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Abstract A unified approach for modeling shelter needs and health impacts
caused by earthquake damage which integrates social vulnerability into the physical
systems modeling approaches has been developed. The shelter needs and health
impact models discussed here bring together the state-of-the-art casualty and
displaced population estimation models into a comprehensive modeling approach
based on multi-criteria decision support, which provides decision makers with a
dynamic platform to capture post-disaster emergency shelter demand and health
impact decisions. The focus in the shelter needs model is to obtain shelter demand
as a consequence of building usability, building habitability and social vulnerability
of the affected population rather than building damage alone. The shelter model
simulates households’ decision-making and considers physical, socio-economic,
climatic, spatial and temporal factors in addition to modeled building damage
states. The health impact model combines a new semi-empirical methodology for
casualty estimation with models of health impact vulnerability, and transportation
accessibility to obtain a holistic assessment of health impacts in the emergency
period after earthquakes.
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4.1 Integrated Framework for Modeling Socio-economic
Impacts

4.1.1 Introduction

Recent decades have seen an exponential growth in the physical impacts and losses
from earthquakes throughout the world. The Great Wenchuan Earthquake in May
2008, the Haitian Earthquake of 2010, and the 2011 Great East Japan Earthquake
provide poignant reminders of the susceptibility of communities to devastating loss
of lives, livelihoods, and property from earthquake events. These disasters, plus
many other smaller ones, illustrate how earthquakes adversely impact people and
the communities in which they live, and the impacts of such events occur across
geographic boundaries and at multiple scales affecting governments, institutions,
economic sectors, livelihoods, and people.

There is a consensus within the scientific community that disasters associated
with earthquakes are not wholly the product of the physical impacts of natural
hazard events. Rather, these disasters are the outcome of the interaction between the
earth’s biophysical systems, the engineered environment, and the social conditions
inherent at particular places (Hewitt and Burton 1971; Mileti 1999; Wisner et al.
2004). It is increasingly becoming clear that some people and groups are impacted
differentially by damaging events, react differently in an event’s aftermath, adjust
to its circumstances in dissimilar ways, and recover in a differential manner. These
circumstances have stimulated great interest in understanding how to manage the
associated seismic risk, adverse impacts, and loss.

The current state-of-the-art in earthquake loss estimation (ELE) software pro-
vides several parameters of direct socio-economic consequences which are needed
to support effective decision making. These include parameters such as casualties,
displaced persons, and business failures by industry, for example. However, poor
linkages between damage to physical systems and resultant social consequences
remain a significant limitation with existing hazard loss estimation models (Bostrom
et al. 2008). A new direction with earthquake loss estimation software, which
has been developed by researchers of the Mid America Earthquake Center, is the
inclusion of social vulnerability (Elnashai et al. 2009). Although definitions and
applications of social vulnerability vary within the literature (Cutter 1996), the
concept is often described as the potential for harm and the ability of an individual
or community to protect itself from damaging events (Cutter et al. 2003; Wood et al.
2010). Given equal exposure to seismic threats, two groups may vary in their social
vulnerability due to internal societal characteristics where differences according to
wealth, gender, race, class, history, and socio-political organization influence the
patterns of loss, mortality, and the ability of communities to reconstruct following
a disaster (Burton and Cutter 2008). Inclusion of social vulnerability into quanti-
tative loss estimation frameworks allows for a more holistic measurement of risk.
However, more work is needed to develop a systemic approach that quantitatively
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Fig. 4.1 The three dimensions in an infrastructure vulnerability and impact studies

brings together these disparate research areas in social vulnerability research into
a comprehensive modeling tool, which provides decision makers with a dynamic
platform to capture post-disaster decisions, interactions and changes over time.

At the core of the SYNER-G project are the development of state-of-the-
art modeling capabilities and a suite of software tools that can be utilized for
the assessment and communication of earthquake risk through the integration of
both physical and social vulnerability. Thus, one of the main aims in SYNER-
G was to compute social losses (displaced population, shelter needs and health
impacts) as an integrated function of hazard intensity, systemic vulnerability of
physical systems and the social vulnerability of the population at risk. This way
of conceptualizing integrated risk emphasizes the importance of understanding the
interrelations between physical and social systems. In other words, how direct
physical losses can potentially aggravate existing vulnerabilities in society and
how vulnerabilities in society can ultimately lead to greater impacts from physical
damage and losses.

4.1.2 Integrated Evaluation of Physical and Socio-economic
Models

The impact of an earthquake on the infrastructure evolves in space with the time
elapsed from the event. Different stakeholders have different interests and play
distinct roles in the various phases of the disaster. Correspondingly they look at
impact assessments according to their own particular needs and mandates. These
three dimensions (time, space, stakeholders) are represented in Fig. 4.1, which
allows the vulnerability and impacts on infrastructure systems to be operationalized.
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In particular, along the time-dimension three periods of a disaster – emergency,
recovery and reconstruction – can be identified. The first period constitutes the
immediate aftermath of the event and its short-term consequences where the
damaged infrastructure operates in a state of emergency. In this phase emergency
managers must deal with the demand generated by damaged infrastructure in terms
of temporary shelter needs or hospitalization and treatment of victims. In the
midterm recovery period, while the infrastructure progressively returns to a new
state of normal functionality, the disruptions to businesses might be of interest
to stakeholders in the insurance sector. In the long-term reconstruction period,
national governments and multi-lateral organizations have to grapple with the costs
of permanently rebuilding or upgrading/retrofitting damaged infrastructure, and
mitigate the risk from the next event. From the perspective of systemic studies there
are two distinct phases which are commonly addressed:

• Emergency phase: short-term (a few days/weeks) at the urban/regional scale (e.g.
Franchin et al. 2006; Nuti and Vanzi 1998)

• Economic recovery phase: medium to long-term, at the regional/national scale
(e.g. Karaca 2005)

Furthermore, the position on the “time axis” of the analyst/observer with respect
to the time-frame changes the goal of the systemic study:

• Outside/before the time-frame: the goal of the system analyst is to forecast the
impact in order to set-up preparedness, planning and mitigation measures. It is
important to underline how the information basis in this case can be considered
as constant.

• Within the time-frame: the goal of the system analyst is that of providing
the managers with a real-time decision support system, which updates the
Infrastructure state based on the continuously incoming flow of information.

• After the time-frame: the goal of the system analyst is to validate the models
against occurred events.

The general methodology developed within the SYNER-G Project focuses on
the short-term only, with emergency managers as the reference stakeholders,
and with the goal of forecasting, before the event occurs, the expected impact in
terms of dead, injured and displaced population, for the purpose of planning and
implementing risk mitigation measures. The goal of the methodology developed
within the SYNER-G project is to assess the seismic vulnerability of an infras-
tructure of urban/regional extension, accounting for all relevant and meaningful
inter- and intra-dependencies among infrastructural components, as well as of
uncertainties. As described in Chap. 2 (see Fig. 2.1), the model for the infrastructure
consists of both physical models of the systems making up the infrastructure (e.g.
building and building aggregates, transportation network, lifeline systems) as well
as socio-economic models that take as an input the output of the physical models
and provide the socio-economic consequences of the event. Thus, the integrated
approach proposed in SYNER-G provides a framework to link the degree of damage
and performance of inter-related physical systems to vulnerabilities and coping

http://dx.doi.org/10.1007/978-94-017-8835-9_2
http://dx.doi.org/10.1007/978-94-017-8835-9_2


4 Framework for Systemic Socio-economic Vulnerability and Loss Assessment 93

Single system (e.g.
buildings)

Detailed
Physical

data

Direct social
& economic

losses

System
model Systems

interaction
model

System
performance

System of
systems

performance
(Demand
Model)

Overall
performance

of socio-
economic

sector
(e.g. Shelter)

Capacity
Model

Direct
material
damage

Socio-
Eco

model 1

Socio-
Eco

model 2

Socio-
Eco

model 3

Event

OR

Event

OR

System
performance

Other systems

Fig. 4.2 Possible interaction of socio-economic models with physical vulnerability/loss estima-
tion models

capacities in society to assess: (1) Impacts on displaced populations and their shelter
needs, and (2) Health impacts on exposed populations and their health-care needs.
Furthermore, disruption to transportation and lifeline networks (roads, pipelines,
electricity and water supply) have important consequences on the recovery process
and contribute to increased social disruptions within both shelter and health sectors.

There are various possible interactions of socio-economic models with physical
vulnerability/loss estimation models. Figure 4.2 shows three possible entry points
for socio-economic models. In many earthquake loss estimation models socio-
economic models are brought in at the third entry point as linear “damage-
consequence functions” for the estimation of direct social and economic losses
from physical system parameters, such as, level of building damage. Bringing
in socio-economic models at the first entry point shown in Fig. 4.2 as empirical
models, requires the systematic collection of post-event social and economic post-
earthquake data which is typically not feasible, given the perishable nature of such
data and that it is currently not being collected in a systematic and coordinated
fashion.

In SYNER-G the socio-economic models are being brought in at the second
entry point depicted in Fig. 4.2. Here, new methods have been developed to
compute social losses (e.g., number of displaced people and casualties) as an
integrated function of hazard intensity, vulnerability of physical systems and the
social vulnerability of the population at risk. In this framework design it is assumed
that interactive and causal processes take place between society and the physical
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systems it interacts with. For example, the loss of building habitability (derived
from physical building and utility damage models) will play a major role in the
decision to evacuate one’s domicile and seek public shelter. Here the interaction
between building habitability, environmental factors (e.g., weather conditions) and
social factors such as the occupants tenure status (home owner vs. renter), whether
the occupant lives in a single family home or a multi-family apartment structure, the
level of anxiety of aftershocks, etc., will ultimately form the integrated model that
is used to determine an estimate of displaced populations after an earthquake.

4.1.3 Multi-criteria Decision Analysis Framework

The integration of multiple dimensions of vulnerability with diverse and com-
plex linkages constitutes some of the most challenging questions in store for
interdisciplinary research. Contributing to this is the fact that social vulnerability
is a fundamentally relative phenomenon and not something that can be directly
observed and measured (Birkmann 2006). Thus, one of the main objectives has
been the adoption of an indicator system and common nomenclature which posits
social vulnerability in relational terms with respect to both shelter and healthcare
systems. In this regard, indicators are pieces of information that summarize the
characteristics of a system or highlight what is happening in a system. An indicator
is a quantitative or qualitative measure derived from observed facts that simplify
and communicate the reality of a complex situation (Freudenberg 2003). Indicators
reveal the relative position of the phenomena being measured and when evaluated
over time, can illustrate the magnitude of change (a little or a lot) as well as direction
of change (up or down; increasing or decreasing). The mathematical combination
(or aggregation as it is termed) of a set of indicators is often termed an index or
a composite indicator. Consequently, transparent and validated indicator systems,
which characterize the different aspects sectors addressed here (i.e., shelter, health,
transportation) have been defined.

The theoretical framework for integration of physical and social performance
indicators is founded on the work of Cardona (2005). It provides an overview of not
only the expected direct damages, but also the potential for aggravating impact of the
direct damages by the social fragility and lack of resilience of the different sectors
analyzed here. As shown in Fig. 4.3 a physical performance index is obtained,
for each unit of analysis by interacting with the physical infrastructure models,
whereas the total social impact index is obtained by multiplying the direct physical
performance indices by an indirect impact factor, based on variables associated
with the socio-economic conditions of each unit of analysis. In order to reduce the
complexity of the total system for applied purposes, vulnerability in each system is
operationalized by a set of discrete indicators, representing social vulnerability and
coping capacities. The indicators and sub-indicators have been chosen according
to the vulnerability factors and decision criteria identified for each system and are
described in the subsequent sections.
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Fig. 4.3 Structure of the integrated framework for assessment of social impacts

Fig. 4.4 Methodological
steps of the development of
a hierarchical indicator
framework

The process of developing an integrated indicator framework for assessment
of overall social impacts depicted in Fig. 4.4 consists of five main steps which
should be passed in an iterative manner (Nardo et al. 2005). These development
steps are very similar to the main phases of the multi-criteria decision theory
(MCDA) or multi-attribute-value theory (MAVT). Therefore, for the development of
a hierarchical indicator framework for the shelter needs and health impacts models
in SYNER-G, the methodological approaches used within a MAVT-Analysis were
transferred to the vulnerability for each of the two sectors – shelter and health –
analyzed. The MCDA/MAVT framework also provides the basis for developing the
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software system in SYNER-G as a decision-support tool for emergency planning
by taking into account a broader range of expert judgment through the interactive
modeling of indicator weights or complementing the existing system of indicators
with additional available data (e.g., for the assessment of additional vulnerability
dimensions).

4.2 Shelter Needs Model

4.2.1 Population Displacement Following Historic
Earthquakes

For the planning of public shelter provisions in the aftermath of earthquakes
the expected number of homeless persons and people seeking public shelter is
an essential input for emergency managers. Few models exist that estimate the
displaced or homeless population and the number of displaced persons seeking
public shelter in an earthquake. Most Earthquake Loss Estimation (ELE) software
providing input for displaced population are based on the HAZUS methodology
which computes both displaced population as a linear consequence of building
damage. For example 90 % of all occupants in severely damaged multi-family
homes and 100 % of all occupants in extensively and completely damaged multi-
family and single-family homes are assumed to be displaced according to the
HAZUS model default conditions (FEMA 2003).

Looking at data from 457 historic earthquakes from 1900 to 2012 with destroyed
or heavily damaged building data in the CATDAT Damaging Earthquakes Database
(Daniell et al. 2011), a linear trend (on a logarithmic scale) of displacement and
building damage can indeed be observed (Fig. 4.5). This data shows that the number
of displaced persons is generally a little less than one order of magnitude larger
than the number of destroyed or severely damaged buildings. However, the data in
Fig. 4.5 also shows that in many past events the number of displaced persons is much
larger than can be accounted for only through the number of occupants in severely
damaged or collapsed buildings. Observations from past earthquake events found
in the literature show that the number of displaced persons after an earthquake not
only depend on external factors like building damage, loss of utilities, and weather
conditions but also from household internal socioeconomic and individual factors
such as safety concerns or fear of aftershocks (see full literature review of factors
influencing displacement in Khazai et al. 2011a). The intention to leave can also be
undermined through feasibility restraints, e.g. if the next shelter is too far away, if
people are disabled or lack mobility. Even if households decide to leave their homes
the final question is where they will find accommodation. Alternatives to public
shelter are for example to stay with friend and family or in hotels. Thus, only a
subset of the total population should be considered in computing demand for public
shelter.
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Fig. 4.5 Relationship between severely damaged and destroyed buildings and displaced persons
after earthquakes (n D 457 earthquakes from 1900 to 2012)

4.2.2 Shelter Demand Models

To determine shelter needs in Earthquake Loss Estimation, most software follow the
HAZUS methodology, where displaced population (determined only from building
damage) is multiplied by a factor that considers age, ownership, ethnicity and
income to determine demand for public shelters. These four parameters were
originally developed by the American Red Cross and were based on expert opinion
along with historical data from the 1994 Northridge earthquake (Harrald et al.
1992). New approaches have recently been developed which simulates households’
decision-making in seeking shelter and considers socio-economic, temporal and
spatial factors in addition to housing damage and lifeline loss to estimate displaced
and shelter seeking populations (Chang et al. 2009; Wright and Johnston 2010;
Khazai et al. 2011c). For example, the model by Chang et al. (2009) adopts an
agent-based approach that utilizes census microdata on households and simulates
households’ decision-making about post-earthquake shelter on the basis of their
dwelling condition, risk perception, mobility, and resources.

A new approach is presented for modeling emergency shelter demand in
SYNER-G by integrating shelter-seeking logic models into a systemic seismic
vulnerability analysis and earthquake loss estimation software tool (Khazai et al.
2012a). The selection of socio-economic vulnerability indicators and other factors
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in the shelter logic model are based on an in-depth literature survey of historic
earthquakes and are derived and validated using statistical models. Thus a new
advancement to shelter estimation methodology is being explored through three
types of key inputs: (1) the “habitability” of buildings which combines inputs from
the physical models (building usability, utility loss and climate factors) to provide
information on the habitability of a building and can be used as a better determinant
in influencing the decision to evacuate than building damage alone; (2) GIS-based
shelter accessibility analysis as an input to the shelter seeking model – not discussed
here; and (3) a multi-criteria decision model for implementing a shelter-seeking
logic model based on complex socio-economic factors which ultimately lead to
the decision to evacuate and seek public shelter. These three inputs are combined
into a dynamic shelter model and software tool developed within the SYNER-G
software platform to provide stakeholders an interactive framework in decision-
making process for shelter planning and preparedness as well as resource allocation.

4.2.2.1 Building Habitability Model

The first step in the decision to evacuate after an earthquake is based on the structural
stability of a building and functional lifeline structures, such as access to water
gas and electric power services. Weather conditions can further aggravate potential
displacement from damaged buildings with disrupted lifeline services. If a building
is only slightly damaged and it is very cold and there are no possibilities to heat, that
home will be uninhabitable. During other seasons and weather conditions the same
building might be habitable. In a rare study surveying post-earthquake survivors
about their shelter preferences, Chien et al. (2002) found evidence that under normal
weather conditions 67 % of the interviewees after the 1999 Chi-Chi earthquake
chose to stay in nearby open fields or under a tent, whereas under wet or cold
weather conditions only 17 % showed a preference for staying there. Similar to the
Chi-Chi earthquake, cold weather played a major role in the choices of occupants
who sought shelter in both of the last two major earthquakes: The 2011 Tohoku
earthquake (Khazai et al. 2011b) and the 2012 Van earthquake in Turkey (Wenzel
et al. 2012).

Building habitability is determined as a combination of the functionality of
buildings (building usability), utility services and impending weather conditions
and constitutes the first decision step in leaving or staying at home after an
earthquake. Building usability is derived from a simplified semi-empirical approach
as a function of the severity of observed damage to structural and non-structural
elements of buildings. The usability model was developed based on a detailed
survey of 305 buildings in the densely packed suburb of Pettino obtained from the
Italian Department of Civil Protection after the 2009 L’Aquila earthquake. The six
usability classes considered during the survey were reduced in this model to just
three: buildings which are immediately non-usable (NU), partially usable (PU) or
fully usable (FU). Using the Pettino database, Usability Ratios (UR) for buildings
were derived for each of the three usability classes as a function of the damage data,
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Table 4.1
Empirically-derived usability
ratios

Damage state

UR None Yield Collapse

FU 0.87 0.22 0.00
PU 0.13 0.25 0.02
NU 0.00 0.53 0.98

reported according to six damage states (DS0 to DS5), which were also reduced
to three damage states (none, yield, collapse). Usability ratios can be used then
to estimate the number of persons in each of the three building usability classes
(NFU, NPU, NNU). Using the Usability Ratios in Table 4.1, the number of persons
in each of the three building usability classes can be obtained using the following
expression:

NFU or PU or NU D
X3

iD1
Ni � NOi � URi:FU or PU or NU (4.1)

where:

• i D damage level (i D 1, : : : , 3)
• Ni D number of buildings having damage level i,
• NOi D number of occupants (at the time of the event) in each building for each

damage level i,
• URi D usability ratio (UR) for damage level i for each usability class

To determine building habitability the usability of buildings is considered
together with utility loss in a systemic seismic vulnerability analysis (Cavalieri et al.
2012). Non-usable buildings (NU) are also non-habitable. If a building is fully or
partially usable, depending on the level of residual service in the utilities and the
prevailing weather conditions at the time of impact, it can be habitable (H) or non-
habitable (NH). For each utility, the level of residual service is satisfactory when the
Utility Loss (UL), defined as one minus the ratio of satisfied to required demand, is
lower than a threshold value (ULi < ULTi). The threshold values depend on Weather
conditions and Building Usability and due to the subjective nature of perceptions,
the Utility Loss Threshold (ULTi) should be established on a context-specific basis
by the analyst. The total Utility Loss is a weighted average of ULi on each of the
utilities, with weights wi provided by the analyst:

UL D
XNUN

j D1
ULj � wj (4.2)

where:

• j D utility systems (j D 1, : : : NUN with NUN D 2 in this application)
• ULj D Utility Loss in system j
• wj D weight associated with the importance of loss in utility system j in making

the building uninhabitable
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Fig. 4.6 Proposed model framework for shelter seeking logic model

The percentage fully or partially usable buildings that are non-habitable (NHFU

or NHPU) is thus determined as the portion of buildings which have utility losses
greater than the utility loss threshold value (UL � ULT ). The Uninhabitable Building
Index (UBI) is computed as the ratio of occupants of buildings that are uninhabitable
to the total population (N) according to the following relationship:

BHI D .NFUNHFU C NPUNHPU C NNU � Nd / =N (4.3)

where:

• NFU , NPU , NNU D number of occupants in buildings that are fully, partially and
non-usable

• NHFU D percentage of fully usable buildings that are non-habitable, where
UL � ULT

• NHPU D percentage of partially usable buildings that are non-habitable, where
UL � ULT

• Nd D number of dead persons estimated in a selected casualty model

4.2.2.2 Shelter-Seeking Decision Model

The basic elements of the logic model for the shelter demand model are based on the
ideas of Chang et al. (2009). The shelter model combines each of the decision steps
(represented as an output indicator) shown in Fig. 4.6 in a weighted multi-criteria
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Fig. 4.7 Number of nominations found for indicators influencing post-earthquake evacuation
behavior in 18 studies surveyed

decision analysis framework according to the following scheme: D1 is given by an
output indicator as the proportion of population residing in uninhabitable buildings
criteria; D2 and D3 are a combination of a number of internal and external factors
and given by an output indicator representing the desirability to evacuate criteria;
and D4 is given by an output indicator representing the desirability to seek public
shelter based on the access to resources criteria.

The decision to evacuate one’s home after an earthquake and to utilize public
shelter is correlated with a variety of social and demographic factors (Tierney 2006).
These decisions are also usually made at the household level; however, as was seen
in the case of the L’Aquila earthquake the decision to evacuate can also be imposed
by government authorities that make an evacuation of homes mandatory. A survey of
disaster literature regarding post-earthquake sheltering demand provided an initial
basis for selection of relevant socio-economic indicators related to the desirability to
evacuate (Khazai et al. 2012a; Braun 2011). The main factors influencing evacuation
behavior were derived from 18 key studies and are shown in Fig. 4.7.

While the literature survey provides for a comprehensive wish list of indicators,
an important requirement for operationalizing the approach is that it should be
possible to quantitatively populate the socio-economic indicators based on an
approach that can be harmonized at the European level for the urban scale of
analysis; one of the aims of this study. As such, data was compiled from the
EUROSTAT Urban Audit for European cities at the sub-city districts (SCD) level
and used as a next step to pre-select the most relevant indicators from the Urban
Audit that were found in the literature survey. In order to narrow down the selection
of the most influential indicators from the Urban Audit and to assign a set of default
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Table 4.2 Results of principal component analysis of urban audit data

Subjective factors Strongest correlated indicator
Strongest
correlation value

Mortality/age Mortality rate for <65 per year �0.88
Education Prop. of working age population qualified

at level 3 or 4 ISCED
C0.77

Lone parent with children Prop. of households that are lone-parent
households

C0.68

Population density Population density: total resident pop. per
square km

�0.64

Migration/ethnicity Proportion of Residents who are not EU
Nationals and citizens of a country
with a medium or low HDI

C0.58

Gender Proportion of females to males in total
population

C0.51

Unemployment Unemployment rate �0.54
Sub-standard housing Proportion of dwellings lacking basic

amenities
C0.67

weights a factor analysis was conducted with the Urban Audit data. Out of the 338
indicators described in the Urban Audit, data is available for only 44 indicators at
the SCD level. The 44 indicators were analyzed for two periods: 1999–2002 (7,856
districts in 321 cities in 30 European countries); and 2003–2006 (2,972 districts in
173 cities in 24 European Countries). Principal component analysis (PCA) was used
to calculate the inter-correlation between variables and a new set of transformed
variables was created where the importance of each of the new variables in terms of
the variability of the data is identified. It was found that close to 75 % of variation
in data is represented by 8 dimensions shown in Table 4.2. Additionally, the PCA
provides a possibility to model the relative influence of all data in terms of their
explanatory power (i.e., how much of the statistical variation can be explained by
each indicator).

The literature survey and the statistical models provide a set of candidates for
operationalizing the shelter-seeking decision model presented in Fig. 4.6. The first
step (D1) is determined through the building habitability analysis as discussed
above. The following presents the methodology and indicator framework related
to desirability to evacuate (D2 and D3) and desirability to seek public shelter (D4).

Desirability to Evacuate

The desirability to evacuate is a combination of factors related to a set of internal
factors which is a reflection of perceived security and safety, as well as external
factors forcing residents to leave (Table 4.3). Feeling safe at home (or the feeling that
it is safer to leave) is subjective and depends on a large range of factors each with
different perceived importance values and cultural contexts. As mentioned above
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Table 4.3 Urban audit indicators influencing desirability to evacuate

Decision factors Urban audit indicators for desirability to evacuate

Household tenure (owner vs.
renter)

Proportion of households living in private rented housing
Proportion of households living in owned dwellings

Housing type (single,
multi-family)

Number of houses per 100 apartments
Proportion of households living in social housing
Proportion of dwellings lacking basic amenities
Proportion of non-conventional dwellings

Household type (large families
with children, single parents)

Avg. size of households
Lone-parent households with children aged 18 or under
Proportion of households living in social housing

Age (children and elderly) Proportion of total population aged 0–4
Proportion of total population aged 75 and over

Perceived security Total number of recorded crimes per 1,000 population

the perception of weather conditions is compounded with the building damage
and utility services disruptions. The resistance to evacuation is also influenced by
sociological and economic factors, such as having strong social networks, belonging
to a minority or being disabled, having enough knowledge and financial resources to
protect oneself, and knowing where to obtain information. Other factors influencing
the perceived security are conditions such as fear and anxiety of aftershocks or
mistrust in safety evaluation of one’s home (green, yellow and red tags) which
are more difficult to describe and define quantitatively through indicators. Thus,
the desirability to leave is a combination of a complex set of social factors and
is ultimately determined by the individual’s perception of the importance of each
one of these factors in driving the decision to evacuate. While desirability to leave
represents an internal driver to evacuation, the resistance to evacuation is also driven
by external decisions imposed on the affected population, which in some cases may
force them to evacuate (e.g., mandatory evacuation of an entire city centre as in
2009 L’Aquila earthquake, or a radiation advisory and evacuation radius, as in
the aftermath of the 2011 Tohoku earthquake and tsunami). The equation for the
desirability to evacuate (DE) is given as

DE D EF �
Xn

iD1
wi � Ii (4.4)

where:

• DE D Desirability to evacuate
• wi D overall weight given to each indicator
• Ii D indicators representing the desirability to evacuate
• EF D External Factors, derived from a GIS analysis and/or different evacuation

scenarios
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Table 4.4 Urban audit indicators influencing desirability to seek public shelter

Decision factors Urban audit indicators for shelter seeking index

Income Percent of households with less than 60 % of national median
annual disposable income

Proportion of households reliant upon social security
Unemployment Unemployment rate
Migration/ethnicity Number of residents born abroad (not only nationals)

Residents who are not EU Nationals and citizens of a country with
a medium or low HDI

Education Prop. of working age population qualified at level 1, 2, 3 4, 5 and
6 ISCED

Desirability to Seek Public Shelter

Not all displaced population will seek public shelter, and some may find alternative
shelter accommodation (e.g., rent motel rooms or apartments), stay with family
and friends, or leave the affected area. For estimations of shelter demand it is
necessary to account various factors that lead to populations seeking public shelter.
Desirability to seek public shelter in this study is given by an indicator model
related to the “Access to Resources” which accounts for both “push” factors (such
as low income, lack of mobility or having no social networks) and “pull” factors
(such as being too far from the shelter sites). The “push” factors are determined
in terms of socio-economic drivers, while the “pull” factor is an input from a GIS-
based shelter accessibility model (Khazai et al. 2011a). The question of accessibility
relates mostly to residents who are able to choose between different destinations
(Table 4.4). The proximity and ease of access of shelter locations might be a key
criteria for these households whose decision of leaving is not founded on aspects
of vulnerability but on individual preferences. The Shelter Seeking Index (SSI) is
then derived as an additive weighted sum of each of the indicators constituting the
shelter seeking population and multiplied by how accessible each of the designated
shelter sites are, according to:

SSI D AI �
Xn

j D1
wj � Ij (4.5)

where:

• SSI D Shelter Seeking Index
• wi D overall weight given to each indicator
• Ii D indicators representing shelter seeking population
• AI D Accessibility Index, derived from a GIS distance-cost analysis to shelter

sites
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Fig. 4.8 Decision criteria for computing Shelter Needs Index (SNI)

4.2.2.3 Multi-criteria Shelter Model

The integrated shelter needs model developed here is based on a multi-criteria deci-
sion theory (MCDA) framework which allows the bringing together of parameters
influencing the physical inhabitability of buildings, with social vulnerability (and
coping capacity) factors of the at-risk population to determine as well as external
factors to determine the desirability to evacuate and seek public shelter. As shown in
Fig. 4.8, the multi-criteria framework can be described schematically as composed
of the two main criteria: overall population at risk of being displaced after an
earthquake (DPI) and the proportion of this population likely to seek public shelter
(SSI). Subsequently, the total demand for public shelter for a particular location
(i.e., city district) can be described as a product of the population at risk of being
displaced (D1, D2 and D3) to the population likely to seek public shelter (D4).
This can be expressed by the equation below where wDPI and wSSI are the weights
assigned to DPI and SSI, respectively:

SNI D wDPI � DPI C wSSI � SSI (4.6)

where:
SSI is derived from a weighted index related to lack of access of resources

indicators in a community or neighborhood, and DPI is given as occupants
in uninhabitable buildings amplified by external and internal factors related to
desirability to evacuate according to the following expression:

DPI D BHI .1 C DE/ (4.7)
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Fig. 4.9 Shelter population evolution in each COM after the 2009 L’Aquila event

4.2.3 Shelter Demand Model Implementation

To demonstrate the shelter methodology it has been applied to the 2009 L’Aquila
earthquake, where detailed data on post-earthquake Building Usability (AEDES
Survey of 1,667 buildings); Socio-economic data for 106 fractions (ISTAT data);
and Shelter Population data from April to August 2009 for 107 shelter sites (Italian
Civil Defence) was used to validate the model (Khazai et al. 2012c). For each Mixed
Operations Centres (COM), information was collected about the number of shelter
sites, the total number of shelters, and the population in the shelters. When shelter
population evolution is compared between the different COMs as shown in Fig. 4.9,
it can be seen that in most COMs a drop in shelter population is observed after
the first month. The most drastic development is observed in COM 5, where there
is a drop of almost 60 % in shelter population from April to May. Contrary is the
development in COM 1 with an increase in people in shelter until end of June.
This increase could partly account for the loss in COM 5 supporting the assumption
that migration may have taken place between displaced populations of the different
COMs.

The shelter model methodology was implemented into the Multi-Criteria Deci-
sion Analysis (MCDA) which is the basis of the software developed in SYNER-G
(Khazai et al. 2012b). The tool will allow stakeholders to display the Shelter Needs
ranking of different neighborhoods using various output and visualization formats.
The user can assign different importance (weights) to selected indicators and the
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Fig. 4.10 Ranking of the displaced persons (left, 6a–c) based on the Building Habitability Index
(BHI) and the desirability to evacuate criteria. Ranking of the Shelter Needs Index (right,
6d–f) based on the Desirability to Seek Shelter (SSI) criteria and the Displaced Persons Index.
(a) Desirability to Evacuate. (b) Desirability to Evacuate (DE) given forced evacuation of city
centre. (c) Displaced Persons Index (DPI). (d) Desirability to Seek Shelter. (e) Desirability to Seek
Shelter (SSI) given Shelter Accessibility. (f) Shelter Needs Index (SNI)

tool can be used to discuss the weighting outcomes and interactively examine the
variability of shelter demand in different areas for different weighting schemes,
or for different earthquake scenarios. The rankings for shelter demand after the
L’Aquila earthquake are shown in Fig. 4.10 for the eight COMs which had the
overall coordinating role in their own territories for all rescue and shelter provision
operations. First the Displaced Persons Index (DPI) is obtained as the number of
occupants living in uninhabitable buildings (BHI) amplified by the Desirability
to Evacuate Criteria. In this case, the proportion of persons in uninhabitable
buildings was not modelled following the methodology but taken directly based
on observed values of partially usable and non-usable buildings in each of the
eight COMs from the AEDES Survey. Furthermore, in the calibration of the shelter
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model people living in the historical city centre were recommended to evacuate
without consideration of unique building stability due to historical buildings and
narrow alleys. Accordingly, the Desirability to Evacuate criteria accounts for forced
evacuations in COM1, 2 and 5 (Fig. 4.10b).

To obtain the Shelter Needs Index shown in Fig. 4.10f, the Desirability to Seek
Shelter Indicators (Fig. 4.10d) were obtained and amplified based on accessibility
to shelter sites in the eight COMs (Fig. 4.10e). Finally, the Shelter Needs Index
(SNI) is obtained as the interaction between the Displaced Persons Index and Shelter
Seeking Index (SSI). Fig. 4.11 shows how the modeling approach can be used
to capture the actual shelter demand conditions (given as the observed number of
people in shelter camps normalized by total population in each COM). For example,
based on building usability alone, COM 3 should have a lower shelter demand than
COM 6 and 4. However, given the high desirability to evacuate and seek shelter
based on socio-economic indicators, COM3 obtains a more realistic ranking.

4.3 Health Impact Model

4.3.1 Health and Healthcare System Impacts of Earthquakes

Health impacts after earthquakes include mortality and morbidity in term of injuries,
disability, psychological effects, inadequate treatment of non-communicable and
chronic diseases (e.g. problem with drug procurement), and increased transmission
of infectious diseases (e.g., caused by parallel systems dysfunction such as water
and sanitation). Health impacts are the result of direct consequences of the physical
impact of the earthquake (collapsing buildings, falling objects, falls due to shaking,
traffic accidents, secondary hazards such as tsunami or landslides), and additionally,
systemic failures of healthcare systems and parallel infrastructure (water and san-
itation system, emergency housing system, transport and communication system)
can as well lead to increased secondary fatalities (Gunn 1995; Howard et al. 1996;
Ramirez and Peek-Asa 2005; Aldrich and Benson 2008).
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Studies, models, and guidelines related to health impacts in earthquake engineer-
ing have focused largely on casualty estimation methodologies (Coburn and Spence
2002; FEMA 2006), and hospital performance largely in terms of physical damage
to structural systems and in some cases nonstructural systems and equipment
(e.g., HAZUS model, FEMA 2003). Casualty estimation methodologies generally
exclude casualties due to secondary causes, and do not account for injuries which
can digress to fatalities as a result of systemic failures of healthcare systems and
parallel infrastructure (e.g., transport, power, etc.). Systemic failures in healthcare
delivery and lack of access to food and shelter can also lead to the exaggeration
of baseline diseases and increased transmission of communicable infectious dis-
eases. Several researchers, have proposed methods to assess interrelated systems –
structural, nonstructural, lifelines, and personnel – according to performance levels
indicating functionality (Chang et al. 2009; Lupoi et al. 2008; Yavari et al. 2010).
Furthermore, systemic vulnerabilities in the healthcare or infrastructure systems can
aggravate the overall health impact after earthquakes beyond the direct fatalities, for
example, by the exaggeration of baseline diseases and increased transmission of
communicable infectious diseases.

Health impacts (mortality and morbidity, population in need of medical treat-
ment) after earthquakes are also influenced or aggravated by social factors that are
best described using the term social vulnerability. This includes latent vulnerability
conditions in the at-risk population and systemic failure in the healthcare delivery
system. Although there is wide evidence that social vulnerability is a key component
for influencing health outcome of disasters (see Sect. 4.3.2.3), it is seldom linked to
common formal and quantitative seismic loss estimates of injured people which
provide direct impact on emergency health care services. To link social impacts
of health and health-care services to a systemic seismic vulnerability analysis, a
conceptual model on health and the health care systems has been developed in
SYNER-G.

4.3.2 Basic Elements of the Health Impact Model

The aim of the Health Impact Model is to extend earthquake casualty estimation
methods by developing a combined engineering and social science approach for
modeling earthquake health impacts. As such, the approach presents a new method
for modeling health impacts caused by earthquakes by linking casualty estimation
methods typically used in Earthquake Loss Estimation (ELE) to key factors of
individual health and health-care systems. The methodology provides an operational
framework for implementing the different factors into an analytical hierarchical
process model, and deploying them using indicators following the principles of
Multi-criteria Decision Analysis. The integrated approach for estimating post-
earthquake health impact with a special focus on social vulnerability is composed
of the following basic components which are described in the following sections.
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4.3.2.1 Casualty Estimation Model

Casualty estimation methodologies in earthquake engineering (Kawasumi 1954;
Whitman et al. 1975; Wiggins 1977; Christoskov and Samardjieva 1984, 2013;
Coburn and Spence 2002; FEMA 2006, etc.) following earthquakes provide esti-
mates of both injuries and fatalities, which is a key input to assist planners in
determining the resources required to deal with the increased surge in the patients.
Most models provide “in-door” casualty estimates from structural building collapse
and some provide non-structural casualties as a ratio of structural damage. It has
been observed that 80 % of fatalities attributed to earthquakes have been caused by
the collapse of buildings (Coburn and Spence 2002). This has changed significantly
with the past earthquakes in the last decade but the overall percentage has stayed
around the same (77 %) with Marano et al. (2010) from 749 fatal events from 1968
to 2008 and Daniell et al. (2012) from 2020 fatal events from 1900 to 2012 that
71 % of deaths are due to earthquake shaking. As the construction of RC buildings
is increasing, the portion of casualty victims in RC buildings is rapidly increasing.
This can also be attributed to the fact that RC structures built in the poorer countries
are highly vulnerable and when they collapse they are considerably more lethal and
kill a higher percentage of their occupants than masonry buildings.

Starting with the first casualty model by Kawasumi (1954), earthquake casualty
methodologies seek to define a relationship between a ground motion parameter
and/or damaged buildings and the potential number of fatalities. In addition to
models that rely on expert opinion (Whitman et al. 1975; Wiggins 1977), others
have attempted to empirically derive relationships between casualties and a form of
magnitude, PGA or other ground motion parameters (Christoskov and Samardjieva
1984; Coburn 1986; RGELFE 1992 and Surahman 2000). Other approaches
(Alexander 1982; Ohta et al. 1983; de Bruycker et al. 1985; Coburn and Spence
1992; Zuccaro and Cacace 2010) have used the damage state of a building after the
event to estimate the potential casualties via empirically derived data.

The difficulty of correlating casualties to a ground motion parameter is due to the
fact that different parts of the world design buildings and structures differently, thus
there can be a large discrepancy in the damage patterns seen between two countries
for the same PGA and such models are generally not transferrable to another region
or context. There are also many difficulties in correlating casualties against building
damage states, including: damage states are notoriously difficult to classify into
correct brackets; non-structural or furniture related deaths are generally not taken
into account; and the fact that in-depth fatality counts are generally not known for
each building post-event with only scattered studies detailing these fatalities.

Many new and old methodologies are based primarily on intensity with Berberian
(1978), Ohashi and Ohta (1983) and Coburn et al. (1987) to name a few. Recent
models of authors such as So (2009), Jaiswal and Wald (2010), Maqsood and
Schwarz (2011) have concentrated on earthquake intensity as the hazard metric vs.
population ratios or by the population in collapsed buildings using expert opinion
related collapse ratios using historical data. By definition, intensity links hazard
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and damage in one measure and this method attempts to alleviate some of the key
uncertainties in casualty estimation, which include:

• Casualty statistics (types and numbers) from past earthquakes are often incon-
sistent and unreliable (i.e., lack of standardization of injury data and established
methodologies for reporting casualty data).

• Casualty statistics very often do not provide information about cause of death
(e.g., structural, non-structural, other causes)

• Casualty statistics do not discern which building type (e.g., RC, Masonry, etc.)
the casualty figures come from

• Lethality Ratios used in CEMs are often engineering factors and not based on
empirical/historic data

• Uncertainties in population per building (i.e., uncertainties and incompleteness
of data relating occupants to building volume)

• Uncertainties in building occupancy at the time of earthquake (day and night
variability as well as seasonal variability due to inflow of tourists or students)

As a result of the many uncertainties existing casualty models have failed to
convey the degree of confidence to which estimates are given. This is extremely
important in any decision making process as administrators or policy makers
must be aware of the margins of error to make informed decisions. The seismic
community has so far failed to disseminate data and stimulate responses from
national and government organizations effectively (Spence 2007).

Casualty Estimation Model in SYNER-G

As casualty ratios (CR) used in casualty loss estimation depend on the particular
building typologies, building practices and living arrangements in each region,
a global or pan-european casualty model is not feasible. The casualty model
developed in SYNER-G provides an initial (direct) casualty estimate for occupants
of buildings at the time of earthquake based on an original idea developed by
Coburn and Spence (1992). However, the casualty model developed in SYNER-
G has several new components and considerations compared to available casualty
models. The features of the SYNER-G casualty model are described below:

• The model estimates casualties from all damage states. Most casualty models
determine casualty as a function of building collapse only. While building
collapse is the dominant factor, So and Spence (2013) show using historic data
(Pakistan, Indonesia and Peru) that casualties can also occur in moderate and low
damage states.

• The model estimates casualties using semi-empirical casualty ratios. The process
of determining casualty ratios is often unclear and in many cases it is an
engineering judgement based on historic evidence. The model optimizes casualty
ratios for regions with comparable building construction.

• In addition to determining casualty ratios as a function of building damage, the
model also considers Seismic Intensity.



112 B. Khazai et al.

Table 4.5 Building-casualty superclasses defined for the selected Italian events

Casualty potential Superclass category Construction typology

Very high 1-BC Reinforced concrete
High 2-BC Stone, brick or block masonry walls with reinforced

concrete floors/roofs
Moderate 3-BC Stone, brick or block masonry walls with timber

rubble masonry, timber or steel joist floors/roofs

• The model estimates casualties by proposing a “Building-Casualty” Super-
class based on the propensity of different building typologies in producing
casualties.

In the SYNER-G casualty model, casualty and building damage data has been
collected for two large Italian earthquakes: 214 municipalities (deaths and injured)
for Irpinia 1980 and 26 municipalities (deaths) in Friuli 1976. Based on the building
type designations in the survey data, 3 “Superclasses” of building typologies have
been defined and shown in Table 4.5. The choice of the superclasses are based on
casualties produced by different building types in Italian earthquakes and knowledge
of the reduction of volume in different building types which influences the number
of trapped people and hence casualties (References). It should be emphasized that
building vulnerability classes (e.g., EMS classes A-F) do not represent the potential
to produce casualties in buildings and only represent the vulnerability of buildings
to damage. Hence a novelty in this methodology are the superclasses, which discern
between different building classes of equal damage state (e.g. slight or collapse) in
terms of the relative casualty level which can be produced in each of the building
classes. However, as no empirical data as such is available to validate the choice of
the superclasses, a sensitivity analysis is performed to determine the influence of
change in superclasses.

The aim is to produce a semi-empirical approach by which Casualty Ratios
would be derived from empirical data on building damage classes and Super classes
of building typologies. In this approach Casualty Ratios (CR) for an Italian model
are obtained by optimization with casualty and damage data for the selected Italian
earthquakes which occur in comparable settings and are night-time events. The
approach of estimating casualty ratios can be described in the following steps:

1. The building stock of any region is grouped in terms of its distribution in
Building-Casualty super classes (Table 4.5) and 6 EMS Vulnerability Classes
(A-F) at the event year.

2. A database for each historic earthquake event is constructed, where for each
administrative unit (e.g., municipality) the following parameters are captured: (a)
Number of dead and injured in each Municipality; (b) Number of total buildings
in each Municipality, and (c) Population at time of event for each Municipality

3. Distribution of Building Damage states (none, slight, moderate, severe, collapse)
in each Municipality

4. Distribution of Seismic Intensity (EMS scale) in each Municipality
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Table 4.6 Casualty ratios derived from optimization algorithm

Intensity Superclass D0 D1 D2 D3 D4 D5

6 1-BC 0 0 0 0.0011 0.0027 0.0067
2-BC 0 0 0 0.0005 0.0013 0.0033
3-BC 0 0 0 0 0.0007 0.0017

7 1-BC 0 0 0.0009 0.0021 0.0053 0.0133
2-BC 0 0 0 0.0011 0.0027 0.0067
3-BC 0 0 0 0.0005 0.0013 0.0033

8 1-BC 0 0.0009 0.0021 0.0053 0.0133 0.0333
2-BC 0 0 0.0011 0.0027 0.0067 0.0167
3-BC 0 0 0.0005 0.0013 0.0033 0.0083

9 1-BC 0 0.0048 0.0073 0.0182 0.0454 0.1136
2-BC 0 0.0024 0.0036 0.0091 0.0227 0.0568
3-BC 0 0.002 0.003 0.0076 0.0189 0.0473

5. Allocation of Building Damage states for each Building-Casualty superclass (1-
BC, 2-BC and 3-BC) and Building Vulnerability EMS class (A-F).

6. Allocation of Seismic Intensity for each Building-Casualty superclass (1-BC, 2-
BC and 3-BC) and Building Vulnerability EMS class (A-F).

7. Allocation of Total Building Occupancy for each Building-Casualty superclass
(1-BC, 2-BC and 3-BC) and Building Vulnerability EMS class (A-F).

8. Using the above parameters the number of dead is simulated in an initial run with
an assumed Casualty Ratio matrix using values published in the literature Coburn
and Spence (2002), So and Spence (2013) and ATC 13.

9. Casualty ratios are optimized in subsequent iterations using an optimization
algorithm so that a best-fit is achieved between simulated and surveyed casualty
numbers (Table 4.6).

The optimization algorithms use constraints and restrictions which are derived
from common assumptions (e.g., the casualty ratio for moderate damage state
should not be greater than casualty ratio for collapsed damage state). Lower and
Upper boundary functions are also defined based Coburn and Spence (2002), So
and Spence (2013), ELER (Erdik et al. 2011), and ATC-13 (HAZUS). Using the
optimized Casualty Ratios for the region, the number of deaths are determined for
that region, using the mean inhabitants by building type, and occupancy rate by day
and night. Combining the death records for the Friuli and Irpinia events according to
seismic intensity, the casualty model proposed here was compared against the 2008
Coburn and Spence casualty model developed for LessLoss (Casualty Ratios only
in D5 damage state) and recorded deaths (Fig. 4.12). As the graph is plotted on a
logarithmic scale, the relative comparison of both models is best seen through the
average error bars. It can be seen that Coburn and Spence overestimate deaths at low
seismic intensities, while they at higher intensities the average error is comparable.

Nd D
X3

tD1

X6

dD1

X5

iD1
Nt;d;i CRt;d;i NOt (4.8)
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Fig. 4.12 Comparison of SYNER-G and Coburn and Spence (Less Loss) casualty models for Italy

where:

• t D building-casualty type (t D 1-BC. 2-BC. 3-BC)
• d D damage level (d D D0, D1, D2, D3, D4, D5)
• i D seismic intensity level (i D VI, VII, VIII, IX, X)
• Nt,d,i D number of buildings of type t having damage level d at seismic intensity

level i
• CRt,i D proportion of deaths by building type, damage level and seismic intensity
• NOt D number of occupants (at the time of the event) by building type t

4.3.2.2 Transportation Accessibility Model

Health impacts of earthquakes like mortality and morbidity in term of injuries,
disability, inadequate treatment of non-communicable and chronic diseases (e.g.,
problem with drug procurement), and increased transmission of infectious diseases
(e.g., caused by parallel systems dysfunction such as water and sanitation, com-
munication and transport) is directly related to transport accessibility to healthcare
facilities. Transport accessibility basically refers to ability to reach health care
services by using various travel costs on the considered road network. As many
factors affect transport accessibility, different aspects and measures of accessibility
are found in the literature (Litman 2011). However, in order to better assess
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accessibility to healthcare facilities it is essential to use network-based accessi-
bility analyses. When emergency healthcare accessibility is considered, use of
Geographical Information Systems (GIS) becomes essential to assess spatially
accessibility zones in terms of emergency services, and help medical emergency
service providers determine the extent to which a city is ready for any medical
emergency. For example, physical accessibility of medical emergency services
can be measured to check if urban/rural areas are highly accessible by medical
emergency vehicles (ambulances) within 5 or 10 min of critical time threshold.

The analysis of healthcare accessibility has inherent complexity (Pedigo and
Odoi 2010). Pedigo and Odoi (2010) refer to Guagliardo (2004) and Higgs (2009)
as the researchers who defined -accessibility to healthcare as the ability to obtain
potential healthcare that may be impeded by both spatial, like travel impedances,
and non-spatial factors like the ability to pay. However, in the case of earthquakes,
physical accessibility, which is assessed spatially, to healthcare services, has direct
relation to health impacts. Pedigo and Odoi’s (2010) work is a typical example
of healthcare accessibility analysis related to health impact dimension of socio-
economic vulnerability, where spatial accessibility to emergency care for stroke and
Myocardial Infarction (MI) in the East Tennessee Appalachian Region is evaluated
within a GIS to identify the spatial extent of regions which have inadequate
accessibility to emergency care units for stroke and MI. McGrail (2012) provides
a methodology for determining primary healthcare services accessibility by con-
sidering the volume of healthcare services provided relative to the population’s
size and the proximity of health services provided relative to the location of the
population. The proposed methodology by McGrail (2012) is based on two-step
floating catchment area (2SFCA) method, which includes a distance-decay function
within a catchment area together with variable catchment sizes. Yiannakoulias et al.
(2013) investigate effect of two different travel cost measures on health care service
accessibility. They compare simple network travel cost metric (requiring only data
on speed limit and road segment length) and a more complex network travel cost
metric (requiring estimates of traffic congestion and intersection turn costs) on a
gravity-based measure of accessibility to primary healthcare services. Yiannakoulias
et al. (2013) find that the city center is less sensitive to change in travel cost
matrix as compared to outlying regions and more complex network travel cost
metric (requiring estimates of traffic congestion and intersection turn costs) provides
more realistic accessibility results. Ertugay and Duzgun (2011) present health
service accessibility based on a stochastic approach, where uncertainties related to
the catchment boundaries are considered and probabilistic catchment boundaries
are determined instead of crisp catchment boundaries in the deterministic model.
Düzgün et al. (2011) provide a framework for vulnerability assessment of urban
environment in neighborhood scale where in addition to building fragility and
socio-economic vulnerability, the accessibility of neighborhoods by the critical
services like fire brigades, ambulances etc. are modeled as one of the vulnerability
component of the neighborhoods. Horner and Widener (2011) investigate the
impacts network failures, which are predicted by simulations made based on various
hurricane disaster scenarios, on disaster relief planning strategies, for Florida City.
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They report that the modest disruptions to the transportation network yields marked
changes in the number and spatial configuration of relief facilities. Bono and
Eugenio (2011) suggest a method based on combining simple graph theory and GIS-
based spatial analyses to define the urban accessibility landscape in the aftermath of
earthquake damage. They use open source data for Port Au Prince and evaluate
difference between the undamaged and damaged networks to measure potential
decrease in transport performance as a result of the earthquake.

Transportation Accessibility Model in SYNER-G

In SYNER-G two accessibility analysis approaches for healthcare services in case of
earthquake are developed at the urban scale. The first method is based on evaluating
accessibility by using indicators of accessibility, which can be obtained from
publically available socio-economic data in Europe (e.g., EUROSTAT Urban Audit
Database). A comprehensive overview of factors affecting transport accessibility
provided by Litman (2011), include: transportation demand and activity, mobility,
transportation options, user Information, integration-terminals-parking, affordabil-
ity, mobility substitutes, land use factors, transportation network connectivity,
roadway design and management, prioritization, value of inaccessibility. Among the
various ‘Urban Audit’ data groups investigated the following show a high degree of
relevance to the indicators listed by Litman (2011) for assessing accessibility in
urban environments: population structure (population of working age, proportion of
children and elderly, demographic dependency, migrant population) which indicates
transportation demand and activity; economic aspects (labor market, economic
activity, income disparities and poverty), which forms the basis of various trans-
portation option’s affordability; travel patterns (vehicle ownership, mode of journey
to work, percentage of commuters, length of public transportation network), which
relates to transportation options and integration-terminals-parking; information
society (user and infrastructure, local government and ICT sector), which is relevant
to express user information. Hence by using these indicators relative accessibility
levels of various urban environments can be assessed by using multi criteria decision
approach.

The second approach is based on use of transportation data in GIS with
prediction of road closure for various earthquake scenarios, following a three-step
procedure: (1) data acquisition and integration; (2) traveling cost calculation; and
(3) accessibility modeling and visualization. Data acquisition and integration phase
includes compilation of data related to road network as well as supply and demand.
Transportation network data also have attributes of road segments indicating their
type and hence capacity such as main roads, secondary roads etc. The supply data
constitutes locations of healthcare service and their capacities. The demand data
involves boundaries of administrative zones and centroids of these zones so that
accessibility of each administrative zone can be calculated. Usually these data
are obtained in various formats, which require integration in GIS environment.
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Table 4.7 Reduction in
average traveling speed as
function of road closure
probability

Road closure probability Transportation network cost

0 % 30 km/h (major roads)
25 km/h (minor roads)

�0.25 Reduce by 25 %
0.25–0.50 Reduce by 50 %
0.50–0.75 Reduce by 75 %
�1 Reduce by 100 %

Traveling cost calculation phase involves determination of traveling costs for each
road segment on the transportation network according to road closure probabilities.
The road closure probabilities can be obtained based on either the structural analysis
of the road segments or prediction of road closure due to building collapse, which is
estimated by structural analyses of buildings or both. Finally, accessibility modeling
and visualization phase is computation of health service accessibility scores and
their visualization in a GIS environment.

The health-care accessibility model is implemented as a pilot application for
the city of Thessaloniki based on three different accessibility modeling techniques:
isochronal-based technique (travel time measure); zone-based technique (cumula-
tive time from each health service to each administrative district centroid without
considering the scale of the health service); and zone-based technique (gravity
measure). The basic data used in the model are:

• Transportation network (line): The main transportation network data which is
considered to be important in case of emergency (the city of Thessaloniki as case
study example). The local roads, which are expected to have higher blockage
probability due to building collapses, are not taken into account.

• Supply locations (point): The locations of healthcare services (Thessaloniki as a
case study) and scale of healthcare service data are also taken into account. The
scale of healthcare service indicates the capacity of the healthcare service and
hence used as gravity measure where high capacity healthcare services attract
more healthcare seekers.

• Demand locations (area): The administrative districts of the urban areas (Thes-
saloniki in this case) as defined by the sub-city district boundaries of the
EUROSTAT Urban Audit.

• Road closure probabilities due to building collapses, soil liquefaction, bridge
damages and overpass bridge collapses were calculated. The average number
of damages over 10,000 runs are presented for the estimating road closure
probabilities which are described in Chap. 7.

• Depending on the road closure probability different average speeds were assigned
to the road segments to compute the traveling costs (Table 4.7). For the road
segments that have road closure probability scores greater than zero, the scores
are first normalized to have a range of 0 and 1, then classified into four categories
as shown in Table 4.7 and used in calibration of the transportation network
costs.

http://dx.doi.org/10.1007/978-94-017-8835-9_7
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As the performance of the network is affected at the same time from all
of the different types of damages, the results are aggregated into one group in
order to provide a more complete view of the accessibility. In particular, the
results that include the road closure probabilities due to liquefaction, building
collapses, bridge and overpass damages are aggregated into a new group which is
named as “overall” accessibility. When there is an overlay case during aggregation
process, the maximum of the probability scores is considered in calculation of the
transportation network costs. Five minutes (300 s) cost is accepted as a critical
time threshold for the health service accessibility. An example accessibility analysis
result is given in Fig. 4.13, the results for the combined health service accessibility
are shown for both the isochrones-based and zone-based techniques.

4.3.2.3 Social Vulnerability Factors Influencing Health Issues

Beyond the parameters used in earthquake casualty estimation to assess and
describe expected mortalities and injuries (earthquake intensity, building class,
occupancy, time of day, building damage state), social vulnerability and health care
system vulnerability can aggravate the overall health impact after a disaster. To
identify the most critical factors determining post-earthquake health impacts and
to deduce appropriate indicators representing these factors, a literature research
focusing on case studies on impacts of earthquakes on individual health and on
the health care system was carried out and supplemented by publications giving
a general overview on health and health care system impacts from earthquakes
and other disasters (Gunn 1995; Alexander 1996; Howard et al. 1996; Ramirez
and Peek-Asa 2005; Watson et al. 2007; Aldrich and Benson 2008; Bartels and
VanRooyen 2011).

The case studies used to identify the most critical factors cover 15 earthquakes1

worldwide and rely on various research designs:

• epidemiological studies that analyze earthquake-related mortality and injury,
trauma, infectious diseases studies (Chan 2008; Shi et al. 2010; Guha-Sapir and
van Panhuis 2009; Phalkey et al. 2011; Karmakar et al. 2008; Matsuoka et al.
2000; Tanaka et al. 1999),

• studies that combine an epidemiological approach with socio-economic variables
to identify risk factors for mortality and morbidity (Chou et al. 2004a; Liang et al.
2001; Peek-Asa et al. 2003),

• studies dealing with particular injuries such as burns (Nakamori et al. 1997)
or crush syndrome (Vanholder et al. 2007; Erek et al. 2002; Oda et al. 1997),

1Tohoku earthquake 2011 (Japan), L’Aquila 2009 (Italy), Wenchuan 2008 (China), Noto Peninsula
2007 (Japan), Kashmir 2005 (India, Pakistan), Sumatra 2004 (Indonesia), Niigata-Chuetsu 2004,
Japan, Gujarat 2001 (India), Chi-Chi 1999 (Taiwan), Izmit 1999 (Turkey), Kobe 1995 (Japan),
Northridge 1994 (USA), Loma Prieta 1989 (USA), Spitak 1988 (Armenia), Irpinia 1980 (Italy).
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Fig. 4.13 Combined healthcare accessibility example results for Thessaloniki using the
isochrones-based technique (top) and zone based techniques (bottom)

infectious diseases (Guha-Sapir and van Panhuis 2009; Karmakar et al. 2008;
Vahaboglu et al. 2000; Schneider et al. 1997), impacts on mental health (Başoğlu
et al. 2002; Chan et al. 2012), or on reproductive health (Liu et al. 2010; Hibino
et al. 2009; Chang et al. 2002),
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• studies that consider pre-existing health conditions such as chronic disease (Mori
et al. 2007),

• studies that investigate long-term health impact outcome (Zhang et al. 2011;
Seplaki et al. 2006; Oda et al. 2002; Dobalian et al. 2011; Armenian et al. 1997),

• studies that focus on challenges and limitations faced in medical emergency
response immediately after earthquakes (Roy et al. 2002, 2005; Chan 2008; Shi
et al. 2010; Phalkey et al. 2011; McCurry 2011).

Correspondingly, the data analyzed in the case studies is rather heterogeneous.
It ranges from hospital records (Guha-Sapir and van Panhuis 2009; Phalkey et al.
2011; Tanaka et al. 1999), laboratory tests (Karmakar et al. 2008; Vahaboglu et al.
2000), field observations (Chan 2008) or rapid assessments (Takahashi et al. 2011;
McCurry 2011), and surveys among survivors (Kun et al. 2010; Roy et al. 2002), to
data of statistical offices and national and international health organizations (Chou
et al. 2004b; Muramatsu and Akiyama 2011; Guha-Sapir and van Panhuis 2009).

Analyzing and comparing the results of the case studies with respect to indi-
vidual, social, health and health care system factors by carefully taking into
ac-count the heterogeneity of the studies and limitations in generalizability of case
studies, a number of recurring variables emerged across several earthquakes that
influenced the health impact of earthquakes and that can be considered classified
as contributing to risk factors for negative health outcomes after earthquakes. The
variables were categorized in five factors that potentially aggravate health impact
and that were later on used to define indicators for the further analysis: social
vulnerability, environmental health, baseline health status, health care capacity,
infrastructure (Table 4.8). Three of them (social vulnerability, baseline health status,
health care capacity) represent different facets of social vulnerability conditions
(socially vulnerable groups, health and health care status, hospital health care
capacities) and should therefore be integrated in the further model development and
implementation.

The factor social vulnerability subsumes a number of socio-demographic and
socio-economic variables that were associated with higher mortality and morbidity
rates: age (elderly and children) (elderly and children), gender, and socioeconomic
status, physical disability. Across most of the 15 earthquakes covered in the
literature research, higher mortality rates among elderly were reported in the
majority of the case studies that considered age as variable or risk factor (Muramatsu
and Akiyama 2011; Suzuki and Kim 2012; Alexander 2011; Chan 2008; Sullivan
and Hossain 2010; Chou et al. 2004a; Liang et al. 2001; Osaki and Minowa
2001; Tanaka et al. 1999; Peek-Asa et al. 2003), but also higher rates for injuries
(Nakamori et al. 1997; Peek-Asa et al. 2003), pneumonia and heart diseases in
the immediate phase after the earthquake (Matsuoka et al. 2000). Also for children
higher mortality and injury rates were observed (Chan 2008; Sullivan and Hossain
2010; Roy et al. 2002; Chou et al. 2004b; Liang et al. 2001). Concerning gender, the
literature includes a significant number of case studies that reported higher female
rates in mortality (Kun et al. 2010; Chou et al. 2004b; Liang et al. 2001), injuries
(Roy et al. 2002; Armenian et al. 1997; Peek-Asa et al. 2003; Nakamori et al. 1997)
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Table 4.8 Indicators for the main aggravating factors for health and health care impacts after
earthquakes for systemic seismic vulnerability analysis

Factor Factors/indicators (urban audit)

Social vulnerability
Elderly Proportion of population above 60 years
Children Proportion of children <5 years

Proportion of children in schooling age
Female Proportion of women
living alone Proportion f single-headed households
Low education Proportion of population with low school education
Low income, relying on social welfare Proportion of population relying in social welfare

Proportion of population with low income
Environmental health
Access to water and sanitation, hygiene Proxy: proportion of ppl. having access to water
Crowded shelter Proxy: population density
Weather conditions has to be included for particular case
Baseline health status
Chronic disease, handicaps Proportion of ppl. with chronic disease
Vaccination Vaccination status (measles)
Health Status Proxy: life expectancy at birth

Proxy: child mortality
Health care capacity
Medical personnel No. of physicians, surgeons, orthopedist per 100,000

No. of nurses per 100,000
Hospital capacity No. of hospital beds per 100,000
Hospital functionality Has to be included for particular case based on model

calculations

and mental impact rates such as posttraumatic stress disorder syndrome PTSD
(Tural et al. 2004). Regarding the socio-economic status, being divorced,/widowed
or living alone turned out to be a negative factor for physical and mental health
outcome (Kun et al. 2010; de Bruycker et al. 1985), and also low income, relying on
social welfare or living in low-cost buildings were observed as variables associated
with higher mortality rates (Chou et al. 2004b; Alexander 2011) or more emotional
distress (Dobalian et al. 2011).

Environmental health factors cover characteristics of the natural and build
environment that have an immediate impact on health in the emergency phase after
earthquakes and that can aggravate the health situation. Examples from the case
studies are cold and harsh weather conditions that impede immediate medical help
(Chadda et al. 2007; Noji et al. 1993) or may lead to a higher rate of Acute Res-
piratory Infections (Matsuoka et al. 2000), warm weather conditions that favor the
spreading of vector borne infections such as the Valley Fever (Coccidioidomycosis)
outbreak after the Northridge earthquake (Jibson 2002; Schneider et al. 1997). Also
interruption of access to clean water and sanitation has been reported as factor
across the case studies that had an influence on increasing gastro-intestinal infection
rates (Kun et al. 2010; Liu et al. 2010; Karmakar et al. 2008; Guha-Sapir and
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van Panhuis 2009; Matsuoka et al. 2000). Finally, changed living conditions in
crowed shelters has been observed as factor associated with increased death rates,
pneumonia and heart disease (Matsuoka et al. 2000).

The factor pre-earthquake baseline health status as influencing factor refers to
constrained individual health conditions (people with chronic diseases, functional
limitations, bedridden people) which may lead to increased mortality and an
increased rate of negatively aggravated health effects of an earthquake (Muramatsu
and Akiyama 2011; Suzuki and Kim 2012; Osaki and Minowa 2001; Dobalian et al.
2011; Chou et al. 2004a), but also to indicators such as a general high rate of major
infections (Wen et al. 2009) or a low vaccination status against Tetanus (Chan 2008)
as factors that could aggravate the health impact of earthquakes. Results subsumed
to this factor include also an increased risk due to hospitalization in the month before
the earthquake (Chou et al. 2004a) and pre-quake emotional distress (Dobalian et al.
2011).

The factor health care capacity summarizes those characteristics that limit and
hinder the health care sector to respond immediately and adequately to the medical
needs of the injured: collapse of hospitals, partial non- functionality or disruption of
normal functionalities due to the physical impact of the earthquake (McCurry 2011;
Suzuki and Kim 2012; Rossetto et al. 2011; Kuwagata et al. 1997; Noji et al. 1993;
Roy et al. 2002; Chan 2008), and lack of medical doctors, nurses and hospital beds
compared to the high influx of patients in the first days after the earthquake (Shi
et al. 2010; Roy et al. 2002; Liang et al. 2001; Tanaka et al. 1998, 1999).

The factor infrastructure finally refers mainly to interruptions of roads, bridges,
and railway tracks that are necessary to access the affected area and that, on the one
hand, hamper the transportation of injured in due time to functioning hospitals for
medical treatment (Takahashi et al. 2012; Shi et al. 2010; Wen et al. 2009; Vanholder
et al. 2007; Chadda 2007; Roy et al. 2002; Liang et al. 2001; Noji et al. 1993), and
that, on the other hand, can lead to an interruption in supply of necessary medical
equipment and drugs (Suzuki and Kim 2012).

4.3.3 Health Impact Model Implementation and Conclusions

The integrated health impacts model developed here is based on a multi-criteria
decision theory (MCDA) framework which allows the bringing together of param-
eters influencing the direct social losses represented through estimates of casualties
and injuries, with factors related to overall health impact of the population at risk in
an earthquake. As shown in Fig. 4.14, the multi-criteria framework can be described
schematically as composed of the two main criteria: overall population at risk
of mortality in an earthquake (represented by casualties) and an Impact Factor
(IF). Subsequently, the overall health impact for a particular location (i.e., city
district, county or country) can be described as the population at risk of mortality,
amplified by the set of conditions that can aggravate the health impacts following
a disaster which are derived as a weighted index of a set of indicators in four main
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Fig. 4.14 Multi-criteria framework for health impact analysis, application on national level

categories of: social vulnerability, baseline health status, environmental parameters
and healthcare accessibility. This can be expressed by:

HII D C � .1 C IF/ (4.9)

IF D AI �
Xn

j D1
wj VFj (4.10)

where:

• HII D Health Impact Index.
• C D Indicator representing the mortality ratio from an event. When using a

casualty estimation model this is taken as the ratio of the fatalities to occupants
at a given location.

• IF D Impact Factor.
• AI D Accessibility Index, derived from accessibility model.
• wj D overall weight given to each indicator.
• VFj D represented as the weighted sum of indicators representing the categories

social vulnerability, baseline health status and environmental health and health-
care capacity.

According to the overall aim to implement a combined engineering and social
science approach the next steps would have been to combine the developed Casualty
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Fatalities (F), ranking(4a)

(4b)

(4c)

Impact Factors (IF), ranking

Post-earthquake health impact (HI),
ranking

Countries

Alternative

Countries

Historic Fatalities Fatality Score

Utility

Score

Italy 127514 1.040
1.040
0.280
0.264
0.136
0.099
0.092
0.037
0.030
0.013
0.011
0.006

0.840
0.760
0.222
0.186

0.080
0.063
0.027
0.023
0.010
0.008
0.004

0.102

0.619
0.586
0.548
0.530
0.485
0.482

0.439
0.463

0.437
0.426
0.396
0.363

104856
2593
1868
1259
609
479
161
132
58
49
25

Turkey
Romania
Greece
Macedonia
Croatia

Bulgaria
Portugal
France
Cyprus
Spain

Czech Republic
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Fig. 4.15 Overall health impact (c) obtained as a product of fatalities (a) and impact factors (b)

estimation model with the hospitality accessibility index and the social vulnerability
factors as aggravating factors on a sub-city level. Unfortunately this was not possible
due to lack of data in the European Urban Audit on sub-city level for data on
baseline health status and health care capacities that could have been combined
with the Casualty Estimation for Italy or the transportation accessibility model
developed for Thessaloniki, Greece as example. In order to test the approach at
least in principle, it was decided to apply it on national level. Based on the literature
research presented in Sect. 4.3.2.3, the identified 22 indicators that represent all of
the main factors influencing health impact developed in the framework, with the
exception of accessibility, were implemented in a multi-criteria hierarchical model
(See Fig. 4.14 Multi-Criteria Framework with indicators).

To demonstrate the health impact methodology at the national level of analysis
it has been applied to 12 South West European Countries representing the greatest
seismic risk in Europe. The mortality ratio was obtained using detailed data on the
number of dead persons from 244 events affecting 35 European countries from 1900
till 2012, which were reduced to the top 12 with the highest casualty estimates.
Indicators representing the different categories of the impact factor were compiled
from various sources including EUROSTAT, UNDP, WHO, World Bank, and CIA.
All indicators were derived for the year 2012. It can be observed in Fig. 4.15 that
Turkey, for example, has the highest potential for overall health problems following
an event due to lack of health care capacities, comparatively lower baseline health
status and social vulnerabilities in addition to a very high historic earthquake fatality.
Figure 4.15 also shows how impact factor is derived as weighted average of a
number of indicators including representing social vulnerability, baseline health
status, environmental health and healthcare capacity. The assigning of weights to
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each of these indicators is a subjective process and their elicitation should be carried
out in a participatory approach with a group of experts or other stakeholders using
the model. Similarly the weight assigned to each category of the Impact Factor (IF)
can be different and should also be determined in a participatory approach. In this
analysis equal weights were given to all criteria.

The model is readily extendable to other scales (provincial, municipal, sub-
municipal) where individual indicators are selected based on the specific context of
the scale and availability of data. The preferred approach for application of models
in SYNER-G is the sub-city level of geography. However, based on the principle
that only European-wide public available data should be used, application at this
scale was not possible as the Urban Audit database does not contain enough relevant
factors for criteria identified in this study.
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