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Abstract. This paper presents an integrated approach to conprocedures. Previous approaches for the design of scenarios
duct a scenario-based volcanic risk assessment on a varietan be divided in two categories: (1) event scenarios that are
of exposed assets, such as residential buildings, cultivated afecused on modelling potential adverse events such as lava
eas, network infrastructures or individual strategic buildings.flows (e.g. Crisci et al., 2010; Favalli et al., 2012), pyroclastic
The focus is put on the simulation of scenarios, based orflows (Marrero et al., 2012; Oramas-Dorta et al., 2012), ash
deterministic adverse event input, which are applied to thefall (e.g. Costa et al., 2009; Macedonio et al., 2008), lahars
case study of an effusive eruption on the Mount Cameroorand floods (Kuenzler, 2012), etc., and (2) risk scenarios that
volcano, resulting in the damage estimation of the assets loaccount for the vulnerability of people and stakes affected by
cated in the area. The work is based on the recent advancég/pothesised adverse events to estimate the potential dam-
in the field of seismic risk. A software for systemic risk sce- ages during an eruption (e.g. Spence et al., 2005b; Felpeto et
nario analysis developed within the FP7 project SYNER-Gal., 2007; Thierry et al., 2008; Marrero et al., 2012).

has been adapted to address the issue of volcanic risk. Most

significant improvements include the addition of vulnerabil- 1.1  Utility of scenarios in volcanic disaster risk

ity models adapted to each kind of exposed element and the =~ management

possibility to quantify the successive potential damages in- ) )

flicted by a sequence of adverse events (e.g. lava flows, tephfRdverse event scenarios have demonstrated their relevance
fall, etc.). The use of an object-oriented architecture gives th§0" disaster risk prevention, mitigation and for improv-
opportunity to model and compute the physical damage ofn9 prepgredness to the crisis. For examplg, Favalli et al.
very disparate types of infrastructures under the same framei2012) simulated numerous lava flows to refine the Mount
work. Finally, while the risk scenario approach is limited to C@meroon hazard map, which is an essential tool for disas-
the assessment of the physical impact of adverse events, §F Prevention (e.g. Neri et al., 2013). In a similar approach,
specific focus on strategic infrastructures and a dialogue witf-"iSci et al. (2010) used about 40 000 lava flow simulations

stakeholders helps in evaluating the potential wider indirectfom about 400 possible vents on the eastern flanks of Etna
consequences of an eruption. to evaluate the efficiency and relevance of mitigation mea-

sures such as barriers to protect towns and villages. During a
future crisis, civil protection can select in near real time (as
the eruption progresses) the most plausible evolution of lava
1 Introduction flows out of the exhaustive simulations. The study@pence

et al. (2004) focuses on the potential impacts of a pyroclastic
Within the field of volcanic risk management, hypothetical flow on Vesuvius, roughly based on the 1631 AD eruption.
scenarios are being increasingly used to inform civil securityln that research, extensive studies of the resistance of build-
and authorities about potential future threats and to test theimg walls and openings and of the effects of temperature and
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2410 P. Gehl et al.: Potential and limitations of risk scenario tools

lateral dynamic pressure have led to the development of elabguakes are considered), and it relies on a full probabilistic
orate vulnerability models and the estimation of potential ca-risk assessment, as it starts from a probabilistic event tree
sualties along the eruption timeline. eruption model and accounts for various uncertainties along
Risk scenarios provide complementary information thatthe risk analysis (e.g. hazard models, vulnerability models,
can be used to support mitigation and preparedness to theccupancy models). The studied area is divided into cells
crisis and for recovery. As a first approach, the simple de-(i.e. mesh grid), in which the different events and impact as-
scription of a plausible succession of events helps civil sessessment are looped using a Monte Carlo scheme, and the
curity to understand the potential dimension of a future vol-global loss outputs are only aggregated over the whole zone
canic crisis (Thierry et al., 2008). For example, Marrero etat the end. While this approach proves computationally effi-
al. (2012) used a population distribution and simple simu-cient to analyse large areas, it may only be applicable to the
lations of pyroclastic flow currents to compute the potential risk assessment of ordinary buildings and population; the in-
number of potential fatalities in case of an eruption of the dependent derivation of loss statistics over each cell implies
Central Volcanic Complex in Tenerife Island. Their results no dependencies between the exposed elements, which is not
highlighted the relevance of considering large-scale evacuathe case when infrastructures such as networks or health-care
tion of population (more than 100000 persons) in volcanicsystems are considere8gence et al., 2008), if a systemic
crisis preparedness plans. Finally, Zuccaro et al. (2008) fo-analysis is carried out (i.e. functionality loss assessment of
cused on explosive scenarios for Vesuvius, by consideringzarious systems of exposed elements). On the other hand,
multiple volcanic phenomena and by tackling the issue of cu-RiskScape Volcano offers the possibility of carrying out ei-
mulative damage due to joint adverse events (e.g. earthquakéer fully probabilistic risk assessment with event trees (e.g.
sequences or the combined effects of ash fall and seismic adNeri et al., 2008; Marzocchi et al., 2004) or scenario-based
gression). risk assessment, which are commonly used by local author-
These examples show that volcanic events and risk scenaities for decision-making or mitigation. This software incor-
ios can be used to better anticipate all phases of disaster riggorates hazard and vulnerability models for a wide range of
management, from prevention and mitigation up to preparedvolcanic phenomena and the focus is put on critical infras-
ness to crisis management and recovery. tructures such as lifeline networks or strategic facilities, with
However, the analysis becomes more complex when atless emphasis on residential buildings.
tempting to refine initial risk scenarios and to provide more
quantitative information to civil security. For example, while 1.3 Objective of this study
reconsidering the emergency plans at Vesuvius, Rolandi . )
(2010) showed that they were too much based on 1631 ADTIndeed, in the_ case of Mount Camerooq, the issue of assess-
like events, thus questioning their efficiency in case of otherl"d the potential consequences of drastic adverse events may
types of events. This calls for the development of scenarid?© less relevant than examining how their succession might

builder tools that are able to generate a whole range of risid€ct people and infrastructures, how the crisis can be man-
scenarios. aged and finally how much reconstruction may cost (Thierry

et al., 2008). In light of this previous work, the objective of
our study is to explore the potential and limitations of risk
scenario softwares in supporting disaster risk management

The field of geological hazards assessment has benefitegf Mount Cameroon, in the scope of the MIAVITA project
from the recent development of seismic scenario tools (e.g{/th Framework Programme). To this end, we designed and

Sedan et al.. 2013 Franchin et al.. 2011: Cavalieri et al.2dapted an object-oriented based software initially developed
2012). This initial effort in the field of earthquake risk can fOr Séismic risk scenario designs (Franchin et al., 2011; Cav-

be explained by the fact that when an earthquake occurs, th@lieri et al., 2012; Franchin and Cavalieri, 2013) and ex-

potential direct damages are an immediate consequence &fnded its capabilities to take account of existing damage

one physical phenomenon, i.e. the ground motion time hisfunctions in the field of risk assessment (Sect. 2). The fo-

tory. Conversely, in the case of volcanic risk assessment, th§US Of this work is therefore the structured management of
multiplicity of potential volcanic phenomena, of vulnerable information during the risk scenario runs. The application to

elements at risk and of corresponding damage mechanismigunt Cameroon (Sect. 3) reveals opportunities and limita-
represents a difficult challenge (e.g. Douglas, 2007). Signif-t'ons in using such tools, which can be transported elsewhere

icant effort has been recently carried out in this field. This (S€Ct: 4)-
has resulted for example in the development of volcanic risk
assessment tools such as EXPLORIS (EXPLORIS Consor-
tium, 2005; Spence et al., 2008; Zuccaro et al., 2008) or
RiskScape Volcano (Kaye, 2007). The former is focused on
the effects of explosive eruptions (i.e. volcanic phenomena
such as tephra fall, pyroclastic density currents and earth-

1.2 Abriefreview of existing volcanic risk scenario tools

Nat. Hazards Earth Syst. Sci., 13, 2409-2424, 2013 www.nat-hazards-earth-syst-sci.net/13/2409/2013/
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Fundamental knowledge: geology, historical events, |
known phenomena, hazard map, modeling of events
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Design of an eruption scenario (sections 2.2 & 3.2) ‘
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Damage analysis (sections 2.5 & 3.3)

Damage function:

Damage (asset n® N) = function of (intensity of adverse !
phenomenon n° K; vulnerability class of asset n°N)

from Jenkins and Spence, 2013)
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—{ 2: Iteration on K H 1: Iteration on N ’—

3: Results: Identification of potential damages (maps, tables)

v

Potential applications (sections 1 & 4):

e Prevention: inputs for hazard and risk maps

e Testing the relevance of mitigation measures (e.g. lava flow deviations)
e Preparedness to crisis: evacuation and emergency scenarios and plans
e Preparedness to post-crisis: cost of reconstruction

Fig. 1. ldealized scheme of a risk scenario builder tool as obtained after collecting and assimilating high level requirements from a group of
users, geologists and computer scientists.

2 Method: framework for multi-risk scenario builder — perform loss computation within a single architecture,
tools allowing automated probabilistic runs;

— integrate spatial features of both adverse events and as-

This section starts with presenting the overall approach. sets (usually GIS-based) in a seamless way;

Then, it describes the various steps that are carried out within
our proof-of-concept tool. — jointly compute the damage on both residential build-
ings and critical infrastructures; and

2.1 Overall approach _ . : :
— manage scenarios including a succession of different

volcanic and geologic phenomena, e.g. through the re-

Our approach in developing the volcanic risk scenario tool at moval of previously destroyed assets.

Mount Cameroon was the following: in a first step, we de-

fined high-level requirements for this tool with a group of This last addition was considered most important in order to
local users (Ministry of Mines of Cameroon), geologists, ex- quantify the consequences of additional adverse events in an
perts in scenario builders and computer science, and translready degraded environment.

lated them into low-level requirements for use by develop- In a second step, we adapted the seismic risk scenario
ers (Quinet, 2011). This led to defining fundamental require-methodology of Franchin et al. (2011) and Cavalieri et al.
ments for volcanic risk scenario tools (Fig. 1), which should (2012) to the context of volcanic risk. The initial toolbox en-
include the possibility to: ables us to perform an analysis of the physical damages for

www.nat-hazards-earth-syst-sci.net/13/2409/2013/ Nat. Hazards Earth Syst. Sci., 13, 2409-2424, 2013



2412 P. Gehl et al.: Potential and limitations of risk scenario tools

a wide range of elements at risk (e.g. built areas, network in- — Built and cultivated areas: they represent crop fields
frastructures), with a particular focus on critical systems and or industrial plantations, as well as residential build-
infrastructures (e.g. major roads, electricity and water net- ings. These data are represented as polygons, whose at-
works). The idea behind it is to facilitate the understanding of tributes can be typology percentages, number of build-
vulnerability of essential human activities over the selected ings, population density (for built areas) or crop type

territory (systemic vulnerability), beyond the sole assessment (for cultivated areas).
of potential physical damages.

We added several modules to the toolbox, including the  — Networks: they include all types of lifeline networks
possibility to (1) merge the damages due to different volcanic (e.g. electric power, water or gas supply) as well as
phenomena (i.e. “multi-event” scenarios), (2) include various transportation networks (e.g. roads or railways). Each
forms of vulnerability models (from deterministic damage network is represented by a set of polylines and points.

matrices to probabilistic fragility curves), and (3) estimate
potential damages to cultivated areas and crops, which are an — Critical facilities: these point-like components rep-

important factor in the case of volcanic risk. resent strategic buildings such as health-care build-
_ ings, decision centres or law enforcement departments.
2.2 Representation of adverse events These important structures are treated as single ob-

) _ N jects, as opposed to regular residential buildings, and
Since a scenario-based approach has been chosen, probabilis- ey attributes include information about their relative
tic hazard assessment is considered out of the scope of this  jportance before, during and after the crisis.

study and deterministic maps displaying the intensity and ex-
tent of hypothesised adverse events are therefore considered Similarly to the hazard input, a GIS-format map for each

as inputs. These have.been previously computed or evaluatqg}pe of exposed element is imported into the toolbox envi-

through various techniques (e.g. event trees, computed hazgment. In the case of built or cultivated areas, data are pro-
ard models, expert elicitation and so forth). _ jected on a mesh grid composed of a series of cells; a refine-
_ The various adverse events resulting from a volcanic erupient aigorithm has been developed by Cavalieri et al. (2012)
tion are characterised by a damage mechanism and an iy orger to generate variable-sized cells, smaller cells being
tensity measure, which can be specific to the type of elev,ncentrated around the borders of the polygons. The pro-
ments they affect. For instance, tephra fall is one type of adyetion of attributes such as population density or building ty-

verse event; for buildings, the damaging mechanism is very,,|qgies into each cell is carried out by pondering the respec-
tical static load (i.e. intensity measure is load in kPa), while e area of each census polygon within the cell; this means

itis simply burial (i.e. intensity measure is thickness in ¢m) ¢ the attributes are represented and averaged as a propor-
with respect to roads or airport runways. This type of hazardiig, of the overall cell size. Polylines are also discretized into

decomposition has been discussedTiyerry et al. (2007) 5 geries of straight segments, so that they can be defined by
and it is carried out here for the following adverse events:,ny the coordinates of the two extremities; as will be shown
tephra fall, lava flows, lahars, debris flows, pyroclastic den-j, the next subsection, the length of the segment is of little
sity currents, blast effects, ballistic blocks, flank collapses,imnortance and therefore there is no need to carry out further

and, although not necessarily related to an eruption, landgjiscretization. Finally, point-like objects are imported as they
slides and earthquakes. are

In practice, once a given scenario has been designed, ad- |, parajlel to this data projection, a taxonomy of the con-
verse events are drawn in a geographical information systergijereq assets is proposed in order to classify them in a set
(GIS) and the time series of intensity maps are directly im-t organised systems, following an object-oriented structure.

ported into the toolbox. This modelling choice implies some g 5 chitecture is slightly adapted from the one introduced
intensity level bins to define the polygons (see Appendix A). . cayalieri et al. (2012) and it is represented in Fig. 2 as

Neri et al. (2013) provide an approach on how to define these,” |55 diagram in UML notation (Unified Modeling Lan-

bins. guage). This formalization allows us to define classes for
objects with similar features and the inheritance property
of object-oriented programming also gives the possibility to

Any risk analysis starts with an inventory of exposed peo-P2ass along the same attributes to subclasses belonging to the

ple, or elements of the built and natural environment over the>@Me superclass. This approach can prove very useful to or-

selected territory. These assets can be classified into thre@nise the assetinventory in the eventuality of a functionality
categories: analysis, since all sets of exposed elements can be grouped

into the respective system they are composing. In Fig. 2, the
water network has been expanded in order to show the differ-
ent layers in the inventory description, from component level
to system level. Finally, depending on the role they play in

2.3 Inventory of exposed elements

Nat. Hazards Earth Syst. Sci., 13, 2409-2424, 2013 www.nat-hazards-earth-syst-sci.net/13/2409/2013/
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o
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. g

Water (WSS)| [ Road (RDN) Fig. 3. Modelling example of the part of a water supply system,

using the object-oriented structure.

T

WS5Sedge W5Snode

— For linear elements, the intensity polygons corre-

< sponding to each adverse event (see Neri et al., 2013,
lﬁ - | in this issue) are projected along the length of the ex-
Pipeline Source Irlterslecﬁorl Reservoir Demand posed Segment, Wthh iS then aSSigned dif‘fel’ent pel’-

centages of different intensity levels (see top of Fig. 4).
This approach allows the user to account precisely for

Fig. 2. UML (Unified Modeling Language) class diagram of the the exact intensity level on each linear element, what-
studied infrastructure, adapted from Cavalieri et al. (2012). ever its length.

— For projected cells (i.e. built and cultivated areas), the
same approach as for the linear elements is used and
it is in agreement with one of the options proposed by
Kaye (2007). The event's intensity polygons are inter-
sected with each cell and area percentages of intensity
are then assigned to the cell (see top of Fig. 4).

the system, components of a network can be assigned dif-
ferent characteristics (e.g. linear objects become pipelines;
point objects can either be source, distribution or storage
nodes), which can be used to perform a network analysis sub-
sequently to the physical damage analysis.

The way this object-oriented architecture is used to model Finally, it has to be kept in mind that this procedure re-
infrastructures is illustrated in Fig. 3, using the example oflies on the input of adverse event intensity maps that are
the water supply system. The attributes of the infrastructurevector-based, i.e. polygons of binned values of intensity lev-
components that are described in the GIS dataset are used &bs, as opposed to raster maps, which would require other
assign them to different classes and to characterise them wittechniques such as interpolation.
properties such as geographic location, material type, capac-
ity, network connectivity or vulnerability model. Another ad- 2.5 Damage analysis through fragility models
vantage of the object-oriented approach lies in its flexibility,
as it always allows us to add modules for extra componentd he potential physical damage of exposed elements can only

and systems, depending on the specific needs of each givélf evaluated once some prerequisite definitions are set, such
case study. as a damage scale for each type of component (Blong, 2003),

an intensity scale for each type of hazard and, finally, a vul-
2.4 Projection of adverse event intensities on vulnerable nerability model that links the input intensity and the re-
sites sulting damage (Thierry et al., 2008). The existing litera-
ture on vulnerability to volcanic hazards contains a variety
The next step consists of the superposition of both adversef very disparate models, ranging from simple binary ones
event and exposed element layers, resulting in the estimatiofi-€. the asset is destroyed if it is exposed to the volcanic phe-
of the intensity level at each vulnerable site for each volcanichomenon, whatever its intensity) to gradual damage-intensity
phenomenon. This procedure depends on the type of objednatrices (e.g. Wilson et al., 2012, where some threshold
that is considered: values of tephra loads are proposed for the vulnerability
of utility networks), or even to more elaborate probabilistic
— For point-like elements, it is very straightforward since fragility functions (i.e. the probability of reaching or exceed-
the intensity level is the same as the one of the adverséng the damage state given the intensity level), as shown in
event polygon where the point is located. the review by Jenkins et al. (2013).

www.nat-hazards-earth-syst-sci.net/13/2409/2013/ Nat. Hazards Earth Syst. Sci., 13, 2409-2424, 2013
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Edge(L) I will assign the same damage state to all buildings of the same
L | typology within the same cell.
i . _ Finally, the results for each exposed element are presented
N Hazard :;12"5'“' I:;fls in a damage table, which indicates the length (or the area or
A, \ 0 Lj% AJA% the proportion of buildings or crops) that is assigned to each
Al A I, L/L% AJA% of the damage states (see Fig. 4). This representation is very
cell (A 3 ft L/L%  AJA% useful as an output, as it enables us to quantify the losses
in terms of destroyed or impaired assets (e.g. number of km
Deterministic model (Edge) Probabilistic model (Cell of destroyed power lines or number of collapsed houses). In
+ Conversion tointensity scale: +sampling with uniform standard parallel, for each network, the toolbox also_ indicates which
R Vﬂ"ﬂb'éulf°fT11= e_dges or nodes are conadered_ da_lma_g(_ed (i.e. an edge is con-
! T . = T sidered damaged or non-functioning if it contains at least a
+ Damage-intensity matrix: k) portion that is in a non-intact damage state), which enables
e S us to update the connectivity of the whole network in order
i 05 to estimate its functionality loss in a degraded state.
i 1 Intansity
3" i u; > P, & No collapse [damage 0) 2.6 The case of scenarios composed of a succession of
u; <P, ¥ Collapse [damage 1) events
@ While the procedure described above is a straightforward
aEdE" da“"aie table c"'llda’“ag'”ab"_’rz adaptation of previous methods in the field of volcanic risk
o1 L ) %TLx (A + A (EXPLORIS Consortium, 2005; Kaye, 2007) or seismic risk
0.5 0 01 o0 (SYNER-G, 2009-2013), another important issue that has
1 L 05 0 not been fully addressed yet is the analysis of the impact of
08 0O successive volcanic phenomena within a single eruption sce-
1 %TLx%A nario. When running damage analysis from successive haz-

ards, the inventory of exposed assets has to be updated af-

Fig. 4. Top: hazard projection procedure on linear and area-like vul-t€r €ach single phenomenon simulation, so that the impact
nerable sites. Bottom: example of damage analysis for a hypothetof the subsequent phenomenon is accurately estimated (i.e.
ical case, where, by way of example, the edge is assigned a detecomputation over a degraded set of exposed elements and
ministic model, and the cell a probabilistic model for which the cell not the initial intact one). This discussion reveals the need
contains a proportion %1 of building typology 1, with a collapse  for state-dependent fragility models that should be able to
fragility function. quantify further damage probabilities based on the current
state of each element; for instance, buildings with collapsed
roofs due to a previous tephra fall may prove much more vul-
All types of vulnerability models may be used in the de- nerable to other types of hazards. However, the current state
veloped toolbox, which assigns one specific vulnerability of the literature does not yet propose such advanced fragility
model to each type of exposed element and each type of phewnodels for all possible combinations of volcanic hazards and
nomenon. For deterministic models (i.e. damage-intensityexposed elements, despite some recent effdttsqaro et al.,
matrices), the event'’s intensity levels at each site are trans2008; Zuccaro and De Gregorio, 2013) that have proposed
lated into other bins of values (i.e. the actual intensities usedome fragility functions for cumulative damages due to vari-
to evaluate the damage) and then they directly yield the disous phenomena (i.e. earthquakes, dynamic lateral pressures,
crete damage of the exposed element (see Fig. 4). In the casephra loads and high temperatures).
of probabilistic models (i.e. fragility functions), a sampling  Still, an “inventory removal” algorithm was implemented,
procedure using a standard uniform variable is carried outwhich accounts for the assets that have already been dam-
in order to check whether the exposed element reaches thaged and should not be included in the next damage analysis,
damage state or not (see bottom of Fig. 4). at least for the estimation of the lesser damage states they
When using probabilistic functions, it is necessary to per-have already reached. This idea has also been raised by Kaye
form numerous simulation runs to get stable estimates of th€2007), and we propose here a simple way to apply it. Basi-
loss statistics. Also, since buildings are usually well stud-cally, each object is assigned one damage table for each type
ied components, they can for instance be assigned fragilityof adverse event considered in the scenario (i.e. each phe-
functions with respect to tephra fall or pyroclastic density nomenon is considered as a unique event), as well as a global
currents; in the proposed approach, the damage analysis alamage table that is updated after the simulation of each
buildings is then performed at the scale of each cell, for eactphenomenon (i.e. a damage table for the whole scenario).
typology present, which means that the sampling procedurdhe important advantages of using this approach here are

Nat. Hazards Earth Syst. Sci., 13, 2409-2424, 2013 www.nat-hazards-earth-syst-sci.net/13/2409/2013/
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Input_eruption scenario Hazard maps:
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. vulnerable site for
n. Phenomenon n Phenomenon i

B Start of
_________ *————————-eruminn

sCenario
Damage analysis:
Damage table dus __EEE?_'C; Global
to Phenomenon 1 Damage

table
Repeated for each
Successive | run [J=1".J.q .
updates If prnb:ﬂ hilistic
analysis

Damage analysis:
Damage table due -._L_"EE?_’:E_* Global

to Phenomenon n Damage
table

- vy
Y

Multi-hazard scenario results

Fig. 5. Flow chart implemented in the toolbox for a multi-hazard scenario.

twofold. First, the inventory removal algorithm could read-
ily integrate damage-state-dependent fragility functions, if [ to:EventA

and when such models are developed in the future. Secondly || Statel:fromt0totl
for stakeholders such as the civil security, it is important for Global Damage table

X Tl T2
preparedness exercises to evaluate (even roughly) how dam D1 al

ages may occur over the time (e.g. over a few hours ora few || |- - Phenomenan bamage table
weeks); their ability to respond will be different depending o= - D1 bl

on the temporal dynamic of the damaging events. The differ- Dn an P

ent steps of a scenario run are summed up in Fig. 5. R — N

The way the global damage table is updated is based on ] Dn_ bn
the following rules: _ Global Damage table _ (\)Updm
— For point-like objects, there is only one possible dam- o1 (1 _M) . ( —M)-m
age state at once. If a phenomenon induces heavier T1 L

damage than the previous one, the damage state is up b 5 0
dated. Otherwise, if the induced damage is less than its Di (1 ‘T) ai+ (1 -;—1) bt
current state, the object remains in the same state.

— The same procedure applies for linear or area-like ob-
jects, with keeping in mind however that portions of [~ t2:EventcC..
the object can be assigned to different damage states ay
the same time. This leads to less trivial updating equa-
tions, since all damage states of the object have to b

ig. 6. Update procedure for a cell object (the same applies for
edges), containing the building typology 1 over an d@fdaq; and
%i represent the areas of impacted buildingsis the damage state,

next damaging phenomenon (see Fig. 6). according to a hypothetical damage scale.

www.nat-hazards-earth-syst-sci.net/13/2409/2013/ Nat. Hazards Earth Syst. Sci., 13, 2409-2424, 2013
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Fig. 8. Representation of cultivated-area polygons and projection on

the generated mesh grid.

Fig. 7. Projection of built areas around Mount Cameroon on the
generated mesh grid and representation of population density within
cells.

3 Application to a case study in the Mount Cameroon
area

This approach is then applied to hypothesised scenarios
around Mount Cameroon, an active volcano located in the
south-west part of Cameroon, in the Fako District.

3.1 Datainventory

This case study benefits from a previous study on Mount
Cameroon, conducted by Thierry et al. (2008) in the frame
of the GRINP project (Thierry et al., 2006). Extensive in-
ventory field work as well as the use of GIS databases made
available by the Ministry of Industry, Mines and Technologi-
cal Development of Cameroon (MINIMIDT) have led to the
identification of the following systems, which are considered
in the scenario implementation (see Appendix B):

— Built areas: three main structural typologies have been
identified (i.e. 62.8% ofT'1l: wooden houses with
metal sheet roofs; 33.1% df2: reinforced-concrete
or cinder-block masonry buildings with metal sheet
roofs supported by wooden frames; 4.1 %7t clay
brick masonry buildings with metal sheet roofs), but no
data are available on the specific proportions of these

— Cultivated areas with crop types: they are represented

typologies within each built-area polygon. This infor- 3.2

mation only exists at the global level and therefore the

as crop polygons, each one being assigned a specific
type (i.e. subsistence farming or industrial plantations
producing bananas, heating wood, hevea trees, palm
trees or tea). The repartition of different crop types
around Mount Cameroon is represented in Fig. 8.

Water supply system: pipelines, water catchments and
storage tanks are represented in a GIS database. De-
mand nodes are also assigned to the end of each net-
work branch that feeds a built area.

Electric power network: medium-voltage power lines
and electric substations are modelled.

Road network: only the primary paved road segments
are considered, as well as bridges. Some traffic anal-
ysis zones (TAZ) are assigned to some nodes that are
located in built areas, thus leaving the opportunity to
estimate accessibility loss through the computation of
origin-destination paths (Franchin et al., 2011).

Critical facilities: the locations of strategic buildings
are identified and three types are considered (i.e. heath-
care centres, decision centres, and law enforcement
buildings).

Selection of scenarios

same proportions are applied to all built areas, as a veryrhe study of the volcano’s past has suggested that effusive
rough approximation. Moreover, no information on the eruptions with lava flows are the most common volcanic
number of buildings has been gathered, and thereforevents (i.e. cracks opening on the flank or near the summit
the buildings (and the associated losses) are merelyf the volcano), even though some lakes located in ancient
represented as percentages of the total built area. Fimaar craters represent remnants of the occurrence of a few
nally, a dataset with the population amount within each phreatomagmatic eruptions (Thierry et al., 2008). In addi-
built-area polygon is available, allowing us to compute tion, landslides (not linked with a volcanic eruption) repre-

specific population densities (see Fig. 7).

Nat. Hazards Earth Syst. Sci., 13, 2409-2424, 2013
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The motivations for selecting these scenarios are the fol-
lowing: first, although minor eruptions are even more likely,
1922-like events are considered as the most representative
type of major event that authorities should be prepared for. On the ridge of
Second, the phreatomagmatic events have not been docu- the volcano
mented in historical records, but geological field investiga- > Opening of cracks
tions have demonstrated that such events may occur and can-

. . On the south-east
not be neglected as they are highly dangerous. The aim of
this second scenario is therefore to raise awareness on low flank > Flank collapses
probability/high impact events. Finally, the third scenario is
based on a landslide and is aimed at illustrating the vulnera- Through the eruptive
bility of the regional electrical network to such local events. vents
All three scenarios were tested. In the following, we focus on
the first one. Within the next hours

An eruption scenario, based on the sequence of events of and days

the 1922 eruption, but hypothesised to affect the eastern side,
was presented to the authorities in 2008 by Thierry et al.
(2008), using their extensive geological field work which in-
cludes a study of the volcano summit. It is supposed to start
with the opening of a crack on the volcano edge along the Tephra fall
Cameroon line, north-west of the Fako District. This crack
may induce flank collapses on its south-east side, and the vol-
canic gases that are released through the crack generate lava
fountains out of the vent. These lava emissions may verti-
cally eject ballistic blocks and tephra up to a few hundreds of
metres. The tephra can then be dispersed by the wind to theig. 9. proposed arbitrary scenario with all associated volcanic
south-west and cover the coast area with a few millimetres ojhenomena.
ash. Finally, once the eruption has slowed down, heavy rains
might fall on the thick tephra layers and other fallouts accu-
mulated on the volcano flanks, thus generating lahars alongypes encountered in this study, a median load of 2kPa is as-
the steepest slopes. The sequence of the different volcanisigned to simple metal sheet roofs (i.e. building typologies
phenomena involved in this hypothetical scenario is repre-T1 and73) and a load of 3kPa is set for metal sheet roofs

Effusive eruption scenario

»> Volcanic gas

Lava flows

k4

During the whole
eruption Ballistic blocks

k4

Some time after the eruption,

due to heavy rains

Lahars

k4

sented in Fig9. with wooden frame support (i.e. building typolo@2). The
standard deviation of the fragility curves is assumed to.Be 0
3.3 Probabilistic impact analysis and results (Jenkins and Spence, 2009). Since the fragility model from

Spence et al. (2005a) uses tephra load as the intensity mea-

Now that both adverse event inputs and exposed elements ageire and since our hazard intensity map is expressed in tephra
clearly identified and formatted, the corresponding vulnera-thickness, a rough conversion is performed by considering a
bility models have to be selected and applied to each comtephra deposit density of 1600 kgrh(Thierry et al., 2006).
bination of phenomenon—-exposed asset. As described abové&his corresponds to the density of wet tephra, which consti-
the developed toolbox enables us to host different vulnerabiltutes a reasonable assumption, given the rainy climate of the
ity models, whether probabilistic or deterministic. Since the studied region.
objective of this study is not so much to perform an accurate As can be seen in Table 1, the scenario relies on a com-
scenario as to demonstrate the feasibility of our approachbination of both probabilistic and deterministic models, thus
some vulnerability models have been chosen, even thoughequiring us to run multiple analyses of the same scenario
they may not be the most adequate or recent ones, and thdy obtain stable statistics of the distribution of the propor-
are described in Table 1. tion of collapsed roofs due to tephra load. Other determinis-

Damage matrix models are tables that give intensity rangesic models yield the same result for each run, however they
(e.g. tephra thickness, see Appendix C) within which the ex-should be computed simultaneously with the probabilistic
posed element is assigned a given damage state (e.g. damagees, since the loss estimation of infrastructures other than
ratio expressed in percentages). Binary models just checkuildings is of crucial importance in the eventuality of a sys-
if the exposed element is located within the hazard occurtemic analysis. The final results of this multi-event scenario
rence area, resulting in complete damage if this is the casecan now be aggregated for each system (see Table 2). De-
Finally, fragility curves used here represent the probability pending on the asset type, losses can be expressed in terms of
of roof collapse given a level of tephra load. For the roof discrete amounts (e.g. number of destroyed bridges), lengths

www.nat-hazards-earth-syst-sci.net/13/2409/2013/ Nat. Hazards Earth Syst. Sci., 13, 2409-2424, 2013
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Table 1.Proposed vulnerability models for each type of system exposed to each type of hazard.

Object Flank collapse Lavaflow Tephra Lahar
Built areas Binary Binary Fragility curve (Spence et al., 2005a) Binary
Crops Binary Binary Damage matrix (Thierry et al., 2008)  Binary
Water supplysystem Binary Binary Damage matrix (Thierry et al., 2006)  Binary
Electric powernetwork  Binary Binary Damage matrix (Thierry et al., 2006)  Binary
Road network Binary Binary Damage matrix (Thierry et al., 2006)  Binary
Critical facilities Binary Binary Fragility curve (Spence et al., 2005a) Binary

of damaged edges (e.g. road segments or power lines) or ai-his scenario also involves impacts on population that are

eas for crops and residential buildings (in ha or2knfor difficult to estimate in an economic way (124 krof crops

each exposed component, a damage scale is defined, rangimguld be affected, potentially leading to famine), and intan-

from 0 (intact state) to 1 (destruction); this scale is derivedgible impacts, as 380 kfrof forests would be affected by ash

from the damage matrices used in this stuigiérry et al.,  fall of more than 1crf In the third scenario (landslide affect-

2006, 2008) or from a trivial interpretation of fragility func- ing a critical electrical facility), the direct economic costs are

tions (e.g. the probability of roof collapse due to tephra loadestimated at about 1 billion XAF. However, since the facil-

is equivalent to the probability of reaching damage state 1 foiity hypothesised to be impacted is critical for the whole re-

building roofs). gion, the indirect costs cannot be estimated, but they would
A careful look at the aggregated damages presented in Tébe expected to be extremely high. It must be remembered

ble 2 provides a clearer view of the effects of considering athat these costs are based on hypothetical eruption scenarios,

multi-event scenario. For instance, in the case of commorand that these figures are limited by the lack of knowledge in

built areas, a distinction is made between the building it-crop vulnerability functions. However, they illustrate the in-

self (i.e. the vertical structural elements) and the roof sys-trinsic limitations of such tools for economic assessment; al-

tem, since some phenomena only affect the roofs (e.g. tephrihough indirect or intangible damages can be very important,

load) or the load-bearing walls (e.g. lahars or debris flows).it remains very difficult to evaluate the economic impacts of

If the load-bearing elements are destroyed, the roof is als@ruptions beyond the direct tangible damages.

considered as collapsed, since it is not supported anymore.

Therefore, in this specific scenario, 146 ha (in terms of built

area) ofT'1 andT 3 load-bearing elements are destroyed by

the eyents corresponding to lateral flows (e._g. lahars or Iava}L1 Utility of the developed scenario builder tool in

flow); the same amount of collapsed roof is therefore as- Mount Cameroon

signed to roofsT1+ T3. However, the difference (i.e. the

total area of collapsed'1 + 73 roofs is actually 209ha) is  the gpplication of the proposed approach to this case study
due the additional damage endured by this roof typology dug,55 peen useful to demonstrate its ability to treat large ex-
to tephra fall. On the contrary, the amount of destroyed eleygns of exposed areas, as well as the possibility to define the
ments is the same for typology2, whether it is for roofs or 4 \ysis resolution, depending on the desired accuracy level
for load-bearing walls. This is due to the fact that these build-4 4 the computation time available. Besides, the present re-

ings have been assigned a stronger roof system (i.e. Met@|jis have been compared to a manual analysis of the sce-
sheet roofs supported by wooden frames) and that the tephig,ig using a straightforward GIS-based spatial analysis. It
load level used in this application was not sufficient to reachp o< been found that the damage tables from both analyses

collapse. are almost identical, thus verifying the assumptions made in

By summing costs of damages or reconstruction provided, - anproach (e.g. projection of exposed elements into a set
by Thierry et al. (2006) and Thierry et al. (2008), it is pPos- ot mesh grid cells).

sible to provide estimates of some categories of COStS in- The resylts of such a composite scenario can be directly
duced by each considered scenario. For example, the ecypsited by local planners to estimate the costs associated
nomic _evaluatlon of direct tangible damages for _the first hy'with repairing or replacing the damaged assets detailed in
pothesised scenario (based on the 1922 eruption) leads tpypie 2 (estimates of repairing costs per unit are provided in
an impact of 7 billion XAF (Franc CFA) due to lava flows. Thigry et al., 2006). The implemented toolbox also speci-

These costs are mostly due to damages to buildings. In adieg \hich cells, edges and nodes are damaged or destroyed,
dition, for the same eruption scenario, the hypothesised asf}, 5 allowing us to localize the affected areas in the MAT-

fall could lead to indirect tangible costs of 5 billion XAF, | Ag mapping environment (see Figs. 10 and 11 for some
mostly due to losses of production in industrial plantations.examp|es)_

4 Discussion
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Table 2. Global damage table for all considered systems at the end

2419

of the scenario presented in Fig. 5. The crop typolodidsto V7 46N — .:
correspond to the ones presented in Fig. 8. The average outcome ¢ <
200 probabilistic runs has been chosen to represent the damage t Q
built areas. ) J Bridges
4.4 N Intact
Built areas — buildings Damaged
Damage T1 (ha) T2 (ha) T3 (ha) ® Destroyed
0 5915 3117 386 42N Road segments
0.05 0 0 0 = Intact
0.1 0 0 0 Damaged
0.5 0 0 0 AN == Destroyed
0.8 0 0 0 l H TAZ (Traffic
1 137 72 9 Analysis Zone)
Built areas — roofs
Damage T1+ T3 (ha T2 (ha . .
g +73(ha) (ha) Fig. 10. Representation of the damage states of the road network
0 6238 3117 components after the scenario presented in Fig. 5.
0.1 0 0
0.5 0 0
1 209 72

Cultivated areas (kR)
Damage V1 V2 V3

v4a V5 Ve V7

0 1286 20 5367 0 11 230 0
0.1 125 2 0 3 1 74 5
0.5 0 0 0 0 0 0 0
0.8 0.2 0.08 0 0.02 0 0 0

1 0.4 0.07 0 0 0 0 0

Electric power network

Damage Power lines (km) Substations (nb)
0 87 88
0.1 101 122
0.5 0 0
1 3 7
Water supply system
Damage Pipelines (km) Sources (nb) Reservoirs (nb)
0 169 4 2
0.1 0 9 7
0.5 0 0 0
1 2 1 3
Road network
Damage Road segments (km) Bridges (nb)
0 119 31
0.05 115 26
0.1 0 0
0.5 0 0
1 9 1
Critical facilities
Damage Decision (nb)  Health-care (nb) Law (nb)
0 20 58 17
0.05 0 0 0
0.1 0 0 0
0.5 0 0 0
0.8 0 0 0
1 4 2 1
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Fig. 11. Representation of the damage states of the water supply
system components after the scenario presented in Fig. 5.

4.2 Complementarity of risk scenarios and risk
mapping

Compared to risk assessment and mapping, scenario-based
simulations are easier to conduct, although they do not pro-
vide a complete picture of all potential crisis situations that
may occur (Rolandi, 2010). In practice, some background
knowledge on the studied volcano can quite readily be used
to propose eruption scenarios and rank them upon their plau-
sibility. On the other hand, a full event tree hazard assessment
usually requires extensive studies of the volcano’s past and
guantitative knowledge of the eruptions’ magnitudes and re-
turn periods. Finally, outputs from scenario-based risk anal-
yses can be directly understood and exploited by local plan-
ners, as they are confronted with the consequences of a

Nat. Hazards Earth Syst. Sci., 13, 2409-2424, 2013
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hypothetical event and can promote preparedness and mit-
igation measures accordingly. Probabilistic risk assessment
still provides more information, in terms of event occurrence
probability for instance; however, the presence of multiple
types of damaging volcanic phenomena implies output of
different risk maps (i.e. one for each phenomenon) or merg-
ing of the risk from all possible hazard types with respect
to common damage states. Both of these solutions tend to
prove confusing and difficult to exploit, compared to the
outcomes of a few carefully selected scenarios. However,
Rolandi (2010) shows that to avoid overadaptation to a single
scenario (and maladaptation to others), disaster risk manage-
ment procedures should be revisited periodically with respect
to renewed scenarios.

4.3 Limitation of the risk scenario approach

On the other hand, intrinsic limitations of complete risk sce-
nario tools must be remembered:

— The core of the approach lies in the accuracy of dam-
age functions. Such functions are designed upon ob-
servation of adverse events. In the field of volcanic
risk, there is a multiplicity of damaging phenomena,
and consequently, not all vulnerability functions have
reached the same level of maturity. This may either be
due to the fact that few data have been analysed (e.g.
vulnerability of crops to tephra fall) or that the mecha-
nisms are complex and depend on several factors (see,
e.g. Jenkins et al., 2013). For example, the fragility of
buildings to tephra fall is a function of both thickness
of ash and its humidity (e.g. Macedonio and Costa,
2012).

— The scenario builder tool is primarily designed to eval-
uate potential direct damages, i.e. those attributable t
the physical impact of an adverse event. Some of the
direct damages evaluated through the scenario builde
tool are intangible (i.e. no monetary value can be given
to the affected assets, e.g. a natural forest or a smal
private cultivated parcel of land) and some indirect
damages can be evaluated (e.g. losses of industriaj
crop production), but these assessments of intangibl
or indirect damages remain highly incomplete; many
indirect damages are not considered (i.e. those due t
the unavailability of an infrastructure or of electricity).
Hence, the costs presented as a result of the scenari
builder tool correspond to the direct tangible damages
and to losses of production in the industrial plantations
only. Here, they are calculated using the reconstruc-

P. Gehl et al.: Potential and limitations of risk scenario tools

sufficient to completely recover from a disaster. Sec-

ondly, below that threshold, the costs of reconstruc-

tion are larger when the economy is growing than in

recession (Hallegatte and Ghil, 2008). This is due to

the reconstruction activity adding additional pressure

to the employment market when the economic activ-

ity is expanding. Adding these important features to a
cost assessment model would require the coupling of
an economic model with a risk scenario model, and

these examples illustrate that the scenario tool alone is
insufficient for economic assessment of potential erup-
tions.

While indirect damages (i.e. those not attributed to the
physical impact of an adverse event but to the dis-
turbance to activities) are not quantified in this ap-
proach, with the exception of agriculture, two efforts
have been made to take account of them: first, we iden-
tified the strategic importance of exposed elements. In
the case of Mount Cameroon, those include especially
crops, water and electricity networks, as well as a se-
ries of key facilities during and after the crisis. Sec-
ondly, a critical analysis of scenarios has been con-
ducted to evaluate which indirect and potentially in-
tangible damages may result from the scenario, with
a particular focus on potential diseases and famine.
Indeed, oral reports about previous eruptions and the
available knowledge on crops vulnerability functions
suggest that food supply security is one critical aspect
to consider in volcanic crisis management in Mount
Cameroon.

Finally, owing to recent improvements in adverse event mod-
elling, several applications that are based on nearly exhaus-
tive simulations can now be considered as mature enough;
%his includes the refinement of hazard maps (e.g. Favalli et
al., 2012), and the testing of mitigation measures (e.g. Crisci
Etal., 2010) and evacuation procedures in case of destructive
vents (e.g. Marrero et al., 2012). However, as recalled by
olandi (2010), an acute knowledge of the hazard is neces-
ary, as well as the corresponding vulnerability. In the case of
elatively moderate volcanic activity, risk scenarios are use-
ul to help authorities identify the potential scale of the events
e.g. Thierry et al., 2008) and prepare for the management of

e crisis and recovery. Our study shows it is possible to gen-
erate multiple risk scenarios, with intrinsic limitations when
goming to the assessment of monetary values and indirect
damages.

tion costs per unit and values of production evaluateds Conclusions

by Thierry et al. (2006) and Thierry et al. (2008) (see

Nat. Hazards Earth Syst. Sci., 13, 2409-2424, 2013

their Table 5). In addition, at least two aspects relatedBy benefiting from recent developments in the field of seis-
to the economics of reconstruction are not taken intomic risk, an integrated approach to the quantification of the
account here: first, when costs of reconstruction ex-losses of built infrastructures in the case of an eruption sce-
ceed a threshold, the capacity to respond can be innario has been proposed. This study has proposed some
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Table Al. Intensity scale upon which all adverse events have been characterised in this study (after Stieltjes, 1997; Boiteux and Baumstark,
2001; Thierry et al., 2006, 2008; Neri et al., 2013).

Intensity Numerical Qualification

class equivalent  of intensity
I 0 No damage
I1 0.05 Negligible
p) 0.1 Low

I3 0.5 Moderate

Iy 0.8 High/severe
Ig 1 Maximum

Table A2. Possible intensity reached by adverse events and relations with observable phenomena used in this study (after Stieltjes, 1997;
Thierry et al., 2006, 2008; Neri et al., 2013).

Type of adverse events Related possible intensity

Lava flow I for any affected location

Fallout I to I depending on the thickness of deposits
Gas and acid rain htobh

Lahar I3 to Is depending on slopes

Rapid landslides and debris flows I in the particular case of Mount Cameroon
Earthquakes Observed intensitiésto /3 in Mount Cameroon

insights on how to compute scenarios that imply the occurdosses along with their associated return periods. Another po-
rence of successive volcanic adverse events. First, an invertential improvement lies in the implementation of a function-
tory removal algorithm has been implemented in order to up-ality analysis of the impacted systems; the original toolbox
date the exposed assets that have been damaged by a prefar seismic risk evaluation developed within the SYNER-G
ous hazard. An additional step would be to use vulnerabilityproject has been developed in order to perform systemic risk
models that are able to yield different outcomes dependinganalyses on interdependent systems. The scenario-based risk
on the initial state of the exposed component (i.e. intact orassessment described in this paper only covers physical dam-
already damaged). An interesting feature of the proposed apage for now. This aspect should definitely be considered in
proach lies also in the use of an object-oriented architecturemext developments, since it would constitute an invaluable
that offers significant flexibility in the modelling choices, help for local planners to forecast the accessibility of evacu-
thus allowing us to consider various types of infrastructureation roads or the performance of lifelines in a volcanic crisis
systems (e.g. networks, built areas, individual buildings) andcontext.

to use different vulnerability models, whether probabilistic

or deterministic. Finally, the implementation of this approach

in a proof-of-concept tool and its application to an arbitrary Appendix A

scenario around the Mount Cameroon volcano have proved

its ability to perform risk scenarios on I_arge spatial areas (i'e'lnput information on adverse phenomena and their

hundreds of krf). Moreover, the validity of the projection intensity scales

procedures and of the cell-based analysis could also be veri-

fied. L This appendix summarizes the basic material which has been
Some current limitations need however to be looked at.qqjgcted from previous reports and publications to define hy-

Some are inherent to the scenario approach, which p,”m_ar”%)othesised adverse events in the scenario builder (Sect. 2.2).

focuses on the potential direct damages, excluding indirect The first step in this approach is the definition of an in-

ones. Other are related to the developed tool, which presentlyensity scale that is common to all types of adverse events
only addresses the case of deterministic scenarios. A COMstielties, 1997; Thierry et al., 2006, 2008; Neri et al., 2013).
plete probabilistic risk assessment would require event-treg,q o wé use t,he intensity s:cale p1resenied in Tabl’e Al. In
approaches and adverse event propagation models. This paftsecond step, all considered events have been gathered to
pf the risk analysis could be coupled Wlth the current too'poxrelate potentially observed phenomena (as they might be de-
in order to perform loops of scenarios and obtain physicalgcripeqd from observations) to their potential intensity. This

www.nat-hazards-earth-syst-sci.net/13/2409/2013/ Nat. Hazards Earth Syst. Sci., 13, 2409-2424, 2013
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Table B1.Description of the damage states of the elements considered in this study (after Stieltjes, 1997; Thierry et al., 2006, 2008; Quinet,
2011).

Damage States

0 0.05 0.1 0.5 0.8 1
Buildings No Slight Moderate Extensive Near to Collapse
(Structure) damage damage damage damage collapse
Buildings No Small holes Large holes, Collapse
(Roof) damage or bumps, partial
slight sag collapse
Road No Slight Extensive Failure,
network damage damage, damage, not
disturbed no repairable
traffic traffic
Utility No Slight Extensive Failure,
network damage damage, damage, not
disturbed no repairable
service service
Cultivated No Slight Drop in Partial Destroyed
crops damage damage yield and destruction,
(leaves and  quality need to
branches) replant

Table C1.Description of the typologies identified during the inventory of exposed elements (after Thierry et al., 2006, 2008; Quinet, 2011).

Assets Typology Description
Buildings T1 Wooden houses
(Structure) T2 Reinforced-concrete or cinder-block masonry
T3 Clay brick masonry
Buildings T1+T73 Metal sheet roof
(Roof) T2 Metal sheet roof supported by wooden frames
Roads R1 Primary paved road
B1 Bridge
Cultivated V1 Subsistence farming (creeping and small plants)
crops V2+V6 Tea plants and banana trees (herbaceous plants)
V3+V4+V5 Hevearubber and oil-palms (trees)
\ Unknown

last input is summarized in Table A2. Finally, the experts Appendix B

can define the extent of potential eruptive events using their

knowledge of the volcano, evidences from field surveys andnput information on the damage scales of exposed

from previous eruptions as well as results from modelling elements

tools, when available. In this particular exercise, the scenar-

ios were defined by a group of geologists and mostly basedable B1 summarizes the basic material which has been col-

on field surveys, expert knowledge and digital elevation mo-lected from previous reports and publications to describe the
dels. damage states of exposed elements (Sect. 2.5).
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Table C2. Description the fragility model used in this study for tephra accumulation (after Stieltjes, 1997; Thierry et al., 2006, 2008;
Quinet, 2011).

Tephra fall thickness

<lcm 1-20cm 0.2-1m 1-1.5m>15m

Cultivated Vi 0.1 0.5 0.8 1 1
crops V2+V6 0.1 0.5 0.5 0.8 1

V3+V4+V5 0.1 0.1 0.5 0.8 1

V7 0.1 0.5 0.8 1 1
Electric network 0.1 0.5 1 1 1
Water network 0.1 0.5 0.5 0.5 0.5
Road network R1 0.05 0.05 0.1 0.5 0.5

Bl 0.05 0.05 0.1 0.5 0.5
Buildings (roof) Collapse fragility curve

(Jenkins and Spence, 2009)

Appendix C References

Input information on vuinerability of elements at risk Blong, R.: A review of damage intensity scales, Nat. Hazards, 29,

This appendix summarizes the basic material which ha 57_76’ 2003. . . .
%oneux, M. and Baumstark, L.: Transport: choix des investisse-
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