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The overall aim of Sub-Project 10 (Earthquake disaster scenario
predictions and loss modelling for urban areas) has been to create a
tool, based on state-of-the-art loss modelling software, to provide
strong, quantified statements about the benefits of a range of
possible mitigation actions, in order to support decision-making by
urban authorities for seismic risk mitigation strategies. A further
larger aim has been to contribute to a seismic risk mitigation policy
for future implementation at European level.
Among the European cities for which loss estimation studies have
been carried out are Istanbul, Lisbon and Thessaloniki, and tools,
using GIS mapping, have been developed by research teams in each
of these cities; these were made available for further development to
examine mitigation strategies within SP10. Related research studies -
on ground motion estimation, on the assessment of human
casualties, and on the evaluation of uncertainty have been carried
out by other research teams across Europe which includes INGV,
UCAM and USUR respectively.
In all three of the cities, a common general approach to loss
modelling has been adopted which includes representing the
earthquake hazard as a set of alternative ground motion scenarios
(typically those with an expected recurrence periods of 50 and 500
years), and applying the ground motion over a target area of known
population and building stock. Losses have then been estimated for
this target area in terms of levels of building damage and human
casualties expected both in the existing state of the target area, and
after certain selected potential mitigation actions have been carried
out. This has been done in each case using building stock
classifications and vulnerability data specific to the particular city
concerned. In each case the scope of the proposed mitigation
action has been described, and its expected benefit in terms of
reduced losses and human casualties has been determined with some
preliminary assessment of uncertainty.
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FOREWORD 

Earthquake and landslide risk is a public safety issue that requires appropriate mitigation 
measures and means to protect citizens, property, infrastructure and the built cultural 
heritage. Mitigating this risk requires integrated and coordinated action that embraces a 
wide range of organisations and disciplines. For this reason, the LESSLOSS Integrated 
Project, funded by the European Commission under the auspices of its Sixth Framework 
Programme, is formulated by a large number of European Centres of excellence in 
earthquake and geotechnical engineering integrating in the traditional fields of engineers 
and earth scientists some expertise of social scientists, economists, urban planners and 
information technologists. 

The LESSLOSS project addresses natural disasters, risk and impact assessment, natural 
hazard monitoring, mapping and management strategies, improved disaster preparedness 
and mitigation, development of advanced methods for risk assessment, methods of 
appraising environmental quality and relevant pre-normative research. 

A major objective of the project is to describe current best practice and advance 
knowledge in each area investigated. Thus, LESSLOSS has produced, under the 
coordination of the Joint Research Centre, a series of Technical reports addressed to 
technical and scientific communities, national, regional and local public administrations, 
design offices, and civil protection agencies with the following titles: 

Lessloss-2007/01:  Landslides: Mapping, Monitoring, Modelling and Stabilization 
Lessloss-2007/02:  European Manual for in-situ Assessment of Important Existing 

Structures 
Lessloss-2007/03:  Innovative Anti-Seismic Systems Users Manual 
Lessloss-2007/04:  Guidelines for Seismic Vulnerability Reduction in the Urban 

Environment 
Lessloss-2007/05:  Guidelines for Displacement-based Design of Buildings and Bridges 
Lessloss-2007/06:  Probabilistic Methods to Seismic Assessment of Existing Structures 
Lessloss-2007/07:  Earthquake Disaster Scenario Predictions and Loss Modelling for 

Urban Areas 
Lessloss-2007/08:  Prediction of Ground Motion and Loss Scenarios for Selected 

Infrastructure Systems in European Urban Environments 





 

 

ABSTRACT  

The overall aim of Sub-Project 10 (Earthquake disaster scenario predictions and loss 
modelling for urban areas) has been to create a tool, based on state-of-the-art loss 
modelling software, to provide strong, quantified statements about the benefits of a range 
of possible mitigation actions, in order to support decision-making by urban authorities 
for seismic risk mitigation strategies.  A further larger aim has been to contribute to a 
seismic risk mitigation policy for future implementation at European level. 

Among the European cities for which loss estimation studies have been carried out are 
Istanbul, Lisbon and Thessaloniki, and tools, using GIS mapping, have been developed 
by research teams in each of these cities; these were made available for further 
development to examine mitigation strategies within SP10. Related research studies – on 
ground motion estimation, on the assessment of human casualties, and on the evaluation 
of uncertainty have been carried out by other research teams across Europe which 
includes INGV, UCAM and USUR respectively. 

In all three of the cities, a common general approach to loss modelling has been adopted 
which includes representing the earthquake hazard as a set of alternative ground motion 
scenarios (typically those with an expected recurrence periods of 50 and 500 years), and 
applying the ground motion over a target area of known population and building stock.  
Losses have then been estimated for this target area in terms of levels of building damage 
and human casualties expected both in the existing state of the target area, and after 
certain selected potential mitigation actions have been carried out. This has been done in 
each case using building stock classifications and vulnerability data specific to the 
particular city concerned.  In each case the scope of the proposed mitigation action has 
been described, and its expected benefit in terms of reduced losses and human casualties 
has been determined with some preliminary assessment of uncertainty.  
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Chapter 1      Overall aims and project structure 

The overall aim of this Sub-Project has been to create a tool, based on state-of-the-art 
loss modelling software, to provide strong, quantified statements about the benefits of a 
range of possible mitigation actions, in order to support decision-making by urban 
authorities for seismic risk mitigation strategies. A further larger aim has been to 
contribute to a seismic risk mitigation policy for future implementation at European level.  

Some of the questions to which answers are required to support decision-making in 
earthquake-prone cities are: 

- What are the costs and benefits of strengthening existing buildings by a range of 
alternative techniques, both at an individual building level and through urban-
scale programmes? 

- How many human casualties can be expected given alternative scenario 
earthquakes, and what types of injuries can be expected and how can these be 
reduced? 

- What are the benefits of improving standards of building control for new 
buildings? 

- What are the benefits of requiring standards of earthquake-resistance above the 
level specified in the existing code: what requirements would be optimal? 

- How far would future seismic risk be affected by removal of vulnerable 
populations from high-risk locations and building complexes, and redeveloping 
them at a higher standard? 

- What are the benefits of restricting future development in zones of particularly 
high ground motion? 

All of these questions can in principle be examined using loss-estimation methods which 
have already been developed for application to a number of European cities. Among the 
European cities for which loss estimation studies have been carried out are Istanbul, 
Lisbon and Thessaloniki, and tools, using GIS mapping, have been developed by research 
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teams in each of these cities; these were made available for further development to 
examine mitigation strategies. Related research studies – on ground motion estimation, 
on the assessment of human casualties, and on the evaluation of uncertainty –  have been 
carried out by other research teams across Europe. 

The idea of SP10 was to draw this expertise together to improve the loss-modelling tools 
available, to apply them to evaluate some of the possible routes towards earthquake risk 
mitigation listed above, in collaboration with the city authorities, and to present the 
results to the city authorities.  

The partners in the SP10 project, and their particular role in the SP10 project are shown 
in Table 1.1. The overall structure of the subproject is as set out in Figure 1.1 below, and 
a summary of the eight separate tasks is shown in the accompanying Box: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Overall project structure 

Select mitigation options 
in 3 target cities 

all

Loss estimation software 
LNEC, AUTh, KOERI

Loss modelling: damage; reconstruction 
cost casualties

Scenarios and site effects 
INGV, KOERI, AUTh, LNEC 

Vulnerability data 
KOERI, LNEC, AUTh 

Inventory data 
UCAM, all

Quantified mitigation 
statements

Dissemination to 3 cities 

Effects of mitigation actions 
ALL

Uncertainties 
USUR
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Table 1.1. SP10 Partners and roles performed 

Partner Acronym Roles 
Primary 
tasks in 

SP10 

Association 
with other SPs

University of Cambridge, 
Department of Architecture 

UCAM Coordinator, 
vulnerability, casualties 

All  

Bogazici University, 
Earthquake Research Institute 

KOERI Loss estimation, 
Istanbul 

1,3,4,5,7,8 SP11 

Laboratório Nacional de 
Engenharia Civil 

LNEC Loss estimation, 
Lisbon 

1,3,4,5,7,8 SP7 

Aristotle University of 
Thessaloniki 

AUTH Loss estimation, 
Thessaloniki 

1,3,4,5,7,8 Area 1, SP3, 
SP4, SP11 

Istituto Nazionale di 
Geofisica e Vulcanologia 

INGV Ground motion 
scenarios 

2 SP11 

University of Surrey USUR Uncertainty and 
probabilistic methods 

6 SP9 

MunichRe MUNRe Overview, economic 
impacts 

1 SP11 

The project described in this Dissemination Report is essentially that described above in 
Figure 1.1 and Box 1. However, although the project was carried out essentially as 
planned a few important modifications in the original proposed structure were found 
necessary. 

1. The mitigation actions considered largely related to the potential for 
interventions in the most vulnerable components of the existing residential 
building stock rather than the other mitigation actions, which might have been 
considered. This was because it was thought that this kind of mitigation action 
has the highest, and most directly quantifiable, impact on reduction in physical 
losses and human casualties from future earthquakes. 

2. Ground motion scenarios considered were 50-year and 475-year scenarios for 
Istanbul and Lisbon, while for Thessaloniki 100-year, 500-year and 1000-year 
scenarios were considered; reasons for this variation are given in the country 
reports 

3. The choice of case-study location for the proposed mitigation interventions 
largely followed the availability of inventory data, since there were insufficient 
resources available within the project to enable new building stock surveys to be 
undertaken. For Lisbon the entire Lisbon Metropolitan Area was included but 
only the residential buildings; while both residential and non-residential buildings 
were considered in Thessaloniki where the case study area was a part of the city 
center, and Istanbul where both a city-wide and a more localized programme 
were included. 
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4. The team from each city developed and applied the loss-modelling software to its 
own city only in the first instance. In the final stage of the project a study to 
examine the transferability of methods between cities will be carried out; this will 
also be an opportunity to examine some of the knowledge uncertainties in the 
model results. 

5. Implications of the alternative mitigation actions proposed for each city have 
been considered in terms of the nature and scale of an upgrading programme, 
these programmes have not been formally costed.  Further work on the nature of 
the programmes envisaged will take place in the final months, but the project did 
not aim to provide a formal cost-benefit study. 

The present report constitutes a part of the dissemination element of the project. 
Dissemination will also took place in workshops to be held in April and May 2008 in 
Istanbul, Thessaloniki and Lisbon. 

During the progress of this project, interactions took place with several other sub-
projects, through joint activities. The work of INGV in developing ground-motion 
scenarios for SP10 complemented their work on the development of ground motion 
scenarios in SP 11, concerning lifelines. The cities of Istanbul and Thessaloniki were 
common to both projects, and although the components of ground motion required were 
different for the two projects (low-frequency for SP11 and high-frequency for SP10) 
there were important overlaps, explained in Chapter 4. The treatment of uncertainty in 
SP10, discussed in Chapter 6, was informed by the work on probabilistic approaches 
developed under SP9. The use of Zeytinburnu as a case study area for Istanbul, described 
in Chapter 7, was made possible through joint study of that area with Partner ITU, which 
was also made use of in SP4. And important advances in the understanding of the 
structural effects of retrofit technologies, discussed in both Chapters 7 and 9 on Istanbul 
and Lisbon, have been informed by the work on retrofitting technologies carried out in 
SP7.  The work of previous EU funded projects on risk assessment, notably the RISK-
UE project and the TOSQA project, contributed strongly to the development of the loss 
assessment methodologies. 

The remainder of this Report is organized as follows. In Chapter 2 the original choice of 
case study areas and of mitigation options for consideration in each of the three cities is 
reviewed, in relation to the earthquake risk perception by the authorities in each city. 
Chapter 3 gives a brief overview of loss estimation methods as used in this project. 
Chapter 4 describes the work done by Partner INGV on the definition of earthquake 
ground motion scenarios for use in SP10. Chapter 5 discusses the definition of losses, 
with particular emphasis on the estimation of human casualties.  Chapter 6 explores the 
treatment of uncertainty approaches for loss estimation.  Chapters 7, 8 and 9 then set out 
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the loss modeling work done in the project for the cities of Istanbul, Thessaloniki and 
Lisbon respectively, showing the benefits of mitigation in terms of reduced damage and 
human casualties.  The final chapter, Chapter 10, makes a cross-comparison between the 
methods used and the results achieved in the 3 city studies and review the outcome of the 
subproject as a whole. 

At the time of writing this report, the work of SP10 is not complete. In particular further 
work on the cross-comparison of methods used in the three cities, and on the 
uncertainties inherent in the results, remains to be done. The outcome of dissemination 
meetings to be held in Istanbul, Thessaloniki and Lisbon will also be taken into account 
in formulating final conclusions. This report will form an information background to 
those meetings, and a stimulus to discussion at them. 
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Box 1 Defined Project Tasks 

Task 1 Selection of case study locations and mitigation options 
 
The three case study cities selected, Istanbul, Lisbon and Thessaloniki, have differing levels of seismicity, A 
list of possible mitigation actions for each city to be evaluated will be drawn up in conjunction with the city 
authorities in each case. Four different types of action will be considered: Each mitigation action will be 
defined as a specific programme in a particular location within the city.  
 
Task 2: Develop scenario earthquakes 
For each case study location, ground motion scenarios will be developed, based on a most-probable 50- 
year and 500-year event defined by location, magnitude and other parameters. The nature of the definition 
of the scenario will depend on the location and the requirements of the loss-modelling methodology to be 
used.  
 
Task 3: Develop building inventories 
To provide the bulk of the inventory data needed use will be made of building stock data already available 
for the case study locations. Building inventories will include the range of building uses appropriate to the 
case study locations.   
 
Task 4: Develop vulnerability data 
Further development of vulnerability data already available for local building stock to meet the needs of 
SP10 application, based on methods already developed in previous studies. 
 
Task 5: Adapt and develop loss modelling software 
Loss modelling will be carried out using existing GIS-based software packages which have been developed 
for this kind of urban analysis; each will be developed in specific ways to make it suitable for the specific 
outcomes envisaged in this project. A range of model runs will be used for each earthquake scenario, to 
examine the sensitivity of the results to the key inputs. 
 
Task 6: Examination of uncertainty 
A review will be made of the available methods for introducing uncertainties into decision support tools 
and software; these will be linked to the separate steps in the loss analysis, including: uncertainties in 
seismic scenarios, in building performance, in inventory data, and in casualty and economic consequences 
evaluation. Both statistical and probabilistic approaches will be used and combined. 
 
Task 7: Evaluation of mitigation actions 
For each of the mitigation options selected in Task 1, the costs and other disbenefits associated will be 
approximately assessed; details of changed inventories, vulnerabilities and ground-shaking scenarios will be 
developed for the modified future city, and revised loss estimates for building damage, casualties and 
economic losses will be calculated using the loss estimation software, thus leading to a measure of the costs 
and benefits and other consequences of each specific mitigation action. Based on these outcomes, a set of 
quantified statements about the benefits of each possible mitigation action, and its expected costs, will be 
developed for each city. Each will be presented with an assessment of the uncertainty involved. 
 
Task 8: Dissemination 
These conclusions will be presented to the city authorities and related professionals in a workshop in each 
city, and responses will be recorded. Model proposals for developing promising options will be provided to 
assist the authorities in developing these actions further. 



 

 

Chapter 2     Choice of case study areas and mitigation options 

2.1 OVERVIEW 

The first task of the project constituted a series of meetings between members of the 
SP10 project team to define the mitigation actions to be studied, and to discuss modes of 
collaboration between the project team members.   

In order to identify how project tools could be used to answer the needs of city and local 
authorities regarding seismic risk mitigations policies, the team also held meetings in with 
representatives of the city and regional authorities in each of the three cities, Lisbon, 
Thessaloniki and Istanbul to discuss earthquake risk mitigation issues.  

There were two main objectives to the meetings with city authorities: 

a) to introduce the LESSLOSS project and  

b) to involve city authorities in identifying likely mitigation actions for consideration 
in SP10. 

Following these meetings, each of these three city SP10 Partners submitted a document 
containing their mitigation actions and plans, and identified tools and data available, as 
well as references to earlier work carried out.  This Chapter summarises and compares 
these proposals, which will be discussed in greater detail in later Chapters. 
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2.2 LISBON 

 

 CML, 2004 

The Metropolitan Area of Lisbon (MAL) is the largest urban concentration in Portugal, 
now with around 3 million inhabitants. The seismic risk for of Lisbon derives partly from 
large offshore events, such as that caused the catastrophic 1755 disaster, and partly from 
local events situated in MAL, such as the 1909 Benavente earthquake, which was locally 
destructive.  The building stock of the Lisbon Metropolitan Area has been shown to have 
many weaknesses, and is vulnerable to extensive damage and some loss of life in the 
event of a recurrence of either type of earthquake.  

The Portuguese Society for Earthquake Engineering together with the Portuguese 
Association of Companies of Conservation and Restore of Architectural Heritage, 
GECoRPA has proposed a major programme of investigation of the existing building 
stock leading to a programme of strengthening over a period of 20 years (SPES & 
GECoRPA, 2001), but has not so far been acted on. However additional potential for 
some strengthening will arise as a result of the creation of Societies for Urban 
Rehabilitation, which will have responsibility for managing rehabilitation of different 
parts of the historic city.  Special attention is currently being given to the 18th century 
Baixa area, created after the 1755 disaster. 



 Earthquake Disaster Scenario Predictions and Loss Modelling for Urban Areas 

 

9

Civil Protection organisations, both at a national and a city level, have been developing 
emergency management plans, and both have developed loss estimation tools to support 
their emergency management decisions.  These need to be improved in relation to the 
modelling of human and economic losses. The Civil Protection Department of the 
Lisbon council is developing a booklet providing information to guide individual building 
owners on ways to strengthen existing buildings and how to avoid increasing seismic 
vulnerability. These activities would benefit from the availability of the better loss 
estimation tool proposed in SP10 and studies using it. 

SP10 Partner LNEC had already developed a GIS-based loss modelling capability, 
LNECLoss, suitable for development to examine these issues of building strengthening. 
Thus two main mitigation actions were proposed for study by the LNEC, using 
LNECloss, to mitigate seismic risk in Metropolitan Area of Lisbon (MAL) or in Lisbon 
town.  LNECloss was to be developed to carry out these alternative scenarios and 
sensitivity studies.   

Specifically, the mitigation actions to be considered were: 

1. Modification of old masonry buildings in the MAL zones of highest population 
incidence, using a range of modification techniques. 

2. Upgrading of reinforced concrete buildings to the present Portuguese code 

3. A further mitigation action to examine the enhancement of emergency planning 
facilities was initially considered and work on this is still in progress. 
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2.3 THESSALONIKI 

 
Thessaloniki, the second city of Greece, is a rapidly growing city of some 800,000 
inhabitants, in an area of relatively high seismic risk.  High population density, a 
vulnerable building stock, much of it built before modern codes, and lack of well-
developed emergency planning system all contribute to the problem of earthquake 
protection.  The last damaging earthquake, of magnitude 6.5 with its epicentre 52km NE 
of the city, in June 1978, caused extensive damage and resulted in 37 deaths. 

There is an awareness of earthquake risk by the urban authorities.  Some limited 
evaluation of public buildings, notably schools, has been carried out, and a future 
extension of this programme is intended when funds permit, with a view to strengthening 
those found most vulnerable. There is an active emergency management unit in the 
Prefecture, and an emergency management exercise is carried out annually in at least one 
of the constituent municipalities, involving the public as well as the rescue and emergency 
management services.  But there has to date been little action to intervene in the existing 
building stock to reduce its vulnerability. 

It was therefore planned that mitigation actions to be evaluated within SP10 would focus 
on investigating the potential for building strengthening to minimise the potential future 
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losses. It is clear that a systematic application of such retrofitting techniques on a regional 
scale could not be implemented because of the high costs involved.  Thus it was to be 
applied to the most critical types of the building stock in the Thessaloniki urban area. An 
important task of SP10 was therefore be to find ways to identify those elements of the 
urban building stock whose strengthening or upgrading would bring the highest returns 
in terms of improved earthquake safety for the city as a whole. Mitigation priorities would 
be identified through a global value analysis, in which issues of use and importance, 
vulnerability, population concentration, and the costs and benefits of strengthening in 
terms of reduced economic damage and reduced loss of life would all be incorporated in 
this analysis.  

Through previous work under the EU-funded Risk-UE Project and other projects, AUTh  
has already developed a capability for loss modelling incorporating GIS mapping, which 
was suitable for application to this task. The work of SP10 therefore planned to involve a 
range of improvements to the existing AUTh loss modelling software to carry out these 
investigations including extending existing inventories, improving earthquake scenarios, 
developing new vulnerability curves for a range of building types (retrofitted and 
existing), and improving methods for estimating the economic costs and human casualty 
consequences of future earthquakes.  

Mitigation actions to be considered were upgrading of those elements of the existing 
building stock with the greatest potential for reduction of damage and life loss in the 
scenario earthquakes. 
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2.4 ISTANBUL 

 
The Metropolitan Istanbul now has around 10 million inhabitants, and a well-known and 
much studied earthquake risk. There are around 1 million separate buildings of which, 
according to recent studies, some 300,000 may be in need of either strengthening or 
demolition to achieve an adequate degree of life safety (Pektaş, 2005). This huge 
programme needs to be tackled through a sustainable programme over a period of time 
and is likely to include both demolition and reconstructions as well as some limited 
retrofit strengthening. The Istanbul Earthquake Master Plan envisages, among other 
actions to reduce earthquake risk, vulnerability evaluations in defined high-risk areas 
through which particular structures or types of structure needing intervention can be 
identified.   A pilot scale study in the Zeytimburnu district to which KOERI (with other 
Turkish research teams) contributed evaluated 16,000 buildings from street surveys, 
followed by a more detailed internal assessment of 1,600 buildings, which included 
making a ground floor plan, followed by a simplified structural analysis. 

The issue of retrofitting residential apartment blocks is thus a live one for Istanbul, and it 
will be valuable for the city to know how any retrofitting programme can be most 
effectively targeted to reduce future life loss. This can be achieved through development 
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and application of KOERIloss, a GIS-based loss estimation model originally developed in 
previous studies.    However to achieve both of these required significant improvements 
to be made in the model in the definition of vulnerability data about the building stock, 
the population and casualty generation. Inventory data is available at both the city wide 
scale (coarse definition), and at the level of the individual building in the Zeytinburnu 
area. 

In SP10, KOERI planned therefore to study the potential for loss reduction at a city-wide 
scale which can be achieved by reducing vulnerability of particularly high risk elements of 
the existing stock through retrofitting by a range of techniques. The study was to be 
applied at two separate scales: 

• The city as a whole 

• The Zeytinburnu municipality  

In order to use and compare the different levels of data available at these levels, a key 
component of the work was to improve the ground motion estimation and vulnerability 
components of the model, making use of the data available from the Zeytimburnu study 
amongst other new sources of data. 

 





 

 

Chapter 3     An Overview of loss estimation methods 

3.1 LOSS ESTIMATION 

 
The estimation of probable future losses is of importance to those responsible for 
physical planning on an urban or regional scale where planning decisions can have an 
effect on future losses. It is the aim of LessLoss SP10 to develop loss estimates in a form 
of particular relevance to urban authorities. But other stakeholders who may be interested 
in estimates of future losses include economic planners on a national or international 
scale; those who own or manage large numbers of buildings or other vulnerable facilities; 
insurance and reinsurance companies; those responsible for civil protection, relief, and 
emergency services, and those who draft building regulations or codes of practice for 
construction. 

In SP10 it was decided that the most suitable form of loss estimate for each city would be 
a scenario study, i.e. the estimation of the loss associated with a single earthquake, or a set 
of earthquakes, affecting the region, with different characteristic return periods.  The 
purpose of such a study is to give information for planning purposes of the numbers of 
buildings, which might be damaged (and therefore numbers made homeless), and on the 
numbers of human casualties (deaths and injuries), which might be involved. Choice of 
the appropriate earthquake scenario to model raises problem, which are discussed in 
Chapter 4.  

A scenario study can also be used to examine the effects of alternative mitigation 
strategies in reducing the potential damage and human casualties, and this kind on 
evaluation was one of the main aims of SP10. For such an investigation, the principal 
elements and their interrelationship are shown in Fig 3.1 
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Figure 3.1. Elements of a scenario study as used in LessLoss (after AUTH) 

Because of the uncertainty of the knowledge available about earthquakes and their 
recurrence patterns, all loss estimates are necessarily extrapolations into the future of the 
observed statistical distribution of earthquakes and their effects in the past, and are based 
on attempts to determine the earthquake risk on a probabilistic basis. The term risk, and 
the associated terms hazard and vulnerability have been formally defined by international 
agreement, and these agreed definitions, which are set out in the next section, will be used 
in this Report.  

3.2 DEFINITION OF TERMS 

Earthquake risk refers to the expected losses to a given “elements at risk”, over a 
specified future time period. The element at risk may be a building, a group of buildings 
or a settlement or city, or it may be the human population of that building or settlement, 
or it may be the economic activities associated with either. According to the way in which 
the element at risk is defined, the risk may be measured in terms of expected economic 
loss, or in terms of numbers of lives lost or the extent of physical damage to property, 
where appropriate measures of damage are available.  

Hazard is the probability of occurrence of earthquake effects of a certain severity, within 
a specific period of time, at a given location or in a given area. When considering the 
hazard of ground shaking, the site characteristics of the earthquake are expressed in terms 
of intensity or a parameter for severity of ground motion, such as EMS or Modified 
Mercalli intensity, or in terms of peak ground acceleration (PGA), or some other 
parameter such as spectral displacement derived from measured characteristics of the 
motion.  Like risk, hazard may be expressed in terms of average expected rate of 
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recurrence of the specified type of event, or on a probabilistic basis. The hazard curve for 
a site gives the recurrence rate for all levels of ground shaking of practical importance 

Vulnerability is defined as the degree of loss to a given element at risk (or set of 
elements) resulting from a given level of hazard (i.e. from the occurrence of an 
earthquake of a given severity). The vulnerability of an element is defined as a ratio of the 
expected loss to the maximum possible loss, on a scale from 0 to 1. The measure of loss 
used depends on the element at risk, and accordingly may be measured as a ratio of 
numbers killed or injured to total population, as a repair cost ratio or as the degree of 
physical damage defined on an appropriate scale. In a large population of buildings it may 
be defined in terms of the proportion of buildings experiencing some particular level of 
damage. 

Vulnerability functions may be combined with the hazard data defined as shown above in 
order to estimate the probable distribution of losses for all possible earthquake events in 
a given time period and thus to determine the risk to that element or set of elements at 
risk, Fig 3.2. The mathematical formulation of risk is discussed in Chapter 6. 

 
 

Figure 3.2. Diagrammatic representation of the relationship of hazard and vulnerability (after 
McGuire, 2004) 
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3.3 HAZARD ASSESSMENT 

For the urban loss scenarios considered in SP10, the primary hazard to be considered is 
the ground shaking hazard. Other hazards that might be of importance in specific 
circumstances include landslide and ground liquefaction, tsunami, and fire following 
earthquake. The possible consequences of these hazards should be considered in any full 
earthquake risk assessment for each of the chosen cities, but have not been considered in 
SP10. 

Approaches to ground shaking hazard depend on the type and level of the analysis to be 
undertaken. For SP10 the aim was to define ground shaking hazard associated with 
particular scenario events, defined as earthquakes with a given magnitude and location, 
taken to be the worst event which would take place with a given return period, 50, 100 or 
500 years.  There is no standard way of defining the 500-year earthquake for a given city. 
Defining that earthquake requires a close study of the capable faults, of the earthquake 
recurrence on those faults, and may also require a deaggregation analysis of the local 
effects from all faults capable of generating damaging ground motions, as discussed in 
Chapter 4. 

For a Level 1 assessment, the site ground motion needs to be defined in terms of a 
macroseismic intensity, derived from the given magnitude and location of the scenario 
earthquake using intensity attenuation relationships. This approach was not used in SP10.  

For a Level 2 assessment specific parameters of surface ground motion are needed as 
inputs to the structural vulnerability, and these are derived from a two-step process. In 
the first step a set of expected bedrock ground motions is determined (with as fine a grid 
of points as needed for the structural analysis). This is obtained either by the use of 
empirical ground motion attenuation relationships, or with greater sophistication by the 
use of simulation techniques such as the DSM approach of INGV (Chapter 4) in which 
the mechanics of ground motion transmission from source to site is simulated. 

The bedrock ground motion is then used to determine the expected surface ground 
motion based on an understanding of the typical soil profile at each location. Again this 
can be done in different ways, either using either dynamic soil-column analysis, or using 
standard soil amplification coefficients applicable to the given soil type and depth. All of 
the above methods were made use of by different partners for different elements of the 
loss estimation carried out in SP10, details of which are given in the Chapters relating to 
the loss modelling for the particular cities (Chapters 7, 8 and 9). 
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There are substantial uncertainties involved in each of these approaches, and an 
important effort in SP10 is to understand these uncertainties, and their effect on the 
finally estimated losses. 

3.4 VULNERABILITY ASSESSMENT 

3.4.1 General Approach 

Vulnerability is the degree of loss to a given element at risk resulting from the occurrence 
of a specified earthquake. For assessment of losses due to ground shaking over a 
population of buildings (or other elements at risk) we need: 

1 A classification of the building types or other facilities into distinct types 
whose performance in earthquakes is likely to be similar both in nature and 
degree;  

2 A method of defining loss so that the extent of loss to a particular building 
or population of buildings can be quantified; 

3 A means of estimating the distribution of losses to each building type for 
each discrete level of ground shaking (if intensity scales are used), or as a 
function of ground shaking (if a continuous parameter of ground shaking is 
used); 

A similar approach needs to be used for estimating losses to other collateral hazards 

There are two principal methods of vulnerability assessment, observed vulnerability 
(referred to as Level 1), and analytical vulnerability (Level 2). Observed vulnerability refers 
to assessment based on past earthquake damage data. Analytical vulnerability refers to the 
assessment of expected performance of buildings based on calculation and design 
specifications.  The former method is more suitable for use with non-engineered 
structures made with low-strength materials such as timber or unreinforced masonry, 
whose earthquake resistance is more difficult to calculate, but for which substantial 
statistical damage data may be available. The letter method is suitable for use primarily 
with engineered structures and facilities, where a reasonable estimate of earthquake 
resistance may be made, but for which only a limited amount of damage data, if any, is 
available. In SP10 studies, both Level 1 and Level 2 methods are used. 
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3.4.2 Building Typology Classification 

The building typology classification adopted depends not only on those characteristics 
which are expected to influence the earthquake performance of the structure but on the 
extent of data available.  The form of construction used for the primary load-bearing 
structure is the most important factor affecting earthquake damage; generally the vertical 
structure ('load-bearing masonry', 'timber', or 'reinforced concrete frame') is a sufficient 
definition. 

 Because of changing building practices over time, the definition of the date or period of 
construction may be an equally important element of the building classification. For modern 
engineered buildings the earthquake performance is likely to be strongly affected by other 
aspects of the form of construction such as 'moment-resisting frame' or 'shear wall' for 
reinforced concrete buildings, and by the number of stories; the building type 
classification may therefore need to include these factors. An outline classification of 
common building types for European structures has been developed within the RISK-
UE project, and this is summarised in Table 3.1.  It may be added to by the use of sub-
classifications as needed. 

Table 3.1. Risk-UE Classification of European Building Typologies 

Typologies Designation Types 
Unreinforced masonry M1 Rubble stone 
 M2 Adobe (earth bricks) 
 M3 Simple stone 
 M4 Massive stone 
 M5 Unreinforced masonry (old bricks) 
 M6 Unreinforced masonry – RC floors 
Reinforced/confined masonry M7 Reinforced/confined masonry 
Reinforced concrete RC1 Concrete Moment Frame 
 RC2 Concrete Shear Walls 
 RC3 Dual System 

Many other aspects of a buildings construction have been shown to have an influence 
over its performance in earthquakes, including plan and vertical irregularities, type of 
foundation and constructional quality. However, quantitative measures of the separate 
influence of these factors are difficult to obtain and their assumed to be taken account of 
by the distribution of expected damage within each class.  

3.4.3 Damage Evaluation 

For an engineering assessment, structural damage state is the best measure of damage. 
Structural damage states correlate with indirect consequences such as human casualties, 
homelessness, and loss of function, and can be converted into repair costs in any 
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economic situation. A set damage states, derived from the EMS scale, suitable for 
assessing the damage to masonry structures and reinforced concrete frame structures are 
shown in Table 3.2. These are associated with the use of Level 1 analyses. 

Table 3.2. Definitions of damage states for masonry and RC buildings 

Damage level Definition for load-bearing 
masonry 

Definition for RC-framed 
buildings 

D0   Undamaged No visible damage No visible damage 
D1  Slight damage Hairline damage Infill panels damaged 
D2  Moderate damage Cracks 5-20mm Cracks <10mm in structure 
D3  Heavy damage Cracks > 20mm or wall material 

dislodged 
Heavy damage to structural 
members, loss of concrete 

D4 Partial destruction Complete collapse of individual 
wall or roof support 

Complete collapse of individual 
structural member of major 
deflection to frame 

D5 Collapse More than one wall or more than 
half of roof collapsed 

Failure of structural members to 
allow fall of roof or slab 

3.4.4 Damage Distributions 

In any single location after an earthquake, buildings suffer a range of different types and 
levels of damage. Surveys record the distributions of structural damage states (numbers of 
buildings in each damage state) for each building type in each location. 

Where the hazard is defined in terms of intensity, which is a discrete scale, the most 
widely used form is the damage probability matrix (DPM).  The DPM shows the 
probability distribution of damage among the different damage states, for each level of 
ground shaking; DPMs are defined for each separate class of building or vulnerable 
facility. Table 3.3 shows an example. In this case, the range of expected damage cost, as a 
repair cost ratio (RCR) can be given for each damage state; this makes it possible for the 
physical damage to be reinterpreted in terms of repair cost ratio. 

Table 3.3. Typical damage probability matrix (for rubble stone masonry buildings in Italy)  

Intensity (EMS) Damage state RCR (%)
V V1 VII VIII IX X 

D0 No damage 0 90.4% 18.8% 6.4% 0.1% 0.0% 0.0% 
D1 Slight damage < 1 9.2% 37.3% 23.4% 1.8% 0.2% 0.0% 
D2 Moderate damage 1-10 0.4% 29.6% 34.4% 10.0% 2.0% 0.4% 

D3 
Substantial to 
heavy damage 

10-30 
0.0% 11.7% 25.2% 27.8% 12.5% 4.7% 

D4 
Very heavy 

damage 
30-60 

0.0% 2.3% 9.2% 38.7% 38.3% 27.9% 
D5 Destruction 60-100 0.0% 0.2% 1.4% 21.6% 47.0% 67.0% 
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Where the hazard is defined in terms of a an engineering parameter of ground motion 
such as peak ground acceleration (PGA), similar information may be presented as a 
continuous relationship, defining, for the particular class in question, the probability that 
the damage state will exceed a certain level, as a function of the ground motion parameter 
used. An example of vulnerability defined this way is shown in Figure 3.3.  
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3.5 THE SPECTRAL CAPACITY (HAZUS) METHOD 

For Level 2 assessments the primary method used In SP10, (used with some 
modification, in both LNECloss and KOERIloss) is the spectral capacity method. The 
approach is based on quasi-static performance-based procedures for the design of new 
buildings and for retrofitting existing buildings. For any individual building, these 
procedures enable levels of earthquake ground motion to be defined which correspond 
with a range of post-earthquake damage states, from undamaged to complete collapse. 
The approach is derived from the so-called HAZUS methodology (HAZUS, 1999). In 
this method the damage state of a building is taken to be defined by the interstorey drift 
ratio. A series of damage states is defined, each of which is taken to correspond to a 
threshold level of interstorey drift ratio, at which this damage state would just be 
triggered. For each building class a capacity curve and a set of corresponding fragility curves 
are defined, and each earthquake is defined through a demand curve. 

3.5.1 Capacity curve 

The capacity curve is derived from static pushover curves (ATC 40, FEMA 273). 
Examples are shown in Fig. 3.1.  For each building type the capacity curve has an initial 
linear section where the slope depends on the typical natural frequency of the building 
class, and rises to a plateau level of Sa at which the maximum attainable resistance to 

Figure 3.3. Vulnerability expressed in terms 
of peak ground acceleration (PGA) after 
AUTh (Kappos et al, 2006).   

This shows 5 fragility curves for 5 different 
performance levels (e.g. last column of 
Table 3.2).  This then leads to 6 damage 
states (from D0 to D5- first column of 
Table 3.2).  Each damage state is 
represented by an area bounded by 2 
successive fragility curves- except for the 
first and last (D0 and D5) which only 
require one bound.
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static lateral force has been reached, Figure 3.4. The capacity curve is also used to identify 
the threshold damage states (slight, moderate, severe and complete). 

 
Figure 3.4. Capacity curve and fragility curves used in LNECloss 

3.5.2 Demand curve 

The demand curve derives from a damped elastic spectral response curve built from 
spectral parameters of the ground motion, as modified according to soil type. This is 
done by incorporating spectral reduction factors to account for the increased hysteretic 
damping as the building shifts from elastic into inelastic response (Fig 3.5): a different 
spectral reduction factor is associated with each value of spectral displacement: it depends 
on the shape of the capacity curve up to that displacement level, and also on a degradation 
factor. 

3.5.3 Performance point 

For a single building, and for any given earthquake ground motion, the interstorey drift is 
derived from the spectral displacement of the building as a whole in response to the 
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motion. This spectral displacement, at what is described as the ‘performance point’ for 
the building is defined by the interaction of the demand on the building created by the 
ground motion, and the capacity of the building in terms of a response or capacity curve. 
Both demand and capacity are defined by curves of spectral acceleration Sa against spectral 
displacement Sd, and the performance point is taken to be at the intersection of these two 
curves. This process is illustrated in Figure 3.5. 

 
Figure 3.5. Iterative methodology to defining performance point (from LNEC Figure 9.8) 

3.5.4 Damage distribution- fragility curves 

To estimate the performance of a group of buildings of a particular class under given 
ground shaking, the spectral response of the building at the performance point for the 
standard building of that class, as defined above, is used in conjunction with a set of 4 
fragility curves (Figure 3.4) for that class, which estimate the probability of any particular 
building exceeding each of the 4 damage states after shaking at any given spectral 
response level. These curves are used to define the distribution of a set of buildings 
among the four damage states.  The fragility is not exclusively a property of the structure, 
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but also of the other features of the expected ground motion, and it will be in general 
different in different tectonic environments.  The influence of the detailed features of the 
motion depends to a significant extent on the choice of the intensity parameter (PGA, 
PGV, spectral acceleration or displacement etc). 

For most building types, the spectral response to be used is the spectral displacement as 
defined above (such building types are considered ‘displacement-sensitive’, or ‘drift-
sensitive’), but some classes of facilities, and some building elements and equipment are 
taken to be damaged as a result of the spectral acceleration rather than the spectral 
displacement (they are ‘acceleration-sensitive’), and this is reflected in fragility curves 
defined in terms of this parameter.  

3.6 UNCERTAINTY 

The uncertainty in the estimation of losses is the aggregation of the effects of the 
uncertainties involved in each of the components of the loss model, the various 
components of hazard, vulnerability, building inventory and human occupancy. Issues of 
correlation and dispersion of risks also need to be considered. This issue is discussed in 
detail in Chapter 6, so they are not further discussed here. 

 





 

 

Chapter 4     Definition of scenario earthquakes 

4.1 INTRODUCTION 

The earthquake loss estimation, required in Less Loss project SP10 for urban areas, was 
based on scenario earthquakes computed by an integrated approach combining 
probabilistic and deterministic seismic hazard analysis.  

Probabilistic seismic hazard analysis (PSHA) carries out integration over the 
contributions to the hazard from all the sources within a region, for certain ranges of 
magnitude M and distance R. It provides the estimate of a strong-motion parameter with 
a specified confidence level, during a given exposure period. Moreover it is able to 
account for the uncertainties associated with estimation of the seismicity and of the 
attenuation characteristics of the region. This latter property is taken into account by an 
additional integration over a given number of standard deviations, ε, of the adopted 
ground motion attenuation law (Cornell, 1968; Bazzurro and Cornell, 1999). 

Because of its integrative nature, PSHA does not provide a representative earthquake, in 
terms of magnitude and source-to-site distance, that can be used for engineering analyses 
and decision making. However this can be achieved through the deaggregation of the PSHA 
results. The fundamental objective of this analysis is to compute the contribution to 
hazard, at a specific site, of every possible source S= (M,R, ε) considered in composite 
PSHA calculations. It allows to have a “controlling” earthquake, in terms of magnitude M 
and source-to site distance R, and to identify the location of the most probable source 
contributing to hazard at a well-defined site. Distance R can eventually be substituted by 
geographical coordinates and the measure of the deviation of the ground motion from 
the predicted value, ε, can also be considered in the deaggregation process. Information 
about the “controlling” source can be used to generate a scenario earthquake, which is the 
basis of the deterministic hazard assessment (Harmsen 2001; Harmsen and Frankel, 
2001). Because deterministic scenarios are associated to representative earthquakes, they 
can be performed by advanced ground motion simulation methods allowing the 
reproduction of specific source effects like the extended fault properties, the earthquake 
rupture propagation, or the asperities distribution on the fault plane. It is noteworthy that 
if seismic source is accounted by only magnitude and distance parameters, none of these 
effects are considered. For instance, this is the case of the recently finalized European 
project Risk-UE, were several methodologies for the seismic risk assessment of ordinary 
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buildings and lifeline systems were adopted to assess the ground-shaking and related 
hazard distribution within urban areas (Faccioli, 2006). 

Probabilistic and deterministic analysis of seismic hazard can also be integrated by 
comparison of the results obtained at the end of the two processes. For a given site, the 
ground shaking levels (in terms of PGA, PGV and SA) are computed with a specific 
simulation method and with specific hypothesis regarding the reference earthquake, and 
they can be compared to the shaking levels obtained by the PSHA with different 
exposure times. Although this comparison is not trivial, it is very useful in order to 
associate a requested return period (RP) with a deterministic scenario. 

4.2 METHODOLOGY 

The above described approach was adopted to define characteristic ground motion 
scenarios for two different return periods (generally 50 and 500 years), for the cities of 
Istanbul, Lisbon and Thessaloniki, chosen as test sites within Less-Loss Sub-Project 10 
(SP10). Extended fault simulations were performed in order to calculate the strong 
ground motion expected at selected sites in the case of occurrence of earthquakes 
representative of these two levels of shaking. 

For Istanbul and Lisbon metropolitan areas, the deaggregation of PSHA was performed 
with the aim to associate the expected ground shaking levels with recognized seismogenic 
structures potentially affecting the cities. On the other hand, for the Thessaloniki area, 
the reference earthquakes were defined based on seismotectonic studies, and the shaking 
levels obtained through extended fault simulations were compared with the expected 
motions for the chosen return periods at the end of analysis. Both procedures allow 
representative shaking scenarios to be defined.  It is worth noting that, especially for sites 
experiencing forward directivity, the obtained levels of seismic hazard can be strongly 
increased as compared to the usual approach of earthquake source parametrization in 
terms of only magnitude and distance. 

Ground motion simulations were performed in the frequency band of engineering 
interest (0.5-20 Hz) by two numerical methods: a hybrid stochastic-deterministic 
approach (DSM-Deterministic-Stochastic Method; Pacor et al., 2005), used for all the 
investigated cases, and a non-stationary stochastic finite fault simulation method (RSSIM; 
Carvalho et al., 2004), applied in the case of Lisbon. Both methods allow computing 
synthetic time series for direct S-wave field at bedrock sites, and are suitable to generate 
shaking scenarios near an extended fault whereby the direct S wave-field is generally 
dominant in amplitude with respect to the reflected and superficial phases. Different 
rupture propagation models on the selected faults can be hypothesized and, even when 
input data regarding earthquake source, propagation medium, and site characteristics are 
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of a very schematic nature, the complexity of near-source ground motion can be 
adequately reproduced. 

Extended fault simulations performed with different earthquake rupture models generally 
produce a high variability in the ground motion, mainly dependent on the assumed 
position of the hypocenter on the fault plane which controls the rupture directivity. As a 
consequence, especially for predictive purposes, the choice of representative deterministic 
scenarios compatible with both statistical and probabilistic analyses is compulsory. For 
the cases of Istanbul and Thessaloniki, the selection was done by comparing the obtained 
peak values and response spectra with the empirical ground motion models available for 
each area. For Lisbon area, the worst case was selected with purpose of generating 
precautionary scenarios only.  

The earthquake scenarios were calculated for bedrock sites; local site effects were 
included by specific approaches depending on the different types of microzonation 
studies available for each city.  

4.3 CASE STUDIES  

4.3.1 The case of Istanbul   

The city of Istanbul has experienced high level of earthquake ground motion since its 
historical time. Within the past five centuries, four earthquakes of M 7.6 (1509, 1719, 
1766) and M7.0 (1894) in the Marmara Sea generated intensities up to X-XI in the city. 
Moreover, recent studies pointed out that the seismic hazard in Istanbul is mainly 
associated within the two active seismogenic areas: the Central Marmara Basin (CMB) 
and North Boundary Fault (NBF) both located about 20-30 km south-east and south-
west of central Istanbul, respectively.  

Deterministic scenarios for Istanbul were defined based on most recent findings on 
tectonic regime in the Marmara region, which is controlled by the western portion of 
North Anatolian Fault (NAF) (Erdik et al., 2004). In order to develop their seismogenic 
model, Erdik and co-workers identified 25 fault segments in the Marmara region, 6 of 
which are close to Istanbul. We adopted these fault-segments to define the relevant 
seismic sources for hazard (Figure 4.1).  
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Figure 4.1. Fault segmentation model of Main Marmara Fault (Kandilli Observatory and Earthquake 

Research Institute; Erdik et al., 2004). 

The probabilistic seismic hazard maps of Marmara region was then generated by the same 
method used for seismic hazard assessment of California (Frankel et al., 1996), using the 
segmentation model of Erdik et al. (2004). PSHA calculations were performed for both 
10% and 50% probability of exceedance (PE) in 50 years. 

A geographic deaggregation of composite PSHA calculations were then performed in 
order to identify the location of the most probable sources contributing to hazard at 
Istanbul. For each specific fault segment this analysis provides its percent contribution to 
total hazard, the mean source-to-site distance and the mean magnitude (Figure 4.2).  

 
Figure 4.2. Deaggregation of seismic hazard at Istanbul site obtained with the Poisson model  of 

occurrence for PGA having (a) 10% PE in 50 years and (b) 50% PE in 50 years. The bar height in 

histograms indicates the relative contributions of a single source or more sources in the (R, M) bin. 

The bar colour indicates the average magnitude of most contributing sources and the hazard 

contributions from faults are plotted on the fault segment having the nearest distance to the site. 

The deaggregation of seismic hazard at Istanbul site obtained for PGA having 10% of 
exceedance (PE) in 50 years (Figure 4.2a) shows that the major contribution comes from 

(b)(a) 
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a "cascading scenario"  in which segments S7-S8-S9-S10 (Figure 4.1) are supposed to 
rupture together, with a characteristic magnitude M=7.6 (47%).  Figure 4.2b, obtained for 
a higher PE, shows that the maximum contribution to the hazard comes from the fault 
segment S6 (30%) with a characteristic magnitude M=6.8.  

According to the deaggregation results together with the recent studies in the Marmara 
Sea (Le Pichon et al., 2001), the seismic hazard in Istanbul can be mainly associated 
within the two active seismogenic structures: the Central Marmara Basin (CMB, S7 to S10 
in Figure 4.1; M=7.4) and the North Boundary Fault (NBF, S6 in Figure 4.1; M=6.9), 
located about 20-30 km South-East and South-West of central Istanbul, respectively. We 
thus defined earthquake scenarios for Istanbul considering the rupture of these two 
segments of the North Anatolian Fault System (Figure 4.3).  

 
Figure 4.3. Position of the rupturing faults (CMB,Scenario I; NBF, Scenario II) with the respective 

nucleation points (1,2,3), and 180 receivers (5x5 km resolution); the two sites S036 and S119 are 

chosen as test sites useful for the discussion of the results. Stars indicate the nucleation points on 

the fault traces.  

Table 4.1 summarizes the input parameters adopted to reproduce the predicted ground 
motion for earthquakes occurring on the two hypothesized seismogenic sources. 

Table 4.1 Fault parameters of seismic sources used in the case study of Istanbul 

Seismic 
source 

Fault 
Name  

Mw Return 
Period (RP)

L(km) x 
W(km) 

Dip 
(degree) 

Ztop
(km) 

Nucleation 
point 

1     2     3 

Scenario I CMB 7.4 500 year 108 x 20 90° 1.0   x 

Scenario II NBF 6.9 50 year 36 x 20 90° 1.0           x 
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For both CMB and NBF, we simulated a total number of 9 deterministic scenarios, 
deriving from 3 different positions of the nucleation points and 3 different models of slip 
distribution. The ground motion at Istanbul was calculated in terms of acceleration and 
velocity time series for 180 equally spaced receivers (5x5 km resolution, Figure 4.3).  

The selection of only two final ground shaking scenarios (one for CMB and one for 
NBF), was finally performed by comparing synthetics PGA and PGV with empirical 
attenuation laws. Indeed, due to directivity effects, in some cases the simulated scenarios 
produce ground shaking values corresponding to more than one standard deviation of the 
empirical attenuation relationships valid for the region. We thus decided to select the final 
CMB and NBF scenarios excluding slip models and nucleation points producing pick 
values exceeding 1 SD (standard deviation) of the empirical attenuation laws. 
Acceleration response spectra (SA) of selected scenarios have been produced at specified 
sites within the urban area of Istanbul, and the obtained synthetic response spectra were 
compared with both empirical and probabilistic response spectra in order to confirm the 
choice of the shaking scenarios to be adopted for earthquake loss estimations. The last 
column of Table 4.1 refers to the nucleation points adopted in the simulations: the 
scenarios selected for the losses estimations are those with nucleation point #1 and #2 
for CMB and NBF, respectively (Figure 4.3). The selected CMB and NBF scenarios were 
obtained with slip models characterized by 2 and 1 asperities, respectively. 

4.3.1.1 Selected Scenario 

The selected CMB scenario, representative of the highest seismicity level (about 500 yr 
RP), was obtained with a slip model characterized by two asperities and with the 
nucleation point located west to the fault centre. The maximum shaking area located 
inside the city, with maximum values of PGA around 600 gal (Figure 4.4a). Directivity 
effects obtained with the selected NBF scenario, representative of the lowest seismicity 
level (about 50 yr RP), are less pronounced (Figure 4.4b), because this scenario was 
obtained with a bilateral rupture propagation. Moreover, it produces the maximum 
shaking in an area located outside the city, whereas the maximum PGA simulated in 
Istanbul is around 200 gal.  
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a)  b)  

(c)  

 
Figure 4.4. (a) PGA map for the selected CMB scenario (slip 1, west nucleation point); (b) PGA map 

for the selected NBF scenario (slip 1, central nucleation point); (c) Acceleration and velocity time 

series (NS component) obtained at sites S036 and S119 for selected NBF scenario. 

Time series simulated at sites S036 and S119 show the typical features of records 
obtained at sites experiencing backward and forward directivity, respectively (Figure 4.4c). 
In fact, S036 synthetics show lower amplitudes and longer duration respect to S119 
synthetics, notwithstanding they were obtained at similar hypocentral distances. 

4.3.2 The case of Thessaloniki  

The city of Thessaloniki is located in Central Macedonia, Northern Greece. The study 
area is characterized by intense seismic activity with strong historical earthquakes of 
magnitudes larger than 6.0 (Papazachos and Papazachou, 1997), related to NE-SW and 
NS extensional stress field driven by the Hellenic subduction zone in the Aegean Sea. 
The most recent destructive earthquake occurred in the broader area of Thessaloniki on 
the Gerakarou-Stivos fault, along the Mygdonian graben (20 June 1978, M = 6.5). The 
mainshock caused extensive damage and loss of lifes in the metropolitan area of 
Thessaloniki and the surrounding villages. The Gerakarou-Stivos fault (Figure 4.5) is part 
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of  an EW fault system of 65 km length that extends from Strymonikos gulf to the east to 
Thessaloniki to the west, called Thessaloniki-Rendina Fault System (TRFS) in Tranos et 
al. (2003). The general trend of TRFS is compatible with the contemporary regional N–S 
extensional stress field, characterized by a slip rate of 0.4 mm/yr.  

According to the study by Tranos et al. (2003), a major threat for Thessaloniki would be 
the possible reactivation of the western part of the TRFS. They suggested that the stress 
perturbations after the occurrence of the 1978 mainshock brought the adjacent fault 
segments closer to failure. On that basis, we hypothesized the rupture of four segments 
along the TGFZ to computed the seismic shaking scenario for the city of Thessaloniki 
(Figure 4.5). Table 4.2 summarize the hypothesized fault parameters. 

 
Figure 4.5. The Thessaloniki-Gerakarou Fault Zone (TGFZ) with the projected cut-offs of the 4 

hypothesized ruptures. A normal focal mechanisms (rake=-90°) and a constant rupture velocity of 

2.8 km/s was assumed for all sources (redrown from Tranos et al., 2003).  

 

Table 4.2 Fault parameters of seismic sources used in the case study of Thessaloniki. A normal focal 

mechanism and a constant dip angle of 60° were assumed for all sources, in accordance with the 

seismotectonic setting of the area and with data of the recent 1978 Thessaloniki earthquake. Faults 

length and width were inferred from Tranos et al. (2003) and according to the seismogenic depth, 

respectively. Moment magnitudes are from Wells and Coppersmith (1994). 

Seismic 
source 

Fault Name  Mw Return 
period 

L(km) x 
W(km) 

Dip 
(degree) 

Ztop
(km) 

Nucelation 
point  

B     qU 

Scenario I TGFZ - North1 6.5 500 year 23 x 14 60° 1.0             X 

Scenario II TGFZ – North2 5.9 50 year 10 x 9 60° 1.0        X 
Scenario III TGFZ – North3 6.2 === 14 x 12 60° 1.0  
Scenario IV TGFZ – South4 5.9 50 year 10 x 9 60° 1.0  
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The comparison between acceleration time series simulated and recorded at station THE 
(City Hotel) during 1978 Thessaloniki earthquake (M=6.5) allowed us to define the best 
input parameters for modelling, such as crustal model and rupture velocity on the fault 
(Figure 4.6). 

 
Figure 4.6. Comparison between simulated (bottom panels) and recorded (top panels) horizontal 

components of acceleration data obtained at station THE (City Hotel). Only the stronger sub-event 

was considered. 

A total number of 8 deterministic scenarios were produced considering the different 
seismogenic hypothesis and 2 possible nucleation points for each source (Figure 4.7). 
Acceleration and velocity time series were computed on a regular grid of 18 x 18 points 
with an inter-station distance of 1.5 km, in order to obtain a reliable spatial resolution 
inside the urban area (total number of 324 sites).  

 
Figure 4.7. Surface projection of the faults used in the simulations and position of nucleation points 

(bilateral, B, and quasi-unilateral, U) Dots are the grid of receivers and in yellow the Thessaloniki 

urban area. 
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In order to constrain the variability of results, earthquake scenarios definition was 
completed by choosing deterministic scenarios compatible with both statistical and 
probabilistic analyses. To this purpose, response spectra obtained by extended fault 
simulations, were compared with those computed by probabilistic analyses at a certain 
number of representative sites in Thessaloniki in order to define the best representative 
scenarios for 500 and 50 yr RP. Simulations were also compared with empirical peak 
ground values and response spectra in order to verify their applicability. The final 
scenarios selected for the losses estimations correspond to faults TGFZ-North1 and 
TGFZ-North2 both with westward rupture propagation (Figure 4.7and Table 4.2). 

4.3.2.1 Selected Scenario 

For the Thessaloniki area, scenarios North1 and North2 were chosen, corresponding to 
M=6.5 and M=5.9, respectively. For both scenarios, the westward quasi-unilateral rupture 
propagation was considered. Due to the forward directivity experienced by the city, this 
type of rupture model represents the worst case for Thessaloniki area. As evidenced in 
Figure 4.8, directivity effects produce concentrated areas of strong ground shaking in the 
Northern part of the city. PGA values greater than 300 gal are obtained in an area of 
about 20 km2. A maximum value of about 620 gal is reached in the covered area, while 
acceleration ranges from 160 to 490 gal in the metropolitan area of Thessaloniki. Instead, 
the chosen North2 scenario (characterized by quasi-unilateral propagation), produces a 
much higher variability of the ground motion, even in the metropolitan area. Figure 4.8 
evidences that the northern part of the city is affected by PGA values approximately 
ranging from 60 to 600 gal, with increasing values computed for observers location 
moving from South to North. This particular feature is due to the fault position respect 
to the city.  

A comparison of synthetic response spectra obtained at selected sites in the Thessaloniki 
area, allowed the selection of scenario North1 quasi unilateral as the most representative 
for seismic hazard at 500 yr RP. For 50 yr RP, the choice was more difficult, due to the 
extreme variability of the ground motion inside the city. In general, based on the 
performed analysis, we suggest the choice of the North2 quasi-unilateral case, but 
emphasizing that for some particular sites the bilateral rupture propagation could be a 
more appropriate choice. Moreover, for other particular areas in Thessaloniki, the 
location of the area respect to the source and the level of adopted precaution will lead to 
the most appropriate choice of the suitable scenario for earthquake ground motion 
prediction. 
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Figure 4.8. PGA maps of the mean horizontal component. Left:  the scenario TGFZ – North1 is 

shown with westward quasi-unilateral propagation. Right: the scenario TGFZ – North2 is shown 

with westward quasi-unilateral propagation 

4.3.3 The case of Lisbon 

The Metropolitan Area of Lisbon (MAL) has been historically struck by scarce, though 
intense, earthquakes, such as the 1755 Lisbon earthquake estimated as magnitude M=8.7. 
As for the case of Istanbul, earthquake scenarios were defined based on deaggregation of 
the probabilistic seismic hazard analysis (PSHA). For Lisbon area, LNEC performed the 
deaggregation process in two stages. Both deaggregation processes allowed independently 
to assess offshore and inland seismic sources.  Indeed, a direct display on a map of 
locations dominating the hazard as far as the knowledge of the most likely magnitude, 
allowed defining a specific set of earthquakes that present the greatest hazard to the site. 
The most recent studies on tectonic structures that could be associated with the 1755 
Lisbon earthquake were employed to define plausible parameters for the simulation of 
offshore sources, while seismotectonic studies on the Lower Tagus Valley were used to 
define the simulation parameters of inland sources (Baptista et al., 2003; Cabral et al., 
2004). The adopted fault parameters are listed in Table 4.3 for both offshore and inland 
sources (MPTF and LTVF scenarios, respectively).  
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Table 4.3 Fault parameters of seismic sources used to perform the finite fault simulations in the case 

study of Lisbon.  

Seismic 
source 

Fault 
Name 

Mw Return 
period  

L(km) x 
W(km) 

Dip 
(degree) 

Ztop 
(km) 

Nucleation 
point 

1       2       3 

Scenario I LTVF  4.4 50 year 1.4 x 2.3  55° 0.5 X 

Scenario II LTVF 4.7 75 year 2.2 x 2.8 55° 2.0  
Scenario III LTVF 5.7 200 year 8.4 x 6 55° 0.5  
Scenario IV MPTF  7.6 200 year 110 x 24 24° 4.5  
Scenario V MPTF 7.9 500 year 166 x 30  24° 4.5  X                 

In terms of fault distance, offshore sources are located at about 120 km from the MAL, 
while inland sources are located in the middle of the city. The extension of MAL is about 
100 km x 80 km and synthetic time series were produced by DSM and RSSIM for the 277 
parishes (representative sites). Figure 4.9 shows the surface projection of the faults 
represented in the Table 4.3.  

Scenarios II, III and IV have been used for a sensitive study using different input 
parameters and different approaches. For each source, bedrock scenarios were computed 
for 9 rupture models considering three nucleation points (NE/SW unilateral rupture, 
bilateral rupture, SW/NE unilateral rupture) and three rupture velocities (from 2.5 to 2.9 
km/s). Results were given in terms of time series and maps of peak ground motion (PGA 
and PGV). 
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Figure 4.9 Surface projections of the faults represented in Table 4.3. Left: position of the offshore 

sources MPTF M 7.6 and MPTF M 7.9 respect to the MAL (black box). Right: position of the inland 

sources LTVF M 5.7 (4.7) and LTVF M 4.4 (black box and black circle, respectively). A spot of the 

LTVF M 5.7 source with the assumed nucleation points is shown on the top left. The 277 parishes 

where time synthetic time series were computed are also shown (black little squares), together with 

the 5 test parishes selected for the sensitivity analysis (sites S021, S268, S250, S137 and S174). 

4.3.3.1 Selected Scenario 

A second deaggregation process was performed by LNEC in order to reassess the seismic 
scenarios, the last extended fault simulations were performed with an updated 
seismological model and an improved version of the code RSSIM that includes the 
concept of dynamic corner frequency introduced by Motazedian and Atkinson (2005).  
The final scenarios to be employed for losses estimations were selected based on Scenario 
I and Scenario V for 50 and 500 yr RP, respectively (Table 4.3). 

Based on the revised deaggregation of PSHA it was possible to conclude that seismic 
hazard in the Metropolitan Area of Lisbon (MAL) is dominated by long distance 
scenarios (offshore sources), only for return periods greater than 50 years. The two 
previously defined scenarios with magnitude M 5.7 and M 7.6, associated with inland and 
offshore sources have been substituted by only one offshore scenario with magnitude 
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M=7.9, adopted for 475 yr RP. Seismological studies dealing with the possible 
seismogenic structures associated with the 1755 Lisbon earthquake aimed to define 
plausible fault parameters for this source.  The ground motion was computed at bedrock 
level through extended fault simulations, and then amplified by considering the site 
effects. The characterization of local soil effects was taken into account by computing the 
Power Spectra Density Function at the surface level and considering, for each parish, the 
non linear behaviour of the available stratified geotechnical soil profile. 

PGA maps obtained in the MAL for the 475 yr RP are shown in Figure 4.10. Ground 
motion maps presented here show higher values of PGA in comparison with the 
acceleration maps obtained in the initial analysis.  Moreover, Figure 4.10 evidences that 
the nonlinear soil amplification is quite pronounced, particularly in the south margin of 
Tagus River where soft soil sites are put in over bedrock (in this area peak ground 
accelerations range between 250 and 300 gal). 

 
Figure 4.10. Peak Ground Acceleration for bedrock (left) and considering soil columns (right) in 

MAL, for the 500 yr RP. 

For the 50 yr RP, the deaggregation analysis indicates a short distance scenario 
corresponding to inland sources of magnitude M=4.4. The corresponding source was 
located beneath the Lower Tagus Valley (LTV), on the east side of MAL, and from 
previous study allow to infer both geometrical parameters and focal mechanism for a 
plausible source (Cabral et al., 2004). Figure 4.11 shows the PGA map obtained in MAL 
at bedrock level and after considering soil amplification. Both maps show the maximum 
ground shaking in a relatively small area with PGA values around 100 gal. 
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Figure 4.11. Same as in  Figure 4.10  but for the 50 yr RP. Considered the small size of the fault has 

been used as a point source approach, disregarding a more rigorous application of the DSM 

approach (Pacor et al., 2005)  

4.4 TREATMENT OF UNCERTAINTY  

Generally, ground shaking scenarios obtained through extended fault simulations present 
high variability mainly due to directivity effects. In fact, ground motion maps are very 
sensitive to the position of the nucleation point on the fault plane and unfortunately this 
is probably the most uncertain seismological information that we have to introduce in 
simulations. Otherwise, extended fault simulations are necessary in order to properly 
reproduce the earthquake ground motion from large and/or near sources. Uncertainty of 
results was considered in different ways for the cities of Istanbul, Thessaloniki and 
Lisbon. 

4.4.1  The case of Istanbul  

The overall variability obtained for the entire Istanbul area is summarized in Figure 4.12 
(CMB case). Mean values of PGA are generally confined in the range 100 – 700 gal, and 
the ground motion shows a high variability (up to more than 1 order of magnitude in the 
considered area).  This is due to several factors: the very large extension of the city (100 x 
50 km2), the large size of the event and the fault proximity of the city, the rupture 
directivity effects, the frequency band controlling the PGA. In the case of CMB, the 
nucleation point #3 provides mean values that are lower than the two other cases 
(because of the backward directivity effects). Because of the large extension of the fault, 
the bilateral rupture (nucleation 2) provides PGA values comparable to the unilateral 
rupture (nucleation 1). 
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Figure 4.12. Variability obtained in the urban area Istanbul from the 9 scenarios computed for CMB 

fault. Horizontal segments represent the mean of the pga distribution. The results are grouped 

according to their nucleation point (Figure 4.3) and, within each group, three different slip 

distribution  are considered  

The comparison between synthetics and empirical ground motion attenuation laws 
allowed the selection of the deterministic scenario for loss modelling, disregarding all 
scenarios that show a variability higher than 1 standard deviation (Figure 4.13). We thus 
selected the CMB scenario with eastward lateral rupture propagation and the NBF 
scenario with bilateral propagation, both with the slip model 1. 

 

Figure 4.13. PGA values from simulated scenarios with slip model 1 and three nucleation points 

computed for  CMB and NBF, and compared with different empirical ground motion models (blue 

CMB, M=7.4 NBF, M=6.9 
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line, BJF: Boore et al., 1997; green line, AMB05: Ambraseys et al., 2005; black line, TB02: Tromans 

and Bommer, 2002; red line, Akinci05: Akinci et al., 2006).  

The choice of the reference scenarios is also confirmed by comparison between 
synthetics and empirical acceleration response spectra at specific sites. Figure 4.14 shows 
an example of comparison for the selected CMB scenario at sites S036 and S119. It is 
noteworthy that at both sites the simulated SA are within 1std of the empirical regression.  

 

Figure 4.14. Synthetic and empirical response spectra at sites  036 and 119 for the selected CMB 

scenario. Empirical SA were computed with models AMB05 (Ambraseys et al.,2005); BJF97 (Boore 

et al.,1997) and Akinci et al. (2006). 

Finally, the simulations of the selected scenarios were compared with the probabilistic 
PSHA curves at few sites to evaluate their behaviour respect to the parameters suggested 
by regulations. We compare the simulated SA response spectra of three rupture models 
with probabilistic spectra computed at Istanbul for different return periods (50-100-500-
1000 years) at two selected sites (see Figure 4.19). Note that the same scenario at two 
different sites (S036 and S119) may correspond to different return periods.  
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Figure 4.15. Synthetic response spectra for the selected CMB and NBF scenarios (SCENARIO I and 

II, respectively), and probabilistic response spectra at sites (a) 36 and (b) 119. SA from SCENARIO I 

(blue thick line) are closer to the 1000 yr RP  for T>05s.  SA from SCENARIO II (red thick line) fits 

the 50yr RP at site 36 and the 500yr RP at site 119. 

4.4.2 The case of Thessaloniki 

The overall variability obtained in the Thessaloniki area is summarized in Figure 4.16 and 
Table 4.4 in terms of peak ground acceleration, maximum value of the 5% damping 
acceleration response spectrum and peak ground velocity. The synthesis of the overall 
variability evidences that the quasi-unilateral scenarios produce both higher mean values 
and higher standard deviations then bilateral ones, and this feature is especially marked 
on high frequency ground motion parameters (PGA and max(SA)). Moreover, due to the 
particular geometry of the assumed source-to-site configuration, the largest variability is 
produced by one of the smallest hypothesized sources (case N2 quasi-unilateral). 

Figure 4.16. Variability of PGA  and maximum values of 5% damping Sa response spectrum for the 

metropolitan area of Thessaloniki. N1, N2, N3 and S refer to North1, North2, North3 and South 

scenarios, respectively. 
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Table 4.4. Mean values and variability of the Thessaloniki scenarios 

In order to define the best representative scenarios for 500 and 50 yr RP, we constrained 
strong motion variability by comparing the simulated scenarios with both empirical 
attenuation relationships (in terms of peak parameters and response spectra) and 
probabilistic response spectra.  

The latter comparison (Figure 4.17) led to group the results into I level scenarios 
produced by strong seismic sources (M6.5) and II level scenarios produced by moderate 
sources (M5.9). The first group comprises the N1 bilateral and quasi-unilateral cases, 
while II level scenarios group the N2 and S sources, with the two hypothesized types of 
nucleation. The case of N3 source is mistreated because of the low ground motion values 
produced in the Thessaloniki area. Figure 4.17 shows the results obtained from 
comparison of deterministic and probabilistic response spectra computed at site S07 for 
level I scenarios (left panel) and level II scenarios (right panel).  

Figure 4.17. Comparison between probabilistic acceleration response spectra and deterministic 

simulations at site S07 and for bilateral (_B) and quasi-unilateral (_qU) rupture propagation: North1 

scenarios (left panel), and North2 and South scenarios (right panel). Probabilistic response spectra  

(pSA) are computed by CRISIS2003 (thin lines), and by AUTh (thick lines). At this site, the I level 

scenarios show good agreement between deterministic spectra and pSA for 500 yr RP, while the level 

II scenarios range between pSA obtained for 50 and 200 yr RP. 

PGA max|SA(T)| PGV 
Scenario 

mean 

(gal) 
σ(log PGA) mean 

(gal) 
σ(log(max SA)) mean 

(cm/s) 
σ(logPGV) 

Quasi-unilat.eral 230 0.35 331 0.35 16.3 0.26 

Bilateral  160 0.26 257 0.26 12.3 0.24 
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For the Thessaloniki scenarios, characterized by moderate magnitude earthquakes, the 
variability of synthetic peaks is comparable to the standard deviation of the attenuation 
relationships, and the quasi-unilateral rupture propagation always produces the highest 
dispersion (Figure 4.18). 

 
Figure 4.18. PGA empirical attenuation laws (black lines: Tromans and Bommer (2002); red lines: 

Ambraseys et al., (2005)), and simulated peak values of I and II level scenarios. Red and Blue dots 

correspond to bilateral and quasi-unilateral scenarios, respectively. 

A further comparison has been done between the synthetic response spectra obtained by 
high frequency simulations and empirical response spectra at specified sites. Figure 4.19 
shows the comparison of the I and the II level scenarios with the empirical response 
spectra predicted by Ambraseys et al. (2005) at site S07 (City Hotel). The comparison 
confirms that the both bilateral and quasi-unilateral ruptures produce spectral ordinates 
close to the empirical prediction. However, it is worth mentioning that this feature is 
generally site-dependent.  

Figure 4.19. Comparison of empirical response spectra predicted by Ambraseys et al. (2005) with 

response spectra obtained by North1 and North2 scenarios at site S07 (city Hotel) 
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4.4.3 The case of Lisbon   

Tests on variability of the strong ground shaking in the Metropolitan Area of Lisbon were 
performed during the 1st phase of the project (Zonno et al., 2005) concerning the inland 
and the offshore source. These preliminary tests allowed verifying the order of variability 
of the ground shaking obtained in MAL, thus providing a guideline contribution on the 
use of the final scenarios.  In this section the treatment of uncertainty will be presented 
with reference to the earthquake sources inferred from the 1st (preliminary) deaggregation 
process: a) offshore source on Marques Pombal Thrust Fault (MPTF) with M=7.6; b) 
inland source on Lower Tagus Valley Fault (LTVF) with M=5.7 and c) inland source on 
Lower Tagus Valley Fault (LTVF) with M=4.7 (Table 4.3 and Figure 4.9).  

Figure 4.20 shows the PGA maps obtained in MAL through extended fault simulations 
using the M=5.7 inland source (LTVF). The ground motion was simulated with a rupture 
velocity, VR=2.7 km/s and with three different types of rupture propagations: unilateral 
NE/SW, bilateral and unilateral SW/NE. As evidenced in Figure 4.20, the unilateral 
rupture propagation (cases 1 and 3), produces the highest variability of the ground 
motion. Sites experiencing forward directivity (located South and East to the source in 
cases 1 and 3, respectively) are characterized by large amplitudes (and short durations). 
The bilateral case shows an almost radial distribution of PGA around the fault.  

 

 
Figure 4.20. Peak ground accelerations obtained at bedrock for the inland source of M=5.7. 

Nucleation points of the NE/SW unilateral (1), bilateral (2) and SW/NE unilateral (3) rupture 

propagations are indicated in the upper box together with the surface projection of the fault. A 

rupture velocity VR = 2.7 km/s was adopted for all cases. Black dots indicate the position of the 5 

test sites used to analyse the variability of results. 
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Directivity is also evidenced in Figure 4.21, showing the acceleration response spectra at 5 
test sites in MAL. The PGA variability due to uncertainties in both the nucleation point 
position and the rupture velocity is generally present over the entire simulated frequency 
band (f > 1Hz). 

 

Figure 4.21. Acceleration response spectra obtained at 5 test sites in the Metropolitan Area of Lisbon 

for the inland source of M=5.7 with different rupture models. Left panel: unilateral nucleations 

(NE/SW, blue lines; SW/NE, red lines) with VR= 2.7 km/s. Right panel: bilateral nucleation with 

VR = 2.5 km/s (blue lines) and  VR = 2.9 km/s (red lines).  

In Figure 4.22, PGA maps obtained at bedrock and surface level are compared. Ground 
motion amplification are evident especially in the South margin of Tagus River, where 
soft soils are put in over bedrock. The overall variability due to both source and site 
effects was finally accounted for by considering the worst simulated case in terms of 
PGA.  

 

 

 

 

Figure 4.22. Peak Ground Acceleration for bedrock (left panels) and considering soil columns (right 

panels) in MAL, for the inland source with M= 5.7. Bedrock synthetics were obtained with SW/NE 

unilateral (1), bilateral (2) and NE/SW unilateral (3) rupture propagations and with a constant 

rupture velocity of 2.7 km/s.   
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4.5 PROPOSED SCENARIOS 

The result of the sensitivity analysis enabled the selection of some characteristic scenarios 
for loss estimations. Those proposed by INGV are illustrated in Table 4.5, for different 
return periods and for the three cities. 

Table 4.5 - Proposed scenarios for the cases of Istanbul, Thessaloniki and Lisbon for a return period 
of 50 and 500 years. 

 
City 

Name of the 
Fault 

Mw 
L  x W 
(km2) 

Dip 
(degree) 

Rupture 
propagation 

Istanbul CMB 7.4 106 x 18 90° From W to E  
(nucleation point 1) 

Thessaloniki TGFZ-North1 6.5 34 x 18 60° From E to W  
(nucleation point q) 
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Lisbon MPTF 7.9 23 x 14 24° 
From S to N  

(nucleation point 1) 

Istanbul NBF 6.9 10 x 9 90° Bilateral  
(nucleation point 2) 

Thessaloniki TGFZ-North2 5.9 166 x 30 60° From E to W  
(nucleation point q) 
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Lisbon LTVF 4.4 1.4 x 2.3 55° 
Bilateral 

(nucleation point 2) 

From the seismological point of view, many equally probable ground shaking scenarios 
were simulated by varying the nucleation point over the fault plane, the rupture 
propagation velocity and the slip distribution. The following criteria were used in 
performing the final choice:  

o the proposed scenarios are those more compatible with the standard analysis of 
hazard in terms of peak values of strong ground motion parameters and spectral 
ordinates (empirical ground motion models and PSHA) 

o in general, they should be suitable for application over the whole metropolitan 
area. In a second step, as in the case of large extension of the city (Istanbul), the 
scenarios have been finalized on a small zone. 

o according to the final application,  either the mean or the worst scenarios might 
be used. (for instance, in Lisbon area, the worst case was selected with purpose 
of generating precautionary scenarios only). The choice depends on the demand 
of the local administrators, the sensibility to the earthquake phenomena and, 
above all, the level of the seismicity of the area. 
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Actual scenarios used may differ as explained in subsequent chapters.



 

 

Chapter 5      Human Losses 

In recognition of the lack of a coherent casualty estimation methodology for the casualty 
models in use in the loss estimation models for the three cities, the development of a 
more comprehensive model based on the original Cambridge Casualty Estimation 
framework has been carried out within LessLoss SP10.  The research includes examining 
recently published information derived from earthquakes since 1990 and also factors such 
as non-structural causes previously not considered which contribute towards the 
estimation of human casualties from earthquakes.  

An estimate of losses from future earthquakes is crucial to preparing for a disaster and 
facilitating good decision-making at the local, regional and national levels of any 
government.  Estimates generated from loss models provide vital tools for land-use 
planning, prioritisation of retrofit and mitigation programs as well as regional and 
national emergency response and contingency planning.  Postulating casualty levels is 
essential for medical and relief agencies to aid their preparedness and response.  
Mitigation and “provention” (proactive prevention) are fundamental to reducing not only 
human losses but also monetary losses.  Therefore the more we know about the manner 
in which injuries and deaths occur; the better a society can prepare for and respond to 
earthquakes. 

Despite its importance, assessing levels of casualties remains an area of great uncertainty, 
because estimation is extremely difficult.  Casualty numbers as well as death rates are 
highly variable from one earthquake to another even given similar levels of ground 
motions and historic records on occurrences of human losses in earthquakes often lack 
detail and qualitative assessments (Coburn, 1987). 

Statistics about casualty numbers from past earthquakes are often inconsistent and 
unreliable, not least because there is no standard threshold at which victims may be 
classified as injured (Shoaf et al 1994).   The types and numbers of casualties also vary 
with the characteristics of the earthquake and the building stock in the stricken area.  
Since we do not know enough about the precise causes of death and nature of injuries 
that occur during earthquakes, relief services are often misdirected and community 
medical planning for earthquakes is often inadequate. 
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This chapter summarises the work carried out within SP10 to collate and examine 
available global data and the analyses done to process this database into probable casualty 
rates. 

5.1 THE INJURY CLASSIFICATION 

Since the development of the original Coburn and Spence (1992) model, we have 
experienced several significant earthquakes around the world, which need to be included 
into the dataset, for example Kobe 1995, Kocaeli 1999, Athens 1999 and Chi Chi 1999 
and Bhuj 2001. 

However, the quality of casualty data available varies and the first and most important 
part of the research has involved data collation and a critical review of these datasets.  
With more detailed information from post-event surveys from recent urban earthquakes, 
distinguishing between types of injuries associated with the categories of serious, 
moderate and minor has become possible.  This information has been extracted from the 
medical and public health sectors which link survival rates to types of injuries and also 
examines fatality rates.  For example, substantial research has been done on the 1995 
Hanshin-Awaji earthquake in Japan. While some have concentrated on intensive care 
patients, and types of injuries, e.g. crush syndrome, injuries to vital organs or lesser, 
others have examined the severities of a certain type of injury.  Yoshimura (1996) found 
that 12.9% of patients from the 1995 earthquake suffered from chest injuries but 
although common, 74.6% of those could be treated as outpatients. 

A casualty severity list that includes types of injuries associated with the original 
categories presented in 1997 has been formulated based on the new research and has 
been peer reviewed by engineers, medical and public health practitioners.  As well as the 
four original categories of lightly injured, moderately and seriously injured and death, the 
classification now includes a fifth division termed “critical” as probability of injuries 
resulting in severe disablement is of particular concern in the sectors of health and 
insurance. 

The lists of injuries in each category shown below are based on previous earthquakes and 
medical literature and these have been assigned Abbreviated Injury Severity (AIS) scores 
using AAAM’s injury dictionary (AAAM, 1990).  Equivalent monetary values assigned by 
US government agencies for evaluating cost benefits programmes are associated with 
each AIS score which can then be used to examine complete losses.    

The aim of this exercise is to produce a meaningful list of injury classes backed by 
previous injury data to devise a probable set of injury scaling and costs associated with 
each severity category. 
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Table 5.1. The injury classification adopted for this study 

Category (I) Type of injuries AIS 

Head or Face bruising/ contusions, minor cuts 2 
Abdomen bruising, minor cuts 1 
Upper 
Extremities 

bruising, minor cuts, sprains 1 

1 uninjured/ 
lightly 
injured 

Lower 
Extremities 

bruising, minor cuts, sprains 1 

Head or Face Cuts into soft tissues 2-3 
Abdomen Cuts into soft tissues 2-3 
Upper 
Extremities 

Dislocation, cuts into soft tissues 2-3 

Lower 
Extremities 

Dislocation, cuts into soft tissues 2-3 

2 moderately 
injured 

Other Dehydration/ exposure; burns 1-2o; unconscious < 
1hr 

3 

Head or Face Open head or facial wounds, fractures, brain 
concussion 

3-4 

Abdomen Pneumothorax and rib factures, crushing > 3hrs, 
puncture organs 

1-4 

Upper 
Extremities 

Fractures- open, displaced or comminuted 
(pulverised) 

3 

Lower 
Extremities 

Fractures- open, displaced or comminuted 
(pulverised) 

3 

3 seriously 
injured 

Other  Uncontrolled bleeding; burns 2-3o (% of body?) ; 
unconscious > 1hr 

3-5 

Head or Face Internal head trauma, severe crushing, brain 
damage 

5 

Abdomen Spinal column injuries, internal organ failures due 
to crushing 

5 

Upper 
Extremities 

Traumatic amputations, arms 5 

Lower 
Extremities 

Traumatic amputations, legs 5 

4 critical 

Other Nerve injuries 5 
5 dead Asphyxiation, burns and smoke inhalation, intracranial injuries, 

traumatic complications 
6 

5.2 INJURY STATE PARAMETERS 

One of the main concerns where the life loss is not extreme but injuries are extensive is 
how to better predict the distribution of injury severity.  The probability of critical injuries 
resulting in severe disablement is of particular concern as the long term costs become 
apparent.  It is important to study daytime events to see how workers have been affected.   
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In the earlier version of the model, there were five main component parameters, namely: 
M1, population per building; M2, occupancy at time of earthquake; M3, occupants 
trapped by collapse; M4, mortality at collapse and M5, mortality post collapse.  These 
classifications have been modified to include an injury distribution at each damage state 
and not only account for injuries and deaths from trapped victims as in the current 
model.  Research papers have shown that even buildings with a low level of damage can 
also cause injuries and therefore these cannot be discounted (Peek-Asa, 1998; Petal, 2004; 
Murakami et al, 2004).  The diagram below shows the additional injury states added to 
this update of the model with the box showing the original model: 

Building Type Damage State M3 Injury Distribution

minor injuries
trapped moderate injuries

Adobe D0 -D4 not trapped seriously injured
Masonry critical
Timber fatal

low rise r/c
mid rise r/c minor injuries
high rise r/c trapped moderate injuries

D5 not trapped seriously injured
critical
fatal

 

Figure 5.1: Modelling injury distributions within each damage state (the bold categories are also new 

to the casualty model) 

A review of the different types of injuries caused by earthquakes (Beinin, 1985) shows 
that there is considerable variation of types and severity of injuries which appears to 
correlate with the predominantly affected type of buildings.  In the Armenia earthquake 
in 1988, 80% of the structures of one building-type were destroyed; in this case, it was the 
nine-story precast frame building known as Series 111 which was the main cause of 
25,000 deaths.  For the same earthquake, a case control study carried out by Armenian et 
al (1992) identified that there is a higher risk of injuries for those who were in taller 
buildings and who were located on the higher floors of these buildings as well as for 
those who were indoors during the earthquake.  There is however no information given 
on what kinds of injuries are caused in which building type and the differences between 
severities of injuries are not explained either. 

Unfortunately, the information available on severities and types of injuries attributed to 
different damage states is sparse.  There are published casualty rates related to building 
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types given in HAZUS and ATC but personal data collection, like Dr Marla Petal’s (2004) 
work in Golcuk are rare.  A set of indoor and outdoor casualty rates are given by damage 
state and model building type in HAZUS, based on ATC-13 and a limited historical 
dataset for 4 injury severity levels, namely: 

• Injuries requiring basic medical aid 

• Hospitalized 

• Life threatening Injuries 

• Deaths 

These rates have been widely used outside California and have been adapted for 
Australia, although Fulford's report in Geoscience Australia (Fulford et al, 2002) suggests 
that HAZUS casualty rates overestimates both fatalities and injury severity 3.   

Seligson et al (2006) analysed in particular the non-ductile concrete buildings in detail 
from the Kocaeli dataset collected by Petal (2004) and found that published models like 
the ATC and HAZUS, whilst corresponding fairly well with surveyed fatalities, tended to 
underestimate the percentage of the population suffering non-fatal injuries in buildings of 
minor and moderate damage. 

In 2001, Murakami conducted a questionnaire survey in the Higashinada ward of Kobe 
city and presented in her paper (Murakami et al, 2004) findings on factors affecting 
casualty and entrapment based on this real data.  The figure below shows a plot of the 
ratio of human casualty vs. dwelling damage levels in Higashinada after the 1995 Kobe 
earthquake.  Although one must bear in mind that the housing stock are very different 
from the 3 cities assessed within SP10, this study does illustrates the distribution of 
injuries in lesser damage states and the importance of capturing this data as injuries are 
associated with partially and moderately collapsed buildings. 

However, Japanese researchers from Hokkaido University would suggest that the 
possibility of injury is not only linked to the degree of damage to a structure.  Casualties 
in a building are more associated with the indoor space deterioration than with the 
collapse of main structural elements and therefore it is important to estimate the indoor 
space damage as well, as suggested by Okada (1996).  In addition, in Peek-Asa’s paper 
(1998) on the Northridge earthquake, she found that only 23.3% of injuries were in 
damaged buildings, which would suggest that there are many causal pathways for injury 
other than structural damage. 



LESSLOSS – Risk Mitigation for Earthquakes and Landslides 

 

56 

 

Figure 5.2: A plot of the ratio of human casualty vs. dwelling damage levels in Higashinada after the 
1995 Kobe earthquake (Murakami et al, 2004) 

In order to examine the casual pathways of injuries, a group from the University of 
Cambridge, together with the Universities of Peshawar and the Gadjah Mada University 
in Pakistan and Indonesia have carried out 2 sets of casualty surveys, interviewing over 
500 survivors of each of the recent earthquakes to determine the causes of their injuries 
and examine factors contributing to their survival.  Although the earthquakes, terrain and 
local buildings are very different to the LessLoss cities in question, there are key 
conclusions to be drawn from these events that will aid mitigation and emergency 
planning. 

5.3 CASUALTY RATES 

Over the duration of the LessLoss project, progress has been made in defining a set of 
casualty rates based on data collated from recent events such as Kobe, Chi Chi, Kocaeli, 
Northridge and Athens.  These have been reviewed with rates from Hazus, ATC 13 and 
the Cambridge Casualty model but also include more detailed research by local 
researchers in these earthquakes.  The limitations and characteristics of the building 
stocks in different earthquakes and models have been taken into account and studies such 
as the Golcuk survey (Petal, 2004) highlighting non-structural factors have also been 
incorporated. 

5.3.1 Proposed methodology and further work 

For use in the three cities, UCAM proposes an alternative set of casualty rates for the 
different classes and uses of buildings; based on these shown in Table 5.2.  Based on 
casualty studies on recent earthquakes, it is reasonable to assume that the numbers killed 
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and critically injured will depend only on numbers of buildings in damage states D4 and 
D5 (ie partially or totally collapsed), and that severely and moderately injured depend on 
numbers of buildings severely damaged or worse.  In reality, even though the other 
parameters are not zero, they would be expected to have a very small effect on the overall 
casualty numbers.  Numbers of critically injured have been set at 5-10% of the severely 
injured, again in line with the latest data we have from earthquake casualty studies, an 
example from the 1994 Northridge earthquake. 

Table 5.2. Sample table showing injury distributions for specific building types (generic).  The injury 
categories are those shown in Table 5.1 with UI = uninjured; I1 for slight injuries; I2= moderate 
injuries; I3 = serious injuries; I4 = critical injuries and I5 = deaths.  These values presented are the 
proportion of those in the building at the time of the earthquake and in this case, in buildings that are 
completely damaged. 

 

In the final phase of the project, these factors will be defined for each of the cities with 
partners, taking into account the building stock and likely collapse mechanisms of the 
local building types and also the likely search and rescue efficiency.  This is dependent on 
both the SAR capacity and also the magnitude of the most probable event.  A local SAR 
program may be sufficient for an earthquake causing 30 collapses but will struggle and 
therefore incur more deaths and casualties if 500 were to collapse.  Factors will also be 
included to account for time of earthquake and the use of the buildings.  Casualty rates 
corresponding to damage states D0- D3 derived from global data on non- structural 
related injuries will also be included. 

The findings from loss estimation runs using global casualty data and city-specific 
casualty rates will be compared and reviewed and presented in the dissemination 
workshops.  In addition, together with the three cities and USUR, standard deviations 

UI I1 I2  I3  I4 I5 

Timber (1F) 45.7% 40.0% 12.0% 1.5% 0.1% 0.7%
Timber (2&3F) 43.9% 40.0% 12.5% 1.5% 0.1% 2.0%
Timber (>4F) 43.6% 40.0% 13.0% 2.0% 0.1% 1.3%

Masonry (1F) 23.6% 50.0% 12.0% 8.0% 0.4% 6.0%
Masonry (2&3F) 16.5% 50.0% 15.0% 10.0% 0.5% 8.0%
Masonry (>4F) 9.4% 50.0% 18.0% 12.0% 0.6% 10.0%

RC (1F) 32.9% 30.0% 19.0% 3.0% 0.2% 15.0%
RC (2&3F) 20.8% 30.0% 23.0% 4.0% 0.2% 22.0%
RC (>4F) 9.7% 30.0% 27.0% 5.0% 0.3% 28.0%

Steel (1F) 38.9% 30.0% 15.0% 2.0% 0.1% 14.0%
Steel (2&3F) 25.1% 30.0% 19.0% 3.0% 0.2% 22.8%
Steel (>4F) 10.0% 30.0% 23.0% 4.0% 0.2% 32.8%

Damage State D5
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and uncertainties associated with each tier of analysis will also be examined and reported 
in this final year of the project. 



 

 

Chapter 6     Treatment of uncertainty 

6.1 UNCERTAINTIES IN EARTHQUAKE LOSS ESTIMATION 

The purpose of this short section is to review the concepts employed in earthquake loss 
estimation and to outline a framework for the treatment of uncertainties within this 
process. Modelling of uncertainty will be briefly discussed, though it should be recognised 
that, the nature of uncertainty being diverse and often difficult to analyse, it is not always 
feasible, nor indeed prudent, to resort solely to mathematical models. A wider treatment 
of uncertainty is called for in such a complex process. 

Coburn and Spence (Coburn and Spence, 2002) note that “to date, it appears that earthquake 
loss estimation is a somewhat inexact science depending to a considerable extent on professional 
judgements”. Notwithstanding, its value is increasingly being appreciated and loss 
estimation is undertaken for a variety of reasons, including raising public awareness and 
creating political understanding, understanding relative vulnerability, damage potential 
and risk, planning disaster relief and emergency response actions, setting mitigation 
program priorities, etc. As a result, there is a wider need to understand the significance of 
the results obtained, and be in a position to justify the assumptions and simplifications 
made. 

Virtually all the processes, and their interfaces, involved in earthquake loss modelling are 
influenced by significant uncertainties. This is generally recognised by the different expert 
groups involved in developing loss estimation methodologies and associated software 
tools, such as structural and geotechnical engineers, risk analysts, computer and social 
scientists. Where the opinions within the community differ is in the most appropriate 
concepts and associated methodologies to be adopted for the characterisation and 
modelling of uncertainty. For example, seismic hazard assessment has been at the centre 
of debates on the applicability of a scenario-based approach as opposed to a probabilistic 
approach, the latter relying on important assumptions regarding joint distributions of key 
earthquake parameters. Here McGuire’s  (McGuire, 2004) comments seem pertinent: “if 
one professional’s judgment differs from that of a colleague who has studied the same problem, then their 
analyses let them break the problem down into its components, see where their differ, and argue about 
those differences. This is the real value of these analyses.” 
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Figure 6.1. Peak Phenomena and Processes contributing to Earthquake Loss (Khater et al., 2003) 

Regardless of particular preferences and opinions, it is widely accepted that the results 
from loss estimation studies cannot be presented with total certainty or full confidence; in 
other words the outcome of a loss estimation study should not be perceived as 
deterministic. In this respect, the following statement, found in the HAZUS guide 
(FEMA, 1999) under the heading “Important Message to HAZUS users”, is worth 
noting: “Uncertainties are inherent in any loss estimation methodology. They arise in part 
from incomplete scientific knowledge concerning earthquakes and their effects upon 
buildings and facilities. They also result from approximations and simplifications that are 
necessary for comprehensive analyses. Incomplete or inaccurate inventories of the built 
environment, demographics and economic parameters add to the uncertainty. These 
factors can result in a range of uncertainty in loss estimates produced by HAZUS, 
possibly at best a factor of two or more”. The imprecise, perhaps ambiguous, meaning of 
the last sentence is indicative of the present limited confidence associated with loss 
predictions. 

One more thought before looking into the nature and sources of uncertainty, and 
possible ways in which they can be taken into account in loss estimation. The level (and 
amount) of information needed for loss modelling varies depending on the availability of 
data, tools and resources, the purpose of the analysis, and the context of the decision to 
be taken. Generally, increasing the ‘quality’ of data, leads to a reduction in the associated 
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uncertainty. For example, moving from postal zones to specific buildings within each 
block is correctly seen as introducing a higher level of detail/refinement into the 
inventory module of loss estimation. Consequently, more ‘precision’ may be built into 
loss modelling, in other words more factors can be taken into account. This does not 
mean that the outcome - the predicted loss - is necessarily more ‘accurate’, i.e. closer to 
the truth (McGuire, 2004). The more ‘precise’ answer may be biased (in statistical terms), 
due to some systematic factor that only comes into play as a result of the refined 
definition of the inventory, possibly the way in which building fragility has been derived 
for each building class. The message here is not that we should avoid (or treat 
suspiciously) more detailed (higher resolution) models but that the pace of development, 
and level of refinement, in the various tasks involved in loss estimation should be 
balanced and, if possible, proportional to the relative influence of each model towards the 
final outcome. This is, of course, easier stated than achieved, for a number of reasons, 
not least of which is that the ‘truth’ may not be known even after a severe earthquake 
strikes a densely populated area. Nonetheless, the corollary is that modelling of 
uncertainty in earthquake loss estimation should be seen as an evolving process, with 
linkage between pre- and post-event analyses being crucial both from a practical and a 
theoretical viewpoint. 

6.2 LOSS ESTIMATION FRAMEWORK 

According to Scawthorn (Khater et al., 2003), estimation of losses due to natural hazards 
was first attempted well over 70 years ago. Important contributions followed in the 
1960s, with emphasis on a deterministic ‘probable maximum loss’ approach, favoured by 
the insurance sector. Probabilistic loss estimation emerged in the 1980s, whereas in the 
1990s concerted efforts were made in the USA, leading to the development of a 
comprehensive predictive loss estimation methodology based on performance-based 
procedures for both new and existing/retrofitted buildings. This methodology was coded 
in a standardized software program, which is in turn linked to GIS software used within 
the hazard and inventory modules for spatial modelling (FEMA, 1999).  In Europe, 
similar efforts have been made both at national and European level, with several 
vulnerable urban regions receiving attention in terms of inventory classification, seismic 
micro-zonation studies and derivation of associated building vulnerabilities and losses. 

Loss estimation follows broadly the principles of quantitative risk assessment dealing, in 
turn, with: (i) the seismic hazard, (ii) the building response and vulnerability, which can 
then be combined to estimate the probability of limit state (or performance state) 
exceedance and hence (iii) the probability of damage or collapse, and (iv) the 
damage/collapse to loss relationships as a function of parameters quantifying loss 
(monetary value, casualties etc.). Notwithstanding the continuing research in a number of 
key issues in each of these topics, it is becoming increasingly clear that the loss estimation 
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process itself has to be guided by the desire of many stakeholders to obtain results that 
are accompanied by statements of confidence in order to give a measure of credibility to 
the underlying analysis (Wen et al., 2003). 

In this respect, it is particularly important to consider alternative ways of expressing the 
results of loss estimation, and, where possible, to agree on what is the most appropriate 
formulation for specific cases, bearing in mind the decision which is to be supported by 
the loss estimation results, its context and timing (e.g. pre- or post-event), the availability 
of data and information, and the resources committed. 

As a starting point, loss may be considered as a point estimate using a single loss 
measuring variable, e.g. monetary loss. In this case, the objective of loss estimation may 
be defined as  

∑ ==
a

aHPHDEDLELE )()()()(  

where )( DLE  is the expected loss given a particular level of damage, )( DLE  is the 
expected damage given a level of hazard, and )( aHp =  is probability of the seismic 
hazard attaining a particular level a; thus, the hazard described probabilistically, in 
recognition of the significant uncertainties related to ground motion prediction 
(magnitude, frequency etc). The expected loss )(LE  may then be estimated by summing 
over all possible hazard values. This expression may be used when average building 
damage has been estimated for different levels of seismic hazard (e.g. where data from 
past earthquakes has been collected and analysed), and average loss values for different 
levels of damage have been obtained (e.g. from analysis of repair or rebuilding records for 
particular building inventories). Clearly, the estimation can be performed at different 
levels of refinement, depending on the information available for each of the variables L, 
D and H. No statistical dependence (correlation) between variables is usually considered 
at this level. 

In recent years, advances in structural response modelling (in particular the development 
of methods for ‘fragility’ estimation) and the recognition that damage and loss estimates 
may be related to a family of performance/limit states has led to the above expression 
being recast as follows: 

∑∑ ==
a

i
i

aHPHLSPLSDEDLELE )()()()()(  

where ∑ ==
a

ii aHPHLSPLSP )()()( represents a point estimate of the limit state 
probability for state i. This term, which represents the hazard-fragility interface, can be 
estimated through structural reliability methods, e.g. by analytical or numerical 
convolution or by asymptotic (FORM,SORM) methods (Wen and Melchers). Here 
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)( HLSP i  represents the fragility with respect to performance state i (e.g. serviceability, 
life safety etc.) and P(H) the seismic hazard. In this formulation, the fragility is also 
represented probabilistically, in recognition of the uncertainties present in structural 
response (including the demand imposed) for any given level of seismic hazard. 

The above expressions may be modified to yield scenario related expected losses by 
considering )( ScenarioXLSP i ; for example a run to compare with a significant past 
event or a series of scenarios from different sources. It may also be modified in terms of 
the damage and loss values used to produce ‘probable maximum’ rather than average 
losses; and it may be repeatedly evaluated in order to produce annualised loss exceedance 
curves, showing the probability that any given value of loss may be exceeded in any 
particular year. These are all variations that stem from the fundamental relationship 
between exposure time and seismic hazard and do not normally address probabilistic 
modelling associated with uncertainties in fragility-to-damage or damage-to-loss 
relationships. 

Thus, recognising that all the variables on the right hand side of the above equation are 
subject to uncertainty, full information on the loss distribution 

∫=≤=
l

LL dxxflLlF
0

)()Pr()(  

can be obtained by considering an expression of the form 

∑∑∑ ===
D LS H

HPHLSPLSDPDcLPcLP )()()()()(  

which requires significantly more information to be available for fragility-to-damage and 
damage-to-loss relationships. Algorithms based on Monte Carlo simulation could be set 
up in order to obtain the loss distribution (Franchin et al., 2006). However, availability 
and quality of information is crucial in obtaining and assessing results from such a 
procedure; it might be reasonable to start by assuming that fragility, loss and damage 
parameters are presently, at best, captured through first and second moment information 
(i.e. mean and variance) rather than their full probabilistic distributions. In such a case, a 
suitable first-order second-moment method might be used to arrive at the first two 
moments of loss rather than its full distribution (Baker and Cornell, 2003/7). Issues of 
statistical dependence (correlation) would also need to be addressed in this approach, 
especially if aggregation is undertaken (e.g. from element to structure or from structure to 
a zone) within a single loss analysis. 

It is through this last approach that probabilistic loss assessments (such as “the 
probability that the loss is between X1% and X2% of the replacement value is equal to Y”) 
can be made. These may eventually be supported by quantitative statements (such as “this 
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is stated with Z% confidence”), provided the distinction between aleatory and epistemic 
uncertainty can be identified, and integrated with the above analysis. 

6.3 CLASSIFICATION OF UNCERTAINTY 

It is becoming increasingly common in quantitative risk analysis to distinguish between 
uncertainty that captures the random variability of a repeatable experiment (aleatory), and 
the uncertainty due to lack of complete knowledge (epistemic). Virtually all the tasks in 
disaster prediction and loss modelling are influenced by both types of uncertainty. 
Inherent or natural variability associated with natural phenomena (e.g. in terms of seismic 
motion: future earthquake locations, future earthquake source properties, ground motion 
scatter about median value) or man-made processes (e.g. in terms of building 
construction: mechanical properties of materials) is classified as aleatory, and is explicitly 
recognised by stochastic (probabilistic) models. On the other hand, modelling 
assumptions and idealisations (e.g. fault geometry and capability, selection of ground 
motion models, simplified representation of real structure: 2D vs. 3D, connection 
behaviour) are treated as epistemic uncertainties. In principle, aleatory uncertainty is non-
reducible, whereas epistemic uncertainty can be reduced by investing in knowledge. In 
complex situations this statement should be viewed as a useful rule rather than an axiom. 
In earthquake risk analysis, the aleatory/epistemic split of the total uncertainty is model 
dependent, and efforts leading to better models can alter this split. Given the range of 
uncertainties encountered, the important point is to be clear as to what is included in, and 
what are the methods employed in accounting for, each category. The uncertainty split 
could change during the life of a structure. For example, the level of epistemic uncertainty 
may be reduced as knowledge and understanding of a particular situation increases with 
time, through targeted investigations or service-proven record (e.g. if a structure 
experiences an earthquake of ‘known’ characteristics, its fragility distribution may be 
updated to reflect the damage observed after the earthquake). 

6.4 SOURCES OF UNCERTAINTY 

In earthquake risk assessment and loss estimation, significant uncertainties are 
encountered in each step of the process, namely: 

• Seismic Hazard Analysis 

• Prediction of Structural Response 

• Definition of Performance States 

• Relationship between Performance States and Damage Levels 
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• Relationship between Damage Levels and Loss (direct, indirect) 

• Damage and Loss Aggregation, when stocks (e.g. building inventories) are treated. 

Significant effort has been directed in recent years in identifying, classifying and 
modelling these uncertainties. The (already large) technical literature is growing 
significantly as major research projects in the US, Japan and Europe aim to collect and 
analyse information for both existing and new structures (e.g. in McGuire and Wen). Up 
to now, more emphasis has been given to the range of uncertainties found in the seismic 
hazard and in the prediction of structural response, the latter focusing on the manner in 
which uncertainty can be included in fragility curves. Work has also been directed 
towards the definition of suitable performance states for different types of structures, 
though the emphasis here lies more in obtaining median estimates of quantities such as 
roof or interstorey drifts and damage indices, with relatively fewer studies addressing the 
issue of variability in such quantities. It appears that there is still considerable amount of 
work to be done in quantifying the uncertainty in the remaining steps leading to loss 
estimates (i.e. performance-to-damage and damage-to-loss relationships). 

In terms of the distinction between aleatory and epistemic uncertainty, the former is 
usually included directly in the analysis by means of probability distributions, whose 
parameters are specified either through statistical data analysis (where this is possible: e.g. 
in mechanical properties of materials or in ground motion prediction equations) or 
through engineering judgment (e.g. in specifying drift limit distributions for different 
performance states). By contrast, epistemic uncertainty is addressed either through the 
use of logic trees (e.g. in considering alternative initiating events or competing ground 
motion prediction equations) or by assuming that the component of epistemic 
uncertainty affects (to first order) the mean or median values of random variables (e.g. 
structural capacity). In the latter case, it can be shown that epistemic uncertainty can be 
integrated with the aleatory component within a probabilistic alanysis. For example, 
assuming that epistemic uncertainty in a log-normally distributed structural fragility curve 
affects the estimate of the median capacity Rm , then Rm  can be thought as a Bayesian 
random variable, with median RM  and logarithmic standard deviation Uβ . Thus, a 
fragility that incorporates both aleatory and epistemic components can be written as: 

⎥
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where 22
URC βββ +=  captures aleatory and epistemic components, Rβ  and Uβ   

respectively. 
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The results of any loss estimation study will be used as supporting evidence in a relevant 
decision making process. This might address consideration of alternative strengthening 
techniques and appropriate levels of strengthening, emergency response planning, 
financial planning etc. Depending on the scope of the study (small vs. large sites or 
regions), the availability of building/damage data and the nature of the seismic hazard, 
the methodology adopted for loss estimation will vary. It has been argued that, as far as 
the description of hazard is concerned, the more quantitative the decision to be made, the 
more appropriate is to use probabilistic hazard models (McGuire, 2001). However, in the 
absence of detailed comparisons between predicted and actual losses, it is not prudent to 
be dogmatic regarding the choice between probabilistic or scenario-based hazard. It 
would nonetheless be sensible to present loss estimation results using, where possible, 
normalised quantities. For example, the effects of alternative upgrading strategies on a 
particular site may be contrasted by normalising each the results from each strategy with 
respect to results prior to upgrading. 

Specification of appropriate seismic hazard is undoubtedly a field where significant 
resources will be invested in any loss estimation study. As is evident from the preceding 
chapters, the SP10 approach has been to develop scenario studies linked to different 
return periods. In the process, the adopted scenarios are compared with a variety of other 
studies, some probabilistic and others deterministic. Epistemic uncertainty is thus 
addressed qualitatively, and the final adopted ground motions benefit from the ‘filtering’ 
that is applied by the contributing experts. 

On the capacity side, there is growing consensus that damage estimates can be obtained 
starting from log-normal fragility distributions. For example, calculated (or analytical ) 
fragilities could be developed using the capacity spectrum method or some other ‘direct’ 
(e.g. Monte Carlo simulation) or ‘hybrid’ (AUTh) method. In either case, it is possible 
(and beneficial for any comparative studies) to refer the capacity for any building class in 
the considered inventory to the log-normal model given in section 6.2, and to present 
both the estimate for the logarithmic standard deviation, and the sources of variability 
that have led to the particular estimate. Furthermore, there is also agreement that the 
number of fragility distributions required for each building class should be equal to at 
least four, in order to enable a sufficiently detailed damage distribution to be obtained. 

In conclusion, it would appear that the development of loss estimation procedures (from 
point estimates to probabilistic statements) requires further work in uncertainty 
classification and processing, particularly those affecting the latter stages of the 
procedure. This is not to underestimate the range and complexity of uncertainties in 
hazard and response prediction but simply to draw attention to parts of the procedure 
where further research and the creation of suitable databases for a large range of civil 
engineering structures would be invaluable in improving the ‘quality’ of the final 
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outcome. It is essential for these efforts to be conducted within an agreed loss estimation 
framework, in order to improve consistency and transferability of results. Moreover, the 
undertaking of well specified and documented benchmark studies in loss estimation 
would help underpin further analysis and debate, through which ‘best-practice’ guidelines 
can be progressively developed. 





 

 

Chapter 7     Loss Modelling for Istanbul 

7.1 INTRODUCTION 

The City of Istanbul situated along both sides of the Bosphorus Channel and Marmara 
Sea in Europe and Asia is the largest city in Turkey, with a history extending over twenty-
six centuries.  It is believed to be the oldest continuously occupied metropolis in the 
world.  In recent decades the city has experienced unprecedented growth.  Between 1950 
and 2000, the population has increased at least ten-fold, from one million to ten million.  
Besides very high earthquake hazard, the earthquake risk in the city has been increasing 
steadily due to overcrowding, improper land-use planning and construction, inadequate 
infrastructure and services and environmental degradation  

Istanbul case study was based on the available building inventory data and building 
damage assessment was based on vulnerability functions defined in terms of spectral 
displacements (Erdik et al., 2002).  Building damage was determined for Istanbul 
Metropolis with respect to earthquake rupture scenarios provided by INGV (2006) as 
well as for the time dependent probabilistic hazard assessment by Erdik et al. (2005).  In 
the second phase, the detailed building inventory data obtained from street surveys for 
approximately 16000 buildings were used to estimate the vulnerability for Zeytinburnu 
(Aydınoglu and Polat, 2004).  In the last phase, parametric studies were conducted to 
evaluate the effects of retrofit for Istanbul and for the case of Zeytinburnu.   

7.2 THE MODELLING APPROACH 

7.2.1 Building Inventory for Istanbul Metropolitan Area 

Istanbul Metropolitan Area is composed of 32 towns and 41 districts with total 
population of 10,018,735 according to 2000 census covering an area of 5196 km2.  The 
total area was divided with a grid system of 0.005°×0.005° (400m×600m) into 8131 cells.   

Building inventory was divided into three groups based on the construction type, number 
of stories and construction year (Erdik et al., 2003, 2002).  Since seismic design codes 
applicable in Turkey evolved particularly after 1975, it has been decided that it would be 
appropriate to classify buildings as pre-1979 (included) and post-1980 reflecting the state 
of seismic design applications.  
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Figure 7.1. Distribution of number of reinforced concrete frame buildings in Istanbul Metropolis 

All buildings were classified as Bijk where “i” shows the construction type as: (1) 
Reinforced concrete frame building, (2) Masonry building, (3) Reinforced concrete shear 
wall buildings, (4) Precast building.  The number of stories (“j” dimension of the matrix) 
was defined as: (1) Low rise (1-4 stories, including basement), (2) Mid rise (5-8 stories, 
including basement), (3) High-rise (8 more stories, including basement).  The 
construction date (“k” dimension of the matrix) was defined as: (1) Construction year: 
Pre-1979 (included) and (2) Construction year: Post-1980.  The total number of buildings 
in the inventory is 737 653.  Among these, 562 613 (76.3%) are reinforced concrete frame 
buildings and 173 639 (23.5%) are masonry (Erdik et al., 2002; Spence et al., 2005). 

The reinforced concrete frame buildings in Istanbul shown in Figure 7.1 were classified 
under 6 building types as given in Table 7.1 (Erdik et al., 2002).  This building inventory 
was used for evaluating the variation of damage and casualty with respect to nine 
earthquake scenarios provided by INGV (2006) as well as for the time dependent 
probabilistic earthquake scenario for return period of 475 years by Erdik et al., (2005).   

Table 7.1. Number of reinforced concrete buildings for different types as given with Bijk identifier 

Type of Buildings Number of Buildings Type of Buildings  Number of Buildings  
B111  92,330  B112  247,934  
B121  53,500 B122  159,895  
B131  1,749  B132  7,205  
Total  562,613 
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7.2.2 Building Inventory for Zeytinburnu Municipality 

In Zeytinburnu the building inventory was compiled based on street surveys.  Thus the 
buildings could have been classified in more detailed manner, however, in order to utilise 
the same vulnerability relationships, the building types used for evaluating the building 
inventory for Istanbul were also adopted for the Zeytinburnu case.  

 
Figure 7.2. Distribution of building types in Zeytinburnu 

Most of the buildings in the area are known to be lacking the sufficient earthquake 
resistance thus in the case of a near field earthquake, Zeytinburnu most likely will be one 
of the areas with high degree of damage.  As a part of a municipal project, major 
properties of 15738 independent buildings were determined to be used with rapid 
assessment methods (Aydinoglu and Polat, 2004).  Almost all of the buildings are mid rise 
reinforced concrete frame buildings as shown partly in Figure 7.2.   

7.2.3 Site Characterisation for Istanbul Metropolitan Area 

The assessments of the spatial variation of geotechnical site conditions in Istanbul were 
performed according to NEHRP (1997).  The spatial distribution of these site classes was 
developed essentially based on the 1/50,000 scale surface geology map prepared by 
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Istanbul Metropolitan Municipality and available boring data at the time.  All the available 
data was evaluated to obtain the “Soil Classification Map of Istanbul” in terms of 
NEHRP (1997) site classes as shown in Figure 7.3 with respect to geocells. 

 
Figure 7.3. NEHRP Soil Classification Map of Istanbul and the grid of geocells (Erdik et al., 2002) 

7.2.4 Site Characterisation for Zeytinburnu 

In the Zeytinburnu case study, the investigated area was divided into cells of 
250m×250m.  The local site characteristics and soil stratifications were determined based 
on the available soil borings, in-hole PS Logging and surface seismic wave measurements 
conducted in the area.  The shear wave velocities with depth were estimated based on in-
hole PS-Logging shear wave velocity measurements and surface seismic wave velocity 
measurements when available and/or using the empirical relationship proposed by Iyisan 
(1996) in terms of standard penetration blow counts.  Shear wave velocity profiles were 
established down to the engineering bedrock with estimated shear wave velocity of 
700m/sec or more and a representative soil profile was defined for each cell as shown for 
some cells in Figure 7.4. 
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Figure 7.4. Typical soil and shear wave velocity profiles for the top 30m in for cells in Zeytinburnu 

7.2.5 Earthquake Characteristics on the Ground Surface for Istanbul Metropolis 

The average acceleration response spectra for each cell were calculated as the average of 
the EW and NS components of the acceleration records for all nine earthquake scenarios 
provided by INGV.  An algorithm was developed to calculate NEHRP Uniform Hazard 
Response Spectra that fits as the best envelope to the average acceleration response 
spectra.  These best fit NEHRP spectra were used first to define the spectral 
accelerations for T=0.2sec and T=1.0sec on the rock outcrop and later were modified 
according to the site coefficients given in NEHRP (1997) to estimate site specific spectral 
accelerations on the ground surface for T=0.2sec and T=1.0sec.  Few examples of typical 
average acceleration response spectra with the best envelope fit NEHRP Uniform 
Hazard Response Spectra are given in Figure 7.5. 
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Figure 7.5. Examples of best fit NEHRP spectra to average elastic acceleration response spectra  

The site specific spectral accelerations at T=0.2sec and T=1.0sec periods were used for 
vulnerability analysis in the assessment of building damages.  As an example, the variation 
of spectral acceleration for T=0.2sec period is given in Figure 7.6 for the average of all 
nine INGV scenarios.   
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Figure 7.6. Spectral Accelerations for T=0.2s for average of all nine INGV scenarios 

Significant differences were observed among different earthquake scenarios depending on 
the selected rupture characteristics concerning the variation and amplitude of spectral 
accelerations.  Furthermore there exist intrinsic differences between KOERI and INGV 
ground motion assessments which prevent direct application of the results.  One 
conservative option is choose the worst case scenario.  However, it is also difficult to 
define the worst case scenario because depending on the selected rupture model different 
sections of the city are more adversely affected.  The other option could be to treat this 
variability as statistical variability to estimate the damage distribution and adopt the 
average of all as a possible solution to account for the variability of different earthquake 
scenarios as shown in Figure 7.6.  

7.2.6 Earthquake Characteristics on the Ground Surface for Zeytinburnu 

In the case of Zeytinburnu, earthquake characteristics on the ground surface were 
determined based on one dimensional site response analysis conducted using Shake91 
(Idriss and Sun, 1992).  The sets of acceleration time histories were used as rock outcrop 
input motion in the site response analyses and the average acceleration response 
spectrum was used as the representative acceleration spectrum for each cell for each case. 

In the first case, three NEHRP hazard spectra compatible simulated acceleration time 
histories were generated for each cell based on the procedure suggested by Deodatis 
(1996) and Papageorgiou et al. (2000).  In the second case, two sets of three real 
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acceleration time histories scaled to PGA obtained from probabilistic hazard study for 
the return period (RP) of 475 years (Erdik et al., 2005).  The purpose was to evaluate the 
differences in the resulting site response analysis for two sets of scaled input motions one 
with lower and one with higher original PGAs obtained under similar seismic and 
tectonic settings. 

The variation of spectral accelerations at T=0.2sec and T=1.0sec periods were 
determined by fitting the best envelope to the average acceleration response spectra 
obtained by 1D site response analysis using the same algorithm as utilised in Figure 7.5. 

The variation of spectral acceleration at T=0.2sec period for Zeytinburnu determined 
using the second set of PGA scaled real acceleration time histories and INGV Scenario 
S212 are shown in Figure 7.7.  As can be observed, there are significant variations in the 
spectral accelerations within the investigated region which was not observed when the 
site conditions and their effects are evaluated with respect to NEHRP amplification 
coefficients as given previously in Figure 7.6 and as reported by Ansal et al. (2005, 2006). 

 
Figure 7.7. Variation spectral accelerations in Zeytinburnu region for two scenarios 

7.2.7 Spectral Displacement - Based Vulnerability Estimation 

The analytical computation of the vulnerability relationship is based on spectral capacity 
method, a simplified method that estimates the response of a structure from spectrum 
demand and spectral capacity curves.  The spectrum demand curve represents the ground 
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motion and is typically derived from the elastic acceleration response spectra of the 
motion plotted on spectral acceleration vs. spectral displacement axes (Erdik et al., 2002). 
The spectral capacity curve represents the ability of the structure to deform at various 
degrees of resistance, usually approximated from a “pushover” analysis with the 
deformations plotted against the load in the spectral displacement and spectral 
acceleration coordinates.  The basic idea of the spectral capacity method is that the 
expected median response is determined by the intersection of the spectral capacity and 
spectrum demand curves.  

Inelastic spectral displacement demand ( )ydi RTS ,  is obtained based on the formulation 
sequence given in Figure 7.8 with the parameters given in Table 7.2 

In spectral displacement-based fragility curves (Figure 7.9), the horizontal axis represents 
the spectral displacement demand and vertical axis refers to the cumulative probability of 
structural damage reaching or exceeding the threshold of a given damage state. The 
analytical expression of each fragility curve is based on the assumption that earthquake 
damage distribution can be represented by a lognormal distribution function (HAZUS 
1999, Kircher et al. 1997) 

 
Figure 7.8. Formulation chart to obtain inelastic spectral displacement demand 
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Table 7.2. Building Capacity Parameters 

Cs Say (cm/s2) C2 I J T (s) α1 γ λ 
K=1 K=2 K=1 K=2 K=1 K=2 

1 1 0.40 0.80 1.30 2.00 0.06 0.08 191.3 255.1 1.2 1.1 
1 2 0.75 0.80 1.15 2.00 0.06 0.08 169.2 225.6 1.1 1 
1 3 1.20 0.75 1.00 2.00 0.04 0.06 104.6 157 1 1 
2 1 0.30 0.75 1.00 2.00 0.06 0.06 157 157 1.2 1.2 
2 2 0.50 0.75 1.00 2.00 0.06 0.06 157 157 1.2 1.2 

3,4 1 0.30 0.75 1.50 2.50 0.06 0.08 294.3 392.4 1.1 1.1 
3,4 2 0.55 0.75 1.30 2.50 0.06 0.08 255.1 340.1 1 1 
3,4 3 0.90 0.65 1.15 2.50 0.06 0.08 260.3 347.1 1 1 
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Figure 7.9. Spectral displacement based vulnerability curves for low-rise and midrise, post-1980, R/C 

frame type buildings 

7.2.8 Casualty Vulnerabilities Due To Building Damage 

One of the major inputs necessary for earthquake casualty estimation is a correlation 
between the number and severity of injuries and the damage level of the structures.  This 
is not easily attainable due to the limited quality and lack of information in earthquake 
casualty data. Several studies that proposed casualty rates with respect to various building 
types and damage levels are available in the literature (i.e. Coburn and Spence 1992). 
However, casualty rates derived for other regions of the world (i.e. those available in 
HAZUS99 for US) are not directly applicable to Turkey as observed by past experience. 
Erdik et al., (2002) proposed an earthquake casualty model by applying the existing 
methodologies and by revising the casualty rates with the help of existing data on Turkish 
earthquakes.  According to this approach casualty for any given structure type, building 
damage level and injury severity level can be calculated as: 

K = Population per Building * Number of Damaged Building * Casualty Rate. 
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The casualties are computed for four injury severity levels as defined in HAZUS 99.  
Severity 1 is for injuries requiring basic medical aid without requiring hospitalization. 
Severity 2 is for injuries requiring a greater degree of medical care and hospitalization, but 
not expected to progress into a life threatening status. Severity 3 is for injuries that pose 
an immediate life threatening condition if not treated adequately and expeditiously. The 
majority of these injuries result because of structural collapse and subsequent collapse or 
impairment of the occupants. Severity 4 is for instantaneously killed or mortally injured. 

Casualty data in urbanized areas from Turkish earthquakes indicate higher fatalities in 
very heavily damaged (partial and total collapse) multi-storey RC buildings.  The resulting 
casualty rates proposed by Erdik et al. (2002) for Turkey are given in Table 7.3. 

Table 7.3. Casualty rates for Reinforced Concrete Structures used in this study 

Casualty Rates for RC structures (%) 

Collapsed Injury Severity Slight 
Damage 

Moderate 
Damage 

Extensive 
Damage Partial Total 

Severity 1 0.05 0.2 1 10 50 
Severity 2 0.005 0.02 0.5 8 15 
Severity 3 0 0 0.01 4 10 
Severity 4 0 0 0.01 4 10 

The casualties were calculated based on the number of damaged buildings determined 
from the damage scenarios.  The same damage classification was used for both the 
damage assessment of the buildings and to calculate the casualties.  However, based on 
the damage data and casualty rates from the previous earthquakes in Turkey, it was 
observed that the fatality is much higher for total collapse (pancake type).  Thus, collapse 
category was divided in to two sub categories as “partial collapse” and “total collapse”.  It 
was assumed that total collapse would be encountered in the 10% of the buildings that 
are calculated as collapsed while 90% were classified as partial collapse with significantly 
different casualty rates as observed in 1999 in Turkey (Petal 2003). 

Average population numbers were adopted for calculating the casualties for different 
building types.  The average population per unit (3 persons) was calculated as the ratio of 
district populations and number of units in the districts (Erdik et al., 2002).  It would 
have been difficult and not very reliable to estimate based on more detailed configuration.  
The population distribution in the Census is given with respect to districts (mahalle) as 
the smallest unit.  The damage distributions are based on the number of buildings in each 
cell.  It was assumed that the causality rates can be estimated based on average numbers 
as given in Table 7.4.  The results are calibrated for the population density determined 
based on the Census results, thus it could be assumed as night time population.  It would 
be necessary to conduct a more comprehensive evaluation as proposed in Erdik et al., 
(2002) to estimate difference daytime population distribution.   
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Table 7.4. Population for different building types 

Building Type 
Number of 

floors 
Number of 
units (flats) 

Population 

LOW RISE: 1-4 3 9 
MID RISE: 5-8 12 36 

HIGH RISE: >=9 32 96 

7.2.9 Retrofit Methodology 

The effect of retrofit on the damage estimation studies is difficult to estimate due to 
irregular nature of the structural types and distribution of the building stock. The existing 
practice on typical mid-rise buildings have proven that the most appropriate and cost-
effective retrofit systems are structural wall addition and column jacketing. In order to 
achieve collapse prevention performance objective, preliminary studies on typical mid-rise 
buildings have indicated that the proposed retrofit schemes result in a decrease in the 
predominant periods of such buildings to approximately two-third of those of the original 
buildings in average. In addition, retrofit schemes are approximately estimated to result in 
2.5 fold increase in the lateral load capacities of those buildings. Thus, building property 
data were modified accordingly to obtain the damage estimations for the retrofitted 
building stock. 

In retrofit of residential buildings what seems to be rational is to provide rehabilitation 
(strengthening or retrofit) to the most vulnerable building stock in Istanbul.  The 
objective of the retrofit will be to avoid total collapse where most of the deaths are 
associated (fatality ratio is about 10%).  The earthquake performance criteria will be the 
prevention of total collapse and saving lives at minimum cost.  The first type of 
comparison to evaluate the effects of retrofit was based on the change in the building 
damage pattern.  Since the main purpose of the retrofit action is to decrease the casualty 
rate significantly, the second type of comparison was in terms of the change of the 
number of casualties.  In order to assess the priorities in the retrofit process for the case 
of reinforced concrete frame buildings, the variation of damage and casualties were 
calculated with respect to different earthquake scenarios.    

7.3 LOSS ESTIMATES FOR EXISTING CITY 

The structural damage of the buildings are classified in five groups: - (1) No damage  
(2) Slight damage - (3) Moderate damage - (4) Extensive damage - (5) Collapsed 

7.3.1 For Istanbul Metropolis 

Nine earthquake rupture scenarios provided by INGV and probabilistic hazard scenario 
provided for RP=475 years by Erdik et al. (2005) were used to determine the damage 
distribution for reinforced concrete building inventory for Istanbul Metropolis based on 
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spectral accelerations calculated using NEHRP site classification and amplification factors 
according to the spectral displacement method summarised above. 

As shown side by side in Figure 7.10, with respect to numbers of buildings in different 
damage levels, three different damage patterns were observed in all ten scenarios.  The 
first group composed of KOERI probabilistic PR=475 years, INGV Scenarios S111 and 
S311 appears to be similar.  The second group composed of INGV Scenarios S113, S213 
and S313 yielded very low damage levels.  The third group composed of INGV Scenarios 
S112, S211, S212, and S312 yielded much higher levels of damage that are very different 
from the first  and second groups.  
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Figure 7.10. Variation of damage levels for low rise RC frame buildings in Istanbul build after 1980 

with respect to KOERI probabilistic (RP=475) and nine INGV earthquake scenarios 

7.3.2 For Zeytinburnu Municipality 

The damage levels in Zeytinburnu were evaluated separately for each building in the 
inventory taking into consideration the spectral accelerations calculated by site response 
analyses for the six input earthquake scenarios (3 INGV Scenarios S111, S112, S212, 2 
sets of PGA scaled real acceleration time histories, and 1 response spectra scaled 
simulated acceleration records compatible with the KOERI probabilistic earthquake 
hazard for RP=475 years) are shown in Figure 7.11.  

The variation given in Figure 7.11 for all six cases yielded radically different damage 
patterns.  It was interesting to observe the significant difference between the two cases 
where PGA scaled input motions were utilised.  This indicates that the selected input 
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motion characteristics are important.  In this case the input records with higher original 
acceleration levels gave lower damage levels indicating the significant effect of the scaling 
factor. 
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Figure 7.11. Variation of damage levels RC buildings in Zeytinburnu with respect to three KOERI 

probabilistic and three INGV earthquake scenarios 

7.3.3 Casualties Due to Building Damage 

There were significant variations in the number of damaged buildings thus the calculated 
fatalities vary in a very large range.  Fatalities calculated for RC buildings from the time 
dependent probabilistic hazard scenario for RP=475 years were in the order of 31500 
while in the case INGV recommended scenario S111 the number of fatalities are in the 
order of 85000 in the Istanbul Metropolis. 

7.4 LOSS ESTIMATES FOR MODIFIED CITY 

7.4.1 For Istanbul Metropolis 

The first priority was given to retrofit all RC buildings that are prone to collapse 
according to specific earthquake rupture scenarios.  The building inventory for Istanbul is 
in terms of number of buildings in each group.  There is no data to identify which 
buildings are prone to collapse among all the buildings in a cell.  Thus partly hypothetical 
and merely parametric study was performed to observe the effects of the selected retrofit 
scheme for the Istanbul case.  On the other side, for the case of Zeytinburnu, since the 
vulnerability is determined for each building separately, the assumed priority to retrofit 
RC buildings prone to collapse or extensive damage can be selectively given. 
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Figure 7.12. Total number of collapsed reinforced concrete frame buildings before and after retrofit 

for the INGV Scenario S111 
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For this purpose earthquake rupture scenario S111 (Figure 7.10) (recommended by 
INGV), S212 (the worst case scenario) and the time dependent probabilistic hazard 
scenario for RP=475 years by Erdik et al. (2005) were evaluated to determine the 
effectiveness of the retrofit scheme.  The results indicate there could be significant 
decrease in the number of collapsed buildings if the retrofit can be implemented 
successfully.  On the other hand the largest number of collapsed buildings are in the mid 
rise post 1980 group.  Thus a priority can be given to these buildings in the beginning of 
the retrofit process. 

7.4.2 For Zeytinburnu Municipality 

In the Zeytinburnu case retrofit priority was given to collapsed and extensively damaged 
RC buildings.  For this purpose earthquake rupture scenario S111 (recommended by 
INGV), S212 (the worst case scenario) and the time dependent probabilistic hazard 
scenario for RP=475 years by Erdik et al. (2005) were evaluated to determine the 
effectiveness of the retrofit scheme.  As given in Table 7.5, a very significant reduction 
was observed in the number collapsed as well extensively damaged buildings after retrofit. 

Table 7.5. Number of damaged RC buildings before and after retrofit for Zeytinburmu 

NO DAMAGE 0 0 0 0 0 0
SLIGHT 1371 1666 203 947 3 1981

MODERATE 11744 12219 12931 12938 11674 11882
EXTENSIVE 608 0 700 0 1933 22
COLLAPSED 162 0 51 0 275 0

TOTAL 13885 13885 13885 13885 13885 13885

KOERI 475 INGV
spectra compatible- S112 S212

 

7.4.3 Casualties after the retrofit 

7.4.3.1 For Istanbul Metropolis 

Casualties were recalculated after the retrofit for the three scenarios: INGV Scenarios 
S111 and S212 and KOERI probabilistic RP=475 years.  Significant decreases in the 
casualty numbers with respect to fatalities were observed as shown in Figure 7.13.  The 
vertical axis in Figure 7.13 is selected in logarithmic scale to show the very significant 
difference among different building types before and after retrofit. 

7.4.3.2 For Zeytinburnu Municipality 

The buildings that were estimated to collapse or experience extensive damage were 
assumed to be retrofitted and damage distribution were recalculated to determine the 
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number of damaged buildings as well as the change in the number of causalities for the 
case of three scenarios (INGV 112 and 212 and KOERI 475 for the case of spectra 
compatible simulated acceleration time history).  The results with respect to number of 
fatalities and number of hospitalised are shown in Figure 7.14.  There are very significant 
differences between different types of buildings thus the casualty results are shown in 
semi logarithmic scale to be able to reflect the difference in each group.   
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Figure 7.13. The effect of retrofit on the fatalities for RC building types for INGV Scenario S111 
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Figure 7.14. Variation of the number of hospitalised and fatalities in Zeytinburnu before and after 

retrofit due to INGV Scenario S212 
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7.5 CONCLUSIONS AND DISCUSSIONS 

There are different approximation levels for the assessment of the earthquake hazard, it 
can be probabilistic as performed by Erdik et al. (2005) or deterministic as INGV (2006) 
earthquake rupture scenarios.  There were significant differences among the probabilistic 
and deterministic earthquake hazard scenarios.  The use of earthquake hazard 
information in urban earthquake loss scenarios is a debatable issue in scientific media and 
several efforts are carried out to develop rational methodologies that incorporate 
uncertainties in the quantification of earthquake hazard as well as in loss estimates. As 
such, the loss results provided in this report should be assumed to represent only 
technical demonstrations and should not be taken as the expected scenario earthquake 
results in Istanbul. 

There are different approximation levels when evaluating the effects of site conditions.  
As in the case of Istanbul Metropolis; site conditions can be evaluated utilising an 
earthquake code as NEHRP.  It is also possible as in the case of Zeytinburnu, to evaluate 
the site conditions based on more detailed geotechnical data and by site response 
analyses.  The differences between the two options are significant with respect to 
earthquake characteristics on the ground surface and damage distribution.  

In the second phase of the study the main purpose was to evaluate the effects of retrofit 
in decreasing the building damage and casualties. In the case of Istanbul Metropolis a 
parametric study was conducted assuming that all buildings that were prone to collapse 
were retrofitted.  The results of this parametric study clearly indicate the importance and 
the impact of the retrofitting in decreasing building damage and more importantly in 
mitigating the fatality rates. If the simulated mitigation program is carried out for Istanbul 
Metropolis, number of RC frame buildings estimated to collapse in the case of KOERI 
probabilistic hazard scenario will be reduced from 23291 (4.1%) to 1471 (0.26%), and 
numbers of casualties from 31521 to 2442.   

In the case of Zeytinburnu, the retrofit scheme is applicable since the building inventory 
was composed of individual building based on a street survey.  It was assumed that all the 
buildings that were calculated as prone to collapse and extensive damage were retrofitted.  
The damage patterns were recalculated for these modified building inventories for 
selected number of earthquake scenarios both probabilistic and deterministic. Very 
significant reductions in the damage levels and in the number of casualties were observed 
for both cases.  This numerical application demonstrates very clearly the significant 
reduction in the casualty rates and building damage.  If the simulated mitigation program 
is carried out for Zeytinburnu Municipality, numbers of extensively damaged or collapsed 
buildings for the worst case earthquake scenario S212 will be reduced from 2208 (16%) to 
0, and numbers of casualties from 484 to 0.  
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7.6 CURRENT EARTHQUAKE RISK MITIGATION ACTIONS IN ISTANBUL 

The following assessment is taken from Erdik and Durukal (2007) 

Currently (2006), the Municipality of Istanbul is implementing a new Regulation Plan that 
aims, until the year 2010, at instituting a preservation and development balance as a 
metropolitan settlement that acknowledges its historical, cultural, natural treasures, and 
thus re-gains the status of a world-city in line with its historical and cultural identity. The 
municipal government is interested in strengthening the urban planning processes in the 
city, through the Istanbul Metropolitan Planning and Urban Design Center. Programs are 
pursued on Urban Development, Rehabilitation and Transformation, where the focus is 
strengthening and rehabilitating earthquake risk areas, transformation projects for highly 
vulnerable building districts as well as master projects for rehabilitation and 
transformation of Historic Peninsula. Earthquake performance assessment of buildings 
and re-development/urban transformation projects are currently underway in 
Zeytinburnu and started in Fatih and Küçükçekmece districts.  

Zeytinburnu Urban Transformation Project 

Earthquake loss scenario studies have identified the Zeytinburnu District of Istanbul as 
one of the most risky areas. As a follow-up of the suggestions contained in the 
Earthquake Master Plan, Istanbul Metropolitan Municipality has started the Zeytinburnu 
Urban Regeneration Pilot Project. The Zeytinburnu Pilot Project was contracted to 
BIMTAS (a Municipality owned enterprise) in 2003.  

The first phase of the project involved the assessment of the earthquake performance of 
the buildings through a three-level investigation (Walk-down evaluation, preliminary 
evaluation and final evaluation) by teams from leading universities. The results differed 
and there was no unanimity on the vulnerability prioritization of the buildings. About 
2000 buildings out of a residential building stock of 16,000 were eventually selected as the 
highest risk group. Although there were initial plans on the demolishing and rebuilding 
(or extensive retrofit) of these buildings, these plans were not applied to lack of legal and 
administrative basis. The current mitigation focus is on Urban Transformation and aims a 
joint development platform where public and private actors can work together. 
Metropolitan Planning and Urban Design Centre in BIMTAS is currently working on the 
development of urban regeneration/transformation models.    



 Earthquake Disaster Scenario Predictions and Loss Modelling for Urban Areas 

 

87

The Zeytinburnu Urban Transformation project is planned to be implemented in several 
stages that encompass demolishing the buildings at risk, widening streets, opening 
evacuation corridors and gathering areas, establishment of community centers, 
strengthening public infrastructure, regeneration of housing areas in high priority risk 
areas, removal of the industries from the district and transformation of industry into 
trade and service. The main problems of such a comprehensive project are the inadequate 
of community participation and management of stakeholders and finance.  





 

 

Chapter 8      Loss Modelling for Thessaloniki  

8.1 MODELLING APPROACH 

The main scope of the present study is the estimation of potential earthquake losses in a 
specific urban area for different seismic scenarios and the effect of various mitigation 
schemes. The discrete steps of the loss modelling procedure that was followed in the case 
of Thessaloniki are illustrated in Figure 8.1.  
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Figure 8.1. Loss estimation modelling approach in case of Thessaloniki. 

8.1.1 Study area of Thessaloniki 

Loss estimates for Thessaloniki are performed for the central part of the city where 
approximately 19,000 buildings exist. The vulnerability assessment, the estimation of 
human casualties and direct economic losses are performed for each of the 5,032 
buildings (approximately 100,000 inhabitants) for which detailed inventory data are 
available (RISK-UE, 2001-2004). The initial model and analysis was performed in the 
framework of RISK-UE project (by Prof. A. Kappos, AUTh), and then readjusted in the 
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framework of this project according to the needs and the seismic scenarios of the present 
application. Analysis and results are given per building block. 

8.1.2 Building and vulnerability data for Thessaloniki 

8.1.2.1 Building Typology 

The classification of buildings is based on the Building Typology Matrix of RISKUE 
project (Kappos et al., 2004), according to the material, structure type, height and code 
level. In Table 8.1 the typology for reinforced concrete (R/C) buildings is described. The 
levels of design for R/C buildings are distinguished in, ‘Low’ corresponding to the 1959 
code (“RD’59”) that was in force until 1984 and in ‘High’ corresponding to the 2000 
Code (“EAK2000”), which is the currently enforced code. According to the discrete 
features of each building, the appropriate vulnerability class can be specified. It is 
mentioned that the inventory of buildings in the study area includes both reinforced 
concrete (R/C) and masonry buildings; however the prevailing typology in the area is 
R/C buildings designed to old codes. 

Table 8.1. R/C Building Typology Matrix (BTM) for Thessaloniki (Kappos et al., 2004) 

RC Reinforced concrete structures Height class
Nr. of 
stories 

Height 
(m) 

Code Level 

RC1 Concrete moment frames 
Low-rise 
Mid-rise 
High-rise 

2 
4 
9 

7.5 
13.5  
28.5 

RD’59 
NEAK/EAK 

RC3 Concrete frames with unreinforced masonry infill walls 

3.1 Regularly infilled frames 
Low-rise 
Mid-rise 
High-rise 

2 
4 
9 

7.5 
13.5  
28.5 

RD’59 
NEAK/EAK 

 
3.2 

 
    Irregularly frames (pilotis) 

Low-rise 
Mid-rise 
High-rise 

2 
4 
9 

7.5 
13.5  
28.5 

RD’59 
NEAK/EAK 

RC4 RC Dual systems (RC frames and walls) 

4.1 Bare Systems 
Low-rise 
Mid-rise 
High-rise 

2 
4 
9 

7.5 
13.5  
28.5 

RD’59 
NEAK/EAK 

4.2 
 
Regularly infilled dual systems 
 

Low-rise 
Mid-rise 
High-rise 

2 
4 
9 

7.5 
13.5  
28.5 

RD’59 
NEAK/EAK 

4.3 
 

Irregularly infilled dual systems 
(pilotis) 

Low-rise 
Mid-rise 
High-rise 

2 
4 
9 

7.5 
13.5  
28.5 

RD’59 
NEAK/EAK 
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8.1.2.2 Vulnerability functions 

The vulnerability analysis of R/C buildings is performed based on fragility curves (in 
terms of PGA) that have been developed using a combination of analysis and statistical 
data, the so-called ‘hybrid’ approach (Kappos et al 2006), both of which are drawn from 
Greek practice; in fact a large part of the statistical data used is from the 1978 
Thessaloniki earthquake. The estimation is based on six damage states (DS): no damage 
(DS0), slight (DS1), moderate (DS2), substantial to heavy (DS3), very heavy (DS4), 
destruction (DS5). According to empirical estimations for Greece it seems that only 10% 
of the totally damaged buildings are expected to fully collapse. Moreover, fragility curves 
(in terms of both PGA and Sd) for masonry structures that were developed for all 
typologies common in Greece (low-rise stone masonry and brick masonry) were used in 
the present application (Penelis et al. 2002). An example of the aforementioned fragility 
curves is given in Figure 8.2. The curves are referring to medium height (4-storey) R/C 
buildings with dual system (i.e. structure type comprised from RC frames and walls) 
designed according to both ‘low’ and ‘high’ code level. 
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Figure 8.2. Example of fragility curves for R/C buildings designed according to ‘low’ (left) and 
‘high’ (right) code level. (Kappos et al, 2006). 

8.1.3 Seismic Scenarios for Thessaloniki 

In Thessaloniki a detailed Microzonation study has been conducted for three different 
mean return periods Tm=100, 500 and 1000 years. The study is based on the results of a 
probabilistic seismic hazard analysis using recently obtained data regarding the seismicity, 
the corresponding seismic zones and the seismic faults in the greater area. Site effects are 
calculated performing a great number of 1D linear equivalent response analyses in order 
to take into account the influence of geotechnical characteristics and dynamic properties 
of the main soil formations on expected seismic motion. Five different real accelerograms 
were selected according to seismic hazard study, in order to perform the analysis.  
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Figure 8.3. Comparison in terms of peak spectral acceleration between probabilistic and deterministic 
scenarios in one site (central part of Thessaloniki).  

The deterministic input motion scenarios that were developed by INGV in the 
framework of the present project were compared in 11 representative sites with the input 
motions used in Thessaloniki’s probabilistic study of AUTh including the sites effects 
response analyses. The results showed that despite the fact that several differences exist 
between input motions of the deterministic and the probabilistic determination of seismic 
excitation scenarios, the results derived from the site specific analyses using the 
deterministic scenarios are encased from the results using the probabilistic scenarios 
corresponding to mean return periods of 475 and 1000 years. As an example, Figure 8.3 
shows the comparison in terms of peak spectral acceleration between the results of the 
1D analysis in one site (central part of the city) for the different input motions derived 
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from the probabilistic and deterministic scenarios. Considering the expected scattering 
between deterministic and probabilistic analyses and specifically the fact that the 
probabilistic analysis is applying many input motions to compute the specific site effects’ 
response, the comparison between the deterministic and probabilistic curve is overall 
satisfactory. Moreover, the probabilistic analysis covers the study area using a dense grid 
of sites where detailed seismic response analyses are performed. Therefore, the loss 
estimates obtained for the city of Thessaloniki are based on the results of the probabilistic 
study for the three different scenarios. The input motion is defined in terms of mean 
peak ground acceleration and corresponding spectral values at the surface. Indicatively, 
the distribution of peak ground acceleration for two scenarios is presented in Figures 8.4 
and 8.5. 
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Figure 8.4. Distribution of the values of the 

mean peak horizontal acceleration 
(PHGA,z=0 :g's) at the surface 
(mean return period Tm=475 years). 

Figure 8.5. Distribution of the values of the 
mean peak horizontal acceleration 
(PHGA,z=0 :g's) at the surface 
(mean return period Tm=1000 years). 

8.1.4 Human casualty model 

Human casualties are estimated for each seismic scenario using the Coburn and Spence, 
2002 model. The different M parameters (M1-M5) introduced in the relationship are 
estimated per building block. Their range and average values are presented in Table 8.2 
Moreover, the C parameter is considered to be 1/100 of the total number (or floor area) 
of buildings in each typology being in damage states DS4 & DS5 (red tagged buildings). A 

High 0.60

Low 0.18

High 0.50

Low 0.14
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factor of 0.01 is applied to the total number of destructed buildings in order to define the 
number of total collapses (i.e. collapses that potentially involve casualties). This value is 
proved to be reasonable when examining the consequences of the 1999 Athens 
earthquake (Pomonis, 2002), while it is in agreement with HAZUS (NIBS, 2004) loss 
estimation approach. The application of the model is performed assuming two different 
times of the earthquake event, namely at 12:00h and 24:00h. 

Table 8.2.  M parameters (M1-M5) used for the casualty loss model in Thessaloniki. 

M parameter Description Values 

M1 Occupancy rate  
(number of people/built m2) 

0.0003 to 1.03        
average=0.025  

M2 Occupancy at time of earthquake based 
on land use  

(people/ built m2) 

0.14 to 0.84  
12.00h: average=0.49  
24.00h: average=0.70 

M3 Percentage of occupants trapped by 
collapse  

(people/ built m2) 

100 yrs: 0.05 to 0.11, average=0.11 
475 yrs: 0.10 to 0.19, average=0.18 
1000 yrs: 0.20 to 0.27, average=0.26 

Injury distribution at collapse  RC Masonry 
Dead or unsavable 0.4 0.1 

Life threatening cases needing 
immediate medical attention 

0.1 
 

0.2 
 

Injury requiring hospital treatment 0.4 0.3 

M4 

Light injury not necessitating 
hospitalization 

0.4 0.4 

M5 Mortality post-collapse 0.70 0.45 

8.1.5 Mitigation options for Thessaloniki 

Three mitigation options are identified for the R/C buildings in the study area of 
Thessaloniki, while their effects on the reduction of potential losses have been examined 
for the three different seismic scenarios. The basic assumption that the retrofitted 
buildings correspond in analytical terms to another building type of the existing ones is 
made. Thus, existing fragility curves are used to perform the vulnerability assessment of 
the retrofitted buildings. The first mitigation scheme assumes the strengthening of ‘low-
code’ (corresponding to the 1959 code) infilled framed buildings by adding seismic 
resisting elements (e.g. shear walls). The second intervention technique includes the 
retrofitting of all ‘low-code’ R/C buildings according to modern seismic codes 
requirements. The third one is similar to the previous as a smaller fraction of the current 
building stock (only ‘low-code’, R/C framed buildings) is assumed to be retrofitted 



 Earthquake Disaster Scenario Predictions and Loss Modelling for Urban Areas 

 

95

according to modern codes. The aforementioned mitigation options are outlined in Table 
8.3. 

Table 8.3.  Mitigation options for R/C buildings in Thessaloniki. 

Mitigation 
option 

Number  and 
percentage of 

buildings in the 
study area 

Building typology 
without mitigation  

Building typology after 
mitigation 

‘low-code’, regularly 
infilled frames  

‘low-code’, regularly infilled 
dual systems  

1 262 (~5.2%) 
‘low-code’, irregularly 

frames (pilotis) 
‘low-code’, irregularly infilled 

dual systems (pilotis) 

‘low-code’, regularly 
infilled frames  

high-code’, regularly infilled 
frames  

‘low-code’, irregularly 
frames (pilotis) 

‘high-code’, irregularly 
frames (pilotis)  

‘low-code’, regularly 
infilled dual systems  

‘high-code’, regularly infilled 
dual systems  

2 3732 (~74.2%) 

‘low-code’, irregularly 
infilled dual systems 

(pilotis) 

‘high-code’, irregularly 
infilled dual systems (pilotis) 

‘low-code’, regularly 
infilled frames  

‘high-code’, regularly infilled 
dual systems  

3 262 (~5.2%) 
‘low-code’, irregularly 

frames (pilotis) 
‘high-code’, irregularly 

infilled dual systems (pilotis) 

8.2 LOSS ESTIMATES FOR EXISTING CITY 

The loss estimation for the existing city (i.e. without any mitigation actions) is performed 
by applying the fragility curves according to the inventory data of each building block of 
the study area for the three different seismic scenarios. Figures 8.6, 8.7 and 8.8 illustrate 
the resulted damage distributions for the three seismic scenarios with mean return period 
of 100, 475 and 1000 years in terms of the predicted three-colour building tagging. 
Relative results are also given in Table 8.4. In addition the damage distribution (% of 
buildings) in each building type is shown in Figures 8.9, 9.10, 9.11 for the three scenarios.  
The correspondence between tag colors and damage states was assumed as follows: 

• Green: DS0 & DS1 (light mostly non-structural damage) 
• Yellow: DS2 & DS3 (repairable structural or non-structural damage) 
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• Red: DS4 & DS5 (severe structural damage that would mostly be demolished) 

It is remarked that the percentage of buildings being in DS5 (destructed buildings) 
increase from 1.5%, to 4.5% and finally to 6.1% for the scenario with mean return period 
of 100, 475 and 1000 years respectively. Moreover, with reference to 8.6m 8.7 and 8.8 it is 
seen that for all three scenarios the most heavily damaged typologies are ‘low-code’ R/C 
buildings with infilled frame systems (2InfFr59, 4InfFr59) and low-rise masonry buildings 
(Stone_Low, Brick_Low). The latter is anticipated, whereas the particularly high 
vulnerability of low-rise old R/C buildings maybe attributed to their location with respect 
to the specific considered scenario and their own (absolute) vulnerability. 

Direct economic losses are of particular importance in several ways (earthquake 
protection and emergency planning, earthquake insurance, etc). The fragility models used 
in the loss methodology originate from repair cost considerations; hence it was relatively 
straightforward to use them for economic loss assessment purposes. Estimated total 
repair costs are given in Table 8.6 (approximate values of 180, 380 and 480 million euros 
for the scenarios of 100, 475 and 1000 years respectively). An average replacement cost of 
700€/m2 is assumed. The distribution of cost is consistent with (and conditional on) the 
distribution of the degree of damage in terms of the total floor area being in each damage 
state per building block.  

Using the methodology proposed from Coburn and Spence, 2002, it seems that the 
critical parameter for human casualties’ estimates is the total number of buildings that 
fully or partially collapse entrapping people. The collapse mode of buildings in Greece as 
well as the percentage of buildings tagged as “red properties” should be taken into 
consideration. The estimated number of casualties corresponds to approximately 77, 228 
and 307 (mean return period 100, 475, 1000 years respectively) “collapsed” (and non-
repairable) buildings. On the contrary, estimates of human casualties for the three 
scenarios seem to have a higher growth rate for an increasing intensity of seismic input 
motion (Table 8.5). This is not surprising, given the fact that higher rates of collapsed 
buildings could hamper significantly the search and rescue activities and disorganize the 
implementation of any disaster management plan.   
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Figure 8.6  Damage distribution for the central part of the existing city - predicted tagging of 

buildings (mean return period Tm=100 years). 
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Figure 8.7. Damage distribution for the central part of the existing city - predicted tagging of 

buildings (mean return period Tm=475 years). 
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Figure 8.8. Damage distribution for the central part of the existing city - predicted tagging of 

buildings (mean return period Tm=1000 years). 
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Figure 8.9. Damage distribution (%) in each building type (mean return period Tm=100 years). 
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Figure 8.10. Damage distribution (%) in each building type (mean return period Tm=475 years). 
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Figure 8.11. Damage distribution (%) in each building type (mean return period Tm=1000 years). 
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8.3 LOSS ESTIMATES AFTER MITIGATION 

Following the mitigations schemes that were previously described (Table 8.3) the loss 
estimation procedure is repeated for the three seismic scenarios. The damage assessment 
of the retrofitted buildings is made based on existing fragility curves; for each mitigation 
action applied it is assumed that the modified buildings correspond to an existing type of 
higher resistance. The spatial distribution of expected building damages in the modified 
city in terms of the predicted three-colour building tagging are illustrated in Figures 8.12, 
8.13 and 8.14 for the scenario with Tm=475 years. 

The damage distributions in absolute values and resulted effects of the assumed 
mitigation options for the three scenarios in terms of total number and percentage of 
buildings in each damage state are presented in Table 8.4. In addition, Table 8.5 provides 
the results of the human casualties’ estimations for the different mitigation actions, along 
with a comparison to the initial estimates when no mitigation is applied. It is mentioned 
that the results are referring to a population of about 100,000 inhabitants and not to the 
whole city. 



LESSLOSS – Risk Mitigation for Earthquakes and Landslides 

 

102 

 
Figure 8.12. Damage distribution for the central part of the city assuming mitigation option 1 (mean 

return period Tm=475 years) 
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Figure 8.13. Damage distribution for the central part of the city assuming mitigation option 2 (mean 

return period Tm=475 years) 
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Figure 8.14. Damage distribution for the central part of the city assuming mitigation option 3 (mean 

return period Tm=475 years) 
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Table 8.4. Damage distribution for the central part of the city: total number and percentage of 
buildings in each damage state with and without mitigation for the three different seismic scenarios. 

 Damage State DS0 DS1 DS2 DS3 DS4 DS5 

Seismic scenario with Tm=100 years 

Total buildings 1053 2508 948 323 124 76 No 
mitigation Percentage (%) 20.93 49.84 18.84 6.42 2.46 1.51 

Total  1074 2545 971 311 98 33 
Percentage (%) 21.34 50.58 19.30 6.18 1.95 0.66 

Mitigation 
option 1 

Change (%) 1.99 1.48 2.43 -3.72 -20.97 -56.58 
Total buildings 1565 2452 840 96 57 22 
Percentage (%) 31.10 48.73 16.69 1.91 1.13 0.44 

Mitigation 
option 2 

Change (%) 48.62 -2.23 -11.39 -70.28 -54.03 -71.05 
Total buildings 1151 2528 940 291 92 30 
Percentage (%) 22.87 50.24 18.68 5.78 1.83 0.60 

Mitigation 
option 3 

Change (%) 9.31 0.80 -0.84 -9.91 -25.81 -60.53 

Seismic scenario with Tm=475 years 

Total buildings 424 1988 1408 699 285 228 No 
mitigation Percentage (%) 8.43 39.51 27.98 13.89 5.66 4.53 

Total buildings 432 2034 1457 709 252 148 

Percentage (%) 8.59 40.42 28.95 14.09 5.01 2.94 
Mitigation 
option 1 

Change (%) 1.89 2.31 3.48 1.43 -11.58 -35.09 

Total buildings 687 2264 1585 258 131 107 

Percentage (%) 13.65 44.99 31.50 5.13 2.60 2.13 
Mitigation 
option 2 

Change (%) 62.03 13.88 12.57 -63.09 -54.04 -53.07 
Total buildings 486 2059 1442 671 238 136 
Percentage (%) 9.66 40.92 28.66 13.33 4.73 2.70 

Mitigation 
option 3 

Change (%) 14.62 3.57 2.41 -4.01 -16.49 -40.35 

Seismic scenario with Tm=1000 years 

Total buildings 307 1742 1470 852 354 307 No 
mitigation Percentage (%) 6.10 34.62 29.21 16.93 7.03 6.10 

Total buildings 312 1783 1527 878 321 212 

Percentage (%) 6.20 35.43 30.35 17.45 6.38 4.21 
Mitigation 
option 1 

Change (%) 1.63 2.35 3.88 3.05 -9.32 -30.94 

Mitigation Total buildings 508 2064 1795 340 169 156 
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 Damage State DS0 DS1 DS2 DS3 DS4 DS5 

Percentage (%) 10.10 41.02 35.67 6.76 3.36 3.10 option 2 
Change (%) 65.47 18.48 22.11 -60.09 -52.26 -49.19 

Total buildings 357 1817 1527 832 304 195 
Percentage (%) 7.09 36.11 30.35 16.53 6.04 3.88 

Mitigation 
option 3 

Change (%) 16.29 4.31 3.88 -2.35 -14.12 -36.48 

 

Table 8.5. Human casualties estimates assuming different mitigation actions and comparison with 
initial estimates for the three seismic scenarios. 
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The costs for different mitigation options include the cost of structural intervention as 
well as a minimum percentage of intervention to existing structural and/or architectural 
elements of the retrofitted buildings (Stylianidis, 2006). They are provided as a percentage 
of the construction cost for new buildings. The latter is assumed to be approximately 
equal to 700€/m2, from which 250€/m2 is assumed to be the cost for the construction of 
the structural system. In the framework of the present study appropriate costs have been 
estimated according to each mitigation option and the height class of the buildings as a 
percentage of the structural system construction cost. In Table 8.6 the total repair costs 
are illustrated assuming different mitigation actions together with the corresponding costs 
before mitigation for the three seismic scenarios. 

Table 8.6. Total repair costs (x103€) estimated assuming different mitigation actions and comparison 
with initial estimates for the three seismic scenarios.  

 No             
mitigation 

Mitigation 
Option 1 

Mitigation 
Option 2 

Mitigation 
Option 3 

Tm=100 years 

R/C buildings 173643 138140 64842 132228 
URM buildings 7105 7105 7105 7105 

TOTAL 180748 145245 71947 139333 

Tm=475 years 

R/C buildings 365349 308970 157721 297201 
URM buildings 16517 16517 16517 16517 

TOTAL 381866 325487 174238 313718 

Tm=1000 years 
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 No             
mitigation 

Mitigation 
Option 1 

Mitigation 
Option 2 

Mitigation 
Option 3 

R/C buildings 457540 392423 209384 376956 
URM buildings 20171 20171 20171 20171 

TOTAL 477711 412594 229556 397128 

8.4 DISCUSSION OF IMPLICATIONS OF MODIFICATION PROGRAMME 

It is pointed out that the aforementioned results refer to the composition of building 
blocks and building typologies present in the central part of the city. In general, based on 
engineering judgment and local experience, it seems that the methodology applied tends 
to overestimate the number of buildings being in the higher damage states. This fact 
maybe attributed to the calculated intensity and the spectral characteristics of the input 
motion, the specific site effects and to the fragility curves used for loss estimates. The 
methodology used for the calculation of buildings being in a certain damage state may 
also contribute in a certain degree to these specific results. 

Comparative study of the three different mitigation options examined, shows that the 
first and third intervention schemes result in similar effects concerning the potential 
physical damage to buildings (expressed in reduction of the number of buildings being in 
the worst damage states), repair costs and estimated human casualties while referring to 
the same number of retrofitted buildings. More specifically, the third mitigation option 
results in slightly better effects but the associated costs are higher. On the other hand, the 
latter seems to have a more realistic “mitigation aim” compared to the first one. The 
second retrofitting alternative gives higher percentage of loss reduction; thus a quite large 
and rather prohibitive number of buildings are involved (74.2% of the total number of 
buildings for which the analysis is performed). Quantified statements about the benefits 
of the three mitigation schemes are provided below. 

If the first mitigation programme is carried out, heavily damaged or “red tagged” 
buildings (estimated to be in DS4 and DS5) will be reduced from 200 (3.97%), 513 
(10.19%) and 661 (13.14%) to 131 (2.60%), 400 (7.95%) and 533 (10.59%) in the 100, 
475 and 1000 year earthquake scenario respectively.  The total casualties will be reduced 
from 4, 4 and 20 to 2, 2 and 12 for the three scenarios respectively. Those estimates refer 
to 5.032 buildings under study with approximately 100.000 inhabitants.  

If the second mitigation programme is carried out heavily damaged buildings will be 
reduced to 79 (1.57%), 238 (4.73%) and 325 (6.46%) and the total casualties to 0, 0 and 5 
for the three scenarios respectively.  
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Finally, if the third mitigation programme is carried out heavily damaged buildings are 
estimated to be reduced to 122 (2.42%), 374 (7.43%) and 499 (9.92%), while the total 
casualties to 0, 0 and 12 for the three scenarios respectively.  

Conclusively, the first and third intervention schemes could be considered as the most 
appropriate for the region examined (central part of the city), where limitations of the 
number of retrofitted buildings exist. The final decision on mitigation action(s) and level 
of intervention should be based on estimated results in relation to the reduction of 
potential losses, costs estimates for different mitigation actions and expected economic 
losses. However the final decision is conditional to the available budget and the desirable 
level of the intervention. Finally, it is pointed out that a rigorous and effective risk 
management plan should be based on the comparative consideration of estimated losses 
through the assessment of the relative effects of different mitigation actions. 

 





 

 

Chapter 9      Loss Modelling for Lisbon 

9.1 CHOICE OF CASE STUDY AREAS AND MITIGATION OPTIONS 

The Metropolitan Area of Lisbon (MAL) was chosen as case study, because it is the 
Portuguese region with the highest demographic and economic concentration (see Table 
9.1). Besides, this region has been affected by severe historical earthquakes, like the 
emblematic 1755 Lisbon earthquake with Mw = 8.5 - 9.0.  

The geographic location of MAL in Portuguese mainland territory is presented in Figure 
9.1 and its global statistics, regarding inhabitants, residential buildings and economics, is 
given in Table 9.1. Characteristics of building stock and their inhabitants were surveyed in 
the Portuguese 2001 Censos (INE, 2003). 

Global Statistics 2001  
(percentages are normalized by totals for Portuguese mainland 

territory) 
Parishes 277 (7%) 

Geotechnical profiles 37 

Number of smallest 
geographic divisions: 

parishes+ geotechnical 
profiles 

405 

Building classes 49 

Residential Buildings 477 170 (16%) 

Dwellings 1 389 236 (29%) 

Population 2 841 067 (29%) 

 

MAL

2001 GDP  ≅ 55×106 € (≅ 47%) 

Figure 9.1 and Table 9.1 – Geographic location of MAL in Portuguese mainland territory and global 
statistics of MAL region 
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In order to recognize how project tools could be used to answer Lisbon city authorities 
needs, regarding seismic risk mitigations policies, LNEC promoted a panel, that took 
place last February 11th, 2005, with the participation of city authorities and the scientific 
community. That panel had two main objectives: (i) to introduce LESSLOSS project and 
(ii) to involve city authorities in identifying likely mitigation actions for consideration in 
LESSLOSS. 

Based on the discussion that took place in this meeting, three main actions to mitigate 
seismic risk in Metropolitan Area of Lisbon (MAL), or in Lisbon town, were identified:  

Action 1. Rehabilitation of old masonry buildings in the MAL zones of highest 
population incidence, as these buildings are more vulnerable than the new buildings 
designed in accordance with the requirements of the present Portuguese seismic code 
(RSA, 1983) and because, according to 2001 Censos (INE, 2003), 22% of MAL 
population live there.  

Action 2. Upgrading of reinforced concrete (RC) buildings constructed before the present 
seismic code, because they are essentially non-ductile and therefore present a significant 
vulnerability. Some of them were constructed after the first modern seismic code 
(RSCCS, 1958), whereas the others have no seismic design. 

Action 3. Improvements in the emergency planning facilities. This action was not 
considered in the project analysis. 

However, although those mitigations actions had been preliminarily identified, it was 
found necessary to have an objective criterion to choose the mitigation actions to 
implement. So, LNECloss 1  tool was applied to a 475 years return period scenario 
earthquake striking MAL, for the reference situation, that is, considering the present 
stock of building and inhabitants at risk, in order to investigate which soil conditions and 
building typologies were responsible for higher losses in this region. 

Two main features were then identified as the main causes of losses: 

1. Severe and complete damage in most masonry buildings cause the highest value 
of human losses.  

2. Damages on RC buildings constructed after 1960, the typologies which have the 
highest exposure in the region, are responsible for the highest values of 

                                                      

1 LNECloss is an automatic seismic scenario loss estimate methodology integrated on a GIS. 
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economic losses. In those buildings an important contribution to the global 
economic loss toll is due to a significant parcel of less severe damages. 

9.1.1 Proposed mitigation action 

Based on the aforementioned issues the proposed mitigation actions include the 
upgrading most masonry buildings and of concrete buildings constructed after the first 
modern seismic code (RSCCS, 1958), mainly those located in soils corresponding to the 
higher number of buildings losses that occur. 

Methodology 

1. To develop new capacity and fragility curves for that class of buildings and 
describe what type of upgrading techniques could be used. To consider a 
possible range of modification techniques. 

2. To update LNECloss tool in order to analyze the implications on risk mitigation 
of seismically upgrading the referred typologies.  

9.2 VULNERABILITY AND INVENTORY DEFINITIONS  

9.2.1 Inventory definition 

In order to inventory the MAL housing stock, and to classify its vulnerability, 3 variables, 
identified in Portuguese Censos 2001, were cross wised, simultaneously: building epoch of 
construction, structural type and number of floors (Table 9.2) 

Table 9.2 – Vulnerability factors identified in Censos 2001. 

Epoch of construction 
or reconstruction 

 
Structural type Number of floors 

Before 1919  RC 1 
1919 - 1945  Masonry with RC floors 2 
1946 - 1960  Masonry without RC floors 3 
1961 -1970  Adobe and rubble stone 4 
1971 - 1980  Others 5 to 7 
1981 - 1985   8 to 15 
1986 - 1990   15 or more 
1991 - 1995     
1996 - 2001     

This analysis of Portuguese Censos 2001 allowed settling accounts for the number of 
residential buildings belonging to each of the 325 typologies (9 epochs of construction 
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per 5 structural types and per 7 classes of number of floors) as well as the correspondent 
dwellings and inhabitants. 

However, in order to emphasise the correlation of losses estimates and building classes 
the original 325 typologies were aggregated in 7 typological classes (see Table 9.3), each 
one subdivided in 7 classes of number of floors, performing a total of 49 typologies. Note 
that LNECloss continues working with the original 325 typologies and the 49 typologies 
were created with the only goal of analyzing the results. 

Table 9.3 – Typological and floor classes. 

Typological classes 

Adobe + rubble stone + others 

Masonry before 1960 

Masonry 1961-85 

Masonry 1986-01 

RC before 1960 

RC 1961-85 

RC 1986-01 

9.2.2 Soil classification 

The influence of soil condition on damage must also be analyzed in order to study the 
most effective mitigation strategy, for building vulnerability reduction. 

LNECloss algorithms take into account site effects due to soil dynamic amplification by 
means of an equivalent stochastic nonlinear one-dimensional ground response analysis of 
stratified soil profile units designed for the region. 

For MAL region there were identified 37 soil columns units. However, as for building 
classification, in order to emphasize the correlation of losses estimates and soil 
classification (section 9.2.1) the original 37 soil column units were lumped in three 
broader soil classes (Rock and Hard, Intermediate and Soft). Once again LNECloss works 
with the original 37 soil column units and the three broader soil classes were only created 
in order to facilitate the analyze of results. These soil classes follows the classes of shear 
wave velocity vs from Portuguese National Eurocode 8 (IPQ, 2000), namely Hard, 
Intermediate and soft soil with shear wave velocities of >350m/s, 200-30m/s and 
<200m/s respectively. (Figure 9.2). 
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N

10 0 10 Kilometers

Soil classes
Hard soil
Interm. soil
Soft soil

 
Figure 9.2 – Geographic distribution of ground type for MAL, according to Portuguese version of 
EC8. 

9.2.3 Geographic distribution of exposure 

Figure 9.3 shows the geographic distribution of elements at risk in MAL. In the left side it 
is mapped the density of buildings and in the right side it is mapped the density of 
inhabitants. 

#Buildings/km^2 #Inhabitants/km^2

10 0 10 Kilometers

N

0 - 50
50 - 100
100 - 250
250 - 500
500 - 1000
1000 - 2000
2000 - 5827

0 - 100
100 - 500
500 - 1000
1000 - 5000
5000 - 10000
10000 - 20000
20000 - 34077

Lisbon

 
Figure 9.3 – Geographic distribution of density of elements at risk in MAL: Left: Residential 
buildings; right: inhabitants. 
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9.2.4 Exposure analysis by typological and soil classes 

Table 9.4 shows the buildings total floor area for each of the 7 typological classes and 3 
ground types, respectively.  

Note that in MAL most people live in RC buildings constructed after 1960 which is, after 
the first modern Portuguese seismic code came into force.  

Table 9.4 shows the percentage of buildings, inhabitants and total floor area (m2x106) of 
RC typological classes largely prevails in MAL region. In particular, between 1960 and 
1985, a clear RC construction boom took place in this region leading to the highest 
incidence of this typological class. However, this typological class corresponds to time 
span of 24 years whereas the next period (1986 till 2001) corresponds to a time interval of 
15 years. So, both time intervals show approximately the same building construction rate. 

Table 9.4 – Buildings total floor area (m2) in MAL per typological class and ground type. 

 Buildings Inhabitants Area 

 Hard 
soil 

Int. 
soil 

Soft 
soil 

Hard 
soil 

Int. 
soil 

Soft 
soil 

Hard 
soil 

Int. 
soil 

Soft 
soil 

Adobe + 
rubble stone 5.3 % 2.1 % 1.6% 2.1 % 1.2 % 0.6 % 3.5 % 1.8 % 1.1 % 

Masonry 
≤ 1960 

7.1% 4.3% 2.1% 3.9 % 3.4 % 1.1 % 5.2 % 4.2 % 1.5 % 

Masonry 
1961-85 10.2 % 5.9 % 2.7% 5.5 % 3.1 % 1.4 % 6.9 % 3.8 % 1.6 % 

Masonry 
1986-01 4.3 % 2.8 % 1.5% 2.1 % 1.3 % 0.7 % 3.1 % 2.1 % 1.0 % 

RC  
≤ 1960 

3.0 % 2.4 % 0.8% 3.7 % 3.4 % 0.8 % 3.6 % 3.4 % 0.9 % 

RC 
1961-85 14.8 % 8.8 % 3.1% 23.3 % 13.2 % 4.3 % 19.0 % 10.9 % 3.6 % 

RC  
1986-01 8.9 % 6.1 % 2.1% 15.0 % 6.9 % 2.8 % 12.7 % 7.4 % 2.8 % 

Total Buildings = 477 170 Inhabitants = 2 841 067 Area [106 m2] = 238 

9.2.5 Vulnerability characterization 

To characterize the vulnerability of MAL building stock it was necessary to define, for 
each one of the 49 identified typologies, a capacity curve and five fragility curves (one by 
damage state) as it will be explained in section 9.3.1. Figure 9.4 shows an example 
of the capacity curves and thresholds of damage states for one of the most vulnerable 
typologies identified in Censos 2001, similar curves are available for each class.  These 
curves characterize the seismic vulnerability of building typologies in MAL, before the 
application of any mitigation action. 
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Figure 9.4 – Example of capacity and fragility curves for structural type «Adobe + rubble stone + 
Others» with 1 floor. 

9.3 LOSS MODELLING FOR LISBON 

9.3.1 Modelling approach 

9.3.1.1 Modelling earthquake scenario 

Since August 2005, when the selection of 50 year and 500 year scenarios for Lisbon 
Metropolitan Area (MAL) were accomplished, the work on seismic action scenarios 
selection and on the assessment of seismic motion achieved several progresses. These 
progresses resulted in adjustments in the magnitude and location of the scenarios initially 
studied by INGV.  However, for the 500 year return period, the revised scenario is still 
located offshore, validating the INGV preliminarily conclusions about the spatial 
variability of the ground shaking in MAL. For the 50 years return period scenario, it was 
found that, due to its reduced magnitude (Figure 9.5), a point source is a valid approach, 
disregarding a more rigorous application of the DSM model (Pacor et al., 2005). 
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More specifically, seismic action scenarios were revised based on modal values derived 
from 3D deaggregation analyses in M and (X, Y) (magnitude and coordinates of bin 
source) (Sousa, 2006) and on the calibration of seismological model (Carvalho et al., 
2005). This model was also updated the low frequencies range, with the introduction of 
the dynamic corner frequency (Motazedian & Atkinson, 2005).  

Following this revised methodology the dominant scenarios found for Lisbon city are 
presented in Figure 9.5. 

RP 

(years) 
M X (km) Y (km)  

50 4.4 146.5 213.6 

475 7.9 67.3 -4.4 

 

  
Figure 9.5 – Seismic scenarios for Lisbon town based on hazard deaggregation, 50 and 475 years 
return period. 

The analysis performed in section 9.3.3 will show that the point source 50 years return 
period scenario will cause no damage in the target area, so only the seismic action for the 
475 return period scenario will be plotted (Figure 9.6) in the bedrock and at surface 

It is clear from detailed analysis that nonlinear soil amplification is quite pronounced, 
particularly in the South margin of Tagus River, showing an amplification of PGA values 
in intermediate soils. These aspects play an important role in damage and loss distribution 
correlation with soil characteristics, as will be referred in the next chapters. 
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Figure 9.6 – Peak Ground Acceleration for bedrock (left) and considering soil columns (right) for 
MAL, for the 475 years return period seismic scenario. 

In order to have a common assessment of the level of ground shaking in the studied 
region the map of the macroseismic intensity estimated for the 475 return period scenario 
(Figure 9.7), converted from PGA values at the surface was plotted. 

  

Figure 9.7 - Macroseismic intensity for MAL region for the 475 years return period scenario 
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9.3.2 Modelling building damages and losses 

LNECloss uses the capacity spectrum method (ATC, 1996), worldwide divulged by the 
HAZUS loss estimation methodology (FEMA & NIBS, 1999), to evaluate the peak 
response for each type of building, called the performance point. The evaluation of peak 
response, for each type of building, relies on the intersection of its capacity curve with the 
seismic spectral demand at the site. The initial elastic response spectrum is reduced to the 
so called demand spectra, taking into account the building degradation when exposed to 
the seismic motion. The procedure is illustrated in Figure 9.8. 

  

Figure 9.8 – Iterative methodology to obtain the peak of building response in the capacity spectrum 
method. 

An innovative technique was introduced in LNECloss taking into account an iterative 
procedure that estimates sequential demand spectra, with increasing effective damping, 
reflecting structure degradation during its cyclic response. While in HAZUS the 
modifications of spectral demand are represented by reduction factors, in LNECloss 
those modifications were performed through an iterative equivalent non-linear stochastic 
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methodology. Progressive building responses are obtained over the demand spectra, till 
the convergence with the median capacity curve is achieved. The performance point, 
obtained this way, corresponds to the peak of the dynamic response of a structure 
idealized by a single degree of freedom system.  

The equivalent non-linear stochastic approach has several advantages relatively to the 
method that relies on graphic intersection and on the reduction factors: (i) it is more 
efficient computationally, because it avoids the successive evaluation of the entire 
reduced demand spectra (ii) it give us an exact evaluation of building peak response, 
instead of an approximate evaluation obtained by interpolation methods, (iii) it doesn’t 
uses empirical relations to reduce demand spectra due to effective damping and (iv) it 
allows the explicit inclusion of the duration of seismic demand on peak response of 
building. 

On the other hand, FEMA & NIBS (1999) methodology presents simple rules to define 
capacity curves in a spectral acceleration (Sa) vs spectral displacement (Sd) domain. Those 
rules are based on parameters related to the design of structures allowing the definition of 
capacity curves by three control points (see Figure 9.9) 

• Design capacity (Dd, Ad) 

• Yield capacity (Dy, Ay) 

• Ultimate capacity (Du, Au). 

Dy Du

Ay

Au

Ultimate 
Capacity

Yield 
Capacity

Sd

Sa

Dd

Ad Design 
Capacity

 
Figure 9.9- Example of a building capacity curve (FEMA & NIBS, 1999). 
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According to FEMA & NIBS (1999) e Kircher et al. (1997) yield and ultimate capacity are 
expressed by:  

Ay = Cs γ / α      Dy = Ay Te
2 / (2π)2 (9.1) 

Au = λ Ay          Du = λ µ Dy (9.2) 

where 

Cs  is the design strength coefficient (fraction of building weight); 

Te  elastic fundamental-mode period of buildings; 

α1  fraction of building weight effective in push over mode;  

γ  overstrength factor relating yield strength to design strength; 

λ  overstrength factor relating ultimate strength to yield strength;  

µ  ductility factor relating ultimate displacement to λ times the yield 
displacement.  

The abscissa of this performance point corresponds to the effect of seismic action, 
measured in terms of spectral displacement. This value conditions the cumulative 
probability distributions that model building fragility. Fragility curves allow the evaluation 
of the probability to exceed the threshold of a given damage state, conditioned by a level 
of seismic ground motion. Five damage states were considered, specific for each 
typology: No damage, Slight, Moderate, Severe and Complete Damage. Approximately 10 to 25% 
of the total area of buildings in Complete Damage state is likely to collapse totally, 
whereas the remaining is expected to collapse partially (see table 9.7).  

The threshold of those damage states are established in terms of global drift for each 
typology, and fragility curves are defined by a lognormal distribution function conditional 
on the maximum response of each building, referred as Sdmax ≡ Sd: 
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D Sd

SdSddD ln1P
β

 (9.3) 

where,  
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Φ is the standard normal cumulative distribution function; 

dSd  is the median of spectral displacement at which the building reaches the threshold 
of damage state d; 

βd is the standard deviation of the natural logarithm of spectral displacement of 
damage state d. 

For structural components of buildings the median, dSd , of the fragility curve for a 
damage state d, is evaluated according to: 

 

hSd dd ⋅α⋅δ= 2  (9.4) 

where, 

δd is the drift ratio at the threshold of structural damage state d; 

α2  is the fraction of building height at location of push over-mode 
displacement;  

h is the typical height of the model building type. 

The evaluation of damages is obtained multiplying the relative frequencies of the 
buildings in each damage state by the number of buildings for each typology in a given 
geographic unit, that is, as Kircher et al. (1997) say, fragility curves are used to distribute 
the set of buildings belonging to a typology by the considered damage states 

With that goal, one differentiate the cumulative distribution function ( )SddDD <P  , 
in order to obtain the discrete probability, that a given typology, is in a given damage 
state, where d = 0 corresponds to the state No Damage and d = ND corresponds to 
Complete Damage:  
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Besides physical damage an integrated impact indicator, the equivalent lost building area, 
was evaluated to model seismic losses in MAL. When converted to monetary values, lost 
building area is an indicator of economic losses due to physical damage in buildings.  

To compute this indicator each damage state was associated to the non-dimensional 
variable Damage Ratio, DRd, defined as the replacement cost of the damages caused by an 
earthquake at a homogeneous group of elements at risk (typologies), measured in 
percentage of the economic value of those elements at the time of the earthquake. The 
damage ratio values purposed by FEMA & NIBS (1999) were used (Table 9.5) 

Table 9.5 – Conversion of physical damage to economical losses. 

Damage state Damage Ratio, DRd (%) 

Slight 2 

Moderate 10 

Severe 50 

Complete 100 

In practice, the translation of damage states into replacement costs conducts to a loss 
index that is, in fact, an expected loss value conditioned by a seismic hazard level, E(L|h). 
This conditional expected loss is obtained averaging the number of buildings that belongs 
to a given damage state and typological class, weighted by the referred damage ratios:  

( ) ( ) ( )∑ ∑ =⋅=⋅⋅⋅=
d v

VDdvT vVhdDDFANehL PPE

   (9.6) 

where,  
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TNe  is the number of buildings in the studied region; 

vA  is the average floor area of the buildings belonging to a typological class, with 
vulnerability v, in the studied region; 

( )hdDD =P  is the damage probability matrix understood as the percentages of 
buildings, belonging to the typological class with vulnerability v, that are in a 
damage state d, if suffered a seismic action with severity h; 

( )vVV =P  is the probability that the buildings belong to a typological class with 
vulnerability v, and it assumed equal to the frequency of that typological classes, in 
the studied region. 

9.3.2.1 Modelling human casualties 

LNECloss computes human casualties taking into account damages in each typology and 
the occupancy per typology, following FEMA & NIBS (1999) methodology, adapted to 
Portuguese situation. The default rate values for injury and death purposed by FEMA & 
NIBS (1999), for each damage state and typology, were calibrated by Portuguese past 
earthquakes (1755, 1909 and 1969) (Sousa, 2006). The calibration process could induce 
some bias, because RC building stock could only be assessed in the low intensity, non-
historical 1969 earthquake (2 deaths). Casualty rates are presented in the annex by injury 
level, typologies and damage states. 
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Table 9.6  – Probability of human losses by injury severity level, typology and damage state (adapted 
from FEMA & NIBS, 1999). 

Injury severity level (%) 

Damage 
state 

Typology 
No. of 
Floors 

Typological class Slight 
Injuries 

Injuries 
requiring 
Hospitali

zation 

Severe 
Injuries 

Deaths 

Slight All All 0.05 0.005 0.0 0.0 

All 
Masonry till 1985 + 

Adobe + rubble stone + 
Others 

0.4 0.04 0.0 0.0 
Moderate 

All RC +  
Masonry 1986-01 0.2 0.02 0.0 0.0 

All 
Masonry till 1985 + 

Adobe + rubble stone + 
Others 

2.0 0.2 0.002 0.002 
Severe 

All RC +  
Masonry 1986-01 1.0 0.1 0.001 0.001 

All 
Masonry till 1985 + 

Adobe + rubble stone + 
Others 

10.0 2.0 0.02 0.02 

Pa
rti

al 
Co

lla
ps

e 

All RC +  
Masonry 1986-01 5.0 1.0 0.01 0.01 

1-2 ATAPS + Others 50.0 10.0 2.0 4.3 
1-2 Masonry + RC 50.0 10.0 2.0 1.0 

Co
m

pl
et

e 

To
ta

l 
Co

lla
ps

e 

+ 2 Masonry + RC 50.0 10.0 2.0 2.0 

Table 9.7 Probability of collapse in the Complete damage state (adapted from FEMA & NIBS, 1999). 

Typological class No of floors (%) 

Adobe + rubble stone + Others All 25.0 
Masonry till 1985 All 25.0 

1-3 25.0 
4-7 20.0 Masonry till 1986-01 
+ 7 15.0 
1-3 20.0 
4-7 15.0 RC 
+ 7 10.0 

Human casualty estimation refers to night time, because the only Portuguese building 
exhaustive inventory is relative to the residential buildings. So one must consider that 
population is at home when the earthquake scenario occur.  

9.3.2.2 Modelling strengthening interventions 

In general terms, any structural system can be improved to resist seismic actions by 
increasing its horizontal force capacity, its stiffness, or its ability to undergo higher 



 Earthquake Disaster Scenario Predictions and Loss Modelling for Urban Areas 

 

127

seismic displacement demands without collapse (improvement of ductile capacity). To a 
certain extent, and according to the type of structural system deemed to be strengthened, 
the different approaches can be applied simultaneously or independently, in what is 
generally referred to as selective intervention techniques (Pinho, 2001) 

In this study, two of those approaches were considered, the improvement of force 
capacity and the improvement of ductile capacity. In practical terms, in LNECLoss code 
these improvement assumptions can be reflected by introducing higher overstrength 
factors in parameters that define the capacity curve and/or by introducing higher median 
values of spectral displacements at which the structural system reaches the threshold of 
damage states. 

In Table 9.8 the upgrading interventions considered are listed. Those interventions will 
affect expressions 9.1 to 9.4 and are expected to decrease the damage estimate. 

The criteria for selecting those values are based on the following three assumptions: 

1. Masonry structures, in general, can more readily be upgraded for seismic 
behavior by increasing their force capacity then by increasing their ductile 
capacity. For that reason increasing ductility only a 1.5 factor for masonry 
structures (see Table 9.8) and strengthening techniques 9 to 12 were only applied 
to RC structures. 

2. It seems not feasible to increase, in a considerable way, the structure force 
capacity without increasing its ductility capacity. For that reason ductile capacity 
starts with the value 1.25 reaching a maximum value of 1.75. These increases are 
common for all damage states thresholds. 

3. Ultimate force capacity Au increase was limited to an extreme upper bound, 
corresponding to a factor of 3 (1.75×1.75). 
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Table 9.8– Parameters for upgrading interventions. 

Improvement of force 
capacity 

Improvement of 
ductile capacity. #

 
St

re
n

gt
h

 

M
as

on
ry

 

R
C

 
λ γ δd 

1   - 25% 25% 
2   - 50% 25% 
3   - 75% 25% 
4   75% 75% 25% 
5   - 25% 50% 
6   - 50% 50% 
7   - 75% 50% 
8   75% 75% 50% 
9   - 25% 75% 
10   - 50% 75% 
11   - 75% 75% 
12   75% 75% 75% 

9.3.3 Loss estimates for existing city 

Figure 9.10 illustrates the maps of loss estimates for the reference situation before 
implementing mitigation actions: Loss estimations are computed in terms of percentage 
of buildings Severely and Completely damaged for RP 50 and 475 years scenarios. Severe 
and Complete Damage in buildings, for the 50 years return period, were estimated as 0% 
for all MAL parishes, therefore the corresponding maps were not plotted. 
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Figure 9.10 - Reference situation: maps of Severely and Completely damaged buildings. Losses for 475 
return period scenario. 
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Figure 9.11 presents the maps of human casualties, for the reference situation, before 
implementing mitigation actions. Human casualties were computed for 50 and 475 years 
return period. As a consequence of 0% of severe and total damage in buildings, there are 
no deaths for the 50 years return period. Being so, map for 50 years return period is not 
presented. 
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Figure 9.11 – Reference situation: maps of human casualties for 475 return period scenario. 

As already mentioned in sections 9.2.1 and 9.2.2, in order to enhance the principal 
features influencing losses estimations, the results are presented in a condensed form. In 
fact, LNECloss algorithms are very detailed in the description of typologies (315) and 
soils conditions (37 soil profile units), thus, results were aggregated in 7 typological 
classes and 3 classes of ground types, in order to investigate which combinations of those 
classes are responsible for higher losses in MAL. This analysis method produces more 
comprehensible results and facilitated the design of mitigation policies. 

The main results for the reference scenarios are presented in Table 9.9. 
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Table 9.9 –Number of Severely (S) and Completely (C) damaged buildings, lost area (106 m2) (A) and 
deaths (D) in each typological and soil classes; in brackets, normalization by loss toll; 475 years return 
period.  

 Hard soil Intermediate soil Soft soil 
 S C A D S C A D S C A D 

Adobe 
+ 

rubble 
stone 

4080 
(8.4) 

2032
(10.9)

1.5 
(7.1) 

54 
(20.0) 

2440
(5.0) 

2379
(12.8)

1.4 
(6.4) 

67 
(24.9)

922 
(1.9) 

610 
(3.3) 

0.5 
(2.2) 

21 
(7.9) 

Masonr
y 

≤ 1960 

3259 
(6.7) 

817 
(4.4) 

1.2 
(5.7) 

10 
(3.7) 

4719
(9.7) 

2691
(14.4)

2.1 
(9.9) 

27 
(9.9) 

864 
(1.8) 

323 
(1.7) 

0.5 
(2.1) 

7 
(2.5) 

Masonr
y 

1961-85 

3946 
(8.1) 

922 
(4.9) 

1.4 
(6.2) 

10 
(3.7) 

6824
(14.1)

4221
(22.6)

2.4 
(11.1)

31 
(11.6)

763 
(1.6) 

310 
(1.7) 

0.3 
(1.5) 

5 
(1.7) 

Masonr
y 

1986-01 

1195 
(2.5) 

196 
(1.1) 

0.5 
(2.3) 

2 
(0.8) 

3065
(6.3) 

1291
(6.9) 

1.1 
(5.1) 

8 
(3.1) 

364 
(0.8) 

129 
(0.7) 

0.2 
(0.8) 

2 
(0.6) 

RC  
≤ 1960 

492 
(1.0) 

37 
(0.2) 

0.3 
(1.5) 

1 
(0.3) 

1660
(3.4) 

396 
(2.1) 

0.7 
(3.4) 

4 
(1.3) 

206 
(0.4) 

35 
(0.2) 

0.2 
(0.7) 

1 
(0.4) 

RC 
1961-85 

1760 
(3.9) 

102 
(0.55)

1.5 
(7.0) 

2 
(0.8) 

5256
(10.8)

1005
(5.4) 

2.1 
(9.7) 

8 
(2.9) 

999 
(2.1) 

196 
(1.1) 

0.6 
(2.9) 

3 
(1.1) 

RC  
1986-01 

1092 
(2.3) 

64 
(0.3) 

1.0 
(4.9) 

1 
(0.5) 

3860
(8.0) 

737 
(4.0) 

1.5 
(7.1) 

5 
(1.7) 

813 
(1.7) 

166 
(0.9) 

0.5 
(2.4) 

2 
(0.7) 

Buildings belonging to the typological class Masonry 1961-85 constructed in an intermediate 
soil show the highest contribution to global damages. Buildings belonging to the 
typological class Masonry before 1960 constructed in an intermediate soil and Adobe and rubble 
stone in hard and intermediate soil classes also contribute significantly to global number of 
Completely damaged buildings. Among RC typological classes the one belonging to 1961-
85 epoch, located in intermediate soils, presents the highest contribution to global number 
of Completely damaged buildings. 

The great majority of buildings with masonry structures are 1 or 2 floors, which have a 
natural frequency similar to the average frequency of intermediate soils. This causes a 
resonance effect, originating the observed dominant damage in intermediate soils.  

The pattern of human losses also reveals that the majority of deaths occur at the Adobe 
and rubble stone typological class. This is a consequence of the death rate assigned to this 
class, which was used in the human loss model.  

In short, concerning 475 years return period scenario, results for physical damage, in 
absolute terms, suggest that the mitigation analysis should be worthwhile if applied to (i) 
Masonry buildings before 1985, located on hard and intermediate soils, (ii) to Masonry buildings 
between 1985 and 2001, located on intermediate soils, (iii) to RC buildings constructed between 
1961 and 2001, located on hard and intermediate soils.  
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For the same return period, results for human loss, in absolute terms, indicate that the 
mitigation analysis should be more valuable if applied to (i) Adobe + rubble stone buildings, 
(ii) to Masonry buildings constructed before 1985, located on intermediate soils, and (iii) to less 
extent to Masonry buildings constructed before 1985 located on hard soils. 

Figure 9.12 shows the deaggregation of economic losses by damage states, for the 475 
return period scenario, after weighting those losses by the damage ratio for each damage 
state. Losses are measured in terms of building lost area for each damage state. 
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Figure 9.12 – Deaggregation of economic losses by damage state for the 475 return period scenario. 
Losses are weighted by Damage Ratios. 

From Figure 9.12 one may conclude that economic losses are dominated by Severely 
damaged buildings. In particular, for RC buildings the economic losses due to buildings 
in Slight and Moderate damage states represent a significant contribution to the global 
economic loss. That’s why a special attention should be given to this type of buildings. 

9.3.4 Loss estimates for modified city 

Figure 9.13 to Figure 9.15 shows three impact indicators, Severely and Completely 
damaged buildings and people killed after applying the 12 upgrading interventions to the 
entire MAL building stock. In these figures “Masonry” aggregates Adobe + rubble stone 
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and all Masonry typological classes and “RC” aggregates RC typological classes for all 
epochs of construction.  
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Figure 9.13 - Percentage of buildings (Mansonry + RC) Severely damaged for the reference situation 
and for the 12 intervention strategies. 
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Figure 9.14 - Percentage of buildings (Mansonry + RC) Completely damaged for the reference situation 
and for the 12 intervention strategies. 
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Figure 9.15 - Percentage of population killed (inhabitants of Masonry and RC buildings) for the 
reference situation and for the 12 intervention strategies. 

Table 9.10 shows similar information to the one presented in Figure 9.13 to Figure 9.15, 
but referred to absolute figures and mitigation benefits. Mitigation benefits are defined as 
the difference between loss estimates after mitigation and loss estimates for the reference 
state, normalized by the loss estimates for the reference state. 

The analysis of these figures and table allows the following conclusions: 

1. The improvement of ductile capacity plays a more important role in mitigation 
benefits that force capacity improvement does.  This is shown by the great 
reduction on losses achieved with strengthening intervention Str #1, whereas a 
further increase of 25% on force capacity (Str #2) merely bring on a slightly 
decrease of losses relatively to Str #1. 

2. The upgrading of masonry buildings results in higher absolute benefits than 
mitigation strategies applied to RC structures. Those benefits are even more 
evident when human mitigation is considered. However, when mitigation is 
analyzed relatively o the reference situation, the mitigation strategies applied to 
RC structures result in higher benefits (except for intervention the Str.#4). 

3. The mitigation action corresponding to the strengthening intervention Str #8 
applied to masonry buildings and to the strengthening intervention Str #12 
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applied to RC buildings is the one with higher mitigation benefits. Obviously, 
this was result of both force and ductile capacity being improved to their 
maximum limit, whereas the costs of interventions were not taken into account. 

Table 9.10 – Impact of strengthening interventions 

Buildings 
Severely damaged

Buildings 
Completely 
damaged 

Population killed 
(night) Improvement  

of capacity 
Mitig. Losses Mitig. Losses Mitig. Losses 

Mitigat. 
action: 
475 
years  
RP  

Force Ductility 

Structure 
type 

(%) (#) (%) (#) (%) (#) 

Masonry 0 32442 0 15921 0 243 
Ref 1 1 

RC 0 16138 0 2739 0 26 

Masonry 25.4 24210 36.7 10080 37.1 153 
Str.#1  1.25 

RC 34.0 10655 48.6 1409 49.1 13 

Masonry 28.7 23123 40.2 9526 40.4 145 
Str.#2  1.50 

RC 37.6 10067 55.9 1208 50.5 13 

Masonry 30.8 22447 42.3 9183 42.4 140 
Str.#3  1.75 

RC 40.2 9645 60.0 1096 50.9 13 

Masonry 49.7 16314 67.0 5255 56.6 105 
Str.#4  3.06 

1.25 

RC 44.4 8974 66.6 915 48.4 14 

Masonry 38.9 19813 53.5 7405 54.1 112 
Str.#5  1.25 

RC 53.9 7446 69.1 846 71.7 7 

Masonry 41.8 18886 56.1 6987 56.6 105 
Str.#6  1.50 

RC 57.1 6920 74.0 711 73.0 7 

Masonry 43.6 18312 57.7 6728 58.1 102 
Str.#7  1.75 

RC 59.3 6563 76.7 639 73.4 7 

Masonry 60.7 12742 76.7 3713 69.0 75 
Str.#8  3.06 

1.50 

RC 62.9 5990 80.9 523 72.0 7 
Str.#9 1.25 RC 66.6 5385 80.4 536 83.6 4 
Str.#10 1.50 RC 69.4 4931 83.8 444 84.4 4 
Str.#11 1.75 RC 71.3 4635 85.5 396 84.8 4 
Str.#12 3.06 

1.75 

RC 74.2 4159 88.4 319 84.4 4 

 

In the absence of a criterion to select the optimal intervention, like a cost-benefit 
criterion, the results will be presented, from now on, considering the entire range of 
interventions. Note that, in the upper range the RC interventions labeled Str #9, Str #10, 
Str #11 and Str #12 should be combined with masonry interventions labeled Str #5, 
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Str.#6, Str #7 and Str #8. In what concerns the geographic distribution of losses two 
kind of maps will be plotted: by (i) loss maps of the intervention Str #1 applied to masonry 
and RC buildings (referred from now on as mitigation option 1) and (ii) loss maps referring to 
the combination of the strengthening intervention Str #8, applied to masonry buildings, with 
the strengthening intervention Str #12, applied to RC buildings, that corresponds to an upper 
bound intervention, but most likely with an excessive cost of implementation (referred from 
now on as mitigation option 2). 

Table 9.11 shows a synthesis of the benefits of applying the range of mitigation actions 
presented in Table 9.11. 

The maximum benefits were obtained applying strengthening intervention Str #8 to 
masonry buildings and strengthening intervention Str #12 to RC buildings (mitigation 
option 1). Losses for masonry and RC buildings were summed, diminished from 
referenced losses and normalized by the latter. The minimum benefits also result from 
summing losses for masonry and RC buildings when strengthening intervention Str #1 is 
applied (mitigation option 2). 

Table 9.11 – Synthesis of the impact of the purposed mitigation actions. 

Impact indicator Before mitigation After Mitigation Mitigation benefits 

Buildings Severely 
damaged 48 580 (10.1%*) 

16 901 (3.5%) 
till 

34 866 (7.3%) 
28% – 65% 

Buildings 
Completely 
damaged 

18 660 (3.9%) 
4 032 (0.8%) 

till 
11 489 (2.4%) 

38% - 78% 

Population killed 269 (0.0095%) 
79 (0.0028%) 

till 
166 (0.0058%) 

38% - 71% 

*The numbers indicated in brackets represent the percentage of losses relatively to total 
MAL buildings or inhabitants. 

Figure 9.16 till Figure 9.19 illustrate the maps of loss estimations for the modified urban 
region after applying two of the proposed mitigation actions to the entire MAL building 
stock. The presented impact indicators are the number of MAL buildings Severely or 
Completely damaged, and the number of killed persons for 475 years return period 
scenario.  
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Figure 9.16 – Modified urban region (Str.#1 for masonry and RC buildings). Left: Severely damaged 
buildings; right Completely damaged buildings. Losses for 475 return period scenario. 
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Figure 9.17 – Modified urban region (Str.#1 for masonry and RC buildings): map of human losses for 
the 475 return period scenario 
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Figure 9.18 – Modified urban region (Str.#8 for masonry and Str. #12 for RC): Left: map of Severely 
damaged buildings; right: map of Completely damaged buildings. Losses for 475 return period 
scenario. 

10 0 10 Kilometers

N

Deaths [#]
0
0 - 1
1 - 2
2 - 3
3 - 4
4 - 5
5 - 6

 
Figure 9.19 – Modified urban region (Str.#8 for masonry and Str. #12 for RC): map of human losses for 
the 475 return period scenario. 

The comparison of maps of Figure 9.16 till Figure 9.19 with the ones plotted for the 
reference situation shows that the chosen mitigation action has predominant effects on 
the South margin of Tagus River, where intermediate soils prevail. 
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9.3.5 Discussion of implications of modification programme 

MAL buildings were aggregated in seven typological classes and three soil classes to 
facilitate the analysis of results.  

Loss estimations in MAL, for a 475 years return period seismic scenario, were computed 
for a reference situation, before implementing mitigation actions. The results, in terms of 
human and economic losses, were analyzed in order to establish which combinations of 
typological and soil classes were responsible for higher losses in MAL (see table 9.12).  

Table 9.12 – Buildings exposure and losses in each typological and soil classes; 475 years return period. 

 Ground 
type 

Adobe 
+ rubb. 
stone 

Mas. ≤ 
1960 

Mas.
1961-85

Mas.
1986-01

RC  
≤ 1960 

RC 
1961-85 

RC  
1986-01 

Hard 5% 7% 10% 4% 3% 15% 9% 
Interm. 2% 4% 6% 3% 2% 9% 6% 

Buildings  
(Tot. = 
477 170) Soft 2% 2% 3% 2% 0.8% 3% 2% 

Hard 54 10 10 2 1 2 1 
Interm. 67 27 31 8 4 8 5 Deaths 

[#] 
Soft 21 7 5 2 1 3 2 
Hard 1.5 1.2 1.4 0.5 0.3 1.5 1.0 

Interm. 1.4 2.1 2.4 1.1 0.7 2.1 1.5 
Lost 
area   

[106 m2] Soft 0.5 0.5 0.3 0.2 0.2 0.6 0.5 
This analysis conducted to the settlement of a criterion to restrict the classes of 
buildings/ soils for which retrofitting would be desirable, that is: if, as a consequence of a 
475 years return period seismic scenario striking MAL, the number of deaths is greater or 
equal to 50, or the lost area is greater than 2×106m2, in a specified typological and soil 
class, then the intervention in such buildings should be considered. In short:  

• economic losses should be more valuable if mitigation actions were applied to (i) 
Masonry buildings before 1960, located on intermediate soils, representing 4% of building 
stock, (ii) to Masonry buildings between 1961 and 1985, located on intermediate soils, 
representing 6% of building stock (iii) to RC buildings constructed between 1961 and 
1985 located on intermediate soils,  representing 9% of building stock;,  

• human loss should be worthwhile, in absolute terms, if mitigation actions were applied 
to Adobe + rubble stone buildings located on hard and intermediate soils, representing 7% 
of building stock  

The higher losses in the above mentioned typological classes are a consequence of: 
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1. The higher seismic vulnerability of some of those typological classes, for 
instances, the Adobe + rubble stone buildings, which cause significant human 
losses.  

2. The higher exposure of some of those typological classes, for instances, RC 
buildings constructed between 1960 and 1985, on intermediate soils, that 
represent approximately 9% of MAL buildings. 

3. The important contribution of less severe physical damages to economic losses, 
mainly in what respects RC buildings. 

4. The influence of ground motion, namely the amplification of PGA values in 
intermediate soils. 

A range of twelve strengthening possibilities were applied to MAL building stock, 
representing reasonable improvements of force and ductile capacity, intending to 
decrease the physical damages on buildings and human losses. The first strengthening 
intervention, labeled mitigation option 1, corresponds to increasing in 25% the reference 
force capacity of both masonry and RC buildings, and in 25% the ductile capacity of both 
masonry and RC buildings (Str. #1). The improvements were limited to an upper bound, 
labeled mitigation option 2, corresponding to increasing (i) in 200% of the force capacity 
of masonry buildings and in 50% the ductile capacity of masonry buildings (Str.# 8), (ii) 
in 200% the force capacity of RC buildings and in 75% the ductile capacity of RC 
buildings (Str. #12).  

To produce a more specific quantified statement about the benefits of the mitigation 
actions, and in the absence of a criterion to select the optimal intervention, like a 
cost-benefit criterion, it was chosen an intermediate mitigation option (option 3) relying 
on expert opinion. This was supported by the experience on retrofitting and testing 
obtained in previous EU projects, like ECOEST2 and ICONS (Carvalho & Coelho, 
2001). Analyzing the range of proposed mitigation actions, one may conclude that: 

1. For masonry structures, increasing in 75% the resistance capacity may naturally 
induce an increase of 75% on the ductile capacity, so such type of interventions may be 
applied simultaneously without additional measures (either specialized strengthening 
techniques or use of new materials). Thus the strengthening strategy Str. #3 may be 
adopted for masonry structures. 

2. In what concerns RC structures an increase of 50% in the global ductility 
capacity is relatively simple to achieve by jacketing (using steel or carbon-fiber) the upper 
and lower ends of columns of the lower stories. This increase of confinement ratio will 
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also promote a slight increase of the global strength of the structure, but if additional 
structural walls are created, (e.g. introducing steel meshes and shotcrete in some masonry 
panels) an increase of 75% in the lateral force resistance capacity will be certainly 
achieved. Thus the strengthening strategy Str. #6 may be adopted for RC structures. 

Table 9.13 synthesizes the reduction of losses and the relative benefits2 resulting from the 
combination of 3 mitigation options applied to 4 buildings/soils classes. 

Table 9.13 – Buildings exposure and losses in each typological and soil classes; 475 years return period 
(bold stands for maximum reduction values of losses). 

  Reduction of Losses [#] (Benefits [%]) 

 Mitigat.  
Option 

Adobe + rubble
stone 

hard+ int. soil

  Masonry ≤ 
1960 

int. soil 

Masonry 
1961-85 
int. soil 

RC 
1961-85  
int. soil 

 1 42 (15%) 10 (4%) 10 (4%) 4 (1%) 
Deaths 3 50 (19%) 10 (4%) 11 (4%) 6 (2%) 

 2 77 (29%) 19 (7%) 24 (9%) 7 (2%) 
Severely  1 1424 (3%) 822 (2%) 1043 (2%) 1767 (4%) 
damaged  3 1924 (4%) 870 (2%) 1110 (2%) 3061 (6%) 
buildings 2 3267 (7%) 2397 (5%) 3879 (8%) 4079 (8%) 

Completely.  1 1529 (8%) 871 (5%) 1313 (7%) 519 (3%) 
damaged  3 1888 (10%) 930 (5%) 1390 (7%) 781 (4%) 
buildings 2 2918 (16%) 2057 (11%) 3402 (18%) 912 (5%) 
Buildings 
intervened -- 7.4% 4.3% 5.9% 8.8% 

Inhab. affected  
by intervention -- 3.3% 3.4% 3.1 13.2% 

 
The analysis of table 9.13 shows that (i) the purpose mitigation actions are more effective, 
in terms of reduction human casualties and completely damaged buildings, if applied to 
Adobe and rubble stone buildings constructed on hard and intermediate soils, (7.4% of the 
building stock and 3.3% of population) and that (ii) the purpose mitigation actions are 
more effective, in terms of severely damaged buildings, if applied to RC buildings 
constructed between 1961 and 1985 on intermediate soils (8.8% of the building stock and 
13.2% of population). 
                                                      

2  Relative mitigation benefits were computed as the difference between loss estimates after 
mitigation and loss estimates for the reference state, normalized by the global loss estimates for 
the reference state. 
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The most important conclusions derived from the obtained results are recapitulated:  

1. In the absence of a criterion to select the optimal intervention, like a cost-benefit 
criterion, the upper bound interventions, both in RC (Str #12) as in masonry (Str #8) 
buildings, correspond to the highest benefits. However, as likely as not these 
interventions will have excessive costs of implementation.  

2. The improvement of ductile capacity plays a more important role in mitigation 
benefits than force capacity improvement does. 

3. The mitigation of masonry buildings results in higher absolute benefits then mitigation 
strategies applied to RC structures, mainly when human mitigation is considered. When 
mitigation is analyzed in relative terms, regarding the reference situation, the mitigation 
strategies applied to RC structures result in higher benefits. 

4. The maps of loss estimation after the implementation of the purposed mitigation 
actions show that the chosen mitigation action has predominant effects on the South 
margin of Tagus River, where intermediate soils prevail. 

5. Considering that our main goal is to reduce human losses, the interventions should be 
applied to Adobe and rubble stone buildings. If the expert opinion based strategy (mitigation 
option 3 or Str. #3), for the 475-year earthquake scenario, is applied to MAL to those 
weak masonry buildings, constructed on hard and intermediate soils and representing 
7.4% of total building stock and 3.3% of its inhabitants, then (i) the casualty will be 
reduced from 269 (0.0095%) to 220 (0.0077%), (ii) the number of severely damaged 
buildings will be reduced from 48 580 (10.1% of global building stock) to 46 656 (9.8%) 
and (iii) the number of completely damaged buildings will be reduced from 18 660 (3.9%) 
to 16 771 (3.5%) (percentage values in brackets are computed in relation to the total 
MAL buildings and inhabitants). Different mitigation options should be considered if the 
reduction of economic losses was also concerned. 

However, 7.4% of building stock still represents a large amount of buildings to be 
upgraded (35 311), so a realistic mitigation programme should be essayed in a smaller 
geographic region, like a MAL parish. The choice of such a pilot parish, as a case study, 
must be based in some criterion, for instance derived from a cost-benefit analysis, which 
was not carried out in this work.  

As a final note, it must be reminded that the entire analysis is attached to the 475 years 
return period seismic scenario, and further conclusions can be derived from risk curves 
covering a wide range of exceedance probabilities, or from an average index of loss. 
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9.4 DISCUSSION AND COMPARISON OF RESULTS 

In this chapter it is presented a summary of the risk mitigation study for Metropolitan 
Area of Lisbon. The showed information was prepared in order to allow comparison of 
results among target areas (Istanbul, Lisbon – MAL – and Thessaloniki). 

Table 9.14 summarizes the characteristics of the seismic scenario, the mitigation actions 
and its benefits. Figure 9.20 shows the geographic distribution of macroseismic intensity 
in the target region and Figure 9.24 till Figure 9.26 show, side by side, the estimated 
losses before and after the consideration of mitigations actions.  

Table 9.14 – Risk mitigation for earthquake in MAL. 

Target area Metropolitan Area of Lisbon 

Number of buildings 477,170 
Approx. Population 3,000,000 

Approx. return period 500 
Magnitude 7.9 

Location of earthquake Marques of Pombal Thrust Fault 
Depth ≈ 10 km- 

Distance from target area (Offshore) 
Range of EMS intensity in the 

target area 
VII – IX 
(MMI) 

Proposed Mitigation Action 
Improve ductile capacity and force capacity (option 3 
) of weak masonry buildings constructed on hard and 

intermediate soils (7.4% of buiding toll) 
% of buildings Severely damaged 10.1 % 

% building Severely damaged WITH 
mitigation  

9.8% 

% of buildings Completely damaged 3.9 % 
% of buildings Completely damaged  

WITH mitigation  3.5% 

No. and % of population killed 
(night) 269 (0.0095 %) 

No. and % of population killed 
WITH mitigation   220 (0.0077%) 
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Figure 9.20 – Macroseismic intensity for MAL region for the 475 years return period scenario 
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Figure 9.21 – Maps of Severely damaged buildings for the 475 return period scenario. 
Left: before mitigation; right: after mitigation (Str. #1 applied to the entire MAL building stock). 
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Figure 9.22 – Maps of Completely damaged buildings for the 475 return period scenario. 
Left: before mitigation; right: after mitigation (Str. #1 applied to the entire MAL building stock). 
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Figure 9.23 – Maps of killed population for the 475 return period scenario. 
Left: before mitigation; right: after mitigation (Str. #1 applied to the entire MAL building stock). 
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Figure 9.24 – Maps of Severely damaged buildings for the 475 return period scenario. 
Left: before mitigation; right: after mitigation (Str. #8 for masonry and Str. #12 for RC - 100% buildings). 
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Figure 9.25 – Maps of Completely damaged buildings for the 475 return period scenario. 
Left: before mitigation; right: after mitigation (Str. #8 for masonry and Str. #12 for RC- 100% buildings). 
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Figure 9.26 – Maps of killed population for the 475 return period scenario. 
Left: before mitigation; right: after mitigation (Str. #8 for masonry and Str. #12 for RC- 100% buildings). 

The range of mitigations actions analyzed imply benefits ranging (i) from 3% to 7% in 
Severely damaged buildings, (ii) from 8% to 16% in Completely damaged buildings, and 
(iii) from 15% to 29% in terms of casualties. The lower bound of this mitigation benefits, 
will have, most likely, excessive costs of implementation. 

Among the proposed mitigation actions a reasonable choice of a mitigation programme, 
corresponds, in the 475-year earthquake scenario, to a reduction in the number of 
severely and completely damaged buildings in MAL, from 67 240 (14 %) to 63 427 (13%), 
and in the number of casualties from 269 (0.0095 %) to 220 (0.0077%). The numbers 
indicated in brackets represent the percentage of losses relatively to total MAL buildings 
or inhabitants. The upgraded buildings stock constitute approximately 7% of MAL 
building toll, where live 3% of its inhabitants. 

 





 

 

Chapter 10     Comparison of Results and Discussion 

10.1  GENERAL 

In all three of the cities, a common general approach to loss modelling has been adopted, 
as set out in Figure 1.1. The common approach includes representing the earthquake 
hazard as a set of alternative ground motion scenarios (typically those with an expected 
recurrence periods of 50 and 500 years), and applying the ground motion over a target 
area of known population and building stock. Losses have then been estimated for this 
target area in terms of levels of building damage and human casualties expected both in 
the existing state of the target area, and after certain selected potential mitigation actions 
have been carried out.  This has been done in each case using building stock 
classifications and vulnerability data specific to the particular city concerned. In each case 
the scope of the proposed mitigation action has been described, and its expected benefit 
in terms of reduced losses and human casualties has been determined. For each city GIS 
maps of the ground motion scenarios, and the expected losses both before and after 
mitigation have been presented. And also, in each case some preliminary assessment of 
uncertainty has been made.  

However, before giving more detail of the methods and results, some differences in data 
and approach should be noted. 

1. The three cities have very different level of seismicity, and therefore face 
earthquake scenarios of quite different severity within the common time 
horizons. This is inevitably reflected in the loss estimates and in the potential for 
mitigation found. 

2. The data availability for the three cities differs greatly, both in terms of the 
location and rupture potential of the faults, building inventory data, and details of 
losses from past earthquakes that can be used to calibrate vulnerability.  

3. The modelling methods used in the three cities are somewhat different – each 
has been developed and applied after proper comparison and validation of its 
preferable model for the city. However, it is believed that as the results of the 
seismic hazard are comparable if not similar with respect to the typology of the 
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building concerned, the final output of this task which is loss estimates will not 
differ considering alternative seismic hazards methods. 

4. The treatment of uncertainty is at present limited to examination of the range of 
possible ground motion scenarios, but there is no systematic approach to 
defining the expected uncertainty in the 500-year loss estimates. Further work on 
this is to be developed. 

This review will examine, in the first part, the differences in the data and methods used; 
and in the second part it will review the mitigation actions proposed and their 
effectiveness.  

10.2  COMPARATIVE REVIEW OF DATA AND METHODS USED 

Reasons for the different choices of study area adopted in the three cities are discussed in 
Chapter 2. For Istanbul two separate scales were used: a city wide analysis and a more 
localised analysis based on a single sub-district with a population of 200,000; for 
Thessaloniki the central area of the city was chosen for analysis (pop19,000); while for 
Lisbon the whole metropolitan area (pop 3 million) was selected.  Reasons for the choice 
of different scales of target area reflected primarily the availability of inventory data, since 
the scope and budget of SP10 did not allow for the collection of new inventory data or 
surveys. Choosing a limited area has the advantage that the inventory data is more 
precise, with knowledge by individual building, leading to a better defined mitigation 
programme and a more reliable result in terms of expected benefits.  On the other hand, 
however, such an action cannot necessarily be extrapolated to give results of validity at 
the scale of city as a whole, which would be more useful for overall mitigation planning. 

For the chosen target areas, ground motion maps were developed in two stages – initially for 
bedrock ground motion, and then, using knowledge of the soil profile and its variation, a 
corresponding surface (or base-of-building) set of ground motion maps was developed. 
Methods both for determining the bedrock motion and for soil modification differed 
among the three cities. For Istanbul as a whole, a grid of 400 x 600 m cells was used, and 
response spectra for each cell were averaged from the 9 scenarios provided by INGV; to 
determine surface motion these were converted to best-fit standard spectra, and then 
modified using amplification coefficients appropriate to the given soil class. For the 
localised (Zeytinburnu) case study, a more detailed site response analysis could be used, 
using a 250m x 250m grid, and based on dynamic soil-column analysis for the known soil 
profile in each cell. For Thessaloniki, the surface ground motion map used was derived 
from previously conducted probabilistic studies (shown to be broadly compatible with 
the INGV scenarios), and from a soil-column response analysis across the central area 
using a dense grid of sites. For Lisbon, ground motion results were derived based on a 



 Earthquake Disaster Scenario Predictions and Loss Modelling for Urban Areas 

 

149

recent set of scenarios (superseding those done earlier in the project by INGV), and 
converted to surface motion at a set of points each representing one parish (the basis of 
building stock inventory determination), using a soil profile determined from a set of 37 
standard profiles, eventually categorised for analysis of results as hard, intermediate or 
soft. The methods used are thus similar in concept, but different in detail. Some of the 
implications of these differences (constituting an important part of the underlying 
knowledge of epistemic uncertainty) will be examined in later phase of the work. 

Inventory data and classification methods used in the three cities were more uniform. In all 
three cases the buildings studies were exclusively, or at least predominantly, residential, 
and the building stock was classified by the principal construction material (masonry or 
reinforced concrete), by the number of storeys, and by the age or period of construction. 
In the Istanbul study, 6 separate RC classes were used; in Thessaloniki 20 classes (4 
masonry and 16 RC) and in Lisbon 49 aggregated classes (28 masonry and 21 RC). 

Vulnerability for each of the building classes was estimated for Istanbul and Lisbon using a 
spectral capacity (ie Level 2) approach, while for Thessaloniki a method which is 
essentially a hybrid between Level 1 and 2 was used in which vulnerability for each class 
was defined in terms of the site peak ground acceleration (PGA). For Istanbul and 
Thessaloniki key vulnerability parameters used are derived from recent earthquake 
experience in the country, affecting a similar building stock; while for Lisbon, where 
recent earthquake damage data is not available, use was made of calculated push-over 
analysis for typical examples of the classes defined. 

The human casualty estimation methods varied somewhat between the three groups, though 
all used loss parameters based on the proportion of buildings in the totally destroyed or 
complete damage class.. The method adopted by Istanbul is one which is similar to 
HAZUS and correlated with the number of damaged buildings but adapted to historical 
data from Turkish earthquakes (Erdik et al, BU-ARC, 2002).  There are 4 injury severity 
levels and 5 building damage states for RC structures given in Table 7.2 which would 
indication 10% of people in collapsed RC structures will die. There are several aspects 
that need to be included in this current model such as time of day of an earthquake, 
injuries related to non-structural factors and lower damage states. The casualty loss 
estimation model for Thessaloniki adopts the Coburn and Spence (2002) methodology 
and therefore utilises the M parameters as mentioned in section 5.2.  A correction factor 
of 0.01 has been applied to collapsed buildings, classifying these as the buildings which 
have the potential to generate injuries, based on historic casualty data from Greek events. 
Since the loss estimation model was only carried out for the central part of Thessaloniki, 
when considering the whole urban area, one should note that the death and injury rates to 
population will not be linear given increased magnitude of damage and SAR constraints. 
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For Lisbon LNEC has adopted the HAZUS methodology for estimating human 
casualties in their model with a calibration to some small local events.  As highlighted in 
section 9.3.1.3, this calibration could be biased as the damages in RC building stock could 
only be assessed in the low intensity 1969 earthquake (2 deaths). 

There are apparent differences between the approaches and parameters used in the 3 loss 
models.  As an example, the proportion of people killed in completely collapsed buildings 
are as follows: for Istanbul, percentage killed is 10%; for Thessaloniki it is 0.01-0.12 %, 
and for Lisbon it is between 1.0-4.3% in totally collapsed buildings (depending on 
typology).  In addition in these loss estimation models, there is little attempt in estimating 
injury distributions in addition to deaths, which could prove a significant burden on the 
National Health Service. The limited amount of available data in this area is reason to 
suggest a high level of uncertainty, though for both Istanbul and Thessaloniki, casualty 
parameters used do derive from some recent earthquake experience. 

10.3  COMPARATIVE REVIEW OF RESULTS 

For all three cities, the mitigation measures considered were the generalised upgrading 
across the target area of a few classes of building considered to be of high vulnerability, as 
well as present in significant numbers. Table 10.1 summarises the main features of the 
results derived for each of the three cities, assuming the 500-year (or 475-year) scenario. 

For the city of Istanbul as a whole, and also for the Zeytinburnu municipality, upgrading 
was assumed to encompass the worst reinforced concrete (RC) buildings, those which 
had shown a high probability of collapse in the 500-year scenario earthquake. These 
constitute about 5 % of the building stock both of Istanbul as a whole and of 
Zeytinburnu municipality.  All were assumed to be retrofitted using either shear wall 
addition or column jacketing techniques, modelled by appropriate adjustments to the 
vulnerability parameters in the loss model. The results of this proposed retrofit 
programme would be spectacular. Under the chosen 500-year ground motion scenario, 
human casualties (deaths) were estimated to be reduced from 4.1% to 0.25% of the 
population, reducing also death toll for the city as a whole from 31,000 to just 2,000. This 
retrofit scheme may, however, be somewhat optimistic as it depends on the correct 
identification (building by building) of all buildings most prone to collapse, and 
completing a thorough retrofit on each. It would also involve very significant upgrading 
costs, though these have not at this stage been costed. 

For Thessaloniki, three separate upgrading options were considered. All of these focussed 
on the older, more vulnerable RC buildings, built to the 1959 code or earlier. Options 1 
and 3 involved selecting the worst 5% of the building stock, and improving them either 
by adding shear walls (Option 1) or by a more serious retrofit up to current code 
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standards (Option 3). A more extensive strategy (Option 2) took all the 74% of building 
stock built to low-code and pre-code standard, and upgrading them to modern standards. 
Substantial though they are, these retrofit strategies did not bring benefits comparable to 
those in Istanbul. Given the occurrence of the 500-year scenario event, under option 3 
the proportion of buildings collapsing was reduced from 4.3% to 2.7%, and expected 
deaths in the study area from 5 to 3. The cost and disruption of a retrofitting programme 
giving a reduction of 40 to 50% to the number of collapsing building and the death toll is 
a parameter which has to be considered by the government, local authorities and 
individuals. 

For Lisbon a series of 12 different upgrading strategies were investigated, applied to both 
masonry and RC structures across the entire Lisbon Metropolitan area, in order to 
determine those giving the maximum benefits. Using the strategies for both masonry and 
RC judged most effective, given the 475-year scenario, the proportion of buildings 
destroyed was found to be reduced from 3.9% to 0.8%, and the numbers of people killed 
to be reduced from 269 to 79. This reduction in losses is substantial, but again would only 
be achieved by means of a substantial retrofitting programme, involving 371,888 
buildings (78% of MAL buildings). 
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Turkey Greece Portugal 

Target area Istanbul 
Metropolitan 

Area 
Zeytinburnu Thessaloniki 

Metropolitan Area of 
Lisbon 

Number of buildings Analysed 737,653 
(4032 cells) 15,738 5,032 477,170 

Approx. Population 10 Million 200,000 100,000 3,000,000 
Approx. return period 500 500 500 500 
Magnitude 7.4 7.4 6.5 7.9 

Location of earthquake Central Marmara 
Fault 

Central Marmara 
Fault North - East of Thessaloniki Marques of Pombal 

Thrust Fault 
Depth 10 km 10 km ≈ 10 km ≈ 10 km- 
Distance from target area 7-50 km 5-10 km 10 – 20 km (Offshore) 
Range of EMS intensity in the 
target area VI- IX IX VII-VIII VII – IX 

(MMI) 

Proposed Mitigation Action 

For the city of Istanbul as a whole, and 
also for the Zeytinburnu locality, 
upgrading to encompass all reinforced 
concrete (RC) buildings, which had 
shown a high probability of collapse in 
the 500-year scenario earthquake. 

Mitigation Option 1 
Strengthening of reinforced concrete buildings 
constructed according to old codes adding 
seismic resisting elements (e.g. shear walls).  
Mitigation Option 2  
Retrofit of all “low-code”, R/C buildings 
constructed according to old codes according to 
modern seismic codes requirements. 
 Mitigation Option 3  
A smaller fraction of the current building stock 
(only “low-code”, R/C framed buildings) is 
assumed to be retrofitted according to modern 
seismic codes requirements.  

Improve ductile capacity 
and force capacity for 
most masonry buildings 
and for RC buildings 
constructed after first 
seismic code 

% of buildings Severely damaged n/a n/a 5.66% 10.1 % 
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Turkey Greece Portugal 

Target area Istanbul 
Metropolitan 

Area 
Zeytinburnu Thessaloniki 

Metropolitan Area of 
Lisbon 

% building Severely damaged 
WITH mitigation 6.35% 0% 

Mitigation Option 1 - 
5.01% 

Mitigation Option 2 
2.60% 

Mitigation Option 3 
4.73% 

Mitigation Option 1
9.9 % 

Mitigation Option 2
9.5 % 

Mitigation Option 3
9.8 % 

% of buildings Completely 
damaged 3.03% 1.03% 4.53% 3.9 % 

% of buildings Completely damaged 
WITH mitigation 0.19% 0% 

Mitigation Option 1 - 
2.94% 

Mitigation Option 2 
2.13% 

Mitigation Option 3 
2.70% 

Mitigation Option 1
3.6 % 

Mitigation Option 2
3.3 % 

Mitigation Option 3
3.5 % 

No. and % of population killed 
(night) 31524/ 0.32% 484/ 0.24% 6 / 0.06‰ 269 (0.0095 %) 

No. and % of population killed 
WITH mitigation 242/ 0.02% 0/ 0% 

Mitigation Option 1 - 
5 / 0.05‰ 

Mitigation Option 2 
2 / 0.02‰ 

Mitigation Option 3 
4 / 0.04‰ 

Mitigation Option 1
227 / 0.0080% 
Mitigation Option 2
192 / (0.0068%) 
Mitigation Option 3
220 / (0.0077%) 
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10.4  HEADLINE STATEMENTS OF THE BENEFITS OF MITIGATION 

 

For Istanbul, the proposed mitigation action would be to upgrade all those 
structures which have the highest propensity to collapse in the event of the 500-
year scenario earthquake (4.1% of all the reinforced concrete frame buildings in 
the city) 

Having carried out this mitigation programme, in the event of the 475-year 
earthquake, there would be a reduction of 94% in the number of collapsed 
buildings, and of 92% in the number of deaths, saving 29,000 lives. 

For Thessaloniki, several possible mitigation actions were considered. One 
proposed mitigation action would be to upgrade the worst 5% of the reinforced 
concrete building stock, the frame buildings built before 1983 up to current 
standards. 

Having carried out this mitigation programme, in the event of the 500-year 
earthquake scenario, there will be a reduction of about 40% in the number of 
buildings destroyed, and people killed. 

For Lisbon the proposed mitigation action is strengthening of the weak 
masonry buildings (adobe + rubble stone) constructed on hard and intermediate 
soils, (numbering 35,311 buildings and representing 7% of MAL building stock). 

Having carried out this mitigation programme, in the event of the 500-year 
earthquake scenario, there will be an expected reduction of between 3% and 7% 
in severely damaged buildings, 8% to 16% in destroyed buildings, and between 
15% to 29% in numbers of deaths. 
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10.5  GENERAL FINAL COMMENTS  

1. Selection of buildings for retrofit would in reality be carried out in two phases: a 
Level 1 analysis would identify the classes of building for which retrofitting 
would be desirable. Specific target buildings for retrofit would be identified only 
after a more detailed (Level 2) building-by-building study of vulnerability 
characteristics. This would enable available funds for retrofitting to be more 
effectively targeted, and improve the economic justification for taking such 
mitigation actions. 

2. Although retrofitting schemes proposed have not been costed, it is probable 
(based on previous studies) that in none of the three cities would such upgrading 
be justified in terms of the economic benefit of reduction in future damage alone 
; thus they are unlikely to be fundable through loans or insurance premiums. But 
under a more complete analysis taking into consideration life loss, injury and 
disruption costs, they might prove to be beneficial. These cost-benefit studies, 
not part of SP10, should be done as a follow-up project. 

3. Uncertainty in ground motion and damage is high, but the benefit in terms of 
proportional reduction in losses may not be much affected by uncertainties in 
absolute values.  

4. One of the causes of uncertainty is in the effectiveness of specific potential 
upgrading strategies in reducing vulnerability. Assumptions are made based on 
limited data, mostly from calculations and laboratory studies, since few upgraded 
buildings have been subjected to test in actual earthquakes. This is a subject 
requiring more research, and the results of the laboratory studies being 
conducted in SP7, not yet available, could be of great value 
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LIST OF SYMBOLS AND ABBREVIATIONS 

RP Return Period 
B111 Reinforced Concrete Frame, 1-4 stories-low rise, build pre 1980 buildings 
B112 Reinforced Concrete Frame, 1-4 stories-low rise, build post 1980 buildings 
B121 Reinforced Concrete Frame, 5-8 stories-mid rise, build pre 1980 buildings 
B122 Reinforced Concrete Frame, 5-8 stories-mid rise, build post 1980 buildings 
B131 Reinforced Concrete Frame, >9 stories-high rise, build pre 1980 buildings 
B132 Reinforced Concrete Frame, >9 stories-high rise, build post 1980 buildings 
N/ D0 No damage 
S/ D1-D2 Slight damage 
M/ D2-D3 Moderate damage 
E/ D4 Extensive damage 
C/ D5 Collapsed 
Cs design strength coefficient (fraction of building weight)     

Te 
elastic fundamental-mode period of buildings 

α1 fraction of building weight effective in push over mode 

γ overstrength factor relating yield strength to design strength 
λ overstrength factor relating ultimate strength to yield strength 
µ ductility factor relating ultimate displacement to λ times the yield 

displacement. 
Φ standard normal cumulative distribution function 

dSd  the median of spectral displacement at which the building reaches the 
threshold of damage state d 

βd 
is the standard deviation of the natural logarithm of spectral displacement of 
damage state d 

δd 
is the drift ratio at the threshold of structural damage state d 

α2 is the fraction of building height at location of push over-mode displacement 

h typical height of the model building type 
(Dd, Ad) Design capacity  
(Dy, Ay) Yield capacity 
(Du, Au) Ultimate capacity  

 

 




