) is the shear zone thickness
because it simplifies the integration scheme solving the differential equations. In this
study the change in velocity due to change of position is assumed to be zero, leading
to:

�h

�
@v
@t

�

D D C P � S � N (4.13)

Together with the continuity equation of the conservation of mass:

@h

@t
C r � .hv/ D 0 (4.14)

the momentum Eq. (4.6) is solved using the method of finite differences. Integration
of the differential equations is conducted in x- and y-direction.

The height of the landslide is assumed to be equal to the active C1 unit overlying
the non-active unit C2 (Fig. 4.9), e.g. the DEM of C2 forms the lower fixed
boundary. The time period that is considered in the dynamic modeling coincides
with the acceleration period in spring 2008 (Fig. 4.9), e.g. from the 10/04/2008
the start of pore water pressure increase until the 15/07/2008 when movements
decelerated and continuous slow motion has been restarted. The DEM (interpolated
from elevation data of an airborne laser scanner survey, LiDAR) used as the initial
landslide topography is in conformity with the landslide topography in March 2008.
The size of one quadratic cell in the x-y-plane is equal to 5 � 5 m. Whereas the
topographies of the bedrock and the surface are given the thickness of the shear
zone d referred to the bedrock has to be presumed. The shear zone thickness is
assumed to be constant (if d < h cos’, else d D h cos˛). According to the monitored
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Fig. 4.14 Division of the Super-Sauze landslide into three zones (HG1-3) according to its hydro-
geomorphological context (Malet 2003) and corresponding viscosity parameters used in the
dynamic model (hGW: average ground water level below landslide surface, Resp. piezo: piezometric
response)

spatial velocity pattern (Fig. 4.9) and hydro-geomorphological units (HG, Fig. 4.14)
different viscosity parameters are defined for the upper and lower landslide part
obtained by calibration. The viscosity of HG1 is set equal to the one of HG3.
Calculated velocities in the region of HG3 that is characterized to be dormant are
always very small even if the lower viscosity parameter of HG1 is used. The rise in
pore water pressures is introduced as a boundary condition (Fig. 4.15). It is pointed
to the fact, that the assumption of a constant rp after the 28th of May 2008 might be
more realistic according to the piezometer measurements in Fig. 4.9 (BV16, CV10).
Decreasing pore water pressures are introduced to reduce the calculated deceleration
time (Fig. 4.16).
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Fig. 4.15 Development of pore water pressure in time induced in the model and input parameters

Fig. 4.16 Dynamic analysis of the Super-Sauze landslide; (a) monitored and (b) calculated peak
velocities (magnitude and direction) on the 28/05/2008 with observation points pt1 – pt3
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Fig. 4.17 Monitored and calculated development of velocity magnitudes of observation points
pt1 – pt3 in the time period from 10/04/2008 to 15/07/2008

In Fig. 4.16 calculated vectors and magnitudes of maximum velocities of the 28th
of May 2008 are compared to the monitored ones. Maximum velocities have been
observed (by e.g. digital image correlation) to take place around the stable crest in
the upper part of the landslide (Fig. 4.14). The directions of the measured velocity
vectors (see also Fig. 4.9, top right) is in a good agreement with the results of the
dynamic analysis. But there exist local differences in the magnitudes of calculated
and measured velocity vectors presented in the time velocity plots (Fig. 4.17) by
means of three observation points, pt1 (in HG1), pt2 (near the boundary between
HG1 and HG2) and pt3 (in HG2). Whereas peak velocities of pt1 and pt 2 are in
a relatively good agreement calculated velocities of pt3 at the lower part of the
landslide are too high. The viscous resistance seems to increase in direction to the
toe. Another explanation for the decreasing velocities in direction of the toe might
be the spatial variation of the hydrological features of units HG1 to HG3 (Fig. 4.14).
The average groundwater level of HG1 is higher than the one of HG2. Consequently
the shear resistance S of HG2 should be larger in HG2 which is not taken into
account in the numerical modelling. Differences in the acceleration and deceleration
paths are due to the linear relation between viscous resistance and velocity imposed
by the Bingham model.

The objective of developing a simple GIS-based model was to reproduce the
monitored complex spatial and temporal varying velocity pattern of the Super-Sauze
landslide and doing so to understand the main mechanisms controlling the sliding
process. On the basis of the field data, it is hypothesized that the main controlling
factors and mechanisms (besides gravity and shear resistance of the material) are (a)
the topography of the landslide body, bedrock and shear zone, (b) the rate dependent
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behavior of the material in the shear zone, and (c) changes in pore water pressures.
The known are the 3D structure of the bedrock and surface and the evolution of
pore water pressures. The unknown are the rate-dependent material behaviour, i.e.
the viscosity, and the geometry of the shear zone.

The differences in calculated and measured velocities result from the simplicity
of the numerical formulation. In order to model the velocity pattern varying in
space viscosity parameters are defined dependent on the location in the x-y-plane.
With respect to the temporal variation of velocities it is shown that the simple
linear Bingham model can be used as a rough assumption, not least because of
its convenience in the numerical implementation of partial differential equations.
However it is neither sufficient to model the sharp increase and decrease in velocities
in acceleration events nor the decrease of velocities directed to the toe. Therefore
in the next stage of modelling the numerical formulation has to be extended with
respect to a solid and a water phase to cover the strong influence of the pore water
pressure increase. The evolution of pore water pressures has to be defined more
in detail varying in space. Another key issue in the modelling of the Super-Sauze
landslide is the rate-dependent behaviour of the landslide material. In the next stage
the non-linear Herschel-Bulkley model has to be introduced.

4.3.4 A Hydrological Model Considering Preferential Water
Flows

Van Beek and Van Asch (1999) proposed a conceptual model that explain observed
shallow landslide responses to rainfall events combining low matrix permeability
with fast, by-passing preferential flow through distinct sets of fissures. Additionally,
the use of meta-language of PCRaster GIS package allowed including the spatial
variation of the hydrological and geotechnical parameters. A further extension of
this concept is used to model complex landslides with dynamic fissure systems
and to investigate the interaction between slope stability and spatial and temporal
variations in fissure patterns.

A complete mathematical description of the model is given by Van Beek (2002).
Herein, only the specific issues directly related to fissure flow and fissures – matrix
interaction are described. The explicit inclusion of fissures in STARWARS required
an adaptation of the existing model concept (Fig. 4.18). The new concept assumes
(after Van Beek and Van Asch 1999) that fissures are distinct from the matrix,
however, they are considered to be field with reworked material (no open spaces) and
they retain their own water level and soil moisture content. They are characterised
by mean aperture (afis [m]) or the total number of fissures per cell (Nfis) and the
fraction of cell they cover (ffis [m2�m�2]) (Fig. 4.18c). They are assumed to be
evenly distributed throughout the cell and extend vertically over the full depth of the
layer. Connectivity between the fissure networks in adjacent cells (Cfis) is prescribed
fractionally in the x- and y-directions and represents the chance for fissures to be
connected laterally between the soil columns.
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Fig. 4.18 Schematisation of (a) the hydrological model (Malet et al. 2005; after Van Beek 2002),
(b) the hydrological model implemented with this research and (c) fissure representation in the
single layer of the soil column

Surface fluxes (infiltration and evaporation) are partitioned on the basis of the
respective surface area A [m2]. The available storage capacity of a single cell is
the combination of available matrix capacity (a ratio of the saturated hydraulic
conductivity of the upper layer) and fissures capacity (potential unlimited; any water
that cannot infiltrate into the matrix is passed on to the fissure network). Fissures
can be recharged directly by rain or snowmelt or indirectly by overland flow. They
maintain their own moisture content and water tables. When the amount of water
exceeds the total available storage capacity of the fissure network with the cell, the
exfiltration to the surface occurs.

Following the basic assumption of the STARWARS model (Van Beek 2002), the
unsaturated flow, both in matrix and fissures, is gravitational and vertical only.
However, fissures can drain vertically into the soil when they terminate above the
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lithic contact. The unsaturated fluxes within soil column are calculated following the
original process description of STARWARS based on the initial degree of saturation
in matrix and fissures. Lateral exchange (¦) within the cell is only possible between
the saturated zones of matrix and fissures and unsaturated zone of matrix and
saturated zone of fissures (only when the water level in the fissures exceeds that
in the matrix). Later flow (Qsat) between cells is a bulk flow across the saturated
zone that arises from the gradient in the total piezometric head and is subsequently
divided over the matrix and fissure network on the basis of local transmissivity and
connectivity of the fissure network. The approximate mean distance from the centre
of a fissure to the centre of each matrix block that defines the different gradients is
given by:

Lmat�f is D 1

2

�
Lmat C af is

�

Lmat D
	
1 � p

Ff is



� �x

Nf is;x C 1

Nf is;x D Nf is;y D
	
1 � p

1 � Ff is



� �x

af is

(4.15)

where: Nfis,x (DNfis,y) is number of fissures in x (Dy) direction [�] calculated as
rounded down to the nearest whole number with a minimum value of 1 when afis > 0
and 	x is the cell length [m]. Lmat is width of matrix block, assuming that all fissures
are contained by matrix and, therefore, there are Nfis,x C 1 (looking at x-direction)
matrix blocks.

Model development and evaluation of the proof-of-concept are carried out using
a simple landslide representation based on the geometry of Super-Sauze (Malet et al.
2005). The digital elevation model (DEM) extends between 1,736 m a.s.l. (toe of the
landslide) and 1,955 m a.s.l. (crown of the landslide) with the grid size of 5 � 5 m.
This corresponds to a planar slope of 25.1ı. The landslide body is delineated by
an ellipse-like shape with a length of 800 m and a breadth of 90 m. The maximum
depth of the landslide is set to 8 m and decreases towards the borders (Fig. 4.19).

The values for the soil parameters of each layer are defined from field measure-
ments on the Super-Sauze mudslide (Malet et al. 2005). The only exception is the
saturated hydraulic conductivity (Ksat), which was optimised in order to give best
mimic of the range of water level fluctuations (about 2.5 m in average) observed
within the Super-Sauze mudslide.

Three scenarios are evaluated:

– scenario 1 – no fissure – represents the landslide without consideration of
fissures;

– scenarios 2 and 3 – connected and disconnected fissures – with constant fissures
properties over the simulation period, except for fissure connectivity which is set
to 10 % (minimum) or 90 % (maximum) for disconnected fissures and connected
fissures scenario, respectively.
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Fig. 4.19 (a) Geometry of the simple landslide representation, (b) hydrological parameters of the
soil layers; blue are matrix fraction characteristics and red lines fissures fraction characteristics

Fig. 4.20 Groundwater level (GWL) fluctuations simulated with three scenarios. Example for the
middle point of simple landslide representation

The initial conditions (distributed water level, soil moisture and snow thickness)
were determined by pre-runs of the model. For connected and disconnected fissures
scenarios, an equal distribution of fissures is assumed over the whole landslide. An
average fissure fraction was set equal to Fdens,max for each of the soil layers and an
average fissures aperture was defined equal to 0.20, 0.10 and 0.05 m for the first,
second and third layer, respectively.

Figure 4.20 shows groundwater level fluctuations and their dynamics resulting
from model simulations for the three scenarios (example for middle point of simple
landslide representation). The average groundwater level (GWLav) for no fissure
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scenario is 0.59 m below the surface and its variance (GWLvar) is 0.14 m. The
draining effect of connected fissures is clear. The water entering the fissures network
is drained out of the landslide by the continuous areas of high transitivity. As a con-
sequence, general lowering of the groundwater level is observed (GWLav D 1.33 m)
but it displays a more dynamic behaviour (GWLvar D 0.73 m). On the contrary,
the model configuration with disconnected fissures creates the areas with very
high storage capacities but with limited horizontal outflow possibilities. In this
way, the groundwater table sustains at a relatively high level (GWLav D 0.36 m
and GWLvar D 0.06) compared to the no fissures and connected fissures scenario.
Significant differences between the connected and disconnected fissures scenarios
are visible in water storage capacities of the landslide. Observed water storage
capacity of disconnected fissures scenario is always higher than the two others:
13–15 % higher compared to the no fissure scenario and 3–10 % higher than the
connected fissure scenario.

It is very important to place an emphasis on the time of appearance and the
duration of the period during which full saturation of the soil is observed. During a
1 year simulation period, three sub-periods with high groundwater can be observed
for each scenario: early spring (March–April), summer (June–July) and beginning
of winter (November–December). There are significant differences in the timing
and duration of periods with maximal groundwater level. The full saturation is
always first observed for the “disconnected fissures” scenario, then the “no fissures”
scenario, and the “connected fissures” scenario. The duration of the period with
maximal observed groundwater levels is always the longest for the “disconnected
fissures” scenario.

The objective of the presented conceptual model approach was to show the
importance of preferential fissures flow for landslide hydrology, and thus slope
stability at the field scale. The simulation results show that appearance of fissures
and their connectivity have a strong influence on hydrological responses of the
landslide and on the timing and the duration of the periods when the landslide body
is fully saturated. In saturated conditions, the probability of mass (re-) activation is
high (Krzeminska et al. 2012).

Ongoing research aims at linking shifts and hysteresis in landslide activity to
feedback mechanisms of hydrological behaviour, differential movement and fissure
formations (Krzeminska et al. 2013). The objective is to introduce these dynamics
into the STARWARS model. In slow-moving landslides, constant movement of
the sliding material and its heterogeneity create the spatially dynamic nature of
preferential flow paths system. The connectivity and density of the fissures are
among the most important dynamically changing characteristics of fissure systems.
In order to mimic dynamic feedback between fissures characteristics, slope stability
and hydrology, two relationships have to be established: a dependency of fissures
connectivity upon relative degree of saturation of the matrix (e.g.: Tsuboyama et al.
1994; Sidle et al. 2002; Nieber and Sidle 2010) and relationship between potential
movement of the landslide and density of the fissures network. Since in STARWARS
material deformations are not considered, it was attempted to correlate fissure
density, and thus fissure volume, with factor of safety, which is a deterministic
measure of slope stability.
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4.4 Modelling Fast Moving Landslides

4.4.1 Modelling Strategies

In order to model fast-moving landslides and to assess their characteristics, inten-
sities and run-out, several approaches have been developed. These approaches vary
within the needed scope of the assessment and the extent of the outputs required.
The array of the approaches goes from empirical-statistical methods to physically-
based methods.

Empirical-statistical methods assess the interactions between the characterizing
factors of the source area, the travel path (topography and morphology), the
mass volume, and the travelled distance. Based on the gathered information via
field observation or image interpretation, statistical analyses are performed. These
analyses results in statistical functions that express directly or indirectly the mobility
of the moving mass. Although a rough estimate of run-outs and travelled distances
can be estimated through these methods, they are not able to estimate velocities and
impact pressures (important outputs for a Quantitative Risk Assessment). Another
disadvantage of the empirical-statistical methods is the demand of reliable data
with cumbersome information like: release source point; toe deposition point; and
starting and final volume. The collected analyzed data can display a large scattering
for developing accurate functions and usually these methods are very dependent of
the characteristics of the location of the analysis (site-specific).

To avoid the short comings of the empirical-statistical methods, physical dynamic
run-out models have been developed and improved during the last decades. These
models have the possibility to have more detailed outputs regarding the intensities
of the movements (heights, velocities, pressures) and the outputs can be displayed
at different time steps and at different locations during the simulation. Another
advantage of physically based modelling is the possibility to add other types of
processes that happen during the event like: entrainment, deposition, fluidization,
and layering.

A number of dynamic run-out models for fast-moving landslides have been
developed and applied for hazard evaluation, risk assessments and the design of
mitigation measures (Van Westen et al. 2006). These physically-based models are
solved numerically and can simulate the movement of the flow using constitutive
laws of granular and fluid mechanics in one (1-D) or two (2-D) dimensions. The 1-
D models are lumped-mass models and can be used in case of debris flows which are
confined in gullies. In this case the 1-D flow path is well known. The 2-D models are
able to simulate unconfined debris flows and to predict the 2D extension on alluvial
fans. The 2-D models can route the flow over irregular topographic terrains. They
need however an accurate and detailed digital elevation model (DEM) (Hürlimann
et al. 2007)

Most numerical models are based on a “continuum approach” that considers
the heterogeneous and multiphase moving mass of a debris flow as a continuum.
A continuum approach enhances the possibility to model the dynamics of debris
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flows using an “equivalent” fluid, whose rheological properties are such that the
bulk behaviour of the numerically simulated flowing mass can approximate the
expected bulk behaviour of the real mixture of the solid and fluid phases (Hungr
and McDougall 2009). Continuum models solve the conservation equations of
mass and momentum and are often applied through a depth-averaged approach that
integrates the internal stresses in either vertical or bed-normal direction to obtain
a form of Saint-Venant or Navier–Stokes equations (shallow water assumption)
(Van Asch et al. 2007b), which can be solved either in an Eulerian or Lagrangian
form. The internal stresses of the flow are functions of the internal shear strains
and are bounded by active and passive states (Rankine’s theory). Depth averaging
allows representing the rheology of the flow as a single term that expresses the
frictional forces that interact at the interface between the flow and the bed path. The
conservation equations of mass and momentum are given by Eqs. 4.16 and 4.17
respectively:
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where h is the flow thickness; (u, v) are the x and y components of the depth average
velocities (L T � 1). The momentum equation (Eq. 4.17) is expressed in terms of
acceleration (L T � 2), where g is the acceleration due to gravity. The second and
third terms on the left side of the equation represents the convective acceleration,
i.e. the time rate of change due to change in position in the spatial field. The right
side of the equation represents the local or time acceleration, expressing the time
rate of change at a fixed position. The first term between the brackets represents
the acceleration due to gravity, and Sx D tan˛x and Sy D tan˛y are the bed slope
gradient in the x and y directions (L L � 1), respectively. The spatial derivative in
the second term is the pressure acceleration, i.e. the time rate of change due to
pressure differences within the flow. Sf is the flow resistance gradient (L L � 1),
which accounts for momentum dissipation within the flow due to frictional stress
with the bed. The terms qx and qy are coefficients (Eq. 4.18)

qx D �up
u2 C v2

qy D �vp
u2 C v2

(4.18)
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where the minus sign before u and v ensures that Sf opposes the direction of the
velocity. The term k is the earth pressure coefficient, i.e. the ratio between the
tangential and normal stresses. It ranges between two extreme values corresponding
to the active and passive states in the Rankine’s theory, i.e. ka � 1 � kp (Eq. 4.19).
These values depend on the internal friction angle of the mixture (Begueria et al.
2009).

Ka D 1 � sin '

1 C sin '

Kp D 1 C sin '

1 � sin '
(4.19)

The most common rheologies used in the dynamic models for the calculation of
the basal friction are:

(i) The “Frictional” (or “Coulomb”) resistance based on the relation of the
effective bed and normal stress at the base and the pore fluid pressure (Hungr
and McDougall 2009) (Eq. 4.20);

Sf D tan '0

tan '0 D .1 � ru/ tan ' (4.20)

where, Sf is the unit base resistance, ru is the pore-pressure ratio which is equal
to the bed pore water pressure divided by the bed normal total stress; and ' is
the dynamic basal friction angle.

(ii) The frictional-turbulent “Voellmy” resistance proposed initially for snow
avalanches (Voellmy 1955) and used for granular cohesionless material with
or without the presence of a pore fluid. This model features a velocity-squared
resistance term (turbulent coefficient 
) similar to the Chezy resistance for
turbulent water flow in open channels and a Coulomb-like friction (apparent
friction coefficient �). The model assumptions are incompressibility of the
flow along the whole path; constant discharge and small variations of flow
height along the track; and non-steady quasi-rigid body movement both in the
starting and the run-out zone. Voellmy (1955) established this model using
a fundamental hydraulic theory with two resistive force contributions, one
in which the shear force is proportional to the normal force and the other of
viscous type, in which the drag is assumed proportional to the velocity squared.
The basal shear stress is calculated as (Eq. 4.21):
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where Sf is the unit base resistance, tan '0 is the friction coefficient, u is the flow
velocity (L T � 1) and 
 is the turbulent coefficient (L T � 2). The parameters
� and 
 are constants whose magnitudes depend, respectively, on the flow
properties and the roughness of the flow surface (Christen et al. 2010). Various
authors have used the run-out from granular avalanches to estimate the friction
coefficients of the Voellmy model (Hungr and McDougall 2009; McDougall
and Hungr 2005).

iii. The visco-plastic “Bingham” resistance relationship applicable for plastic
clay-rich material (Malet et al. 2005). The Bingham model is a function of
flow depth, velocity, constant yield strength (� c) and dynamic viscosity (�)
(Eq. 4.22). A linear stress–strain rate relationship is assumed once the yield
strength is exceeded. The mean flow velocity is derived from the linear increase
of shear stress with depth (Coussot 1997). According to Rickenmann et al.
(2006), a clay fraction (particle size less than 40 m) greater than 10 % is
necessary so that a flow material may be assumed to behave like a Bingham
fluid. The basal shear stress is calculated as (Eq. 4.22):
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where, Sf is the unit base resistance, � c is a constant yield strength due to
cohesion, � is the density of the flow, and � is the viscosity parameter (Begueria
et al. 2009). The yield stress and the viscosity of the flow are closely related to
the concentration of solids.

iv. The “Quadratic” resistance that incorporates a turbulent contribution to the
yield and the viscous term already defined in the Bingham equation (O’Brien
et al. 1993). The basal shear stress is calculated as (Eq. 4.23):
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where, Sf is the unit base resistance, � c is the resisting shear stress; u is
the depth-averaged velocity; h is the flow depth; � is the viscosity of the
fluid, which is a function of the sediment concentration by volume; K is a
dimensionless resistance parameter that equals 24 for laminar flow in smooth,
wide, rectangular channels, but increases with roughness and irregular cross
section geometry; and n is the Manning coefficient value that takes into account
the turbulent and dispersive components of flow.

A more thorough description of rheologies that are commonly used for simu-
lating debris flows can be found in Naef et al. (2006) and Hungr and McDougall
(2009).
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Fig. 4.21 Location of the Peringalam debris flow, in the upper Meenachil river basin, Kerala
(Kuriakose 2010)

4.4.2 Back-Analysis and Sensitivity of the Run-Out Models

In order to evaluate the models methods, a back-calibration of a past debris flow that
occurred in Peringalam, India was performed with two different dynamic debris-
flow models (MassMov2D and DAN3D) that uses different numerical scheme and
solution. To make a fair assessment between the two models, only the Voellmy
rheology was applied. As described in the previous section, the Voellmy rheology
consists of two parameters: a Coulomb frictional term and a turbulent term. The
trubulent term 
 , covers all the velocity-dependent factors including the turbulence
and the drag in top of the surface of the avalanche.

4.4.2.1 Peringalam, Kerala, India

The Peringalam test site, located near a small village in the upper catchment basin of
the Meenachil river in the Kottayam district in the state of Kerala, India. This region
has experienced various types of landslides of which the debris flows are the most
common. The Peringalam debris flow event occurred in a topographic depression
upstream of a first order non perennial stream on 14th of October of 2004 at 5:00 pm
(Fig. 4.21). The event caused considerable damage to cultivated land and blocking
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the road that connects the village of Peringalam to the nearest major town, Poonjar.
The landslide originated at an altitude of 500 m a.s.l. and had a total run-out distance
of 290.5 m. Measurements of the landslide where carefully done via fieldwork and
aerial imagery. The calculated initial volume of the debris flow was 437 m3 with a
deposited final volume of 1,533 m3. The area of the landslide body at the initiation
zone is 784 m2, the run-out zone is 2,336 m2 and the area of the deposition zone is
2,680 m2.

4.4.2.2 Back-Analysis of the DAN3D with Reference of the Peringalam
Event

Besides the information of the release volume and the rheology model parameters,
the numerical parameters for DAN3D are: the number of particles, the time step, the
particle smoothing coefficient, the velocity smoothing coefficient and the stiffness
coefficient. The values of the parameters of the particle smoothing coefficient and
the stiffness coefficient were set equal to 4 and 200, respectively as suggested in
the applications presented by McDougall and Hungr (2004, 2005) and McDougall
(2006). The initially released volume is discretised in particles with equal initial
volumes. The number of particles, N, should be large enough to ensure the accurate
simulation with respect to flow spreading, junctioning and branching. The volumes
to be simulated in the back-analysis with the number of particles were set to 2,000
for all the simulations.

It should be noted that the time step should be sufficiently small as not to
influence the results of the simulation. A time step equal to 0.05 s was selected
as the time step for all simulations. The velocity smoothing coefficient, C, increases
numerical stability and improves the behaviour of the model in channelized reaches
by reducing the tendency for particles to line up. However, it introduces some
numerical damping and hence it is not appropriate to use high values. McDougall
(2006) suggests a value up to about C D 0.01 to be probably appropriate and was
selected for the simulations in order to minimise the consequences of this numerical
instabilities.

4.4.2.3 Back-Analysis Using MassMov2D with Reference
of the Peringalam Event

In the case of MassMov2D the chosen time step was 1 s, although internally the
model used fractional time steps which vary depending on the flow characteristics,
based on the Courant-Friedrichs-Levy condition (CFL). In order to have numerical
stability control the CFL upper limit was set to 0.5 and the lower limit was 0.3.

Five different maps in raster form were used to describe the computational
domain. The first map contained information before the debris flow event (pre-event)
about elevation and topographical features of the terrain. This map also defines the
mesh size where the computations take place. The second map was produced to
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Table 4.4 Parameters used for simulating the debris flow in DAN3D and MassMov2D

Software Rheological model Model parameters Entrainment rate

MassMov2D Voellmy Apparent friction angle: 34ı 0.035 m/s
Turbulent coefficient: 250 m/s2

DAN3D Voellmy Apparent friction angle: 34ı 0.035 m/s
Turbulent coefficient: 250 m/s2

define the initiation thickness, shape and area of the released mass. A third map was
created with a binary form to display an outlet cell for the flow (open boundary).
A fourth map was used to define the distance of the whole domain to the toe of
the initiation area. And a fifth map was created with the soil depths to identify the
amount of eroded material that the flow can entrain.

MassMov2D has also implemented a fluidization term which describes the pace
of the transition between the solid release mass and how it fluidizes once the mass is
set in motion. This fluidization rate is described as a velocity and it only takes place
during the initiation of the movement. In both simulated cases, the fluidization rate
chosen was 10 m/s.

The simulation of the Peringalam debris flow event was performed via back-
analysis. The input parameters of the rheological models were modified by trial
and error until the characteristics of the modelled debris flows were approximately
close to the real event debris flows. The criteria that were chosen to compare
the simulation results with the real event were deposit depth, volume, area and
entrainment volume. Table 4.4 shows the combinations of model parameters that
produced the best predictions. Both models use bed entrainment by defining an
entrainment zone, a maximum depth of supply material and the average growth
or erosion rate, originally implemented in DAN3D.

Both models were calibrated based on the rheological parameters: apparent
friction and turbulent coefficients. In terms of the internal pressures (passive and
active), both of the models were adjusted to the assumption that the flow was
hydrostatic. In both models the same entrainment rate was used as they are
implemented with the same entrainment scheme. A time step of 100 s were set
in both model and in all the simulations the density of the flow was considered at
2,000 kg/m3. It was noted during the process of calibration, that the friction angle
was the parameter that have a greater impact in the extent of the deposits and the
length of the run-out. The turbulent coefficient was the parameter that influenced
mostly the velocity and the height of the flow.

DAN3D and MassMov2D were able to predict the run-out of the debris flow
event reasonably well, in terms of maximum extension and flow height. The results
of both models had some differences in terms of deposition during the course of
the flow and in the deposit area. In terms of maximum velocities both models were
quite similar but differences arise when comparing it during the course of the flow.
In the case of the calculated entrained material, both of the models were consistent
with the real event (Table 4.5).
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Table 4.5 Comparison of observed and predicted properties of the
debris flow

Observed DAN3D MassMov2D

Initial volume (m3) 1,435 1,435 1,435
Entrained volume (m3) 593 619 614
Max velocity (m/s) 20 21 24
Mean deposit thickness (m) 1.6 2.2 1.7
Max deposit thickness (m) 4.1 6.9 3.5

In the debris flow event that was simulated, DAN3D estimated the shape of the
deposition and the deposits left behind by the flow during its course in a good
manner. The maximum and mean thickness was overestimated in accordance to
the observations. The final deposition showed a spreading of the material in a more
consistent way that is closely to the real event. On the other hand, MassMov2D
also was able to predict in a good way the extension of the deposits but it slightly
underestimated the deposited area. MassMov2D was able to represent the flow
thickness in a closer way to the observations.

Regarding the computational efforts, in a general way a Lagrangian code is
more efficient than an Eularian code which requires a structured mesh and high
computational power. This was not noticeable in both cases of the simulated event.
The computational time was nearly the same and no extra effort was noticed when
using the two different models. The simulations of the Peringalam debris flow are
presented in Fig. 4.22, which shows selective images of the calculated sequences at
time steps 0, 10, 20, 35, 50 and 100 s. The combination of parameters that best
corresponds to the field observations was characterised by an apparent angle of
friction of 34ı and a turbulent coefficient of 250 m/s2.

Small differences, though, can be observed between the two models regarding the
simulation of the behaviour of the flow. With DAN3D, after the mass is released, it
accelerates downwards rapidly following the channelled slope until reaching the
deposition area. In the deposition area, the flow spread laterally evenly and as
the flow starts to come to a rest it can be observed that the tail pushes forward
and the deposit takes the shape of a drop. In MassMov2D, the flow is slower at
the beginning mainly because of the fluidization rate but when the whole mass is
released the flow reaches higher velocities during the course. MassMov2D deposits
and spreads the flow in a more even way in the depositional area. However, in both
cases the final deposit and velocities correlates well with the field measurements.

4.4.2.4 Sensitivity Analysis of the DAN3D Model and MASSMOV2D
Model with Constant Defined Entrainment Rate Value

To evaluate the influence of the variations in the input parameters to the final results,
a sensitivity analysis of the models was carried out in order to quantify this impact.
This was achieved by evaluating how the variation in the output of a model can
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Fig. 4.22 Comparison of the temporal evolution of debris flow height as modelled by MassMov2D
and DAN3D

be apportioned, qualitatively or quantitatively, among model inputs. This analysis
helped assess how the uncertainty in the output of a model can be allocated to
different sources of uncertainty in the model input.

A sensitivity analysis was conducted as a parametric study and was applied to
the model to provide insight regarding which model inputs contribute the most to
the variability of the model output. This analysis was carried out for the rheological
parameters of the Voellmy model. The apparent friction angle was varied as a 10 %
of the calibrated value 34ı. The values started from 3.4ı and ended in 53.2ı. The
turbulent coefficient was varied in ranges of 25 units, starting from values of 25 to
1,000 m/s2. In order to compare the results of the sensitivity, the back calibration
simulation was used as a reference to control the variation of the parameters. For
all the simulations, a total of 47 runs, all the starting parameters were kept constant
except the parameter selected for the sensitivity.

The apparent friction angle parameter consists of a term that is independent of the
flow velocity but depends on the slope angle with the Coulomb friction coefficient,
and a turbulent coefficient parameter is dependent on the square of the flow velocity
obtained in imitation of the turbulent friction in fluid mechanics. These parameters
are usually are taken as constant during the avalanche event. Some requirements are
needed regarding both parameters: – the apparent friction angle must be less than the
starting-zone slope, otherwise the flow cannot start moving; – the apparent friction
angle cannot be zero; otherwise the flow would not come to rest on a horizontal
plane within a finite time; and – both apparent friction angle and turbulent coefficient
must be positive or else the friction would not be dissipative.
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Fig. 4.23 Percentage of change in the flow depth in accordance to the percentage of change in the
input parameters of the Voellmy model

Two different locations inside the flow path were used to measure the variation
of flow depth and velocity according to the variation of the parameters: the “R”
point that was located in the run-out area and the “D” point that was located in the
depositional zone.

As expected, the apparent friction angle was the parameter that influenced the
most on the run-out distance. This parameter increased the deposits on the channel
because the flow spreading as it slows down. The apparent friction angle has a small
but visible influence in the final and maximum velocity reached by the flow. It is also
observed that lower apparent friction coefficient generates lower deposits heights in
the run-out zone and there are fewer deposits (although higher spreading) in the
depositional zone. The turbulent coefficient is directly linked to the velocity of the
flow. This parameter controls the drag forces of the flow in the topography and
influence the speed of the run-out. This makes the deposits spread more evenly
during the whole simulations.

The percentage of change regarding depth and velocity of the flow was also
assessed based on the percentage variation of the input parameter. As it can be seen
in Fig. 4.23, the flow depths remain almost constant in the run-out zone with both
models and both parameters. This can be seen as the influence of the morphology
of the terrain in the simulations. Once the flow has reached the deposition zone, the
changes becomes more visible.

Changes in velocities are more drastic and a slight change in the parameters can
cause a significant change in the velocity of the flow. Once the turbulent coefficient
is increased to very high quantities, the Voellmy model becomes close to have
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Fig. 4.24 Percentage of change in the flow depth in accordance to the percentage of change in the
input parameters of the Voellmy model

frictional behaviour and the only parameter that influences the flow is the apparent
friction angle (Fig. 4.24). This makes the flow have higher velocities and a bulkier
final deposit. The turbulent coefficient behaves as a drag force in the energy line;
this gives closer results of the velocity of the flow when compared to the past event.
This effect makes the Voellmy model in comparison to other models (Bingham or
pure frictional) to have a more even deposition during the course and deposition of
the flow.

4.5 Conclusions

Geomechanical modelling of landslides involves a handful of challenges. These
challenges are related to the multidisciplinary process of landslide modelling to
which the geomechanical part belongs. The problem of landslides itself is highly
complex for it involves different types of materials and their loading histories,
geological configurations and complex environmental conditions. A geomechanical
model aims at giving an appropriate idealisation of a certain landslide problem. Ap-
propriate means that the model is able to capture the key physical mechanisms in a
given landslide problem and possesses predictive capacities so that it can reproduce
qualitatively and quantitatively the observed behaviour in nature and further be used
to predict the slope behaviour for other environmental configurations.
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This chapter has addressed in a synthesised form the different key physical
mechanisms in landslides and presented some modelling strategies (and their
mathematical frameworks) which imply different levels of coupling between the
hydrogeological and the geomechanical responses. Applications of the presented
modelling strategies to selected case studies were described with the aim to
elucidate, which type of information can be gained from different types of numerical
models and which conclusions can be drawn for hazard assessment.
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Abstract Debris flow events yield a threat to different components of mountainous
environments not only as the result of the process evolution but of the interaction
with human systems and their coupled vulnerabilities. A variety of models exists
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for characterising the hazard that the different mass-flow phenomena present. In
the case of dynamic run-out models, they are able to forecast the propagation of
material after the initial failure and to delineate the zone where the elements at
risk will suffer an impact with a certain level of intensity. The results of these
models are an appropriate input for vulnerability and risk assessments. An important
feature of using run-out models is the possibility to perform forward analyses and
forecast changes in hazards. However, still most of the work using these models
is based on the calibration of parameters doing a back calculation of past events.
Given the number of unknown parameters and the fact that most of the rheological
parameters cannot be measured in the laboratory or in the field, it is very difficult to
parameterize the run-out models. For this reason the application of run-out models
is mostly used for back analysis of past events and very few studies attempts to
achieve a forward modelling with the available run-out models. A reason for this
is the substantial degree of uncertainty that still characterizes the definition of the
run-out model parameters. Since a variety of models exists for simulating mass-
flows and for identifying the intensity of the hazardous phenomena, it is important
to assess these models, perform a parameterization and reduce their uncertainties.
This will enable to improve the understanding to assess the hazard and will provide
the link with vulnerability curves that will lead eventually to generate risk curves
and quantify the risk.

This chapter describes the state of the art in dynamic run-out modelling focusing
on continuum depth-average models and includes a quantitative risk assessment
using run-out models in a specific study sites. The methodology used in the analysis
consisted of several components, such as a detailed analysis of rainfall return periods
(10, 50, 100 years return period), modelling of rainfall-runoff, modelling of the run-
out of the debris flows, and application of debris flow height and impact pressure
vulnerability curves and the generation of risk curves based on the economic losses.
A special consideration was given to the entrainment mechanism. The increase of
volume once a failed mass is in movement due to entrainment enhances the mobility
of the flow and can significantly influence the size of the potential impact area.

Abbreviations

QRA Quantitative Risk Assessment
1-D One dimension
2-D Two dimensions
PDF Probability density function
DEM Digital elevation model
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5.1 Introduction

Run-out analysis can be defined as the forecast of mass-movement displacements
whatever the type of deformation mechanism (slow-moving landslides which
deformation pattern is mostly located at the shear bands, fast-moving debris flows
and mudflows which deformation pattern is mostly located over the entire moving
profile, or rockfalls which deformation is mainly controlled by the rolling or falling
of individual blocks).

In recent times, numerical simulation models for assessing run-out has been
increasingly used for the development of risk and hazard maps. The goals of
computer modelling should be to assess the possible spatial extension and the
temporal occurrence in advance with a range of potential scenarios to inform
local populations so they can respond in reasonable ways and to design proper
strategies for mitigation. A variety of models exist for simulating mass-flows and
for characterizing the hazard. Defining the spatial extent of the endangered area
is very important for Quantitative Risk Assessment (QRA). It requires accurate
forecast of the run-out behaviour (e.g. how far and how fast will the mass travel?)
expressed through quantitative spatially distributed parameters that include the
run-out distance, the run-out width in the spreading zone, the displacement rate
(e.g. velocity), the thickness of the moving mass and the impact pressure (Hungr
et al. 2005).

However, run-out modelling is rather complicated because of the various physical
processes that happen during an event. These processes depend on the characteris-
tics of the source area, on the type of triggering process, on the characteristics of the
path and on the type and volume of material incorporated or deposited during the
travel. Some of these complex processes are erosion, entrainment and deposition,
changes in the rheology during one event, layering and formation of pulses and
damming and breaching inside the channels.

This section focuses on the hazard and risk assessment methods developed
recently for characterizing the danger caused by one type of fast-moving mass-
movements (e.g. debris flows). The current approaches for debris flow run-out
modelling are first presented while describing the state of the art in and focusing
on continuum depth-average models. Special attention is given to the new develop-
ments and difficulties inside the modelling of debris flows at a local and medium
scale; while assessing the deterministic characteristics of these models and the
possibility to obtain direct intensity values make the run-out models an interesting
tool to be used in this type of analyses.
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5.2 Current Approaches in Debris Flow Run-Out Modelling
for QRA

A very important part of any hazard risk assessment is a quantitative estimate of
post-failure motion defining distance, material spreading and velocity through run-
out modelling. The methods and tools used in run-out analyses are very different
in scale of applications: empirical or statistical techniques are generally applied
to predict susceptibility at the regional scale with the purpose of hazard mapping,
while process-based approaches are applied at the local scale with the purpose of
designing engineered mitigation works and early-warning systems.

5.2.1 Empirical Run-Out Models

Empirical methods for assessing landslide run-out are usually based on extensive
amounts of field observations and on the analysis of the relationships between
the run-out distance and different landslide mechanisms, their morphometric pa-
rameters, the volume of the landslide mass, and the characteristics of the terrain.
Empirical approaches are based on simplified assumptions, and although they lead
to generalized results they are relatively easy to apply over larger areas. Empirical
methods can be subdivided into: heuristic methods, the mass-change method and
the angle of reach method.

• Heuristic methods involve the identification and mapping of landslide deposits
that provides a direct measurement of the distance travelled in the past. The extent
of both ancient and recent landslide deposits is the basis for defining future travel
distances. Field work and photo interpretation are classical procedures used to
define the spatial distribution and extent of past landslides. The margin of the
landslide deposits give an indication of the maximum reach that a landslide is
able to reach in the present landscape (Hungr et al. 2005).

• The mass-change method is based on the phenomenon that, as the landslide
debris moves down slope, the initial volume/mass of the landslide is being
modified through loss or deposition of materials, and that the landslide debris
halts when the volume of the actively moving debris becomes negligible (Cannon
and Savage 1988). The average mass/volume-change rate of landslide debris was
established by dividing the volume of mobilized material from the landslide by
the length of the debris trail.

• The angle of reach method is based on the angle of the line connecting the crest
of the landslide source to the distal margin of the displaced mass also called
the fahrböschung angle (Heim 1932). This angle is also used as an index of
efficiency for the dissipation of energy. Once the release source, volume and
direction of the flow are known, these methods can estimate the length of the run-
out. It is the most commonly used method in assessing the run-out of landslides
due to its simplicity and straightforward results. One of the most well-known
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examples of the application of this method is done by Corominas (1996) who
conducted a detailed study on the influence of various factors that affect the angle
of reach using landslide records. He showed a linear correlation between volume
and angle of reach for all types of failures. Regression equations for calculating
the angle of reach of each landslide type were developed by Corominas (1996),
Rickenmann (1999) and Devoli et al. (2009).

The spreading pattern of flow, entrainment and deposition can also be estimated.
This requires more detailed morphological parameters accounting exclusively for
site-specific conditions. Similar to the volume-angle of reach approach, statistical
correlations between volume and deposit area have also been proposed by Iverson
et al. (1998). These methods provide estimates of aerial extent for accumulation
zones. Other correlations have been developed for estimating certain intensity
parameters, including debris flow velocity and discharge (Rickenmann 1999).

A common problem with the empirical methods is that the scatter of the data is
too large for anything but very preliminary predictions of the travel distance. The
flexibility of the empirical methods allows them to be applied in local to medium-
scale landslide susceptibility and hazard maps but as they do not provide kinematic
parameters (velocity, kinetic energy) of the landslides these approaches can be
hardly applied to site-specific analyses and in QRA.

5.2.2 Physically-Based Dynamic Run-Out Models

The analytical models are based on hydro-mechanics and solve the equations of
mass and momentum in a close-form or numerically way. Analytical models are
also called dynamic models and perform a time-step solution for a unique geometry
and a described material. Dynamic models are physically-based and simulate the
movement of the flow using the constitutive laws of fluid mechanics in one (1-
D) or two dimensions (2-D). Most models are based on a continuum approach
that considers the loose unsorted material and multiphase moving mass of a debris
flow as a continuum. A continuum approach enhances the possibility to model the
dynamics of debris flows using an ‘equivalent’ fluid, whose rheological properties
are such that the bulk behavior of the numerically simulated flowing mass can
approximate the expected bulk behavior of the real mixture of the solid and fluid
phases (Hungr and McDougall 2009). Savage and Hutter (1989) developed a
continuum mechanical theory (known also as the Savage and Hutter model) capable
of describing the evolving geometry of a finite mass of a granular material and
the velocity distribution as it slides down an inclined plane (Pudasaini and Hutter
2007). In the Savage and Hutter model, the mass and momentum are averaged over
the depth and a scaling analysis is performed with respect to the aspect ratio of the
flowing mass, considered to be small. This allows modeling the flow by the Saint-
Venant approximation of the shallow water equations derived in a reference frame
linked to an inclined plane (Bouchut et al. 2008). The depth-averaged shallow water
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equation approach using different solvers has been applied commonly for numerical
simulations of rapid mass movements over complex topographies (Chen and Lee
2000; Iverson and Denlinger 2001; Pouliquen and Forterre 2002; Crosta et al.
2003; Mangeney-Castelnau et al. 2005; Pitman and Le 2005; Pudasaini and Hutter
2007; Mangeney et al. 2007a, b; Pastor et al. 2009; Hungr and McDougall 2009;
Medina et al. 2008; Begueria et al. 2009; Christen et al. 2010). Depth averaging
allows representing the rheology of the flow as a single term that expresses the
frictional forces that interact at the interface between the flow and the bed path.
The most common rheologies used in the dynamic models are the ‘Coulomb’ or
frictional resistance (Hungr and McDougall 2009); the ‘Voellmy’ or frictional-
turbulent resistance (Voellmy 1955); the ‘Bingham’ (or ‘Herschel-Bulkey’) or
visco-plastic resistance (Coussot 1997; Malet et al. 2004) and the ‘Quadratic’
resistance (O’Brien et al. 1993).

A common classification of the physically-based dynamic run-out models distin-
guishes: (1) models based on the solution dimension simulating motion on 2D/3D
topography; (2) models based on the solution reference frame that can be formulated
in Eulerian vs. Lagrangian reference coordinate systems; and (3) models based on
the basal rheology.

5.2.2.1 Models Based on the Solution Dimension (1D or 2D)

Dynamic models use an approach known as depth-averaging, in which the gov-
erning mass and momentum balance equations are integrated with respect to the
flow depth. Stresses are assumed to increase linearly with depth below the top
surface of the flow, which is assumed to be stress free, and shear stresses in the
depth-wise direction are neglected (Savage and Hutter 1989). This is based on the
assumption that the depth varies gradually and is small relative to the length and
width of the landslide. Depth-averaging combined with the shallow flow assumption
essentially eliminates one dimension, the depth-wise dimension, from the governing
mass and momentum balances. One dimensional models analyze the movement
considering the topography as a cross-section of a single pre-defined width while
two dimensional models makes the analysis considering the topography in plan and
cross section.

5.2.2.2 Models Based on the Solution Reference Frame (Eulerian
or Lagrangian)

The equations of motion can be formulated in two different frames of reference:
Eulerian or Lagrangian. A Eulerian reference frame is fixed in space, analogous to
an observer standing still as a landslide passes. Models formulated in an Eulerian
framework require the solution of a more complex form of the governing equations
using a dense, fixed computational grid. The Eulerian approach is the conventional
method in computational fluid dynamics. A Lagrangian reference frame moves with
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the local velocity, analogous to an observer riding on top of a landslide. This method
simplifies the governing equations and does not sacrifice computational resources in
void zones. When using the Lagrangian reference (also called material reference),
the material velocity and acceleration are expressed by Eqs. 5.1 and 5.2 respectively:

V.X; t/ D D—.X,t/

Dt
(5.1)

and

A.X; t/ D DV.X; t/

Dt
D D2—.X; t/

Dt
(5.2)

where V is the velocity; A is the acceleration; X is the referential position; �

is the motion that can be viewed as a transport of points from the reference
configuration to the current configuration during a specific time interval [0, t]. Then,
the displacement of a particle located at “X” is expressed with Eq. 5.3:

U.X; t/ D —.X; t/ � X (5.3)

It is cumbersome to pinpoint the particle reference position X at t D 0 and
recognize its exact trajectory. For this reason, the Eularian reference (also known
as spatial reference) is commonly applied. In the Eularian reference, the attention
is given to a certain region in space and the material motion is observed within
this region as time proceeds. The quantities of interest are expressed in terms of
the current position x (or spatial coordinates) and time t. The spatial velocity and
acceleration can be described with Eqs. 5.4 and 5.5 respectively:

v D v.x; t/ (5.4)

and

a D a.x; t/ (5.5)

The displacement u can then be expressed with Eq. 5.6:

u.x; t/ D x � ��1.x; t/ (5.6)

5.2.2.3 Models Based on the Basal Rheology

The rheology of the flow is expressed as the resistance force (Sf) that interact inside
the flow and at the interface between the flow and the bed path. The most common
rheologies used in the dynamic models are: the “Frictional” (or “Coulomb”) resis-
tance (Hungr and McDougall 2009), the frictional-turbulent “Voellmy” resistance
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Table 5.1 Most common flow resistance terms used in dynamic run-out models

Rheology
(basal) Description Flow resistance term “Sf”

Frictional
(Coulomb)

Resistance based on the relation of
the effective bed and normal
stress at the base and the pore
fluid pressure (Hungr and
McDougall 2009)

Sf D tan ®0

tan ®0 D .1 � ru/ tan ®

– Sf is the unit base resistance;
– ru is the pore-fluid pressure ratio;
– ® is the dynamic basal friction angle.

Voellmy Resistance that features a
velocity-squared resistance
term (turbulent coefficient Ÿ)
similar to the square value of
the Chezy resistance for
turbulent water flow in open
channels and a Coulomb-like
friction (apparent friction
coefficient ) (Voellmy 1955).

Sf D
h
tan ®0 C u2

Ÿh

i

– Sf is the unit base resistance;
– tan®0 D  is the apparent friction

coefficient;
– u is the flow velocity (m/s);
– Ÿ is the turbulent coefficient (m/s2).

Bingham Resistance that is a function of
flow depth, velocity, constant
yield strength (£c) and dynamic
viscosity (˜) (Coussot 1997).

Sf D 1
¡gh

	
3
2
£c C 3˜

h u



– Sf is the unit base resistance;
– £c is a constant yield strength due to

cohesion;
– ¡ is the density of the flow;
– ˜ is the viscosity parameter

Quadratic Resistance that incorporates a
turbulent contribution to the
yield and the viscous term
already defined in the Bingham
equation (O’Brien et al. 1993).

Sf D £c
pgh C K˜

8pg.h/2 u C n2.u/2

.h/4=3

– Sf is the unit base resistance;
– £c is the resisting shear stress;
– u is the depth-averaged velocity;
– h is the flow depth;
– ˜ is the viscosity of the fluid,
– K is a resistance parameter that equals

24 for laminar flow in smooth, wide,
rectangular channels, but increases
with roughness and irregular cross
sections;

– n is the Manning coefficient value that
takes into account the turbulent and
dispersive components of flow.

(Voellmy 1955), the visco-plastic “Bingham” (or “Herschel-Bulkey”) resistance
(Coussot 1997; Malet et al. 2004), the “Quadratic” resistance (O’Brien et al. 1993)
(Table 5.1) A thorough description of rheologies can be found in Naef et al. (2006).

5.2.2.4 Existing Dynamic Run-Out Models

Several dynamic run-out models have been developed in the past. These models
have evolved from simple hydrodynamic models to more complex models that
include various methods accounting for internal strength, entrainment and rheology
variations. Table 5.2 classifies some commonly used run-out dynamic models. Some
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of these models include entrainment rates in their calculations and others neglect this
process. The ordering of the models was based on the implementation and scheme
of the entrainment rates inside the models: in the ‘pre-defined entrainment rate’, the
amount of entrained material is specified by the user while in the ‘process-based
entrainment rate’, the amount is calculated by a prescribed algorithm that considers
the material properties. Other characteristics of the models are also summarized
such as the possible rheology, the solution approach, the reference frame and the
possibility of variable rheology along the flow path.

Most of the above mentioned models were applied in an important benchmarking
exercise on landslide debris run-out and mobility modelling that was carried out in
2007 at the International Forum on Landslide Disaster Management. The main goal
of this exercise was to assess whether the field of run-out modelling was on its
way towards establishing some degree of commonality among different methods
used by various parties and to highlight the main progresses in that topic. In that
exercise, 13 research groups that work on the topic of run-out analysis participated
in performing simulations of 12 different case studies. The participants were able to
select which model and case study was most convenient based on their resources.
The main results were presented in the forum and also discussed in a round table.
The main key points during that discussion were that:

• Run-out modelling is very sensitive to the topography and the resolution of
the computational domain. Mesh refinements methods will help to improve the
modelling results.

• Run-out models should be computationally efficient.
• The momentum-based formulation in continuum models is still the most reliable

approach for run-out modelling.
• The presented models are consistent in the use of Eulerian and Lagrangian

approaches. Although both methods have their advantages and disadvantages,
they are viable to use and promising.

• Run-out models can be accurate when used for a back calibration of a well
documented event but inconsistencies are evident when performing a forward
analysis.

• More data from real landslides is needed to refine the models and their parame-
terization.

• It is needed to gain more confidence in the selection of suitable rheological
models and their parameters for different types of landslides.

5.2.3 Recent Applications of Debris Flow Run-Out Models
for QRA

Different approaches have been implemented for QRA using dynamic run-out
models. Bell and Glade (2004) performed a quantitative risk analysis (risks to life)
in NW-Iceland where the hazards were based on empirical and process modelling
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that resulted in specific run-out maps. The hazard zones were determined based
on the recurrence interval of the respective processes (e.g. debris flows, rockfalls).
Different vulnerability levels were incorporated into a consequence analysis that
included elements at risk; spatial and temporal probabilities of impact and the
occurrence of the event. Calvo and Savi (2008) proposed a method for a risk analysis
in a debris flow-prone area in Ardenno (Italian Alps), utilizing a Monte Carlo
procedure to obtain synthetic samples of debris flows. To simulate the propagation
of the debris flow on the alluvial fan, the FLO-2D model (O’Brien et al. 1993)
was applied and Probability Density Functions (PDFs) of the outputs of a model
(forces) were obtained. Three different vulnerability functions were adopted to
examine their effect on risk maps. Muir et al. (2006) presented a case study of
QRA to a site-specific natural terrain in Hong Kong, where various scenarios
were generated with different source volumes and sets of rheological parameters
derived from the back analyses of natural terrain landslides in Hong Kong. Run-
out modelling was performed using the Debris Mobility Model (DMM) software
developed by the Geotechnical Engineering Office (Kwan and Sun 2006), which is
an extension of the DAN model developed by Hungr et al. (2005). They derived
probability distributions from past events run-outs and calculated the probability
distribution of debris mobility for each volume class. The vulnerability was derived
from the landslide volume, location of the elements at risk and the protection a
facility can offer. Individual risk was calculated as the summation of the product
of the frequency of a flow affecting the facility and the vulnerability of the most
vulnerable individuals for each of the scenarios. Castellanos (2008) performed
a local risk assessment based on historical data of landslides in Cuba. Run-out
simulations were carried out with the MassMov2D model (Begueria et al. 2009)
for 12 potential hazard zones. Vulnerability curves based on the depth of the
flow and the conditions of the buildings were generated using detailed building
typology characteristics. Economic risk values were computed for three scenarios.
Zimmerman (2005) described the Switzerland’s approach for risk management
using the Sörenberg debris flow as an example. For the Sörenberg event, hazard
maps were prepared according to three probability classes scenarios. Debris-flow
run-out was simulated using a random walk approach (Gamma 2000) and applying
a simple model that assumes that the motion is mainly governed by two frictional
components: a sliding friction coefficient and a turbulent friction coefficient that is
determined by a Chezy-type relation (Rickenmann 1999). Results of the modelling
were displayed as intensity maps. Federal recommendations provide definite criteria
for the intensity classes which are based on the height and the velocity of the
flow. Jakob and Weatherly (2005) quantified debris flow hazard and risk on the
Jonas Creek fan in Washington, USA constructing frequency-magnitude graphs to
build different return period scenarios as an input to a debris flow run-out model.
The FLO-2D model was used to calculate maximum flow depths and velocities in
order to assess the hazard. Intensity maps were developed based on the outputs of
each modeled scenario. Potential deaths were calculated assuming that in the high
intensity areas the vulnerability is equal to 1, while the vulnerability is equal to 0
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in the medium and low intensity zones. In terms of risk management, Crosta et al.
(2005) carried out a cost-benefit analysis for the village of Bindo in the Valsassina
valley (Central Pre-alps, Italy). They identified different mitigation plans such as
a defensive structure, monitoring and a combination of both. The run-out was
simulated with the quasi-three-dimensional finite element method of Chen and Lee
(2000) in the Lagrangian frame of reference. The different scenarios were compared
with a scenario where no mitigation action was introduced. A cost-benefit analysis
of each scenario was performed considering the direct effect on human life, houses
and lifelines.

Dynamic run-out models can be of practical assistance to quantify the hazard
and its consequences. These models outputs can be used in a hazard analysis to
estimate the spatial probability of the flow affecting a certain place with detail,
such as the travel distances, the velocities and impact pressures and the deposition
patterns. Even though, quantitative information for landslides is difficult to obtain
and uncertainties arise due to the large variability in landslide types, to the difficulty
in quantifying landslide magnitudes and to the lack of substantial historical damage
databases (van Westen et al. 2006).

5.3 Empirical Estimates of Debris Flow Run-Out
Parameters for Regional-Scale Susceptibility
and Hazard Assessments

Regional-scale analysis which includes scales in the range from 1:10.000 to
1:50.000 can provide an initial overview of the hazard in a specific area. The goal of
a medium scale analysis is to identify all the potentially unstable areas as accurate
as possible and the down-slope regions probably affected by the flow. This analysis
should be used as a first assessment for the potential impact zones and to give an
indication where further local studies should be carried out with more detail (van
Westen et al. 2006).

5.3.1 The Flow-R Model: Description

A well-known simple method for an empirical determination of the run-out is the
Fahrböschung model (Heim 1932), later on translated as angle of reach model
(Corominas 1996). It is the angle between an imaginary line connecting the source
area with the furthest point of the run-out and the horizontal plane. The angle
correlates with the volume: the higher the volume the lower the angle and thus
the longer the run-out distance. As a relationship exists between the volume and
the frequency of occurrence (high magnitude events with high volumes are less
frequent than low magnitude events), the angle of reach is indirectly linked to



5 Debris Flow Hazards and Risks 145

the temporal frequency of occurrence (Corominas and Moya 2008). By means of
statistical analyses of past events (e.g. rockfalls in the case of Heim 1932), the angles
for events of certain volumes can be determined and used for run-out assessments
of future mass movements if the potential source areas are known. Schreve (1968)
called this angle the ‘equivalent coefficient of friction’ (Corominas 1996).

This simple approach is used in the recently developed Flow-R model that
allows rockfalls and debris flow analyses at regional scales (Horton et al. 2008).
The method consists in (1) the identification of the source areas, and (2) the run-
out modeling. The source identification is based on the topographical assumption
that from a concave slope located below a sufficiently large catchment area and
exhibiting a certain slope angle, debris flows will potentially initiate (Horton et al.
2008). The run-out modeling is based on then use of a spreading algorithms
(O’Callaghan and Mark 1984; Tarboton 1997; Quinn et al. 1991; Holmgren 1994).
For the determination of the run-out distances, the angle of reach principle is
implemented to serve as a measure for the friction loss (‘constant friction loss
angle’). It is included as a parameter describing the constant energy loss in the
computation of the kinetic energy of the flow in each pixel (Eq. 5.7):

Ei
kin D Ei�1

kin � �Ei
pot � Ei

loss (5.7)

where Ekin is the kinetic energy, Epot is the change in potential energy, Eloss is
the constant loss and i is the time step. Hereby, the constant friction loss angle is
subtracted from the actual angle between the source pixel and the pixel towards
which the mass is moving. The maximum kinetic energy of the flow can be limited
to a realistic velocity of around 15 m�s�1 for debris flows (Horton et al. 2008). The
flow stops as soon as the kinetic energy drops below zero. Finally, the spreading
algorithm is complemented by considering the inertia of the flow, e.g. the way a
flow reacts on changes in the flow direction. For each single pixel, the run-out is
computed and the maximal spatial probability of being affected is outputted.

5.3.2 Use of the Flow-R Model for Characterizing Debris Flow
Susceptibility: The Barcelonnette Case Study

A first application of the Flow-R consisted in a debris flow susceptibility analysis of
the Barcelonnette Basin (Southeast France) which is heavily prone to debris flows
with ca. 100 events between 1850 and 2004. However, the complete information
including source area and run-out as well as an assessment of the initial and the final
volume is only available for one debris flow event. This refers to the 2003 event in
the Faucon catchment where 4,000–5,000 m3 were mobilized in the source areas,
while after scouring about 8,500 m3 were deposited on the debris fan (Remaı̂tre
and Malet 2010); the angle of reach accounts to 14ı (Kappes et al. 2011). The
high threat indicates the need for a spatial analysis of the debris flow distribution.
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Since statistical analyses for the determination of the angle of reach is obviously not
possible due to a lack of data, scenarios of high, medium and low frequency were
adjusted in an empirical way as described in the following.

First, potential source areas were identified. Second, three qualitative run out
scenarios (high, medium and low frequency scenarios) were established based on
the following information and assumptions (Kappes et al. 2011): (1) an inventory
derived from the mapping of debris flows in consecutive aerial photographs of the
time step 1956, 1974, 1982, 1995, 2000 and 2004 (Stummer 2009); the number of
events mapped per time step indicates a high frequency (several incidences per year)
at low magnitudes; (2) the interpretation of largely documented debris flow events in
2003 at Faucon, and in 1996 and 2002 at Faucon, Sanières and Bourget. Obviously,
the first inventory comprises small and very frequent events (several per year) and
the second inventory bigger events of an intermediate frequency (an event every
several years). To assess the extent of low frequent but high magnitude events the
existence of large debris cones was used as an indicator. An adjustment of the angle
of reach to the complete longitudinal coverage of especially the Riou Bourdoux
torrent (a torrent described as especially dangerous in the literature; Delsigne et al.
2001) was used for this purpose. The iterative adjustment of the angle of reach led
to the following three angles for the three scenarios: 11ı for the high frequency
scenario, 14ı for the intermediate frequency scenario and 30ı for the low frequency
scenario (Fig. 5.1). Although information on the spatial and temporal probability
is available, the result is not, strictly speaking, a full hazard assessment but only a
susceptibility assessment since no indication is given on the hazard intensity.

5.3.3 Use of the Flow-R Model for Characterizing Debris Flow
Hazard: The Valtellina Case Study

The area of Valtellina di Tirano (Italy) is also prone to damaging debris flow
events having caused deaths in some recent cases (years 1983 and 1987). For the
construction of a regional debris flow hazard map, the susceptibility map of Blahut
et al. (2010a) was used as a basis for the calculation. For each susceptibility class,
a spatial and temporal probability of debris flow initiation was computed. The
spatial probability was expressed as a density of pixels corresponding to debris flow
source areas from available inventories in each susceptibility class. To calculate
the temporal probability of debris flow initiation, two sets of aerial photographs
and related debris flow inventories were compared (1981, 2001). Only the source
areas where new debris flow activity was observed between these two periods were
introduced in the calculation. An initiation probability map was then calculated by
multiplying spatial and temporal probabilities, and this map served as principal input
for the Flow-R run-out modelling.
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Fig. 5.1 Qualitative debris flow susceptibility scenarios for the Barcelonnette basin (South
East France). (a) Debris flow susceptibility assessment for the mid-course of the Ubaye River
catchment; (b) Excerpt of the debris flow susceptibility assessment for the Riou-Bourdoux and La
Valette sub-catchments; (c) Excerpt of the debris flow susceptibility assessment for the Faucon,
Bourget and Sanières sub-catchments

To calibrate the maximum probable debris flow run-out, a well delimited large
event from July 1987 was used together with aerial photographs using the edge
of alluvial fans where former debris flow activity has been observed. From the
calibration phase, the following run-out characteristics were selected: a maximum
run-out (shadow) angle of 10ı, a maximum limit velocity of debris flow of 15 m�s�1

and a Holmgren exponent of 5. Afterwards, a run-out map was calculated for the
four highest debris flow hazard initiation classes. A main drawback of a region-
scale analysis is that magnitude of particular debris flow remains impossible to
calculate. To overpass this problem and to better discriminate the possible different
magnitudes (volumes) of debris flows, a qualitative component was added to
the hazard map. Three subclasses of spreading direction probabilities were made
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Fig. 5.2 Qualitative debris flow hazard map for the region of Valtellina di Tirano (Central Alps,
Italy)

for each run-out class using geometric intervals in order to have a better idea
about different run-out of debris flows of different magnitudes. This resulted in
a 13-classes hazard map (Fig. 5.2) where higher probabilities of spreading are
represented by more vivid colours of each class (Blahut et al. 2010b).

There are many difficulties and uncertainties connected with preparation of a
debris flow hazard map on at a region scale. Probably the most important uncertainty
arises from the temporal probability analysis. As only two temporal slices are
compared, many debris flows source areas could be missed or not recognized. This
problem can be over passed by comparing aerial photographs datasets taken with
higher frequency and by longer temporal coverage (e.g. 5 datasets in 50 years). As
a consequence, less debris flows would be missed and lower error will be connected
to the temporal probability. However, no other temporal aerial photographs were
available at the time of this analysis, so these errors had to be assumed. Although
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the presented approach allows preparation of a hazard map on medium scale, the
problem of local controlling factors has to be mentioned. Unlikely, for a study
on local/site specific scale, where deterministic modelling and precise calculation
of return periods can be performed, on medium scale not enough geotechnical
information is available and more assumptions have to be made. Major limitations
in the model happen in case of misinterpretation of the reality in the DEM; as a
consequence, the spreading areas will contain errors. The multiple flow direction
has no physical basis and, as it is regional model, it does not take into account the
debris flow volume. However, as it was shown, the magnitude representation can be
approximated by reclassification of the spreading direction probabilities.

5.4 Quantitative Estimates of Debris Flow Run-Out
Parameters for Site-Scale Susceptibility and Hazard
Assessments

Numerical methods for modelling run-out behaviour of landslide debris mainly
include fluid mechanical models and distinct element methods. The most common
and used approach for this methods is based on continuum mechanics. Continuum
fluid mechanics models utilize the conservation equations of mass, momentum
and energy that describe the dynamic motion of debris, and a rheological model
to describe the material behaviour of the debris. By solving a set of governing
equations with a selected rheological model describing the flow properties of the
debris, the velocity, acceleration and run-out distance of debris can be predicted
(Chen and Lee 2000).

However, most dynamic run-out models assume a constant volume during the
motion of the flow, ignoring the important role of material entrained along its path.
Consequently, they neglect that the increase of volume can enhance or reduce the
mobility of the flow and can significantly influence the size of the potential impact
area. Limited work has been done to quantify the entrainment process and only a
few have proposed physical explanations for it. One of the reasons is that material
entrainment is a complex process and an adequate understanding of the phenomenon
is needed to facilitate the development of appropriate dynamic models. A proper
erosion mechanism needs to be established in the analyses of debris flows that
will improve the results of dynamic modelling and consequently the quantitative
evaluation of risk.

This section presents and evaluates the performance of a 1D debris flow model
with a material entrainment concept based on limit equilibrium considerations and
the generation of excess pore water pressure through undrained loading of the in-
situ bed material. The flow is treated as a laminar one-phase material, in which
behaviour is controlled by a visco-plastic Coulomb–Bingham rheology. The purpose
of developing a 1-D debris flow model that takes into account an entrainment
concept was to identify and state the advantages of including entrainment in the
calculation of practical debris flow dynamics for hazard analysis.
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Fig. 5.3 Schematic diagram for the simplified method of limiting equilibrium used in the model
and representation of the model parameters

5.4.1 A Dynamic 1D Run-Out Model with Entrainment:
Description and Field Application at Faucon

The model proposed here is based on earlier work of van Asch et al. (2004). The
proposed approach is a 1D dynamic debris flow model that takes into account
entrainment of material from the torrent bed using the concept of undrained loading
of the in-situ material. The flow is treated as a laminar one phase, incompressible
continuum material. Based on the Savage-Hutter model, the flow can be simu-
lated by numerically solving the system of depth-averaged governing equations
composed of the mass balance equation (Eq. 5.8), the momentum conservation
equation (Eq. 5.9), and the friction resistance (e.g. Coulomb-Bingham rheological
equation; Coussot 1997) (Eq. 5.11). Depth integration is based on the shallow water
assumption, which applies where the length of the flowing mass is much greater than
the thickness of the flowing mass. In these conditions the vertical velocity of the
fluid is small, so that the vertical pressure gradient is nearly hydrostatic (Begueria
et al. 2009). The flow is then modelled by a Saint-Venant type system derived in a
reference frame linked to an inclined plane (Fig. 5.3).

The mass and momentum can be described with Eqs. 5.8 and 5.9 respectively:
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where h is the flow height in the direction normal to the bed, u is the x component
of the velocity, dsc is the scour depth, cx D cos’x is the direction cosine of the bed
and ’x is the slope bed angle, which is taken positive when it dips downward in
the (positive) x-direction. The momentum equation (Eq. 5.9) is expressed in terms
of acceleration (LT�2). The second term on the left side of Eq. 5.9 represents the
convective acceleration. The first term on the right side of Eq. 5.9 represents the
acceleration due to gravity where Sx is the bed slope gradient. The second term on
the right side is the pressure acceleration where K is the earth pressure coefficient,
corresponding to the active and passive states in the Rankine’s theory. K can have
a value of 1 for a perfect fluid, but can vary greatly for plastic materials and
ranges between two extreme values corresponding to the active and passive states:
Ka �1 �Kp (Eq. 5.10).

Ka D 1 � sin ®

1 C sin ®

Kp D 1 C sin ®

1 � sin ®
(5.10)

where ® is the internal friction angle of the mixture. The third term on the right side
of Eq. 5.9, Sf is the flow resistance due to frictional stress with the bed. The fourth
and last term on the right side of Eq. 5.9 is the entrainment rate.

The resisting forces Sf (Eq. 5.9) are dependent on the rheology of the material
which controls the flow behavior and represents the bed shear stress of the flow. One-
phase, depth-integrated models commonly assumes homogeneous and constant flow
properties. A Coulomb-Bingham rheology model (Eq. 5.11) is applied to determine
a solution to the resisting force. The model assumes a linear stress–strain rate
relationship once the yield strength is exceeded. Other types of rheologies can be
integrated to the model giving the possibility to simulate other types of flows.

Mud and muddy debris flows (characterized by clay-shale materials with >10 %
clay in the grain size) have often been modeled as viscoplastic materials, e.g. as
Bingham rheology with constant yield strength and viscosity (Begueria et al. 2009).
The Coulomb-Bingham rheology can be described as:

Sf D tan ®0 C 1

¡gh
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u

�
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where ®’ is an apparent or basal of the flow friction angle, ˜ is the dynamic viscosity
(closely related to the percent concentration of solids) and £c is a constant yield
strength due to cohesion (kPa). Mangeney et al. (2007a, b) introduced a curvature
radius, Rx, which describes local convexities or concavities in the slope profile and
which influences the flow friction (Eq. 5.12).
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The curvature radius is incorporated in Eq. 5.11 and can be replaced in the term
gSf (Eq. 5.9) as follows in Eq. 5.13:
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The internal pore fluid pressure is a transient property that is coupled to the
normal stress and can dissipate during motion, making it extremely difficult to
model (Begueria et al. 2009). Although some depth-averaged models have been
developed that take into account the temporal evolution and spatial variation of pore
fluid pressures (Iverson and Denlinger 2001; Pitman and Le 2005), in the presented
model the pore pressure ratio (ratio pore water pressure/normal stress) is assumed to
be constant. This allows coupling the pressure dissipation into only one term: tan®0
(tangent of the apparent friction angle).

A loading of the bed deposits is generated when the moving mass flows on top.
The model calculates this applied loading of the in-situ soil (Fig. 5.3) through the
changes of vertical normal stress (Eq. 5.14) and the shear strength (Eq. 5.15) caused
by the flow:

�¢ D ¡flgh cos2’ (5.14)

�£ D ¡flgh sin ’ cos ’ (5.15)

where ¡fl is the density of the flow material, g is the gravity force, h is the height
of the flow and ’ is the slope angle. Because of this loading, volume reduction and
an increase in pore water pressure takes place. This increase in pore water pressure
(Eq. 5.16) is calculated based on the Skempton (1954) equation that expresses pore
water pressure in an undrained triaxial test and modified by Sassa (1988) for an
undrained direct shear test. Assuming that the soils along the shear zone inside the
channel deposits are subjected to an undrained direct shear, Eq. 5.16 can then be
applied:

�p D BD.� ¢ C AD�£/ (5.16)

where AD and BD are the pore water pressure parameters in the direct shear state.
Based on laboratory compressibility tests and assuming that the soils are not

anisotropic, Sassa et al. (1985) proposed that the pore fluid pressure parameter BD

is approximately the same with the B pore fluid pressure parameter proposed by
Skempton. BD value is affected by the loaded stress level and its values are very
sensitive to the degree of saturation. In saturated soils, the compressibility of the
soil skeleton is almost infinitely greater than that of the pore fluid and essentially all
of a stress increment applied to a saturated soil is carried by the pore fluid; BD D 1.
In dry soils, the compressibility of the pore air is almost infinitely greater than the
compressibility of the soil skeleton, and thus essentially all of the increment in total
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stress applied to the dry soil element is carried by the soil skeleton; BD D 0. The
pore fluid pressure parameter AD value changes with strain and probably the AD

value may increase after failure due to the crushing of grains, but dissipation of pore
fluid pressure may take place because shear zone is not as great as the compressed
zone by the loaded normal stress. In general soft, loose soils have high values of AD

and the higher the shear strain the higher the value of AD. It is assumed that during
an intense rain event, a ground water table may develop in the surface bed layer, and
thus because water may flow perpendicular to the in-situ soil, pore fluid pressure is
calculated by Eq. 5.17:

pini D ¡wgdwcos2’ (5.17)

The total pore fluid pressure is then calculated by Eq. 5.18:

ptot D pini C �p (5.18)

New stresses at the bottom of the in-situ soil are then computed by Eqs. 5.19 and
5.20:

¢tot D .¡flgh C ¡botgd/ cos2’ (5.19)

£tot D .¡flgh C ¡botgd/ sin’ cos’ (5.20)

where ¡bot is the density of the in-situ soil and d is the depth of the erodible layer.
The safety factors at the bottom (Eq. 5.21) and at the top (Eq. 5.22) of the in-situ
soil are calculated as follows:

Fbot D cbot C .¢tot � ptot/ tan •bot

£tot
(5.21)

Ftop D cbot C .�¢ � �p/ tan •bot

�£
(5.22)

where cbot is the cohesion and •bot is the friction angle of the in-situ soil. In the case
where Ftop and Fbot < 1, then dsc, which is the thickness of the failed layer, equals
the total thickness of the in-situ material d. In the case where Fbot < 1 and Ftop > 1,
then dsc is again total thickness of in-situ material d and in the case where Fbot > 1
and Ftop < 1, a portion of d will fail and can be calculated with Eq. 5.23:

dsc D 1 � Ftop

Fbot � Ftop
d (5.23)

This computed failed mass is then incorporated to the flow enlarging its volume
and changing its momentum.
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The criteria chosen to compare the simulation results with the observational data
of the 2003 debris flow event at Faucon were (1) the flow velocity, (2) the deposit
heights and (3) the run-out distances. In our case, the calibration was completed
through back analysis and was based on a trial and error adjustment of the input
parameters defining the flow resistance and entrainment process. The inputs were
adjusted until the computed criteria patterns matched as close as possible the real
event. The initiation area was distributed in uniform columns of 10 m and a total
released volume of 8,443 m3 was introduced. A Bingham rheology was used to
model the event. The parameters that best fitted the event were £y D 210 Pa and
˜ D 63 Pa�s., which matches with a 52–53 % of solid concentration by volume
measured for the event (Remaı̂tre and Malet 2010). A constant Rankine’s earth
pressure parameter of one assuming hydrostatic pressure and a density of the flow
of 1,850 kg.m�3 were used for the simulation. The in-situ soil parameters found
to match the entrainment amount were a friction of ® D 15ı and a cohesion of
c D 0.1 kPa. The density of the in-situ soil used was 1,600 kg�m�3. The pore fluid
pressure parameter used were AD D 0.6 and BD D 0.9. These values correspond
to an in-situ soil that has a high degree of saturation. The surface flow occurs in
standard time and no air is entrapped under the water table. A homogeneous erodible
in-situ soil depth of 3.5 m was found to be the value that agrees best with the quantity
of entrained material by the original event. A calculation time step of 0.05 s was set
up and the simulation had a time elapsed of 453.60 s.

The model predicted high velocities and higher amounts of entrainment when
the slope is predominantly inclined and lower velocities and entrainment when it
reaches the gentler slope in the lower section of the torrent. Figure 5.4 shows the
plots for maximum heights and velocities during the course of the flow. The final
deposition volume is around 58,338 m3 (553 % of increase in mass balance) with an
average velocity during the whole event of 8.8 m�s�1. The application to the event
gave reasonable results in comparison to the field observations mainly based on the
geometry of the deposits. Relative higher deposits were simulated with an average
height of approximately 3.2 m and a maximum height of 4.9 m. The difference
between the heights and velocities calculated with the model and the real event
measured in the field, can be explained by the fact that other processes are involved
in the entrainment processes (e.g. abrasion) and due to the application of a 1D-model
to a 3D-phenomenon. Figure 5.5 indicates the distribution of the entrained volume
during the course of the flow and the accumulated final volume.

5.4.2 A Dynamic 2D Run-Out Model with Entrainment:
Description and Field Application at Selvetta

A debris flow, which occurred on 13th July 2008 in the Valtellina Valley (Italy)
was analysed through field observations and simulated with the FLO-2D mass
flow model incorporating information on rainfall-runoff with empirical parameters,
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Fig. 5.4 Maximum modelled velocity and height of the debris flow event of 2003 at Faucon during
the flow course. The velocity distribution shows that the maximum velocity takes place when the
debris is rushing down in the steepest part of the slope

Fig. 5.5 Cumulative volumes of the deposits during the entrainment process and the entrained
volume during the course of the flow
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Fig. 5.6 Methodological flowchart applied in the back-calculation of the Selvetta debris flow

including entrainment capacity and sediment composition. The modelling of the
Selvetta debris flow was divided in three steps (Fig. 5.6). The first step consisted in
a simulation of the rainfall in the area to calculate a discharge hydrograph and the
effect of the rainfall intensity on the flow; the second step consisted in the modelling
of the entrainment of the channel bed caused by the flow, the third step consisted in
a simulation of the debris flow that included the results of modelling of the rainfall
and the entrained material. All simulations were based on a 2 m grid DEM obtained
form a airborne laser scanning survey.

5.4.2.1 FLO-2D Model

The FLO-2D model (2009) is an Eulerian two-dimensional finite difference model
that is able to route non-Newtonian flows in a complex topography based on a
volume-conservation model, and is also able to simulate the rainfall-runoff. The
flood volume is moved around on a series of tiles to simulate overland flow (2D
flow), or through line segments for channel routing (1D flow). Both topography and
resistance to flow control flood wave progression over the flow domain. Flow in
two dimensions is accomplished through a numerical integration of the equations of
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motion and the conservation of fluid volume. The model simulates the shear stress
as a summation of five shear stress components: the cohesive yield stress, the Mohr-
Coulomb shear, the viscous shear stress, the turbulent shear stress and the dispersive
shear stress.

The governing equations, originally presented by O’Brien et al. (1993), are the
continuity equation (Eq. 5.24) and the equation of motion (Eqs. 5.25 and 5.26):
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where h is the flow depth and Vx and Vy are the depth-averaged velocity components
along the horizontal x- and y-coordinates. The excess rainfall intensity (i) may be
nonzero on the flow surface. The friction slope components Sfx and Sfy are written
as function of bed slope Sox and Soy, pressure gradient and convective and local
acceleration terms.

The depth-integrated rheology is expressed (after dividing the shear stresses by
the hydrostatic pressure at the bottom of the flow �mh) as (Eq. 5.27):

Sf D �y

�m h
C K � V

8 �m h2
C ntd 2

V 2

h4=3
(5.27)

where Sf is the friction slope (equal to the shear stress divided by �mh); V is the
depth-averaged velocity; � y and � are the yield stress and viscosity of the fluid,
respectively, which are both a function of the sediment concentration by volume; �m

is the specific weight of the fluid matrix; K is a dimensionless resistance parameter
that equals 24 for laminar flow in smooth, wide, rectangular channels, but increases
with roughness and irregular cross section geometry; and ntd is an empirically
modified Manning n value that takes into account the turbulent and dispersive
components of flow resistance (the calculation of ntd is hardwired in the model).

The yield stress (Eq. 5.28), the viscosity (Eq. 5.29), and the empirically modified
Manning n value (Eq. 5.30) are calculated as follows:

�y D ˛1 e ˇ1 Cv (5.28)

� D ˛2 e ˇ2 Cv (5.29)

ntd D nt b emC v (5.30)
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where ˛1, ˇ1, ˛2, and ˇ2 are empirical constants, Cv is the fine sediment con-
centration (silt- and clay-size particles) by volume of the fluid matrix, nt is the
turbulent n-value, b is a coefficient (0.0538) and m is an exponent (6.0896). The
latter (b and m) are fixed in the model, and cannot be modified.

5.4.2.2 Runout Modelling of the Selvetta Debris Flow Event

The hourly accumulated rainfall preceding the debris flow release in the period of
11th and 13th July 2008 was used as an input of the simulation. The result was a
discharge hydrograph incorporating outflow from (1) the source area and (2) the
debris flow path channel, where the amount of rain influenced the mobility of the
flow and where the contribution of the water added to the flow was canalized. The
estimation of the peak discharge 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 distances.

Based on the calculated release hydrograph and the rainfall that converge into
the channel path, the entrained material was estimated by assuming that the flow
travelling on the channel bed deposits causes an undrained loading that generates a
high pore fluid pressure. This concept has been described in detail by Sassa (1988),
Remaı̂tre et al. (2008) and Quan Luna et al. (2011) explaining the long travelling
motion of some debris flow saturated with water. A loading of the bed deposits is
generated when the sliding mass flows on top. The applied loading of the channel
soil was calculated by the change of vertical normal stress and the shear strength
caused by the flow. The increase in pore fluid pressure is calculated based on the
equation proposed by Sassa (1988) for an undrained direct shear test.

In relation to the slope gradient of the torrent path, the amount of material that
could be entrained varied from 1.2 to 2.3 m. A value of the internal friction angle
of ' D 30ı and a cohesion of c D 0.3 kPa were selected. The pore fluid pressure
parameters used were AD D 0.6 and BD D 0.9. These values correspond to an in-
situ soil that has a high degree of saturation and rich in water discharge. The
surface flow occurs in usual time and no air is entrapped under the water table.
An estimated released volume (rain C failed mass) of 2,337 m3 was computed. The
final calculated deposition volume is 15.324 m3 (554 % of increase in mass balance),
which corresponds to the volume estimates obtained in the field.

Parameterization of the FLO-2D model has been done by calibration, since
no independent estimates of the model friction parameters were available. The
calibration of the model was based on a trial-and-error selection of rheological
models and parameters, and the adjustment of the input parameters which define
the flow resistance. Parameters were adjusted until good agreement between the
simulated and observed characteristics were accomplished with the following
criteria: (1) the velocity and height of the debris flow along the channel, (2) the
final observed run-out and (3) the accumulation pattern in the deposition area.
The parameters that fit reasonably the calibration criteria and had the best results
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Fig. 5.7 Comparison of observed and modelled debris flow run-out extents. The maximum heights
of the debris heights simulated by the FLO-2D model are indicated

were � y D 1,950 Pa and � D 5,000 Pa. These rheological parameters were calculated
according to the sediment concentration inside the hydrograph and appropriate
values of ˛ and ß were selected from O’Brien and Julien (1988). The chosen
Manning n-value that characterizes the roughness of the terrain was 0.04 sm�1/3

where the flow was channelled and 0.15 sm�1/3 in the deposition zone. A value
of K (laminar flow resistance parameter for overland flow) of 24 was used in the
channelled section and of 2,350 for the rough surface on the deposition zone. The
Manning n-value and K-value were selected based on field evidences of the flow
pattern.

A time-stage of sediment concentration was produced based on the shape of
the hydrograph. This was done to agree with observations that the peaks in debris
flow hydrographs correspond to high sediment concentrations, while the raising
and final parts of the hydrograph have a more diluted composition. The procedure
also reproduced the distribution of sediment concentration influenced by a dilution
in the rising and falling tails of the hydrograph. The maximum and minimum
concentrations were 0.55 and 0.25, respectively.

The FLO-2D software can display for each part of the flow, the impact force,
velocity, discharge and flow height during all time steps of the simulation. Figure 5.7
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shows the simulated maximum run-out and deposition and the field observed extent
of the event. The ability of the model to account for the shadow effect created by the
houses can be noted. The simulated debris heights are in good agreement with the
observations. The highest debris heights are reached upslope from the destroyed and
heavily damaged houses. Afterwards, they decrease to the edges of the deposition
area. It has to be noted that in some cases the flow did not reach some of the lightly
damaged houses. This is caused by the fact that the model does not simulate the
destruction of the house and thus it remains as an obstacle causing a shadow effect.
Apparent increase of debris deposits in the distal parts of the flow is most probably
caused by some imprecision in the used DEM (Quan Luna et al. 2012).

5.5 Probabilistic Assessment of Debris Flow Hazard:
Possible Approaches for Dynamic Run-Out Models

Because of the complexity and the difficulty to model all the phenomena that take
place in a debris flow event, the use of simplified rheological models that represent
the flow behaviour is a common approach. Models based on the rheological
characteristics of the flow with three or less adjustable parameters have been used
extensively and calibrated as precisely as possible based on back analysis of past
events. The calibration of these parameters makes it possible to use the same model
for different types of events in different locations. There is a large range of these
rheological parameters reported in the literature, and some of them do not have a
precise physical meaning which makes a forward analysis very difficult to assess.
Often there is not enough information available about the range of rheological
parameters for the estimation of hazard at a specific location. To indicate the
uncertainty of these input parameters and thus the uncertainty of the run-out hazard
analysis it is useful to combine the scarce local information with the range in values
obtained by many case studies over similar areas.

5.5.1 Database Description and Compilation

As a first step towards a stochastic analysis of ranges and uncertainties of parameters
and their effects on run-out modelling, a database was compiled from past-analyzed
events reported in the literature. The database included the rheological parameters
(Voellmy and Bingham rheologies) and volumes from many previously back-
calibrated events that have been described by many authors. The database included
information of 301 run-out events, characterized by the type of landslide, volume,
run-out behaviour and rheological parameters derived from model back-calibration
(Table 5.3).
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Table 5.3 Example of a case analyzed inside the database created
showing the different fields of classification

Case study: Panabaj, Guatemala (2005) Debris flow characteristics

Volume (m3) 65.000
Run-out length (m) 4,900
Angle of reach (ı) 16.3
Max velocity (m�s�1) 15
Rheology Voellmy
Apparent friction coefficient 0.04
Turbulent coefficient (m�s�2) 450
Viscosity (Pa�s) �
Yield stress (Pa) �
Author and year �
Method Back-calibration
Post-failure behaviour Channeled
Environment Volcanic
Source sediment Pyroclastic material

The database was compiled from peer-reviewed literature and unpublished
reports. In total 75 % of the cases in the database are debris flows and landslides
and 25 % are rock avalanches. The Voellmy rheology is used in 169 events and 132
events use the Bingham rheology.

5.5.2 Design of Probability Density Functions

Uncertainty could be the result of measurement errors, sampling errors, model un-
certainty (uncertainty due to simplification of real-world processes, incorrect model
structure, misuse of models, and use of inappropriate assumptions), descriptive
errors, aggregation errors, errors in professional judgment and uncertainty of the
variability. Variability, usually measured as standard deviation or variance, repre-
sents natural random processes. The variability for a parameter can be represented
as a probability density function (PDF), also referred as a probability function,
frequency function, or frequency distribution. For a continuous variable (a variable
that can assume any value within some defined range) the probability density
function expresses the likelihood that the value for a random sample will fall within
a particular very small interval.

Within the database, the variability for a parameter was represented as a
probability density function (PDF). Figures 5.8 and 5.9 show different types of
curves that were used to fit the distributions of the parameters for the Voellmy and
Bingham models, using the values derived from the whole database. A curve fit of
the parameters was done using different types of distributions: normal distribution;
a kernel distribution, and a Lognormal distribution. A kernel distribution is a
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Fig. 5.8 Curves used to fit the probability density function of the apparent friction coefficient ()
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Fig. 5.9 Curves used to fit the probability density function of the viscosity (˜) (Pa�s) and the yield
stress (£) (Pa) inside Bingham model

non-parametric way of estimating the probability density function of a random
variable. The kernel density estimation is a fundamental data smoothing problem
where inferences about the population are made, based on a finite data sample. In
the case of the resistance parameters, a Lognormal distribution was found as the
one that best fitted the data. The proper selection of the PDF’s is essential for a good
assessment of the uncertainties associated with the choice of rheological parameters.

The arithmetic and geometric moments for the Lognormal distribution of the
Voellmy and Bingham rheology can be seen in Table 5.4. These values can indicate
a parameter range for forward modelling using the analyzed rheologies.

The recommended functions of the resistance parameters can also provide a
context for the resistance parameters arrangement and can contribute to the fine
tuning of the usual iterative process for parameter selection in the construction of
a more detailed back analysis. Besides this, the creation of a probability density
function is a first step for a stochastic approach to be implemented for dynamic
run-out models in order to assess hazard and risk at a specific locality.
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Table 5.4 Moments for the fitted lognormal distributions to the resistance parameters

Lognormal parameters Arithmetic moments Geometric moments

Mu Sigma Mean
Standard
deviation Mean

Standard
deviation

Bingham model
viscosity

4.2882 0.6240 88:4970 61:0690 72:8378 1.8665

Bingham model yield
strength

4.1577 0.6204 77:4994 53:1063 63:9294 1.8597

Voellmy model friction
coefficient

�2.0882 0.7310 0:1618 0:1360 0:1239 2.0773

Voellmy model
turbulent coefficient

5.6486 0.6302 346:2624 241:7950 283:8959 1.8780

5.5.3 Application of a Monte Carlo Method to Debris
Flow Run-Out Modeling

In order to analyze the effect of the uncertainty of input parameters a probabilistic
framework based on a Monte Carlo simulation for run-out modelling is considered
a useful approach. Monte Carlo analysis is a method that uses statistical sampling
techniques to derive the probabilities of possible solutions for mathematical equa-
tions or models. Monte Carlo analysis was initially developed in the 1940s and it
has been applied to all sorts of problems dealing with the uncertainty of data and
models (Metropolis and Ulam 1949; Metropolis 1987).

The framework presented in this chapter is based on a dynamic model, which
is combined with an explicit representation of the different parameter uncertainties.
The probability distributions of these parameters were determined from the analyzed
database described earlier. The uncertainty in these inputs can be simulated and
used to quantify the probability of run-out distances and intensities. In a Monte
Carlo procedure the input parameters of the numerical model are randomly selected.
Many model runs are performed using the randomly generated input values. This
allows estimating the probability of the output variables characterizing the intensity
of debris flows (for instance depth, velocities and impact pressures) at any point
along the path. To demonstrate the implementation of this method, the MassMov2D
model was used. The main goal is to present a framework to obtain potentially
expected run-out extents and intensities of debris flows in areas where it is not
possible to determine the rheological parameters on the basis of back-analysis. In
many situations past events have not been well documented, and information is
lacking on the exact distribution of the debris flow. Even if this is available it is
also difficult to reconstruct information on the released volume, and the height and
velocity distribution of the debris flow materials.

One of the reasons to use a Monte-Carlo analysis is to examine the effect of
uncertainty regarding the variability of the rheological parameters on the estimation
of debris flow run-out. This statistical sampling-analysis method allows evaluating
the probability distribution of the relevant parameters (intensity parameters) for
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Fig. 5.10 Flow chart of the application of a Monte-Carlo method for debris flow hazard
assessment

a hazards assessment once the proper probability distributions for the friction
coefficients have been defined. By this way it is possible to account explicitly
and objectively for uncertainties in the model inputs definition and in the mapping
results. To conduct probabilistic modelling using Monte Carlo analysis each of the
input parameters is assigned a distribution. The output from the model is calculated
many times, randomly selecting a new value from the probability distributions for
each of the input parameters each time. The outputs from each run of the model are
saved and a probability distribution for the output values is generated. This allows
the probability of the occurrence of any particular value or range of values for the
output to be calculated. Figure 5.10 presents a representation of how Monte Carlo
analysis is conducted.
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The shape of the probability distribution can greatly affect the outcome of the
Monte Carlo analysis and it is extremely important that an appropriate distribution
is selected. It should be mentioned that a Monte-Carlo analysis does not require
PDFs for all input parameters. In multiple-parameter models where there is no basis
for assigning a PDF to particular parameters, it is acceptable to keep a fixed value for
those parameters while assigning PDFs to parameters where sufficient information
is available. In this study, the released volume is considered to be independent
from the frictional coefficient terms and was taken constant. The reason for this
was that when analyzing the database, similar released volumes in different setting
conditions produced significantly different flow dynamics and behaviour (run-out
and intensities). Another reason for this is that the variation in volumes is defined
by a specific return period which is beyond the scope of this study. The uncertainty
resulting from the physical process that is difficult to describe (variability inherent
to the phenomenon) is expressed inside the probability density functions of the
frictional parameters. The Monte Carlo method involves deliberate use of random
numbers in a calculation that has the structure of a stochastic process. Monte Carlo
works by using random numbers to sample the “solution space” of the problem to be
solved. In our case, we sample randomly with a “random number generator” each
distribution (Voellmy and Bingham rheologies) with a number of 5,000 values. Once
the PDFs of the input parameters have been defined and used to generate random sets
of parameters, a routine was used to repeatedly run the run-out model as many times
as the generated sets (5,000 times). After each run of the model was completed, the
output values were saved for specific points on the accumulation area. After all
the simulations were completed, the frequency of particular output values at these
points was analyzed. The resulting set of output values was evaluated to determine
descriptive statistics such as the mean, range, standard deviation, etc. In addition,
the probability that the outcome will exceed a particular value or will fall within a
certain range of values was calculated.

5.6 Estimation of Debris Flow Risk Scenarios

Another aspect of the use of run-out models is the possibility to estimate risk
scenarios for QRA. A variety of methods have been developed for the estimation
of debris flow risk scenarios. One method is the use of f-N curves, which express
the frequency of events with different numbers of casualties (or magnitude of losses
expressed in some other way). Such relationships always show aggregated losses
for a large region and period of time. They do not help to identify the geographical
distribution of damage, for which risk mapping is needed. Risk maps attempt to
show the spatial or geographical distribution of expected losses from a natural
hazard. Because of the way natural hazards occur, the presentation of annual risk,
as defined above, is not necessarily the most useful, and several different ways of
presenting losses are commonly used including:
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• scenario mapping, where potential losses (e.g. the number of people killed and
injured and the damage to buildings and infrastructure) are estimated within
pre-defined hazard and vulnerability scenarios. This method is often applied to
evaluate the necessary resources to face an emergency quickly and effectively
and, in so doing, to reduce disruption, accommodate expected homeless, and
minimize the recovery period.

• potential loss mapping, where the effects of expected impacts are mapped,
and the locations of communities likely to suffer heavy losses are shown. The
communities most at risk, should be prioritized for loss-reduction programs and
strategies, and will need more aid or rescue assistance in case of a major disaster.

• annualised risk mapping, where the probability of each damaging event occurring
over a period of time is combined with the consequences of that event to generate
prospective losses within that time. Summing up the losses for all occurrences
gives the total losses expected for the period.

The risk assessment presented hereafter has been carried out in the area of
Tresenda (Valtellina Valley, Italy), where three quantitative debris flow hazard
scenarios for different return periods were prepared using available rainfall and
geotechnical data.

5.6.1 Methodological Framework for the Construction
of Risk Scenarios for Tresenda

It was assumed that three potential debris flows occurring in the study site will
be triggered in areas of high slope and high flow accumulation rate. Based on
extensive field surveys and DEM analyses, three potential sources were identified
and modelled by the dynamic numerical model FLO-2D to assess the run-out
intensity (Fig. 5.11). To quantify the hazard of these debris flows, several steps
were implemented in order to be modelled: (1) a detailed analysis and estimation
of rainfall return periods for the study area and a modelling of the rainfall-runoff
process based on the different return period scenarios, (2) an analysis of the terrain
features, (3) laboratory tests of soil samples and determination of the debris flow
rheology, and (4) modelling of the debris flows run-out distances. The modelled
hazard scenarios were consequently overlaid with the elements at risk.

111 buildings have been mapped in the immediate vicinity of the Tresenda
scenario, 57 of them within the delimited hypothetical scenario area. The majority of
them are two to three-story buildings constructed with brick masonry and concrete
structures. Value of each building was estimated using the construction prices
provided by Engineers and Architects of Milan. According to them, a construction
cost of 801 AC�m�2 corresponds to single standing house with 2–3 storeys. The value
of the buildings was calculated by multiplying their area from the DB2000 (2003)
database by the number of floors and by the reconstruction value per square meter.
Total value of the buildings within the scenario area is reaching 14.895.500 AC with
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Fig. 5.11 Delimitation of the 1983 and 2002 debris flow according to GeoIFFI and Consortium
of Mountain Municipalities of Valtellina di Tirano database. Possible sources and drainage
lines/profiles of new debris flows are shown (in black) and area of a hypothetical risk scenario
is delimited

a range from 34.360AC to AC 1.079.000 AC for a single building, and with an average
reconstruction cost of 261.324 AC per building. Besides the buildings, a state road
(S.S.38) is located between 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 upstream of 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. Quantification of damage to buildings in the case study area was done
by examination of the results from the hazard modelling to the respective building.
Debris heights and high impact pressures near the walls were extracted for each
interested building. The results were used to calculate risk maps for the three return
periods by using two different fragility curves. The fragility curve proposed by
Fuchs et al. (2007) based on the height of the debris flow as an intensity parameter,
and the proposed fragility curve by Barbolini et al. (2004) for impact pressure
of snow avalanches were used for the analysis. Direct losses to the buildings
were calculated by multiplying the calculated vulnerability by the building value
(Fig. 5.12). The prospective damage to the houses was estimated using proposed
fragility functions (flow height and impact pressure). Direct economic losses to the
buildings were estimated depending on the hazard scenario and fragility curve used.
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Fig. 5.12 Flowchart of the methodological framework for the estimation of debris flow risk
scenarios

5.6.2 Characterization of the Hazard Scenarios
and Damage to Buildings

Firstly, available hourly-rainfall records were used to calculate rainfall return
periods of 10, 50, and 100-years using data from the Castelvetro rain gauge. A
48-h rainfall, which may trigger a debris flow, was simulated in the study area and
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Table 5.5 Rainfall
thresholds for debris flow
initiation using a 48-h rainfall
in Castelvetro rain gauge

Author Type Value

Govi et al. (1984) I-D 2.74 mm�h�1

Cancelli and Nova (1985) I-D 2.18 mm�h�1

Ceriani et al. (1992) I-D 2.38 mm�h�1

Agostoni et al. (1997) IMAP-D 2.51 mm�h�1

Luino (2005) IMAP-D 1.74 mm�h�1

the time of exceedance of rainfall threshold was investigated for different return
periods based on historical information (Crosta et al. 2003) of past debris flow
events. The storm rainfall was discretized as a cumulative percentage of the total.
This discretization of the storm distribution 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 were
calculated in the past. Debris flow initiation thresholds were calculated for the 48-h
rainfall (Table 5.5).

The simulated rainfall was then 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 in the field and detailed
geotechnical analyses were performed. Two representative samples were selected
based on the criteria of the proximity location to the possible initiation and run-out
zones. Geotechnical parameters and particle size distribution for each sample were
obtained and used to infer the rheological parameters to be used in the dynamic
run-out model.

The slope materials are mixed loose deposits mostly composed of gravel and sand
with a consistent percentage 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 uniformity coefficient (CU) between 20 and 157. The
mean sample has the following composition: gravel (36 %), sand (44 %), silt (19 %)
and clay (1 %). All the samples are very superficial so they are particularly rich of
organic matter (3.3–7.3 %). The natural water content (W0) is strictly dependent on
the climatic condition during sampling, and its value range from 0.5 to 14.5 %.
The bulk unit weight (”0), measured in place by the sand-cone method, ranges
between 13.8 and 16.1 kN�m�3 while the calculated ”dry ranges between 12.8 and
15.7 kN�m�3. With an estimated specific gravity of the soil solids (Gs) equal to
27.2 kN�m�3, the calculated porosity (n) is 42–53 % and the sediment volumetric
concentration varies between 0.47 and 0.58 m3�m�3. Atterberg limit results are
not determinable because of the almost total lack of clay: this means that the
studied material pass from the semi-solid to the liquid state. Direct shear tests were
performed to obtain the peak and residual values of the shear strength parameters
(cp D 3.4–18.5 kPa; ®p D 28–36ı; cr D 0–17 kPa; ®r D 26–35ı). The time where
the rain storm exceeded the threshold was registered. The threshold used for the



170 B. Quan Luna et al.

Table 5.6 Release volumes (in cubic meters) and peak discharges (in cubic
meters per second) for the three scenario profiles and return periods

10 years 50 years 100 years

Profile 1 V D 390 m3,
Q D 4.8 m3�s�1

V D 1,162 m3,
Q D 11.4 m3�s�1

V D 1,424 m3,
Q D 13.4 m3�s�1

Profile 2 V D 330 m3,
Q D 4.2 m3�s�1

V D 1,142 m3,
Q D 11.2 m3�s�1

V D 1,410 m3,
Q D 13.3 m3�s�1

Profile 3 V D 425 m3,
Q D 5.1 m3�s�1

V D 1,251 m3,
Q D 12.1 m3�s�1

V D 1,518 m3,
Q D 14.1 m3�s�1

Fig. 5.13 Results of the hazard modelling for the 10-year return period showing the calculated
degree of damage to the buildings. On the left height of accumulation, on the right impact pressures

assessment was the one defined by Luino (2005) assuming a worst-case scenario.
Discharge hydrographs were produced from the previous rainfall-runoff modelling.
Volumes were calculated from the peak discharge hydrographs (Table 5.6).

Several debris flows run-outs were then simulated with the FLO-2D model.
The rheological properties of the flow were estimated based on the results of the
laboratory analysis. The final parameters used in the modelling were � y D 1,500 Pa
and � D 2,800 Pa. The Manning n-value that characterises the roughness of the
terrain was selected as 0.04 sm1/3.

In total, six hazard scenarios were prepared for each return period and for
accumulation heights and impact pressures, respectively. The results are presented
in Figs. 5.13, 5.14, and 5.15, showing the difference in the magnitude of the
hazard. Moreover, information about the possible damage to the houses is shown,
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Fig. 5.14 Results of the hazard modelling for the 50-year return period showing the calculated
degree of damage to the buildings. On the left height of accumulation, on the right impact pressures

Fig. 5.15 Results of the hazard modelling for the 100-year return period showing the calculated
degree of damage to the buildings. On the left height of accumulation, on the right impact pressures
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resulting from the calculated vulnerability using the respective fragility 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.

In the debris flow hazard scenario considering to the 10-year return period
(0.1 probability), 35 buildings are likely to be impacted. The total direct damage
to houses is considerably affected by the use of different fragility functions.
Considering the flow height fragility function, the direct damage reaches 610.088 AC.
In the case of impact pressure fragility function, the total direct monetary loss to the
buildings is estimated to 2.059.321 AC (337 % of the first damage estimate). Risk
levels span from 0 (no risk) to 8,271 AC�year�1 for a single building in case of the
height of accumulation fragility function and from 0 to 27.780 AC�year�1 for a single
building in case of the use of impact pressure fragility function (Fig. 5.13).

In the debris flow hazard scenario considering to the 50-year return period (0.02
probability), 49 buildings are likely to be impacted. After the application of the
fragility function using as an intensity parameter the flow height, 32 buildings will
suffer light damage, 9 buildings medium damage, and 5 buildings high damage.
Three buildings will be completely destroyed. After application of the impact
pressure fragility 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. Considering the flow height
fragility function, the direct damage reaches 2.311.219 AC. In the case of impact
pressure fragility function, it reaches 5.059.011 AC. Risk reaches 7,644 AC�year�1 for
a single building in both cases of risk calculation (Fig. 5.14).

In the debris flow hazard scenario considering to the 100-year return period
(0.01 probability), 49 buildings are likely to be impacted as in the case of the 50-
year scenario. After the application of the fragility function using as an intensity
parameter the flow height, 19 buildings will suffer light damage, 22 buildings
medium damage, and four buildings high damage. Four buildings will be completely
destroyed. After application of the impact pressure fragility function, higher damage
pattern was obtained: 16 buildings will suffer light damage, Seven buildings will
have medium damage and eight buildings will have heavy damage. Eighteen
buildings will be probably destroyed. These results show the same pattern as in
the case of 10 and 50-year return periods. The number of affected houses is
similar 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
fragility functions as in the case of the previous scenarios. Considering the height of
accumulation fragility function, the direct damage reaches AC 3,151,675. In the case
of impact pressure fragility function application, the total direct monetary loss to
the buildings is estimated to 6.453.366 AC. Risk reaches 3.822 AC�year�1 for a single
building in case of the flow height vulnerability calculation and 6,127 AC�year�1 for
a single building in case of the impact pressure use (Fig. 5.15).

Six risk scenarios were compared (for the three return periods and for the two
vulnerability functions each). It can be noted that the total damage estimate is
increasing with the debris flows magnitude. There are, still, considerable differences
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between the estimates for the same return periods. However, the scenario approach
proposed in this section 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 prospective physical effects and economic consequences may help
to properly allocate financial resources for disaster prevention and for mitigation
measures. Nevertheless, beside its limitations, it increases the knowledge about
prospective outcomes of future hazards and thus contributes to the protection of
the people and their assets.

5.7 Conclusion

This research analyzed different approaches, developments and difficulties regard-
ing the application of dynamic run-out modelling of debris flows, mud flows and
landslide hazard at a local and medium scale with a focus on physically-based
approaches. Emphasis was given to the problems involved in parameterization
of such models, focusing on rheological parameters and entrainment. The main
objective of this research was to apply, improve and optimize the use of dynamic
run-out models in quantitative risk assessment. The deterministic characteristics of
these models and the possibility to obtain direct intensity values make the run-out
models an interesting tool to be used in these types of analyses.

The current practice of landslide risk assessments procedures are still performed
with a great deal of empiricism and personal judgment needs to be introduced in
the definition of important inputs. Consequently, the results are strongly sensitive
and influenced by the “knowledge” of the individual that produces the assessment.
This work addresses the urgent demand for methods in quantifying the uncertainties
in the definition of the various input variables and the resulting effect in a hazard
assessment. Applying, evaluating and introducing a probabilistic method to dynamic
run-out models were regarded in this research as the main point to address these
problems. In addition, while evaluating the application of dynamic run-out models
to past events and back calibrating the rheological parameters, it was observed that
the inclusion of the entrainment process in the simulations improved their quality,
Entrainment is a key feature mechanism that is able to change significantly the
mobility of the flow, the flow volume and its rheology.

It is important to bear in mind that run-out models are conceptual representations
of a complex phenomenon. Good models explain the past, make predictions about
the future, are cost effective, and easy to use. All models are limited by the
assumptions made in constructing them, as the number of assumptions increases,
the accuracy and relevance of the model for exploring the phenomenon decreases.
Models are also limited by the extent and quality of the input data: with poor quality
input, the predictions will be equally unreliable. For this reason it is relevant to
assess the uncertainties involved in the parameters used in the run-out models.

The aim of run-out modelling in practice is to determine the hazard at a given
location in order to take protective measures. It has to be noted that nowadays
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there is not a single model that is able to assess all the aspects of the hazard.
Determination of realistic conditions is a serious problem in practical applications
that has not received sufficient attention in the past. A practical implementation
of the different elements of this research was done to support the validity of the
described methodologies and to give encouraging hints for further work.
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F, Pöttler R, Einstein H, Klapperich H, Kramer S (eds) Geohazards. ECI symposium series, vol
P07, Engineering Conferences International, New-York

Naef D, Rickenmann D, Rutschmann P, McArdell BW (2006) Comparison of flow resistance
relations for debris flows using a one-dimensional finite element simulation model. Nat Hazard
Earth Syst Sci 6:155–165

O’Brien JS, Julien PY (1988) Laboratory analysis of mudflow properties. J Hydraul Eng
114(8):877–887

O’Brien JS, Julien PY, Fullerton WT (1993) Two-dimensional water flood and mudflow simulation.
J Hydrol Eng 119(2):244–261

O’Callaghan J, Mark D (1984) The extraction of drainage networks from digital elevation data.
Comput Vis Graph 28:328–344

Pastor M, Haddad B, Sorbino G, Cuomo S, Drempetic V (2009) A depth-intergrated, coupled SPH
model for flow-like landslides and related phenomena. Int J Num Anal Meth 33:143–172

Pirulli M, Mangeney A (2008) Results of back-analysis of the propagation of rock avalanches as a
function of the assumed rheology. Rock Mech Rock Eng 41(1):59–84

Pitman BE, Le L (2005) A two-fluid model for avalanche and debris flow. Philos Trans R Soc A
363:1573–1601

Poisel R, Preh A, Hungr O (2008) Runout of landslides – continuum mechanics versus discontin-
uum mechanics models. Geomech Tunn 1:358–366

Pouliquen O, Forterre Y (2002) Friction law for dense granular flows: application to the motion of
a mass down a rough inclined plane. J Fluid Mech 453:133–151

Pudasaini SP, Hutter K (2007) Avalanche dynamics dynamics of rapid flows of dense granular
avalanches. Springer, Berlin

Quan Luna B, Blahut J, van Westen CJ, Sterlacchini S, van Asch TWJ, Akbas SO (2011) The
application of numerical debris flow modelling for the generation of physical vulnerability
curves. Nat Hazard Earth Syst Sci 11:2047–2060. doi:10.5194/nhess-11-2047-2011

Quan Luna B, Remaitre A, van Asch TWJ, Malet JP, van Westen CJ (2012) Analysis of debris
flow behavior with a one dimensional run – out model incorporating entrainment. Eng Geol
128:63–75

Quinn P, Beven K, Chevallier P, Planchon O (1991) The prediction of hillslope flow paths for
distributed hydrological modelling using digital terrain models. Hydrol Process 5:59–979

Remaı̂tre A, Malet JP (2010) The effectiveness of torrent check dams to control channel instability:
example of debris-flow events in clay shales. In: Garcia CC, Lenzi MA (eds) Check dams,
morphological adjustments and erosion control in torrential streams. Nova Science Publishers
Inc., New York

Remaı̂tre A, van Asch TWJ, Malet JP, Maquaire O (2008) Influence of check dams on debris flow
run-out intensity. Nat Hazard Earth Syst Sci 8:1403–1416

Remaı̂tre A, Malet JP, Maquaire O (2009) Sediment budget and morphology of the 2003
Faucon debris flow (South French Alps): scouring and channel-shaping processes. In: Malet
JP, Remaı̂tre A, Boogard TA (eds) Proceedings of the international conference ‘Landslide
Processes: from geomorphologic mapping to dynamic modelling’, CERG Editions, Strasbourg
pp 75–80

Rickenmann D (1999) Empirical relationships for debris flows. Nat Hazard 19(1):47–77
Sassa K (1988) Geotechnical model for the motion of landslides. In: Proceedings of the 5th

international symposium on landslides. Balkema, Rotterdam
Sassa K, Kaibori M, Kitera N (1985) Liquefaction and undrained shear of torrent deposits as the

cause of debris flows. In: Proceedings of the international symposium on erosion, debris flows
and disasters prevention. Tsukuba, pp 231–241

http://dx.doi.org/10.2307/2280232
http://dx.doi.org/10.5194/nhess-11-2047-2011


5 Debris Flow Hazards and Risks 177

Savage SB, Hutter K (1989) The motion of a finite mass of granular material down a rough incline.
J Fluid Mech 199:177–215

Schreve RL (1968) The Black Hawk landslide. Geological Society of America, Special Paper, 108,
Boulder, 47 p

Skempton AW (1954) The pore-pressure coefficients A and B. Geotechnique 4:143–147
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Chapter 6
Review and Advances in Methodologies
for Rockfall Hazard and Risk Assessment
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Abstract This section reviews the current methodologies that are used for the
assessment of the rockfall susceptibility, hazard and risk. Emphasis is given on
quantitative methods although qualitative ones are also discussed. The different
methodologies are presented with respect to their application scales (regional, local
or site-specific). Highlight is given to recent advances, especially involving the
consideration of the magnitude of the events and the intensity of the phenomena
at selected locations as well as the incorporation of a quantitative vulnerability into
the risk equation.
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6.1 Introduction

Risk assessment is increasingly becoming an important tool for the decision-taking
in rockfall threatened areas, with regard to the urban or rural zoning and the
application of protection measures for the protection of people and infrastructures.
For the risk assessment, both hazard and vulnerability components are involved
and have to be evaluated. The expression of the hazard and vulnerability of the
exposed elements and their superposition in order to yield risk results, as well as
the terms in which the risk is expressed define whether the assessment is qualitative
or quantitative. Distinct methodologies apply to each case. On one hand, the use
of qualitative methods is based on the evaluation of the hazard and vulnerability
components using descriptive rankings (for example low, moderate, high), weighted
indexes and numerical classification systems leading, accordingly, to descriptive and
ordinal risk expressions. On the other hand, quantitative methods use numerical
scales or ranges of values that incorporate and express the annual probability of
occurrence of a given magnitude rockfall event, or the probability of an expected
level of loss, either it refers to economical loss (e.g. risk expressed in AC�year�1) or
to injury and death of people (expressed in fatalities�year�1).

Qualitative and quantitative methods may be simultaneously or alternatively
used, depending on the scale and the objective of the analysis as well as the
quality of the input data. Depending on the scale of the analysis more or less
sophisticated empirical and analytical models may be used to simulate realistically
the rockfall phenomenon during all its stages. These stages mainly include the
rockfall detachment from slope face, the possible fragmentation of the detached
rock mass upon impact with the ground, the propagation of the rock blocks down
the slope and the spatial distribution of their intensity, the potential reach up of
the blocks to the exposed elements and impact on them, and, last but not least, the
potential loss (property damage or fatality) in case of impact.

To incorporate all the afore-mentioned stages into the risk assessment, the effect
of each one of these processes has to be, separately, measured and expressed. To
this purpose some key-components of risk, which present a complexity in their
measurement and expression have to be investigated. These components mainly
are: (i) the rockfall frequency-magnitude (volume) relation that provides results
on the number of given rockfall volumes, (ii) the fragmentation effect, which is
expressed by the frequency-size distribution of the rockfall mass on its impact
with the ground and its separation into blocks that follow independent trajectories,
(iii) the spatial distribution of the rockfall intensity, (iv) the vulnerability of the
exposed elements and especially of the buildings, considering that it depends on
the magnitude (volume) and intensity (velocity) of the rockfalls and incorporating
uncertainties relevant to the impact location of the rock on the building, that have a
crucial influence on the level of damage.

This section is organized so as to distinguish between hazard and risk assessment
methodologies at different scales, respectively. An emphasis is given on the
methodologies for the quantitative assessment and the relevant achievements in the
framework of the Mountain Risks project are explained.
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6.2 Methodologies for Rockfall Hazard Assessment
and Zoning

Many different approaches to rock fall hazard assessment and zoning are currently
available, and the choice of the most appropriate methodology to be used depends
on the purpose (susceptibility, hazard, risk), the scale (regional, local, site specific)
and the intended level of detail (preliminary, detailed, advanced) required for the
study. In addition, other factors such as time, funds and amount/quality of data may
play an important role when deciding which methodology should be applied.

Despite the variety of possible approaches for hazard assessment and zoning,
current procedures are not fully satisfying, due to the several uncertainties affecting
hazard analyses, particularly for what concerns detailed studies at the local scale.
These uncertainties do have an influence on the results, and further work is therefore
necessary in order to achieve more objective and reliable hazard zoning.

The following Sections give an overview on both methodologies suitable to
regional scale studies and methodologies which can be used at the local scale –
the interested reader can find more detailed descriptions of these methodologies in
Labiouse and Abbruzzese (2011). Then, uncertainties affecting current procedures
are briefly outlined, and finally some new developments towards a more objective
and rigorous methodology for rock fall hazard zoning are introduced.

6.2.1 Methods for Rockfall Susceptibility Assessment
and Zoning at the Regional Scale

Regional scale zoning is obtained starting from rough input data, and provides a
quick yet effective detection of possible conflicts between the rock fall run-out zone
and the current or future land use over a given territory, allowing the establishment
of which areas must be given priority for detailed zoning at the local scale.

The most common approaches usually allow at first for identifying potential
unstable areas, according to quick criteria (e.g. slopes defined as unstable if steeper
than 45ı, as computed from DEMs). Then, the potential run-out of the process can
be evaluated using simplified propagation models (Jaboyedoff and Labiouse 2003;
Ruff and Rohn 2008), which can be easily implemented in Geographic Information
Systems. One of the most common approaches for evaluating rock fall run-out
and performing zoning is the ‘energy line’ method (Heim 1932). According to this
method, the maximum predicted run-out distance travelled by a block along a 2D
slope profile is given by the intersection of the topography with a line starting either
from the location of the rock fall source (Fahrböschung method – Heim 1932), or
from the highest point of the talus slope (shadow angle method – Evans and Hungr
1993), and inclined at an angle ® with respect to the horizontal (marked in Fig. 6.1
as ®F for the former model and ®S for the latter). The method can also be extended to
3D analyses, e.g. the ‘cone method’ (Jaboyedoff and Labiouse 2003, 2011). In this
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Fig. 6.1 Energy line method. Left: 2D definition of the Fahrböschung ®F and of the shadow angle
®S (from Abbruzzese 2011). Right: example of zoning performed in 3D with the ‘cone method’
(from Jaboyedoff and Labiouse 2003)

case, the energy line becomes a cone (the location of the cone apex depends on
which model is adopted, Fahrböschung or shadow angle) and the areas potentially
affected by rock fall trajectories are delineated by the intersection of the cone surface
with the 3D topography.

Based on this method, maps representing the degree of run-out susceptibility
(rather than hazard, as the failure frequency is not taken into account) can be derived.
The obtained maps somewhat differ depending on the variant considered for the
run-out model (e.g. Fahrböschung or shadow angle method), and/or because several
energy lines may be used, associated to different block volumes (APB 2008) or to
different values of probability of reach (Copons 2007). A match between modelled
and observed run-out can also be considered, for determining ‘proved’, ‘inferred’
and ‘potential’ run-out zones (Jaboyedoff and Labiouse 2003, 2011).

6.2.2 Methods for Rockfall Hazard Assessment and Zoning
at the Local Scale

In those areas where conflicts exist between the potential rockfall run-out and the
location of human settlements, as a result of regional scale susceptibility analyses,
more detailed hazard analyses are required, for an appropriate land use planning
aiming at preserving human lives and properties.

Also at the local scale, a variety of approaches is available for tackling this
objective. These approaches can be mostly divided into qualitative and quantitative
methods, and some can be used for regulating land use planning for urban
development (OFAT/OFEE/OFEFP 1997; MATE/METL 1999; Altimir et al. 2001;
Raetzo et al. 2002; Copons 2007), while others are better suited to assessing hazard
and/or risk along infrastructures (Pierson and Van Vickle 1993; Hoek 2007; Sasaki
et al. 2002).
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Qualitative methods mainly rely on expert’s advices and/or on semi-quantitative
rating-based analyses, while quantitative methods may be based on magnitude-
frequency relationships (when more oriented to the characterisation of the hazard
at the source area), and/or on trajectory modelling, for describing in detail the
potential run-out of the process and its intensity. However, only a few approaches
combine frequency and intensity (expressed for rock falls in terms of kinetic
energy), as hazard analyses should in fact foresee, according to current definitions
of hazard discussed at the international level (IUGS 1997; Fell et al. 2005,
2008; MR 2010). Among all the approaches presented in this Section, therefore,
particular attention is paid to quantitative hazard assessment methodologies based
on trajectory modelling, that combine rock fall intensity and frequency, and that are
used for regulating urban development.

6.2.2.1 Qualitative Approaches

‘Expert evaluation approaches’ can be divided in two types (Aleotti and Chowdhury
1999): methods based on field geomorphological analyses and methods overlapping
several index maps (with or without weighting) in GIS environment.

The LPC method (Interreg IIc 2001; LCPC 2004) provides a purely qualitative,
expert’s advice-based description of potentially unstable cliffs and associated haz-
ards. At first, potential sources of instabilities are identified according to geological,
geometric, geomechanical, topographic and environmental features of the cliff.
Based on this information, the hazard is then defined as a function of the volume
of the unit block after fragmentation and as a function of the likelihood with which
an event producing this block volume occurs within a given reference time. Finally,
a qualitative estimate of the run-out determines the likelihood of a given point to be
reached by one block.

The Rock Engineering System (RES) method (Mazzoccola and Hudson 1996;
Interreg IIc 2001) is based on the General System Theory, which is made for solving
numerous high complexity problems in rock mechanics. This approach foresees the
definition of the relevant parameters for rock fall hazard assessment and the study
of cause-effect relationships between them, as well as of the relative importance of
each parameter on hazard.

The R3S2 method (Mölk et al. 2008), proposed in Austria for a preliminary
detection of conflicts between rockfall run-out and urban settlements, uses a
combination of rating system and empirical run-out model. Once field investigations
have been carried out for identifying potential rock fall sources, the shadow angle
method is applied in order to delineate the rock fall run-out zone. If run-out zone
and areas of urban settlements overlap, a rating system is used for determining
the severity of the risk potentially affecting the settlements, based on the scores
assigned to factors and parameters influencing rock fall probability of occurrence
and potential damages. In particular, on the basis of a ‘Frequency/Consequence’
diagram, the study area can be characterised by a tolerable risk, or be classified as
‘rock fall indication zone’ (e.g. a zone requiring more detailed hazard analyses) or
be characterised by an unacceptable risk.
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Fig. 6.2 Intensity-frequency diagrams for rock fall hazard zoning. Left: Swiss diagram
(OFAT/OFEE/OFEFP 1997). Right: diagram used in the Principality of Andorra (Copons 2007)

6.2.2.2 Quantitative Approaches

Quantitative approaches are mostly based on rockfall trajectory modelling. Some
of them combine intensity and frequency of occurrence according to the definition
of hazard (Rouiller et al. 1998; Jaboyedoff et al. 2005; Copons 2007), while others
do not really account for one of these parameters (frequency or energy), but may
account for others, such as the cliff activity (Mazzoccola and Sciesa 2000) or the
height of rebound of the boulders (Crosta and Agliardi 2003; Lan et al. 2007).
Examples of procedures combining intensity and frequency are the Matterock
and Cadanav methodologies, developed in Switzerland, and a methodology called
‘Eurobloc’, proposed in the Principality of Andorra.

The Matterock methodology (Rouiller et al. 1998), applied in the Canton of
Valais in Switzerland according to the Swiss Codes for hazard zoning (OFAT,
OFEE, OFEFP 1997), combines a detailed characterisation of the rockfall departure
zone with 2D trajectory simulations. The study of the cliff aims at qualitatively
determining a likelihood of mobilisation of the rock mass, depending on factors
influencing the stability of the cliff. The propagation is studied on the other hand by
means of rockfall trajectory modelling, which allows for determining the probability
of reach of the blocks each point of the 2D slope profile, and their kinetic energy. The
probability of reach and the likelihood of mobilisation are then combined, in order
to obtain a likelihood of occurrence of the event, classified into three categories
(low, moderate, high). The rockfall energy is given at each point of the profile by
the 90th percentile of the energy distribution values computed at that abscissa with
respect to the total number of simulated trajectories. The energy is also classified
as low, moderate and high, according to the threshold values reported in the Swiss
intensity-frequency diagram (Fig. 6.2). This diagram is finally used for superposing
the information on energy and frequency (e.g. inverse of the return period, expressed
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in this methodology as a likelihood of occurrence) and for determining therefore the
corresponding hazard degree, classified as low, moderate or high.

The Eurobloc methodology (Copons 2007), complying with the guidelines pro-
posed in the Principality of Andorra for hazard zoning (Altimir et al. 2001; Copons
2007), combines frequency of the events and energy as follows. The frequency is
determined from the analysis of historical data and from field investigations, which
allow for estimating return periods associated to specific rockfall volume classes.
This frequency, characterising the source area, is classified as low, moderate or
high according to threshold values contained in the Andorran intensity-frequency
diagram (Fig. 6.2). The class of frequency defined for the source area is then
assigned to all the points of the slope located uphill with respect to a ‘limit abscissa’,
which is the point reached by a specific percentage of blocks (with respect to the
total number of simulations), whose value is fixed as a function of the volume
class. Beyond the limit abscissa, the frequency is considered as low up to the
maximum observed run-out, regardless of its classification before this abscissa.
The energy at every point of the slope is computed from the envelope of the
maximum values obtained from the cumulative energy distribution determined at
each abscissa, based on all the computer runs performed. It is classified as low,
moderate or high according to the thresholds in the intensity-frequency diagram.
The diagram is finally used for obtaining the hazard (classified in four degrees),
determined by the combination of frequency and energy.

The Cadanav methodology (Jaboyedoff and Labiouse 2002; Jaboyedoff et al.
2005), developed at the École Polytechnique Fédérale de Lausanne (EPFL) accord-
ing to the Swiss Guidelines, expresses the hazard in terms of temporal frequency
�(E, x) of blocks reaching a given point of the slope x with a given energy E
(Eq. 6.1):

�.E; x/ D �f xNblocks � Pr.E; x/ (6.1)

The rock fall frequency œf and the number of released blocks per event
Nblocks are estimated from field investigations and, particularly concerning the
frequency, from available historical data about past events. The probability of reach
Pr(E, x) associated to a given energy is obtained defining probability curves for
each energy threshold of the Swiss diagram (0, 30 and 300 kJ). These curves
represent the percentage of blocks travelling beyond a specific abscissa with an
energy equal or higher than the considered threshold. They are built starting from a
modification of the energy profiles obtained from the rockfall simulations, e.g. for
each trajectory, the raw energy profile is reduced to a step diagram characterised by
three energy values only, each corresponding to one of the thresholds in the Swiss
diagram. Once the failure frequency and the probability curves yielding the Pr(E, x)
values are known, energy and frequency are coupled (Fig. 6.3) according to seven
combinations of energy and return period in the Swiss diagram. These combinations
are associated to a change in hazard level and, thanks to the Pr(E, x) curves, provide
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Fig. 6.3 Cadanav methodology, determination of the hazard zone limits (Jaboyedoff et al. 2005).
In the example, events releasing five blocks with a failure frequency of one event over 100 years
are considered

the extent of the respective hazard zones: low, moderate, high. In particular, when
several points may provide the extent of the same hazard zone, the one giving the
most downhill limit is considered.

Other examples of methodologies using trajectory modelling, but not coupling
intensity and frequency, are the A.D.R.G.T. method (Desvarreux 2002, 2007),
developed in the Rhone-Alpes Region in France, the R.H.A.P. (Mazzoccola and
Sciesa 2000) and the RHV (Crosta and Agliardi 2003) methodologies, developed
in the Lombardia Region in Italy, and the procedure based on the Rockfall Analyst
code (Lan et al. 2007), developed in Canada.

The A.D.R.G.T. method only provides a zoning of probabilities of reach,
classified as low, moderate or high based on specific probability threshold values.
The hazard is classified accordingly, as low, moderate and high, without accounting
for energy and frequency of the rockfall events.

The Rockfall Hazard Assessment Procedure (R.H.A.P) accounts for probability
of reach and rockfall activity (which gives a qualitative information on the failure
likelihood), but not for energy. Based on the combination of these two parameters,
it yields zoning maps constituted by five degrees of hazard.
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The Rockfall Hazard Vector (RHV) methodology is based on 3D rockfall
simulations and provides maps featuring 3 levels of hazard, obtained by combining
the frequency of reach, the maximum energy and the maximum height of rebound
at each cell of a DEM by means of a three-dimensional matrix diagram.

The Rockfall Analyst code, developed as a GIS extension, allows the perfor-
mance of 3D rockfall simulations, by means of which rockfall frequency of reach,
maximum energies and heights of rebound are determined at each DEM cell.
The raw results provided by the computations are then processed using various
interpolation techniques (e.g. Kriging), and finally combined at every cell of the
topographic model (given by a DEM) by means of a weighted sum yielding the
hazard, which can be classified into a given number of degrees (e.g. five).

6.2.3 Quantitative Approaches for Hazard Assessment:
Uncertainties and Challenges

Quantitative approaches for hazard assessment should in principle provide a more
rigorous and reliable hazard zoning compared to qualitative methods, as they are less
dependent on subjective procedures and expert’s advice. However, as mentioned
in the introduction, several uncertainties characterise as well these techniques, in
relation to the assumptions behind each methodology. Consequently, the variety of
possible approaches proposed so far yield zoning results which vary a lot, according
to the used methodology, as well as to the national guidelines based on which these
procedures were developed (Abbruzzese and Labiouse 2010a, b). Differences in
hazard zoning related to assessment techniques may constitute a questionable result,
since the obtained maps are meant to be basic documents for land use planning
(Labiouse and Abbruzzese 2011; Abbruzzese 2011). More precisely, uncertainties
affect at first the estimation of the failure frequency (Corominas and Moya 2008).
Methods for estimating the temporal frequency of failure are usually based on
magnitude-frequency relationships, but most of the times the main problem of these
procedures is the lack of historical data used for calibrating the chosen mathematical
model (e.g. power law) at a given site. Consequently, it is common in the current
practice to estimate rock fall likelihood of failure using qualitative methods (as in
the Matterock methodology), even though such types of approaches involve a lot of
subjectivity and experts’ judgement with respect to quantitative methods.

Another source of uncertainties is linked to the calibration of trajectory sim-
ulation codes and to the post-processing of their results. On one hand, attention
should be paid to the calibration of the codes, which should be carefully done
based on field data, in order for the trajectory results (and then zoning maps) to
be reasonably representative of the situation observed on site. On the other hand,
also the processing of the raw trajectory results does have an influence on zoning,
as the values obtained for energy and probability of reach depend on the adopted
processing method. In addition, the number of runs computed in a simulation and
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the presence of possible outliers in the modelling results may also condition zoning
(Abbruzzese et al. 2009).

Finally, the techniques for combining energy and frequency may differ sub-
stantially and be more or less rigorous from one approach to the other, e.g. some
procedures are semi-quantitative, and account only qualitatively for the failure
frequency, or some others combine intensity and frequency by simply superposing
this information instead of fully coupling the two parameters (Abbruzzese et al.
2009). Further work is therefore undoubtedly necessary for improving rigour and
reliability of hazard assessment and zoning practices.

6.2.4 New Cadanav Methodology for Rockfall Hazard Zoning
at the Local Scale

Among the presented procedures based on trajectory modelling, the Cadanav
methodology proposes a more objective, reproducible and fully quantitative tech-
nique for assessing rockfall hazards with respect to the others, and it really allows
for combining failure frequency, propagation of the process and intensity.

Despite these advantages, some points certainly need to be further improved
for this methodology, with particular regards to the consequences on zoning of
the energy profiles modification and of the limited number of energy-return period
couples considered for hazard assessment (seven couples only). For this purpose,
a new version of Cadanav was developed (Abbruzzese 2011; Abbruzzese and
Labiouse 2013), which allows to remove these simplifications and extend the
applicability of the previous version, by improving the way trajectory modelling
results are used for hazard zoning and by proposing a new method for coupling
rockfall energy and frequency.

The new Cadanav methodology evaluates the hazard degree by means of ‘hazard
curves’. They are built starting from the cumulative distribution of the energy values
at each point of the slope, as obtained from the rock fall simulation results, and by
combining these cumulative probabilities with the failure frequency at the source
area, in order to obtain the frequency of occurrence of an event of a given intensity
at a given point of the slope.

The hazard curves are described at each slope unit by energy-return period
couples, to be superimpose to an intensity frequency diagram in order to determine
which hazardous condition prevails at that point of the slope. In particular, when a
hazard curve is superimposed to an intensity-frequency diagram:

– if the curve is entirely located inside one single domain of the diagram,
corresponding to a given hazard level, the considered point of the slope is
assigned that hazard level;

– if the curve crosses more than one hazard domain, the hazard degree is
established based on the most unfavourable condition (e.g. higher hazard degree).
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Fig. 6.4 New Cadanav methodology: hazard zoning along a 2D slope profile, performed accord-
ing to the Swiss guidelines. The hazard curves reported for points A, B and C show the application
of the criterion for assigning the degree of hazard at a given abscissa, and how the hazard evolves
down-slope

Figure 6.4 illustrates an example of hazard zoning performed along a 2D slope
profile characterising a Swiss site. The zoning was obtained from a 2D simulation
run for a 10 m3 block volume, assuming a failure frequency of 1 block failing on
average every 200 years per unit length of cliff, and a block size of 2 m. Together
with the extent of the hazard zones along the profile, hazard curves are reported
for 3 abscissas (Points A, B and C), in order to show the way the hazard degree
is determined, based on the superposition of the curve with the Swiss intensity-
frequency diagram. The curves also allow the quick visualisation of the hazardous
conditions potentially affecting each location of the study site.
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Compared to the original Cadanav, the new methodology provides a sounder
and more rigorous zoning, and, even though it was here applied based on rockfall
simulations on a 2D slope profile, it can be easily used as well for hazard
zoning starting from trajectory modelling on a 3D topography. In addition, as the
construction of the hazard curves does not depend on the diagram they are then
superimposed to, the new Cadanav methodology can be easily applied with any
intensity-frequency matrix.

6.3 Approaches for Rockfall Risk Assessment

6.3.1 Methods for Rockfall Risk Assessment and Mapping
at the Regional Scale

At regional scale, both qualitative and quantitative risk analyses can be performed
(Remondo et al. 2005) but usually, for regional scale analyses the quality and
quantity of available data are poorer and of lower precision and accuracy in
comparison with those that can be collected for site-specific and local analysis.
Thus in order to avoid inconsistencies, qualitative analysis is usually preferable and
empirical models are most often implemented (Corominas and Mavrouli 2011a).

Qualitative risk analysis is simpler and quicker to perform than quantitative. It
requires knowledge of the hazards, the elements at risk and their vulnerabilities,
expressed in qualitative (or semi-quantitative) terms, typically as ranked attributes
(IUGS Working Group on Landslides, Committee on Risk Assessment 1997) e.g.
risk rating systems, risk scoring schemes and risk ranking matrices. The qualitative
expression of risk serves in providing a relative comparison of risks for different
sites and in facilitating prioritization of follow-up actions, at regional scale. Official
qualitative landslide risk assessment systems exist in USA, Canada, China, Italy
and Spain. A review of them is presented by Pantelidis (2011), amongst which is
the Rockfall Hazard Rating System (Pierson et al. 1993). Most of these systems use
the concept of detailed rating to numerically differentiate the risks at the identified
sites. The detailed rating includes a number of factors on which basis slopes are
evaluated and assigned a score referring to both hazard and consequences.

In many cases, geographical information systems can also be used for the
elaboration and the superposition of factors that are involved in risk evaluation (van
Westen 2010). The procedure concerns the organization of information for every
component of the hazard, exposure and vulnerability into different levels and the
models used are in most cases deterministic.

For regional analysis, the exposure and vulnerability of the elements at risk are
often considered as a single term. This means that buildings inside the zones of
possible rockfall reach have a deterministic vulnerability value depending on their
typology and no consideration is made on the potential location of the rockfall
impact on the building, which is crucial for the resulting damage.
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6.3.2 Methods for Rockfall Risk Assessment and Mapping
at the Local/Site Specific Scale

In comparison with regional scale, for local and site-specific scales the acquisition
of more precise and accurate data is feasible, thus permitting the use of more precise
and sophisticated empirical and analytical models.

For local and site-specific scales, risk assessment can be as well both qualitative
and quantitative. Risk in that case can be calculated as the product of the probability
of the rockfall occurrence, the probability of encounter with the exposed elements
and their vulnerability. The output is the probability of loss (e.g. annual), and is
expressed by Eq. 6.2:

R D H � E � V (6.2)

where, H is the probability of the occurrence of a rockfall of a given magnitude, E is
the probability of the encounter with the element or set of elements at risk (property,
persons), and V is the vulnerability of the exposed element(s).

The risk calculation takes place by assessing each of these components and com-
bining them. For site-specific and local scales, the hazard may include information
on the exact location of the rockfall source and the rockfall run-out by propagation
analysis, taking into consideration the local topographical characteristics. The reach
distance of the rockfall is calculated probabilistically rather than deterministically.

The vulnerability of the exposed buildings may be calculated probabilistically as
well, considering the uncertainty of the impact location, on which their final damage
level depends (see Sect. 6.3.3.2).

6.3.3 Quantitative Risk Assessment (QRA)

The QRA practices for landslides, including rockfalls, that are applied all over the
world present a large variability, which in turn results from the variety of procedures
applied for the determination of each parameter involved in the risk assessment.
Besides the rich investigation in this scientific field, which is accompanied by nu-
merous reports and published articles, in the last decades an effort has been done for
the establishment of official guidelines or even practices, to be applied by national
or local authorities and practitioners, for the quantification of the risk related to
landslides, including rockfalls. Such examples are the Hong-Kong guidelines (ERM
1998), and the Australian Guidelines for the landslide management (AGS 2007).
Other important contributions are those by Hungr (1997) and Fell et al. (2005),
among others.

The general framework for rockfall quantitative risk analysis is multidisciplinary,
and consists of the following activities:

• Hazard analysis, including the assessment of the size, probability, velocity and
reach of the potential rockfall.
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• Identification of the number and characteristics of the elements at risk and their
spatio-temporal probability.

• Vulnerability analysis of the elements at risk.
• Calculation of the risk from the hazard analysis, elements at risk and the

vulnerability.

The hazard level is usually associated with the probability of having a rockfall
magnitude (volume) and/or intensity (velocity) as discussed in Sect. 6.2. The
investigation of the elements at risk involves their identification (e.g. persons,
buildings, vehicles, infrastructures, other types of property : : : ), the temporal-spatial
probability of them being affected by a rockfall event, and their vulnerability, which
refers to the potential of loss in case that they are hit by a rockfall of a certain
magnitude and intensity. The value of the exposed elements might be expressed in
absolute terms (e.g. euros) or in relative (e.g. ratio of repair cost to the value of the
building).

The rockfall phenomenon is characterized by a lot of uncertainties, which should
be incorporated at all the aforementioned stages depending on the scale and the
desired level of detail. Thus the risk evaluation requires the use of probabilistic
approaches.

Methodologies used worldwide for QRA due to landslides vary according to
the type of mechanism, the applied scale, and the available input data. For what
concerns rockfall risk, several important contributions to the field of QRA were
made by Hungr et al. (1999), Bell and Glade (2004), Roberds (2005), Corominas
et al. (2005), Agliardi et al. (2009), Li et al. (2009).

Corominas and Mavrouli (2011a) give details for the expressions that are used
to quantify the risk for elements located on a slope potentially affected by rockfall
trajectories. The expression formatted in Eq. 6.3 can be used:

R D P.Ri/xP.D W Ri/xP.S W T/xVxC (6.3)

where R is the expected loss due to rockfall Ri, P(Ri) is the probability of a rockfall
of magnitude i, P(D:Ri) is the probability of a rockfall reaching a location at a
distance D from the source, P(S:T) is the spatio (S) and temporal (T) probability of
the element at risk (probability of encounter with the rockfall), V is the vulnerability
of the exposed element impact of a rockfall and C is the value of the element at risk.

The component P(Ri) refers to either the temporal probability or the frequency,
depending on the expected outcome from the risk equation. For example, if the
objective is the calculation of the probability over a given time span of either
the partial or total loss for an exposed element due to a potential rock impact
then the temporal probability is used. If the objective is to estimate the cumulative
damage (e.g. in euros) due to all potential rock impacts over a given period of time,
then frequency may be used instead (Hungr et al. 2005; Agliardi et al. 2009). The
parameters P(Ri) and P(D:Ri) refer to the hazard, P(S:T) to the exposure and V to
the vulnerability.
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For a detailed analysis, P(D:Ri) may be substituted by the probability of a rockfall
reaching a location with a given kinetic energy, P(Ej:Ri). On the other hand, for the
same rockfall magnitude (i) and intensity (j), depending on the type of the element
at risk, the vulnerability V(Rij) is different; so to calculate the risk, for every type of
element the risk has to be calculated separately and summed-up. To obtain the risk
for each exposed element, Eq. 6.3 becomes:

R.P/ D
iX

iD1

jX

jD1

�
P.Ri/xP.Ej W Ri/xP.S W T/xV.Rij/

�
xC (6.4)

where, R(P) is the expected loss to the property due to rockfall, P(Ri) is the
probability of a rockfall with a magnitude i, P(Ej:Ri) is the probability of the
rockfall reaching the exposed element(s) with a certain kinetic energy Ej, given that
a rockfall has occurred, P(S:T) is the temporal-spatial probability of the element at
risk, V(Rij) is the vulnerability of the exposed element for a rockfall of magnitude i
and kinetic energy Ej and C is the value of the exposed element.

Small size and mid-size rockfalls usually begin by the detachment of a more or
less coherent rock mass that after the first impact with the slope face splits into
several pieces. The latter is the case of a fragmental rockfall which is characterized
by the independent movement of individual rock fragments after detachment from
a rock face (Evans and Hungr 1993).

For taking fragmentation into account, P(Ri) can be substituted by œ(Rs), which
is the frequency of rockfalls of a defined block size ‘s’, and it is given by the Eq. 6.5
(Corominas and Mavrouli 2011b):

œ.Rs/ D
iX

iD1

Œœ.Ri/ � � � Ns.Ri/� (6.5)

where œ(Rs) is the frequency of blocks of ‘s’ volume, œ(Ri) is the frequency of
rockfalls of ‘i’ volume and Ns(Ri) is the number of blocks of ‘s’ volume due to
rockfall of ‘i’ volume.

6.3.3.1 Exposure and Vulnerability

The exposure of an element to rockfalls is expressed by the inherent temporal-spatial
impact probability of it being affected during or after an event. Rockfalls present the
peculiarity of the punctual effect of their impact on specific exposed elements and
key-locations on them, instead of the areal distribution of landslides, rock slides and
rock avalanches. For fragmental rockfalls usually only buildings at the first row next
to a slope and people inside, are affected. Analytical expressions for the calculation
of exposure of buildings, vehicles and people, can be found in Corominas and
Mavrouli (2011a). For small scales, considering of the impact probability on specific
exposed elements is not permitted by the resolution of the analysis. Conversely, for
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local and site-specific scales the impact probability is a basic component of the
consequences analysis that could be incorporated into the vulnerability assessment.
Impact probability may be calculated for structures (spatial), vehicles (spatial and
temporal) and people (spatial and temporal).

6.3.3.2 Risk to Buildings – Infrastructures

To assess the performance of a structure struck by a rockfall, both the intensity and
impact location must be considered (Mavrouli and Corominas 2010a). These two
parameters determine whether there will be initial damage to load-bearing structural
elements (e.g. columns) and whether this will affect the overall structural stability.
With reference to the impact location, there are, in general, three possibilities: (1)
a free-fall rock dropping on the roof, (2) a rock moving along a trajectory path and
hitting the exposed façade, and (3) a rock passing through the façade and perforating
a floor slab on a downward movement. In terms of impact effects, damage can
be categorized into the following groups: primary structural damage (of primary
structural elements such as columns, beams, etc.) that determines the overall
stability of the building; secondary structural damage (of secondary load-bearing
elements such as slabs, etc.); primary nonstructural damage that may cause injuries
(e.g., infill walls,ceilings, etc.); secondary nonstructural damage (e.g., furniture,
fixtures, etc.); and damage to services (electrical and mechanical equipment, etc.).

For reinforced concrete structures, the location of the impact on the exposed
façade is fundamental (Fig. 6.5). Damage to a nonstructural element (e.g., an infill
wall) is not critical to building stability, but collapse of a structural element, such as
a column or a beam, may initiate progressive collapse. So, in a nonstructural impact,
the damage is restricted to the nonstructural element itself, but in a structural impact,
the final damage may vary from slight to total.

Details on the quantitative evaluation of the vulnerability of buildings for
incorporating this aspect into the risk equation are given in Chap. 8 of this book.
A vulnerability index to be used directly for the risk quantification is given by
Mavrouli and Corominas (2010b). It considers the variation of the damage according
to the impact location of rockfalls, and is calculated as a function of the rockfall
magnitude and velocity:

V.Rij/ D
kX

KD1

.PekX RRCk/ � 1 (6.6)

where V(Rij) is the vulnerability for a rock block with a magnitude ‘i’ and intensity
(velocity) ‘j’, Pe,k: is the encountered probability of a rock with a possible structural
and nonstructural element of the building ‘k’ that may be struck by a rock block of
magnitude ‘i’ and RRCk is the relative recovery cost that corresponds to the strike of
a possible structural and nonstructural element of the building ‘k’ by a rock block
of magnitude ‘i’ and velocity ‘j’.

http://dx.doi.org/10.1007/978-94-007-6769-0_8
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Fig. 6.5 Nonstructural
damage at a workshop in
Santa Coloma (Principality
of Andorra) due to rockfall in
April, 2008. No further
damage was produced
because none of the columns
were impacted and broken by
the block

6.3.3.3 Risk to Persons

People are vulnerable to rockfalls depending on their location with respect to the
rockfall path. In many cases different vulnerabilities have been considered for
people of different ages and particular conditions (for example people in hospitals).
Conservatively, it can be considered that when a person is hit by a rock block,
he/she will die, but in many real events, slight injuries instead of fatalities have
been observed. Thus the vulnerability of persons due to rockfalls should consider
the magnitude of the event as well (Bunce et al. 1997).

The risk to persons can be expressed either for an individual or for a group of
people (societal). In the latter case the societal risk is expressed through a F-N
(frequency-mortality) chart. For the F-N chart, the annual probabilities of 1, 2, : : :

and up to n persons being injured or killed due to rockfalls in a given region are
calculated and then summed up. For this, the density of the population in a building
is considered, depending on its use (e.g. school, workshop, residential).

6.3.4 Forthcoming Improvements in Risk Assessment:
Integrating Vulnerability in the Risk Equation

Within the Mountain Risks project the main improvement achieved for the quan-
titative risk assessment is the incorporation of the vulnerability into the risk
equation, particularly with regard to fragmental rockfalls. To this end, an analytical
approach was followed. The advantages of such approach are the objectivity and the
incorporation of the uncertainty of the impact location on key structural elements,
as well as the response of the whole structural system. This provides a realistic
evaluation of the response of the buildings. This procedure requires the analysis of
a representative set of cases and different building typologies.



196 O.-C. Mavrouli et al.

6.4 Conclusion

The methodologies for the QRA vary significantly depending on the landslide
type, the scale of the analysis, the considered exposed elements and the techniques
used for collecting input data. Quantitative estimates provide more objective and
comparable hazard and risk results than the qualitative ones.

The cases presented in this chapter summarise the progress experienced in
rockfall hazard and risk assessment during the last few years. The advance has
been evident in the consideration of the magnitude of the events, the intensity of
the phenomena at selected locations and in the vulnerability assessment. One of the
main challenges in quantitative rockfall hazard zoning at both local and regional
scales is the spatial distribution of the hazard levels which are better described by
the kinetic energy rather than by the magnitude (size) of the event. To this end,
rockfall hazard curves have become extremely helpful. They are built based on the
cumulative distribution of the energy values at each point of the slope obtained
by trajectographic analyses and combining them with the failure frequency at the
source area. This yields the frequency of occurrence of an event of a given intensity
at a given point of the slope.

The risk analysis has benefited from the progress produced in the evaluation
of the vulnerability of the exposed elements. The analytical approaches are more
objective and incorporate the uncertainty of the impact location on key structural
elements and the response of the whole structural system. The vulnerability obtained
can be directly integrated in the risk equation. However, these approaches require the
consideration of a large variety of structural typologies and arrays which analyses
are not yet available.

Despite this progress, further research is still required before QRA could become
a routine. Determining the size of the potential rockfalls is still a challenge.
Magnitude-frequency relations are fundamental input data for quantitative hazard
and risk analysis, however the scarcity of good quality geological and historical data
in many regions restricts its construction. On the other hand, magnitude-frequency
analyses assume the existence of steady conditions for both triggers and slopes. This
assumption is, however, arguable in some geological contexts, particularly in alpine
mountainous regions which were glaciated during Pleistocene times. The conditions
responsible for the rockfall frequency after the glacial retreat, which is often the
observed frequency, might no longer exist (Wieczorek and Jager 1996).

An additional difficulty is the fact that small size and mid-size rockfalls usually
begin by the detachment of a more or less coherent rock mass that after the
first impact produces fragmental rockfalls. The fragmentation mechanism is not
currently included in trajectographic models and may strongly affect the reliability
and validity of the results. The detachment of such type of rockfalls without
considering their fragmentation will give unrealistic travel distances and impact
energies in excess of what should be expected.

Segregating the risk equation has highlighted the role of the exposure of the
elements at risk (spatio-temporal probability of the elements at risk) which has
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received little attention so far. Traditional approaches used in risk analysis tend
to simplify risk in two main components: hazard and vulnerability. Nevertheless,
practical application of QRA has shown that exposure, particularly for mobile
elements at risk (cars, trains, persons) has a strong influence in risk results and on the
probability of loss of life. The consideration of exposure within vulnerability is not
an appropriate way to address this issue because vulnerability is an intrinsic property
of the element at risk while exposure may be a transient attribute even for buildings
which exposure to landslide hazards is conditioned by the presence of other (future)
buildings within the landslide track. Simplified approaches are often required for
evaluating the exposure, such as for instance, assuming the same exposure for all
buildings in a neighbourhood. This type of approaches may be acceptable for small
scale analyses but must be refined when working at either local or site specific scale.
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of Lausanne (École Polytechnique Fédérale de Lausanne, EPFL)

Abbruzzese JM, Labiouse V (2010a) Comparison of two rock fall hazard mapping methodologies
based on the French and Swiss guidelines. In: Proceedings of the Rock Slope Stability RSS
2010 symposium, Paris, France, 24–25 November

Abbruzzese JM, Labiouse V (2010b) Challenges in achieving European-wide methodologies for
rock fall hazard mapping. In: Malet JP, Glade T, Casagli N (eds) Mountain risks – bringing
science to society. CERG, Strasbourg

Abbruzzese JM, Labiouse V (2013) New Cadanav methodology for quantitative rock fall hazard
assessment and zoning at the local scale. Landslides. doi:10.1007/s10346-013-0411-7

Abbruzzese JM, Sauthier C, Labiouse V (2009) Considerations on Swiss methodologies for rock
fall hazard mapping based on trajectory modelling. Nat Hazard Earth Syst 9:1095–1109

Agliardi F, Crosta GB, Frattini P (2009) Integrating rockfall risk assessment and countermeasure
design by 3D modelling techniques. Nat Hazard Earth Syst 9:1059–1073

AGS (2007) Guideline for landslide susceptibility, hazard and risk zoning for land use planning.
Aust Geomech Soc Aust Geomech 42(1):13–36

Aleotti P, Chowdhury R (1999) Landslide hazard assessment: summary review and new perspec-
tives. Bull Eng Geol Environ 58(1):21–44
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Copons R (2007) Avaluació de la perillositat de caigudes de blocs rocosos al Solà d’Andorra la
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(eds) Rockfall engineering. Wiley, London, pp 255–296

Corominas J, Mavrouli O (2011b) Estimation quantitative du risque (QRA) pour les bâtiments
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Lambert, François Nicot (eds) Rockfall engineering. Wiley/ISTE ltd, New York/London

Lan H, Derek Martin C, Lim HC (2007) RockFall analyst: a GIS extension for three-dimensional
and spatially distributed rockfall hazard modeling. Comput Geosci 33:262–279

Laboratoire Central des Ponts et Chaussées (LCPC) (2004) Les études spécifiques d’aléa lié aux
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Chapter 7
Medium-Scale Multi-hazard Risk Assessment
of Gravitational Processes

Cees van Westen, Melanie S. Kappes, Byron Quan Luna, Simone Frigerio,
Thomas Glade, and Jean-Philippe Malet

Abstract This section discusses the analysis of multi-hazards in a mountainous
environment at a medium scale (1:25,000) using Geographic Information Systems.
Although the term ‘multi-hazards’ has been used extensively in literature there
are still very limited approaches to analyze the effects of more than one hazard
in the same area, especially related to their interaction. The section starts with
an overview of the problem of multi-hazard risk assessment, and indicates the
various types of multi-hazard interactions, such as coupled events, concatenated
events, and events changing the predisposing factors for other ones. An illustration
is given of multi-hazards in a mountainous environment, and their interrelationships,
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showing triggering factors (earthquakes, meteorological extremes), contributing
factors, and various multi-hazard relationships. The second part of the section gives
an example of a medium scale multi-hazard risk assessment for the Barcelonnette
Basin (French Alps), taking into account the hazards for landslides, debris flows,
rockfalls, snow avalanches and floods. Input data requirements are discussed, as
well as the limitations in relation to the use of this data for initiation modeling
at a catchment scale. Simple run-out modeling is used based on the energy-line
approach. Problems related to the estimation of temporal and spatial probability
are presented and discussed, and methods are shown for estimating the exposure,
vulnerability and risk, using risk curves that expressed the range of expected losses
for different return periods. The last part presents a software tool (Multi-Risk)
developed for the analysis of multi-hazard risk at a medium scale.

Abbreviations

DTM Digital Terrain Model
DSM Digital Surface Model
GIS Geographic Information Systems
DSS Decision Support System

7.1 Introduction

A generally accepted definition of multi-hazard still does not exist. In practice,
this term is often used to indicate all relevant hazards that are present in a specific
area, while in the scientific context it frequently refers to “more than one hazard”.
Likewise, the terminology that is used to indicate the relations between hazards
is unclear. Many authors speak of interactions (Tarvainen et al. 2006; de Pippo
et al. 2008; Marzocchi et al. 2009; Zuccaro and Leone 2011; European Commission
2011), while others call them chains (Shi 2002), cascades (Delmonaco et al. 2006a;
Carpignano et al. 2009; Zuccaro and Leone 2011; European Commission 2011),
domino effects (Luino 2005; Delmonaco et al. 2006a; Perles Roselló and Cantarero
Prados 2010; van Westen 2010; European Commission 2011), compound hazards
(Alexander 2001) or coupled events (Marzocchi et al. 2009).

There are many factors that contribute to the occurrence of hazardous phenom-
ena, which are either related to the environmental setting (topography, geomor-
phology, geology, soils etc.) or to anthropogenic activities (e.g. deforestation, road
construction, tourism). Although these factors contribute to the occurrence of the
hazardous phenomena and therefore should be taken into account in the hazard
and risk assessment, they are not directly triggering the events. For these we need
triggering phenomena, which can be of meteorological or geophysical origin (earth-
quakes, or volcanic eruptions). Figure 7.1 illustrates the complex interrelationships
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Fig. 7.1 Multi-hazard in a mountainous environment, and their interrelationships. Above the
triggering factors are indicated (earthquakes, meteorological extremes), and the contributing
factors. The red arrows indicate the hazards triggered simultaneously (coupled hazards). The
black arrows indicate the concatenated hazards: one hazard causing another hazard over time.
(a) Snow accumulation causing snow avalanches, (b) Earthquakes triggering landslides and snow
avalanches simultaneously, (c) extreme precipitation causing landslides, debris flows, flooding and
soil erosion, (d) drought and/or lightning causing forest fires, (e) earthquakes causing technological
hazards, (f) landslides and debris flows damming rivers and causing dam break floods, (g) large
rapid landslides or rockfalls in reservoirs causing water floods, (h) debris flows turning into floods
in the downstream torrent section; (i) snow avalanches or forest fires leading to soil erosion,
(j) forest fires leading to surficial landslides, debris flows and flash floods, (k) landslides, debris
flows or floods leading to technological hazards

between multi-hazards potentially affecting the same mountainous environment.
This graphic indicates that a multitude of different types of interrelations exists:

The first multi-hazard relationship is therefore between different hazard types
that are triggered by the same triggering event. These are what we would call
coupled events (Marzocchi et al. 2009). The temporal probability of occurrence
of such coupled events is the same as it is linked to the probability of occurrence
of the triggering mechanism. For analyzing the spatial extent of the hazard, one
should take into account that when such coupled events occur in the same area
and the hazard footprints overlap, the processes will interact, and therefore the
hazard modeling for these events should be done simultaneously, which is still very
complicated. In order to assess the risk for these multi-hazards, the consequence
modeling should therefore be done using the combined hazard footprint areas, but
differentiating between the intensities of the various types of hazards and using
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different vulnerability-intensity relationships. When the hazard analyses are carried
out separately, the consequences of the modeled scenarios cannot be simply added
up, as the intensity of combined hazards may be higher than the sum of both or the
same areas might be affected by both hazard types, leading to overrepresentation of
the losses, and double counting. Examples of such types of coupled events is the
effect of an earthquake on a snow-covered building (Lee and Rosowsky 2006) and
the triggering of landslides by earthquakes occurring simultaneously with ground
shaking and liquefaction (Delmonaco et al. 2006b; Marzocchi et al. 2009).

Another, frequently occurring combination are landslides, debris flows and flash-
floods caused by the same extreme rainfall event. The consideration of these effects
is fundamental since chains “expand the scope of affected area and exaggerate the
severity of disaster” (Shi et al. 2010).

A second type of interrelations is the influence one hazard exerts on the
disposition of a second peril, though without triggering it (Kappes et al. 2010). An
example is the “fire-flood cycle” (Cannon and De Graff 2009): forest fires alter the
susceptibility to debris flows and flash floods due to their effect on the vegetation
and soil properties.

The third type of hazard relationships consists of those that occur in chains:
one hazard causes the next. These are also called domino effects, or concatenated
hazards. These are the most problematic types to analyze in a multi-hazard risk
assessment. The temporal probability of each hazard in a chain is dependent on the
temporal probability of the other hazard causing it. For example a landslide might
block a river, leading to the formation of a lake, which might subsequently result
in a dam break flood or debris flow. The probability of the occurrence of the flood
is depending on the probability of the landslide occurring in that location with a
sufficiently large volume to block the valley. The occurrence of the landslide in
turn is related to the temporal probability of the triggering event. The only viable
solution to approach the temporal probability of these concatenated hazards is to
analyze them using Event Trees (Egli 1996; Marzocchi et al. 2009) a tool which
is applied extensively in technological hazard assessment, but is still relatively new
in natural hazard risk assessment. Apart from analyzing the temporal probability
of concatenated events, the spatial probability is often also a challenge, as the
secondary effect of one hazard (e.g. the location of damming of a river) is very
site specific and difficult to predict. Therefore a number of simplified scenarios are
taking into account, often using expert judgment.

7.2 Approaches for Multi-hazard Risk Assessment

Risk can be described in its simplest way as the probability of losses. The classical
expression for calculating risk (R) was proposed by Varnes (1984) considered risk
as the multiplication of H (Hazard probability), E (the quantification of the exposed
elements at risk, and V (the vulnerability of the exposed elements at risk as the
degree of loss caused by a certain intensity of the hazard).
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As illustrated in Fig. 7.1 there are three important components in risk analysis:
hazards, vulnerability and elements-at-risk (Van Westen et al. 2008). They are
characterized by both non-spatial and spatial attributes. Hazards are characterized by
their temporal probability and intensity derived from frequency magnitude analysis.
Intensity expresses the severity of the hazard. The hazard component in the equation
actually refers to the probability of occurrence of a hazardous phenomenon with a
given intensity within a specified period of time (e.g. annual probability). Hazards
also have an important spatial component, both related to the initiation of the hazard
and the spreading of the hazardous phenomena (e.g. the areas affected by landslide
run-out or flooding).

Elements-at-risk or ‘assets’ also have non-spatial and spatial characteristics (e.g.
material type and number of floors for buildings). The way in which the amount
of elements-at-risk is characterized (e.g. as number of buildings, number of people,
economic value or the area of qualitative classes of importance) also defines the way
in which the risk is presented.

The spatial interaction of elements-at-risk and hazard defines the exposure and
the vulnerability of the elements-at-risk. Exposure indicates the degree to which
the elements-at-risk are actually located in the path of a particular hazardous event.
The spatial interaction between the elements-at-risk and the hazard footprints are
depicted in a GIS by map overlaying of the hazard map with the elements-at-risk
map. Physical vulnerability is evaluated as the interaction between the intensity of
the hazard and the type of element-at-risk, making use of so-called vulnerability
curves. For further explanations on hazard and risk assessment the reader is referred
to textbooks such as Smith and Petley (2008), van Westen et al. (2009), and
Alcantara-Ayala and Goudie (2010).

Loss estimation has been carried out in the insurance sector since the late 1980s
using geographic information systems (GIS; Grossi et al. 2005). Since the end
of the 1980s risk modelling has been developed by private companies (such as
AIR Worldwide, Risk Management Solutions, EQECAT), resulting in a range of
proprietary software models for catastrophe modelling for different types of hazards.

One of the first loss estimation methods that was publicly available was the
RADIUS method (Risk Assessment Tools for Diagnosis of Urban Areas against
Seismic Disasters), a simple tool to perform an aggregated seismic loss estimation
using a simple GIS (RADIUS 1999).

The best initiative for publicly available loss estimation thus far has been HAZUS
(which stands for ‘Hazards U.S.’) developed by the Federal Emergency Manage-
ment Agency (FEMA) together with the National Institute of Building Sciences
(NIBS, Buriks et al. 2004). The first version of HAZUS was released in 1997
with a seismic loss estimation focus, and was extended to multi-hazard losses in
2004, incorporating also losses from floods and windstorms (FEMA 2004). HAZUS
was developed as a software tool under ArcGIS. HAZUS is considered a tool for
multi-hazard risk assessment, but the losses for individual hazards are analyzed
separately for earthquakes, windstorms and floods. Secondary hazards (e.g. earth-
quakes triggered landslides) are considered to some degree using a basic approach.
Although the HAZUS methodology has been very well documented, the tool was
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primarily developed for the US, and the data formats, building types, fragility curves
and empirical relationships cannot be exported easily to other countries. Several
other countries have adapted the HAZUS methodology to their own situation, e.g.
in Taiwan (Yeh et al. 2006) and Bangladesh (Sarkar et al. 2010). The HAZUS
methodology has also been the basis for the development of several other software
tools for loss estimation. One of these is called SELENA (SEimic Loss EstimatioN
using a logic tree Approach), developed by the International Centre for Geohazards
(ICG), NORSAR (Norway) and the University of Alicante (Molina et al. 2010).

Whereas most of the above mentioned GIS-based loss estimation tools focus
on the analysis of risk using a deterministic approach, the Central American
Probabilistic Risk Assessment Initiative (CAPRA 2012) has a true probabilistic
multi-hazard risk focus. The aim of CAPRA is to develop a system which utilizes
Geographic Information Systems, Web-GIS and catastrophe models in an open
platform for disaster risk assessment, which allows users from the Central American
countries to analyze the risk in their areas, and be able to take informed decisions on
disaster risk reduction. The methodology focuses on the development of probabilis-
tic hazard assessment modules, for earthquakes, hurricanes, extreme rainfall, and
volcanic hazards, and the hazards triggered by them, such as flooding, windstorms,
landslides and tsunamis. These are based on event databases with historical and
simulated events. This information is combined with elements-at-risk data focusing
on buildings and population. For the classes of elements-at-risk, vulnerability data
can be generated using a vulnerability module. The main product of CAPRA is a
software tool, called CAPRA-SIG, which combines the hazard scenarios, elements-
at-risk and vulnerability data to calculate Loss Exceedance Curves.

In New Zealand, a comparable effort is made by developing the RiskScape
methodology for multi-hazard risk assessment (Reese et al. 2007; Schmidt et al.
2011). This approach aims at the provision of a generic software framework which is
based on a set of standards for the relevant components of risk assessment. Another
good example of multi-hazard risk assessment is the Cities project in Australia,
which is coordinated by Geoscience Australia. Studies have been made for six cities
of which the Perth study is the latest (Durham 2003; Jones et al. 2005). Also in
Europe, several projects have developed multi-hazard loss estimations systems and
approaches, such as the ARMAGEDOM system in France (Sedan and Mirgon 2003)
and in Germany (Grünthal et al. 2006).

In the areas of industrial risk assessment, a number of methods have been
developed using GIS-based DSSs (Decision Support Systems). One of these is
the ARIPAR system (Analysis and Control of the Industrial and Harbour Risk in
the Ravenna Area, Analisi e controllo dei Rischi Industriali e Portuali dell’Area
di Ravenna, Egidi et al. 1995; Spadoni et al. 2000). The ARIPAR methodology is
composed of three main parts: the databases, the risk calculation modules and the
geographical user interface based on the Arc-View GIS environment. Currently the
system is converted to ArcGIS, and also natural hazards are included in the analysis.

For risk assessment for mountainous areas, there are up to date no tools
that analyze multi-hazard risk for combined processes, such as snow avalanches,
rockfall, debris flows, floods and landslides. Studies on the assessment of landslide
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risk or flood risk separately have been carried out, at different scales and using
different methods (Bell and Glade 2004; Remondo et al. 2008; Alkema 2007; Zezere
et al. 2008; Cassidy et al. 2008). However, multi-hazard risk examples are still
scarce. Van Westen et al. (2002) present a case study of the city of Turrialba (Costa
Rica), subjected to landslide, earthquake and flood risk, and propose three different
schemes to assess hazard and vulnerability and integrate the losses afterwards.
Lacasse et al. (2008) carried out a multi-hazard risk assessment related to the
potential collapse of the Aknes rock slide in Norway, using an event tree, for the
different scenarios which include the triggering of tsunamis. Event trees were also
used by Carboni et al. (2002) to analyze the probabilities of different event scenarios
of a single which might lead to the partial damming of a nearby river and the
followed dambreak flooding.

When evaluating the existing methods for multi-hazard risk assessment applica-
ble in mountainous areas, the following aspects can be mentioned:

• As many areas are exposed to more than one type of hazard, in the hazard
identification phase of the risk assessment, all hazards have to be taken into
account as risk analyses are spatially oriented (Greiving et al. 2006) to enable
overall risk reduction.

• The models (heuristic, statistical, physically based) required for analysis of
hazard for different processes vary considerably. They depend on hazard type,
scale, data typology and resolution (Delmonaco et al. 2006b) and complicate
the comparison of the very different results (units of the outcome, quality,
uncertainty, resolution etc.) even further. A main problem is the comparability
of hazards since they vary in “nature, intensity, return periods, and [ : : : ] effects
they may have on exposed elements” (Carpignano et al. 2009).

• Also for vulnerability models a very similar situation exists. For some hazards a
variety of analytical methods exist while for other processes none or only very
few are established and the approaches vary widely between hazards (Hollenstein
2005).

• The way in which coupled and cascading events are evaluated. Natural hazards
are not independent from each other. Instead, they are highly connected and
interlinked in the natural geosystem (Kappes et al. 2010).

• The availability and quality of data are important since the model choice, the
information value of the results as well as the detail of the analysis depends
on these prerequisites. Each of the hazard types has different requirements with
respect to the input data. The historical information on past events is crucial
for most types of hazards, but the availability of historical records differs greatly
among the hazard types, also depending whether these are derived from measured
records (flood discharge, earthquake catalogues), archives, image interpretation,
or interview (van Westen et al. 2008).

• Uncertainty plays a major role in hazard and risk assessment. The uncertainties
may be due to inherent natural variability, model uncertainties and statistical un-
certainties. This leads to different uncertainty levels for the various hazards. The
inclusion of uncertainty is actually a necessity in probabilistic risk assessment,
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and methods should still be developed to better represent these for mountain
hazards and risks.

• Difficulties concerning the administrative issues as different organizations are
normally involved for analyzing the hazard and risk for individual hazard types,
which may make the comparison and standardization of the results difficult
(Marzocchi et al. 2009). Young (2003) describes an example in the framework of
environmental resources management and called this phenomenon the ‘problem
of interplay’.

• The natural and the administrative system are in most cases neither sharing the
same spatial nor temporal framework conditions. Hazards are not restricted to
administrative boundaries (e.g. river floods or earthquakes). However, hazard and
risk management is mostly operating on administrative units. Therefore, a larger
coordination is required between the two affected administrative units. In these
cases hazard analyses should not be limited to the administrative unit, since the
cause of a damaging event might be far away from the area of impact. In the case
of earthquakes, for example, the impact might be far away from the epicentre.
Some hazards exhibit very long return periods, therefore preventive measures
will probably not show any effect during one or few legislative periods. Young
(2002) entitled this phenomenon as ‘problem of fit’.

• Not only the stakeholders involved in the elaboration of the analysis request de-
tailed analysis and information. For example, the needs of emergency managers
and civil protection are surely different from those of spatial planners.

• Hazard and risk assessment requires a multitude of data, coming from different
data sources. Therefore it is important to have a strategy on how to make data
available for risk management. Since data is coming from different organizations
it is important to look at aspects such as data quality, metadata, multi-user
databases, etc. Spatial risk information requires the organization of a Spatial
Data Infrastructure, where through internet basic GIS data can be shared among
different technical and scientific organizations involved in hazard and risk
assessment.

To illustrate some of these aspects a case study is presented of medium scale
multi-hazard risk assessment in the Barcelonnette area, one of the test sites within
the Mountain Risk project. The Barcelonnette area is one of the best studied areas
in the Alps, and a large amount of data has been collected over the years by
different research teams and in different (EU funded) projects, coordinated by
CNRS (Flageollet et al. 1999; Maquaire et al. 2003; Remaı̂tre 2006; Thierry et al.
2007; Malet 2010). The case study presents the results of hazard and risk assessment
for floods, landslides, rockfall, snow avalanches and debris flows, based on a number
of previous works (Kappes and Glade 2011; Kappes et al. 2010, 2011, 2012a, b;
Bhattacharya et al. 2010a, b; Ramesh et al. 2010; van Westen et al. 2010; Hussin
et al. 2012). The aim of the case study is not so much to show the actual values,
as the complete multi-hazard risk analysis requires more detailed work, but more
to illustrate the procedure and to show the problems involved and the levels of
uncertainty.
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7.3 Case Study: Medium Scale Multi-hazard and Risk
Assessment in the Barcelonnette Area

The method followed in this case study closely follows the framework for multi-
hazard risk assessment, presented in Fig. 7.1, with the following steps: input
data collection, susceptibility assessment, hazard assessment, exposure analysis,
vulnerability assessment and risk analysis. The aim of the exercise was to show the
steps required for a risk assessment at the medium scale (1:25,000 to 1:50,000), and
to outline the level of uncertainty associated with each of the components. Whereas
risk assessment at a local scale, e.g. for a single debris flow torrent or landslide,
can be done with a lower level of uncertainty, as more detailed data is available
(e.g. Remaitre 2006; Hussin et al. 2012) the challenge is to do such an analysis for
different types of hazards at a catchment level.

7.3.1 Input Data

The input data for the hazard and risk assessment was derived mainly from
Malet (2010), and additional field investigations. A GIS database was generated,
containing information on the following components: image data, topographic data,
elements at risk data, environmental factors, triggering factors, and hazard inventory
data (see Table 7.1). Of these factors the hazard inventory data is the most important,
as it gives vital information on the dates, location, characteristics and damage caused
by past occurrences.

Data from past flood events were based on technical reports, newspapers, and
information from the local municipality and the RTM (Service de Restauration des
Terrains de Montage– Mountain Land Restoration Service) and previous studies
(Lecarpentier 1963). Data was available for one discharge station and two rainfall
stations for a considerable time period (1904–2009). An inventory of active and
relict landslides has been compiled by Thierry et al. (2007) at 1:10,000 scale using
aerial photo-interpretation (API), fieldwork and analysis of archives. To characterize
uncertainty in the mapping process, different levels of confidence were defined
during the photo-interpretation and field survey (Thierry et al. 2007). A collection
of historical data in archives, newspapers, monographs, technical reports, bulletins
and scientific papers for the period between 1850 and 2009 has been carried out.
Detailed descriptions on the type and quality of information collected and the
methodologies used to analyze the data can be found in Flageollet et al. (1999)
and Remaı̂tre (2006).

Over the period 1451–2010, about 600 references with exact date and location
of landslide triggering have been recorded by the group of Malet (2010). For each
soil slide and debris flow event, information is available on the date and location,
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Table 7.1 Input data for multi-hazard risk assessment in the Barcelonnette area (OMIV 2013)

Type Data Characteristics

Image data Satellite image Downloaded from Google Earth, orthorectified,
and resampled to 1.5 m pixel size

3-D image Anaglyph made by combining Google Earth
image and DEM

Airphotos A set of panchromatic airphotos from different
years

Topographic data Contour lines Digitized from topographic map, with 5 m
contour interval

DEM Interpolated from contour lines
Slope angle Slope steepness made from DEM
Slope aspect Slope direction made from DEM
Hillshading Artificial illuminated made from DEM
Openness Visualization of DEM
Plan curvature Concavity-convexity made from DEM
Flow accumulation Contributing area made from DEM

Elements at risk data Communes Adm. units with population data
Building footprints Individual buildings & characteristics
Cadastral map Individual land parcels with ownership
Roads/powerlines Linear structures
Bridges Point file with bridge characteristics
Lithology Lithological units

Environmental factors Materials Unconsolidated materials
Soils Soil types and average depths
Landuse 2007 Land use map of 2007
Landuse 1980 Land use map of 1980

Triggering factors Rainfall data Daily rainfall for two stations from 1904 to 2009
Discharge data Discharge data for one station from 1904 to 2009

Hazard inventory data Flood scenarios Flood extend, water depth and velocity modelled
for different return periods (100, 150, 250
and 500 years)

Streams Drainage network
Flood events Historical flood events from 1957 to 2008
Avalanche field Catalogue of avalanches mapped in field
Avalanche photo Catalogue mapped from airphotos
Landslide inventory Mapped from photos and field
Landslide dates Table with known landslide dates
Heuristic hazard Hazard map: direct mapped by experts
Statistical hazard Hazard map through statistical analysis by

Thierry et al. (2007)
Debris flow dates Table with known events
Debris flow zones Map of catchments with DF frequency
Rockfall area Inventory of rockfall areas
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although many of them are by approximation only. After reviewing the data, a
catalogue remained of 106 mass-movement events (53 debris flows and 53 soil
slides; Remaı̂tre and Malet 2011).

Information on the location of snow avalanches and rockfalls was obtained
from a snow avalanche inventory made by field inventory and photo interpretation.
Although a number of individual dates of occurrence could be obtained from reports,
it was not possible to link the individual polygons of snow avalanches and rockfall
to specific dates.

The official existing hazard map of the area is the PPR (Plan des Prévention
des Risques Naturels Prévisibles, MATE/MATL 1999), which subdivides the area
in three risk zones: high risk in red zones, medium risk in blue zones and low or
no risk in white zones. In the red zone no permission to develop any kind of new
infrastructure is allowed, whereas in the blue zone it requires a special permission.

7.3.2 Gravitational Processes Source Area Characterization

Susceptibility maps indicating the relative likelihood for the initiation of grav-
itational processes were generated for the various processes: snow avalanches,
shallow landslides and rockfalls. Two different approaches were used: heuristic and
statistical methods. The heuristic methods partly followed the methodology of the
PPR (MATE/MATL 1999) by identifying sectors with homogeneous environmental
characteristics, taking into account the possibility of landslide development (up-
and downhill) for a 100 years period, based on a set of expert rules (Thierry
et al. 2008). Shallow landslide initiation susceptibility maps for a part of the
study area were also prepared using weights of evidence modelling (Thierry et al.
2007) and using fuzzy logic approach (Thiery et al. 2006) for rotational and
translational landslides. In the rest of the area expert rules were used to classify
specific combinations of environmental factors such as slope steepness, lithology,
surface deposits, and land use. Avalanche source areas were outlined according to
the methodology proposed by Maggioni (2004). Potential rock fall sources were
mapped by means of a threshold slope angle and the exclusion of certain rock
types as for example outcropping clays (Corominas et al. 2003). The input maps
for each analysis were combined in GIS using joint-frequency tables, in which the
expected susceptibility class (high, moderate, low or not susceptible) was indicated
for each specific combination of the input maps. The susceptibility maps were
tested using the existing inventories, and the decision rules were improved using
an iterative procedure until a good agreement was reached. In order to be able
to use the initiation susceptibility maps for the run-out susceptibility assessment,
and given the lack of sufficient data on the dates and locations of the individual
events, an assumption was introduced to indicate in which zones events were likely
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Table 7.2 Assumption used in analyzing the susceptibility maps

Triggering event

Susceptibility class Major event Moderate event Minor event

High 1 1 1
Moderate 1 1 0
Low 1 0 0
Not 0 0 0

The value of 1 indicates that gravitational processes may occur

to be initiated in three different triggering events. Table 7.2 indicates that, during
a major triggering event, gravitational processes might initiate in all three zones
(high, moderate and low susceptible areas). During a moderate triggering event,
only gravitational processes are expected to be initiated in the moderate and high
susceptible zone, and during a minor triggering event only in the high susceptible
zones. Given the lack of temporal information this was the best option available. It
is however, one of the major sources of uncertainty in the entire process leading to
the risk assessment.

The analysis resulted in a series of 12 binary maps, indicating the presence or
absence of source areas for major, moderate and minor triggering events for all
types of gravitational processes.

7.3.3 Gravitational Hazard Assessment: Run-Out Modelling

The source areas defined in the previous section were subsequently used for run-
out modelling on a medium (1:25,000) scale using the routing-spreading model
Flow-R (Horton et al. 2008; Kappes et al. 2011). The model takes the results of
the source area identification and calculates the spreading zone for each source.
The choice of spreading algorithms is made by the user. This run-out modelling
approach does not consider the volume of the source mass, which is another major
source of uncertainty in the risk analysis. The run-out distance calculation is based
on a unit energy balance, a constant loss function and a velocity threshold (Horton
et al. 2008).

For each of the types of processes (debris flows, snow avalanches, rockfalls,
shallow landslides) reach angles were obtained from literature (Corominas 1996).
The calculation of the probable maximum run-out is based on the definition of
an average slope angle between the starting and end point, considering a constant
friction loss. The friction loss angles selected were between 5ı and 30ı and the
velocity thresholds between 5 and 30 m/s depending on the type of process and the
severity of the event. In the analysis a Holmgren routing algorithm was chosen for
debris flows and snow avalanches because it fits reasonable with convergent flows,
and the so-called D8 algorithm was used for rockfalls. The results of this analysis
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Fig. 7.2 Examples of run-out maps for major events. (A) Debris flow, (B) landslide, (C) rockfall
and (D) snow avalanche

are actually more an indication rather than an accurate prediction of run-out distance
and energy. Nevertheless they do give a fairly good indication as shown by Blahut
(2009). Figure 7.2 shows some example of the results of the run-out assessment.

The resulting maps of Kinetic Energy were converted into impact pressure maps
using average values for bulk densities of run-out materials. The maps were also
classified into three susceptibility classes for run-out. It is evident from Fig. 7.4
that the determination of the source areas, and the selection of the average run-out
angles may lead to an overestimation of the areas potentially affected. This process
was done iteratively and the results were compared with the inventories, until a
reasonable result was obtained.

7.3.4 Estimating Temporal and Spatial Probabilities
of Gravitational Processes

The susceptibility assessment for gravitational processes resulted in a total of 24
susceptibility maps: three maps representing the severity classes of the triggering
events (major, moderate and minor) for four hazard types (landslide, rockfall, debris
flow and snow avalanche) for initiation susceptibility and a also 12 maps for the run-
out susceptibility. These should be converted in hazard maps, not by changing of the
actual boundaries of the susceptibility maps, but by characterizing them in terms of
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Table 7.3 Summary of the information available to assess temporal, spatial and magnitude
probabilities of gravitational hazards

Spatial occurrence Temporal information Intensity

Snow
avalanche

Only snow avalanche
accumulation areas are
available without dates
of occurrence

Attribute tables have dates
but not reliable.
Return periods were
estimated.

Simple estimation of
impact pressure from
FLOW-R

Frequency-size
distribution of events

Rockfall Only rockfall accumulation
areas are available
without dates of
occurrence

Only a few dates are
known of rockfalls.
Return periods were
estimated

Simple estimation of
impact pressure from
FLOW-R

Debris flow Only for a few of debris
flows the areas are
known

Debris flow dates are
know for 53 events.
Analysis based on
antecedent rainfall
analysis

Simple estimation of
impact pressure from
FLOW-R

Landslide A complete landslide
inventory was available
for part of the area
(Thierry et al. 2007).
Used to calculate
landslide density.

Landslide dates are
known for 53 events.
Analysis based on
antecedent rainfall
analysis

Simple estimation of
impact pressure from
FLOW-R

Frequency-size
distribution of events

Flood Only 2 historic flood maps,
and modelled flood
maps for 150, 250, 500
and 1,000 year return
period

Discharge information
from 1905 to 2009
were analyzed using
Gumbel frequency
analysis

Flood depth and velocity
maps are available
for each return
period resulting from
flood modelling.

their spatial and temporal probability and intensity. The following information for
each class should be indicated:

• Temporal probability: the probability that a triggering event with a severity level
(major, moderate or minor) will take place within a given time period.

• Spatial probability: the probability that a pixel located within one of the sus-
ceptibility classes for the initiation and run-out susceptibility maps will actually
experience a damaging gravitational process during a triggering event.

• Intensity: a measure of the intensity of the gravitational processes at a certain
location, within one of the initiation or run-out susceptibility classes for the three
classes of triggering events.

Ideally this process should be carried out using event-based landslide inventories,
which are inventories caused by the same triggering event, for which the return
period is know. Unfortunately no such event-based inventories are available for the
Barcelonnette area. So the estimation was mostly based on expert opinion. Table 7.3
lists the main criteria used in the estimation of these values for the four types of
gravitational processes and for flooding.
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Table 7.4 Estimated return periods and uncertainties for major, moderate and minor triggering
events for the four types of gravitational hazards

Triggering event

Major Moderate Minor

Return
period

Uncertainty
estimate

Return
period

Uncertainty
estimate

Return
period

Uncertainty
estimate

Snow avalanche 150 ˙50 70 ˙25 25 ˙8
Rockfall 500 ˙200 200 ˙100 50 ˙20
Debris flow 180 ˙40 90 ˙20 30 ˙10
Landslide 200 ˙50 100 ˙30 40 ˙10

For the assessment of the temporal probability of shallow landslides and debris
flows, Remaı̂tre and Malet (2011) carried out an extensive analysis of rainfall
thresholds using a number of different models, such as the antecedent precipitation
analysis, Intensity-Duration (I-D) model (Guzzetti et al. 2008), I-A-D model
(Cepeda et al. 2009), and FLaIR (Sirangelo and Versace 2002). Based on their
analysis they concluded that debris flows are triggered by storms lasting between
1 and 9 h, and are adequately predicted using an Intensity-Duration threshold, and
soil slides are triggered by storms with durations between 3 and 17 h. Based on
these values, an estimation could be made of the number of the return periods for
triggering rainfall for debris flows and shallow landslides. For rockfalls we do not
have enough known dates of occurrence to make a good frequency analysis. Based
on the scarce information that we had on the occurrence of historical events, we
made an estimation of the return periods, and associated levels of uncertainty of the
three severity classes of triggering events for the hazard types (Table 7.4). Note that
due to the lack of event-based inventories there is a very high level of uncertainty
in these values. The spatial probability gives an indication of the probability that
if a triggering event occurs (Major, Moderate or Minor), and an element at risk is
located in the modelled run-out area, of the probability that this particular element
at risk would be hit.

Since the run-out maps cover quite a large area, it is not to be expected that all
the modelled areas will be affected. By analyzing the distribution of the past events,
we estimated how many individual gravitational processes were initiated during a
triggering event, and what their size was. We divided the modelled area of the run-
out in each class by the area that was covered by gravitational processes during a
similar event, to get an estimation of the spatial probability. The results are indicated
in Tables 7.5 and 7.6.

Also this estimation has a considerable degree of uncertainty, as we do not have
event-based landslide maps, which would allow us to directly calculate the number
of gravitational processes and their average size for particular triggering events. The
results also show that run-out modelling resulted in a considerable overestimation of
the potentially affected areas. The better it is possible to limit the modelled run-out
areas to those zones that will actually get affected, the higher the spatial probability
values will be.
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Table 7.6 Estimated spatial probabilities of gravitational processes for major,
moderate and minor triggering events for the four types of gravitational hazards

Triggering event

Major Moderate Minor

Spatial probability Spatial probability Spatial probability

Snow avalanche 0.0305 ˙ 0.0168 0.0163 ˙ 0.0098 0.0114 ˙ 0.0069
Rockfall 0.0017 ˙ 0.0018 0.0011 ˙ 0.0008 0.0005 ˙ 0.0004
Debris flow 0.0123 ˙ 0.0127 0.0070 ˙ 0.0063 0.0069 ˙ 0.0041
Landslide 0.0166 ˙ 0.0671 0.0085 ˙ 0.0038 0.0025 ˙ 0.0015

7.3.5 Flood Hazard Assessment

The procedure for flood hazard assessment is described separately because it follows
a different procedure than for gravitational processes. For analyzing the temporal
probability of flood events, the flood discharge data for the period 1904–2009 was
used in a statistical analysis using the Gumbel and Pearsons models to derive the
relationship between discharge and return period (Bhattacharya et al. 2010a). Based
on that, discharges were defined for return periods of 100, 150, 250 and 500 years.
Hydraulic simulation software, in this case SOBEK and HEC-RAS, was used to
analyze the flow of water in greater detail (Bhattacharya et al. 2010a; Ramesh et al.
2010). For this analysis a detailed Digital Surface Model had to be generated that
incorporates all obstructions, including embankments and main buildings. This was
done by interpolating the available 5 m contour lines with the incorporation of the
stream network by eliminating the morphologic features within the river bed to
have an un-braided structure. The building foot print layer has been used for the
addition of the heights of physical elements, taking into account that there were
important changes during the two historical flood events of 1957 and 2008. The
changes have been incorporated and two DSM’s were generated. The dyke and the
embankment were included with respective heights and included in the final DSM.
The land use maps from two periods were used to generate two maps of Manning’s
surface roughness values. For hydraulic modelling the combined 1D and 2D flood
model of SOBEK was used to characterize flood events over complex topography,
in both time periods, representing the situation during 1957 and during the present
situation. The output data of the model consists of a series of water depth and flow
velocity maps at different time steps. In this case, the maps were generated at 1 h
intervals. The model also created a set of maps that summarize the simulation, which
include a maximum water depth map (representing the highest water depth value
that was reached at some point during the simulation), a maximum flow velocity
map (representing the highest flow velocity value that was reached at some point
during the simulation), and two maps that indicate the time at which the maximum
water depth and the maximum flow velocity were reached and a map that shows
the time at which a pixel started being inundated. To validate the flood models, the
two historical flood events of 1957 and 2008 were reconstructed using the SOBEK
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Fig. 7.3 Examples of flood maps resulting from the flood modeling for different return periods.
(A) 150 year, (B) 250 year, (C) 500 year, (D) 1,000 year (Bhattacharya et al. 2010a)

modelling. The 1957 flood corresponds to a flood with a return period of 200 years.
For the modelling the Digital Surface Model and the roughness map representing
the 1957 situation were used (see Fig. 7.3). The analysis resulted in eight maps:
maximum water height and flow velocity maps for four return periods, which can
be combined in impact maps.

7.3.6 Exposure and Vulnerability Assessment

In the exposure analysis, the 24 hazard maps for the gravitational processes and the
8 maps for flood hazards were subsequently combined in GIS with the elements
at risk. The building map contains information on all the buildings in the study
area, where each building has its own attributes, related to building type, number
of floors, occupancy type, and number of inhabitants for a daytime and night-
time scenario. The exposure analysis identifies the exposed number of buildings
(Table 7.7) which can also be classified according to the attributes mentioned above.
The characteristics of the number of inhabitant can also be used to calculate the
number of exposed people in different temporal scenarios. In this analysis also the
time of the year should be incorporated, given the fact that the Barcelonnette area is a
touristic destination, with a very different population distribution in winter (chalets,
hotels, and ski areas), summer (camping sites, hotels and chalets) and the off season
period.
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Table 7.7 Summary of the number of buildings exposed to the
various hazard types and severity of triggering events

Major event Moderate event Minor event

Debris flow 396 171 10

Landslide 49 4 1

Rockfall 140 13 1

Snow avalanche 55 10 5

Flooding 565 364 233

Table 7.8 Exposed areas of main land use types to debris flow
(in km2)

Major event Moderate event Minor event

Forest 24 4.40 3.10
Arable land 2 0.70 0.05
Pastures 12:10 4.40 0.45
Urban fabric 0:58 0.11 0.02

Table 7.9 Exposed length of main linear features to debris flows
(in km)

Length affected (km) Major event Moderate event Minor event

Main road 3:71 1:29 0.18
Secondary road 55:27 18:24 2.21
Unpaved road 150:41 49:01 2.91
Ski chair lift 0:12 0 0
Skilift 0:23 0 0
Electric powerline 2:33 0 0

Exposure was also calculated for land use types, by combining the recent land use
maps with the 32 hazard scenarios, and representing the exposed areas of different
land use types in km2. For example, Table 7.8 shows the results for debris flows.

A similar analysis was carried out for the transportation infrastructure, and
lifelines. Table 7.9 shows an example for the length of these linear features exposed
to debris flows.

Minor triggering events occur mostly in uninhabited areas, and would mostly
affect forested areas (e.g. debris flows, snow avalanches and rockfall). The level
of uncertainty of the exposed elements at risk depends partly on the completeness
(spatially and temporally) of the elements at risk map, but much more on the
modeled susceptible areas. As mentioned in the previous section, the modeled run-
out areas are an overrepresentation of the areas that would be actually affected in
the case of a triggering event, and the variation in the spatial probability is therefore
an indication of the uncertainty in the exposure.

The last component required for analyzing the risk is the physical vulnerability
of the exposed elements at risk, which requires the application of vulnerability
curves, giving the relation between hazard intensity and degree of damage for
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different types of elements at risk. For flood vulnerability several stage-damage
curves that related water height to damage were used from the UK (Pennin-Rowsell
et al. 2003), Germany (Buck and Merkel 1999) and France. For the gravitational
processes, several vulnerability curves and matrices were used (Bell and Glade
2004; Fuchs et al. 2007; Quan Luna et al. 2011). It should be noted here that these
vulnerability curves and matrices are general approximations, and show substantial
differences. For the run-out hazard maps, we use the curves derived by Quan Luna
et al. (2011) that relate impact pressure to degree of damage. Given the large
uncertainty of the modeled intensity of the various processes at a medium scale,
and the uncertainty associated with the use of empirically derived curves, which
show the average damage of a group of similar buildings exposed to the same
hazard intensity, the results of the vulnerability assessment also have a very high
degree of uncertainty. Furthermore, only the vulnerability of the structures was
evaluated using vulnerability curves. The vulnerability in terms of building contents
was evaluated by assuming a standard set of assets per building occupancy type and
unit floor space, and assuming total destruction of building contents when debris
flows or floods entered the ground floor.

7.3.7 Risk Assessment

The results from the previous analyses (initiation and run-out susceptibility analysis,
temporal and spatial probability assessment, exposure and vulnerability analysis)
were integrated in order to estimate the expected losses. The expected losses can
be calculated by integrating the temporal probability of occurrence of the different
scenarios and the consequences, which are calculated as the multiplication of the
spatial probability, amount of exposed elements at risk and their vulnerability. The
expression used for analyzing the multi-hazard risk is given by Eq. 7.1:

Risk D
X

All hazards

0

@

PTD1Z

PTD0

P.TjHS/
� 	

P.SjHS/
� X �

A.ERjHS/
�V.ERjHS/

�

1

A (7.1)

where P(TjHS) is the temporal probability of a certain hazard scenario (HS); P(SjHS) is
the spatial probability that a particular pixel in the susceptible areas is affected given
a certain hazard scenario; A(ERjHS) is the quantification of the amount of exposed
elements at risk, given a certain hazard scenario (e.g. expressed as the number or
economic values) and V(ERjHS) is the vulnerability of elements at risk given the
hazard intensity under the specific hazard scenario.

The multiplication of exposed amounts and vulnerability should be done for all
elements at risk for the same hazard scenario. If the modelled hazard scenario is
not expected to be producing the hazard phenomena, as is the case in most of
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the gravitational processes hazard maps, the results should be multiplied with the
spatial probability of hazard events P(SjHS). The resulting value represents the losses,
which are plotted against the temporal probability of occurrence for the same hazard
scenario in a so-called risk curve. This is repeated for all available hazard scenarios.
At least three individual scenarios should be used, although it is preferred to use
at least six events with different return periods (FEMA 2004) to better represent
the risk curve. The area under the curve is then calculated by integrating all losses
with their respective annual probabilities. Multi-hazard risk is calculated by adding
the average annual losses for the different types of hazard. The risk analysis can be
done for different spatial units. It is possible to create risk curves for the entire study
area, or for administrative units (communes, census tracts) or for manually drawn
homogeneous units with respect to land use.

In this study we only focused on analyzing building losses for the five different
hazard types as mentioned earlier. For each hazard type we only used three hazard
scenarios (major, moderate and minor) which have different return periods for each
of the hazard types. We also expressed the uncertainty of each of the components of
the risk assessment procedure. The results are shown in Table 7.10 and in Fig. 7.4.

The variation between the calculated losses depending on the uncertainty of the
temporal probability of the identified hazard scenarios is shown in the right side
of Fig. 7.4. It is clear from this figure that flood risk is much higher than any of
the other four types, because it directly affects the urban center of Barcelonnette,
whereas the other hazards occur more in the mountainous part of the area, where
much less buildings are exposed. Debris flows follow as second important hazard
type, although the expected losses are much less. When the uncertainty in terms
of hazard modelling is included by incorporating also the component of spatial
probability (Ps) it is clear that the expected losses for the gravitational hazards
decrease considerably. The spatial probability of the modelled flood scenarios is
considered one because each of the areas under the hazard footprint is expected to
experience flooding, be it of different intensity. For the gravitational processes, this
uncertainty is much higher, and the inclusion of the spatial probability decreases the
expected losses with a factor of 100, purely based on the uncertainty of modelling
the areas where actual gravitational processes are likely to happen. The better the
run-out models are able to narrow down to the future sites of events, the higher the
P(SjHS) will be. Low accuracies in modelling will therefore result in lower risks.

7.4 MultiRISK, a Platform for Multi-hazard Risk Modeling
and Visualization

The calculation of multi-hazard risk requires a large number of calculation steps
which could be integrated in a spatial DSS. In the framework of the Mountain Risks
project a prototype software for multi-hazard risk analyses has been developed.
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Fig. 7.4 Risk curves of the five hazard types, displaying the variation of losses (shown on X-Axis
in MAC) against temporal probability (annual probability shown on Y-axis). The left graph shows
the results taking into account both temporal and spatial probability (note that the flood losses are
excluded). The right graph shows the variation only in terms of temporal probability

This tool is designed to offer a user-friendly, fast and combined examination
of multiple mountain hazards (e.g. debris flows, rock falls, shallow landslides,
avalanches and river floods). Since multi-hazard studies suffer from high data
requirements a top-down approach is recommendable within which, by means of
a regional study, areas of potential risk and hazard interactions are identified to be
subsequently analyzed in detail in local studies. The MultiRISK Modeling Tool is
designed according to a top-down concept. It consists of at least two scales at which
analyses are carried out – first an overview analysis and secondly detailed studies
(possible extension by a third even more detailed scale for e.g. specific engineering
purposes). In its current version MultiRISK consists still exclusively of the regional
overview analysis (�1:10,000–1:50,000) but will be extended in the future by
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Fig. 7.5 Analysis scheme for the MultiRISK Modeling Tool (Kappes et al. 2012a, b)

local models and methods. In this section, the regional analysis scheme behind the
analysis software as well as the structure of the software itself is presented shortly
(for a more detailed presentation, refer to Kappes et al. 2011, 2012a, b).

For the regional analysis simple empirical models with low data-requirements
were chosen. For the identification of potential rock fall sources a method was used
which employs a threshold slope angle and the exclusion of certain rock types as
for example outcropping clays (Corominas et al. 2003). For the flood analysis a
method was selected which extrapolates the inundation over a DSM based on a
fixed inundation depth (Geomer 2008). Shallow landslide source areas are modeled
with Shalstab (Montgomery and Dietrich 1994), avalanche source areas are modeled
according to the methodology proposed by (Maggioni 2004) and debris flow sources
with Flow-R after (Horton et al. 2008). The run out of rock falls, shallow landslides,
avalanches and debris flows is computed with Flow-R as described in Horton et al.
(2008). The spatial input data needed for all these models is composed of a DEM
and derivatives, land use/cover and lithological information. Figure 7.5 gives an
indication of the decision rules used in the multi-hazard analysis.

The complexity of the analysis scheme indicates the effort necessary and the
time-consumption for the step-by-step performance of the whole procedure in
GIS software. Hence, an automation was undertaken to relief the modelers of the
intermediate steps (Fig. 7.5), simplify the structure to the important decisions and
facilitate a fast and reproducible computation and re-computation of a multi-hazard
analysis (Fig. 7.6).
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Fig. 7.6 Interface of the
MultiRISK Modeling Tool

HAZARD MODELING

Hazard choice

Upload of the input data
/ choice of a project

Parameter choice for 
each single-hazard 

model

Confirmation of the 
parameter choice

RUN   

HAZARD MODEL 
VALIDATION

Upload of past events

RUN   

EXOPOSURE 
ANALYSIS

Upload of elements at 
risk (the vulnerability
is assumed to be 1)

RUN   

VISUALIZATION OF 
RESULTS

Preparation of the
data for the

presentation within
the Visualization Tool

Fig. 7.7 Flow chart of the MultiRISK Modeling Tool (Kappes et al. 2012a, b)

Table 7.11 Confusion
matrix (from Beguerı́a 2006)

Modeled Not-modeled

Recorded True positives False negatives
Not-recorded False positives True negatives

Additionally to the hazard modeling, a model validation step as well as an
exposure analysis are included (Fig. 7.7).

The validation is carried out according to Begueria (2006) by means of an overlay
of the modeling result with recorded events and the area falling into the resulting
four categories (Table 7.11) quantified in a confusion matrix.

The exposure analysis offered in MultiRISK is carried out by means of an overlay
of the elements at risk and the single-hazard zones. The number of buildings, length
of infrastructure or proportion of settled area exposed is calculated.



226 C. van Westen et al.

Fig. 7.8 Proposed feedback loop (From Kappes et al. 2010)

The effect of interactions is not yet implemented in the structure of the software
tool but conceptual considerations how to account for them do already exist. First,
it refers to the alteration of the disposition one hazard by another. Within the
analysis procedure this refers to the alteration of factors which serve as input data
as e.g. the impact of avalanche events on the land use (the destruction of forest)
and subsequently the modification of future rock fall, debris flow and avalanche
hazard this entails. By means of feedback-loops this phenomenon can be included
(Fig. 7.8). The manual creation of an updated land use file for the re-upload as input
file and the re-computation of the three affected hazards already allow carrying out
this feedback-loop. Second, the triggering of one hazard by another resulting in so-
called hazard chains has to be regarded. At a regional scale, only the identification
of places potentially prone to such chains can be identified whereas their detailed
examination by means of e.g. event trees is restricted to local analyses (Delmonaco
et al. 2006a). Potential chains arising within the set of hazard currently included
in MultiRISK are especially the undercutting of slopes during flood events and the
damming of rivers and torrents due to landsliding. By an overlay of the respective
hazard layers the zones can be identified.

The MultiRISK Modelling Tool is linked to the MultiRISK Visualization Tool to
facilitate the display of the analysis results and together they form the MultiRISK
Platform. The MultiRISK Visualization Tool is presented in Sect. 15.4.

7.5 Conclusion

This chapter outlines a number of aspects dealing with the assessment of multi-
hazard risk assessment at a medium scale (1:25,000 to 1:50,000) for mountainous
areas in Europe. The procedure outlined in this chapter is not intended to focus on
the actual calculated risk values, as much more work needs to be done in better
defining the temporal probability, in modelling the run-out areas related to hazard

http://dx.doi.org/10.1007/978-94-007-6769-15
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events with a specific return period, in quantifying the physical vulnerability to
gravitational processes, and representing the replacement costs. The main aim of
this chapter was to show the procedure for quantitative multi-hazard risk assessment
and to illustrate the large degree of uncertainty involved if event-based inventories
are not available.

The modelling of the temporal probability of triggering events for different haz-
ard types will remain problematic, given the limited available historical information
on gravitational processes occurrences. Although this is improving nowadays as
more countries are implementing national landslide inventories, often with a web-
GIS interface. Also for large triggering events there are more possibilities to collect
the event-based landslide inventories due to the available of more frequent and more
detailed satellite data. However, the conclusion that quantitative multi-hazard risk
assessment in mountainous areas can only be carried out if more detailed historic
inventories are available, is too obvious. Many areas will continue to suffer from
this problem, yet solutions must be found and estimations of loss should be given
to improve disaster risk reduction planning. Therefore the use of tools such as
the Multi-Risk platform outlined in this chapter, should be promoted, allowing for
simple but efficient methods for estimating the risk of different hazards in the same
area, and comparing their expected losses.

In the risk assessment a number of challenges remain. One of them is the
modelling of hazard initiation points for different hazards (e.g. flooding and
gravitational processes) based on the same meteorological trigger. These initiation
points, which will vary with respect to the temporal probability of the triggering
rainfall, should be used for modelling runout with quantifiable intensity measures.
The modelling of uncertainty in this process is another major challenge, as well as
the generation of vulnerability relations that incorporate uncertainties. And finally
also the link with non-quantifiable aspects should be made using indicators for
social, economic and environmental vulnerability.

Hazard, vulnerability and risk are dynamic, as changes occur in the hazard
processes, human activities and land use/landcover patterns in mountainous areas,
due to global changes. The analysis of changes in risk is therefore a very relevant
topic for further study. This is the research topic of the CHANGES network
(Changing Hydro-meteorological Risks – as Analyzed by a New Generation of
European Scientists) funded by the EU FP7 Marie Curie Initial Training Network
(ITN) Action. The project will develop an advanced understanding of how global
changes (related to environmental and climate change as well as socio-economical
change) will affect the temporal and spatial patterns of hydro-meteorological
hazards and associated risks in Europe; how these changes can be assessed,
modelled, and incorporated in sustainable risk management strategies, focusing on
spatial planning, emergency preparedness and risk communication. The CHANGES
network hopes to contribute to the Topical Action numbers 2 and 3 of the Hyogo
Framework for Action of the UN-ISDR, as risk assessment and management,
combined with innovation and education are considered essential to confront the
impacts of future environmental changes (ISDR 2009). The network consists of 11
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full partners and 6 associate partners of which 5 private companies, representing
10 European countries, and 12 ESR’s (PhD researchers) and 3 ER’s (Postdocs) are
hired. The project has a duration of 4 years and has started in January 2011 (www.
changes-itn.eu).
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Europe. In: Schmidt-Thomé P (ed) Natural and technological hazards and risks affecting the
spatial development of European regions. Geological survey of Finland, special paper 42.
Geological Survey of Finland, Espoo, pp 83–91, 2 tables, 3 maps

Thiery Y, Malet J-P, Maquaire O (2006) Test of Fuzzy logic rules for landslide susceptibility as-
sessment. In: Weber C, Gancarski P (eds) SAGEO 2006, Proceedings international conference
on spatial analysis and geomatics, Strasbourg, France, CD-Rom Support Proceedings, 18 p

Thiery Y, Malet JP, Sterlacchini S, Puissant A, Maquaire O (2007) Landslide susceptibility
assessment by bivariate methods at large scales: application to a complex mountainous
environment. Geomorphology 9(1–2):8–59
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Abstract Risk assessment is the process of determining the likelihood or threat
of a damage, injury, liability, loss, or other negative occurrence that is caused by
external or internal vulnerabilities and that may be neutralized through preventive
action. More precisely, risk assessment is the systematic prospective analysis aimed
at defining, as quantitatively as possible, the potential loss of life, personal injury,
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economic loss, and property damage resulting from natural and/or anthropogenic
hazards, by assessing the exposure and vulnerability of people and property to those
hazards. The risk assessment procedure, developed in the Mountain Risks project,
is based on the following five steps: (1) Identification and analysis of the specific
types of hazards that could affect a territory and its community; (2) Definition
of the spatial and temporal likelihood of the damaging events considered in the
analysis as well as their magnitude; (3) Inventory of the assets and study of the
social and economic features of the study areas; (4) Assessment of vulnerability,
evaluating all the hazard consequences for each dimension composing the systems at
risk (physical/functional, economic, socio-cultural, ecological/environmental and;
political/institutional); (5) Evaluation of the prospective cost of damage or costs
avoided through mitigation strategies. Vulnerability assessment plays a crucial
role both in ‘translating’ the assessed level of hazard into an estimated level of
risk and in providing leading information in mitigation planning processes and
emergency management strategies. Under this perspective, it is really difficult, or
even impossible, to address risk assessment without assessing vulnerability first and
it appears unquestionable that a multi-disciplinary approach is required in vulner-
ability assessment studies. In this section, the different components (dimensions)
of vulnerability are analyzed, both theoretically and practically, and then different
methodological approaches, applications and solutions are provided.

Abbreviations

C3L Concrete frame with unreinforced masonry infill walls
C1L Concrete moment frame
DBMS Database Management Systems
DI Damage Index
DHA Department of Humanitarian Affairs
DMTP Disaster Management Training Programme
ESPON European Spatial Planning Observation Network
FEMA Federal Emergency Management Agency
FOSM First-Order Second Moment
GIS Geographic Information Systems
HAZUS Hazards United States
IPCC Intergovernmental Panel on Climate Change
IUGS International Union of Geological Sciences
ISTAT Italian Institute of Statistics
OMI Osservatorio del Mercato Immobiliare
PGA Peak Ground Acceleration
PGD Permanent Ground Deformation
PC2L Precast concrete frames with concrete shear walls
PC1 Precast concrete tilt-up walls
QRA Quantitative Risk Assessment
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RC Reinforced Concrete
C1 Reinforced Concrete Moment Resisting Frames
RM2L Reinforced masonry retaining walls with precast concrete

diaphragms
RM1L Reinforced masonry retaining walls with wood or metal deck

diaphragms
RRC Relative recovery cost
SDOF Single Degree of Freedom
CapHaz-Net Social Capacity Building for Natural Hazards
SL Specific loss
S2L Steel braced frame
S5L Steel frame with unreinforced masonry infill walls
UNDP United Nations Development Programme
URML Unreinforced masonry bearing walls
W2 Wood commercial and industrial
W1 Wood light frame

8.1 Introduction

Vulnerability is a term that seems to defy consensus usage (Few 2003) showing
many different connotations depending on the research orientation, overview and
educational background. The review of current vulnerability definitions demon-
strates that, at least, two main different perspectives exist: one related to an
engineering and natural science overview; a second one related to a social science
approach. Both of them are mainly depending on the components (dimensions) of
vulnerability that each school of thought takes into account and privileges, such as:

– the physical/functional dimension, related to the predisposition of a structure,
infrastructure or service, to be damaged due to the occurrence of a specific
hazardous event;

– the socio-cultural dimension, related to the exposure of human beings (individu-
ally or aggregated in communities) to certain hazards and their coping capacities
in the event of disaster. It encompasses issues related to social and health status,
gender, age, religion, cast, etc. Blaikie et al. (1994) classify such coping strategies
as preventive, impact-minimizing or post-event coping actions;

– the economic dimension, related to the economic stability of a region that
could be endangered by a decrease in income due to a decline in production,
distribution and consumption of goods. The economic dimension of vulnerability
offers an interesting approach to regional vulnerability, especially from the
insurance company point-of-view of damage potential (Kumpulainen 2006);

– the ecological/environmental dimension, related to the interrelation between
different natural ecosystems/environments and their ability to cope with and
recover from different hazardous events (Kumpulainen 2006) and to tolerate
stresses over time and space (Williams and Kaputska 2000);
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– the political/institutional dimension, related to the issues targeted to prevent the
damaging consequences of a harmful event and to reduce the negative effects
through political/institutional actions (livelihood diversification, relocation of
belongings, distribution of emergency drug supplies, etc).

In short term, when a disaster strikes, the potential losses due to casualties
(deaths, missing persons and injured people), physical/functional consequences on
buildings, services, and infrastructure and direct economic losses are of primary
concern. In the long term, indirect economic losses, social disruption, politi-
cal/institutional instability, and environmental degradation may become of greater
importance.

From an engineering and natural science perspective and according to the
definition proposed by Varnes and the IAEG Commission on Landslides and other
Mass-Movements (1984), ‘vulnerability is the degree of loss to a given element
or set of elements at risk resulting from the occurrence of a hazard of a given
magnitude in a given area’. Ten years later, the United Nations Development
Programme (UNDP 1994) took up Varnes’ definition adding something more
about the possibility to describe/define/measure the damage state: ‘vulnerability
depends upon the degree of loss to a given element at risk at a certain severity level.
Generally, it is expressed as the percentage of loss (between 0: no damage, to 1:
total damage) caused by given hazards’. Some other definitions of vulnerability
include: ‘ : : : the potential to experience adverse impacts’ (Alexander 1999); ‘ : : : a
measure of the damage suffered by an element at risk when affected by a hazardous
process’ (DHA 1992; Dooge 2004); ‘ : : : a measure of the robustness or the fragility
of an element’ (Vandine et al. 2004); ‘ : : : a measure of the exposure to or protection
from the expected potentially damaging event’ (Vandine et al. 2004), and ‘ : : : the
ability of an element to withstand hazards of a given type or size’ (Alexander 2005).
In general terms, the definitions from the engineering and natural sciences relate
vulnerability to the consequences of hazard impacts, able to cause damage and
losses to a given element or set of elements at risk, expressed as the percentage of
loss, between 0 (no damage) to 1 (total damage).

Among social scientists, there is a convergence of opinions among those that
define vulnerability in terms of variations in exposure to hazards (Wisner and
Luce 1993; Wisner et al. 2005) and those defining it in terms of variation in
people’s capacity to cope with hazards (Few 2003). For example, Blaikie et al.
(1994) define vulnerability as ‘characteristics of a person or group in terms of
their capacity to anticipate, cope with, resist against, and recover from the impact
of natural hazards’. Adger (2000) provides an alternative definition closer to this
sense: ‘the presence or lack of ability to withstand shocks and stresses to livelihood’.
Cannon et al. (2003) define social vulnerability as a complex set of characteristics
that includes a person’s initial wellbeing, livelihood and resilience, self-protection,
social protection and social and political networks and institutions. Cutter et al.
(2003) define social vulnerability as ‘a multidimensional concept that helps to
identify those characteristics and experiences of communities (and individuals) that
enable them to respond to and recover from natural hazards’.
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In summary, definitions of vulnerability tend to fall into two broad categories
that deal with vulnerability in terms of damage caused to a system by a particular
hazard or climate-related event (hazards and hazard impacts approach) or in terms
of ‘inherent vulnerability’ (‘social vulnerability’ for people, Adger et al. 2004) that
is an intrinsic property of a system (community) before encountering an external
hazardous event. In the former perspective, the role of the system in mediating
the outcomes of hazards is downplayed or even neglected; in the latter, it is
the interaction of hazard with an existing system state that produces an outcome
(Brooks 2003).

The Hurricane Katrina and the city of New Orleans may probably help to
understand better this apparent dualism. The history of disaster in New Orleans
is well-known (Comfort 2006): the city is about 7 ft below the sea level and is
surrounded by the Mississippi River in one side and Lake Pontchartrain in the other
side. For this reason, the city was protected by a levee system built up by Engineers
of the U.S. Army Corps between the 1920s and the 1930s. The building code
used was design to allow the city to withstand category 3 hurricanes on the Saffir-
Simpson scale. Nonetheless, the levee system had not been adequately maintained
and reinforced during the last decades due to lack of funds. Katrina was a category
4 hurricane (5 in some places far from the city) and did not affect New Orleans
directly when it first stroke the city. However, at 2:00 p.m. on August 29, 2005, due
to the intense rainfall, part of the levee system failed, allowing the waters of Lake
Pontchartrain to flood the city. Therefore, the disaster took place due to a lethal mix
of internal city vulnerabilities which, according to Comfort (2006), included:

– the low level of maintenance and reinforcement of the levee system during
the years due to the denial of Federal financing (physical/functional and polit-
ical/institutional dimension);

– the decrease in the economic activities due to the weakening in the petroleum
industry in Louisiana (economic dimension);

– the increase in unemployment rate given that approximately 25 % of the city’s
inhabitants were living in poverty (socio-economic dimension);

– the lack of efficient transportation facilities to evacuate the city (socio-economic
dimension);

– the lack of public knowledge on the possible consequences of severe hurricanes
and floodings (socio-cultural dimension).

Many scientists underline that it is extremely rare to lose an entire city as
occurred in New Orleans (Comfort 2006). Even in the San Francisco earthquake
of April 18, 1906, sections of the city remained intact and operational. In the Great
Chicago Fire of October 9, 1871, whole neighbourhoods remained functional. But
this was not the case for New Orleans where the system was not able to anticipate,
cope with, resist against and recover fast from the impact of the hazard. The amount
of disturbance the system was able to absorb, and still remaining operational, was
very low. Very low or even negligible was its self-organisation capability and its
capacity to learn from past disasters (such as the flooding of 1965) and to adapt to
the new situation.
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Fig. 8.1 The resilience triangle. On the X-axis, proactive resilience is represented, on the Y-axis,
reactive resilience is expressed. Smaller the triangle, more resilient the system is (Tierney and
Bruneau 2007)

The self-organisation capacity is known in literature as reactive resilience; while
the capacity to learn from past disasters and to adapt is known as proactive
resilience. The proactive resilience includes the ability to plan, prepare for, fa-
cilitate and implement preparedness and response activities against hazards. This
is achieved by linking the analysis of present and future hazardous conditions
with the evaluation of specific strategies for enhancing the capacity for disaster
prevention and preparedness. In Fig. 8.1 the resilience triangle represents the loss
of functionality from damage and disruption, as well as the pattern of restoration
and recovery over time (Tierney and Bruneau 2007). A comprehensive review of
concepts and definitions concerning the different perspectives of vulnerability can
be found in Cutter (1996), Weichselgartner (2001), Klein et al. (2003), Glade (2003),
Adger (2004) and Fuchs et al. (2007).

After analyzing vulnerability from different perspectives, some authors tried to
‘merge’ all the above mentioned definitions into an exhaustive and comprehensive
one. From a theoretical point of view, a first attempt was made by the ESPON
Hazards project (2005) that defined vulnerability as ‘the degree of fragility of a
person, a group, a community or an area towards defined hazards’. Vulnerability
is then defined as a set of conditions and processes resulting from physical, social,
economic and environmental factors that increase the susceptibility of a community
to the impact of hazards. It also encompasses the idea of response and coping, since
it is determined by the potential of a community to react and withstand a disaster.
Moreover, the IPCC in its Third and Fourth Assessment Report (IPCC 2001, 2007)
aimed to systematise the approach of vulnerability: ‘vulnerability is a function of the
character, magnitude, and rate of climate variation and it also depends on system’s
exposure, its sensitivity, and its adaptive capacity’. In this way, both hazards and
hazard impacts approach and system state approach are addressed.

At last, vulnerability is a function of the objective of the study (which establish
the number of dimensions to be included) and the temporal and spatial scale
of analysis. Systematic vulnerability assessments have to meet the needs of the
potential end-users, including public administrators (responsible for urban planning
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and development), economists, managers (dealing with services, buildings or other
vulnerable facilities), insurance companies, lawmakers and policy makers (drafting
building regulations or codes of practise for construction), people responsible for
civil protection, relief and emergency services (whose job is to prepare contin-
gency plans).

Thus, the previous reflects why vulnerability assessment represents an important
step in a general risk assessment framework, why vulnerability is so complex and
difficult to assess, who is really interested in and which scientists are assessing
each component. Vulnerability assessment is a crucial step because it allows to
‘translate’ the assessed level of hazard into an estimated level of risk and provide
leading information in mitigation planning processes and emergency management
strategies. It is really difficult, or even impossible, to address risk assessment without
assessing vulnerability first. And, in the peculiar case of Quantitative Risk Assess-
ment (QRA), scientists have also to be able to (1) assess hazard, as quantitatively
as possible, and (2) assess vulnerability, from a qualitative and quantitative point
of view, evaluating all possible undesirable consequences of hazard impacts for
each dimension composing a system (physical/functional; economic; socio-cultural;
ecological/environmental; political/institutional).

As a consequence, vulnerability is often hard to assess because of:

– the common lack of observational data concerning past hazardous events and
related damage state;

– the difficulty in collecting data of the inherent characteristics of the elements at
risk and of their spatial and temporal exposure to the hazards;

– the number of dimensions to be explored;
– the complexity of the damage state mechanism of each dimension concerning

the system under study. The scientists have to know how the system, as a whole,
reacts when stressed by an event; that is, how each component of a system reacts
when disturbed by an event and how it can ‘influence’ other dimensions (conjoint
and cascade effects).

Therefore, it is unquestionable that a multi-disciplinary approach is requested in
vulnerability assessment studies.

8.2 Inventory of Elements at Risk

Identification and mapping of elements at risk are essential tasks for vulnerability
assessment studies, providing one of the main spatial data layer required for a
total risk calculation (van Westen et al. 2008). In general terms, elements at risk
comprise the population, properties, economic activities, private and public services
potentially threatened by a harmful event in a territory, either directly or indirectly
(Alexander 2005; van Westen and Montoya 2009). Elements at risk are defined
as objects which possess the potential to be adversely affected (Hufschmidt et al.
2005). Depending on the aim of the project and the working scale adopted, different
levels of detail and accuracy have to be pursued during the data collection and
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storage phases. An exhaustive list of elements at risk and related spatial and non
spatial characteristics for physical vulnerability assessment has been compiled by
literature review and presented in Table 8.1.

All buildings and structures, belonging to each of the categories listed above,
together with the communities exploiting these facilities, have to be characterized
by a series of data (Table. 8.2).

8.3 Brief Review of Concepts and Methods on Vulnerability
Assessment

Physical vulnerability can be measured and/or quantified either on a metric scale (in
terms of a given currency) or on a non-numerical scale (based on social values or
perceptions and evaluations; Glade 2003). The type of scale is strictly related to the
type of damage, referred to tangible losses or intangible losses. The former relates to
the physical/functional and economic dimensions of vulnerability; the latter refers to
the other dimensions previously described (socio-cultural, ecological/environmental
and political/institutional). Regarding to tangible losses, different methodological
approaches can be applied, known in literature as heuristic, economic, empirical,
analytical and probabilistic approaches.

The heuristic approach expresses vulnerability of structures and infrastructure
in qualitative (descriptive) terms and describes the level of damage as aesthetic,
functional and structural. For aesthetic (minor) damage, it is assumed that the
functionality of the elements at risk is not compromised at all and the damage can
be repaired rapidly at low cost. For functional (medium) damage, the functionality
of the affected elements is compromised, and the damage takes time and large
resources to be fixed. Finally, for structural (total) damage, the elements at risk are
severely or completely damaged and extensive works, long time and large resources
are required to fix the damage; demolition and reconstruction may be required
(Cardinali et al. 2002; Reichenbach et al. 2005). In the framework of a heuristic
approach, people’s vulnerability can be described by a qualitative description of
expected casualties (e.g., none, few, numerous, very numerous).

Disaster consequences can also be expressed through other parameters, such as
the economic cost of damage. This approach allows dealing with a wide range of
effects. On this regard, Alexander (2000, 2005), Galli and Guzzetti (2007) stated
that, when expressed economically, the degree of loss of the elements at risk can be
defined in terms of:

– monetary value, defined as the price or current value of the asset, or the cost to
reconstruct or replace it with a similar or identical asset, if totally destroyed or
written off;

– intrinsic value, defined as the extent to which an asset is considered important
and irreplaceable, and;

– utilitarian value, defined as the usefulness of a given asset or the monetary value
of its usage averaged over a specified time span.
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Tangible losses can be classified into direct and indirect economic costs. The
direct costs can be considered as the ‘most visible’ economic consequence, and may
be quantified in terms of cost of recovering and/or restoring the original conditions
(for aesthetic and/or functional damage) or in terms of cost of partial or complete
reconstruction (for structural damage). The indirect costs are generally related to
the loss of revenue and income, increase in unemployment, and other economic
aspects related to the interruption or the reduction of production, distribution and
consumption of goods (economic activity).

Regarding the empirical approach, the interaction between hazardous event(s)
and elements at risk can be analyzed using empirical damage or fragility curves for
several types of hazards. This approach is mainly based on data derived from well-
documented case studies. By using this method, the degree of loss is expressed in
the form of a damage probability matrix or in economic terms. In the former case,
the probability that a building of a certain type will experience a particular level
of damage, as a result of particular event intensity, is calculated. In the latter case,
vulnerability is calculated using an economic approach and is defined as the ratio
between the loss and the restoration/reconstruction value of the assets under study.

Fuchs et al. (2007) obtained an empirical vulnerability function analyzing
data from a well-documented debris flow event in 1997 in the Austrian Alps,
linking process intensities to object vulnerability values. The elements at risk
were represented by brick masonry and concrete buildings located on the fan of
the torrent. Vulnerability was calculated in terms of damage ratio (that describes
the amount of loss related to the overall potential damage of the structure) and the
debris flow intensity (Fig. 8.2). This vulnerability function can be used as a proxy
for structural resistance of buildings with respect to dynamic debris flow impacts.

Akbas et al. (2009) developed an empirical vulnerability function based on
observations of a debris flow that occurred on July 13, 2008, in the village
of Selvetta, in the Valtellina Valley (Northern Italy). In this study (Fig. 8.3),
vulnerability was calculated using an economic approach and defined as the ratio
between the loss and the individual reconstruction value for each of the 13 buildings
that were affected by the debris flow event. Damage-related data were obtained from
official documents and an approximate reconstruction value for each building was
extracted from the Housing Price Book, prepared by the Engineers and Architects of
Lombardy Region (DEI 2006), according to the building type and size. The obtained
ratios were coupled with the corresponding deposition height to compare the results
and to perform a critical assessment of vulnerability functions developed for debris
flows by different authors. Differences in the estimated vulnerabilities suggest that
there is a need for further studies with additional data to construct empirical curves
that can be used with a higher level of confidence. Barbolini et al. (2004) derived
vulnerability curves relating damage state with the avalanche dynamic parameters,
such as velocity and flow depth. The elements at risk were alpine buildings, as well
as the people inside them and people directly exposed to avalanches (Fig. 8.4). The
vulnerability of buildings was defined as the ratio between the cost of repair and the



8 Vulnerability of Elements at Risk 245

Fig. 8.2 Relationship between debris flow intensity and vulnerability expressed by a second order
polynomial function for an event intensity (e.g. debris height) <2.5 m (Fuchs et al. 2007)

Fig. 8.3 Example of fragility
curve and function (dashed
line) between debris flow
height and vulnerability
(Akbas et al. 2009)
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Fig. 8.4 Fragility curves and functions relating damage state with avalanche dynamic parameters.
Top-left: vulnerability of buildings. Top-right: vulnerability for people inside buildings (Din).
Bottom-left: vulnerability for people outside buildings (Dout)

building value (referred as specific loss, SL). The buildings have been divided in
five classes according to five pressure ranges and an average value of vulnerability
was calculated for each class. The vulnerability for people inside buildings (Din),
was defined as the probability of being killed by an avalanche if one stays inside a
building when the event occurs. Din was calculated for each building dividing the
number of victims by the number of people inside it. The average impact pressure
and the average Din for each class were plotted and the points obtained were fitted by
a linear least square regression. To obtain a vulnerability relation for people outside
buildings the idea was to relate the probability of being killed to the degree of burial.
The degree of burial was then tentatively related to flow depth of the avalanche (h).
Using available data, the death probability outside buildings (Dout) was calculated
for each degree of burial class as the ratio between the number of death and the
number of people involved in the accidents with a flow depth equal to 2 m in the
case of complete burial of people, a flow depth equal to 1 m for people partially
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Fig. 8.5 Proposed synthetic fragility function for debris flow deposit heights (left) and impact
pressures (right)

buried and a flow depth of 30 cm for people not buried. Quan Luna et al. (2011,
submitted) derived synthetic physical vulnerability curves (Fig. 8.5) that related the
outputs of numerical dynamic run-out models (flow depth and impact pressures)
with economic values of physical damage to the elements at risk (buildings).
The elements at risk were represented by single to three-storey brick masonry
and concrete buildings (Quan Luna et al. 2011). Vulnerability was defined as the
ratio between the loss and the restoration/reconstruction value of the 13 buildings
affected by the debris flow event in Selvetta, previously described. As a general
comment concerning the empirical approach, although the observational source
is the most realistic, the data are often problematic to collect due to inaccuracy,
incoherence and subjectivity associated with building types, damage states and
intensity descriptors (flow accumulation heights, impact pressures, etc.). These
problems lead to substantial scatter of data, especially for low damage states.

On regard to the analytical approaches, they are usually applied for the assess-
ment of damage predictions to buildings, casualties and economic losses due to
structural damage. The procedure to create these analytical fragility curves is to
define the elements at risk and the intensity by which the hazard will affect them.
Then, an analysis of the elements at risk is carried out using statistical relations. The
use of analytical methods presents the following advantages: (1) it is independent
of the existence of a past event inventory; (2) it permits the development of fragility
curves and functions for a range of event magnitudes without any interpolation or
extrapolation assumptions; (3) it takes into account the peculiarities of the threaten
buildings for the study site; and (4) it offers objectivity of the results. Its application
is suggested for site-specific or local scale.

By using a probabilistic approach, the interaction between the hazardous event(s)
and the elements at risk can be expressed by damage or fragility curves for several
types of hazards. Fragility curves describe the probability of reaching or exceeding
different damage states for different model building/structure types due to the
building/structure response to the intensity of the external stressing event. The
extent and severity of damage to structural and nonstructural components of a
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given building type can be described by one of five damage states: none, slight,
moderate, extensive, and complete. Large work was carried out in USA by FEMA
on fragility functions for earthquakes, floods and hurricanes. These functions were
used to quantitatively estimate the losses in terms of direct costs, regional economic
impacts, and casualties (HAZUS 2003, 2010). Fragility functions have also been
created for landslides and debris flows, calculating the damage ratio and the event
intensity. Kaynia et al. (2008) applied to a real event a probabilistic methodology
to estimate the physical vulnerability of building structures and the population to
landslides. They defined quantitatively the vulnerability as the product of landslide
intensity and the susceptibility to damage of elements at risk. The uncertainties are
considered by a First-Order Second Moment approach (FOSM). Li et al. (2010)
proposed new functions for the vulnerability of structures and persons based on
the landslide intensity and the resistance of the elements at risk. For assessing
the physical vulnerability to a debris flow, Haugen and Kaynia (2008) make use
of damage state probability functions. This was done by using the principles of
dynamic response of simple structures to earthquake excitation and fragility curves
(HAZUS 2003).

Akbas et al. (2013) developed a theory-based generalized methodology for
estimating the damage on buildings due to debris flow impact along with the
associated uncertainties. The methodology was based on the construction of fragility
curves which express the ‘probable damage state’ to an element at risk for a ‘given
level of hazard’ that was specified as a result of hazard assessment. For a given
hazard scenario, damage to different types of elements at risk were probabilistically
estimated using corresponding fragility curves. This approach has strong similarities
with that employed in earthquake, as the debris flow impact will lead to structural
vibrations and will damage the structure approximately in the same way as an
earthquake.

However, many other consequences, equally or even more important than tan-
gible losses, should be accounted for, although they cannot be measured/quantified
easily or converted into a monetary equivalent (DMTP 1994). These are referred
to as intangible losses: environmental degradation, social and cultural disruption,
political/institutional instability, and psychological consequences resulting from
disasters. The differences between tangible and intangible losses make their aggre-
gation into a single indicator of disaster impact practically impossible. Moreover,
the same system may be accounted for tangible and intangible losses. A building
collapse (tangible) can cause deaths and injuries among people (tangible); this may
produce the interruption or the reduction to a lower level of the economic activities
(tangible) but also social and psychological effects on remaining community
affected by the threat (intangible). Environmental degradation may be partially
solved by cleaning and repairing operations, but the consequences due to the sudden
impoverishment of the natural environment, health risks, and increment of risk
to future disasters cannot be quantified in terms of economic cost. Moreover, the
occurrence of a threat may generate changes in human behaviour and actions, e.g.
people may avoid affected areas on the basis of internal rules that judge the event
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to be more frequent and dramatic than actually is (Starmer 1996). In addition, the
same hazard may be perceived differently by individuals and groups.

Human life represents a special case since its intrinsic value when threatened by a
hazard is incalculable (Galli and Guzzetti 2007). However, in some cases, attempts
to quantify human life in monetary terms have been performed (Linneroth 1979),
especially in life insurance calculations, arising many ethical questions.

Finally, evaluating prospective losses requires the ability of ‘reading’ potential
damage from a physical, economic, social, cultural, environmental and political
point of view. It is important to predict how the territory (as a whole) may ‘react’ to
the impact, both in a short-term and in a long-term view perspective.

8.4 Methods to Assess the Physical Dimension
of Vulnerability

Although different approaches exist to describe the physical dimension of vulner-
ability, it is possible to make a distinction between two groups: (1) vulnerability
models, developed to explain vulnerability and its dynamics, and (2) vulnerability
indicators, developed to allow the vulnerability to be retraced and compared to
locations and societies. The ultimate goal of vulnerability assessment should be to
measure/quantify it as quantitatively as possible, so that subsequent evaluations can
be carried out to determine if it is being reduced or not. The physical vulnerability
is a representation of the expected level of damage and its assessment requires an
understanding of the interaction between the hazardous event(s) and the elements at
risk. It is quantified on a scale ranging from 0 (no loss or damage) to 1 (total loss or
damage) (UNDP 1994; Fell et al. 2005).

8.4.1 Empirical Approaches

Most of the published works on QRA of debris flows analyzes the hazard separately
from the vulnerability of the elements at risk. In the Mountain Risks project, it was
decided to use the outputs of the numerical dynamic run-out models to quantify
physical vulnerability by means of the flow height and impact pressure outputs.
An integrated approach was applied using rainfall data and dynamic modelling
to calculate the intensity and run-out zone of the 2008 Selvetta debris flow. The
debris flow event was reconstructed and back-analyzed (Quan Luna et al. 2010).
Geomorphologic investigations were carried out to study the behaviour of the flow
and intensity aspects, such as run-out distances, velocities and depths, resulting in
synthetic physical fragility curves that were prepared based on the flow depth and
impact pressures. These curves relate the physical outputs of the hazard modelling
with the economic values of physical damage to the elements at risk (buildings).
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The physical fragility functions were calculated using data obtained from the
official documents of damage assessment coupled with the information from the
modelling outputs. For each building, the approximate restoration/reconstruction
value was calculated according to the building type and size, using the data given
in the Housing Prices Index prepared by the Engineers and Architects of Lombardy
Region (DEI 2006). All of the buildings are single to three-storey brick masonry and
concrete structures (Quan Luna et al. 2011). Physical vulnerability was then defined
as the fraction between the loss and the individual restoration/reconstruction value
and was calculated for each of the 13 building structures affected by the debris
flow event. The obtained results were coupled with the modelling results (height of
accumulation, impact pressures), allowing to develop fragility curves that relate the
building vulnerability values with the process intensity.

8.4.1.1 Definition of Fragility Curves Using Debris Heights

Quan Luna et al. (2011) extracted the height of debris deposits for each affected
building. An average height near building walls, oriented towards the flow direction,
was considered. Figure 8.5a (on the left) shows the relationship between vulnerabil-
ity and deposition height values and indicates that the vulnerability increases with
increasing deposition height. The authors propose to use a logistic function (Eq. 8.1)
with a coefficient of determination (r2) equal to 0.99, for debris flow intensities
between 0 and 3.63 m:

v D 1:49�jh=2:513jj�1:938j

1 C jh=2:513jj�1:938j for h � 3:63 m

v D 1 for h � 3:63 m (8.1)

where V is the vulnerability and h is the modelled debris height. From its definition,
the vulnerability cannot exceed 1; thus for flow accumulation heights greater than
3.63 m, the vulnerability is equal to 1.

8.4.1.2 Definition of Fragility Curve Using Impact Pressures

Impact pressure values were extracted in the same way as the debris heights,
considering the values near building walls oriented towards the flow direction.
Maximum modelled impact pressures were used to calculate the fragility function
(Fig. 8.5b). The authors propose to use a logistic function (Eq. 8.2) with a coefficient
of determination (r2) equal to 0.98, for debris flow impact pressures up to 37.5 kPa:

v D 1:596�jP=28:16jj�1:808j

1 C jP=28:16jj�1:808j for P � 37:5 kPa

v D 1 for P � 37:5 kPa (8.2)
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where V is vulnerability and P is the modelled impact pressure. As vulnerability
cannot exceed 1, for pressures higher than 37.5 kPa, the vulnerability is equal to 1.

Dynamic numerical modelling of debris flows can present an advantage in the
generation of fragility curves since the intensity outputs are straightforward and can
be spatially visualized. Intensity factors of the hazard were analyzed in conjunction
with the physical vulnerability of the elements at risk, making it possible to quantify
the physical consequences due to the occurrence of a damaging event. The proposed
functions can be assumed as an approximation of a building resistance to endure a
debris flow and the opportunity to present different types of fragility curves can help
the decision makers to decide which type of intensity description fits best to their
needs and affected area.

8.4.2 Probabilistic Approaches

As discussed previously, many of the proposed fragility functions for debris flows
are empirical in nature. Although these are very useful, especially for sites with
similar hydrological, geological and building stock characteristics, it should be
mentioned that, due to the nature of the hazard event, many existing vulnerability
models are based on limited local event data which undermine their universal
applicability. Therefore, vulnerability values that are determined through sound
analytical or theoretical criteria are required for realistic estimations of risk.

Within the framework of considerations mentioned above, an attempt was made
to develop a theory-based generalized methodology for estimating the damage to
buildings due to debris flow impact along with the associated uncertainties (Akbas
et al. 2013). This probabilistic approach is based on the idea presented by Haugen
and Kaynia (2008). The method is based on the construction of fragility curves
which express the ‘probable damage’ to an element at risk for a ‘given level of haz-
ard’ that is specified as a result of hazard assessment. For a given hazard scenario,
damage to different types of elements at risk are probabilistically estimated using
corresponding fragility curves and then the results are combined to estimate the level
of risk. This approach has already been successfully employed in earthquake and
hurricane risk assessments (Shinozuka et al. 2001; Li and Ellingwood 2006). Unless
fragility curves can be developed from comprehensive sets of coupled damage and
hazard data, which is highly unlikely for landslides or debris flows, the use of
fragility curves is the most versatile approach for the estimation of quantitative risk.

For the methodology proposed herein, consider a given structural type subjected
to a debris flow impact P(t) with intensity Ÿ. This impact will lead to structural
vibrations and will damage the structure approximately in the same way as an earth-
quake. Next, assume that the ‘engineering demand parameter’, e.g. the limit state
of this structure is denoted as z for a specific damage level, e.g. moderate damage,
high damage, etc. Many engineering demand parameters have been suggested in
the literature: spectral displacement, spectral acceleration, inter-storey drift ratio,
PGA (Peak Ground Acceleration) and PGD (Permanent Ground Deformation) has
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2003)

frequently been used for earthquakes; peak gust wind speed is the most commonly
used for hurricanes and cyclones. Except for a few brittle structural systems,
building damage is primarily a function of building displacement, rather than force.
Therefore, the drift ratio (Fig. 8.6), which is defined as the difference in lateral
displacements in between two consecutive floors normalized by the storey height, is
proposed as a relevant parameter.

The debris flow impact pressure is composed of two main components: the
hydrodynamic overpressure due to frontal impact, which is a function of the square
of the debris flow velocity (v), and the hydrostatic pressure, which is mainly a
function of debris flow depth (d). Note that, in general, for debris flow velocities
higher than 4–5 m�s�1, the hydrodynamic component dominates. Thus, both d and
v are effective as intensity measures (Ÿ) of debris flow. Therefore, the energy of
the debris flow, which is denoted as (v2*d) is selected as the intensity parameter
characterizing the debris flow.

It is clear that many uncertainties exist in the estimation of impact pressure
and/or the impact energy. These uncertainties arise from many sources including
the unknown shape of the impulse curve and the ratio of the impulse duration
to the natural period of the structure, as well as errors in the assessment of
velocity due to strong randomness inherent within flow dynamics, homogeneity
and flow constituents. Drift ratio thresholds are functions of structural system type
and damage state (e.g., slight, moderate, extensive, complete). An example from
HAZUS (2003) is given in Tables 8.3 and 8.4.

Considering the existing building inventory in the Valtellina Valley (Italy), a
basic classification in three classes has been performed: (1) the oldest buildings
(constructed at the beginning of the last century or even older with 40–60 cm thick
stone walls, wood frame for 1st floor and roof, mansard roof), (2) the pre 1970s
buildings (constructed in brick columns and with un-reinforced masonry), and (3)
the post 1970s buildings (constructed in reinforced concrete and masonry).

Uncertainties also exist in the engineering demand parameter. These consist of
uncertainty in the limiting drift ratio for a given type of structure (experimental
results from RC-Reinforced Concrete frames suggest a lognormal distribution of
drift ratio threshold with a covariance of 31 %) and the variability in the capacity
(response) properties of the building type of interest (due mainly to varying qualities
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Table 8.3 Typical drift ratios used to define median values of concrete structures (HAZUS 2003)

Drift ratio threshold of structural damage

Seismic design level Building type (low-rise) Slight Moderate Extensive Complete

High-code W1/W2 0.004 0.012 0.040 0.100
C1L, S2L 0.005 0.010 0.030 0.080
RM1L/RM2L, PC1/PC2L 0.004 0.008 0.024 0.070

Moderate-code W1/W2 0.004 0.010 0.031 0.075
C1L, S2L 0.005 0.009 0.023 0.060
RM1L/RM2L, PC1/PC2L 0.004 0.007 0.019 0.053

Low-code W1/W2 0.004 0.010 0.031 0.075
C1L, S2L 0.005 0.008 0.020 0.050
RM1L/RM2L, PC1/PC2L 0.004 0.006 0.016 0.044
URML, C3L, S5L 0.003 0.006 0.015 0.035

Pre-code W1/W2 0.003 0.008 0.025 0.060
C1L, S2L 0.004 0.006 0.016 0.040
RM1L/RM2L, PC1/PC2L 0.003 0.005 0.013 0.035
URML, C3L, S5L 0.002 0.005 0.012 0.028

W1 wood, light frame, W2 wood, commercial and industrial, C1L concrete moment frame,
S2L steel braced frame, RM1L reinforced masonry retaining walls with wood or metal deck
diaphragms, RM2L reinforced masonry retaining walls with precast concrete diaphragms, PC1
precast concrete tilt-up walls, PC2L precast concrete frames with concrete shear walls, URML
unreinforced masonry bearing walls, C3L concrete frame with unreinforced masonry infill walls,
S5L steel frame with unreinforced masonry infill walls

Table 8.4 Extent and severity of damage to structural and nonstructural components of a given
building type (Reinforced Concrete Moment Resisting Frames – C1) described by one of five
damage states: none, slight, moderate, extensive, and complete (HAZUS 2003)

Reinforced concrete moment resisting frames (C1)
Slight Structural Damage: Flexural or shear type hairline cracks in some beams and columns

near joints or within joints.
Moderate Structural Damage: Most beams and columns exhibit hairline cracks. In ductile frames

some of the frame elements have reached yield capacity indicated by larger flexural cracks
and some concrete spalling. Non-ductile frames may exhibit larger shear cracks and spalling.

Extensive Structural Damage: Some of the frame elements have reached their ultimate capacity
indicated in ductile frames by large flexural cracks, spalled concrete and buckled main
reinforcement; non-ductile frame elements may have suffered shear failures or bond failures
at reinforcement splices, or broken ties or buckled main reinforcement in columns which may
result in partial collapse.

Complete Structural Damage: Structure is collapsed or in imminent danger of collapse due to
brittle failure of non-ductile frame elements or loss of frame stability.

Approximately 13 % (low-rise), 10 % (mid-rise) or 5 % (high-rise) of the total area of C1
buildings with Complete damage is expected to be collapsed.

of workmanship and materials). After the selection and characterization of intensity
and engineering demand parameters, the methodology proposed for the generation
of fragility curves can be summarized as follows:
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– obtain equivalent Single Degree of Freedom (SDOF) structural parameters
through dynamic or equivalent static analysis, (e.g. SAP 2000® – Computers and
Structures, Inc. and/or empirical formulas), along with their statistical descriptors
(from literature review) for the three proposed building classes;

– establish limiting value of engineering demand parameter and its uncertainty for
each damage state;

– conduct (n times) non-linear time history analyses (Monte Carlo Simulation)
of generated SDOF models using a specifically developed program such as
Nonlin® (Advanced Structural Concepts Inc. 2003) in order to take uncertainties
into account by considering the structural input parameters, impact pressure
parameters and engineering demand parameter as random variables;

– estimate the probability of attainment or exceedance of engineering demand
parameter at a specific intensity (Pf ) as the output of simulations (Eq. 8.3):

Pf .zI 
/ D # fzi .
/ > zg
n

(8.3)

where Ÿ is the intensity of the debris flow impact, z is the engineering demand
parameter (e.g. the limit state of a given structure for a specific damage level)
and n is the number of times the non-linear time history analysis is performed.

– repeat the last two steps by changing the intensity level 
 to obtain the fragility
curve for a given damage state;

– repeat the procedure for different damage states to obtain the complete set of
fragility curves;

– transfer the information from fragility curves to vulnerability.

A sample output (e.g. fragility curves for 1 to 2-storey reinforced concrete
structures typical of the Valtellina Valley) is given in Fig. 8.7.

It is not possible to directly compare the expected vulnerabilities represented in
Fig. 8.7 with those represented in Fig. 8.5 because the intensity parameters do not
have one to one correspondence. However, a basic analysis conducted using typical
velocity and depth parameters indicates that empirically obtained synthetic fragility
functions are significantly less conservative than the curves given above.

8.4.3 Analytical Approaches

The use of analytical methods for the quantitative evaluation of vulnerability of
buildings presents the following advantages: (a) independence of the necessity of
past event inventories; (b) possibility of development of fragility functions for
a range of harmful event magnitudes without any interpolation or extrapolation
assumptions; (c) possibility to integrate the peculiarities of the threaten buildings
for the study site; and (d) objectivity of the results. Its application is suggested for
site-specific or local scale.

For buildings, as observed from historical rockfalls and debris flows, the impact
due to rock boulders may lead to damage of disperse severity, from slight non-
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Fig. 8.7 Proposed fragility curves for 1 to 2-storey reinforced concrete structures observed in the
Valtellina Valley, Italy (Akbas et al. 2013)

structural damage (destruction of infill walls, doors, windows and furniture) (Bell
and Glade 2004) to destruction of roofs and slabs due to vertical impacts (Corominas
et al. 2005), to partial collapse (Lopez-Garcia 2005), to extensive damage or
complete collapse of buildings (Agliardi et al. 2009). Empirical methodologies
usually assume that damaging events of similar magnitude produce similar level
of damage. However, this assumption is not strictly true, especially for rockfalls
because, for instance, the damage caused by a rockfall of a given magnitude depends
on both the location and the energy of the impact, which may change from one event
to the other. The importance of the impact location especially applies for frame
structures (reinforced concrete, steel or timber) where the extensive damage of a
key-element may lead to general instability and progressive collapse. For masonry
structures the damage is usually local because, given the hyper-static load-bearing
system, alternative load paths may be easily found (Corominas and Mavrouli 2011).

An analytical procedure that takes into account the impact location for the
evaluation of the structural response of a building impacted by rockfalls should
include two phases: firstly, the evaluation of the structural damage caused by impacts
on primary structural key-elements and, then, the analysis of the response of the
whole structural system (Fig. 8.8).

The proposed methodology (Mavrouli and Corominas 2010a, b) includes four
main steps: (a) calculation of the encounter probability of a rock with a key-element;
(b) evaluation of the response of one or more structural key-elements to the hit based
on their capacity; (c) assessment of the robustness of the whole structural system
calculating the potential for progressive collapse, in case of failure of one or more
key-elements in the previous step; and (d) calculation of the damage using a damage
index (DI), equivalent to the proportion of failed structural elements to the total
elements. A vulnerability index to be used directly for the risk quantification that
considers the variation of the damage, according to the impact location of rockfalls
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and calculated as a function of the rockfall magnitude and velocity, is given by
Mavrouli and Corominas (2010b):

V
�
Rij

� D
kX

kD1

.Pe;kx RRCk/ � 1 (8.4)

where V(Rij) is vulnerability for a rock block with a magnitude i and intensity
velocity j; Pe,k is the encounter probability of a rock with a possible structural
and nonstructural element of the building k that may be struck by a rock block of
magnitude i and RRCk is the relative recovery cost that corresponds to the struck of
a possible structural and nonstructural element of the building k by a rock block of
magnitude i and velocity j.

Details for the calculation of the probability of each impact location are given in
Mavrouli and Corominas (2010b) where the RRC expresses the cost of the repair
in relation to the value of the building. The RRC is calculated as a function of the
physical structural (expressed by the DI) and nonstructural damage, translated into
economical cost, for every potential location of the impact.

The vulnerability of structures to rockfalls may be associated, as well, with their
expected performance when subjected to a rockfall impact of a certain magnitude.
This can be performed through the definition of a correlation function between
the intensity of the impact and the probability of exceeding a certain response
level accounting, at the same time, for the uncertainty of the impact location. This
function may be expressed using sets of fragility curves. Families of fragility curves
for different intensities (velocities) can be developed in function of the magnitude
(diameter), taking into consideration the uncertainty of the impact location.

A step-by-step procedure for the calculation of rockfall fragility curves has been
proposed and described in detail by Mavrouli and Corominas (2010b). It consists in
the calculation of the cumulative probability of low, moderate, high and very high
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Table 8.5 Damage levels and respective impact energies, DI and damage description

Damage level Ek (kJ) Conditions Impact location Damage description

Low Ek � Ec m � 250 kg Infill wall or column Nonstructural
Moderate Ec < Ek � 2Ec 0.0 < DI � 0.05 One central column Local structural
High Ec < Ek � 2Ec 0.05 < DI � 0.3 One corner column Partial collapse
Very high Ek > 2Ec DI � 0.3 More than one central/

corner column
Extensive or total

collapse
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damage. The value of the cumulative probability depends on the block magnitude
and the building geometry (the width of the columns and infill wall dimensions on
the exposed façade) and it is calculated as the probability of impact on a structural
element (one or more columns, key-element(s) for the stability of the building) or
a nonstructural one (an infill wall). If Ec is the level of energy sufficient to cause
the destruction of one column on a block impact, the potential damage levels are
proposed to be as shown in Table 8.5.

Low damage corresponds either to impact and destruction of an infill wall for a
minimum rock block mass (here, a mass of 250 kg is approximately considered
to cause important damage of an adobe wall) or to impact of a rock block on
a column but with energy (Ek) which is not sufficient to cause its destruction
(Ek � Ec). Moderate damage is caused in the given building when a central column
is impacted by a block with energy sufficient to cause its destruction, given that
for this building, beams form a bridge across the destructed column and extensive
collapse is avoided.

High damage is due to destruction of a corner column, with the same energy as
previously; but, in this case, a cascade of failures may initiate and a partial collapse
of the building across its height be observed. At the end, very high damage refers to
extensive collapse of the building which is ought to a cascade of failures, initiated
by the destruction of two or more columns.

The fragility curves diagram of Fig. 8.9 provides the cumulative probability P of
each damage level (from low to very high), for increasing block diameters. It can be
observed that for d > 1 m low damage is certain (P D 1). For d D 2 m, the probability
of moderate and high damage is slightly higher than 0.4 and 0.3, respectively, and
for d D 5 m very high damage is strongly expected (P D 1).
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The presented approach for generating fragility curves are mainly focused in
terms of the intensity parameters which can be spatially displayed and computed
by numerical modelling at a local scale. This can be assumed as a rough estimation
of a building resistance to a damaging external event. The main goal is to link the
results of numerical models which calculate the intensity of the hazard with the
physical vulnerability of the elements at risk, making it possible to quantify
the suffered consequences. The estimated functions do not and should not conflict
with the damage state probability functions that plot probabilities of the different
damage states of a structure; and, although many uncertainties are involved in the
computation process, the presented approach attempts to propose a quantitative
method to estimate the vulnerability of an exposed element to a damage that can
be independent on the temporal occurrence of the hazardous event.

8.5 Methods to Assess the Economic Dimension
of Vulnerability

As previously discussed, physical effects expressed in terms of economic costs are
known as tangible losses and are classified into direct and indirect losses. This
paragraph will essentially focus on problems arising from estimation of economic
value of assets. For the elements at risk which can be quantified in monetary
terms, the economic estimation of their value is rather straightforward. However,
economic value of an asset can be quantified using at least two main approaches: (1)
construction value (e.g. cost of material, work, and other related expenses needed
to build the asset); (2) market value (e.g. cost of the asset on the local real estate
market).

Both approaches have advantages and disadvantages. Main advantage of the
use of construction values for prospective damage estimation is that these values
slightly suffer from the speculative conditions in the aftermath of a damaging event.
Construction values are also usually used for insurance purposes. Main disadvantage
is that the construction values are uniformly distributed over the analyzed area and
particular disparities between economically different zones cannot be distinguished.
On the other side, the main advantage of using market values to estimate risk and
prospective losses is that areas of higher economic importance can be effectively
discriminated from economically marginal areas. For example, buildings in a
renowned tourist resort will have higher market values than buildings in rural areas.
The market values will be different because the real estate market conditions are
different. Location plays an important part in establishing market value: distance
from schools and commercial facilities, quality of surrounding properties, and
neighborhood amenities are examples of factors that could cause a purchaser to pay
more for a home in one neighborhood than in another. In that case, the construction
values could be very similar, while market values will be highly different. As a
consequence, the market values will more realistically depict the real estate market



8 Vulnerability of Elements at Risk 259

condition. However, the main disadvantage of using market values is that these
values are subject to larger changes during time, mostly due to speculative reasons.
As a consequence, all risk and loss estimations have to be considered ‘static’ in the
sense that they are relevant only for the date of the analysis. In the peculiar case of
public properties (roads, railways, etc.), these have to be handled using construction
values as they cannot be quantified using market prices.

Medium scale (1:25,000–1:50,000) economic risk studies have been performed
in Valtellina Valley handling both types of values (construction and market values).
To estimate the direct economic risk, values of all classes of elements at risk were
collected from available sources:

– values of real properties in urbanized areas, estimated from house market values
of the second half of 2008, available from the webpage of the Italian National
Territorial Agency (OMI 2009);

– values of the agricultural land in Sondrio Province in 2008 (Valori Agricoli Medi
2009);

– costs of road construction, issued by the Engineers and Architects of Lombardy
Region (DEI 2006).

Market values were preferred in the analysis as they describe better the actual
distribution of economic activities and prices. Urbanized areas in the land use map
(1:10,000) lack a good delimitation of each house or building. As a consequence,
it was assumed that houses cover 25 % of each urban area polygon of the land
use map. This is also in accordance to calculations and comparisons made between
the land use map and database DB2000 (2003). DB2000 is a database of assets
in the study area at 1:2,000 scale, originally used by local planners and civil
protection authorities, mapping assets allocated on the floodplain only. Values of
real properties in urbanized areas were estimated from house market values of the
second half of 2008, available from the webpage of the Italian National Territorial
Agency (OMI 2009). On this webpage, a minimum and maximum price per m2

of different building types in different polygons, defining urban areas according
to the market value of the houses, are available. As the working scale (1:25,000–
1:50,000) and data availability do not permit to fully distinguish between different
types and usage of houses (private, public, commercial, etc.), an average value for
each polygon for normal state of private building was calculated. Private buildings
constitute more than 90 % of the buildings in the study area and, according to
fieldwork observations, an average building in the study area presents two storeys.
Consequently, to obtain an average value of urban areas per cell (10 � 10 m), the
average price per m2 of house was divided by 4 (1/4 of the urban area is covered by
houses) and multiplied by 2 (number of storeys in an average house type).

Prices per pixel of the non-urban areas were estimated using information about
average market values of agricultural land in the Sondrio Province in 2008 (Valori
Agricoli Medi 2009). Highest values per hectare are located on apple orchards
(90,500AC/ha) and vineyards (59,200AC/ha), while the lowest values represent the
forested areas (4,000AC/ha) and grassland/pastures (2,400AC/ha). It has to be noted
that low values of forested areas are caused by the system of calculation. In this cost
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Table 8.6 Values of the elements at risk used in the analysis of direct
economic damage

Elements at risk 2008 value AC pixel�1

Urban area 640–2.375AC�m�2 32.000–118.750
Primary road 20AC�m�2 2.000
Secondary road 15AC�m�2 1.500
Railway N.A. N.A.
Orchard 90.500AC�ha�1 905
Vineyard 59.200AC�ha�1 592
Permanent crop 50.400AC�ha�1 504
Pasture (intensive) 49.200AC�ha�1 492
Swamp/peat-bog 7.700AC�ha�1 77
Forest (without timber) 4.000AC�ha�1 40
Pasture/grassland (high altitudes) 2.400AC�ha�1 24
Junkyard N.A. N.A.
Quarry N.A. N.A.
Degraded land N.A. N.A.
Shrubs and bushes N.A. N.A.
Vegetation on rocks N.A. N.A.
Scarce vegetation N.A. N.A.
Glacier/river/water N.A. N.A.
Bare land N.A. N.A.

N.A. information not available (from literature review)

estimation, only value of land is considered without taking into account the value of
the timber. The estimation of the price of timber is very difficult. However, majority
of the forests have protective function and are not considered as market goods; only
the value of the land is considered in this analysis.

Public roads do not represent a private property, so only construction costs (and
not market values) were estimated per square meter of primary and secondary
roads using information available from the construction costs of roads (DEI 2006).
Unfortunately, it was not possible to acquire any information about construction
costs of railways in the study area, not even nationally for Italy, so no values
were assigned to primary and secondary railways in the study area. All the values
calculated for the elements at risk are summarized in Table 8.6.

Importance of the assessment of indirect economic costs has been proofed several
times in recent years by showing that indirect economic losses can easily exceed
direct ones (Giacomelli 2005; Sterlacchini et al. 2007). For that reason, estimation of
economic flows and trends should be an integral part of any risk analysis. Moreover,
assessment of the indirect economic consequences has to be made not only within
the hazardous area but also on a broader-regional basis. However, most indirect
costs are difficult to evaluate and thus are often ignored or, when estimated, are
too conservative (Schuster 1996). Indirect losses represent mostly disruptions of
economic activities and can affect much larger areas; they include losses from
interruption of transportation routes, tourist revenues, reduced real estate values,
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or costs of mitigation measures. In particular, the interruption of transportation can
have serious outcomes in costs arising from (1) blockage of the services (transport of
people and goods); (2) increased traffic and fuel consumption in case of availability
of alternative routes, and (3) secondary costs for the economy arising from blocked
or longer alternative routes (non-availability of goods, longer travel time, etc.). In
the case of landslides, the estimation of indirect losses is a relatively new scientific
field. Unlike other hazards (e.g. earthquakes, floods, windstorms), loss estimation
models and approaches almost do not exist for landslide hazards (van Westen et al.
2005). This situation is partly caused by the limited extent of landslides compared
to other natural hazards and by the scarcity of historical data. However, for the
purposes of land use planning and mitigation measure design, information about
possible indirect economic damage is of high relevance, especially when the cost-
benefit analysis is performed.

At last, there are many classes of elements at risk that do not have any specified
economic value set by the official resources. However, it has to be noted that many
of them have intangible values associated with their environmental importance as
natural resources (glaciers, rivers, lakes) or linked with their public importance
(junkyards, quarries). These values are hardly definable even to environmental
economists. As a consequence, the value of these assets is usually neglected in
scientific studies. Future studies related to the economic dimension of vulnerability
should be more focused to estimate indirect costs and, if possible, to analyze in
detail the intangible damage.

8.6 Methods to Assess the Social Dimension of Vulnerability
and Translate the Risk Perception into QRA

Social vulnerability is a dynamic and challenging area of the academic discourse.
Tapsell et al. (2010) in the CapHaz-Net EU project and several authors have
extensively worked on its description and definition (Blaikie et al. 1994; Cutter et al.
2003; Dwyer et al. 2004; Birkmann 2007; Van der Veen et al. 2009).

As described previously, in most vulnerability analyses, vulnerability indicators
are based on the physical features of the building environment and on general social
and economic characteristics of a community (e.g. age, education, employment
rate). Conversely, characteristics such as risk perception, preparedness and aware-
ness are still generally neglected although they have been identified as an important
resource (Glatron and Beck 2008). This importance is because different levels of
risk perception and preparedness can directly influence people’s vulnerability and
the way they might react in case of an emergency caused by natural hazards (Slovic
1987; Birkmann 2007; Haynes et al. 2008; Paton et al. 2008). Using the spatial
relationship of perceived risks and preparedness, local authorities can design better
educational activities in order to increase the preparation of particularly vulnerable
groups within a community (Leonard et al. 2006; Birkmann 2007). It can also be
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Table 8.7 Proposed quantitative vulnerability indexes and indicators based on census data
(Garcia 2011)

Indexes Indicators

Quantitative social
vulnerability

Population fragility Age dependency radio
Gender (household masculinity index)

Population density Population density
Response household fragility Family density index
Education Education

useful for emergency personnel in order to optimally direct the actions in case of
emergency.

Consequently, the way a particular community may respond to a particular
hazard is an important aspect of its social vulnerability (Glatron and Beck 2008).
Social vulnerability has emerged as a central concept for understanding which
conditions of people enable a hazard to become a disaster. According to Tapsell
et al. (2010), information on social vulnerability helps to define where the greatest
needs are, to set priorities (e.g. by deriving knowledge about spatial distribution
patterns), to determine actions (e.g. by improving intervention tools), to measure
effectiveness of mitigation approaches, to inform policymakers and practitioners,
to alert the public and raise awareness, to gain funding (e.g. for poverty reduction
initiatives) and to represent social responsibility.

A methodology to estimate the social vulnerability at municipal scale was
applied in Valtellina Valley by Garcia et al. (2010) and Garcia (2011). Traditional
quantitative vulnerability indicators based on information from the Italian Census
2001 were compared to qualitative vulnerability indicators (such as risk perception,
preparedness and awareness) obtained with a comprehensive social survey. These
qualitative vulnerability indicators are combined to give an idea of the capacity re-
action of the exposed population at municipal level. Next, both sets of vulnerability
indicators are compared with hazard indicators and visualized with Geographical
Information Systems (GIS) techniques. The main objective is to identify the risk
hotspots in the areas where vulnerability and hazard are highest by means of maps
and to use this tool in a further stage to communicate the results to the stakeholders,
including local authorities, emergency technicians and the exposed community.

Using the available information of the Italian Census of 2001 (Italian Institute of
Statistics – ISTAT, 2001), quantitative vulnerability indexes were defined for social
vulnerability including: population fragility, population density, response household
fragility and education (Table 8.7).

Several indicators were selected to evaluate the reaction capacity of the munici-
palities of the study zone considered as an important aspect of social vulnerability.
Since the results are based on the answers of the questionnaires applied in the
study area, the indicators derived from the questionnaire are called ‘qualitative
social vulnerability’, and include: population capacity, risk perception, sense of
community, self efficacy and self preparedness (Table 8.8).
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Table 8.8 Proposed qualitative vulnerability indexes and indicators based on psychological
surveys (Garcia 2011)

Indexes Indicators

Qualitative social
vulnerability:
reaction capacity

Population capacity Educational level
Previous hazard experience/knowledge

Risk perception Risk perception
Initial level of concern

Sense of
community

Number of generations living on the community
Participation in voluntary groups
Previous hazard experience/knowledge
Willingness to participate on future meetings

Self efficacy Willingness to receive/to look for new information
Personal mitigation measures
Knowledge of the responsible for emergency

management
Knowledge of the emergency plan/emergency

procedures
Level of perceived self preparedness
Knowledge about NH legislation

Self preparedness Personal mitigation measures
Knowledge of emergency procedures
Knowledge about mass movements and flooding
Perceived self preparedness

The results for the quantitative social vulnerability indicate that it is predom-
inantly low, except for the municipality of Tirano, where the high vulnerability
results mainly from its high ‘population density’ and high ‘response household
fragility’ (Fig. 8.10).

Contrastingly, the results for the reaction capacity/qualitative vulnerability
present a highly heterogeneous distribution. Two extreme groups of municipalities
were distinguished: those with the highest reaction capacity/lowest vulnerability
(including Aprica, Bianzone, Mazzo di Valtellina and Villa di Tirano) and those
with the lowest reaction capacity/highest vulnerability (including Grosio, Lovero,
Sernio and Vervio). These results suggest that in case of a regional event, the
population of the former municipalities is better prepared to respond efficiently,
while the population of the latter is less prepared to properly respond.

The relationship among vulnerability and hazard, at the municipal scale, was
developed in a quantitative framework by normalizing the debris flow hazard
assessment of Blahut et al. (2010) and represented spatially in Fig. 8.11.

Results show that the municipality with the highest debris flow hazard level is
Vervio, followed by Lovero and Grosotto, while the municipalities with the lowest
debris flow hazard level are Aprica, Villa di Tirano and Bianzone. A comparative
matrix of social vulnerability, hazard and reaction capacity of the Valtellina di
Tirano municipalities is presented in Table 8.9.
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Relative Social Vulnerability

Social Vulnerability
Standardized

0 – 0,2

0,2 – 0,4

0,4 – 0,6

0,6 – 0,8

0,8 – 1

Reaction Capacity

Reaction Capacity

Normalized
0 – 0,2

0,2 – 0,4

0,4 – 0,6

0,6 – 0,8

0,8 – 1

0 2,500 5,000 10,000
Kilometers

0 2,500 5,000 10,000
Kilometers

N N
Grosio

Grosotto

Vervio

Lovero
Sernio

Bianzone

ApricaTeglio

Mazzo di Valtellina

Grosio

Grosotto

Vervio

Lovero

SernioTirano

Bianzone

Villa di Tirano

ApricaTeglio

Mazzo di Valtellina

Tovo di Sant’ AgataTovo di Sant’ Agata

Tirano

Villa di Tirano

Fig. 8.10 Municipal Social Vulnerability. Quantitative social vulnerability (on the left); Reaction
capacity – Qualitative social vulnerability (on the right) (Garcia 2011). The study area consists
of a consortium of 12 mountain municipalities (Comunità Montana Valtellina di Tirano) spread
over an area of about 450 km2 in the Italian Central Alps (Lombardy Region, Northern Italy) with
approximately 29,000 inhabitants

The levels were divided in five classes, from Very Low (0–0.2; including the
municipalities with the lowest value in each variable) to very high (0.8–1; including
the municipalities with the highest value in each variable). The matrix allows
observing and comparing the different levels of vulnerability compared to the debris
flow hazard, which gives an idea of the levels of risk. It is important to remember
that the represented values are not absolute values but more a comparison among
the extreme lowest and highest values of the different municipalities.

8.7 Methods to Assess the Political and Institutional
Dimension of Vulnerability

Ultimately, decision-making on loss reduction strategies is a political issue on
which all sections of the community must be consulted and to which the normal
political processes of social decision-making must be harnessed (DMTP 1994). Any
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Fig. 8.11 Relative debris flow hazard map at municipal level of the Consortium of Mountain
Municipalities of Valtellina di Tirano (Garcia 2011)

strategy must be not only feasible according to the local conditions but also publicly
acceptable and institutionally manageable.

Two different time-dependent strategies may be accounted for loss reduction: (1)
a long-term strongly political strategy, based on urban and spatial planning, institu-
tional rules and laws to reduce the vulnerability and decrease the consequences of
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Table 8.9 Comparative table of quantitative social vulnerability, qualitative social vulnera-
bility and hazard of the Valtellina di Tirano municipalities (Garcia 2011)

Municipality
Quantitative social
vulnerability

Qualitative social vulnerability:
reaction capacity

Debris flow
hazard

Aprica L VH VL
Bianzone L VH VL
Grosio L VL L
Grosotto L H M
Lovero L VL M
Mazzo di Valtellina L VH L
Sernio L VL L
Teglio L M L
Tirano H L L
Tovo di Sant’Agata VL L L
Vervio L VL VH
Villa di Tirano M VH VL

The reaction capacity is inverse since its relation with vulnerability is inverse; e.g. the higher
reaction capacity the lower vulnerability is present
VH very high, H high, M medium, L low, VL very low

a disaster before it happens, and (2) a short-term strategy, based on response and
rescue activities (emergency plans), put immediately in practise in the aftermath of
a disaster, targeted to reduce the potential losses due to casualties (deaths, missing
persons and injured people) and to recover, in the shortest time, essential facilities,
transportation and utility lifelines.

A discussion of these important topics is beyond the scope of this section. Other
chapters of the book deal in more detail with the implementation of long-term and
short-term disaster mitigation programs (e.g. Sections 10, 11, 12 and 13).

8.8 Methods to Identify and Quantify the Source
of Uncertainties in Vulnerability Analyses

For vulnerability assessment, the type, availability and accuracy of the data are
crucial aspects strictly related to the focused analysis scale. The objective of the
assessment, the extent of the study area and an appropriate cost/benefit analysis
closely controls the data collection phase and, in so doing, the outcomes of the
vulnerability assessment (Aleotti and Chowdhury 1999). Although data collection
and storage phase has been greatly enhanced by the introduction of Geographical
Information Systems (GIS) and Database Management Systems (DBMS), it remains
undoubtedly one of the most burdensome and costly operations, given that data
reliability and accuracy has to be guaranteed through continuous operations of data
updating and reviews.
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On a regional scale (1:100,000–1:500,000), less accurate but more easily accessi-
ble data can be highlighted as the most performing to carry out vulnerability analysis
over large areas. Frequently, this type of analysis is a preliminary step targeted to
more site-specific studies where the scale should be more detailed (medium scale:
1:25,000–1:50,000).

On a medium scale (1:25,000–1:50,000), several limitations exist and many
uncertainties are intrinsic within the results (Table 8.10). As stated by Bell and
Glade (2004), due to the uncertainties concerning each input factor of risk analysis,
the resulting risk values also encompass a considerable level of uncertainty. One of
the main limitations, specifically for susceptibility and hazard mapping, is related to
the spatial resolution and reliability of the inputs. However, other uncertainty arises
from the computed probabilities of hazard and risk when there is no guarantee that
all the information about past events was used in the analysis. Another limitation
is related to the ‘static’ expression of hazard and risk, showing only the situation
according to the date of acquisition of the inputs to analyse. IUGS Working Group
on Landslides – Committee on Risk Assessment (1997) and Heinimann (1999)
recommended that final results should be treated as relative results and not as
absolute ones. This is probably the only effective way of using the many valuable
tools of hazard and risk analysis in disaster mitigation without losing the trust in the
results (Bell and Glade 2004).

Moreover, specific (economic, social, and environmental) risk maps should be
used for the calculation of a total quantitative risk map. However, this still seems to
be a long journey because of the high-resolution data needs on large areas and the
usage of static type of data. Some future developments in remote (near) real-time
data acquisition of inputs and automated (but supervised) processing of the results
might result in dynamic quantitative risk maps at medium scale, which represent the
ultimate goal in QRA at this scale of study.

On a local scale (<1:10,000), the main uncertainties involved in vulnerability
assessment are related to the subjective properties of some of the parameters
required and the lack of quantitative data regarding the potential damage related
to the harmful events on the built environment and the exposure of the elements.
The elements assessed should be always linked to the intensity of the hazards
whose calculation is often linked to a high degree of uncertainty. For example,
in the specific case of vulnerability of buildings to rockfalls, uncertainties are
mainly correlated to both the impact phenomenon and the response of the building.
Concerning the former, the transmission of energy from the block to the impacted
element is affected by many parameters very difficult to quantify (shape and size
of the block, rigidity of both block and impacted element, etc.). As result, the
phenomenon is characterized by high uncertainty. The same applies for the response
of the building which is associated to its geometry, the dimensions of key-elements
and the properties of the materials. A measure of the uncertainty in the estimated
vulnerability could be obtained using appropriate stochastic techniques such as
first-order second moment (FOSM) techniques (Uzielli et al. 2008) or Monte-Carlo
simulations.
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At last, it is very difficult to make a complete and objective calculation of the
vulnerability as such. However, it is an important task to present an approach that
attempts to propose a quantitative method to estimate the vulnerability of an exposed
element to a harmful event that can be independent on the temporal occurrence of
the hazardous event.

8.9 Conclusion

In recent years, the assessment of hazard, vulnerability and risk has become a topic
of major interest for natural and social scientists and engineering professionals
as well as for the community and the local administrations in many parts of the
world (Aleotti and Chowdhury 1999). During the same time, potentially mountain
hazardous processes (e.g. landslides, debris flows and floods) have increased in
frequency and magnitude in hilly and mountainous areas, affecting elements at
risk that are continuously growing in number. In doing so, the economic losses
due to these harmful events increase as well, showing an over proportional growth
in comparison to the frequency and magnitude of the damaging processes. This
could be explained by the increased pressure of development and urbanisation on
the environment; that is, an increasing demand by population for resources which
has given raise to a continuous pressure to settle in places with more exposure and
vulnerability.

Vulnerability plays an important role in the hazard-risk cycle. As well as
hazard frequency and magnitude, vulnerability needs to be estimated before an
event happens as the ‘vulnerability of what’, the ‘vulnerability to what’ and at
‘what scale’. Vulnerability is often poorly assessed because of the real lack of
observational data concerning past hazardous events and related damage state;
the difficulty to collect data of the inherent characteristics of the elements at risk
in terms of their spatial and temporal exposure to the hazards, the number of
dimensions to be explored; the complexity of the damage mechanism of each
dimension of the system under study. The scientists have to know how the system, as
a whole, reacts when stressed by an event; that is, how each component of a system
reacts when disturbed by an event and how it can ‘influence’ other dimensions.

For this reason, for many years, a qualitative or semi-qualitative evaluation
of consequences, mainly based on expert judgment, has been preferred as the
more convenient method in terms of application. Subsequently, different techniques
and methodologies, mainly based on the interplays of various experts, have been
applied. In this chapter, the different components (dimensions) of vulnerability
(physical/functional, socio-cultural, economic, ecological/environmental and polit-
ical/institutional) are firstly analyzed, both theoretically and practically, and then
different methodological approaches, applications and solutions provided.
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Chapter 9
The Importance of the Lessons Learnt
from Past Disasters for Risk Assessment

Carolina Garcia, Jan Blahut, Marjory Angignard, and Alessandro Pasuto

Abstract Within the Mountain Risk Project, the study area of the Consortium of
Municipalities of Valtellina di Tirano (Italian Alps), has been selected in order to
collect both kinds of knowledge, scientific and local, and to correlate it to the levels
of preparedness and perceived risk of the population. A quantitative survey was
performed using a comprehensive questionnaire to evaluate several aspects related
to the response capacity. In the meantime available historical information about
natural hazards (landslides and floods) and consequent disasters have been collected
and organized in a comprehensive database designed with the aim of using such data
for hazard estimation and definition of risk scenarios as a basis for Civil Protection
planning and emergency management purposes.

The results show that even if: (a) there have been multiple damaging events in
the past, as show in the database, and (b) most of the population is aware of the
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existence of past events, the levels of preparedness are low and the population has
low levels of perceived risk, and what is more, population neglect the existence
of recurrent small to medium events (which are the most common according to
the database) and remember mostly the large events, as the one of (Alexander
1988). This means that in the study are a gap between the occurred disasters and
the possible lessons to be learnt still exist and an effective method to share and
disseminate knowledge is missing.

Additionally, when the information is collected and available, it is necessary to
communicate it to the local authorities so they can adapt the existent governance
framework not only to the physical situation but also to the perception, awareness
and risk knowledge of the population. According to Wanczura (2006), the aim
of providing people with information is to broaden their view of hazards and
risks, because only those hazards and risks that are known and understood can be
mitigated. Lessons learnt from local knowledge of previous events are not sufficient
to manage disasters effectively since, even if this knowledge helps reduce risk, it is
sometimes inadequate to cope with new disasters. Similarly, scientific knowledge,
technology and data are not enough to assure an effective risk reduction since they
lack of a holistic picture and deeper analysis of the local vulnerability context. What
is fundamental is the ability to combine them and to put them into practice being
this the real reflex of learning from previous experiences. Combining both types of
knowledge is crucial to reduce uncertainty, thus proving more precise information
for the decision-making, key element of any risk governance process.

Abbreviations

UNISDR United Nations International Strategy for Disaster Reduction
AAR After Action Review
EWS Early-Warning Systems

9.1 Introduction

Hydro-geological hazard is a serious problem worldwide causing frequent loss
of life and damage to infrastructures. Therefore it is of paramount importance to
mitigate its effects in order to enhance the performance of structures, infrastructure
elements and institutions in reducing losses from such phenomena.

Landslides can be triggered by a wide range of factors like earthquakes,
typhoons, intense or prolonged rainfalls, rapid snow melt etc. Moreover, climate
change could influence on the number and magnitude of possible natural hazards,
including landslides which are one of the most dangerous phenomena, due to the
difficulty of a temporal prediction and the high energy and velocity involved in
the process. It has been estimated that every year about 225,000 lives are lost
because of natural events among which several mass movements causing many



9 Lessons Learnt from Past Disasters 277

casualties. Actually, besides high-magnitude landslides which occur quite seldom,
there is a huge number of medium to small size mass movements which are so
widespread that the related cost for the human society is even higher than that
of catastrophic events. The losses due to low-magnitude, high-frequency events is
generally increasing, especially in developing countries, because of human activity
and above all, increasing in the frequency of some triggering factors like intense
rainfalls or typhoons.

In this framework, the risk reduction can be achieved on one hand, by means
of structural mitigation measures which contribute to decrease the hazard and,
on the other hand, by reducing vulnerability through a comprehensive program
of non-structural measures like public awareness and education, event mapping,
early warning and monitoring systems (Garcia 2012). Structural measures are
generally more expensive and not always effective especially if they are not properly
managed and maintained; non-structural measures are strongly encouraged by
UNISDR (United Nations International Strategy for Disaster Reduction) in the
Hyogo Framework for Action adopted by 168 Member States of the United Nations
in 2005 at the World Disaster Reduction Conference held in Kobe (Japan).

Among these measures, the sharing of knowledge and experiences derived
from lessons learnt from past disaster can be powerful to increase awareness and
education among the people potentially at risk. Making the best re-use of lessons
learned is essential for building up our knowledge and expertise and therefore a
resilient community capable to face with the future emergency situations. So we
need to develop a culture for systematically doing this.

There are different approaches to better exploit the experiences gained from past
disaster response efforts, but what has to be done is to analyse what went well
and what went badly in the emergency phase and to establish if some unexpected
occurrences took place. In other words, the key point is to turn mistakes and poor
performance into learning opportunities.

In this framework, the After Action Review (AAR) is a simple tool mainly
consisting in a structured review after the emergency that analyses what happened,
why it happened, and how it can be done better. Another technique of gathering
lessons learnt is to encourage people to talk about their experiences through stories.
It builds and makes full use of this natural way in which we learn from each other
and gain understanding about risk situations through storytelling.

9.2 General Concepts

Lessons learnt from past disasters usually involve experiences and local knowledge
of the population at risk and scientific analysis of information on past events, which
combined and incorporated in practical structures serve to reduce the vulnerability
of human systems (De Marchi 2007).

Lessons learnt by the population can either emerge from direct experience of
hazardous events or from transfer of this knowledge from generation to generation.
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These lessons learnt may increase the level of knowledge, awareness and pre-
paredness, thus contributing to disaster risk reduction (Cashman and Cronin 2008;
Gaillard et al. 2010; UN/ISDR et al. 2008). The local knowledge arising from
lessons learnt can be incorporated in disaster management strategies and in conse-
quence can lead to a more cost-effective, sustainable, more realistic and site-specific
emergency plan (UN/ISDR et al. 2008; Komino 2008; Barszczynska et al. 2006),
contributing in this way to the local risk governance. The involvement of local
population in the process of sharing experiences and storytelling is also important
because this promotes mutual trust, acceptability, common understanding, and
improves the community’s sense of ownership and self-confidence (Dekens 2007).
However, this does not mean that all local knowledge, practices, and beliefs are
relevant, sustainable or appropriate for risk governance and disaster risk reduction.
It is fundamental to study and analyse the existing local knowledge, to elicit
the information relevant for decision-making and to decide how to integrate it
into local policy in order to facilitate the risk governance process. This step is
challenging, first, due to the general belief in the scholar community that scientific
knowledge is ‘superior’ to local knowledge, and second, due to the fact that to
identify, use, assess, validate, generalize and replicate local knowledge is difficult
and time consuming (Dekens 2007). Since local knowledge, as well as the level of
risks are both dynamic and change over time, preparedness and response strategies
should be continuously adapted to the new conditions, updated and rehearsed on a
regular basis (Thrupp 1989; UN-ISDR 2005). This is particularly important when a
period of 20–30 years has passed since the last significant threat or event (Southern
1995), or when previous emergency crises were successfully managed and their
impacts and damages were low. Any of the previous aspects can generate among the
authorities and the exposed population an underestimation of the risk and therefore
an increment of vulnerability.

According to UN/ISDR et al. (2008), in the last decades, there has been a
tendency to not pass the local knowledge from one generation to the next anymore,
causing that knowledge and perception are more and more restricted to the personal
experiences and no longer to the collective memory. For this reason, it is crucial that
academic researchers collect, compile and systematize the diverse range of local
knowledge before it disappears.

Regarding scientific research, the collection and analysis of data related to
past events are an integral component of hazard assessment, e.g. for calibration
or validation of future risk scenarios. The primary step for this analysis is the
setting up of comprehensive databases composed by the information available
from previous hazardous events. The detailed analysis of the databases gives an
indication on which areas could be affected in the future, the expected magnitude
and intensity of the events, their temporal frequency and the possible impacts on the
territory. Databases generally contain geographical, numerical and alphanumerical
information at different geographical and temporal scales, in various digital formats,
including: vector and raster maps, terrestrial, aerial and satellite imagery, time series,
tabular data, texts, documents and images. Information stored in geo-databases
can be compiled at different geographical and temporal scales, using a variety of
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methods and technologies (Couture and Guzzetti 2004). However, the geo-databases
need to be well designed, compiled and validated. Moreover, the compilation of
this kind of database is very time-consuming and, particularly the collection of
historical information requires skills in history, linguistic, etc. Additionally, the
uncertainties connected with type of harmful processes regarding their temporal and
spatial location increase back in time. When these ambiguities are well handled, the
database represents a very valuable basis for hazard/risk analysis for civil protection
purposes as well for spatial planning and risk governance.

Finally, the scientific analysis of past events combined with the local knowledge
of the population is crucial to predict the characteristics of a future event. This in-
formation is essential in the operational risk governance and must be communicated
to the general public and other stakeholders.

Huge databases related to landslides and floods are already available in different
European Countries; they are in charge of regional government, Civil Protection
association, scientific institution etc. However the quality of data stored into these
databases is not always good and a validation is needed before using them.

9.3 Collecting Local Knowledge and Information on Past
Events: A Case Study in the Italian Alps

In order to better explain how important is the lesson learnt from past landslide
disasters in increasing the public awareness and to highlight the positive feedback
the dissemination and the sharing of information can have on prevention and
preparedness as well as on the management of emergency phase, a research activity
has been developed in the Consortium of Municipalities of Valtellina di Tirano
(Central Italian Alps) in order to integrate Community Based Early Warning systems
and emergency plans for disaster risk reduction. Part of this activity was aimed at the
evaluation of the level of risk perception among the population potentially affected
by landslides and debris flows.

A comprehensive survey among the local population was performed in order
to evaluate, among others, the previous experiences of natural hazards, the risk
perception of landslides and flooding and the level of preparedness. Results from
Garcia (2011) showed that most of the population (88.3 %) either have experienced
floods and/or landslides in the past, or know about the occurrence of past events,
especially the big event of 1987. Despite of this, the average level of perceived risk
is rather low with a mean value of 2.2 based on a Likert Scale (Babbie 2005) of 1–5,
with 1 being the lowest perceived risk and 5 the highest.

The Table 9.1 and the Fig. 9.1 illustrate the relationship between the previous
experiences and knowledge of past events versus the perceived levels of risk and
preparedness levels. Results indicate that the perceived levels of risk, knowledge and
preparedness are generally low even in the people previously damaged by the hazard
process. Therefore, experiences or awareness of the occurrence of past events, have
no significant effect on the perceived levels of risk, knowledge and preparedness.
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Table 9.1 Cross tabulation with results of previous experiences versus perceived levels of risk,
knowledge and preparedness of the population (Garcia 2011)

Previous experience
of natural hazards

I. Yes, but
no damage
suffered

II. Yes, and
directly
affected

III. No, but
with knowledge
of past events

IV. No, without
knowledge of
past events

Perceived risk 2.2 2.3 2.2 2.1
Individual preparedness 2.4 2.5 2.4 2.4
Population preparedness 2.5 2.5 2.6 2.3
Individual risk knowledge 2.5 2.7 2.5 2.4
Population risk knowledge 2.6 2.9 2.7 2.8
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Fig. 9.1 Experiences of past event disasters in terms of perceived levels of risk and knowledge
and preparedness of the population (Garcia 2011)

A database of damaging hydro-geological events was prepared for the territory.
Original purpose of the database was to collect all possible information about past
events which may (1) help to prepare reliable hazard and risk scenarios for civil
protection purposes (Blahut et al. 2012), and (2) use the gathered data to identify
possible trends in the temporal and spatial patterns of the past damaging events in
relation to population distribution (Frigerio et al. 2010).

The database covers a period from 1600 till 2008. Available official sources
(Guzzetti et al. 1994; Agostoni et al. 1997; PAI 2001; Lombardy Region 2002;
GeoIFFI 2006) were joined with additional information from the Geological Reports
for the Municipalities of the study area, books, papers and newspapers. The final
database contains 615 records of past destructive events stored as geo-referenced
points (Fig. 9.2). However, these points do not always refer to the same part
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Fig. 9.2 Distribution of five
main groups of records of the
disaster database of the
Consortium of Municipalities
of Valtelina di Tirano

of the process as it could represent the source area, the transport area or the
impact/deposition area, and it is not always easy to distinguish among them.
Additional text information about location is also stored.

The identification of the typology of observed events is not always possible
due to a high level of uncertainties and confusion especially in old chronicles and
news. The number of landslide events is also underestimated due to low population
density and lack of vulnerable elements before the World War II. Nevertheless, the
collection of historical information has been useful in order to define possible future
scenarios related to landslides and floods as well as evaluate the main threats in
the investigated area. Historical knowledge of past disasters allow both authorities
and the community to be more aware of the problems related to natural hazards as
well as of possible affected areas, expected magnitude, frequency and impacts on
vulnerable elements.
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9.4 Conclusion

The risk perception among the inhabitants and their willingness to be informed on
natural hazards has been studied in a territory affected by multiple natural hazards
in the Italian Central Alps, where the culture of dissemination and/or of sharing
experiences is not well developed.

Two main ways of transferring lessons learnt are feasible. The first is related to
storytelling and it is obviously biased by the perception of the people involved in
the event; however this method seems somehow to be weak since the survey carried
out among the local population by means of questionnaires revealed that the people
tends to remove the memories very quickly and the reports are often inaccurate
and incomplete. Nevertheless storytellers are greatly exploited in other countries
(Japan, China, Philippines) through thematic museums dealing with past disasters
(e.g. Kobe Earthquake Memorial Museum, Wenchuan Earthquake Memorial).

Considering the type of documents collected and implemented in the databases
during the project, we can argue that the second method to transfer knowledge is
more reliable even if less effective due to the difficulty in sharing documents and
related lesson learnt with the population. Most of the available information in the
study area has been provided by national and regional authorities as well as research
institutions so the main type of collected document is mainly technical reports or
validated data. In this framework, we can state the quality of information is quite
high but there is still a great difficulty in transforming these “technical” data in
easy-to-use inputs for the general public. In other words, for the Consortium of
Municipalities of Valtellina di Tirano, a reliable tool to disseminate knowledge is
missing. Part of the collected data has been extracted by AVI Database, which was
mostly implemented by using newspapers and historical chronicles starting from the
nineteenthcentury. In this case, the accuracy of the reported information concerning
typology, magnitude, effects and above all location of the landslide was not always
satisfactory but this is usual when these sources are used.

Nevertheless the experiences carried out show the usefulness of such type of
data in building a comprehensive view of the past disasters occurring in the area and
delineating possible lessons to be learnt concerning magnitude and style of activity
of occurred landslides and, above all, area involved and problems related to the risk
management.

Such kind of lessons can be profitable once transferred to the Civil Protection as
well as to Municipalities and the people living at risk but we should make an effort
to “translate” technical information into information understandable by the general
population, such as behavioral rules to be included in effective civil protection and
urban development plans.

Useful lessons from the database analysis and information collected among the
population in the study area can be drawn, although they should not be seen as
foolproof recipes for handling future events. We have to keep in mind that likelihood
of future disasters might differ sharply from previous ones and, even if well
prepared, the people will still have to face unexpected developments. But lessons
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from past events such as landslides and flooding can provide a framework for
facilitating the risk management, mitigating the effects and improving disaster
response and recovery.
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Chapter 10
Disaster Mitigation by Spatial Planning

Stefan Greiving and Marjory Angignard

Abstract The core element of spatial planning is to prepare and make decisions
about future land use. Thus, disaster risks have to be taken into consideration
when deciding about the usability of a plot of land. In doing so, planning is
able to mitigate risk by e.g. keeping hazard threatened areas free of further
development and taking care for the protection of buildings which are exposed to
hazards. However, the planning cultures among Europe differ considerably. Thus,
the different systems are characterised according to their main functions in order to
indicate their effectiveness for disaster risk mitigation. Moreover, the role of spatial
planning within disaster risk assessment and management is discussed in detail.
The importance of already built-up areas is expressed, because preventive measures
taken by spatial planning must fail. Here, more discourse-based approaches are
needed due to the given private property rights. Further on, different options for
mitigating risk by spatial planning are explained. The role of spatial planning in
practise is highlighted by the example of the municipality of Barcelonette, (France).

Abbreviations

CCVU Communauté de communes de la vallée de l’Ubaye
CLPA Location Maps of Avalanches
EU European Union
MDGs Millennium Development Goals
PACA Provence-Alpes-Côte d’Azur
PER Risk Exposure Plan
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PPR Risk Prevention Plan
POS local land use plans
PSS Plans of Submersible Surfaces

10.1 Introduction: Definition, Role and Families of Spatial
Planning in Europe

Spatial planning is defined as the whole comprehensive, co-ordinating spatially-
oriented planning at all scales (from national to local), aiming at an efficient and
balanced territorial development: ‘Spatial planning operates on the presumption
that the conscious integration of (particularly public) investment in sectors such
as transport, housing, water management, etc. is likely to be more efficient and
effective than uncoordinated programmes in the different sectors’ (ODPM 2005).
Thus, the core element of spatial planning is to prepare and make decisions about
future land use. This can be specified for different spatial scales as follows:

• Regional planning/development: The task of settling the spatial or physical
structure or development by drawing up either regional plans as an integrated part
of a formalised planning system of a state or more programmatic development
programmes. Regional planning is required to specify aims of spatial planning,
which are drawn up for an upper, overall level and sets a framework for decisions
on land use or local investments taken at the local level within land-use planning
of the municipalities. Its textual and, if in some member states, cartographic
determinations and information typically range on a scale from 1:50,000 to
1:300,000.

• Local land-use planning: Creation of policies at local/municipal level to guide
land and resource uses. The main instrument of land-use planning is zoning
or zoning ordinances, respectively. Land-use planning normally consists of two
stages with specific planning instruments on each of these: first, a general
or preparatory land-use plan (scale from 1:5,000 to 1:50,000) for a whole
municipality and second, a detailed land-use plan for small part of it, mostly
legally binding (scale 1:500 to 1:5,000).

In some of the EU Member States (e.g. Germany), a new development is legally
allowed when it is conforming to the land use as laid down in the legally binding
regional plan. This so called regulatory function of spatial planning is known under
the term “conforming planning” in the international discourse on planning theory
(Rivolin 2008; Larsson 2006). In most of the EU Member States however, the so
called development function dominates at the regional level which is discussed
under the term “performing planning”. This planning type is characterized by
legally non-binding programmatic and/or strategic statements. Potential projects
are then evaluated against the question whether they support the implementation
of the programme or strategy. Furthermore, there are – if at all – only partially
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binding effects for the subordinated local level. At the local level, in contrast, the
similarities between the planning systems between the Member States are much
higher compared to the regional level. Throughout Europe – with the well known
exception of the United Kingdom – there are two-level planning systems at the
local level, consisting of a legally binding zoning of the urban or municipal area
(‘conforming planning’). It shall be mentioned that also at the European level the
development function of territorial development has a much larger importance due
to the non-existing legislative competences of the EU in the field of spatial planning
(see European Spatial Development Perspective, Territorial Agenda of the EU).

However, the legal frameworks determine how strategies and measures for risk
management are designed and by which institutions they are implemented. As
an example, the setting of legally binding and spatially specific objectives (e.g.
to keep an area free of further settlement development) presumes that there are
laws enabling the enactment and enforcement of such spatial objectives. Thus, the
differences in the planning systems shall be taken into consideration for deriving
management options.

The following Table 10.1 indicates the main characteristics of the planning
systems in those member states which are represented by a case study area:

10.2 Relevance of Spatial Planning for Risk Management

A risk is unavoidable whenever a decision is made about whether it has spatial
relevance or not. In this context, space can be defined as the area within which
human beings and their artefacts may be threatened by spatially relevant hazards.
The decision about whether to tolerate a risk or to try to alter it can be understood
as an integral part of the existing socio-economic structures and institutions, with
spatial planning representing one element in the total equation.

Spatial planning makes decisions for society about whether and how certain
spaces will be used. Therefore, spatial planning influences the vulnerability in cases
of spatially relevant natural and technological hazards (Greiving 2002).

It is due to authors like Burby (1998) and Godschalk et al. (1999) that the need
and the important role spatial planning has to play in the whole disaster management
cycle was highlighted. In recent years however, this has not only been accepted
by planners and policy makers but corresponds also with latest research initiatives
where the potential role of spatial planning in risk management has been stressed
(e.g. European Commission 2007).

The spatial character of a hazard can either be defined by spatial effects that might
occur if a hazard turns into a disaster, or by the possibility for an appropriate spatial
planning response. This dual character also opens up questions about the relevance
of different levels of spatial planning as well as the relationship to sectoral planning.
Furthermore, the nature of spatial planning requires a multi-risk approach that
considers all relevant hazards that threaten a certain area as well as the vulnerability
of this area.
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It is a fact that every hazard has a spatial dimension (it takes place somewhere). A
spatially oriented risk assessment has three main characteristics: First it is has to be
multi-hazard oriented, which means that it is must go beyond sectoral considerations
of risks. Second, only those risks are considered that have a spatial relevance. This
means that ubiquitous risks like epidemic diseases or traffic accidents are not the
focus of the analysis. And third, only collective risks that threaten a community
as a whole are relevant and not individual risks like driving in a car or smoking
(Greiving et al. 2006). The spatial dimension is also relevant when talking about
climate change and adaptation to its unavoidable effects.

One of the most serious problems in context of dealing with natural hazards in
land-use planning is represented by the so called external effects: a land-use and
temporal inconsistence between chances and risks which are related with every
decision making about a future land-use or a concrete investment at a certain
location. A classic example for this planning problem is represented by the (intra-
generational) conflict between actors which are located upstream and downstream:
A municipality located upstream might profit from the chances of a suitable location
for an industrial area located in the flood plains of a river and could protect this area
by means of a dike. The direct consequence of this action would be among others
an increased flood risk for downstream located areas, because of the reduced flood
plain capacities in combination with flood waves which would occur faster and with
a higher peak.

In terms of sustainable development, this conflict can be described as an intra-
generational conflict. Aside from this, inter-generational aspects have to be taken
into consideration. Inter-generational justice can be understood as a second prereq-
uisite for reaching a balance of chances and risks. The “Theory of Justice” based
the necessity of a consensus about normative regulations on a consensus with the
righteous interests of future generations instead of just a consensus of people who
are actually alive now. The ‘Veil of Ignorance’ or the view of short-term chances
hinders an appropriate estimation of long-term negative affects that might threaten
mainly future generations (Rawls 1971). The greater the persistence of possible
harmful effects of an event or decision, the greater the importance and problems
related to a decision that accepts consequences from hazardous events (Berg et al.
1995). For example, the Chief Building Inspector had justified a governmental
responsibility for building safety standards after the Loma-Pieta-earthquake as
follows: ‘I represent, in absentia, the unknown future user’ (Godschalk et al. 1999).
This example indicates that planning related decisions based on a consensus of all
stakeholders could fail in relation to the temporal and, as mentioned above, land-use
dimensions. The same decision is possibly based on free market transactions. Even
if all participants of a transaction of land designated for construction would come
to an agreement, they might fail in relation to an unacceptable use of common pool
goods.

However, what does this imply for the role spatial planning for both, assessing
and managing risks?

Risk management is defined as adjustment policies that intensify efforts to
lower the potential for loss from future extreme events, e.g. risk management
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is characterised by decisions of stakeholders. Decision-making is a normative,
politically influenced strategy about tolerating or altering risks. The authority in
charge (democratically legitimised) has to decide the main planning goals to deal
with hazards.

When looking at relevant policy documents, it becomes clear that planning and
planners are also responsible to reduce vulnerability and to develop mitigation
and adaptation capacities against the impacts of climate change, but also natural
disasters (Stern 2006; IPCC 2007). Also, the World Bank Report ‘The Global
Monitoring Report 2008’ which deals with climate change and the Millennium
Development Goals (MDGs) concludes that the development of adaptive urban
development strategies is a fundamental field of action for dealing with the
challenges of natural disasters and climate change (World Bank 2008). Additionally,
the EU White Paper ‘Adapting to climate change: Towards a European framework
for action’ (European Commission 2009) explicitly relates to spatial planning and
territorial development, respectively: “Extreme climate events cause huge economic
and social impacts. Infrastructure (buildings, transport, energy and water supply) is
affected, posing a specific threat to densely populated areas. The situation could be
exacerbated by the rise in sea level. A more strategic and long-term approach to
spatial planning will be necessary, both on land and on marine areas, including in
transport, regional development, industry, tourism and energy policies.” Moreover,
the Territorial Agrenda of the European Union explicitly refers with priority 5.1
to the need to promote ‘Transeuropean risk management strategies’ (European
Commission 2007).

As risk assessment and management can be interpreted as an ongoing process,
it is often illustrated as the disaster management cycle by which public and private
stakeholders plan for and reduce the impact of disasters in the pre-emergency phase
(mitigation and preparedness), react in the emergency phase (response) and in the
post-emergency phase (recovery).

At all points of the cycle, appropriate actions lead to a reduction of damage po-
tential, reduced vulnerability or a better prevention of disasters. Land-use planning
most likely does not play a decisive role in all phases of the disaster management
cycle but it has some specific functions in risk management.

The action decided upon is the result of a weighting process between differ-
ent management option which can be structured along the triangle ‘resistance-
resilience-retreat’ (Greiving 2006);

– Resistance is the protection against (all) hazards by means of structural measures;
– Resilience can be defined as minimization of the risk to life and property when a

disaster occurs, and;
– Retreat is the abandonment of risky areas.

Even though spatial planning is considered to be an important instrument to cope
with climate change induced impacts, it is limited in its powers and can only solve
parts of the problem (Schmidt-Thomé and Greiving 2008). The Table 10.2 indicates,
to what extend land-use planning is able to handle natural hazards. It is divided into
the main areas assessment and management.
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Table 10.3 Contribution of land-use planning and supporting instruments to risk management
strategies (Greiving and Fleischhauer 2006)

Risk management
strategy

Regional planning/
development Local land-use planning

Supporting
instruments

Long-term
prevention

Fostering resilience as planning strategy, e.g. by
following the robustness principle

Tax system, strategies
for reducing
greenhouse gas
emissions

Mitigation of
hazard impacts
(non-structural)

Maintenance or
reinforcement of
protective features
that absorb or reduce
hazard impacts
(mangroves,
retention areas etc.)

e.g. local rain water
infiltration, adapted
land cultivation

Economic incentives,
Communication
strategies

Mitigation of
hazard impacts
(structural)

Secure the availability of
space for protective
infrastructure

Protective infrastructure,
Obligations for the
design of individual
buildings. Retrofitting
of existing buildings

Communication
strategies,

Vulnerability
reduction

Spatial development
concepts like
decentralised
concentration

Keeping hazard prone
areas free of further
developments

Financial incentives
for reallocation of
threatened objects

Preparedness,
response,
recovery

– Allocation of critical
infrastructure outside
hazard prone areas and
rebuilding planning

Emergency plans and
information and
training, risk
awareness

Risk assessment is a task for sectoral planning authorities. Land-use planning
plays a minor role in this context and can be understood as one important end-user
of hazard related information, provided by sectoral planning. Hazard maps with a
scale of about 1:2,000–1:10,000 are necessary for the enforcement of restrictions of
land use at the municipal land use planning level.

Due to its coordinative role and responsibility land-use planning is relevant
and responsible for non-structural adaptation measures as part of risk management
strategies. There are several possible types of zoning related instruments that might
be able to improve non-structural mitigation and some supporting instruments could
promote planning initiatives, as explained in Table 10.3:

The assessment of the long-term consequences of climate change calls for an ex-
pertise that land-use planning partly lacks (Fleischhauer/Greiving/Wanczura 2006).
The field of climate change is important for regions characterized widely by the
dominance of existing settlement structures, cultural landscapes and infrastructures
which have been developed over centuries. Prevention actions, carried out by land-
use planning, are less effective as in countries which are still growing rapidly in
terms of population and the built environment where hazard prone areas could be
kept free from further development.
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The Strategic Environmental Assessment (SEA) which came into force by EU
Directive 2001/42/EC in 2001 offers a suitable procedural frame for risk assess-
ment and embedding risk management in decision-making by land-use planning
(Greiving 2004). The use of impact assessment methodologies encourages a more
informed approach to planning and regional development. The identification of
cumulative impacts highlights areas where land-use planning needs to focus on
adaptation measures can be highlighted. Adaptation measures need to be designed
to deal with several impacts similarly. Planning is mainly able to guide future
developments; adapting existing settlement structures can be seen as the main
challenge for regulatory land-use planning due to the given private property rights.

10.3 Case Study: Spatial Planning and Natural Hazards
in the Barcelonnette Basin

Barcelonnette is a small town of less than 3,000 inhabitants located in the southern
French Alps. It is settled on the northern bank of the river Ubaye, in a bowl
shaped basin. The mountains around show peaks ranging between 2,800 and
3,100 m, and the town itself occupied slopes between 1,100 and 1,200 m a.s.l.
From an administrative point of view, Barcelonnette is situated in the North-East of
the Département ‘Alpes-de-Haute-Provence’, embedded in the Région ‘Provence-
Alpes-Côte d’Azur’ (PACA) (Fig. 10.1). Locally, a community was founded
gathering the town and 13 other municipalities in order to join their efforts regarding
several aspects of development and local governance. The so-called ‘Communauté
de Communes de la Vallée de l’Ubaye’ (CCVU) is an important actor of local
decisions.

The Barcelonnette Basin has been the subject of many scientific activities for
more than two decades. Its particular geomorphologic background makes it a very
interesting study object. Recently, other disciplines have been involved in field work
in the area, giving more space to social sciences.

In France, spatial planning at the local level is not directly connected to regional
plans. It consists in strategic development plans, at the municipal or inter-municipal
scale, that prescribe planning principles and objectives. As opposed to the regional
scale, local plans include a legally binding land use part (Fleischhauer 2006).

Concerning natural hazards, specific plans have been developed in France. At
first they were hazard specific, only focusing on one type of phenomenon (e.g. floods
for the PSS – Plans of Submersible Surfaces, established in 1935). A systematic
mapping of past events was also initiated for some hazards (e.g. avalanches with the
CLPA – Location Maps of Avalanches, established in 1970). A consequent corpus of
knowledge has been accumulated on natural hazards since the seventeenth century,
and in particular on techniques and protection works such as dams and dykes (Pottier
et al. 2004). These hazard specific plans were initially joint as annexes to local land
use plans (POS), in which they had to be considered.
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Fig. 10.1 Administrative map of France indicating the location of the municipality of
Barcelonnette

In 1982, the legal framework related to natural hazards evolved with the
enforcement of a law on insurance and compensation of goods against natural
disasters. In addition, a new type of plans was established, the Risk Exposure Plans
(PER). Initiated by local authorities, these plans were ‘a significant step forward in
risk prevention because they united domains that had been separated until then:
they enunciated the characteristics of the risks, situated them on the communal
territory, regulated land use, and defined [ : : : ] measures to reduce risks, lower their
consequences or make them acceptable [ : : : ]’ (Garry et al. 2004). The different
hazards were considered separately. The PER introduced an obligation of retrofitting
for buildings located in dangerous areas, if the estimated cost of works did not
exceed 10 % of the building’s worth.

In 1995, all the documents related to natural hazards management or prevention
were abandoned with the creation of an harmonised prevention document, the PPR
(Risk Prevention Plan). As opposed to the PER, the PPR is prescribed by the State
(through its local representative, the prefect) to communes that are threatened by
serious natural risks. The structure of the document is defined by regulation: a
summary and map of historical events, a qualification of existing hazards and a
hazard map, a qualification of stakes and a stakes map, a land use zoning map dif-
ferentiating white, blue and red zones, a list of rules applicable to each zone (white
zone D no limitation to construction and settlement, blue zone D defined prevention
or protection measures necessary for building or settlement, red zone D only certain
types of land use allowed). The PPR can be single or multi-hazard. Contrariwise to
the PER, PPR do not apply to existing building and settlements.
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Fig. 10.2 La Valette
landslide, over the
municipality of Barcelonnette

The municipality of Barcelonnette, and more largely the entire river basin, is
threatened to several hazards. First, floods can be induced by the river Ubaye
(especially when the snow melts and adds to the stream) or by the torrents. Second,
the slopes are prone to mass movements of different types (landslides, mud flows,
etc.). In particular, the large landslide of La Valette is monitored (Fig. 10.2).
Finally, the whole region is prone to seismic hazard. In addition to the threat to
the population, these natural phenomena could also affect the local tourism industry
(the Ubaye valley being both a winter and a summer holiday destination). Moreover,
a natural disaster could block the roads. As most of them are unique and not doubled
by any other passage, this could isolate entire villages.

The aforementioned hazards already realised themselves into disasters in the
past. The main flood event happened in 1957, and was afterwards qualified as
100 years return period. More recently, in 2008, an ‘almost flood’ event raised the
concern of both local authorities and the population when the river threatened to
overflow its banks. Other flood events were registered and documented in 1856,
1863, 1868, 1874, 1926, 1951, 1960, 1963, 1970, 1983 and 2003 (Flageollet et al.
1996; Weber 1994). The landslide of La Valette was triggered in 1982 (Fig. 10.3).
Although no major earthquake happened in the Ubaye valley, dozens of quakes are
measured every year, some of them being felt by inhabitants.

The acknowledgement of these hazards led to an early willingness of prevention
and protection in the area. During the second half of the nineteenth century, the
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Fig. 10.3 Example of two main types of check dams observed in the Faucon torrent often affected
by debris flow events, near Barcelonnette. (a) Photograph of a typical masonry check dam;
(b) Photograph of a typical concrete check dam

large reforestation movement initiated in France gained the region, and slopes
were progressively recovered in trees. At the same time, the existing torrents were
corrected and secured. A large amount of check dams were built in all of them in
order to avoid massive debris flows (Fig. 10.3).

Later on, these hazards were considered in land use plans. In 1986, the implemen-
tation of a multi-hazard PER concerning floods, landslides and earthquakes started.
The final version of the document was approved in 1991. A revision of this PER
started in 1994 and ended up in 1995, with the snow avalanche hazard being added
to the document. This version remained valid until the prefect office required by
prescription the realisation of a PPR for Barcelonnette, in 2001 (Fig. 10.4). After
a long investigation process, including a public consultation, the final version was
approved and enforced in 2009.

In particular, a PSS (specific plan for emergency and rescue) has been issued
for the La Valette landslide in 1992, revised in 1996, and finally included in the
PPR. This plan encompasses practical measures targeted at the population living
next to the slide to be taken when an alarm is triggered. A clear chain of command
is defined, so that rescue can be organised as fast as possible. In addition, the tenants
of houses located in the risky area are advised on the behaviour they should have in
case of emergency and a leaflet with all relevant information is distributed regularly.

Although the PPR is a largely acclaimed land use tool when facing natural
hazards, it also has drawbacks. The example of Barcelonnette illustrates some of
them. If the efficiency of the plan is clear for future settlements, it is not the case on
existing ones. No retrofitting measures are imposed. This lowers considerably the
efficiency of the whole plan on the area, where most houses and buildings were built
before the PPR was enforced.

Although the document is made available to every citizen in the town hall, its
existence is not known to everybody. Mostly people who had to consult it for
building permit, or to sell or rent a house or a flat (information about existing natural
and technological hazards is compulsory in such case in France) know about it.
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Fig. 10.4 PPR zoning map of the municipality of Barcelonnette (originally in black and white,
colors added by the author)

In Barcelonnette, like in many mountain communities, the lack of space leads
to conflicts. Safety of people and goods is in competition with development of
activities and settlements. Therefore, the considerable investments required for
protection and prevention of natural hazards are seen as a free pass for development:
it does not seem legitimate to authorities to keep protected areas free of further
settlements. The existence of a residual risk in these zones is sometimes neglected.
Some authorities might try to bargain with experts to lower the risk affected to
these areas. Barcelonnette and the surrounding river basin have always been prone
to several hazards, typical from its mountain situation. Along the years, the local
authorities developed various approaches to deal with them, including land use
regulation and spatial planning. The recent enforcement of a new PPR creates hope
for a better management of natural hazards.

10.4 Conclusion

Spatial planning is theoretically able to mitigate risk to a particular extend.
Independently from the planning culture, a country is characterised by, are planning
authorities key actors for risk management. However, the quality of planning based
response strategies depend from the quality of risk information. The outcome of
risk assessments have to be tailor-made to the needs of their users such as planning
authorities. They have also to be explained and visualised in way which meets the
educational background of the general public as planning process are based on a
participation of the public.
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The effectiveness of on-paper disaster risk management depends in practice also
from the level of trust in public decision-making which differs among Europe. Par-
ticularly in the South of Europe are many structures illegally built and do not have
a building permission. Any strategy which bases on mandatory decision-making
and land-use regulations for hazard zones must fail under these circumstances. As
already explained, are many hazard zones (e.g. flood zones) settled since centuries.
Both problems call for discourse based strategies and inclusiveness. There is a
growing need for involving all stakeholders from the early beginning of the risk
assessment and management process in order to improve the effectiveness of
disaster risk response. This aspect was discussed in more detail by the introduction
of this book.

The case of study of Barcelonette illustrated the wide range of possible con-
tributions of land-use planning and supporting instruments to risk management
strategies which were systematised by Table 10.3. Moreover, it underlined the
political and normative character of any planning approach, but particularly dealing
with disaster risks due to contradicting (economic) interests. This observation is
equally important for the whole Europe.
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Chapter 11
Disaster Mitigation by Corrective
and Protection Measures

Olga-Christina Mavrouli, Alessandro Corsini, and Jordi Corominas

Abstract This section offers a panorama of the corrective and protection measures
that might be applied for the mitigation of landslide risk. Two different strategies
may be envisaged depending on whether the aim is at the reduction of the
landslide hazard or of the respective consequences. Hazard reduction measures are
distinguished into stabilization measures and control measures. The first category
includes the stabilization measures that lead to the reduction of the driving forces or
to the increase of the resistant ones, while the second one refers to the interception
and control measures that diminish the landslide severity (e.g. magnitude, impact
energy or pressure) or even the probability of reaching the elements at risk. Con-
sequence avoidance includes measures for the protection of the exposed elements
or even the decrease of their vulnerability, although the latter lacks in efficiency in
comparison with the rest. Using this classification, a variety of mitigation measures
is presented for three different landslide types: rockfalls, debris flows and landslides,
the latter embracing a broad range of shallow to deep-seated slope movements,
including rock slides, earth slides, earth flows or complex phenomena.

11.1 Introduction

Landslide risk management and mitigation involves a wide range of measures,
from precautionary to remedial ones. As discussed in Sect. 1.3, landslide risk
mitigation by corrective and protection measures must be considered only if other
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available options have been disregarded or need to be supplemented. Landslide
hazard and risk are best addressed with land-use planning regulations, by restricting
the development in dangerous locations because developing landslide prone areas is
delicate. The realisation of cuts and fills, loads due to building construction, leakage
of either water supply or sewage systems may cause the reactivation of dormant
landslides or trigger new failures. Corrective and protective measures should be
primarily conceived to reduce risk level in threatened areas already developed.

Two different strategies may be envisaged to mitigate risk (Corominas 2013):
(1) reducing the landslide hazard; and (2) reducing consequences. The first strategy
aims at diminishing the probability of the landslide occurrence or its reactivation,
and/or the probability of reaching the exposed element. The second strategy
looks for avoiding or minimizing damages by reducing the exposure and/or the
vulnerability of the exposed element. This may be achieved by implementing
either active or passive measures. Active measures aim at modifying the slope
stability conditions or restricting the landslide progression by any means, which may
involve earthworks, the construction of concrete structures (structural measures)
or by the implementation of surface protective works including eco-engineering
techniques (non-structural measures). Passive measures do not interfere with the
occurrence and spatial development of the landslide and are conceived to avoid
adverse consequences and include a variety of options such as the early warning
systems.

Corrective and protection measures against landslides are designed according
to the standards of practice which include the consideration of a suitable factor
of safety. The degree of safety to achieve depends on the available funds, risk
acceptability, maintenance requirements and on other environmental or social
restrictions. Large amount of funds are often required to protect populated areas
or critical facilities such as main road networks, dams or industrial plants. The
main challenge is to implement an optimal design that could be cost-effective and
achieve a reasonable degree of safety. To this end, an appropriate understanding
of the landslide mechanisms and the triggering processes is required as well as
the assessment of the soil and rock strength parameters and their uncertainties.
The analysis is usually performed by a qualified engineer or engineering geologist
based on detailed reconnaissance and field sampling, laboratory work and stability
calculation of the slope or landslide under different circumstances.

Reduction of the landslide hazard may be performed at the landslide source by
means of stabilization works. The probability of slope failure may be prevented by
either reducing driving forces in the slope or by increasing resisting forces in the
potentially mobilized mass, or by both. Driving forces acting on a slope or on an
existing landslide are mainly associated to its geometry and to the occurrence of
transient phenomena such as earthquake shaking. Remedial actions are in general
more feasible for the changes in geometry. Grading (cut and fill) of slopes may be
performed in active or dormant landslides to achieve more stable slope geometry.
However, this must be designed with care to ensure that indiscriminate excavation
or fill will not destabilize the slope or accelerate the landslide displacements. Little
can be done against the occurrence of landslide triggers such as intense rainfall
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or earthquakes. The increase of driving forces produced by the triggers may be
counteracted by undertaking prevention measures such as surface and subsurface
drainage which are considered soft-structural measures. The increase of the resisting
forces in the slopes is sought through external reinforcement by increasing the
internal strength or by providing support through man-made structures. The overall
effect of all these measures will reduce the probability of failure and, subsequently,
the hazard level.

Hazard level may also be reduced by interventions along the landslide path in
order to diminish the landslide magnitude, its velocity, or both. The goal is to
reduce the severity of the event (its mass, kinetic energy or impact pressure) and the
probability of reaching an exposed element. To this end, structural works aiming
at intercepting and storing the landslide debris or for lessening the velocity and
dissipating the energy may be foreseen. Designing this type of structures requires the
appropriate assessment of the potential movable volume in order not to overcome
the storage capacity of the retention works, and of its dynamics along the path which
will facilitate the decision of the location of the structures (e.g. barriers, dissipaters).

Finally, risk may be mitigated by avoiding undesired consequences. This is
the goal of protective works that avoid exposure of the elements at risk such as
galleries or diversion works which do not interfere with the landslide dynamics.
Reinforcement and strengthening of threatened elements to decrease vulnerability
must be considered a very last option only. Few structures are able to resist the
impact of very rapid landslides. Structural reinforcement of foundations such as
slabs may be considered in foundation on slow moving landslides (some mm to few
cm�year�1) to prevent their differential displacement and possibility of cracking.

In the following, a description of landslide risk mitigation options for different
landslide mechanisms is proposed.

11.2 Mitigation Measures for Rockfall Hazard

The measures which are applied for the mitigation of rockfalls can be classified into
two main categories according to whether they aim at the reduction of the hazard, or
of the consequences. In the following, some of the strategies which are commonly
applied are presented.

11.2.1 Hazard Reduction

Hazard reduction measures can be categorized into stabilization methods and
severity reduction methods. Stabilization aims at reducing the rockfall occurrence
at the source. On the other hand severity reduction methods are used in order to
decelerate the rock block mass, to intercept it or to control its trajectory so as to
reduce is destructive potential.
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Fig. 11.1 Rock bolts

In the following, a series of techniques referring to both types of measures are
briefly presented. A single or a combination of techniques might be used. The
selection is based on criteria related to the complexity, effectiveness, durability,
constructability, cost, maintenance requirements and aesthetic impacts (Andrew
et al. 2011). Further details for the application of these techniques are given in
Kliche (1999) and Hoek and Bray (1981).

11.2.1.1 Stabilization Measures

The minimization of the rockfall hazard might be obtained by different types of
measures. One of them is the direct intervention at the source of instability, by block
removal of potential unstable rocks. Three types of techniques are applied to this
purpose: resloping zones of unstable rocks, trim blasting of overhangs and removing
loose blocks of rocks. Further details for each one of them and their execution can
be found at (Wyllie et al. 2004). Removal should be used on the condition that the
new face will be stable and that no risk of undermining the upper part of the slope
exists.

The rockfall occurrence can also be diminished by interventions that aim at
affecting the probability of rock detachment from the slope face, by improving its
stability or, alternatively, by reducing the driving forces that contribute to instability.
Stabilization measures refer to reinforcement of the rock mass. The most common in
practice are mentioned in the following. Different types of steel rods may be used to
stabilise the rock mass. Rock bolts are long anchor bolts used to transfer load from
the unstable exterior, to the confined and more resistant interior of the rock mass
(Fig. 11.1). They are used in tension. Dowels instead are generally short grouted
steel reinforcement bars acting as passive reinforcement elements that require some
ground displacement to be activated and subjected to both shear and tensile stresses.
Shear pins, which are metal rods designed to shear, break in the case of overload,
thus preventing the overload of the rock mass.
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Fig. 11.2 Combined use of rock bolts, shotcrete and wire mesh to prevent rockfalls in the road
from Zarautz to Getaria, Basque Country, Northern Spain (© J. Corominas)

Alternatively, zones or beds of closely fractured or degradable rock can be
protected by applying a layer of shotcrete to the rock face (Fig. 11.2). Shotcrete
utilizes pneumatically applied mortar and concrete sprayed onto a slope face to
seal it. It controls both the fall of small blocks of rock and progressive raveling
that will produce large, unstable overhangs on the face. However it provides little
support against sliding of the overall slope (Turner and Schuster 1996). In some
cases, injectable resin/epoxy also serves as rock bonding inside the open joints.

Buttresses and beams retain and protect areas of weak rock and supporting
overhangs. Buttresses should be designed so that the thrust from the rock to be
supported, loads the buttress in compression. In this way bending moments and
overturning forces are eliminated and there is no need for heavy reinforcement of
the concrete (Turner and Schuster 1996).

On the other hand, reduction of the driving forces in tension cracks and vertical
joints can be achieved with drainage. Methods of controlling water pressure include
limiting surface infiltration and drilling horizontal drain holes or driving adits at the
toe of the slope to create outlets for the water. A variety of techniques and their
appropriateness for precipitation due to different rainfall intensities or snow melt is
described at Wyllie et al. (2004).

Geotextiles draped over slopes can also be used for the drainage and stabilization
of rockfalls. A big variety of materials exists to this purpose (Kliche 1999).
Geotextile filters act as graded granular filters and they are designed for soil
retention, system permeability and long-term filtration.
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11.2.1.2 Interception and Control Measures

Protection measures aim at the reduction of the severity of an event by deceleration,
trajectory control or deflection of the rock mass(es). Severity refers to rock block
velocity and run-out distance, which are measures of its destructive potential. There
exist a variety of rockfall protection measures which can be applied either at the
proximity of the rockfall source, or in an intermediate distance between the source
and the exposed elements. The most common in practice are mentioned in the
following.

Wire mesh and cable nets systems that are used to control rockfall activity
are among the most famous protection measures and consist of steel fabric/mesh
running over a slope (Fig. 11.3). They might be draped and/or suspended from
upslope anchors, thus deriving its support from either the available interface friction
between the mesh and the ground or the anchors or a combination of both.

Forest cover on rockfall corridors may have a positive effect on dissipating part of
the energy of the rock blocks moving down-slope, amongst other, through their con-
tact with stems and the energy absorption, the contact with ground vegetation and
the high surface roughness due to vegetation and dead wood (Brauner et al. 2005).

Barriers and fences aim at the deceleration up to the catchment and stopping of
moving rock blocks (Fig. 11.4). They include different types such as earthen berms
and gabions to contain the run-out, wooden, steel or concrete walls and other types
of fencing.

Hybrid rockfall protection barriers (attenuators) might be as well used, which
are a combination of rockfall protection drapes/rockfall nettings and flexible
rockfall protection barriers without bottom supporting ropes. The possibility of
incorporating sensors that check the maintenance status of the afore-mentioned
rockfall protection systems and set off an alarm if limit values are exceeded also
exists and can be used for the implementation of early warning systems.

11.2.2 Consequence Reduction

11.2.2.1 Protection Measures

Protection measures are considered to be those that are situated next to the exposed
elements and aim at their direct protection from rock impacts.

Rockfall galleries have been proven to be efficient for the rockfall mitigation
of highways and railways (Fig. 11.5). A lot of investigation is currently going
on, for the incorporation of damper systems, the optimization of the resistance of
supporting beams and the use of energy absorption layers of sand or other materials
(Schellenberg and Vogel 2007).

Ditches are mostly referred to as catchment areas and they are constructed at
the toe of a slope when there is enough space, to prevent rockfalls from reaching the
highway. Sand cushions are often used to achieve the block catchment by increasing
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Fig. 11.3 General view of the San Juan de la Peña monastery, Central Pyrénées, Spain, built under
an overhanging conglomerate cliff and detail of the wire mesh installed to avoid the direct fall of
cobbles detached from the rock mass (© J. Corominas)

the energy absorption at the impact of the rock to the ground. Hybrid ditches may
also be used which are a combination of a barrier and a ditch. The ditch width
depends on the slope height.

At the level of buildings, a variety of barriers exist that can be constructed either
to enhance the performance of excavated ditches or to form catchment zones at the
toes of the slopes (Turner and Schuster 1996). The required type of barrier and its
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Fig. 11.4 Rockfall fence installed at the Canal de l’Alzina to intercept and/or reduce the velocity
of the falling blocks before reaching the bottom of the slope where Santa Coloma neighborhood,
Principality of Andorra, is built (© J. Corominas)

Fig. 11.5 Gallery and a combination of ditch and barrier to protect against the occurrence of
rockfalls in the coastal road of Gipuzkoa, Basque Country, Northern Spain (© J. Corominas)
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dimensions depends on the rockfall intensity, the slope geometry and the permitted
cost. The goal of the barriers is to trap the falling rocks and they are particularly
useful when placed at the toes of slopes. To protect the structures and the people
from direct impacts, different types of barriers can be used among which the most
common are such reinforced concrete or geo-fabric and soil barriers.

11.2.2.2 Vulnerability Reduction

The efficiency of structural protection measures that are considered for the build-
ings’ design against rockfalls is low in comparison with hazard or consequences
reduction measures. Some recommendations for the design of buildings against
mountain hazards and progressive collapse have been made by Holub and Hübl
(2008), Ellingwood and Dusenberry (2005) and Izzuddin et al. (2008).

11.3 Mitigation Measures for Debris Flow Hazard

Debris flows are one of the most damaging landslide-related phenomena. They often
occur in steep slopes covered by unconsolidated layers of colluvium or weathered
rocks. The predominant initiation mechanism is a shallow translational or rotational
slope failure triggered by intense rainy episodes and sudden collapse of the bank
material in torrent beds. Debris is transported down slope normally through pre-
existing drainage ways until it is deposited in areas of decreased gradient and
confinement where it may spread out to form a fan (Costa 1984). The steepness
of the slopes confers a high potential energy to debris flows which may propagate at
extremely high velocities (up to some tens of meters per second). Damages produced
by the debris flow events are mainly due to their high impact energy and to the burial
of the exposed elements by debris. In the last years, a large number of casualties
and losses have been reported in different parts of the world due to debris flows.
For instance, 161 deaths were reported in the events of Sarno and Quindici in 1998
(Revellino et al. 2004; Zanchetta et al. 2004), around 30,000 people were killed by
debris flows and floods in the coastal zone of Vargas, Venezuela in December 1999
(Wieckzorek 2001), or a total of US$ 200 million of property losses and 29 persons
lost their life by floods and debris flows during the passage of the Typhoon Mindulle
in Taiwan in July 2004 (Chen and Petley 2005), to mention just a few.

11.3.1 Hazard Reduction

Massive debris flow occurrence is associated to extreme rainfall events which affect
large areas (over thousands of square kilometers) or to large magnitude earthquake
events. In these circumstances is not unusual to report thousands of failures and,



312 O.-C. Mavrouli et al.

because of that, these events have been named as multiple occurrence of regional
landsliding events or MORLES (Crozier 2005).

The large size of the areas affected by MORLES does not facilitate the imple-
mentation of measures to systematically stabilize the source areas and minimize the
probability of occurrence. Afforestation and reforestation are nonstructural slope
reinforcement measures that may restrict the occurrence of the slope failures and the
development of debris flows. Vegetation strengthen the surficial formation layer by
the anchoring effect of the root system and by improving the hydrological conditions
of the slope through pumping groundwater by evapotranspiration which reduces
pore water pressures (Sidle et al. 1985). Several studies have demonstrated the
beneficial influence of forest on the stability of slopes (Fannin and Rollerson 1993).
However, even though it is observed that number and density of slope failures are
significantly smaller in forested slopes, the role of the forest cannot prevent from
slope failures completely.

In individual basins with well identified debris sources, the stabilization measures
may be considered. These measures mainly consist of structures to protect uncon-
solidated sediments from erosive processes. Biotechnical stabilization techniques
combine vegetation and man-made structural elements to bind soil components
and reinforce the ground surface (Highland and Bobrowsky 2008). Rock slabs,
timber and other natural elements are often used thus allowing an adequate visual
integration in the landscape. Light structural elements such as gabions walls and nets
are also used to protect sediments from undermining and erosion and provide some
support to the bottom of the slope. This type of protection is not usually designed
to prevent the slope failure from occurring but to restrict the enlargement of the
landslide scar and the availability of sediment. The cost and maintenance of such
measures restrict its extensive usage in mountain areas.

The severity of the debris flow events is reduced by means of a variety of
structural measures that are usually emplaced along the track. These measures
are aimed at protecting torrent banks from erosion, minimize the mobilized debris
volume and/or reduce the speed and subsequent kinetic and impact energies.

Check-dams are typical structures of masonry or concrete built in the debris flow
tracks with manifold goals (Fig. 11.6). The main effect is the stabilization of the
bed and the protection of the banks against torrent erosion. This plays an important
role because a debris flow may significantly increase its volume along the track
(Cannon 1993). To achieve this goal it is fundamental that dams could be founded
in sound bedrock as erosion of the ground around the abutments may lead to the loss
of support and to the destruction of the dam (Alcoverro et al. 1999). An additional
effect of the check-dams is the energy dissipation through the jumps. The amount
of sediment retained by a system of check-dams is, in general, negligible. Dams are
often filled immediately with sediments by regular torrent floods. The location of
the dams in the steep stretches of the torrents makes the emptying and maintenance
unaffordable.

Retention basins are conceived to store debris thus reducing the volume and
speed of the debris flow (Fig. 11.7). Openings at the dam are sometimes included to
allow the passage of water and the fine sediment fraction. This type of measure is
restricted by the availability of the space in the basin. Basins are usually designed to
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Fig. 11.6 Series of check dams at the Barranco de Arás, Central Pyrénées, Spain (© J. Corominas)

Fig. 11.7 Retention basin, Bolzano Province, Italy (© J. Corominas)

store some tens of thousands of cubic meters of debris but steep torrent beds allow
the storage of small amount of debris only. Flexible ring net barriers capable to
withstand high static and dynamic loads may be alternatively used (Fig. 11.8). They
can be easily installed with minor earthwork and cost. Their capacity allows trapping
up to 1,000 m3 of debris and, if required several barriers may be installed along
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Fig. 11.8 Net at Rumı́ torrent in Portainé, Eastern Pyrénées. Series of nets are located along the
torrent bed, which have been filled with debris (© J. Corominas)

the debris flow track to increase the storability. Basins and nets must be emptied
periodically in order to keep their storage capacity and access to machinery must be
guaranteed. It is not unusual that some elements of the nets had to be replaced after
an event making maintenance costs expensive.

Best performance of retention basins and flexible barriers is obtained in catch-
ments affected by small size and episodic debris flow events that are expected not
to overcome the storability of the system. The occurrence of either large or frequent
debris flow events may result in saturation of the system and rendering it inefficient.

11.3.2 Consequence Reduction

Protection measures for debris flow may be conceived to confine the flow within the
channel by constructing an artificial concrete bed or earth embankments. In this case
a critical parameter for the design is the knowledge of the maximum discharge of the
potential event in order to avoid overflowing. An alternative or complement to the
mentioned measures is the construction of protection dykes or diversion channels
(by-pass). These measures aim at avoiding the undesired consequences without
interfering on the dynamics of the debris flow. Either man-made or enlarged natural
avulsion channels at the fan apex may be used to divert flow from populated areas
or critical facilities (Fig. 11.9). Channel banks may be enlarged and/or reinforced
with levees and concrete or rip-rap walls (Prochaska et al. 2008). The scarcity
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Fig. 11.9 Diversion channel (right) at the Biescas debris fan in the Central Pyrenees, Spain. The
step-like longitudinal profile will contribute to the energy dissipation of the flow and force debris
deposition at the fan apex (© J. Corominas)

of magnitude-frequency data necessary for the proper design of such diversion
structures is a main constraint in mountain areas. Calculations of the potential debris
flow discharge made based on observation of historical events could be deceptive as
shown in recent events in Italy (Arattano et al. 2010). Events larger than expected
(the design-event) may have catastrophic consequences for such developed fans.

Mountain roads show numerous crossings with torrents affected with debris flow
activity. This is typically made with bridges and less frequently with galleries.
Bridges must have a span large enough to allow the discharge of debris. Failure
in identification of the potentially of the torrent to generate debris flow may result
in inadequate designs that may endanger motorists and cause the interruption of
necessary evacuation ways.

11.4 Mitigation Measures for Landslide Hazard

This paragraph deals with corrective and protection measures that can be applied to a
broad range of shallow to deep-seated slope movements, including rock slides, earth
slides, earth flows or complex phenomena. These types of landslides are affected by
changes in resisting and driving forces due to the variously combined effects of
slope geometry, groundwater and surface water.
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11.4.1 Reduction of Driving Forces by Changing the Surface
Geometry of the Slope

The main measure to reduce driving forces in a landslide is changing the surface
geometry of the slope in order to reduce the integral of tangential stresses acting on
the failure surfaces. Two fundamental approaches can be used to change the surface
geometry of the slope: regular reshaping of the slope to a semi-constant new defined
inclination, or stepped grading of the slope by creating a series of planar slope
surfaces (known as “banks” or “benches”) linked by inclined slope intersections.

Regular reshaping is particularly effective in rotational movements. It involves
downloading the head portion of the landslide – where the inclination of the sliding
surface is expected to be higher – and at the same time loading the toe portion of
the slope – where the contrary occurs. The morphology of the intermediate portion
of the landslide, in between the so called drained and the undrained “neutral lines”
(Hutchinson 1977), is left mostly unchanged. Loading at the toe of the landslide can
be done either by using and compacting the landslide material excavated in the head
zone, or by using heavy-weight external materials (e.g. boulders, reinforced earth
embankments, etc.).

Stepped grading can be applied in rotational or translational movements and is
generally carried out in steep scarp or toe zones of the landslide. Its purpose is not
only to increase resisting forces, but to provide for erosion control and vegetative
establishment. In irregular terrains, grading is generally carried out by mimicking
the contours of the slope. Graded slopes that are to be stabilized with grass shall not
be steeper than 2:1. However, the max inclination of the angular slopes and of the
entire graded slope should be carefully designed on the basis of the geotechnical
characteristics of materials. Reverse slope benches are generally used in steep
graded slopes. Surface drainage is assured at each individual bench by ditches and
shallow drains that convoy runoff to a stable portion of the slope (Fig. 11.10).

11.4.2 Reduction of Driving Forces and Increase
of Resisting Forces by Drainage

Groundwater expressed as hydrostatic pore water pressure can reduce the effective
stress acting on the sliding surface and inside the landslide mass and it can
consequently reduce the resisting forces due to soil shear strength. In some cases,
such as in presence of vertical joints in rock slopes or with tension cracks in soil
slopes, infilling water pressure can be an extra driving force acting in the slope.

Subsurface and surface drainage systems are the most commonly used structural
measures for water drainage. Subsurface systems are designed for draining the
larger possible amount of groundwater from inside the slope. Surface systems are
designed for controlling surface runoff, therefore reducing groundwater recharge
due to infiltration of rainfall or pounding water. At the same time, surface drainage
systems are also effective in reducing sheet and rill erosion along the slope.
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Fig. 11.10 Example of stepped grading of a landslide head scarp zone (Ca’Lita landslide, northern
Apennines, Italy). (a) Global view form orthophoto; (b) detail view of benches

11.4.2.1 Subsurface Drainage Systems

Subsurface drainage systems include: drainage trenches; sub-horizontal drains,
shields of deep drainage wells, large diameter drainage wells. Less frequently, and
in particularly large stabilization projects, drainage tunnels and micro-tunnels are
also used.

Drainage trenches are trenches filled with free-draining geomaterials (coarse
granular fills and geosynthetics). They should be preferably oriented longitudinally
or in fish-bone arrays so to minimize the possibility of damages due to slope
movements. If excavation and filling is made with conventional methods, their depth
is rarely more than 4 m, since higher depths involve large graded trenches, so costs
would increase significantly. However, by using clam buckets for excavation and
pre-assembled drainage panels of synthetic material for filling the depth can be
higher with relatively limited costs.
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Sub-horizontal drains are drainage pipes made of special non-rotting casings
(made of metal or pvc) of around 10 cm diameter placed in the underground in
slightly upward direction by using rotating drilling rigs. The length may be up to
100 m and are generally constructed in series of drains spaced one another from 5 to
10 m. In addition to intercepting and evacuating ground water, sub-horizontal drains
are effective because they alter the subsurface flow pattern inducing a stabilizing
vertical current pressure. One of the main problems with sub-horizontal drains
is their maintenance in the long term, as clogging can reduce their effectiveness
in relative short times, and costly unclogging operations might be often required.
Another problem is that their relatively small diameter makes them vulnerable to
slope movements. It is therefore good practice not to place them across major sliding
surfaces. Another good practice is to couple them with retaining structures, so to
assure the stability of the outlet end of the drain.

Shields (curtains) of deep drainage wells are series of 1.0–1.5 m diameter
wells connected by a 0.1–0.2 m diameter basal drainage collector ensuring gravity
discharge (Fig. 11.11). This system was first patented in the early 1980s as
“Rodren”. Drilling in the ground is done with rotating tapperred buckets or hougers
drillers. The hole is then fitted with pre-assembled metal inner casing and the basal
drainage collector is drilled from one well toward the adjacent one. Wells can be of
two kinds: inspection wells, i.e. wells in which the metal casing is left empty, and
drainage wells, e.g. wells that are completely filled with coarse draining material.
The spacing between adjacent wells is generally limited to about 5–10 m, a distance
limited by the difficulties in creating basal drainage collector. The depth can be
significantly high, up to 35 m and more in favorable geological conditions, and it is
actually only limited by the operative range of the drilling rig. The basal drainage
collector is certainly the most vulnerable component of this drainage system, as
it’s clogging or rupture can seriously affect the overall efficiency. For this reason,
shields of deep drainage wells are often installed upslope retaining structures, so to
have a coupled stabilizing effect for both type of consolidation work.

Large diameter drainage wells are drainage wells up to more than 25 m deep
and of at least 3.5 m diameter (Fig. 11.12). They are constructed of either steel or
reinforced concrete segments, and concrete is used at the well bottoms and the upper
portion of the well. Water is drained from the surrounding ground by a series of
radial and multilevel positioned sub-horizontal drains. Often, in weak underground
materials, their excavation requires the prior creation of a circular set of adjacent
caisson piles. The most vulnerable parts of these systems are certainly the sub-
horizontal drains that can be cut by slope movements and clogged by hard water
or the fine grained fraction of the ground.

11.4.2.2 Surface Drainage Systems

Surface drainage systems usually consists of surface channels and catchpits that
are the chambers that collect water from different channels. Surface channels
are created by excavation of trapezoidal ditches. Generally, the bottom of the
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Fig. 11.11 Example of a shield of deep drainage wells (Magliatica landslide, northern Apennines,
Italy). (a) General construction scheme; (b) hole fitting with pre-assembled metal inner casing;
(c) inner view of drainage well during drilling of the basal drainage collector; (d) final setup of the
drainage system (© G. Truffelli)

channel is protected from erosion by covering it with rock blocks, wood beams,
imbricated pre-constructed concrete elements, metal half-pipes, or geosynthetic
matting, geotextiles or erosion matting. Catchpits are made of plastic or concrete
materials, and can vary in size, shape, number of inflow points according to
the specific requirements of the surface drainage network, and can eventually be
filled by draining material. Catchpits can also be used as sampling and flow rate
measurement points.



320 O.-C. Mavrouli et al.

Fig. 11.12 Example of large diameter drainage well (Garfagnolo landslide, northern Apennines,
Italy). (a) Excavation inside the circular set of adjacent caisson piles; (b) drilling of radial
subhorizontal drains; (c) inner view of the drainage well with water inflow from radial drains;
(d) final setup of the drainage system (© G. Truffelli)

11.4.3 Increase of Resisting Forces by Retaining Structures

Earth pressure can be counterbalanced by retaining structures. Commonly
adopted retaining structures for landslide consolidation are: gabions, retaining
gravity/concrete walls, bored caisson piles (coupled to concrete walls), micropiles
and reinforced earth structures.

Gabions are rectangular wire mesh baskets filled with rock boulders, that are
modularly assembled on site to form a retaining structure (Fig. 11.13). Gabions
are generally assembled on top of a superficial foundation shaft slightly dipping
upslope, or on deep pile-funded shafts. The main advantages are flexibility and
permeability of the resulting structure. They are used in different slope instability
situations, to sustain source areas and scarps, to control toe erosion and to stabilize
banks.

Gravity and concrete walls are retaining structures made of blocks or reinforced
concrete. Typically retaining walls are cantilevered from a footing extending up
beyond the grade on one side and retaining a higher level grade on the opposite
side. They are among the most commonly used systems in engineering works for
sustaining excavation fronts and road cuts. They can also be used for stabilizing
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Fig. 11.13 Example of usage of gabions. (a) Construction phase at the head zone scarp of a
landslide. (b) Final gabions setup at the head zone scarp of a landslide (© G. Truffelli)

landslides of limited size and depth, whereas they are generally inefficient for large
landslides, unless they are coupled to deep pile foundation. Their efficiency depends
on the quality of the rear drainage, as groundwater pressure is among the main
causes of base sliding or overturning.

Bored caisson piles (coupled to concrete walls) are among the most resistant
retaining structures. The term caisson is normally used to identify large bored
concrete piles. Caissons are constructed by drilling a hole in the ground and filling
it with concrete. A reinforcement cage is placed prior to concreting. Two types of
drilling machines are in use: auger types and bucket types. The diameter of caissons
can be as high as 1 m and its length can be up to 35 m or more. Piles can be built
equally spaced, intersecting one another or distributed at quincunx. At ground level,
a beam of reinforced concrete is constructed to link the upper termination of the piles
(Fig. 11.14). The beam acts as connection to the uppermost concrete wall. This type
of construction is in most cases completed with anchoring systems dipping into the
slope for tens of meters that allows transferring earth pressures from the beam to
the deep seated firm ground. This type of retaining structure has been successfully
used in several slope consolidation projects of deep earth slides (Fig. 11.15). Good
practices require the creation of a good drainage system upslope the piles lineament,
by means of drainage trenches or, optimally, deep drainage wells.

11.5 Conclusion

Slope stabilization and protection measures are best recommended in situations
where population or infrastructures are subjected to an imminent landslide threat.
To stabilize a slope failure requires the appropriate understanding of the landslide
geometry and mechanism. This may require time to investigate and while complete
stabilization, particularly for large landslides can sometimes be too expensive or im-
practical. Stabilization measures may reduce the hazard level by either diminishing
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Fig. 11.14 Example of bored caisson piles coupled to concrete walls (Ca’Lita landslide, northern
Apennines, Italy). (a) General construction scheme; (b) exposed caisson piles, reinforced concrete
beam and anchoring systems (© G. Truffelli)

the driving forces in the slope (or existing landslide) or by increasing soil and/or
rock strength. Hazard level may be also reduced by constraining the progression of
the landslide in order to reduce the distance travelled, its velocity (energy) or both.
In mountain environments, the remedial measures are intensively implemented in
linear infrastructures (roads and railways), particularly when crossing of landslide
prone areas is unavoidable. However, it must be taken into account that reduction
of hazard might only be a transient solution because maintenance works are usually
required. Retention structures may deteriorate with time, especially in aggressive
environments. Failure to maintain structural elements such as rock anchors, nets or
fences may lead to the loss of their efficacy and to the onset of the instability of
the slope. Several administrations have prepared maintenance guides for slopes to
promote good risk management practices (GEO 2003). In any case, as an additional
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Fig. 11.15 Example of coupled usage of bored caisson piles and shield of deep drainage
wells (Magliatica landslide, northern Apennines, Italy). (a) During construction; (b) finalized
consolidation work (© G. Truffelli)



324 O.-C. Mavrouli et al.

Fig. 11.16 A 2,000 KJ protection fence in Andorra la Vella, Andorra Principality, damaged by a
rockfall in April 2008. Replacement of the elements was carried out in a few weeks to immediately
restore the protection level of the area (© J. Corominas)

measure, it is recommended the setting up of a monitoring system in the engineered
slopes or stabilized landslides to check the performance and level of safety of the
whole system (Corominas 2013).

Corrective and protective measures are components of a living with risk man-
agement strategy. It is important to avoid false sense of security, particularly in
urbanized areas and to inform population properly. Design is normally subjected
to a large degree of uncertainty of the input data, particularly of the slope
strength parameters or on magnitude-frequency relations of future events. Structural
solutions are designed according to standards of practice which may be adequate in
front of infrequent events but in some circumstances not for the worst case scenario.
Protection against the latter is often unaffordable.

Care must be taken after the occurrence of landslide events that might have
compromised the performance of the measures. For instance, a rockfall may destroy
a protection fence or a debris flow event may fill the capacity of the retention basins
(Fig. 11.16). Events occurring before the replacement of the damaged elements or
completion of the maintenance work will produce undesired consequences. Because
of these reasons, these types of mitigation measures must be fully integrated within
a risk management framework and be continuously monitored.

The use of biotechnical slope stabilization methods using geotextiles, vegetation
and foresting is increasing. These “soft” landslide mitigation techniques, if correctly
applied can be proved efficient and at the same time, they are presenting the advan-
tages of being environmental “friendly” and aesthetically improved in comparison
with steel and concrete structural mitigation measures.
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Even though measures implemented may justify the development of threatened
areas or the construction of infrastructures, it is recommended that landslide hazard
maps reflect in some way the existence of the potential hazard. This is particularly
relevant when considering that future changes such as forest fires which may burn
protection forest in rockfall prone areas, may facilitate the failure of the unprotected
soils in the slope.
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Chapter 12
The Relevance of Legal Aspects, Risk Cultures
and Insurance Possibilities for Risk
Management

Marjory Angignard, Carolina Garcia, Graciela Peters-Guarin,
and Stefan Greiving

Abstract Risk culture expresses a variety of factors such as attitudes, believes,
values, goals, and practices, shared by an institution, organization or group that
influences the way risk is handled in a particular setting. The cultures of risk vary
considerably among Europe and often even between regions within a particular
country as well as between different social groups, age groups and gender. The
interconnection of factors that determine the perception of risk and the social
variables is discussed. However, not all of these factors are addressed by this chapter
which concentrates on the relevance of legal frameworks and insurance possibilities.
The theoretical implications of risk culture on risk assessment and management in
practise are explained by the example of the case study Valtellina, Italy.
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12.1 Introduction

There is more than one way to deal with natural hazards. Across the world, several
approaches have been developed and applied. Even in comparable risk settings
(same hazards, same intensity, same expected range of damages) the option chosen
can differ largely. This is due to the existence of different risk cultures. Risk culture
is the ‘collective knowledge’ of risk in a given space and time, common to all
members of a social group (Glatron 2003). Risk culture is expressed through an
ensemble of factors such as attitudes, believes, values, goals, and practices, shared
by an institution, organization or group that influences the way risk is handled in a
particular setting. It comprises elements as diverse as the disaster history of the area,
its economic situation, its demographical evolution, the insurance possibilities, the
legal framework in force and the type of administrative organization. As expressed
in the definition, risk culture is not static in space (it varies from one setting to
another) or time (in the same setting it varies through time). The same factors that
build risk culture make it evolve. For instance, the lessons learnt after a disaster
become part of the risk culture. They influence the perception of risk, and have an
impact on the management decisions taken afterwards.

Importantly, it is the definition of risk that affects risk policy and moreover,
defining risk is an exercise in power in view of existing ambiguity. In European
Member States, governed according to law, the existing legal framework – which is
to a certain extent the outcome of a particular (risk) culture – serves as normative
basis for any risk assessment and risk management, to be taken by public as well as
private bodies.

12.2 The Role of Risk Culture

An important and interesting aspect of risk perception is the variation in different
cultural (regional, national) contexts, a perspective studied within the cultural risk
paradigm. Risk perception enters the risk management equation through differing
estimations on, for example, how probable an event may be, and how much money
is to be spent on preparedness. The following Fig. 12.1 shows the interconnections
between the different factors which determine how a risk is perceived and evaluated:

Individual risk perception is also shaped by how the community or a certain
socio-cultural milieu generally deals with a special type of risk or risky situations.
Estimating how risk is perceived by a particular community may provide a basis
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Cultural setting
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• Probability of occurrence
• Damage potential
• Perceptibility
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consequences
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• Irreversibility of consequences

Media 

Social 
Community

• Familiarity
• Behavior of responsible 

authorities
• Signal effect

Individual factors

• Voluntariness
• Personal experience
• Affectedness
• Controllability
• Cognizance, knowledge
• Attitudes
• Habituation
• Information processes

Fig. 12.1 Elements of
perceived risk (WBGU 1999)

for understanding and anticipating public responses to hazards (Slovic 1987).
This is particularly relevant for governments and emergency personnel because, in
many cases, the lack of understanding about how risk is perceived by a particular
community may result in well intended policies being ineffective (Slovic 1987).
Understanding the way the people of a particular community think about risk is
fundamental to correctly address risk reduction efforts, to improve risk communica-
tion and to define preparedness strategies, including policies and emergency plans
(Slovic 1987; Frattini and Crosta 2006; Haynes et al. 2008; Bird et al. 2009).

Both risk appraisals and behaviour in risk situations are influenced by cultural
belief systems, the value systems contained in these and social roles. The cultural
belief system determines extensively the collective notions of how the world
functions. These collective notions are also termed social representations, as they
contain socially constructed ‘images’ of the world.

Social representations comprise the knowledge of ‘facts’ and ‘events’ (e.g. what
constitutes an insult, how to resolve conflicts, whether the forest is dying etc.)
shared within a group. This knowledge is essential for people to appraise situations,
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evaluate them and act. This knowledge is propagated, stabilized and modified by
communicative processes (interpersonal communication). To understand the ways
in which risks are dealt with, it is essential to take into consideration the socio-
cultural setting.

As seen in the previous part, different countries facing similar hazards can
develop different strategies to deal with them. Due to the existence of various
risk cultures, the panel of possible choices for addressing natural hazards and
risks is very large. This is not only due to intrinsic organisational factors such as
the legal and administrative contexts or the compensation and insurance system
regarding natural hazards. As Veyret & Meschinet de Richemond explain, ‘the
relation to danger and the construction of risk [depends on] the past events and
the cultural diversity that characterise each country’ (Veyret and Meschinet de
Richemond 2003).

This cultural diversity can be expressed through various aspects of a country’s
identity. Risk culture is ‘transmitted knowledge, forged more or less consciously’
(Glatron 2003) and varies in space and time. Some of its constitutive elements
are very abstractive and difficult to grasp, because they refer to more or less
immaterial objects such as the collective memory of past events, the consequences
on peoples’ lives of the existence of hazards, economic activities, demography, or
the focus of action against natural hazards, but also sociological parameters (gender,
age, ethnicity, social level, : : : ) and cognitive elements such as knowledge and
understanding of the risk, familiarity to the risk situation, choice of the risky activity,
or previous experience of the phenomenon (Glatron 2003).

Therefore, risk cultures are plural, even in one space or time unit.
Across Europe, many differences can be observed, for instance on the following

points (Veyret and Meschinet de Richemond 2003):

– the level in which decision are made: although national, regional and local levels
are involved in risk management, usually one of them has a more important role
than the others (e.g. in Germany, the regional level with the Länder and in the
Netherlands, the local level);

– the focus of action: the policies and strategies against natural hazards can address
specific parts of the risk governance framework, sometimes focusing particularly
on one of them. This leads to completely different strategic orientations (e.g.
prevention and protection in France, crisis management in Portugal);

– the place and role of insurance in the compensation system: in some European
countries insurance against natural disasters is compulsory, either state managed
(e.g. in France) or completely private, whereas in others it is optional (e.g. in
Germany). This influences the relation to risk. If all damages due to natural
disasters are covered by insurance, and victims are certain to get a compensation
for them, people might tend to accept higher levels of risk and not take any
precaution against hazards, and;

– the place of stakeholders and population in the decision making process:
although involving the whole society in risk related decision making is nowadays
recognised as a positive action and largely encouraged, it is addressed in different
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manners across Europe. For instance, the consultation of the public during a
decision making process is made compulsory by law in France, whereas in
Switzerland a ‘culture of public debate’ exists and does not require any legal
obligation.

It is crucial to recognise and document these differences, not only as social
objects, but because of the importance they have when considering a European
standardisation. In the general dynamic of European harmonisation of policies on
several topics, the question of a harmonisation of risk governance policies can
be posed (Angignard 2011). Natural phenomena are not limited to administrative
borders. The hazards present in Europe are largely diffused, and large areas are
concerned with similar problematic. In order to manage trans-border hazards, for
instance earthquakes or floods in large river basins, it is of benefit to install collab-
oration between countries. This would be highly facilitated by a harmonisation of
risk governance methods. Moreover, this could improve the share of information
among European countries and regions, reaching for a larger and deeper corpus of
knowledge about natural hazards and risk related policies.

12.3 Legal Frameworks and Insurance Possibilities

In the Mountain Risks network, a particular attention was paid to two elements
linked with risk culture: the legal framework, and the compensation system. The
legal framework and administrative system enforced on a given territory are highly
influenced by the existing risk culture, and have an important impact on it. This
framework differs considerably among Europe and can be grouped into different
administrative families (Fig. 12.2).

The approach and focus chosen depend on the priorities which are defined
through the prism of the local risk culture. The construction of risk culture is a
cycle. Different directions can be chosen by authorities concerning their risk related
legislation, focusing for instance on prevention, protection, reaction to disasters, or
several of these steps. The conception of the repartition of responsibilities between
authorities and individuals also influences the choice of focus. Historically, some
countries were founded on the monopolisation of powers, resulting in centralised
organisations (e.g. France, United Kingdom). On the opposite, other countries
applied ‘negotiated cooperation’ between the State and the other levels of authorities
(regions), resulting in polycentric organisations (e.g. Germany, Italy). This differ-
ence leads to the development of various approaches towards risk management, with
a more or less important place of the State. Although the centralised organisation
tends to be more efficient regarding security matters, regional authorities can have
a better understanding of the local context, and laws emanating from this level can
be expected to be more adapted to the actual situation, when national laws could
be too general and obliterate local specificities. For the same reasons, polycentric
organisation is considered as more adapted to preventive actions. The relation
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between a State and its population also counts in the orientation of a risk-related
legal framework. An ‘almighty state’ in which citizens are used to transfer their
responsibilities to the authorities will be responsible for every aspect from hazard
assessment to recovery, whereas in a country where individuals carry responsibility
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for their own safety the authorities will have fewer duties and leave space for
personal action.

Following the same pattern, risk culture is also relevant for explaining the
differences of organization of compensation of losses in a particular country (state-
based fund, private system of insurances etc.). The insurance against natural hazards
is probably the most adopted way how to transfer economic losses from particular
risks. In every country (or even a particular region) this risk transfer can be achieved
through different possibilities.

In Europe, coverage for disasters caused by the impact of natural hazards by
both the insurance industry and the government varies from one country to another
(ISDR/World Bank 2008). One can distinguish four main categories:

1. In countries like the Netherlands or Denmark, insurers play a minimal role in the
provision of coverage against natural hazards. The State organizes the insurance
scheme through the government annual budget or through a tax levied on fire
insurance policies (which are managed by a specific fund).

2. In Switzerland, the State does not intervene in the provision of insurance but
makes the insurance of chosen risks compulsory, most of the time by means of
fire insurance contracts. Without having insurance, no building permission will
be granted.

3. In countries like France, Norway and Spain, the solution is compulsory insurance
provided by State-backed insurance entities. In France for instance, a fund is fed
by a levy on insurance primes. Similar schemes are currently being considered by
the Governments of Italy and Romania. The compulsory requirement is typically
enforced through the inclusion of disaster insurance coverage in the fire policy,
which is the most common product in the market.

4. Finally, the most common solution is the case in which the State’s intervention
is officially totally absent and most of the coverage relating to natural hazards
is optional and granted on a case-to-case basis, by financial aid, proved by the
government an a case-to-case basis. In addition, those states (i.e. Germany, Italy,
United Kingdom) believe in a commercially structured ‘free market solutions’.

It is also interesting to note that the hazards covered are not the same everywhere.
Regional specificities lead to the need to insure people against particular hazards
(e.g. landslides in the Alps, subsidence in the Mediterranean area) and to ignore
others because they are not present in an area (e.g. avalanches in plains, seismic
hazard). Some countries decide to cover only events above a given intensity.
In France for instance, damages can be covered by the national CatNat fund
(Catastrophe Naturelle: Natural Disaster) only if they result from ‘the abnormal
intensity of a natural hazards, when the usual measures to prevent theses damages
could not stop their happening or could not be taken’ (Code des Assurances).
This definition excludes compensation when mitigation measures failed to be
taken or implemented, thus encouraging citizens and local authorities to undertake
prevention and protection measures.
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Since government aid is not based on formal legislation, it depends on many
other factors such as, for instance, media coverage, which makes it difficult for
affected persons to rely on this kind of compensation. Due to broad media coverage
of disasters and media-driven politics, the extent of damages is often overestimated
in the immediate aftermath of a disaster caused by the impact of natural hazards.
Government ad hoc relief programmes often reduce the incentive to keep the risk
of damage to infrastructure and private property low through private and collective
preventive measures. There are many cases where local authorities do not step up
their efforts in risk prevention and development planning, because they expect the
federal Government to cover the cost of any necessary repairs to public assets.

12.4 Case Study Valtellina Valley, Lombardy Region,
North of Italy

This concept is illustrated by the analysis of two case study sites (the Ubaye Valley
in France; the Valtellina Valley in Italy). In each of them, a large survey targeted
at the population addressed the questions of risk perception and expectations
regarding risk governance. In addition, local experts and decision makers were
interviewed. The results revealed interesting differences between both sites that can
help understand how the different risk cultures existing in these apparently similar
areas (similar hazard profile, events history) were shaped. In the following, the case
of Valtellina is discussed in more detail.

12.4.1 Italian Legal Framework for Risk Management
and Civil Protection

The Civil Protection is the main body for emergency management in Italy. The
Department of the Civil Protection of the cabinet is the operative body of the Prime
Minister’s Office (Presidente del Consiglio dei Ministri, in Italian), regarding the
safeguarding of people and assets exposed to particular threats derived by natural or
man-made disasters.

Since its origins, the Department of the Civil Protection has been in charge of
managing the natural and technological risks. As described in Garcia (2011), after
multiple changes in the Italian legal framework (Fig. 12.3), it was established that
the Civil Protection is in charge, not only of the emergency management, but also the
forecasting, prevention and recovery phases. Nowadays, the legislation establishes
that it is fundamental to identify in advance the possible future damaging events, the
possible affected zones and the activities which should be performed before, during
and after the emergency.
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Fig. 12.3 Evolution of the civil protection legislation in Italy (Garcia 2011)

The origins of the Civil Protection in Italy can be traced back to more than
40 years with the creation of the first modern national civil protection law, the Law
996 of 1970. This law, known as the ‘Norm about the rescue and assistance of the
population affected by a calamity – Civil Protection’, institutionalized some of the
temporary measures adopted during these events and gave leading responsibility for
disaster relief to the fire brigades and the Red Cross. The direction of the disaster
management was assigned to a Commissar appointed by the government for every
new event.

After the 1980 earthquake in Irpina, that left more than 2,700 people dead, a new
civil protection legislation was established, the Decree of the President of the Italian
Republic (D.P.R.) 66/1981. This decree gave the local responsibilities to the prefect
and the local authorities, promoted the ‘self-protection’ based on civil protection
education and also established a ministerial position for the general direction of
major national disasters.

It was not until 1992 that the modern National Civil Protection was instituted
with the Law n. 225/1992. This constituted the model for the rest of Europe,
as it became the pattern mandated by an EU directive (Alexander 2002). The
main innovations of the Law n. 225/1992 were, first, to establish that the Civil
Protection System should not be constituted when an event occurs, but that it
should be pre-existent to the event. Second, that the mayors are the main local Civil
Protection authority, and therefore the primary responsible for disaster planning
and management at the local level. And third, that it is necessary to give a high
importance to the volunteer organizations.



336 M. Angignard et al.

The Italian Service of Civil Protection is a complex system that involves many
different public, scientific/academic and private organizations. According to the
Article 6, Law 225/1992, the components of the Italian Service of Civil Protection
includes not only governmental bodies at different levels such as ministries,
regions, provinces, prefectures, municipalities, mountain consortiums and public
institutions, but also scientific research groups, and particularly important, the
citizens and the volunteers groups.

In 1998, the Legislative Decree 112, 1998, known as the Bassanini Law No
59, set out the rules for decentralizing the Civil Protection in Italy. The law
transferred some responsibilities from the national government to the regions,
provinces mountain consortiums and municipalities. The municipalities acquired
the whole competence of the Civil Protection at local level while the Regions
were responsible for the employment of the volunteers and the Province for the
elaboration of the Provincial Emergency Plans.

According to Alexander (2002), the real pillars on which Italian civil protection
rests are the municipalities (comuni) and the voluntary organizations. As in many
other countries, in Italy the local mayor is the final authority when a disaster strikes.
Municipalities have been busy setting up emergency offices and developing plans,
reaching, in some cases, high degrees of sophistication and prominence.

The Civil Protection works based on the principle of subsidiarity, which is the
idea that a central authority should have a subsidiary function, performing only those
tasks which cannot be performed effectively at a more immediate or local level.

At local scale, it was only with occurrence of several disastrous events, such
as the landslide of Sarno and Quindicci of 1998, that the necessity of a stronger
organization of the local authorities was evident. In this regard, the Law 267/1998
established the obligatory elaboration of a Municipal Emergency Plan in the
municipalities with high risk zones (Regione Lombardia 2004).

Lombardy, the largest Italian region, embraces 11 Provinces and 1,546 munici-
palities and has more than 200 civil protection voluntary units. In 1998, Lombardy
Region published the first ‘Regional Program for Forecasting and Prevision for Civil
Protection’ – RPFP 1998 which included the identification and representation, in a
general cartographic scale, of the principal risks presented in the region, including
geohydrological, seismic, industrial, nuclear and fire risks.

Another important legislative instrument for civil protection of the Lombardy
Region is the Regional Law 22nd of May 2004, n. 16, known as the ‘Unique text
about the regional dispositions in regard of Civil protection’ (Testo unico delle
disposizioni regionali in materia di Protezione Civile, TUPC, in Italian). This law,
based on the principles of subsidiarity, suitability and differentiation, has as main
objective to improve the emergency services provided to the citizens through a fluid
and more efficient emergency management and to promote the return to ‘normality’
as fast as possible.

Taking into account the recommendations of the UN– Disaster Reduction meet-
ing Kobe in 2005, Lombardy Region structured the PRIM based on the principles
of: priority of action, meaning to select the major risks first; strong institutional
base, in particular related to the institutions for risk prevention; need to identify,
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evaluate and monitor risks, including appropriate forecasting and early warning
systems; promote a culture of resilience; promote emergency preparedness, in both
institutions and social networks; and finally, the construction of a global response
network on prevention and protection, through the involvement, according to the
respective competences, of the national government, the region, the local authorities
and the end-user and citizens.

The integral risk vision of the PRIM 2007–2010, promoted the transition from a
single risk approach to a multi-risk approach and the integration of informative and
technological monitoring infrastructure.

12.4.2 Perception of Risk in the Mountain Consortium
of Municipalities Valtellina of Tirano

As described in Garcia (2011), in order to evaluate the perception of mass move-
ments and flooding risks in Valtellina of Tirano several aspects were considered
including: (i) levels of worry or concern about natural hazards; (ii) perceived danger
of different hazards; (iii) hazard of most concern; (iv) estimation of the likelihood
of a set of risky events.

(i) The results of the levels of concern show a medium level of concern, with a
mean of 2.46 (using a 5 points Likert scale from 1/not at all to 5/completely) at
the beginning of the questionnaire and a mean of 2.70 at the end;

(ii) A list of eight different hazards was provided in order to rate how dangerous
each hazard is considered using a Likert scale from 1/without consequences
to 5/extremely dangerous. Three different mass movements were included in
the list (landslide, debris flow and rock falls), and also were included snow
avalanches, floods, forest fires, earthquakes, and ‘others’. Results show that the
hazards rated as most dangerous are forest fires (mean D 3.32), followed by
landslides (mean D 3.00) and floods (mean D 2.97);

(iii) Results show that the hazards that concern the most are floods, followed closely
by landslides, and then forest fires, earthquakes and snow avalanches;

(iv) The estimated likelihood of a hazardous event in the next year was low for
both mass movement and flooding. Even lower was the perceptions of risk
to personal and family safety which was clearly different to the perceptions
of risk to property and to the whole population. The perceived risks to
transport networks and critical lifelines were really similar and the highest of
all parameters. This optimistically perceived risk for personal safety, property
and other structural elements is consistent with the results of Perry and Lindell
(2008). According to Perry and Lindell (2008) this results may reflect the fact
that the individuals sense that the warning systems will allow them to escape
personal harm, while the property and structures left behind are exposed to
higher risks.
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12.4.3 A Comparison of Risk Cultures Between
Barcelonnette and Valtellina

The first element of difference between the Ubaye and the Valtellina valleys is
the actor of reference. Although in both cases the mayor is responsible for risk
management, the municipality works with local experts. This was further expressed
through the answers of the population about risk governance actors. In every
case, they showed more trust and deemed more qualities to these actors. The
choice of these experts reveals different conceptions of risk governance. In the
Ubaye Valley, the key actor when dealing with natural hazards is the local RTM
service (Reforestation of Mountain Terrains). This body was first funded in the
second half of the nineteenth century to re-establish and maintain state-owned
forests in mountains. Their role shifted to technical experts, and they are nowadays
dealing with protective works (dams, dykes) and risk prevention. In Valtellina, the
reference actor is the Civil Protection. This corps, including volunteers, focuses
on preparedness and response, providing expertise and help in crisis management.
The traditional direction of risk related policies taken in France and in Italy are
reflected in this observation: when in France actions are positioned in prevention
and protection, in Italy they address preferentially preparedness and response.

A second element was revealed when asking the population about the risk related
topics they are interested in. The major topics of concern were similar in both
cases and revealed very practical concerns: evacuation procedures and emergency
management. After these, the respondents in Valtellina were interested in individual
mitigation measures, whereas respondents in Ubaye requested information about
the risk zoning. In France, the risk zoning can be included in a legally binding land
use plan. It is not the case in Italy. The difference observed in these choices can be
seen as ‘an opposition of what people have to do and what people can do against
natural hazards’ (Angignard 2011).

Third, the type of media solicited for information about natural hazards and risks
was largely differing between the studied sites. In Ubaye, respondents asked for
official information by involvement of local authorities (legally responsible for risk
management). In Valtellina, mass media were solicited (television). These answers
reveal differing expectation regarding the type of information. In Ubaye, directive
information based on the local situation are expected, when in Valtellina it is more
informative elements on a larger scale.

Moreover, the legal frameworks are in general different but share several aspect.
In both cases the mayor is responsible for safety in his commune. In both France and
Italy, important laws were emitted in reaction to major events. The Valtellina Law
(Legge Valtellina) taken in 1990 after the events of 1987, or the Barnier Law (Loi
Barnier) taken in 1995 after the floods of 1992 in south of France are good examples
of this reactive legislations. Nevertheless the orientation of risk-related policies is
different. In Italy the framework applied to natural hazards encompasses national
and regional laws while in France laws are only emitted on the national level.
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The actual orientations of these legal and administrative frameworks also differ.
The French approach is mainly based on prevention and protection through land use
regulation (e.g. risk prevention plans, PPR) and mitigation measures (e.g. dykes,
landslide drainage, dam). In Italy the focus lays on alert and reaction, and recovery
(for instance, the key actor of risk management is the civil protection).

The different risk cultures are also expressed via different conceptions of the
role of insurance regarding natural hazards. In France the insurance of buildings
and goods against natural hazards is compulsory and compensation comes from a
fund managed by the State. In Italy natural events are not generally insured but
private insurance is possible, however, in the case of a major event and declaration
of ‘natural calamity’ the state usually allocates some money to the impacted
people. This situation, however, leads in some occasions to an overestimation of
the consequences of an event in order to receive more compensation from the state.

12.5 Conclusion

Risk cultures are an essential element of a risk setting. The influence they have on
the social construction of risk is important, and they have to be taken into account
when considering risk acceptance and deriving management options. It is crucial not
to neglect them in risk governance and decision making, as cultural elements might
hinder or facilitate the application and implementation of policies and measures.
The comparison between the two cases of Valtellina and Barcelonette proved this
key finding. Consequently, any risk assessment and management strategy must be
designed tailor-made to the risk culture of the respective region. Moreover, the
transferability of any ‘best practice’ from one country to another must take cultural
aspects into consideration. Thus, any documentation of best practices for disaster
risk assessment or management should contain sufficient information about the
cultural context even through a particular best practice may be a pure technical
solution. The political culture of the EU which is based on the subsidiarity principles
is fully in line with these findings as it gives flexibility to the member states in regard
to the way a particular EU directive has to be implemented into national law.
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Chapter 13
The Relevance of Early-Warning Systems
and Evacuations Plans for Risk Management

Carolina Garcia, Simone Frigerio, Alexander Daehne, Alessandro Corsini,
and Simone Sterlacchini

Abstract Early-Warning Systems (EWS) include the provision of timely and
effective information, through identified institutions, that allows individuals exposed
to hazard to take action in order to avoid or reduce risk and prepare for effective
response. EWS are extensive frameworks that integrate different components of risk
governance and disaster risk reduction policies with the main purpose of minimizing
loss of life and reducing the economic and social impact of a threatening event
on the physical assets and populations exposed to hazards. This section describes
and analyzes different types of EWS with the aim to connect scientific advances
in hazard and risk assessment with management (emergency preparedness and

C. Garcia
Department of Environmental and Territorial Sciences, University of Milano-Bicocca,
Piazza della Scienza 1, IT-20126 Milan, Italy

Regional Independent Corporation of the Centre of Antioquia (CORANTIOQUIA),
Cr 65 No.44A – 32, Medellin, Colombia

S. Frigerio
Italian National Research Council – Research Institute for Geo-Hydrological Protection
(CNR – IRPI), C.so Stati Uniti 4, IT-35127 Padova, Italy

A. Daehne
Department of Earth Sciences, University of Modena and Reggio Emilia University,
Largo Sant’Eufemia 19, IT-41100 Modena, Italy

Department of Geosciences, University of Missouri – Kansas City, 5110 Rockhill Road,
Kansas City, MO 64110, USA

A. Corsini
Department of Earth Sciences, University of Modena and Reggio Emilia University,
Largo Sant’Eufemia 19, IT-41100 Modena, Italy

S. Sterlacchini (�)
Italian National Research Council, Institute for the Dynamic of Environmental Processes
(CNR – IDPA), Piazza della Scienza 1, IT-20126 Milan, Italy
e-mail: simone.sterlacchini@idpa.cnr.it

T. van Asch et al. (eds.), Mountain Risks: From Prediction to Management
and Governance, Advances in Natural and Technological Hazards Research 34,
DOI 10.1007/978-94-007-6769-0 13, © Springer ScienceCBusiness Media Dordrecht 2014

341

mailto:simone.sterlacchini@idpa.cnr.it


342 C. Garcia et al.

response) strategies and practical demands of stakeholders and end-users. Besides
a structural approach, an Integrated People-Centred EWS (IEWS) is also presented.
The system is mainly based on prevention as a key element for disaster risk
reduction and aims not only to increase the level of awareness and preparedness
of the community and decrease its vulnerability, but also to strengthen institutional
collaboration, in particular at a local level, in order to assure sustainability of the
efforts in the long term and to strength the risk governance process. In this way, the
whole disaster cycle can be covered, trying to apply the most advanced technology
available and also making the solutions easier to use by people not accustomed to
manage these techniques in their daily tasks.

Abbreviations

DSS Decision Support Systems
DEFRA Department of Environment Food and Rural Affairs
DKKV Deutsches Komitee Katastrophenvorsorge e.V.
DMTP Disaster Management Training Programme
DREAD-ED Disaster Readiness through Education
DRR Disaster Risk Reduction
DEWS Distant Early Warning System
EW Early-Warning
EWC Early-Warning Conference
EWS Early-Warning Systems
EDURISK Educational Itineraries for Risk Reduction
EPRS Emergency Preparedness and Response Strategies
EC European Commission
GPRS General Packet Radio Service
GIS Geographical Information Systems
GPS Global Positioning System
GBInSAR Ground Based Radar Systems for Movement Monitoring
ICT Information and Communication Technology
IRASMOS Integral Risk Management of Extremely Rapid Mass Movements
FLOODSite Integrated Flood Risk Analysis and Management Methodologies
NEAREST Integrated observations from near shore sources of Tsunamis
IEWS Integrated People-Centred Early-Warning System
IRGC International Risk Governance Council
IREALP Istituto di Ricerca per l’Ecologia e l’Economia Applicate alle Aree

Alpine
LEWIS Landslide early-warning integrated system
SAFELAND Living with Landslides Risk in Europe
PPR Plan de Prévention des Risques
PPEW Platform for the Promotion of Early Warning
RINAMED Rischi Naturali nel tratto Mediterraneo Occidentale
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RISKRED Risk Reduction Education for Disaster
SAFER Seismic Early Warning for Europe
SLEWS Sensor based Landslide Early Warning System
SMS Short Message Service
SAR Synthetic Aperture Radar
TLS Terrestrial Laser Scanning
TETRA TErrestrial Trunked RAdio
TRANSFER Tsunami Risk and Strategies For the European Region
UN/EP United Nations/Environment Programme
UN/ISDR United Nations/International Strategy for Disaster Reduction
WMO World Meteorological Organization

13.1 Introduction

Early Warning (EW) is defined as ‘the provision of timely and effective information,
through identified institutions, that allows individuals exposed to hazard to take
action to avoid or reduce their risk and prepare for effective response’ (UN/ISDR
2006). Early Warning Systems (EWS) include not only the warning itself but are
extensive frameworks that integrate different components of risk governance and
disaster risk reduction (Basher 2006). These components interact long before the
crisis may start with the main purpose of minimizing loss of life and reducing
the economic and social impact of an event on the physical assets and population
exposed to hazards. The International Strategy for Disaster Reduction (UN/ISDR –
PPEW 2005) has implemented a permanent platform for the promotion of Early
Warning (http://www.unisdr.org/ppew/ppew-index.htm) whose efficacy is defined
by four interlinked components (Basher 2006): (1) prior knowledge of the risks,
(2) technical monitoring and warning service, (3) dissemination and communication
of understandable warnings and (4) knowledge and preparedness to act (response
capabilities).

EWS face various challenges associated to the difficulties and problems to
integrate multiple components. Regarding the decision-making on EWS, the un-
certainties inherent to any predictive process may lead to wrong decisions, even
in highly-developed EWS and with well-prepared personnel. Wrong decisions can
either lead to missed alarms when the mitigation action is not taken when it should
have been; or false alarms when the mitigation action is taken when it should not
have been (Grasso et al. 2007). For this reason, the levels of uncertainty of the
information must always be communicated to the users, together with the EW, since
the lack of clear and honest information can confuse people and undermine their
confidence in government (Grasso 2007). Furthermore, it is fundamental that local
governments, local institutions and communities are constantly involved in the en-
tire policy-making process of the risk governance and during the elaboration of the
EWS in order to increase the awareness and preparedness levels. This involvement
implies to decentralize the decision-making process enhancing responsibilities of
local governments and communities (EWC-II 2003).

http://www.unisdr.org/ppew/ppew-index.htm
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For being effective and assuring a timely warning, EWS must be integrated
into policies for disaster mitigation and risk governance. At the same time,
governance priorities must include protecting the public from disasters through the
implementation of disaster risk reduction policies which are only completed if EWS
and the other non-structural countermeasures are included. On this regard, WMO
(2010) and EWC-II (2003) propose some key elements for integrating EWS into
disaster risk governance policies including:

– strong political commitment from the government, supported by Disaster Risk
Reduction (DRR) plans and clear legislation, that allows to strengthen the legal
frameworks;

– coordination among national services for sharing information and dissemination
of warnings that take exposure and vulnerability of the elements at risk into
account;

– promotion of communication and dissemination systems, that ensures warnings
are received at all community levels, through clear protocols and procedures
regularly tested, evaluated and maintained;

– emergency preparedness, including education to appropriately use of weather-,
water- and climate-related information and early warnings;

– implementation of local to national emergency response plans with clear and
regularly updated procedures practiced through simulation exercises;

– assignment of clear roles and responsibilities for all organizations and stakehold-
ers at different territorial levels in order to improve efficiency, credibility, trust
and cost-effectiveness of the risk management procedure;

– elaboration of feedback mechanisms between national to local governments,
national services and the community, to facilitate evaluation and improvement
of the warning system;

– in-depth collaboration, by developing institutional networks and participatory
strategic plans with multi-disciplinary research and multi-stakeholder participa-
tion, and;

– promoting the availability of economic and human resources in order to establish
proper priorities to allow their secure allocation.

As pointed out by Chang Seng (2010), the most appropriate governance on EWS
is to encourage: (1) a multi-hazard approach; (2) enhanced bilateral and multilateral
cooperation among the stakeholders, (3) innovative partnerships, (4) capacity
building, (4) sharing and exchange of local experiences and (5) scientific knowledge.

In this section, different types of EWS (structural and non-structural) and
emergency preparedness and response strategies developed in Europe are described
and analyzed. Then, an Integrated People-Centred EWS (IEWS) is proposed with
the aim to increase the level of awareness and preparedness of the community at
risk and to decrease its vulnerability, to strengthen institutional collaboration and
to assure sustainability of the efforts in the long term. All these topics are expected
to contribute to improve risk governance and disaster risk reduction policies and
strategies on the base of the practical demands of stakeholders and end-users.
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13.2 Status of EWS for Natural Hazards in Europe

The European Commission (EC) has identified in several documents on risk
management the need for adaptation as a consequence to climate and environmental
changes (EC 2009). Integrated approaches are needed for connecting scientific
advances in hazard and risk assessment with management strategies and practical
demands of stakeholders and end-users. In many cases, the scientific outcomes
remain rooted solely within the scientific community (IRGC 2005). This is mainly
due to the complexity of human-environment interactions which are often too
complex to be properly recognized, represented, and modelled. This fact generates
that the approaches developed by the scientific community are often not easy to be
implemented by the stakeholders/end-users community.

Nowadays, in the context of the EU Environmental Assessment Directive in risk
prone areas, it is well recognized that shared knowledge is the key element to get
to a harmonised decision-making tool structure for hazard and risk management.
In this way, the whole disaster cycle can be covered, not only applying the most
advanced technology available but also making the solutions easier to use by people
not accustomed to manage Decision Support Systems (DSS) and Geographical
Information Systems (GIS) techniques in their daily tasks (Muntz et al. 2003).
Through the dissemination of knowledge, by specific public education programs,
all people who may be threatened by a disaster may learn in advance what to expect
and how to react. This will lead citizens to improve their awareness, develop their
preparedness and response capabilities, strengthen institutional collaboration and,
in so doing, protect themselves more efficiently.

Western European countries have a long experience in dealing with natural
hazards and scientists of these countries present a strong understanding of the
natural phenomenon. However, there is still a strong tendency to focus most of the
efforts in risk assessment and structural mitigation, usually leaving preparedness
and prevention widely neglected. There are obviously marked differences among all
the Western European countries but there are also strong similarities on the socio-
economic and political conditions that constitute the base for this generalization.

For example, in Germany, the Committee for Disaster Reduction (DKKV 2007)
acknowledged the critical importance of preparedness as a fundamental element
for DRR. DKKV also affirms that if a participatory approach is used, involving
responsible bodies and population in all phases of disaster reduction, the likelihood
of achieving DRR is greatly improved. Even if this approach is applied in most
of the DRR initiatives funded by Germany in developing countries, the application
of this strategy in the German territory is generally neglected. A survey on risk
perception was developed by Plapp and Werner (2006) in zones affected by flooding
and earthquakes in the south of Germany. The survey showed that the population
perceived lack of possibilities to protect themselves from a hazard or to create
shelter against it, lack of possibilities to prepare for the hazard, and lack of precise,
timely or reliable predictions and warnings. Furthermore, responses indicate that
research on natural hazards is rather unknown, not noticed or even not memorized
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by the public. Despite of considering that one of the main causes of the disasters
are inappropriate land use planning, the public assumes that there are too little
possibilities to prepare and to response to a hazard event. The previous results show
the low perceived self-efficacy and strong lack of preparedness in the population,
probing the necessity to develop risk communication strategies that emphasize
preparedness and offer information about possible self-preventive measures.

In Iceland, the study of Bird et al. (2009) about an evacuation exercise for
volcanic crisis, describes an example of how a population can still have low
levels of risk perception regardless of being aware of the multiple hazards they
face. This, together with a failure from the emergency personnel in providing
adequate information about preparedness and evacuation procedures, generates a
low response capability, leading to the failure of the whole warning system.

Italy is one of the most multi-hazard prone countries in Europe. It is characterized
by a marked heterogeneity among the regions, both physiographically and cultur-
ally, that explains why each region has its own risk management legal framework. In
the whole country, the National Civil Protection authorities are the ones in charge of
monitoring and managing the largest emergencies in magnitude and consequences,
while the development of the local contingency plans is competence of each
municipality. The National Law 225/1992 specifically establish the responsibility of
the mayors to elaborate the local evacuation plan of the municipality, to manage the
emergency and to educate and to keep the citizens informed in order to prepare them
for possible crisis. In spite of that, the preparation activities organized by munici-
palities are present in just few regions and most of the actual educational activities
are still isolated efforts (such as EDURISK) of some academic institutions (as the
National Civil Protection and the National Institute of Geology and Vulcanology –
INGV) to increase awareness and preparedness in case of large future events. Some
Italian regions have completely acknowledged the main principles of the National
Law 225/1992, tailoring them to their own requirements (for example, the Regional
Decrees ‘Direttiva Regionale per la Pianificazione di Emergenza degli Enti Locali’
and ‘Direttiva Regionale per la gestione organizzativa e funzionale del sistema di
allerta per i rischi naturali al fine di Protezione Civile’ – Regione Lombardia 2007,
2009) while some others did it only partially or not at all.

The location of most of the Netherlands territory below sea level makes it
highly susceptible to flooding. For this reason, the Netherlands have develop a flood
defence system with the highest safety standards worldwide (Van de Ven 2004).
As pointed by Ten Brinke et al. (2008), the result is that Dutch society has come
to rely on this defence system to the extent that other possible measures for flood
risk management, in terms of spatial planning (pro-action) or contingency planning
(preparation, response, recovery) have received little attention. The same authors
affirm that ‘the population and economic growth in the area protected by mainly
preventive measures have increased the country’s vulnerability to the extent that
a flood would result in massive economic and social disruption’. For the previous
reason, it is necessary to invest more on response and recovery in order to broaden
the historical flood defence strategy into a true risk policy by taking stronger account
of the consequences of possible flooding (Ten Brinke et al. 2008).
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United Kingdom (UK) is a model for the evolution to a more participatory
and people-centred approach related to risk flood management. This includes the
establishment of: (1) resilience forums, in the context of the legal emergency
preparedness framework denominated Civil Contingencies Act (UK Cabinet Office
2004), (2) programs for education at schools such as the ‘Japan-UK Disaster Risk
Reduction Study Programme’, (3) flood emergency plans, that take into account
the needs of the communities and, (4) education campaigns, to promote self-help
and preparedness among the vulnerable residents (DEFRA 2009). Furthermore,
the legislation in force since April 2009 imposes a new statutory duty on local
authorities ‘to inform, consult and involve citizens and communities in the design,
delivery and assessment of services’ (Filey Flood Working Group 2009). This
statute highlights the responsibilities of people to protect themselves and their
properties (Ten Brinke et al. 2008). These efforts are mainly focused on flooding
while preparation toward other hazards is not so strongly attended. Additionally,
it is important to mention that prevention, related to structural works, is generally
weak in UK (Ten Brinke et al. 2008).

In France, the municipalities at risk, marked out by the prefect of the
‘Département’, have to elaborate risk prevention plans (Plans de Prévention des
Risques – PPR). The French PPR are often cited as an example of efficient use of
spatial planning in risk prevention. They are regulatory hazard-zoning documents
that delimit certain hazard zones with restrictions for construction and further
development (Fleischhauer 2006). The PPR contain a presentation of the risk
setting (it can be single or multi-hazard oriented), maps presenting historical events,
existing hazards, stakes and assets, and finally risk zoning maps. The maps portray
three types of zones: red (high risk, no further construction allowed and in some
cases expropriation can be considered), blue (medium risk, construction allowed
under some restrictions, e.g. compliance to codes) and white (low or no risk, no
restriction). These documents are not risk maps per se, as they also include the
current and planned use of parcels. For example, there can be ‘white zones’ prone
to hazards (e.g. cultivated areas in flood plains). In the French legal framework,
the insurance of buildings and goods against natural hazards is compulsory and
compensation comes from a fund managed by the State.

Although there is still a general lack of participatory activities and involvement
of the community in the EWS in Western Europe, several countries have developed
many interactive educational tools of excellent quality, mostly targeted to the
school population (Becker et al. 2009). These products have been produced in part
by European projects, such as RINAMED (2002–2004), EDURISK (since 2002),
OIKOS (since 2007), RiskRED (since 2006), FloodSite (2004–2009), DREAD-ED
(2008–2010), Be-Safe-Net (since 2007), among many others. It appears, however,
that today there is a lack of strategies to disseminate these products and broadly
educate the population.

There is also still a general lack of efforts from the scientific community
and researchers to divulgate their studies and results using dissemination media
accessible for the public and a simple language that allows the understanding of
the message by all the general community. Recent scientific projects funded by the
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European Union on EWS do not seem to call for any involvement of the exposed
population: SLEWS (2007–2010), SAFER (2006–2009), DEWS (2007–2010),
LEWIS (2002–2005); NEAREST (2006–2010). For the risk reduction projects,
there are some notable exceptions such as: TRANSFER (2006–2009) which
includes, among its objectives, programs to enhance local community awareness
and preparedness against the tsunami and marine hazards, as well as other types
of hazards, and guidelines for community participation and emergency plans;
SAFELAND (2009–2012) which couples a foreseen participation of policy-makers,
public administrators, researchers, scientists, educators and other stakeholders with
an improved harmonised framework and methodology for the assessment and
quantification of landslide risk at a local, regional and European scales but not
the public. As pointed by IRASMOS (2005–2008), in several European countries
the most important threat regarding natural hazards is the poor knowledge of the
people about natural hazards and their missing competence to live with risks. This
may lead to a non-adequate behaviour in case of an emergency or to problems
in the implementation process of countermeasures and of land-use planning. It is,
therefore, fundamental to improve the efforts in preparedness, communication and
education initiatives, including elements such as EWS and emergency plans.

13.3 Recommendations for the Setup of Structural EWS

13.3.1 Risk Knowledge Constraints

Risk assessment provides essential information to set priorities for mitigation and
prevention strategies and designing EWS. In particular, as indicated by UN/EP
(2010) and Kollarits et al. (2010), the distinction between stepwise-onset hazards
(also defined as slow-onset or ‘creeping’ hazards) and sudden-onset hazards (also
defined as rapid-onset hazards) is relevant.

Any process that is developing in a time span shorter than the intervention
time required must be considered to be ‘sudden’ from the point of view of
EWS. According to Kollarits et al. (2010), stepwise-onset hazards are those whose
effects take a long time to produce emergency conditions (such as large river
floodings). This natural hazard type is characterized by the fact that: on the
one hand, historic data and forecasting information (from gauges, meteorological
network and established threshold values) are typically available allowing longer
forewarning times and well established warning and alert stages in the hazard
management cycle and, on the other hand, the evolution of the scenario/event
follows a regular sequence of processes which are usually quite well-known on
the basis of the historic knowledge of similar events and that can be foreseen and
predicted based on validated models and real-time monitoring data. On the contrary,
sudden-onset hazards are characterized by a highly dynamic/composite evolution of
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event scenario and by a limited reaction time. In particular, small catchments in
mountain areas are very frequently affected by rapidly evolving events. Extreme
meteorological conditions, causing torrential rains within a very short time span
in a local watershed, can trigger different processes such as landslides, rockslides,
rockfalls, debris flows and torrential flash-floods leading to complex multi-hazard
scenarios. According to Kollarits et al. (2010), rapid/sudden-onset and slow-onset
events can provide different amounts of warning time. Even in the case of existing
forewarning systems installed, the warning time is very short in case of rapid-onset
hazards. When time allows, after an attention/alert phase, a pre-alarm or a very short
alarm phase follows immediately before the impact.

13.3.2 Technical Constraints

Especially for rapid/sudden onset events, the provision of timely and effective
information can be most often fulfilled by using structural monitoring systems
whose selection should start from a clear statement on (Corsini 2008):

– ‘why’ the monitoring has to be carried out (e.g. what is the purpose of
monitoring);

– ‘when’ the monitoring has to be performed (e.g. the period of interest for data);
– ‘what’ has to be monitored (e.g. the object and the observational parameters to

monitor);
– ‘where’ the monitoring must be performed (e.g. the choice of the specific

environmental site conditions).

As regards the questions ‘why’ and ‘when’ and given the assumptions that, at
the occurrence of a damaging event no previous monitoring data are available,
the following direct relationships between ‘risk management phase’ and ‘period of
interest’ exist:

– a response period, defined as the period generally limited to the 1–3 weeks that
are needed to control the development of the event and to keep updated the
on-going event scenarios;

– a recovery period, defined as the period generally lasting 1–3 months and needed
to control the residual development of the event;

– a prevention period, defined as the period generally lasting 1–3 years or even
3–10 years and corresponding to the time needed to analyse the cause-effect
relationships, define future possible event scenarios, and put in action the risk
prevention strategies;

– a preparedness period, defined as the period generally lasting in the order of
1–10 years or more, and that is the time needed to make cost-effective the set-up
and the maintenance of an EWS.
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The definition of ‘why’ and ‘when’ monitoring must be carried out can lead to
the exclusion of specific monitoring systems on the basis of practical constraining
factors. The following typical situations, linked to ‘what’ and ‘where’ monitoring
must be carried out, can be considered:

– accessibility of the site: if, in the period of interest, the site is for any reason
inaccessible, then all of the in-place sensing systems are to be excluded and
remote sensing is thus the only possible option;

– visibility of the site from a panoramic stable ground position: if, in the period of
interest, the site is not visible from a panoramic point, due to topography of the
area or vegetation coverage, then all of the terrestrial remote sensing systems are
to be excluded;

– visibility of the site from aerial position: if, in the period of interest, due to
topography of the area or vegetation coverage, the site is not visible from air,
then aerial or satellite remote sensing systems are generally to be excluded;

– value of expected movements: if, in the period of interest, the factor exceeds the
range of movement that a given system can cope with/without damage, then that
system is to be excluded. This is crucial for systems placed into boreholes, such
as inclinometers or piezometers.

Once accounted for such factors, the selection for a specific monitoring system
goes forth to the specific characteristics of the systems (range, resolution, instal-
lation and maintenance effort, possibility to transfer and process data in real-time
or near real-time, etc.). For instance, the effort needed for installing a system, the
possibility to reach the location with the needed equipment and the feasibility that in
the period of interest the system could operate with the required data acquisition and
availability configuration, are certainly to be considered. Besides technical factors,
available budget and system costs are important constraints controlling the definitive
choice of the structural monitoring system.

The specific technical factors that must be considered for implementing an
EWS are:

– data acquisition frequency: in-situ sensors are appropriate for continuous and
discontinuous monitoring, while only a few well-tested remote sensing systems
(such as, for instance, total stations) are appropriate. In other cases such as, for
example, GBInSAR (Ground Based Radar Systems for Movement Monitoring)
or TLS (Terrestrial Laser Scanning), continuous data acquisition is still to be
considered somehow experimental, even if it is quite likely that it will become
routine in a few years from now;

– data availability timing: in-situ sensors are appropriate for near real-time and
real-time monitoring, while only a few well-tested remote sensing systems (such
as, for instance, total stations) are appropriate. In other cases (such as, for exam-
ple, TLS), their near real-time usage is rapidly becoming an available option;

– data spatial extent: in-situ sensors provide spatially localised data, while remote
sensing systems provide spatially distributed data or, alternatively, multi-point
data;
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– long term stability and probability of malfunctioning: IREALP (2005) suggested
a classification of systems based on four instrument classes with decreasing level
of stability and increasing probability of malfunctioning;

– operative conditions: IREALP (2005) suggested a classification based on the
duration of monitoring and the accessibility of the instruments after installation
and divided instruments in four classes (class 1.0 – long period-non accessible,
class 1.1 – long period-accessible, class 2.0 – short period-non accessible, class
2.1 – short period-accessible).

Another key technical issue in EWS is the reliability of data transmission
procedures and infrastructure, as monitoring networks designed for EWS deliver
data timely and certainly. Therefore, EWS must adopt redundant data transmission
systems so to ensure against possible failures. Commonly used data transmission
platforms are Radio (e.g. TErrestrial Trunked RAdio – TETRA – that is a digital
trunked mobile radio standard used in Civil Protection), General Packet Radio
Service (GPRS), Satellite Internet access, W-Lan. Each of these systems has pro and
cons related to data band-width, reliability in hostile meteorological conditions and
likelihood of blacking out during the emergency situation and so on. The preference
for one communication protocol rather than another must be based on a clear layout,
on the system design phase and on the operative constraints.

Finally, EWS on a technical level are not all about sensors and data transmission,
but are also about data storage and management and real-time data analysis. Data
warehousing, via public or commercial facilities, is increasingly used to manage
large databases that must be accessed and queried by several clients. This operative
procedure will soon take a role on EWS, as more sensors will be deployed and more
data will have to be shared. As regards real-time data analysis, it is common standard
that the data management software can perform customised data download duties,
pre-processing, and graphitising. Essential for EWS is the possibility to define
attention, alert and alarm thresholds, based on a specific set or subset of parameters,
by using logic, mathematic, statistic and even more complex rules for combination.

13.4 Recommendations for the Setup of Non-structural
Integrated People-Centred EWS (IEWS): Examples
of the Consortium of Mountain Municipalities
of Valtellina di Tirano (Italy) and of the Barcelonnette
Basin (France)

A methodology to integrate EWS and emergency plans into a local disaster plan
has been elaborated in the Consortium of Mountain Municipalities of Valtellina di
Tirano (Central Alps, Northern Italy). Taking into account the actual state of disaster
management and risk reduction initiatives in the study area, it was decided that the
methodology that fits best with the present conditions would be a non-structural
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Fig. 13.1 Hazard map of the Consortium of Mountain Municipalities of Valtellina di Tirano
(Comunità Montana Valtellina di Tirano). The area spreads over 450 km2 in the Italian Central
Alps (Lombardy Region, Northern Italy) with approximately 29,000 inhabitants. In the detailed
box, it is possible to appreciate different hazard levels delimitated by municipal boundaries (Garcia
2011)

approach such as an Integrated People-Centred Early Warning System – IEWS
(Garcia 2011). The methodology (Fig. 13.1) focuses on prevention as a key element
for disaster risk reduction and aims not only to increase the level of awareness
and preparedness of the community and decrease its vulnerability, but also to
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strengthen institutional collaboration, in particular at local level, in order to assure
sustainability of the efforts in the long term and to strength the risk governance
process (Garcia et al. 2010; Garcia 2012).

13.4.1 Characterization of Risk Knowledge

The current regulatory maps for hazard and risk and the risk management present
several constraints, some of which related to the fact that there are no legal
standardized procedures to produce hazard, risk and vulnerability maps with a sound
scientific basis. The current risk maps are derived from spatial planning maps,
and the criteria used to produce the maps may differ among municipalities. As
result, in the current regional risk map, the risk levels differ among municipalities
even in geologically homogeneous areas (Fig. 13.2). The suggested risk assessment
should be holistic and integrated and not hazard focused as nowadays. An integrated
vulnerability analysis that involves economic, physical and social aspects should
be developed. The results of the vulnerability analysis need to be integrated with
accurate hazard maps in order to obtain a more reliable risk zoning. The risk maps,
instead of being a secondary product of the spatial planning maps (as they currently
are), should be used to improve them.

It is essential to put research into practice by disseminating scientific results
among decision-makers and local technicians, using a simple and understandable
language. The experience in the study area with the emergency response tool shows
the importance of performing follow-up activities once the scientific products are
handed out to local authorities. Otherwise, the utility of what in principle could
be an excellent scientific tool will be reduced due to the lack of continuity on
its maintenance, constant updating or underestimation of its full potential. It is
fundamental to share responsibilities among different actors in order to improve the
current situation, and scientists must team work with local authorities for updating
the emergency response tool and communicate it to the population.

13.4.2 Recommendation for Process Monitoring and Warning

Taking into account the extension of the study area and the extreme variability in
its morpho-climatic conditions, it seems that the current number of meteorological
stations installed in the study zone is not enough to correctly define and analyze the
different microclimates presented. Unfortunately, the high cost entailed to increase
the amount of stations installed makes it highly difficult. An economic, even if not
simple alternative to improve the forecasting and monitoring, would be to create a
network of low cost rain gauges monitored by inhabitants of the area that should also
be prepared to recognize local changes in the dynamic of the territory. The network
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Fig. 13.2 An Integrated Early Warning System (IEWS) (Garcia 2011)
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should be coordinated by local authorities and Civil Protection and should be in
constant communication with local/regional authorities and scientific bodies.

13.4.3 Recommendation for Risk Knowledge Communication

A survey applied to the population in the study area (Garcia 2011) indicated,
among others, to evaluate the preferences of the people regarding the warning
communication and dissemination. The survey assessed the practicability and
efficiency of the warning methods used until the present, as well as the levels of trust
of the population towards the different authorities providing the warning (Garcia
2011). Results show medium levels of trust towards the local authorities who, at the
same time, are perceived to be moderately prepared. The preferred media to issue
the warning is mainly an acoustic signal followed by television reporting.

In order to improve the communication and dissemination element, it is funda-
mental to involve the people at risk during the whole process, before and during the
emergencies, with constant and widely available briefings. Additionally, in order
to assure that the message arrives to the whole population, it is important to use
multiple warning methods, including long-range acoustic signals. The message
should be disseminated by an institution respected and trusted by the population
at risk. Finally, the methods for communication and dissemination should be locally
adapted, taking into account not only the technical and legal constraints, but also the
preferences of the population expressed on the survey.

13.4.4 Preparedness and Response Capability

On regard to the preparedness and response capability of the population, the survey
showed that nearly 90 % of the population knows about the existence of large events
in the past. In spite of that, at the present time, the population presents:

– low levels of preparedness and perceived risk;
– lack of general knowledge related to natural hazards and emergency manage-

ment, and;
– a high transfer of responsibility on risk reduction from the population to the

authorities (Garcia 2011).

These combined results indicate that it is fundamental to perform activities to
increase preparedness and to improve the response capability of the population
exposed to hazards. Therefore, small scale communication and education cam-
paigns have been developed in some schools of the study area in collaboration
with several local/regional/national institutions such as the Mountain Consor-
tium authorities, IREALP (www.irealp.it/) and Legambiente (www.legambiente.
it/). Considering the answers of the survey and using the scientific products,

www.irealp.it/
www.legambiente.it/
www.legambiente.it/
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an educational and communication campaign with participative workshops was
designed by an interdisciplinary group to cover the specific information needs of
the population. The education strategies were addressed to the local community and
practitioner stakeholders, with the aim to increase the awareness and preparedness
for future events. However, these activities are not enough; it is necessary to
divulgate the emergency plans (available in each municipality encompassed within
the Consortium) among the whole local population and to perform regular large
scale campaigns, developed by local authorities with the collaboration of scientific
and local institutions.

Recently, the European Commission stressed the importance of co-operation
in disaster relief operations by pooling the resources, improving the response
techniques and enhancing public awareness. Consequently, the necessity to combine
Geographical Information Systems (GIS) and Decision Support System (DSS)
became a critical task in EW and emergency management (Chieh et al. 2007;
Lazzari and Salvaneschi 1999; Junkhiaw et al. 2004). MacEachren et al. (2005)
underlined the necessity of a mutual and dialogue-based frame for data sharing as
key factor before and during a crisis phase. The idea of simple, intuitive and easy-
to-use instruments deals with their intensive use in the field of Civil Protection
for managing and overtaking a crisis phase (Muntz et al. 2003). Additionally,
Armstrong and Densham (2008) suggested the importance of multi-participant
seminars, public dissemination programmes and workshops to improve citizens’
awareness and general knowledge on disasters issues.

User-friendly and visual-based strategies to support the emergency requirements
were designed and applied in order to minimize the adverse effects of a harmful
event in the study area through effective precautionary, rehabilitation and recovery
actions to ensure a timely, appropriate and effective organization and delivery of
relief and assistance following a disaster (DMTP 1994).

The co-operation among researchers and local stakeholders has led to the
development of contingency plans, drawn up according to the national and regional
laws in force, to quickly respond to an emergency applying the most advanced
technology available and also making the solutions easier to use by people not
accustomed to managing these techniques in their daily tasks. Therefore, the key-
action was to integrate the main mapping and analysis tools of GIS with workflow
management modules (DSS) and communication tools and positioning devices
(ICT) to share information during the emergency and to control the location of
squads operating on the field (Fig. 13.3).

These plans are based on a clear sequence of actions to be put in practice
before and in the aftermath of a critical event in order to: (1) define in advance a
straightforward flow of actions in case an event occurs; (2) identify people in charge
to perform each action; (3) prepare them to take actions; (4) keep them aware of
resources really available to overcome the crisis phase (Sterlacchini and Frigerio
submitted; Frigerio et al. 2011).

As stated before, the mayor of each municipality is responsible for emergency
management. Anyway, the Consortium of Mountain Municipalities (acting as a
local government entity) has the authority to prepare the Civil Protection plans for
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Fig. 13.3 Front view of the tool used for designing preparedness and response activities,
represented as a classical GIS template where mapping and analysis tools are available

all the twelve municipalities encompassed within the Consortium (sometimes not
properly self-sufficient for budget, resources and structures), although each mayor
is the person in charge to manage the emergency and take actions during a crisis
phase within his/her own municipality.

In the study area, data were derived from official available databases and on-
site surveys (Frigerio et al. 2010), including information on hydrogeological hazard
scenarios derived from statistic and/or deterministic analysis, urban spatial planning
maps, data from Registry Office concerning the population, historical data on past
landslides and floodings, historical data concerning damage and casualties due to
past events, repair and reconstruction costs, structural and functional details of
buildings and infrastructure and environmental consequences.

More precisely, the system provides tools to cope with emergency preparedness
and response activities, taking advantage of data processing capabilities by GIS,
workflow management modules by DSS and communication and positioning
systems by ICT (Sterlacchini and Frigerio submitted). The system provides solu-
tions to:

– design and manage Civil Protection plans by a GIS and DSS-based architecture
to store and analyze spatial and tabular data and manage a step-by-step list of
instructions (Fig. 13.4). Emergency managers can handle the features involved,
compulsory documents, relations among ‘objects’ (e.g. facilities, equipments,
etc.) and their ‘users’ (e.g. holders, managers, etc.), workflows. Many documents
(e.g. evacuation, occupancy of public area, etc.) are standardized but can also be
customized on-demand and every object may be printed out to pose solutions for
crisis requirements (e.g. manuals or personnel badges). Therefore, the managers
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Fig. 13.4 Workflow and graphical charts. The ‘Step Property’ (‘Proprietà Passo’ in Italian) related
to the action ‘Keep the contact with Region, Province and Local Crisis Unit personnel’ (workflow
in background) includes a list of people in charge to take actions. Each person (‘Soggetto’) is
thoroughly described in a different window (in foreground)

are ‘guided’ in many activities by a graphical workflow able to suggest them the
actions to be sequentially executed and related instructions of execution as well
as the identification of people in charge to take actions, the list of documents to
be issued during or after each phase of the emergency, the utilization of resources
really available to overcome each phase of the emergency. The workflows
are designed during peace-time and tested in training exercises. Consequently,
uncertainty and hesitation can be reduced, improving the crisis response and
coherence of each action.

– transfer knowledge by a web-service module (Fig. 13.5), to allow data access
and sharing with different levels of permission. Every emergency plan has
been uploaded on Civil Protection Central Office server of the Consortium
and periodically updated. The Central Office has read/write permissions on all
emergency plans stored, while each municipality has read/write permissions only
on its own plan. All the people involved in Civil Protection actions can access
both GIS and DSS modules and some training courses and education campaigns
on natural risks affecting the territory have been provided by this module.

– sharing information during the emergency by a communication module. This
module allows the transfer of information and procedures providing tools to dial
phone numbers, posting reports, receive GPS signal, sending SMS and email
(Fig. 13.6).

The system is already running in the Consortium of Mountain Municipalities
of Valtellina di Tirano, and in advanced stage of development in the Barcelonnette
basin. In the French study site, it was fundamental the collaboration among CNR
(National research Council of Italy), CNRS (Centre National de la Recherche
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Fig. 13.5 Webpage of the Consortium of Mountain Municipalities of Valtellina di Tirano. On the
bottom right corner there is the WEB access to the system designed to manage hydrogeological
risk scenarios and Civil Protection activities

Scientifique) and the University of Strasbourg from the scientific side and ONF-
RTM (Restauration des Terrains en Montagne) and the Préfecture of Alpes de-
Haute-Provence (France) from local stakeholders/end-users side. In the study site,
the Prefect of the “Département” points out the municipalities at risk that have to
set up the risk prevention plan. All the municipalities composing the Barcelonnette
basin have to provide a risk prevention plan.

In both study sites, the efforts towards the attention of emergencies or in
preventing the disaster have to be balanced. Particularly concerning the Italian
study site, although all the elements of EWS are present, they display multiple
shortcomings, are independently developed, have no structure and are poorly linked.
As a result, it is possible to say that several components of EWS exist as non-
coordinated risk management strategies but they have to be brought together and
connected in order to establish an EWS. The designed methodology (Fig. 13.2)
proposes several actions to integrated the different risk management strategies into
a structured IEWS adapted to the necessities of the local population and of the
technical and administrative entities.
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Fig. 13.6 Communication module. Similar to a personal agenda, it manages all the contacts
related to the people potentially involved in emergency. A double click on a contact opens a
personal chart with all general information and relations with structures, resources, etc.

The methodology has strong legal, social, technical and scientific components,
and presents several phases, including:

– hazard, vulnerability (both social, physical and economical) and risk assessment;
– analysis of the legal framework;
– application of a comprehensive survey to evaluate the levels of perceived risk,

knowledge, awareness, preparedness and information needs of the community;
– proposal of prevention and monitoring strategies, and;
– development of preparedness activities.

13.5 Conclusion

The failure or success of (structural and not-structural) EWS and emergency
preparedness and response strategies (EPRS) is dependent on how well-connected
all their components are (Garcia and Fearnley 2012). Regarding the governance
and decision-making on EWS and EPRS, whereas the emission of the warning is
based on technical information and risk monitoring, it is a political decision the one
required to give the order for the warning and to act in a threatening situation. The
political decision to act is not only performed by the authorities and institutions at
various levels, but is also a responsibility of the local communities. Therefore, in
order to increase the effectiveness of EWS and EPRS and to strengthen the risk
management and governance process, all stakeholders, including local governments
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and communities, must participate in the entire policy making process, so they are
fully aware and prepared to respond (Sagala and Okada 2007; Chang Seng 2010;
Garcia 2012).

EWS should become a national and local priority for the governments. It is
therefore important to show the governments the economical benefits of EWS with
a cost-benefit analysis of previous successful EWS backed with very strong gover-
nance systems, such as the ones in Japan and United States of America (EWC-III
2008; Chang Seng 2010). As pointed by EWC-II (2003), investing in EWS is neither
simple nor inexpensive, but the benefits of doing so, and the costs of failure, are
considerable. As stated above in the chapter, the provision of timely and effective
information to people, likely affected by a prospective damaging event, is most often
fulfilled by using structural EWS, the structure of which has to be as effective as
possible from a cost-benefit point of view. For this reason, structural EWS should
start after answering the four “W” questions (Corsini 2008) indicated previously.

Considering Integrated People-Centred EWS, it is necessary to assure that this
kind of EWS are adapted to the local risk culture and that are fully integrated into the
risk governance process, in order to decrease the amount of people directly affected
by a disaster. This means to develop institutional, legislative and policy frameworks
at national and local level, in order to provide an institutional and legal basis for
the implementation and maintenance of effective EWS. The policies developed
should help to decentralize disaster management and to encourage community
participation.

When advanced warnings are available and the general public is well aware of
the multiple hazards they may face, disaster preparedness and response strategies
are the following topics of major concern. In this way, the whole disaster cycle can
be covered, trying to apply the most advanced technology available and also making
the solutions easy to use by people not accustomed to managing these techniques
in their daily tasks. As discussed in the chapter, an integrated system to cope
with disaster preparedness and response is presented. It couples data processing
capabilities by GIS, DSS and ICT tools. Consequently, municipal contingency plans
can be to set up, managed, and coordinated in advance, before a crisis phase occurs.
The main aim of the system is to identify and prepare people in charge to take
actions, define the activities to be performed, be aware of available resources, and
optimize the communication system for the transfer of knowledge: co-operation
and information available on-demand in case of emergency improves the response
to the negative effects of a disaster and increases the effectiveness of rescue, relief
and assistance operations.
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Chapter 14
Risk Assessment: Establishing Practical
Thresholds for Acceptable and Tolerable Risks

Graciela Peters-Guarin and Stefan Greiving

Abstract Risk levels or ‘thresholds’ presents a standard for determining lower and
upper thresholds above and below which risks are either negligible and unacceptable
respectively. Between these two thresholds there is a region where risks are
tolerated.

Nevertheless as people do not necessarily share the same risk perceptions the ac-
ceptability thresholds will vary for different sources of hazard and different cultural
and social conditions. In disaster related studies, and particularly for phenomena
such as mass movements, there are surprisingly few cases where household culture
on risk management and risk acceptability thresholds are analysed.

The locality of Tresenda (Sondrio Province, Italy) is considered to be one of
the most exposed to significant potential losses due to Debris flows in the area. By
making use of people-centred approaches such as surveys and with semi-structured
interviews the attitude of households towards risk, and their perception of the
maximum damage – in economic terms, they can both manage and tolerate was
researched. The case study helped to expose a culture of risk denial and optimistic
bias where people tend to reject own risk and hope that dreadful things will never
happen to them but rather to ‘the others’. The poor risk avoidance culture found,
evidences how, despite a widespread knowledge of the risk, people’s awareness and
concern not necessarily lead to actions such as avoiding or shifting the risk. In terms
of damage they would be able to deal with low to moderate levels leaving a great
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percentage of residual risk either uncovered or to be undertaken by the state. In small
isolated towns, factors such as the greying’ phenomenon where found to decrease
the manageability of risk by natural hazards such as debris flows.

Abbreviations

UN-ISDR United Nations International Strategy for Disaster
ALARP As Low As Reasonably Practicable
AGS Agency of Global security
CDRSS Committee on Disaster Research in the Social Sciences
RASDA Raccolta Sceda Danni -Damage Assessment Form

14.1 Introduction

The International Strategy for Disaster Reduction (ISDR) has defined Risk as the
combination of the probability of an event and its negative consequences. Neverthe-
less, as Smith (1992), Zezere et al. (2008) and Bell et al. (2005a) stated, the risk con-
cept is not easily transferred to (landslide) risk management, because the concept of
risk has different meanings for different people. Moreover any particular interpreta-
tion of “Hazard � Vulnerability � Elements at Risk” can be accepted or not by an in-
dividual, community or society depending on their view of the environment and their
general attitude towards risk in life, and ultimately on the level of probability and
degree of damage involved. People do not necessarily share the same perceptions of
the significance, consequence and underlying causes of different risks (Slovic 1987;
Sjöberg 2000; Wisner et al. 2004; ISDR 2004; Plapp and Werner 2006).

Risk assessment therefore requires a broad understanding of the relevant losses
and harm, and their consequences for interested or affected parties, and it must
be targeted to determine the acceptability of a given risk for diverse groups or
individuals within any society. If certain levels of risk are deemed by people as
‘unacceptable’, measures for risk reduction need to be implemented (Klinke and
Renn 2002). The most widespread taxonomy regarding risk levels or ‘thresholds’
presents a standard for determining the acceptability of risk based on the ALARP
(As Low As Reasonably Practicable) approach (AGS 2007). The approach identifies
an upper threshold above which risks are generally unacceptable, and a lower
threshold below which risks are generally acceptable and require no action. Between
these two thresholds is a region where risks are tolerated only on the basis that they
are kept ALARP. This classification is based on the assumption that not only the
magnitude of impact, but also its frequency, will determine the acceptability of
risk. Nevertheless the acceptability thresholds will vary for different sources of
hazard and different cultural and social conditions (AGS 2007; Bell et al. 2005b).
The ISDR (2004) complements the definition of acceptable risk as the level that a
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given society is prepared to accept without any specifically designated management
programme. Risk management may aim to reduce all risk to this level. Tolerable
risk on the other hand refers to the level of risk that a society is prepared to live
with because there are net benefits in doing so, as long as that risk is monitored and
controlled and actions are taken to reduce it (Crozier and Glade 2005).

Most countries in the European Union have a formal approach to risk manage-
ment based on a culture of avoidance and risk burden-sharing by means of insurance
for third parties (Risk transference). Financial consequences of particular risks
(natural hazards in this case) are either avoided by legal tools such as restrictions in
land use and land use planning or housing design, or by risk shifting from one party
to another. In this risk prevention setting, even if the individual is not aware of a
pending threat, the state obliges him/her to transfer the risk of their life or property
to an insurance company by enforcement of the country’s legal regulations. The
government and legal institutions are therefore the ones determining what levels of
risk are acceptable or tolerable for the society, and individuals should comply with
these regulations.

In many other countries however, official approaches are not available or
agreements at ‘society’ level have not been established. Hence the responsibility
for managing the potential consequences of natural events and absorbing -or
transferring- the risk is laid on the individual or household. In these settings, it
is more appropriate to refer to processes of, what has been defined by Alexander
(2000) as “internalisation” of risk, and by Bell et al. (2005a) as ‘individual
acceptance’ of risk, where the responsibility for risk is assumed or accepted by the
individuals. In some cases it is more pertinent to talk about involuntary risks being
taken, because there are no reasonable alternative, and, because the bearer is unable
or reluctant to forgo the benefits associated with taking the risk (Alexander 2002).

Risk acceptability and tolerance, therefore, depend greatly on the existing social,
economic, political, cultural, technical and environmental conditions present at
society and individual level at a given moment in time. In disaster related studies,
and particularly for processes such as mass movements, there are surprisingly
few cases where household culture on risk management is analysed. People’s
perception of risk, their response to diverse hazards, adjustments and the range
of socioeconomic strategies available (or not) to manage the damage caused by
those hazards, and the levels of risk they are prepared or willing to live with, are
rarely analysed (CDRSS 2006; Murphy and Gardoni 2006; Lacasse et al. 2010).
This neglecting approach to risk cultures and awareness occur despite the fact
that, when examined at worldwide level, risk transference and insurance are the
exception and not the rule. In settings where risk has not been collectively discussed
and agreed, consideration is needed of the individual, social and risk management
cultural context in which hazardous phenomena take place (Meacham 2007; Nathan
2008; Lindell and Hwang 2008; Bell et al. 2005b).

An understanding of the risk that individuals or communities are willing to
accept requires that analysis of the physical events and their economic consequences
go hand in hand with an evaluation of the levels of concern and cost-benefit
circumstances existing among exposed individuals and communities (e.g. affordable
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housing, facilities etc). Exposure to particular hazards, previous experiences, per-
ceptions of own risk and socio-economic characteristics greatly determine how risk
is judged at household level and the willingness of the family or individual to accept
living with certain levels (thresholds) of risk or attempt to reduce them. If people
exposed to (natural) hazardous phenomena perceive themselves as less exposed than
others in their community or, if even they have knowledge or past experiences of the
risk, they may fail to use this information for their own protection. Consequently,
they may fail to reach consensus on collective thresholds for risk acceptance and the
required actions to reduce or mitigate it.

Nevertheless as stated by Fell (1994) and Bell et al. (2005a), a basic issue
about risk assessment is that tolerable and acceptable levels are usually defined by
scientists, governmental institutions or politicians, and not by the people affected.
In the following section, an empirical approach to defining acceptable and tolerable
risk thresholds at individual and household level is discussed, based on ‘houses and
inhabited buildings’, which were deemed in this research to be one of the most
important economic and social assets of a family. The study was carried out in the
Municipality of Teglio, Sondrio Province in the North of Italy.

14.2 Approaching Acceptable and Tolerable Risk
Thresholds at Local Level

In Italy, risk transfer by means of insurance is not compulsory; therefore although
private insurance is available, the practice is not widespread, especially in small
towns and semi-urban environments. Calamities, such as those caused by natural
events, are relieved by the state by means of economic aid to the affected people;
Nevertheless this assistance has to be preceded by a declaration of ‘calamity’ issued
by the Municipal authorities whose judgement is based on the amount of collective
damage. This implies that the occurrence, and impact, of a hazardous event will
not always lead to the declaration of a ‘state of calamity’. Moreover, depending on
the number of people or assets damaged, the individual household may not get the
assistance which it requires to completely cover the losses undergone. In that case,
and regardless of their economic or social status, they have to rely entirely on their
own resources to recover or rebuild their assets.

In this research, the use of formal definitions for risk acceptability and tolerability
(e.g. as defined by the UN-ISDR) was not considered to be practical. Formal defi-
nitions would imply a negotiated consensus amongst the members of a community
on the level of potential acceptable losses and on the measures needed to reduce
possible harm. This was not the case for the study area, where the community has
to deal with damages from events in the past by assuming losses at individual level,
getting relief and assistance from the government, and by reducing future harm by
following government-imposed landuse restrictions on plots which were previously
occupied by houses that were destroyed or seriously damaged by debris flows.
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Therefore it was decided to focus on understanding how individuals or house-
holds in the study area bear or assume different risk levels in regard to debris
flow and what may be their strategies to cope with different levels of damage.
Consequently the analysis was aimed at understanding on the one hand, the attitude
of households towards risk, and on the other hand, households’ perception of the
maximum damage – in economic terms, they can both manage and tolerate. In this
case it was deemed appropriate to use the term ‘manage’ instead of ‘accept’, as
the former term better addresses people’s capacity to handle challenging situations
depending on their resources and range of coping mechanisms (Peters-Guarin
et al. 2011).

By means of an approach that combined people-oriented tools such as mini-
surveys and semi-structured interviews, this information was elicited at household
level in terms of:

– Risk knowledge regarding experiences with past events;
– Risk perception regarding people’s attitudes when they think about debris flows;
– Risk awareness about debris flow probabilities and recurrence by asking how

likely they consider that a debris flow will affect both the community and their
own property in the coming 1, 5, and 10 years;

– Individual’s acceptance of risk by considering the potential damage their prop-
erty can suffer and how much of the damage they can or cannot afford to repair
with resources at hand.

The house or building inhabited by a household is one of the most important
tangible and intangible resources of a household. More than any other valuable,
damage to a household’s dwelling causes emotional distress and potential physical
exposure to the elements of both the people and assets if the damage implies
the structural elements of the house. Increasing levels of damage to the house
will therefore trigger the need for immediate decision-making at family level (e.g.
whether to rebuild, abandon, temporarily relocate while considering other options
etc.). Consequently this study decided to use the potential damage to household
dwelling as a proxy for the estimation of a households’ acceptable and tolerable
risk thresholds.

Thresholds for risk manageability and tolerability were elicited by asking the
household to express the sum (in Euros) they are willing or able to spend in repairing
their property in case it is damaged by a debris flow. Regarding this information
two assumptions were made: on the one hand, it was assumed that the amount the
household is willing to pay/able to pay using immediate resources at hand (e.g.
savings, cash, shares or any other valuable asset directly available) represents the
risk they are willing to take/accept and therefore represents their risk manageability.
On the other hand, risk tolerability was assumed as the amount the household
is willing/able to pay by making use of gradual -short to medium term- coping
mechanisms such as loans, mortgages, and selling of assets e.g. land plots, buildings,
cars and the like.
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14.3 Case Study: The Locality of Tresenda (Italy)

The study took place in the locality of Tresenda (Teglio Municipality, Sondrio
Province). The geological and geomorphological situation in this small village
favours the occurrence of mass movements, creating an extremely hazardous setting
in a relatively small area. In fact the population of this locality, approximately
1,242 inhabitants by 2009 (Municipality of Teglio 2009); is considered to be one
of the most exposed to significant potential losses in the region. Soil slips, and
debris-flows have already occurred on the steep slopes above Tresenda as a result
of the collapse of dry-stone terraces or unconsolidated material from unstable and
intensely fractured areas (Cancelli and Nova 1985; Ceriani et al. 1992; Crosta et
al. 2003; Blahut 2010; Blahut et al. 2010). This small village already suffered
disastrous landslides several times in the past, with major events occurring in 1983
and 2002 (Fig. 14.1). On May 23, 1983 two soil-slips occurred on the slope above
the village. These slips transformed into debris-flows that affected a large portion of
the community and left 18 people dead, levelled buildings, damaged properties and
blocked the national road (SS 38) (Giacomelli 1987).

For many centuries, the practice of viticulture has been the main source of
livelihood of local populations in the Valtellina region. The grapevine has been a
constant feature in Valtellina’s agriculture. Its cultivation has played a significant

Fig. 14.1 Photographs of debris flows affecting the locality of Tresenda on 23rd of May 1983
(Source: Archive of CNR-IRPI, Torino)
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Table 14.1 Population
distribution by age groups in
Tresenda

Age group Male % Female %

0–6 years 31 2:5 41 3:3

7–14 years 41 3:3 48 3:8

15–29 years 88 7:0 93 7:4

30–65 349 27:9 322 25:7

Over 65 108 8:6 131 10:5

TOTAL 617 49:3 635:0 50:7

Source: Municipality of Teglio (2009)

role in the history of the valley throughout the centuries and has modified the
agricultural landscape as well as influencing the economic life of its inhabitants.
Socio-economic changes that occurred in the last 40 years have induced a partial
urbanization of the rural population and, consequently a reduction in attention for
the tillage and maintenance of terraced slopes and drainage. This has worsened
the lack of maintenance of the whole system, and, in some cases, caused their
abandonment. In Tresenda the decay in traditional livelihoods is partially caused
by phenomena such as depopulation and ageing, as shown in Table 14.1.

Lack of skills and human power to keep the terracing system working properly
brings about an almost immediate decay, indicating that their maintenance is a
fundamental issue not only for landscape conservation, but also for slope stability
(Frepazz et al. 2007) and for decreasing the risk to the exposed population from
debris flows.

14.4 From Risk Perception to Manageability and Tolerability
Strategies: Using Surveys to Elicit Risk-Related
Knowledge

As mentioned above, the research made use of people-centred approaches. From the
several tools available in this methodology we chose to conduct surveys combined
with semi-structured interviews. These proved to be extremely useful to understand
and elicit local knowledge at individual level, in this case regarding debris flow risk.
The number of households in Tresenda by 2009 was about 400, with an average
of three persons per family unit (Municipality of Teglio 2009). The research took
place mostly on the southeast-facing slope of the locality where 111 families are
settled. They are considered to be potentially the most exposed to the occurrence of
mass movements. Around 25 households or 22.5 % of this population voluntarily
participated in the survey.

Individuals in the interviewed households were 57.5 years old on average which
was considered as representative, given the age distribution of this community
(Table 14.1). Most of the interviewees (64 %) were born in the locality with an
average of 45 years of living in Tresenda. Among the reasons found for being settled
in this locality are family and property attachments (52 %), working opportunities
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Fig. 14.2 Distribution of interviewees by debris flow risk experience

Table 14.2 Report of feelings regarding the occurrence of debris flows by the interviewees in the
locality of Tresenda (Italy)

None
(%)

Scalea

Feelings
Low
(%)

Moderate
(%)

High
(%)

Very high
(%)

No answer
(%)

Awareness 4 12 32 40 12 0
Worry 4 32 28 24 8 4
Calm 8 20 32 32 4 4
Indifference 88 0 12 0 0 0

aLikert scale

(28 %) affordability of commodities (e.g. housing) and services, or because the cost
of living in general is cheaper than in bigger cities nearby (12 %), better quality of
life (8 %), or combinations of several reasons.

The survey showed how, with regard to previous experiences of hazardous events,
all the interviewees (100 %) acknowledged the occurrence of debris flows in the
locality, either because they had witnessed or been affected by past events (68 %)
or, as in the case of new settlers, because they have been told about them (32 %), as
shown in Fig. 14.2.

Reports about knowledge of debris flows with losses (16 %) included structural
damage, external and internal walls (60 %), damage to backyard gardens and
damage to house contents (carpets, wall paintings, furniture) caused by the intrusion
of mud inside the house (40 %).

Regarding risk perception and feelings engendered when thinking about debris
flows, the survey showed how most of the people interviewed have moderate to
high levels of awareness (84 %). However despite the fact that they do not consider
themselves as indifferent to the problem (88 %) the levels of concern or worry
shown, tended to be moderate to low (64 %). The types of feelings engendered when
they think about the potential occurrence of a debris flow are shown in Table 14.2.
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Table 14.3 Report of the likelihood that a debris flow will affect the community (C) or their own
property (OP) in 1, 5 and 10 years as perceived by the interviewees in the locality of Tresenda
(Italy)

Recurrence
Scalea 

1 year 5 years
C OP C OP

10 years
C OP

Highly unlikely (%) 56 72 32 64 8 56
Unlikely (%) 44 20 44 12 40 16
Likely (%) 0 0 24 16 48 20
Highly likely (%) 0 0 0 0 4 0
Extremely likely (%) 0 0 0 0 0 0
No answer (%) 0 8 0 8 0 8

aLikert scale

The results in Table 14.2 may initially look ambiguous. On the one hand, most
of the households have had direct or indirect experiences with debris flows, and on
the other hand they manage relatively moderate to high levels of ‘calm’ and low to
moderate levels of ‘worry’. This apparent contradiction however may indicate that
people in hazard-prone areas have, at some point, become used to being exposed;
in other words, risk has become part of their life-style. The survey shows the
households are aware of the risk they are exposed to, however apparently their
concern does not necessarily trigger actions towards avoiding or shifting risks. At
some level this may explain why despite the known risk, a primary self-protective,
non-structural measure such as property insurance against natural hazards was not
found in this community.

Table 14.3 shows the results of interviews regarding perceptions about recurrence
and the likelihood that a debris flow can affect the community and personal property
in the coming 1, 5, and 10 years.

The results from Table 14.3 on the one hand show that people in general
consider that it is Very Unlikely that in the short term (1 year) a debris flow will
affect their property (72 %) or the community (56 %) in general. However, in the
long term (10 years) the probability increases, although not in an even proportion.
In their perception, it is Very Likely (48 %) and even Highly Likely (4 %) that
in this period of time the community will suffer some damage, but not their own
personal properties (56 % Highly unlikely, and 0 % highly likely). In this respect
the survey again shows some intriguing results. As can be seen from the three
proposed scenarios, the interviewees consider the rest of the community to be
more exposed or likely to be affected by a debris flow than their own property (as
highlighted by the shadowed cells). This typically positive perception can be seen as
an example of what has been called optimistic self-perception and optimistic bias in
risk, health and behavioural research (Gierlach et al. 2010; Anderson and Galinsky
2006; Bränström et al. 2005). The results of the survey are typical for cultures of risk
‘denial’ characterised by the human tendency to reject own risk, the belief that one
is more immune to disasters compared to others, and the hope that dreadful things
will never happen to oneself, but rather to ‘others’ (Horlick-Jones and Jones 1993;
Gopalakrishnan and Okada 2007; Zaalberg et al. 2009).
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Fig. 14.3 Typical stone wall (left) and brick masonry (right) houses in Tresenda

Table 14.4 Structural and non-structural components of a house used to elicit the damage a debris
flow can cause to the property according to the interviewee’s own perception

Scale* House
Components 

None
(%)

Low
(%)

Moderate
(%)

High
(%)

Very high
(%)

No answer
(%)

Garden and external components 4 4 20 16 20 36
Floor and carpet 4 12 8 40 20 16
Furniture 8 4 8 44 20 16
Internal walls 4 0 20 48 24 4
External walls 4 0 20 40 36 0
Overall structural frame of the house 4 4 8 48 36 0

The last objective of the survey was to try to understand the individual and
household level of risk acceptance both in qualitative and quantitative terms (when
possible). By individual risk acceptance, or internalisation of risk, we mean the
amount of damage that people consider the occurrence of debris flows can cause
to their property and how much of that ‘perceived’ damage they can or cannot
afford to repair. The houses in Tresenda are typically three storey buildings made
of unreinforced stone walls, brick masonry and concrete structures with piles and
cross bars (Fig. 14.3).

In order to facilitate answers from the interviewees, these questions were
divided into structural and non-structural components of the property, as shown in
Table 14.4.

The answers suggest that, in people’s own perception, the damage a debris flow
can cause to their own property ranges mostly from High to Very High, with especial
concern for structural damage to internal (48 %) and external walls (40 %) and the
structural frame of the building (48 %). This perception may be the result of having
witnessed the damage and destruction that debris flows caused in the past to similar
buildings in the locality or nearby areas, as shown in Fig. 14.1.

People were asked how much of the perceived potential damage they cannot
manage or are not willing to repair with their own resources. The results are shown
in cumulative percentages in Table 14.5.

On the one hand, up to 20 % of the interviewees are not able to, or are not
willing to pay for, any (no) level of damage, even to non-structural constituents of
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Table 14.5 Potential damage caused by debris flows on structural and non- structural elements of
the house and interviewee’s intentions to repair them

Damage scale*
House components

Low
(%)

Moderate
(%)

High
(%)

Very high
(%)

No answer
(%)

Garden and external components 20 44 48 52 72 100
Floor and carpet 16 20 48 52 72 100
Furniture 16 20 24 68 88 100
Internal walls 16 16 20 72 100 100
External walls 16 16 20 72 100 100
Overall structural frame of the house 16 16 20 68 100 100

None
(%)

Table 14.6 The amount people are able to pay using resources at hand and financial coping
mechanisms in case of building damage, as stated by the interviewees in the locality of
Tresenda (Italy)

Amount in AC
(by June-2010)

Amount people are able to pay
using immediate resources at hand
(in %) (threshold for household
manageable risk)

Amount people are able to pay
using gradual coping mechanisms
(in %) (threshold for household
tolerable risk)

0–10,000 38:9 14.3
11,000–30,000 33:3 21.4
31,000–50,000 16:7 28.6
51,000–100,000 11:1 21.4
�200,000 0:0 14.3

the house such as ‘Garden and External Components’. On the other hand 72 % of
the interviewees are not able, nor are willing, to pay for repairing ‘High’ structural
damage to internal and external walls. In general terms the results displayed
on Table 14.5 suggest that once the level of damage overcomes the ‘Moderate’
threshold most of the households are not willing, and are not capable in economic
terms, of repairing or rebuilding their house. Low wages (less than AC 2,500/month)
or average age older than 70 years were some of the characteristics of the households
who consider they cannot afford, nor are willing to repair, the slightest levels of
damage to any of the components of the house (16–20 %).

The research however deemed it relevant to figure out the amount of economic
resources the individual or household is able or willing to use in case of damage
to their house, in other words the manageability and tolerability thresholds at
household level as defined in this research. It was assumed this amount will be
used, either in the short or medium term, for recovering the previous state of the
dwelling.

Table 14.6 presents the household economic capacity to manage the damage in
case of a debris flow by using their own resources or with coping strategies at hand.

Table 14.6 shows that in June 2010, the sum the household is able and willing
to pay by using immediate resources in order to repair house damage from a
debris flow averaged AC 30,000 (˙ AC 3,000). It should be noted that in this case
the damage perceived as Manageable is more related to destruction of gardens,
carpets, floors, furniture and electrical appliances. Tolerable losses were referred
to as moderate damage to floors, doors, windows, painting of the house and minor
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Fig. 14.4 Households’ manageable and tolerable risk thresholds to house damage by debris flow
using average price of buildings for Tresenda (North Italy)

Table 14.7 Economic losses to private property due to mass
movements from 2007 to 2010 as reported by the civil protection
of Lombardy (RASDA documents)

Year
Number of events causing
losses to private property

Total damage to private
property (Million Euros)

2007 3 0.17
2008 12 5.00
2009 4 0.16
2010 9 0.25
Total 28 5.58

structural damage in external walls. In this case the amount able to be paid by the
households was an average of AC 600,000 (˙ AC 7,000) by making use of medium
term mechanisms such as family and bank loans.

Based on the price per m2 reported by the Association of Engineers and
Architects of Milan (DEI 2006) Blahut (2010) established for Tresenda an average
value of AC 261,000 per building in 2009, each house having an average size of
310 m2. According to the figures obtained by the survey and presented in Table 14.6,
the risk thresholds for debris flows, which the households in Tresenda are able
to manage and tolerate, represent around 10 and 20 % of the building value
correspondingly (Fig. 14.4).

By comparing these values against some of the losses caused by mass movements
in the region some conclusions can be drawn. Table 14.7 shows data provided by
the Civil Protection of the Lombardy Region on the damage to private property just
for the Sondrio Province during the period 2007–2010. The data on losses were
obtained from the official documents called RASDA (Raccolta Scheda Danni or
Damage Assessment Form), which by law should be drafted within 48 h after a
major event for claim purposes.

The reports made available by the Civil Protection do not offer precise infor-
mation on the number of households affected per event; nevertheless it can be
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reasonably assumed they did not involve numerous buildings as none of them lead to
evacuation of people or triggered the declaration of a ‘calamity state’. Additionally,
the total damage of structures was not reported for any of the events. By using the
data on Table 14.7 it was inferred that in the last 4 years an average of 7 events
per year have caused losses of around AC 1.1 million to private property in the
Sondrio region. Assuming an average of two buildings per event the average damage
therefore amounts to nearly AC 80,000 per household (when affected). Nevertheless
this amount seems to include only light to moderate damage and therefore does
not involve heavy destruction of the structural components of the house. When
compared with the thresholds depicted in Fig. 14.4 it can be seen how even in the
most conservative scenarios assumed in this research, the average loss per event
almost triples the risk manageability threshold of the interviewees and exceeds their
risk Tolerability threshold likewise. Moreover Blahut (2010) found that a debris flow
with a 10-year return period will cause direct monetary damage to buildings in the
path of the landslide of about AC 27,800 per household per year. In risk thresholds
terms, this figure implies that under a 10–year return period scenario, there is a
10 % probability every year that the risk manageability threshold of the individual
or household will be exceeded.

The quantitative and qualitative components of the survey make it evident, that
for this community, the level of damage required for equalling or exceeding both the
Manageability and Tolerability risk thresholds is relatively low and mostly related
to non-structural elements of the house. Given the fact that probably no calamity
state will be declared in such cases the possibility to secure assistance from the
government is very low, therefore it remains the individual or household who has
to bear the loss and fix the damage. It is therefore necessary to understand what
could be the potential strategies to be followed by individuals or households once
the damage/loss surpasses their Manageable and Tolerable thresholds. So far the
research inquired about the use of ‘inherent’ immediate and medium term resources.
In addition, the existence of coping mechanisms ‘external’ to the household was
considered as well. Economic support from extended family members or credits
available from the financial system may enhance the manageable and tolerable
risk thresholds of a family. The survey therefore included enquires about potential
paths of action once the ‘inherent’ coping mechanisms were depleted. The options
provided were as follows: (1) Sell the property, (2) Mortgage the property, (3) Loan
from the bank, (4) Loan from family/friends, (5) Leave it as it is, (6) Abandon the
property. Figure 14.5 shows the answers by strategies and age group.

The option of selling or mortgaging the property is not considered as viable for
any age group; the explanation being that nobody will buy or pledge a credit on
a damaged house. Borrowing either from a bank or family and friends were the
strategies preferred by the economically active group (between 30 and 65 years old)
which represents nearly 54 % of the population. For those above this age group,
borrowing money from financial institutions is not a coping mechanism available
anymore. In their case, abandoning the house, moving or renting somewhere nearby
would be their preferred option. The fact that they perceive themselves as ‘close
to pass away’ renders the effort of investing in rebuilding or recovering the house
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Fig. 14.5 Coping strategies by age group in case the house is seriously damaged by a debris flow
(Tresenda)

‘useless’ in their own words. Beyond the displacement or homelessness of the
adult population, this ‘ultimate’ coping mechanism has economic implications for
financial institutions and ultimately for the government. In the case of mortgages, it
has to be considered that people will not be able to continue paying the loans. Most
probably, as seen from previous events, where plots were damaged or destroyed,
the houses still standing will be bought by the state and incorporated in future risk
mitigation and prevention plans by means of urban spatial planning.

Finally it should be mentioned that the research found the amount of money
reported as the households’ Manageable and Tolerable risk thresholds correlates
with figures such as Average Income (C0.51), Age (�0.53) and Ownership of the
house (C0.72). Again, the group of older people getting their income from a pension
(48 %) and living as renters are those less able to allocate resources such as money
and time for repairing damages or investing in risk prevention measures.

14.5 Conclusions

In countries were risk prevention and transference is not compulsory the risk
of disasters has to be endured by individuals or households based on their own
resources. The willingness or capacity to manage or tolerate the potential losses at
this level however is influenced by the predominant risk culture and the social and
economic context in which natural hazards take place.
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The case study in the north Italian locality of Tresenda helped to expose on the
one hand a culture of risk denial and optimistic bias where people tend to reject
own risk and hope that dreadful things will never happen to them but rather to ‘the
others’. Under several scenarios for debris flow occurrence (1, 5, and 10 years)
interviewees always considered themselves as less exposed or their property less
likely to be damaged by a landslide that the rest of the community. On the other hand
the poor risk avoidance culture found, evidences how, even if the community has a
widespread knowledge of the risk, their awareness and concern not necessarily lead
to actions such as avoiding or shifting the risk as so far nor insurance against natural
hazards was found among the interviewees. The failure to use this information on a
consistent way is crucial for further awareness rising programmes that lead people
to better formulate a judgment of their own exposure to harm and, more important,
take risk management actions.

Regarding the thresholds for losses that people is in the capacity to manage
and tolerate, the research found how they range within the 10–20 % of the house
value (for 2009 in Tresenda). In terms of damage they would be able to deal with
low to moderate levels of it, corresponding to destruction of backyards, carpets
and floors, furniture, wall painting and minor structural components of the house
such as windows, doors, and external unreinforced walls. This type of damage
has occurred in the past to several households and therefore they are ‘familiar’ in
dealing with it. The residual risk, therefore, which represents nearly 80 % of the
house, will have to be undertaken by the state. So far reactive relief and recovery
programmes are the Italian state’s coping mechanism in place, after getting short
in promoting preventive risk transference schemes. Assistance and relief from the
state, once the disaster has taken place, seems to provide the ultimate households’
coping mechanism against debris flow in these types of hazard-prone and poor risk
prevention culture environments.

The survey showed how factors such as occupation, income level but moreover
age influence the Manageability or Tolerability of risk. The greying phenomenon
is not exclusive of Tresenda; in fact the north part of Italy has one of the
highest ratios of elderly to youth population in west Europe. Under a Global
warming scenario the increasing life expectancy and potential intensification of
mass movement occurrence (triggered by changing hydro-meteorological patterns)
ask for policies that avails differentiated risk prevention measures for the diverse
groups of a society. Insurance schemes against environmental hazards and other
available coping mechanism tailored to the possibilities of the rising older segment
of the population need to become available.

Finally it worth mentioning that despite the small size of the survey, the amounts
reported equivalent to around 10 and 20 % of the building value (by 2010)
can be taken as an initial indicator of the losses that at household level can be
managed or tolerated. Stakeholders such as authorities may use them as starting
point for further inquiries about risk manageability. Moreover discussions at local
level can be fostered in order to look for what exposed people in this locality
consider as the risk they as a whole community are able or willing to manage
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or tolerate. On the other hand, risk insurance companies would be able to better
address programmes (e.g. risk education, risk transference) and insurance policies
adequate to those thresholds and the characteristics of the individuals and the
community.
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Chapter 15
The Use of Geo-information and Modern
Visualization Tools for Risk Communication

Simone Frigerio, Melanie Kappes, Jan Blahůt, and Grzegorz Skupinski

Abstract Clear communication of information is a compulsory issue in disaster
risk management. This section highlights the development of interactive tools
to constantly present the most recent geo-database with multi-scale and multi-
source approaches, and user-oriented graphical interfaces for simple and quick data
management. A client-server structure is used to customize geo-data accessibility
rights and interaction and a WebGIS service architecture is designed to offer data
accessibility and effective dissemination to the user community. Different solutions
are presented using a common open source environment and interoperability
plug-ins: (1) WebRiskCity is an educational kit on multi-hazard risk assessment,
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Université de Strasbourg, 3 rue de l’Argonne, F-67083 Strasbourg Cedex, France

Institut de Physique du Globe de Strasbourg, CNRS UMR 7516, EOST,
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(2) Barcelonn@ supports risk management with interoperability on spatial data
and metadata, (3) Historic@ is a prototype to spatially compare historical natural
events and population trends, and (4) MultiRISK Visualisation Tool is a service
to automatically publish multi-hazard risk analysis outcomes produced by the
MultiRISK Modelling Tool.

Abbreviations

DBMS Database Management System
XML eXtensible Markup Language
GIS Geographic Information System
GML Geography Markup Language
GNU GPL License GNU General Public License
HTML Hyper Text Markup Language
HTTP Hyper Text Transfer Protocol
OGC Open GIS Consortium
SOAP Simple Object Access Protocol
WebGIS Web-based GIS
Web World Wide Web

15.1 Introduction

In the context of management of disaster risk caused by natural hazards, the
transmission and cognition of information is necessary. Consequently, an adequate
communication infrastructure is indispensable. Cognition refers to ‘the capacity to
recognize the degree of risk to which a community is exposed and the capacity
to act on that information’ (Newman 2001; Comfort 2006, 2007). While a lack of
communication (e.g. transmission delay, loss of information) is a minor difficulty,
the risk cognition posed by different types of natural events and environmental
contexts is a weak point (Weick 1995; Davis 2006; Comfort 2007). The information
available concerning natural disasters is often inhomogeneous in scale, resolution
and classification, provided by different institutions, not standardized and, as a
consequence, hardly comparable (Waugh 2000; Maggi 2005). Furthermore, this
difficulty is steadily amplified with high amounts of data (Comfort 2007).

In the last decades, the scientific community has developed new methodologies
for the awareness of hazard assessment with innovative techniques (Glade et al.
2005; van Westen et al. 2008), but a lack of methods able to furnish useful and
practical information with end-users still exists. Recent examples of education
and training on natural hazards are the BE-SAFE-NET, Junior FLOODsite, NIMS
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and NOAA1 webplatforms. Considering the transfer of knowledge at assorted
levels and aims (e.g. basic awareness for children, classroom for decision-makers,
virtual training for civil protection volunteers), some communication systems draw
attention to information stored as web-available data and offering different features
of natural hazards and risks assessment (’PHRODITE, SICI, UNISDR Training
Toolkit, EDURISK).2 They are commonly designed in easy-to-use graphical inter-
faces for citizens, technicians and administrators with various levels of data access,
responsibility and knowledge. The examples in literature underline an unclear
‘graphical standard language’ to share scientific output, inhomogeneous semantics
(e.g. unclear map extension, unsuitable symbols or colour display, inappropriate
and useless visible scale range) and generally expensive or complex solutions.
Maceachren et al. (2005), Heil et al. (2010) and Maiyo et al. (2010) suggest standard
criteria to highlight what information the decision-makers really need during crisis
phases in terms of layers visualized, rapid data access modes and simplicity of
interpretation. The meaning of scientific results, the explanation of available data
and the awareness of people in charge are basic aims in risk governance, especially
for non-expert users (McEntire and Myers 2004; Heil and Reichenbacher 2009).

In the context of risk communication like training, education, dissemination,
sharing and decision-making support, the presented research has the purposes of:

1. Designing interactive and easy-to-use tools based on user-oriented maps and
cartographic utilities able to manage, explain and compare effortlessly available
geo-data;

2. Providing a multi-scale and multi-source box of information for natural events
cognition to improve meaning, limits and advantages of geo-data in different
case studies;

3. Adapting graphical interfaces to user-oriented requirements providing simple and
quick data visualization, layers management, explanation of information, multi-
users access.

The suggested technical solutions tried to cope with aims required and can be
summarized in some tasks:

1. The design of a service to tailor geo-information tools to end-users’
requirements, handling the results of the scientific community (e.g. past events
collections, kinematic information, monitoring sensors, triggering factors)

1BE-SAFE-NET: http://www.besafenet.org/main/default.aspx
Junior FLOODsite : http://www.floodsite.net/juniorfloodsite
NIMS: www.fema.gov/emergency/nims/nims.shtm
NOAA: http://www.ngdc.noaa.gov/hazard/

2’PHRODITE: http://www.cimafoundation.org/aphrodite.php
SICI: http://sici.irpi.cnr.it/
UNISDR Training Toolkit http://www.uncclearn.org/unisdr-toolkit
EDURISK: http://www.edurisk.it/eng/the-project.html

http://www.besafenet.org/main/default.aspx
http://www.floodsite.net/juniorfloodsite
www.fema.gov/emergency/nims/nims.shtm
http://www.ngdc.noaa.gov/hazard/
http://www.cimafoundation.org/aphrodite.php
http://sici.irpi.cnr.it/
http://www.uncclearn.org/unisdr-toolkit
http://www.edurisk.it/eng/the-project.html
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in a level-headed example of risk knowledge (e.g. explanation of metadata,
simplification of maps, crossed information, features comparison);

2. The sorting of data hierarchy for thematic features depending by context criteria
like thematic clusters for training, scale-range clusters for dissemination or
combined clusters for decision-making support;

3. The establishment of on-line guidelines to clarify meanings of data and metadata
and suggesting potential interaction between data and support users;

4. The development of tools to issue specific aims of cartographic interoperability
on available layers;

5. The proposition of an easy-to-access environment both for usability, data upgrad-
ing and structure customizations;

6. The avoidance of complex software environment, simplification of data manage-
ment system and reduction of cost of design and maintenance.

The proposed methodology is based on Web-based services, applied on different
case studies.

15.2 WebGIS and Geo-information as a Possible
Practical Arrangement

Web-based services started in the late 1980s and were originally interface to
systems which had to be accessed by user and not through the Web. A second wave
of Web-based services was designed on the basis of simple Web technologies like
Hyper Text Transfer Protocol (HTTP) and eXtensible Markup Language (XML)
to implement programming interfaces and customized applications. A more recent
third wave of Web-based services added lighter-weight protocols like Simple
Object Access Protocol (SOAP) and ad-hoc design approaches to merge or mash-
up information or services primarily for use by individuals. At the end of the
1980s, Geographic Information System (GIS) were centralized and needed expert
knowledge for successful operation. In the early 1990s, GIS started to recognize
the benefits of Hyper Text Markup Language (HTML), with HTTP and the World
Wide Web (Web). Most of the information available in the world started to be
accessible via Web towards standard protocols (e.g. HTTP, SOAP) and the same
was true concerning geospatial data whose contents are more visible and open,
making the accessibility of spatial features easy (Dragićević 2004). Collecting
and sharing geodata via networks became a fundamental issue and the Web-based
services started to be recognized by GIS community as a practical instrument to
transfer spatial data (Kraak and Brown 2001; Lehto and Sarjakoski 2005). With
Web connections getting faster, the information that can be transferred is amplified,
hence data analysis by a widely spread group can also be accomplished in a rapid
and more efficient manner even though the information may be scattered over the
World. Consequently, a static visualization of geo-information is renovated in a
client-server design with the development of geovisualization with cartographic
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tools and interactive maps (Kraak and Brown 2001). The integration of GIS and
Web started to cope with new research topics (Kraak and Brown 2001; Green and
Bossomaier 2002; Peng and Tsou 2003; Dragićević 2004; Dragićević and Shivanand
2004) such as:

1. Spatial data access and dissemination in which basic GIS tools and the Web
environment are combined to offer user-friendly and dynamic access to the
maps towards simple visual structure. Interoperability of spatial data is provided
by a Geography Markup Language code (GML) while several open standards
specifications managed by the Open GIS Consortium (OGC) deal with the
retrieval and access to geographical information;

2. Public user participation in spatial decision-making with interactive tools. Web-
based services supply needs to interact dynamically with features and informa-
tion and offer communication between geographically dispersed stakeholders;

3. Spatial data analysis, processing and modelling offered in a Web frame. Web
users are enabled to obtain data, perform visual analysis and produce maps by
means of specific tools and an adjusted user interface.

Henceforth, the presented research deals with the first and the second topics
previously explained. The third one is not included since the basic aim needs of
a common and parallel tool of knowledge and communication, in which data is
continuously updated by local client application and not posed by a Web-based
processing.

In few years, Web-based services were integrated with GIS systems in several
solutions like Internet GIS, On-line GIS, distributed GIServices and Web-based GIS
(Dragićević 2004). Web-based GIS (WebGIS) is the solution adopted because it
is a capable way to access and disseminate geospatial data (Tsou 2004) collating
multiple users entries over the Web (Nappi et al. 2008). With the objective to
facilitate the cognition of the provided information, a WebGIS environment should
offer the information structured in a manner that allows the user to gain, first, a
rapid understanding of complex problems like natural risks, to exchange a wide
set of file formats (maps, text, graphs, links), to use the multi-dimensional spatial
information for decision-making. Second, the Web environment provides a not-
time limited participation of multiple stakeholders including the general public
(Evans et al. 1999; Huang et al. 2001; Peng and Tsou 2003; Burdziej 2011). The
reason is that a ‘WebGIS denotes a type of GIS, whose client is implemented in
a Web browser’ (Yang et al. 2005), therefore multi-users interaction is allowed by
the same Web service, whose structure directly converge users at the same data
storage avoiding any stand-alone software installation. Especially in a network of
stakeholders involved in risk issues, such WebGIS services can offer visualization,
exchange information produced by actors involved and gain advantage on a quick
transfer of data (Romang et al. 2009; Frigerio and van Westen 2010). Furthermore,
several dataset without well-defined management systems, clear mapping output
and graphical tools do not guarantee either organizational performance among
decision-makers and spatial planners or clarity among normal citizens (Holland
1995; Maggi 2005). This point includes the difficulties arising with crossing and
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overlaying available spatial information. For instance, in a multi-hazard context it
is practically impossible to communicate information on the hazard or risk level
due to several natural threats in detail in one single map. A partition of information
on multiple maps is necessary to clearly transmit the information inherent in the
different data files. Consequently, users need adjusted and easy-to-use tools with
simple interfaces and a user-friendly approach to emphasize and exploit available
information.

A WebGIS architecture in an open source environment is the easy-to-use
technique designed. The traditional GIS data package is integrated with cooperative,
scalable and customizable solution, sharing spatial data using the web and following
last year’s trend in risk assessment and disaster management (Peisheng and Yang
1999; Brabhaharan et al. 2001; Fan-Chieh et al. 2007; Lehto 2007; Herrmann 2008;
Balducci et al. 2009; Rivas-Medina et al. 2009; Salvati et al. 2009). It is compiled as
a free open Web-based service and consequently the installation of costly software
can be avoided since a Web browser is sufficient for user’s interaction. A clear
advantage is the ability to collect a dataset from heterogeneous sources, scales
and resolutions along the network (Maiyo et al. 2010) with standard geospatial
services predefined for more suitable information (e.g. by Registry Office, Regional
Geo-Portal). Dataset and spatial analysis are developed by individuals but a Web-
based mapping and GIS tools support a different-place collaboration for geospatial
information retrieval from distributed databases. Maps are seen as a central tool
in Web environment, serving as both information repositories and vehicles for
communication and empowering local communities by virtual spaces for geospatial
interaction (MacEachren 2001).

A proposed client-server structure supplies geo-data accessibility rights and
levels of user-oriented interaction like stakeholders, technicians or students with
customized profiles. Geospatial information is stored in Web clusters with thematic
criteria (e.g. location, temporal range, feature type) and a visual correlation copes
with different scales, metadata, attributes, classifications and online explanation.
Special attention has to be paid to the clarity and readability of the maps. They
are formed by layers derived from different sources (modelling output, monitoring
loggers, external contribution), but their meaning has to be scientifically meaningful
and practically produced. An example is the classification of a final map (e.g.
hazard map, susceptibility map, multi-hazard map) that has to be simple but suitably
effortless and comprehensive. A minimum number of classes should keep the map
more understandable for the end-users although it is of high importance to show
the uncertainty of the maps in a written or graphical way. A common structure has
been proposed for different case studies to get the advantage of a similar and flexible
frame to different needs of communication.

In the proposed research a WebGIS service architecture has been designed
to open data accessibility and effective dissemination at multiple levels in the
user community. The experiences gained in the MOUNTAIN RISKS project are
presented in contexts of training, education and data interaction.
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15.3 The Designed WebGIS Solutions: WebRiskCity,
Barcelonn@ and Historic@

Three WebGIS solutions are set up using a common free open source environment
and Database Management System (DBMS), composed of multi-source data access
and geospatial plugins. The architecture is a ready-to-use WebGIS solution built on
Mapserver3 as open source environment for spatially-enabled internet application,
released under the free and copyleft GNU General Public License (GNU GPL
License).4 A large list of open source softwares could be used for the purpose (e.g.
Pmapper, Cartonet, Geoserver, Geonetwork) and further upgrade is continuously
provided by network developers. For the planned activities a Web-based service
is provided (Fig. 15.1) using SOAP5 protocol and CartoWeb6 as comprehensive
WebGIS solution. The choice of CartoWeb is due to its clear modular and object-
based structure able to customize personal visualization requirement (Frigerio
and van Westen 2010). The platform has a core map-interface while users can
activate other tools like spatial multi-query, annotation and labelling, drawing and

Fig. 15.1 Mapserver/Cartoweb platform. Four WebGIS with a server-side environment
(CartoServer) are interacting with a client-side browser by SOAP protocols

3Mapserver: http://mapserver.org/
4GNU licence: http://www.gnu.org/licenses/gpl.html
5SOAP protocol: http://www.w3.org/TR/soap/
6CartoWeb: http://www.cartoweb.org/

http://mapserver.org/
http://www.gnu.org/licenses/gpl.html
http://www.w3.org/TR/soap/
http://www.cartoweb.org/
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measuring, PDF creation and other export formats, on-line support for features
and metadata. CartoWeb is composed of a set of standard plugins activated and
adapted for the project aims. The user can visualize type and resolution of the
archived data, compare geo-spatial information, prepare queries according to his
proper goals, download raw-data tables for outside elaboration, and create a personal
layout with new-drawn shapes and labels. All the interested parties involved can
use information located on a Web-based service and benefit from the meaning of
published thematic features contributing to an idea of democratization of spatial
data (Dragićević 2004). These advantages of Web-based service have led to a
growing number of projects aimed at opening the access to spatial information and
cartographic tools for both citizens and decision-makers seriously considered in last
year’s approach to natural risks management (Boroushaki and Malczewski 2010;
Burdziej 2011).

Users can dynamically approach spatial data and this interoperability is desirable
for various reasons (Hecht 2002):

1. Communication between information providers and end users is independent of
geoprocessing and viewer software;

2. Database and geospatial sources regarding natural risks are growing quickly and
the WebGIS offers a standardization of formats and visualizations;

3. It is more efficient and time-effective to maintain and upgrade data on one server-
side allowing on-line access and interaction for users, and;

4. Multiple users including non-GIS experts can access specific sets of data with
different levels and permissions.

A first training case study encloses an area of ca. 14 km2 in Tegucigalpa
(Honduras) where Hurricane Mitch caused a huge flood and an old landslide
reactivation destroyed the entire neighbourhood in 1998. As a domino effect the
landslide blocked the river causing serious flooding in large parts of the city for
several weeks (Soeters and van Westen 1996; Mastin and Olsen 2002; Harp et al.
2002; Castellanos Abella 2008). In Barcelonnette (France) and the Consortium of
Mountain Municipalities of Valtellina di Tirano (Italy), some areas are prone to
mass movements and have been deeply studied (Crosta et al. 2003; Malet et al.
2003; Maquaire et al. 2003; Moine et al. 2009; Blahut et al. 2012).

Four server-side frames (Fig. 15.1) are created (CartoServer) using a common
client structure (CartoClient): (1) WebRiskCity7 is the integrated Web-based service
of RiskCity, an educational kit on multi-hazard risk assessment designed in the
Tegucigalpa study area; (2) Barcelonn@8 is a WebGIS solution for risk management
with interoperability on spatial data and metadata designed in the Barcelonnette
study area; (3) Historic@ is a WebGIS prototype to spatially compare historical
natural events and the evolution of the population designed for the Valtelinna di
Tirano study area; (4) MultiRISK Visualisation Tool is a Web-based service to

7WebRiskCity: http://geoserver.itc.nl:8181/cartoweb3/WebRiskCity/WebRiskCity.html
8Barcelonn@: http://eost.u-strasbg.fr/omiv/main-page.html

http://geoserver.itc.nl:8181/cartoweb3/WebRiskCity/WebRiskCity.html
http://eost.u-strasbg.fr/omiv/main-page.html
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upgrade and publish multi-hazard risk analysis features produced in the MultiRISK
Modelling Tool. All the frames have plugins for data interoperability commonly
designed on the CartoServer and distributed on each CartoClient: (1) Header (Login,
language translator); (2) Mapping (Navigator and visualization maps); (3) Thematic
sessions; (4) Cartographic commands (editing, querying, sketch drawing, outlining,
printing, scaling); (5) Plug-ins tabs (themes, search, outline, query, print, about, help
viewer), and; (6) Data clusters (layer, legends, classifications, hyperlinks).

15.3.1 RiskCity

RiskCity is a distance-education course created in a free open GIS environment
for training in multi-hazard risk assessment and is designed especially for users
from developing countries who should not be restricted in using the package due
to the financial burdens of the software (van Westen 2008). In the course, it is
possible to interact with virtual classmates, proceed step-by-step, receive instruc-
tions and support from tutors and to submit the results for every risk assessment
task. The distance-education course deals with procedures in collecting, analysing
and evaluating spatial information for natural and human-induced hazards. Users
have access to information on earthquakes, flooding, technological hazards, and
landslides. Hazard assessment procedures, generation of elements at risk databases,
vulnerability assessment, qualitative and quantitative risk assessment methods, risk
evaluation and risk reduction are the actions planned in the training course. Despite
a lot of output provided from previous research in the study area the information
required for a multi-hazard risk assessment is not complete and consequently some
additional ‘scholar’ training features integrate the original available dataset (Frigerio
and van Westen 2010).

WebRiskCity is the Web-based service designed simultaneously to RiskCity in
which every feature of the education course is visualized by Web mapping and
explained by an online guide as a major new trend in cartography-based transfer of
knowledge (Frigerio and van Westen 2010). Users can compare their training output
with published results and can simulate the usefulness of a Web-based service with
interactive and user-oriented maps. WebRiskCity allows understanding of spatial
features produced on the course and the requirements of stakeholders (Figs. 15.2
and 15.3).

The dataset has a clustering hierarchy of layers and maps. Tabs convoy user’s
activity to specific Web maps uploading automatically blocks, drop-down menus
and graphical options. Seven data tabs are used (Fig. 15.3): (1) Introduction to
WebRiskCity; (2) Spatial data and image interpretation; (3) Hazard assessment, (4)
Elements at risk charactetisation; (5) Vulnerability assessment; (6) Risk analysis;
(7) Risk reduction.

WebRiskCity has a visual-friendly and distributed frame to handle the following
purposes: (1) Enhance interoperability results of RiskCity spatial analysis (e.g.
script activities, mapping creation, image processing) on a public Web client-
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Fig. 15.2 WebRiskCity starting page. Users can direct on visualization kit or select online guide
on data type, activities required and explanation of dataset

Fig. 15.3 WebRiskCity visualization: 1 tabs for instruction and plugins offered (e.g. layers
management, printing, instructions, searching, outlining), 2 layer tree with charts, menu, scale
dependency. The information visualized is controlled by seven data tabs synchronized with the
RiskCity dataset, 3 geospatial tool kit for querying and outlining, 4 map layout, 5 query charts
(CSV export is available)

side avoiding stand-alone GIS environment; (2) Provide hierarchic structure to the
features fitting training concepts of distance-course; (3) Create multiple light-weight
and proof-of-concept frame of sharing data (Latini and Kobben 2005); (4) Offer
user-friendly tool for in-context integration of multiple risk assessment features
without being a GIS expert, and; (5) Train on spatial output comparison in a context



15 Geo-information Tools for Risk Communication 393

Fig. 15.4 Barcelonn@ visualization: 1 tabs for instruction and plug-in list, 2 layer tree with
charts, menu, scale dependency. The information visualized is controlled by several switches.
The dimension of dataset requires a split on PostgreSQL database, 3 scale bar and map size
customization, 4 map layout, 5 geospatial tool kit for querying and outlining, 6 English-French
translation tool

of multi-hazard risk management and disaster decision support (e.g. comparison of
multi-hazard scenarios, cost-benefit analysis, estimation of buildings and population
involved, potential losses, spatial multi-query on risk data).

15.3.2 Barcelonn@

Barcelonn@ is a WebGIS designed with a geo-spatial easy-to-use toolkit to supply
reliable data access and transfer of information related to natural events. Data
gathering, sharing, and interoperability have been the main goals in this frame,
proposing a system to decrease the disparity between scientific output and stake-
holders’ practical needs like friendly visualization and rapid mapping feedback. The
wide collection of information related to the local hazards and risks analysis (e.g.
past landslide events, susceptibility maps, information on elements at risk, cadastral
maps, triggering factors) enables collaborative geo-information access and compar-
ison as a feasible support to end-users requirements (Frigerio et al. 2010b). The last
years’ activity in Barcelonnette study area is collected in a geodatabase integrating
huge amount of geographic features, attribute tables, documents, reports and images
whose spatial information is linked with external masks (Figs. 15.4 and 15.5).
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Fig. 15.5 Tab for printing tools: 1 users can customize the layout at high resolution selecting
parameter of visualization, 2 shape defined on the map for screenshot capture, 3 query for multiple
layers can be included in the layout, 4 final PDF generator

All published features address a metadata presented in XML and HTML format,
ready-to-use on Web browser and grouped by typology clusters (Fig. 15.6). Easy to
share and upgrade, metadata provide a global mirror of parameters and standards for
published layers. They capture the characteristics of Barcelonn@ geospatial dataset
including: (1) Core library catalogue elements (e.g. title, abstract, author, standard
used, publication date, purpose of data); (2) Geographic elements such as projection
information and geographic extent, and; (3) Database elements such as attribute
label definitions and attribute domain values.

In Barcelonn@ the information is arranged in geospatial thematic and metadata
clusters whose contents are: (1) Orthophotographs multi-temporal catalogue; (2)
Satellite images: (3) Topography; (4) Elevation data; (5) Land Cover; (6) Built
environment; (7) Geology; (8) Geomorphology; (9) Landslides inventory; (10)
Regulatory documents, and; (11) Hazard maps. Data groups have different storage
criteria enabled by users on the Web interface: (1) Typology (e.g. contour lines and
Digital Elevation Model inside the Elevation data cluster); (2) Date of production
(e.g. 1984 till 2010 for satellite images); (3) Resolution (e.g. 15 m for contour lines
2001 and 10 m for contour lines 2008); (4) Producer (e.g. Institut Geographique
National for Land Cover 2000 and Institut de Physique du Globe de Strasbourg for
Land Cover 1931). Barcelonn@ has three levels of geodata visibility published on
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Fig. 15.6 Barcelonn@ starting page. Users can direct on visualization kit or select metadata
management. All layers are listed and linked to their metadata by thematic clusters. A description
of the study area is also supplied

a scale-based criterion: (1) Local single slides or debris flow catchments (Super-
Sauze, La Valette, Sanières, Bourget); (2) Municipalities dataset (Barcelonnette,
Enchastrayes, Faucon, Jausiers, Les Thuiles, Meolans-Revel, Saint-Pons, Uvernet-
Fours), and; (3) Region dataset (Vallée de l’Ubaye).

15.3.3 Historic@

Historic@ is an ongoing WebGIS for the Community of Valtellina di Tirano whose
aim is the multi-scale spatially comparison with geo-statistical criteria between
the historical database of natural events and the evolution of the population. The
purpose is a visual solution able to support risk perception evaluation in mountain
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areas towards distribution of natural events and the population trend. The first
methodological step provided a geo-spatial database, achieving: (1) Historical data
on landslides and floods from 1600 to 2008 in the study area, organized by spatial
location, type, date, producer and general description; (2) Registry office and past
census surveys on inhabitant distribution at local scale (1:10,000). The historical
catalogue supplies some tasks listed in Frigerio et al. (2010a).

The study case is historically affected by natural events and data collected
from local and regional sources provides information on landslides (debris flows,
mudflows, earth flows and rock falls) excluding floods whose data availability
is statistically inadequate (Blahut et al. 2012). Historical data is integrated with
external information (newspapers, documents) and thus spatial error or redundancy
of reported events are corrected (e.g. multi-sources events with same location,
different survey scale and methodology) obtaining a homogeneous database at
1:10,000 scale with standard metadata (date, type of event, damage reported,
projected coordinates).

The database has collected 615 events in 505 sites with different accuracy on
date of occurrence. The event-per-site ratio revealed a peak of 450 sites with
single event despite 1 single site with 7 occurred events. A spatial distribution
analysis compared the location of historical events with the area of occurrence
and temporal information, and as matter of fact from 1983 to 2008, 195 events
cover the 55 % of the entire database, especially in 1983 and 1987, including the
most impressive events recorded in all of the valley (Crosta et al. 2003; Blahut
et al. 2012). A deeper analysis in monthly distribution provides details on high
peak level of events before 1950 concentrated in August–September–October (64 %
of the events) while in the most recent period two peaks of recorded events
can be distinguished (May–July and October–November) covering 77 % of the
events. The incompleteness and inhomogeneous quality of the catalogue, the change
of slope stability parameters (land use type, morphology) and meteorological
conditions could influence the temporal pattern evaluated with a further detailed
analysis. Considering the time series 1861–2010, an evaluation on population
distribution at local scale highlights a temporal pattern for all community (high
peak reveal 31.301 inhabitants in 1911 against a lower peak on 1931 with 28.699
inhabitants) or for single municipalities (e.g. fastest escalation on Tirano in last
80 years or Teglio as quickest reduction). Touristic improvement, social behaviour
or traditional local handicraft activity are potential tasks whose meaning engages
a more complex multi-disciplinary challenge in the analysis. A rising number
or events for all the municipalities poses attention on a real increasing local
hazard, but at a normal average of population trend should discloses a low level
of landslide risk perception. Including a lot of parameters in the analysis is a
compulsory challenge (triggering factors, awareness and knowledge of people about
risk, accuracy of data, social approach), but a kind of easy-sharing technique and
simple tools like a Web-based service can be a real support and useful instrument
for this aim.
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15.4 Multi-hazard Risk Analysis: The MultiRISK
Visualization Tool

Multi-hazard visualization is a challenging topic since it involves a high quantity
of information and a multitude of stakeholders with many different objectives
and interests (Kappes et al. 2012a). Analogue maps reach their limits in a multi-
hazard context since a whole set of them would be necessary to communicate
the information to the different actors. GIS-tools, in contrast, offer interactive
comprehension, however profound GIS and cartographic experience is necessary
to deal with the multi-hazard topic. While a scientific-based analysis should provide
a concrete approach to multi-hazard risk issue an impractical interface can seriously
slow down data access for both stakeholders and decision-makers. A Web-based
visualization of GIS-tools has the advantage for end-users of managing several
maps and tables produced by spatial geoprocessing, avoiding complex overlapping,
incomprehensibility of information and isolation of specific features. Consequently
WebGIS provide the opportunity to share the information via the web easily with
a large quantity of end-users and interested parties (MacEachren and Kraak 2001).
The objective of this study is therefore to develop a visualization tool which enables
the clear and interactive transmission of multi-hazard analysis information.

Related to the MultiRISK Modelling Tool, the MultiRISK Visualisation Tool
is a free open WebGIS designed on CartoWeb client-server solution, generally
described in the previous session. The files produced with the Modelling Tool are
automatically transferred in specific folders by user-friendly charts from which the
Visualisation Tool is taking the data to depict them (Fig. 15.7).

MultiRISK Visualisation Tool can automatically store and share the information,
improving visibility of geospatial output, clarity of information meaning and ease
on data comprehensibility toward internet browser. Thematic clusters on server-side
automatically enclose the information provided by modelling tool and the geospatial
features are consequently fixed inside the WebGIS.

The frame is originally compiled on localhost environment previously settled
with MapServer and Apache HTTP Web Server to supply respectively a geospatial
engine and Web compatibility. The choice of a stand-alone package at the beginning
is due to: (1) A quick software-refresh availability during development; (2) A
permanent test between client- and server-side to reduce time-consumption on
platform usability; (3) A feedback from local server whose structure can easily
pass to a Web-hosting service. The interface of the MultiRISK Visualization Tool
consists of seven distinct tabs (Fig. 15.8) which present different aspects of the
multi-dimensional analysis results (refer to Kappes et al. 2012b).

– ‘General settings’: information on the study site. The dataset includes in first
place modelling input of hazard models (land use and lithology and DEM-derived
layers such as hillshade, slope or planar curvature). Users get the possibility to
be acquainted with the study area and geomorphological parameters (Fig. 15.9).

– ‘Single hazards’: the modelling results of each single-hazard susceptibility
analysis are shown in detail to enable users to identify hazard-specific patterns.
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Fig. 15.7 MultiRISK Modelling Tool provides several customizations for users. They are man-
aged by different charts and easy-to-use buttons. MultiRISK Visualisation Tool can be updated
(red shape command) and results automatically posed on Web frame

Level: General setting Single Hazards Overlapping Hazards Number of Hazards Past Events Validation Exposure

Fig. 15.8 Thematic bar. User can select data groups and visualize the layers for each modelling
task. The ‘Elements at risk’ data group is available for all the tabs

Overlays of multiple processes are not allowed to avoid confusion, but users can
select independently checkboxes for sources and runout areas (Fig. 15.10).

– ‘Overlapping hazards’: up to three hazards can be overlaid to facilitate the
identification of those areas susceptible to the occurrence of several processes.
Each hazard is represented by a style (colour, pattern and transparency) whose
combinations provide ease in overlay of processes (Fig. 15.11).

– ‘Number of hazards’: with the combination of four or more overlaying hazards
the clearness of the depiction gets lost since too many different combinations
exist. Therefore in this map only the number of overlaying hazards is presented
without even indicating which ones. By a spatial query, the user can inquire
which hazard combination leads to the respective number (Fig. 15.12).

– ‘Past Events’: visualization of past events used for the validation process with
different symbology. User can select with a dropdown menu the type of hazard
and choose sources or complete area involved (Fig. 15.13).

– ‘Validation’: the results of the validation are depicted by (1) areas modelled and
recorded (true positives) (2) not modelled but recorded (false negatives) and (3)
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modelled but not recorded (false positives). Users can visualize validation maps
properly for type of event and involved area (e.g. validation map only for sources
in debris flow) and the pixel comparison can be illustrated in confusion matrices
by hyperlink table (Fig. 15.14).

– Exposure: the elements exposed to different hazards are displayed together with
their proper single-hazard areas. A drop box menu splits visualization in elements
exposed to the complete susceptible area or limited to source area. By means of a
hyperlink the exposure matrices offering information on the quantity of exposed
elements in terms of number of affected elements, length and area compared to
the total source or complete area is provided in a separate internet tab (Figs. 15.15
and 15.16).

This version of the MultiRISK Visualization Tool offers a discussion basis
for further developments towards the actual needs of specific users. Additionally,
a modification towards the implementation of a logon procedure and subsequent
visualization of different contents adapted to the specific user group could addition-
ally facilitate a targeted communication of the information. The level of information
accessible for each user group can thereby be clearly defined and the presentation
to the specific needs adjusted.



15 Geo-information Tools for Risk Communication 401

Fig. 15.12 Data groups
and layer tree for the
‘Number of hazards’ tab

Fig. 15.13 Data groups and
layer tree for the ‘Past
Events’ tab

15.5 Conclusion

Risk cognition is a complex issue and includes perception of natural events and con-
sequent reaction (e.g. trigger insight and emergency response). Thus preparedness
and response are strictly linked to the meaning of data and the capacity to trans-
fer correct information. We focus straightforwardly on communication technique
combining solutions with GIS-tools and Web-based services. Modern visualisation
tools provide a significant contribution to the dissemination of knowledge about
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disasters and risk communication, serving as an important source of information for
both, experts and general public and highlighting interoperability in the transfer
of knowledge, based on simplicity, clearness, flexibility and direct access of
information. We proposed an approach for designing comprehensible and multi-
user enabled interfaces (Goodchild 1999; Maceachren et al. 2005) accessible by
Web browser in different contexts. The browser handling provides the possibility to
customize every activity and application, pondering what is the real need of the end
user in risk communication.

A common client-server structure has been designed combining a free open
source environment with Web potentialities. The advantages are a customizable
architecture for research tasks with no-cost development and a geographically
shared service, applied for different contexts on risk communication.

WebRiskCity is a learning and training solution synchronized to the multi-risk
training package RiskCity. The service offers an instrument to increase knowledge
in multi-hazard assessment, combining GIS-based analysis performed on distance
course and Web-based data mapping. Users can learn multi-risk methodology step-
by-step in RiskCity exercises and guidelines and simulate disaster management
using the output maps and Web tools. A similar structure is built on MultiRISK
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Visualisation Tool where a client-side environment is linked by a user-friendly
interface to the modelling output supplied by MultiRISK Modelling Tool. In
this case study the outcome is the synchronization client- and server-side where
users can personally generate information afterwards visualized automatically
by Web service. Barcelonn@ is solution for dissemination, sharing and transfer
of knowledge. It is designed with a free database management system able to
publish on browser a huge dataset related to natural events, provided by sev-
eral agencies, produced at different scales and time range. Layers are grouped
in thematic or geographical clusters to allow an organized interaction between
potential decision-makers and the most complete spatial database available. Finally
Historic@ is an on-going WebGIS for multi-scale spatial comparison between
the historical database on distribution of natural events and the evolution of the
population.
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Fig. 15.16 Hyperlink to exposure matrix produced in the ‘Exposure’ tab. Users can compare the
exposed features with the entire dataset on elements at risk in the study area whose content is
available at bottom of all thematic tabs

However, in the field of risk communication using modern visualization tools
there are still some challenges that need to be addressed such as the lack of
homogeneous language (Fabrikant and Buttenfield 2001), and still not sufficient
user-friendly applications. Information systems used in the field of disaster man-
agement are often not as open and comprehensive as needed to integrate and
accommodate the complex data sets and the different systems. Information provided
by modern visualisation tools has to be clear, readable and easy for transfer of
knowledge, because correctly shared information educates and improves awareness
of natural events. A Web interface proposed with easy-to-use functions is an
important goal in risk communication tools and WebGIS usage, preferentially open
source and customized. Key questions to improve the quality of the system are how
to simultaneously display multiple layers and establish rules controlling overlays,
which symbology kit, colour scheme or style to adopt, how to correctly manage
overlapping property to allow a single data visualization or a ‘group of layers’
patterns.

Providing an interface for risk communication requires attention to the users’
needs at all stages of design and development, in summary, a ‘human-centred’
approach. The frame proposed a system to collect the advantages of the available
information inherent the natural hazards and risk, posed a graphical and helpful
solution to directly interact with available dataset and requirement of final users.
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