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Abstract. A multi-hazard, multi-vulnerability impact model ities along with casualties amongst the population who may
has been developed for application to European volcanoeeemain in the area during an eruption.

that could significantly damage human settlements. This im- Increasingly, eruption models are able to provide, for an
pact model is based on volcanological analyses of the poassumed eruption scenario, a detailed map of the possible ge-
tential hazards and hazard intensities coupled with engineefsgraphical distribution of the eruption products, with point-
ing analyses of the vulnerability to these hazards of residenby-point estimates of the key parameters: depth and compo-
tial buildings in four European locations threatened by ex-sition of tephra fall (Macedonio and Costa, 2005); dynamic
plosive volcanic eruptions. For a given case study site, in-pressure, velocity and particle concentration in pyroclastic
puts to the model are population data, building characterisflows (Esposti Ongaro et al., 2004); and time sequences of
tics, volcano scenarios as a series of hazard intensities, antlese variables. Where these parameters are known, it be-
scenarios such as the time of eruption or the percentage afomes possible to develop estimates of the impact of the
the population which has been evacuated. Outputs are theruption on buildings and infrastructure, and also on their
rates of fatalities, seriously injured casualties, and destroye@dccupants.

buildings for a given scenario. These results are displayed Previous studies, concentrating on Vesuvius, Italy have
in a GIS, thereby presenting risk maps which are easy to usehown how, given an understanding of the distribution of a
for presenting to public officials, the media, and the public. pyroclastic flow’s dynamic pressure with distance from the
Technical limitations of the model are discussed and futurevolcano, the possible impact of an explosive eruption involv-
planned developments are considered. This work contributefhg pyroclastic flows can be assessed, and how consequent
to the EU-funded project EXPLORIS (Explosive Eruption human casualties might be estimated (Spence et al., 2004a,
Risk and Decision Support for EU Populations Threatenedp). This work was based on an earlier 2-dimensional model
by Volcanoes, EVR1-2001-00047). of the volcano and the run-out of its eruption products (Es-
posti Ongario et al., 2002; Todesco et al., 2002).

Work under the EU-funded EXPLORIS project (Explo-
sive Eruption Risk and Decision Support for EU Popula-
1 Introduction tions Threatened by Volcanoes, EVR1-2001-00047) has de-

veloped a new 3-dimensional eruption model for Vesuvius
Several European settlements are at risk from the impact ofEsposti Ongaro et al., 2004), as well as a new, more detailed
explosive volcanic eruptions. A response to this threat is retephra dispersion and fallout model for the same volcano
quired from national and local Civil Protection authorities. (Macedonio and Costa, 2005). EXPLORIS also extends the
Civil Protection agencies need to develop an understandingruption modelling to three other European volcanoes: Teide
of both the scale of eruption which could take place (moston the Spanish island of Tenerife, Soafe on the French is-
probable scenarios and extreme but less probable scendand of Guadeloupe, and Sete Cidades &n Bliguel in the
ios) and their associated hazards. They need also to knoWwortuguese Azores.
what impact each possible style of eruption may have on the This volcanic hazard research has been complemented by
territory and the human settlements which it will affect, in the development of a new computer model for the estimation
terms of possible damage to buildings and other built facil-of the impacts on the potentially affected territories. This

paper describes this model. During the project, it is antic-
Correspondence tdR. J. S. Spence ipated to apply the model to look at impacts from possible
(robin@carltd.com) eruptions at each of the four volcanoes, and to consider the
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. m— " ing the model to realistic eruption scenarios will be presented
Volcanic Human Building Population .
hazard scenario || vulnerability]| vulnerability JJand building in future papers.
definition relationships]| relationshipsJ| exposure The work described in this paper was conducted within the
A EU-funded project EXPLORIS.

pyroclastic flow, and distribution and building

earthquake intensity level stock classifications

GIS maps of tephra, GIS maps of population
s 2 Structure of the model

‘ ‘ Figure 1 shows the overall structure of the impact model.
Impact definition: The impacted area is divided into several impact zones. The
GIS map and database number of zones depends on the level of definition of the
input data (on volcanic hazards, building stock, and popula-
Mitigation measures tion exposure) and on the output required. In the application
and policy described here, used to test the model, five impact zones in
recommendations Guadeloupe were used. This is sufficient to capture the prin-
cipal differences in building stock with limited hazard data
Fig. 1. The general structure of the impact model. available. As the volcanic hazard data become more detailed,

a larger number of zones would be needed.
For each impact zone, three different types of input are
effectiveness of alternative mitigation options, producing re-required:
sults of direct relevance to the needs of Civil Protection agen-
cies in each location. — Volcanic hazard scenario definitions,

The overall aims of the model are to develop a tool for
estimating property damage and human casualties resulting
from defined volcanic hazard scenarios. The model is de- — Vu|nerabi|ity data for bu||d|ng damage and human ca-
signed to be applicable to the somewhat diverse conditions  gyalties.
of the four volcanoes in terms of possible eruption styles and
the types of buildings and settlements that could be affected2.1 Volcanic hazard scenario definitions
It is also designed to consider the impact of three separate
types of volcanic hazards which can be expected to occur The volcanic hazard scenario is defined in each zone by a
tephra fall, pyroclastic flows and volcanogenic earthquakes -single intensity value for each of the three principal hazards
as well as to estimate property damage and human casualtieaffecting building damage. A fourth intensity value primarily
It is linked to a GIS mapping tool that enables maps of thegoverns casualty generation, but does not significantly affect
inputs and the outputs to be displayed. property damage.

At the present time, the model is concerned with impacts The three hazards affecting building damage are tephra fall
on buildings (primarily residential buildings) and does not in- load, pyroclastic flow pressure, and earthquake ground shak-
clude effects on other infrastructure. It concentrates on hazing. An intensity scale for each of these three hazards has
ards which are likely to accompany explosive eruptions, andoeen devised, each intensity level defining a range of values
therefore does not consider lava flows while also excludingof the principal measure of the parameter concerned. Ranges
post-eruption hazards such as floods, lahars and mudslidesre not all of uniform interval, so that effects from the small-
Additionally, it produces a single composite estimate of dam-est hazard level, which will have some consequences, up
age and casualties as a result of an eruption which may lagp the largest foreseeable hazard level can be incorporated
for some period of time. within a scale with a maximum of 7 scale points of 1 to 7.

In this paper, the model’s structure is described and an exEach intensity can also be set to zero, implying that this haz-
ample is given of applying the model to part of the poten- ard is not present, or is insignificant, in the chosen scenario.
tially affected area for one of the four volcanoes, Saurfriof For tephra fall, the parameter chosen is vertical gravita-
Guadeloupe. The structure of the data to input into the modetional load acting on the roofs in the area, measured in Pa. It
is described; the way in which ground surveys were used tds the load which directly influences the roof damage. Tephra
create the data needed is explained; the approach to vulner&ll eruption models do not always define load; commonly,
bility assessment for each of the hazards is briefly reviewedonly tephra fall depth is calculated. In this case, an assump-
and the results of two hypothetical eruption scenarios are pretion needs to be made about the density of the fallen tephra,
sented. Other papers give more detail on the development ofhich may or may not be wet, or alternative assumptions

the vulnerability functions (Spence et al., 20055, B\pply- made in order to calculate load. This value is given as an av-
erage value for the whole of the impact zone. The tephra fall

1spence, R.J. S., Kelman, I., Brown, A., Purser, D., Baxter, P. J.jntensity scale used is shown in Table 1. A tephra fall load

and Calogero, E.: Residential building and occupant vulnerabilityof 10 kPa (intensity 7) is likely to cause virtually all roofs to
to pyroclastic flow hazards, in preparation, 2005b. collapse (see Sect. 5.1).

— Exposure data for buildings and population,
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Table 1. Defined intensity levels for each hazard.

Intensity level 0 1 2 3 4 5 6 7
Tephra fall load (kPa) 0 1 2 3 4 6 8 10
Pyroclastic flow pressure (kPa) 0 05 1 15 2 3 4 6
External Heat Flux (EHF)

(min°C) 0 200 400 600 800 1000 1500 2000

Earthquake Intensity (EMS) 0 V Vi vl VIl X

For pyroclastic flow pressure, the pressure level which2.2 Exposure data
needs to be defined is the pressure at the level of ground floor
windows (Pa), generally 1-2m above ground floor level. For each impact zone, exposure data are required in terms
This value, again, is given as an average value for the whol®f numbers of buildings and their occupants. Because the
of the impact zone. The effects of urban sheltering and flowimpact of each of the hazards on any building is dependent
turbulence ensure that there is wide variation in this value,on the building’s construction, several building classes have
even within a short distance. The use of a single value isbeen defined, as described in Sect. 3. Typically, twenty sep-
therefore controversial. Alternative models of the local ef- arate classes of buildings need to be defined to capture all
fects of urban sheltering are currently being considered (Zucthe important differences arising from different forms of con-
caro and Calogero, 208§ but a simple zonal model is not  struction, age and number of stories. Thus, the exposure data
able to incorporate such detailed local variation at presentrequired are the number of buildings of each class in each
The model incorporates the assumption that the vertical prozone. Occupant data are also needed, which is defined in
file of pyroclastic flow pressure, which is used to assess theerms of the number of occupants in each building.
impact on upper floor windows, is uniform. This assump-  The way in which exposure data are collected depends on
tion is discussed in Sect. 8. Table 1 shows the intensity scal¢nhe availability of existing building stock databases or map-
used for pyroclastic flow pressure. The pressure associateging in any given location. This availability may influence
with intensity 7 is not the maximum which could occur, but the choice of impact zones. In any case, additional ground
it would be enough to destroy most buildings in this area.  surveys are likely to be needed to identify all the important
characteristics of each building class. The method imple-

For earthquakes, the effects on buildings are reasonabl ented for Soufére of Guadeloupe is discussed in Sect. 4.

well-defined by the use of well-known macroseismic inten-
sity scales. This model uses the European Macroseismifé 3 Vulnerability data
Scale (EMS; Ginthal, 1998) which divides the level of <° ! ity

ground shaking into 12 scale points, | to XII. Since the scale’s . . . .
lower levels do not affect buildings and since the upper lev-10 determine the impact of each volcanic hazard on the build-

els are not thought likely to be experienced in volcanic erup_mgs and occupants, vulnerability relationships are required

tions, a truncated version of the scale has been adopted f&IP estimate the effects at each intensity level for each hazard.
this model which has then been renumbered to yield intensit hese are discussed in Sects. 5 and 6. Each vulnerability re-

levels (see Table 1). Again, a uniform intensity throughouttﬁt'on;h:p IS specTﬁ tota bundbmg class a_nol_ls applicable to
the impact zone is assumed. e whole area, without zone-by-zone variation.

The fourth input parameter needed to define human casu2.4 Estimating impact
alties is the External Heat Flux (EHF) which is a measure of
the combined effect of flow temperature and duration on theGiven the hazard intensity level, the buildings and occu-
buildings affected. EHF governs the internal conditions andpants at risk, and the vulnerability relationships, estimating
survivability for occupants and is fully defined in Sect. 6. The impacts for each building type and each zone is relatively
EHF intensity scale adopted for this model is shown in Ta-straightforward. These can be summed to estimate the im-
ble 1. Again, an average value over the whole of the impactpact in each zone. A joint probability approach is used to
zone is required. An EHF value exceeding 2000 (intensitysum impacts from the separate hazards, treating them as in-
7) would be lethal to all occupants, even in relatively well- dependent events. Implications are discussed in Sect. 7. The
sealed buildings. calculations are performed in an Excel spreadsheet.

Epistemic and aleatoric uncertainties in the model have
been taken into account by allowing for each parameter (haz-
ard, vulnerability and building classification) to be input as a

27uccaro, G. and Calogero, E.: An Urban Sheltering Index for probability distribution rather than as a single value, so that
pyroclastic flow impacts estimation, in preparation, 2005. a range of impacts can be derived from multiple runs. GIS
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Table 2. Classes of construction material for the vertical load- Table 3. Classes of building height and their identifiers.
bearing frame and their identifiers.

Field name  Number of storeys Other descriptive notes

Field — Type Other descriptive S 1 (single-storey) Attics are considered as
name notes . ;
L 2 (low-rise) an extension of the
CF Reinforced concrete, infilled frame M 3,4,5 (medium-rise)  storey below them, not
Cs Reinforced concrete, shear wall H 6+ (high-rise) as an extra storey.
MB Masonry, block/squared/cut stone unreinforced
MC Masonry, confined or reinforced reinforced
MR Masonry, rubble
ST Steel Frame ) ) )
TI Timber with lightweight Seven classes of construction material were considered
cladding significant (Table 2). A two-letter code was adopted for each

class. Each of these classes can be considered to have differ-
ent responses to both pyroclastic flow pressure and to earth-

guakes.
maps of the results can then be produced directly from the Four alternative height ranges were distinguished (Ta-
output tables. Examples are shown in Sect. 7. ble 3). The height of a building is significant for its response
to pyroclastic flow pressure and for the impact of roof failure.
2.5 Evaluating mitigation options Four possible age-groups were identified to allow for

change in the probable performance of each building type as
Mitigation actions which can be defined in terms of a changeg result of changes in building technology or regulations. The
in one or more of the input parameters — building stock, 0c-epochs of construction and the dates of significant change
cupancy or vulnerability — can be evaluated by examining theyere different in different locations (Table 4).
effgcts on.the overaI.I or Iocgl .impacts of any giyen scenario. By combining the field name codes for each primary char-
This can inform policy decisions such as the implementa-cteristic, each class has a four-letter identifier. Thus, for
tion of early warning systems and evacuation plans as wellne vesuvius region, MRLO, a significant class in the area,
as long-term preventive and prot(_ective measures tp building$efers to rubble masonry, low rise (two-storey), and built be-
that can be managed by legislation such as building controfore 1920. In theory, this classification system leads to a total
or by insurance preconditions. Some possible options argy 7, 4x4=112 separate classes. In each area, some classes
discussed in Sect. 8. were empty or had insignificant numbers, leading to a total
of around twenty significant separate classes for each vol-
cano area.

Several characteristics of importance were not in the pri-
The aim of the building classification system was to devisemary classification, such as the type and sizes of opening
a single system which could be used in all four of the EX- @and roof construction. These characteristics were considered
PLORIS volcanoes and which would also be applicable toto be derived from the principal classes by means of a set
other locations. The approach needed to be sufficiently deof probability distributions, determined through field work
tailed to allow for the main variations between buildings af- and engineering calculations. Thus, the class MRLO was
fecting their response to the volcanic hazards, but not so deconsidered to have an 80/20 split of roofs between the class
tailed as to lead to a huge number of classes. From surveydveak” and the class “medium-weak”, defining separate per-
of building stock for similar work in many locations (e.g. formance under tephra load (see Sect. 5).

Pomonis et al., 1999), it has been found that three principal Information on the distribution of primary and derived
characteristics of a building are often primary, and that othercharacteristics of the buildings in each volcanic area were
characteristics can be assumed to be subsidiary, or can b#€rived by means of a field survey. An example of how such

derived from the primary classification. The three primary & survey was carried out, for a particular volcanic risk area,
characteristics are: that of Soufrere Guadeloupe, is discussed in Sect. 4.

3 Classification of the building stock

— Materials of construction of the vertical load-bearing

structure, 4 Developing the GIS building stock inventory
— Height (defined by number of storeys), A field survey was undertaken for each of the four EX-
PLORIS volcanoes. This section presents a sample proce-
dure carried out on Guadeloupe to examine possible impacts
For each primary characteristic, to keep total numbers offrom an eruption of the Soufsre volcano. The results of the
classes to an acceptably small number, a small number ofurvey were then used to classify the building stock accord-
alternatives needs to be defined. ing to the three primary characteristics presented in Sect. 3.

— Age.
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Table 4. Age groups adopted for specific volcanoes and their identifiers.

Field name Guadeloupe age band  Vesuvius age bando Miyuel age band  Tenerife age band
O (old) pre-1930 pre-1920 pre-1950 pre-1930

| (intermediate) none 1920-1940 none none

M (modern) 1930-1976 1940-1990 1950-1990 1930-1980
R (recent) post-1976 post-1990 post-1990 post-1980

Table 5. Data collected from building surveys.

Data collected Sample categories Reasons for collection
Structural type CF, CS, Tl, MB, MR See Sect. 3.
Building height 4 categories See Sect. 3.
Building age recent, medium, old See Sect. 3.
Air conditioning present or not For pyroclastic flow infiltration vulnerability.
Building use residential or mixed For population estimation.
Roof type timber, concrete, coverings For tephra strength (see Sect. 5).
Combustible materials present or not For fire hazard estimation.
Distance between buildings <6 m, 6-10m>10m For fire hazard estimation.
Opening sizes smalk(0.7 ) For pyroclastic flow vulnerability.
medium (0.7-1.5 %)
large &1.5nP)
Types of window frames metal or timber For pyroclastic flow vulnerability.
Type of shutters solid, louvred or roller For pyroclastic flow vulnerability.
Condition of openings good or poor For pyroclastic flow vulnerability.

The survey data were entered into a georeferenced databas
that could be analysed to give spatial and graphical repre-

sentations of building class distributions by zone. This GIS- Buln ypes
based inventory would determine the exposure present in the [ IcFLM
areas most at risk to volcanic hazards. As a result, it would =2E“LARM
influence any impact estimation derived from it. =1 CFsM
I CFSR
4.1 Sample survey =(I;;IIZLLTA
I vBLO
The survey was designed to collect data on not only the pri- e
mary characteristics defined in Sect. 3, but also additional I vRLO
information about subsidiary characteristics of significance El:t“;
in assessing impacts. A list of the information collected is TS
[ Imso

shown in Table 5. Such information was collected by send-
ing out teams of two people to at least twenty predefined lo-
cation points where twenty buildings for each location point
were chosen to represent the area surveyed by the teams.

® surveys

Fig. 2. Survey locations, vulnerability zones, and building class

4.2 Mapping procedure distribution in Basse-Terre and St. Claude on Guadeloupe.

Survey location points were chosen and survey zones were

defined by dividing the area under consideration, in this caset.3 Example for Souféire, Guadeloupe

Basse-Terre and St. Claude in Guadeloupe (see Fig. 2), into

zones of comparable size that show differentiation in generaFigure 2 further shows the results of the field survey, illus-
urban morphological characteristics that also denote changesating the distribution of building classes among the five de-
in construction typologies (see Fig. 2). In this case, it wasfined zones. The map shows that building typology distri-
considered that five zones would be sufficient for a robustbution varies significantly from zone to zone, demonstrating
characterisation of the distribution of building types present.the greater diversity of building classes in the downtown area
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Table 6. Classification of roofs, typical design loads and mean collapse loads estimated.

Roof class Description Typical designMean collapse
load range load
WE (weak) Sheet roofs, old or in poor condition. Pre-design code, 2.0 kPa
Tiled roof, old or in poor condition. or no design
Masonry vaulted roof. code.
MW (medium weak) Sheet roof on timber; average quality; average or gobe2 kPa 3.0kPa

quality tiled roof on timber rafters or trusses.
Steel or precast reinforced concrete joists and flat ter-
race roof.
MS (medium strong)  Flat reinforced concrete roof not all above character2s-3 kPa 4.5kPa
tics; sloping reinforced concrete roof.
Sheet roof on timber rafters or trusses, good quality and
condition, designed for cyclone areas.
ST (strong) Flat reinforced concrete roof designed for access; re3kPa 7.0kPa
cent, good quality construction, younger than 20 years.

of Basse-Terre (zones 1 and 2) with a relatively high propor-ing. A detailed account of the development of the vulnerabil-

tion of old and weak building types and greater urban den-ity relationships for each of these hazards is given elsewhere,

sity. The suburban area between Basse-Terre and St. Claug8pence et al., 2003pso the account in this section will be

with lower density shows a greater homogeneity of building summarised.

types of more recent and robust construction (zone 3). St.

Claude, a mix of both historic and recent settlements, als®.1 Vulnerability to tephra fall

illustrates a diversity of building classes, but to a lesser de-

gree than downtown Basse-Terre, with a higher proportionThe approach to tephra fall used is described in Spence et

of robust and recent construction typologies (zones 4 and 5)al. (2005a). Separate vulnerability relationships are defined

Such information could play a significant role on the impact for four classes of roofs, defined as weak, medium-weak,

of a future eruption (see Sect. 7). medium-strong and strong. The relationship of these gen-

The complete residential building inventory in each im- eral classes to the specific roof types found in the European

pact zone was derived from a GIS map and building inven-area is shown in Table 6. Table 6 also indicates the typical

tory made available by Guadeloupe’s Department of Build-range of loads which the class might be designed for, and an

ing and Planning (DDE Guadeloupe). From this map alongestimate of the mean value of the collapse load.

with data from the INSEE (France) 1999 census for Guade- The only damage state considered for tephra fall is the

loupe, the number of residential buildings in each of thedamage state of collapse, meaning “the failure of a major

impact zones and the expected average building occupancstructural element” such that “the roof covering and the struc-

were determined. For each zone, the distribution of primarytural members supporting it will fall inwards along with the

vulnerability classes was assumed to be the same as that dfick tephra layer above” (Spence et al., 2005a). The col-

the buildings in the surveys carried out in that zone. lapse damage state will be reached even if the roof collapse
is confined to part of the building, e.g. one room. The focus
is on this damage state because it is only roof collapse which

5 Defining physical vulnerability of buildings leads to significant casualties. Figure 3 shows the vulnera-
bility of each of the four roof classes as a function of tephra

Two different types of vulnerability needed to be defined, load (from Spence et al., 2005a).

vulnerability of buildings to physical damage and vulnerabil-

ity of occupants. Occupant vulnerability is in some respects5.2  Vulnerability to pyroclastic flow

dependent on physical damage to buildings and is considered

in Sect. 6. Four physical damage states are of importance for assess-

The physical vulnerability of buildings needs to defined in ing the impact of pyroclastic flow pressure. As pressure

terms of damage states. A vulnerability function for a classincreases, the first damage state occurs when glazed open-

of building defines the probability of that building being in a ings start to fail, allowing pyroclastic flow materials to in-

particular damage state, given the intensity level of the particvade building interiors. A second damage state occurs when

ular hazard concerned. The important hazards as far as physhuttered openings and solid doors fail. As pressure further

ical damage is concerned (for explosive eruptions) are tephrincreases, wall panels without opening may begin to fail, a

fall, pyroclastic flow pressure, and earthquake ground shakthird damage state. As pressure increases still further, roofs
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Table 7. Typical resistances of buildings and building elements to pyroclastic flow pressure (after Spence et al., 2004b).

Building elements Expected resistance (kPa)
Window glass of ordinary buildings. 1.0-2.5
Aluminium window in bad condition. 1.5
Aluminium window in good condition. 3.0
Old wooden door. 35
Old wooden window. 5.0
Weak non-aseismic reinforced concrete buildings (1 to 3 storeys). 4.5-8
Terracotta tile in-fill panel without window. 5.5
Strong non-aseismic reinforced concrete buildings (4 to 7 storeys). 5-9
Terra cotta tile in-fill panel with window. 7.6-8.9
Weak aseismic reinforced concrete buildings (multi-storey). 5-10
Tuff masonry wall (600 mm). 10-13
Strong aseismic reinforced concrete buildings (multi-storey). 6-14
Volcanic masonry wall (600 mm). 20-26
roofing class: WE MW MS ST 100 =T
10 3 Y X titenGre 12 4va
8 0.9 / 4 4/ L~ Pliglezing) 070 . v —— Large Opering
a / / / 0.60 - = Typical Opening
E 08 7 i / /.' == Small Opening
'3‘ I / / 0.40 S i Thickness of Glass
o 0.7 I- / / 030 / / / MPa Glass Tensile Strength
Qls 0.6 / 0.20 / - ,"
0.10 .
b i / 0.00 "'/ JI{ T Pressure on Window
Py 00 0.5 1w s 20 |25 30 35 Glazing (KPa)
: 04 ’ l / 1 1
= 03 small Openings (0.5m) "l 25mm ' amm
[ I / / / '| sompa |l svPa
= 0.2 Typlcal Openings (1.0m?) 3 L) amm“unm
S O
e I / / / @vRa| S0MPa
a 0.1 / / 4 Lorge Openings (1.7m? amm  4mm 4mm
0.0 ) S0MPa  SvPa amPa
0 2 10

Fig. 4. Typical vulnerability curve for glazed openings (from

4 8 8
Tephra fall load (kPa)
Spence et al., 2004b).

Fig. 3. Vulnerability curves for roof collapse from tephra fall (from
Spence et al., 2005a).
ure 4 (from Spence et al., 2004b) shows an example of the
vulnerability curves proposed for glazed openings. Figure 5
and whole buildings may fail, the fourth damage state. Ta-shows the curves for wall panel failure, based on particular
ble 7 (after Spence et al., 2004b) shows in broad terms whagonditions. Expected temperature and missile “availability”
level of damage to different classes of buildings or compo-are needed as inputs to the model. Alternatively, a default
nents can be expected as a result of increasing peak flowan be used based on expert judgement.
pressures.
The development of vulnerability relationships for each of
these damage states, based on both calculation and on exper’r
iment, is given in Spence et al. (2004a, b). Further develop-

3 Vulnerability to earthquake

mentis given in Spence et al. (2005bpifferent vulnerabil-  For the purpose of estimating human casualties for earth-
ity curves apply to different types of construction and sizesquakes, the only damage states of importance are collapse
of opening. and partial collapse. For the different classes of buildings

Two important modifiers are temperature and missiles.found in Europe, damage probability matrices have been de-
The effect of a high flow temperature is to expand and dis-veloped relating probability of collapse and partial collapse
tort glazed openings, reducing the lateral pressure needed to the macroseismic intensity. These are presented, for the
cause failure. Missiles carried by the pyroclastic flow will Vesuvian area, by Zuccaro et al. (2000). Table 8 shows
also increase the risk of glazing failure at any given flow characteristic data for rubble stone masonry buildings, giv-
pressure. The way in which these modifiers are taken intang probability of collapse or partial collapse, derived from
account is discussed elsewhere (Spence et al., 2D0Bigy- the European Macroseismic Scale.
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Table 8. Probability of collapse or partial collapse of buildings of different vulnerability classes, based on the European Macroseismic Scale.

EMS vulnerability class EXPLORIS building classes  Intensity VII  Intensity VIII  Intensity IX

A MR 5% 35% 70%
B MBO 2% 5% 35%
Cc MBR 0% 2% 5%
D, E CF,CS, Tl 0% 0% 2%

Table 9. Estimates of the human casualty consequences of volcanic hazards.

Hazard Building class Condition % killed % seriously Comments
injured
Tephra fall Single storey Roof collapse 16.7% 16.7% Of occupants of dwelling
Two or more stories  Roof collapse 10% 10% Of occupants of top floor
Pyroclastic flow  All types One window fails 15% 15% Of occupants of apartment
Two windows fail 40% 40%
Three or more windows fail 80% 20%
Partial collapse of building 50% 50% Of occupants of building
Complete collapse of building 100%
Earthquake Masonry Collapse of building 17.5% 10% Of occupants of building
Concrete frame Collapse of building 21% 1%
Timber Collapse of building 0.6% 0.2%
Tiso TIEM TSR derive from studies of the effects of roof collapse in earth-
) | ¥ ¥ quakes, but also from evidence from the Mt Pinatubo erup-
09 i 1 - tion (Spence et al., 2005a). Estimates of casualties arising
2 os from invasion of ash into dwellings derive partly from obser-
F 07 R vations of the effects of ash invasion in the Montserrat erup-
% 06 tion (Baxter et al., 2005). Casualties arising from collapse or
£ o5 7 -y partial collapse in earthquakes derive from casualty studies
E 0.4 in tectonic earthquakes (Coburn and Spence, 2002). Other
2 03 background is given in Spence et al. (2004a, b, 28p5b
0.2 7
0-:) 7] One important source of expected casualties in a pyro-

clastic flow does not relate directly from building damage,
but from the infiltration of the hot pyroclastic flow materials
into the interior of buildings, through the normal ventilation
process of air exchange between the inside and outside of
a building. The flow’s potential to cause death and injury
has been found to relate both to the temperature and duration
of the pyroclastic flow, and also to the building’s ventilation

6 Human vulnerability rate.

0 2 4 [¢] 8 10
Dynamic pressure {kPa)

Fig. 5. Typical vulnerability curves for failure of masonry walls or
infill wall panels under a pyroclastic flow's dynamic pressure.

Given that the main purpose of the model is to estimate po- A parameter, called the External Heat Flux (EHF), has
tential loss of life and serious injury (injuries requiring med- been found to be a good predictor of the casualty rates for
ical intervention for survival) from the volcanic hazards, es- a building with a given ventilation rate. EHF is defined as
timates are needed of the likely impacts on the building oc-EHF=/, (T-175) dt whereT is the temperature ihC and¢
cupants at the time of the event or events. For the three hazs the time.
ards discussed in the previous section, estimates have been
made of the consequences, in terms both of deaths and seri- A preliminary estimate of the expected casualty rate from
ous injuries, which would be likely to result from each level this infiltration hazard is given in Fig. 6, for buildings with
of physical damage. Table 9 summarises these estimates. three different levels of ventilation rate. The full justification
Justification for the casualty estimates presented in Taof these curves and a discussion of the EHF concept is found
ble 9 is given elsewhere. For tephra fall casualties, estimatei Spence et al. (2005h)
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Table 10.Case 1's model inputs, with the volcanic hazards defined as intensities (see Table 1).

Zone #buildings Population Tephrafall Pyroclastic flow pressure  Pyroclastic flow infiltration (EHF)  Earthquake

1 3231 8562 2 0 0 0

2 2261 6191 2 0 0 0

3 1245 2639 3 0 0 1

4 674 1429 4 0 0 2

5 795 1685 5 0 0 3
Total 8206 20507

Table 11.Case 1's model outputs.

Zone % buildings collapsed  # buildings collapsed % killed  # killed

1 9% 294 0% 40

2 12% 263 1% 51

3 0% 5 0% 1

4 45% 302 5% 77

5 78% 622 9% 147

Total 1487 316
7 Sample results for hypothetical eruption scenarios 10 air changes 4 air changes
per hour per hour

Results for hypothetical eruption scenarios on Guadeloupe 0
(see Fig. 2) are described in this section. The basis of suck£ 0.8 2 air
a prediction uses the building stock inventory described in :E;_’ / *;’;’;‘:ﬁ
Sect. 4, the vulnerability relationships described in Sects. 52 0.6 / /
and 6, and an arbitrary designation of hazard for each zonez g 4
intensity as set out in Sect. 3. These hazard inputs will needg /
to be replaced with realistic hazard predictions when results£ 0.2
are available. The hypothetical eruption scenarios used are /
not intended to be realistic. Further work will explore the 0 500 1000 1500 2000

application of the impact model to plausible eruption scenar-
ios which are being developed within EXPLORIS based on

the geological knowledge of the volcano’s past activity (Ko- _ . o
Fig. 6. Expected casualty rates from pyroclastic flow infiltration

morowski et al., 2005) and additional detailed studies under-hazard for different ventilation rates
way within EXPLORIS. '

EHF (External heat flux)

7.1 Casel

In this hypothetical sample case, the hazard scenario corre-
sponds to a volcanic eruption with volcanogenic earthquakes
and tephra fall but with no pyroclastic flows. For tephra, the The death and collapse rates vary from zone to zone. The
same intensity has been assumed in zones 1 and 2, while thisinimum collapse rate is 0% and the maximum collapse rate
increases in zones 3, 4 and 5, respectively. Earthquakes weig 78%. The minimum death rate is 0% and the maximum
assumed to affect zones 3, 4 and 5. The inputs have been sdéath rate reaches 9%. For this example, death and building
to values shown in Table 10. The outputs from the impactcollapse rates seem to follow a similar trend with a relatively
model are summarized in Table 11. stable proportional relationship between the two estimates.
The results of the impact model for the first hypothetical This is due to the way the model estimates deaths as a re-
scenario show that of 8206 buildings in the case study areasult of earthquake and tephra hazard, which is estimated on
1487 are predicted to collapse at a raterdf8% over the  the basis of building collapse. Figure 7 shows the estimated
whole area surveyed. For the same area, the predicted nunbuilding collapses and fatalities. Such a representation may
ber of fatalities is 316 from a population of 20507, re2% be a useful way of presenting the results of impact estimates
of the population. to emergency planners and strategic decision-makers.
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Table 12. Case 2's model inputs, with the volcanic hazards defined as intensities (see Table 1).

Zone #buildings Population Tephrafall Pyroclastic flow pressure  Pyroclastic flow infiltration (EHF)  Earthquake

1 3231 8562 2 4 4 0

2 2261 6191 2 4 4 0

3 1245 2639 3 5 5 1

4 674 1429 4 6 6 2

5 795 1685 5 7 7 3
Total 8206 20507

Table 13.Case 2's model outputs.

Zone % buildings collapsed  # buildings collapsed % killed  # killed

1 9% 302 84% 7165
2 12% 275 83% 5142
3 0% 6 66% 1746
4 46% 310 95% 1352
5 82% 650 100% 1679
Total 1543 17084

o the whole area surveyed. This is only a small increase (by
; .3 F =, 1%) over the results for Case 1, showing that the number
yig . .
3 agofirlee (1467 of building collapses caused by pyroclastic flows are much
e i less than for those of the other two hazards combined. For
the same area, the predicted number of fatalities in a popula-
tion of 20507 is 17 084, i.e. 83% of the population. Thisis a
huge leap from the estimates for a scenario without pyroclas-
tic flows. The result highlights the devastation that would oc-
cur in an unevacuated area in the event of such a hazard, a re-
sult that is in agreement with the historical evidence (Blong,

1984).
The death and collapse rates vary from zone to zone. The
- § }: minimum death rate is 66% and the maximum death rate is
% iildings collapseds 100%. These results do not seem to follow the same trend
% peoplé e as the building collapse rate — which ranges between 0% and

82% — because death caused by pyroclastic flows are not de-
pendent on building collapse. Figure 8 shows the estimated
Fig. 7. Sample results for the Case 1 eruption scenario. For eacrbu”ding collapses and fatalities.
zone, the bar on the left is the % of buildings collapsed and the bar  pifferent eruption scenarios tested on this building stock
on the right is the % of people killed. vulnerability database show how some impacts are mitigated
by the presence of certain types of building stock. For ex-
7.2 Case 2 ample, in bo_th cases, zone 3 shows greater resilience to gll
three volcanic hazards. This seems to result from the domi-

In this hypothetical sample case, an eruption producingnance of concrete shear wall constructions in the area (see

tephra fall, volcanogenic earthquakes and pyroclastic ﬂowsSECt' 4, Fig. 2). Estlmat_ed casualties are great_e_r In areas
uch as zones 1 and 2 with lower hazard intensities due to

was assumed. The intensity of earthquakes and the teph

fall intensity have been left the same as in the previous caset, € vulnerability of the building stock and the density of the

so that the differences are solely due to the pyroclastic ﬂOW_popuIatmn in those areas.

The inputs have been set to values shown in Table 12 and the
outputs from the impact model are summarized in Table 13.g | imitations of the model
The results of the impact model for the second hypothet-
ical scenario show that of 8206 buildings in the case studyin its present stage of development, the model has several
area, 1543 are predicted to collapse at a rate of 19% ovelimitations which need to be factored in when considering the
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damage and human casualty estimates. These are discuss
in this section.
First, it makes no allowance for damage and casualties
from fires which might break out either within buildings or
in the external environment as a result of the contact be-
tween hot pyroclastic flow materials and combustible build-
ing materials and contents. Such fires are expected when th
temperature of the pyroclastic flow material is above about
300°C. Their possible extent and consequences are a com
plex interaction between the temperature of flow materials,
the combustibility and urban density of the building stock,
the local vegetation and the environmental conditions. These
issues are discussed by D. Purser in Kelman (2004) and will
be considered in a simplified way in future model develop- .
ment. 2
Second, the model in its present stage takes no account ) )
of the effect of previous volcanic eruption impacts on the Fig. 8. Sample results fqr the Case 2_er_upt|on scenario. For each
vulnerability of buildings to subsequent ones. For example,zone’ the b"’_“ on tt'e leftis the % of buildings collapsed and the bar
a damaging earthquake, even without complete destruction?n the rightis the % of people killed.
will increase a building’s vulnerability to a subsequent py-
roclastic flow. Given a knowledge of the likely sequence be taken to minimise the risk to human life in the event of

of hazards, these effects of combined vulnerabilities Canan explosive volcanic eruption. This section discusses some
be taken into account, and work is currently being done to P ption.

achieve this (G. Zuccaro et al’s work in Kelman, 2004) possible measures, although further work on this subject is
However, in the present model, each of the three princi—yet t(? t_)f—:‘_pubhsh.ed (e..g. Spgnce et aI:, 2005biere, three .
pal hazards is considered as an independent event, and the SS|b|_I|t|¢s are investigated: e\_/acu_at|on, land-use planning
probability of damage or casualties from the combinationand building control through legislation.

of hazards has been calculated from a joint probability ap- . . .

proach which ensures that deaths and injuries are not doublé-1 Evacuation: short-term population displacement
counted.

£ |
&Mniluln  collapsed 3

I )

”

., n"pP.npl. ﬂgd
% ‘ :

t

Third, the vertical profile of the pyroclastic flow pressure SNort-term evacuation is the core of emergency plans for
many volcanic areas. Where successful, it can produce a

on a building is considered uniform with height. Good rea- 5 val th i It of voleani
sons exist to believe that this assumption is inappropriate100% survival rate with no casualties as a result of volcanic

Density of the flow materials is likely to increase towards activity. This action was carried out in the last volcanic crisis

ground level, but velocity will decrease towards ground level.On Guadeloupe in 1976 when 73 422 people were officially
vacuated from the danger zone, although it was estimated

Alternative shapes of pressure profile are possible dependin e
at as much as 3% of the population in the evacuated zone

on the relative importance of these two effects, but there i : | X i
little direct evidence on which to base a better model. In a'éMained during the day and about 1% remained during the
night (Lepointe, 1999).

subsequent phase of the work, the impact of alternative plau
sible assumptions on the level of damage and casualties will Enforced evacuation of 100% of the population is feasible
be investigated. only if enough early warning is given where a sudden explo-
A final limitation of the model is that the intensity of each Sive volcanic eruption could leave the resident population ex-
of the hazards is averaged over a relatively large impact zond?0S€d t0 @ high risk of death. Potential false alarms, disbelief
within which variation will be significant for all hazards. A N warnings, inappropriate response actions, and legal action
better model will not only look at substantially smaller im- thréats make the situation more complicated, meaning that
pact zones than have been considered here, but will also corfUture evacuation calls could be somewhat ineffective. The
sider the impact of urban sheltering on flow pressures and:ie0|§|ons of Ieader_slln the time of crisis could be chaII_enged,
the effects of urban density on potential fire spread. On thidéading to the position of an unenforceable evacuation, an
topic too, further work is currently in progress which will be €vacuation during an eruptive event, or an incomplete evacu-
incorporated into future revisions of the impact model. ation due to large numbers of people reluctant to evacuate.
Using the impact model could help in planning phased
evacuations where time and resources are limited. It would
9 Evaluating mitigation options allow the management of such an operation with the latest
available hazard data in order to minimise the risk of death
As discussed above, the purpose of the impact model is téo the most vulnerable areas and to minimise casualty num-
aid in evaluating and testing various mitigation options in or- bers. The impact model's quantitative probabilistic frame-
der to determine the safest and most effective measures tawork, closely linked to hazard and risk assessment, also
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offers a tool by which the benefits of mitigation decision- The format of the results, presented in GIS, should provide a
making could be readily assessed on more objective basesluable tool for civil protection and emergency planners to
with confidence intervals. This is a major advantage whichmake decisions about short-term evacuation plans as well as
can help crisis managers to take key decisions in front of donger-term disaster preparedness and planning.

potentially reluctant population or in the presence of conflict-
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