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This is how we started… 



                    Exposure Modelling 
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And the journey begins… 



 South America 
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93%

Commercial Industrial Residential

21%

11%

68%

78.9 M
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Repl. Cost

Exposed population (million) 
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Guayaquil
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Low hazard
(PGA < 0.05)

Moderate hazard
(0.10 < PGA < 0.15)

High hazard
(PGA > 0.20)

• Bogotá 

• Quito 

• Lima 

• Santiago 

• Caracas 

• 
Buenos Aires 

São Paulo • 

Rio de Janeiro 
• 





“This time for Africa” 
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  North and Sub-Saharan Africa 

Accra • 

Dakar • 

• 
Lagos 

Conakry • 

• Bamako 

• Kinshasa 

Luanda • 

Johannesburg 
• 

• Dar es Salaam 

• Nairobi 

Kampala 
• 

Addis Ababa • 









Next stop: United States 



Sources for the building inventory 

•  Hazus 4.1 General Building Stock (GBS) database, Census Tract Level 

•  Hazus 4.2 Dasymetric Building Inventory, Census Block Level 

•  USACE National Structure Inventory (NSI), Building Level Exposure 

•  Federal Emergency Management Agency. (2017). FEMA P-366: Hazus® 
Estimated Annualized Earthquake Losses for the United States. 

California exposure (value) 

80% in wood-frame structures 
6% in reinforced-masonry structures 

‘High-Code’ and ‘Moderate-Code’ 

New York exposure (value) 

50% in wood-frame structures 
20% in unreinforced-masonry 

‘Pre-Code’ and ‘Low-Code’ 

  United States 
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93%

Commercial Industrial Residential

20%

6%

74%

111.4 M
Buildings

55.4 T USD
Repl. Cost

•  Seattle 

•  San Francisco 

•  Los Angeles 

Chicago • 

Miami • 

Atlanta • 

•  Denver 

•  Vancouver 

Toronto • 

•  El Paso 

 • 
Salt Lake City 

•  Houston 

•  Dallas 

•  Calgary 



Next stop: Central America and the Caribbean 



  Central America and the Caribbean 



Percentage of informal construction 

84% 78% 75% 
67% 65% 58% 57% 

47% 
39% 

20% 20% 
12% 

•  Mexico City 

Guatemala City • 

San Salvador • 

Mérida • 
Cancún • 

Managua • 

San José • 

•  Tegucigalpa 

Panama 
City 

• 

Medellín • 

Bogotá • 





Next stop: Middle East 



Arabic Peninsula and Middle East 



• Beirut  • Baghdad 

 • Jeddah 

 • Sana'a 

 • 
Riyadh 

 • 
Tehran 

• Dubai 



Next stop: Europe and South Asia 



   Europe 



4% 3% 

93% 

Commercial Industrial Residential 

21% 

16% 63% 

143.4 M 
Buildings 

60.5 T USD 
Repl. Cost 

Residential construction cost (USD/m2) 

340 
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Copenhagen 

Stockholm 

Oslo 

London • 

Paris • 

Amsterdam 
• • Berlin 
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• Tunis 

• Rome • Barcelona • Madrid 
• Lisbon 





Slides	for	India	– working	group	
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   India Risk Model 



‘Dhajji-Dewari’ 
Timber mixed with soft-earth masonry 



‘Kath-Kunni’ 
Mixed stone and timber 



‘Ikra’ Construction 
Bamboo frame houses 



High-Density Slum Dwellings 
Mumbai 



Next stop: Eastern and South-East Asia 



   South-East Asia 
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Occupants per dwelling 

• Bangkok 

• Kuala Lumpur 

• Singapore 

Medan • 

•  Jakarta 

• 
Hong Kong 



10%

85%

Commercial Industrial Residential

13%

8%

79%

249.1 M
Buildings

41.7 T USD
Repl. Cost

Mainland China 
•  Administrative Level 4 – Townships 

•  42,820 Exposure Locations 

•  46 Building Classes 

Japan 
•  Administrative Level 3 – Wards 

•  1,879 Exposure Locations 

•  128 Building Classes 

Taiwan 
•  Administrative Level 3 – Townships 

•  368 Exposure Locations 

•  32 Building Classes 

Macau 
•  Administrative Level 2 

•  28 Exposure Locations 

•  13 Building Classes 

Hong Kong 
•  Building Level Inventory 

•  25,567 Locations 

•  39 Building Classes 

South Korea 
•  Administrative Level 2 – Municipal 

•  250 Exposure Locations 

•  60 Building Classes 

• Taipei 

• Beijing 
• 

Tokyo Osaka • 

Guangzhou • 
• Hong Kong 





Last stop: Partners! 



Approach –  
Exposure Geoscience Australia – Risk Modelling in Perth 



GNS Science – National Seismic Risk Model 





1% 

24% 

7% 

12% 
10% 

12% 

34% 

Adobe	 Bamboo/Timber	 Brick	and	concrete	(flexible)	
Brick	and	concrete	(rigid)	 Nonengineeried	reinforced	concrete	 Brick	with	mud	mortar		
Stone	with	mud	mortar	 Robinson	et	at	(2018)	

National Society Earthquake Technology- Nepal 



Natural Resources Canada 



A Uniform Global Exposure Dataset 



India

China

USA

Indonesia

Japan

Brazil

Russia

Mexico

Bangladesh
Pakistan

Philippines
Vietnam

Nigeria
Germany

Thailand

1383.05 Million

67%

33%

Rest of  
the world 

Top 15 countries 

 933.4 Million 

 Total buildings: 1,383 Million 

How many buildings do we have and where? 



USA

China
Japan

Germany

France

United Kingdom

Australia

India

Indonesia
Canada

Italy
Mexico

Russia
Spain

Turkey

75%

25%

Rest of  
the world 

Top 15 countries 

156,585 Trillion USD 

 Total buildings: 207,616 Trillion USD 

How much value do we have and where? 



Global Seismic Hazard Map 

How much are we exposed to seismic hazard? 



How much are we exposed to seismic hazard? 
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Percentage	of	world	population	exposed	to	different	levels	of	seismic	hazard	
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How much are we exposed to seismic hazard? 
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Percentage	of	world	population	exposed	to	different	levels	of	seismic	hazard	

Quito,	Ecuador	

Jakarta,	Indonesia	

Algiers,	Algeria	

Vienna,	Austria	

Addis	Ababa,	Ethiopia	
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Percentage	of	world	population	exposed	to	different	levels	of	seismic	hazard	

68% in perceivable seismic hazard 

How much are we exposed to seismic hazard? 
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Percentage	of	world	population	exposed	to	different	levels	of	seismic	hazard	

68% in perceivable seismic hazard 

42% in regions where design 
regulations are critical   

How much are we exposed to seismic hazard? 
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Percentage	of	world	population	exposed	to	different	levels	of	seismic	hazard	

68% in perceivable seismic hazard 

42% in regions where design 
regulations are critical   

23% in moderate to high seismic hazard 

How much are we exposed to seismic hazard? 
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                     Seismic Vulnerability 



Classifying building vulnerability globally 

19% 

6% 

25% 
2% 

44% 

3% 1% 
Reinforced Concrete Low Rise 
Reinforced Concrete, Mid Rise 
Reinforced Masonry, Low Rise 
Reinforced Masonry, Mid Rise 
Unreinforced Masonry, Low Rise 
Unreinforced Masonry, Mid Rise 
Steel Construction 

Building classification for Italy (residential) 
(by Dr. Elena Speranza) 
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Evaluation of the seismic risk of the unreinforced
masonry building stock in Antioquia, Colombia

Ana B. Acevedo1 • Juan D. Jaramillo1 • Catalina Yepes2 •

Vitor Silva2 • Fernando A. Osorio1 • Mabé Villar2

Received: 17 December 2015 / Accepted: 25 October 2016
! Springer Science+Business Media Dordrecht 2016

Abstract This paper presents the development of an exposure model for the residential
building stock in Antioquia (the second most populated Department of Colombia), the
development of fragility functions for unreinforced masonry buildings, and estimation of
building damage for two possible seismic events. Both the exposure and fragility models
are publically available and can be used to calculate damage and losses due to single
events, or probabilistic seismic hazard. The exposure model includes information regarding
the total built-up area, number of buildings and inhabitants, building class, and replace-
ment cost. The methodology used for the creation of the exposure model was based on
available cadastral information, survey data, and expert judgment. Fragility functions were
derived using nonlinear time history analyses on single-degree-of-freedom oscillators, for
unreinforced masonry structures which represent more than 60% of the building stock in
the region. Both seismic scenarios indicate that an event corresponding to a return period
of 500 years located within the region of interest would cause slight or moderate damage to
nearly 95 thousand structures, and about 32 thousand would have severe damage or col-
lapse. This study was developed as part of the South America Risk Assessment project,
supported by the Global Earthquake Model and SwissRe Foundation.

Keywords Exposure ! Seismic risk ! Fragility functions ! Masonry buildings

1 Introduction

Over the last four decades, two main seismic events have affected Colombia: the mag-
nitude 6.2 (Mw) Armenia earthquake of 1999 and the magnitude 5.0 (Mb) Popayán
earthquake of 1983. Both events caused considerable human losses with 1,185 and 287

& Ana B. Acevedo
aaceved14@eafit.edu.co

1 Department of Civil Engineering, Universidad EAFIT, Medellı́n, Colombia

2 GEM Foundation, Pavia, Italy
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Displacement-Based Fragility Functions
for Low- and Mid-rise Ordinary
Concrete Buildings

Sinan Akkar,a… Haluk Sucuoğlu,a… M.EERI, and Ahmet Yakuta…

Fragility functions are determined for low- and mid-rise ordinary concrete
buildings, which constitute the most vulnerable construction type in Turkey as
well as several other countries prone to earthquakes. A hybrid approach is
employed where building capacities are obtained from field data and their
dynamic responses are calculated by response history analyses. Field data
consists of 32 sample buildings representing the general characteristics of two-
to five-story substandard reinforced concrete buildings in Turkey. Lateral
stiffness, strength, and deformation capacities of the sample buildings are
determined by pushover analyses conducted in two principal directions.
Uncertainties in lateral stiffness, strength, and damage limit states are
expressed by using statistical distributions. The inelastic dynamic structural
characteristics of the buildings investigated are represented by a family of
equivalent single-degree-of-freedom systems and their seismic deformation
demands are calculated under 82 ground-motion records. Peak ground velocity
!PGV" is selected as the measure of seismic intensity since maximum inelastic
displacements are better correlated with PGV than peak ground acceleration
!PGA". Fragility functions are derived separately for different number of
stories, which is a prominent parameter influencing the vulnerability of
existing substandard concrete buildings. !DOI: 10.1193/1.2084232"

INTRODUCTION

Fragility functions are the essential tools for seismic loss estimation in built environ-
ments. They represent the probability of exceeding a damage limit state for a given
structure type subjected to a seismic excitation !Shinozuka et al. 1999". The damage
limit states in fragilities may be defined as global drift ratio !maximum roof drift nor-
malized by the building height", interstory drift ratio !maximum lateral displacement be-
tween two consecutive stories normalized by the story height", story shear force, etc. In
this study, the global drift is chosen to identify the damage limit states, as the selected
buildings do not possess soft stories that may invoke excessive local drift demands. The
ground motion intensities in the fragility functions can be spectral quantities, peak
ground motion values, modified Mercalli scale, etc. In this respect, fragility curves in-
volve uncertainties associated with structural capacity, damage limit-state definition, and
record-to-record variability of ground motion intensity.

a" Earthquake Engineering Research Center, Department of Civil Engineering, Middle East Technical University,
06531 Ankara, Turkey
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ADVANTAGES AND LIMITATIONS OF ADAPTIVE AND 
NON-ADAPTIVE FORCE-BASED PUSHOVER PROCEDURES 

S.  ANTONIOU 
Department of Civil Engzneering, Imperial College London 

Imperial College Road, London S W7 2B U, UK 

R. PINHO 
European School for Advanced Studies in Reduction of Seismic Risk (ROSE School) 

Collegio Alessandm Volta, Vza F e m t a  17, 27100 Pavia, Italy 

Received 25 November 2002 
Revised 30 October 2003 

Accepted 30 October 2003 

The recent drive for use of performance-based methodologies in design and assessment 
of structures in seismic areas has significantly increased the demand for the development 
of reliable nonlinear inelastic static pushover analysis tools. As a result, the recent years 
have witnessed the introduction of the so-called adaptive pushover methods, which, 
unlike their conventional pushover counterparts, feature the ability to account for the 
effect that higher modes of vibration and progressive stiffness degradation might have 
on the distribution of seismic storey forces. In this paper, the accuracy of these force- 
based adaptive pushover methods in predicting the horizontal capacity of reinforced 
concrete buildings is explored, through comparison with results from a large number 
of nonlinear time-history dynamic analyses. It is concluded that, despite its apparent 
conceptual superiority, current force-based adaptive pushover features a relatively minor 
advantage over its traditional non-adaptive equivalent, particularly in what concerns the 
estimation of deformation patterns of buildings, which are poorly predicted by both types 
of analysis. 

Keywords: Force-based adaptive pushover; incremental dynamic analysis; FAP. 

1. Introduction 

Under the pressure of recent developments, seismic codes have begun to explicitly 
require the identification of sources of inelasticity in structural response, together . 
with the quantification of their energy absorption capacity. Ideally, such perfor- 
mance evaluation of structural systems subjected to earthquake loading should be 
based on nonlinear time history analysis:However, the intrinsic complexity and the 
additional computational effort required by the latter (especially if a fibre-based 
distributed inelasticity modelling philosophy is adopted) do not justify its use in 
ordinary engineering applications. 

As a result of the above, nonlinear static, as opposed to dynamic, pushover 
analysis has been gaining significance over recent years as a tool for assessment and 
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Detailed assessment of structural characteristics of Turkish RC building
stock for loss assessment models

İ. Engin Bala, Helen Crowleyb, Rui Pinhoc,!, F. Gülten Gülayd
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Abstract

Assessment of the seismic vulnerability of the building stock in the earthquake-prone Marmara region of Turkey is of growing
importance since such information is needed for reliable estimation of the losses that possible future earthquakes are likely to induce. The
outcome of such loss assessment exercises can be used in planning of urban/regional-scale earthquake protection strategies; this is a
priority in Turkey, particularly following the destructive earthquakes of 1999. Considering the size of the building inventory, Istanbul
and its surrounding area is a case for which it is not easy to determine the structural properties and characteristics of the building stock.
In this paper, geometrical, functional and material properties of the building stock in the northern Marmara Region, particularly around
Istanbul, have been investigated and evaluated for use in loss estimation models and other types of statistic- or probability-based studies.
In order to do that, the existing reinforced concrete (RC) stock has been classified as ‘compliant’ or ‘non-compliant’ buildings, dual
(frame-wall) or frame structures and emergent or embedded-beam systems. In addition to the statistical parameters such as mean values,
standard deviations, etc., probability density functions and their goodness-of-fit have also been investigated for all types of parameters.
Functionalities such as purpose of use and floor area properties have been defined. Concrete properties of existing and recently
constructed buildings and also characteristics of 220 and 420MPa types of steel have been documented. Finally, the financial effects of
retrofitting operations and damage repair have been investigated.
r 2007 Elsevier Ltd. All rights reserved.

Keywords: Building stock; Northern Marmara; Structural characteristics; Earthquake loss assessment

1. Introduction

The principal aim of this paper is to provide statistical
information on the Turkish building stock for use in
risk and loss assessment models, in particular, for those
concerning the Northern Marmara Region which consists
of the provinces of Istanbul, Kocaeli and Tekirdag (Fig. 1),
where an estimated 11.85 million people (19% of the
population of whole Turkey) live within 150 municipality
borders and a devastating earthquake of magnitude 7.0–7.4
is expected in the near future. Since the 1999 Kocaeli
earthquake [1], Turkey has been the focus of much interest

with regards to risk assessment. This earthquake caused
extensive damage and collapse to hundreds of thousands of
buildings (highlighting the high vulnerability of the
building stock) and caused estimated monetary losses to
the industrial sector of $1.1–4.5 billion [2]. The economic
impact of the Kocaeli earthquake, combined with the high
levels of hazard, exposure and building vulnerability in
many areas of Turkey, led the government to form the
Turkish Catastrophe Insurance Pool (TCIP—in Turkish,
TCIP is translated as DASK). Prior to that, the govern-
ment had a legal liability to cover the cost of reconstructing
all buildings following an earthquake; however, with the
TCIP in place, the risk was privatised through offering
insurance to homeowners and then exporting large parts of
the risk to the world’s reinsurance markets (see e.g. [3]).

ARTICLE IN PRESS

www.elsevier.com/locate/soildyn

0267-7261/$ - see front matter r 2007 Elsevier Ltd. All rights reserved.
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Development of an earthquake loss model for Turkish catastrophe
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Abstract

Following the devastating Kocaeli and Düzce earthquakes of August and November 1999, the Turkish Government
was faced with an enormous financial burden as a result of its statutory obligation to cover the full costs of
rebuilding. In order to offset this liability in the future – which has had an adverse effect on the Government’s
economic programme – a compulsory earthquake insurance scheme has been introduced for all householders in
Turkey. A key element for successful implementation of this novel and ambitious programme is the transfer of
the earthquake risk absorbed by the Turkish Catastrophe Insurance Pool (TCIP) to the international reinsurance
market. An earthquake loss model, described in this paper, has been developed for the TCIP to serve as a basis
for the decision-making process with respect to the pricing of its insurance policy, risk control, the purchase of
reinsurance, and the transfer of seismic risk. Sample results of the loss calculations are presented.

Introduction

Turkey is situated in one of the most seismically active
regions of the world with a large part of the country
at significant risk of major catastrophe. Historically,
the Government of Turkey has had a legal liability
to fund the costs of reconstructing buildings after
an earthquake. This exposure of the Government to
catastrophe risk has significant adverse implications
for the Government’s budget, financing and its anti-
inflationary targets. In 1999 the Government of Turkey
launched an ambitious project to tackle this national
catastrophe risk by firstly privatising the risk through
offering insurance via the Turkish Catastrophe Insur-
ance Pool (TCIP1) and then exporting large parts of
the risk to the world’s reinsurance markets. Funded by
the World Bank, this programme became part of a lar-
ger initiative known as the Turkish Emergency Flood
and Earthquake Recovery Programme (TEFER).

1 In Turkish, TCIP is known as DASK

A consulting project undertaken by a consortium
led by Willis formed an essential part of the work
to establish TCIP and reinsure the risk. This project
had four elements: (i) the development of advanced
earthquake and flood risk models to quantify the risks
facing the nation, (ii) the development of an economic
model to establish the impact on the Turkish economy
of catastrophe risk and the benefits of insuring it, (iii)
the design of an insurance pool to carry the risk and
(iv) research into mitigation measures to reduce the
risk in the future.

This paper deals with the development of the earth-
quake risk model for the TEFER project. This was the
basic building block of the entire project as without
accurate risk quantification for the whole of Turkey
other elements of the project were not feasible. The
challenge set by the client, the Director General of
Insurance of the Prime Ministry in Ankara, was to
develop and deliver a state-of-the-art catastrophe risk

Engineering Structures 30 (2008) 804–820
www.elsevier.com/locate/engstruct

Simplified pushover-based vulnerability analysis for large-scale assessment
of RC buildings
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Abstract

Analytical methods for large-scale assessment of the seismic vulnerability of RC buildings have only recently become feasible due to a
combination of advancements in the field of seismic hazard assessment and structural response analysis. In many of the original procedures to
define analytical vulnerability curves, nonlinear time-history analyses of prototype structures with randomly varying structural characteristics were
carried out for a set of representative earthquakes. However, running nonlinear dynamic analyses for a large number of structures is extremely
time consuming and alternative methods have thus been sought. The method presented in this paper defines the nonlinear behaviour of a random
population of buildings through a simplified pushover and displacement-based procedure. Displacement capacity limits are identified on the
pushover curve and these limits are compared with the displacement demand from a response spectrum for each building in the random population,
thus leading to the generation of vulnerability curves.
c� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Seismic vulnerability is a measure of how prone a building
is to damage for a given severity of the ground shaking. The
aim of much of the research work dedicated to this subject is to
give a mathematical formulation to the vulnerability. The two
most largely utilised formulations to describe the vulnerability
are damage probability matrices and vulnerability curves. A
vulnerability curve describes the conditional probability of
exceeding a certain damage limit state in terms of the selected
intensity of the ground motion. The same probability in discrete
terms is a component of a damage probability matrix. The
conditional probability is expressed as

Pik = P[D � di | S = sk] (1)

where Pik is the probability that the damage state di will be
achieved or exceeded for a ground motion severity sk , and D

⇤ Corresponding author.
E-mail address: barbara.borzi@eucentre.it (B. Borzi).

and S are the variables representing the damage and the severity
of the input motion, respectively.

In this paper a Simplified Pushover-Based Earthquake
Loss Assessment method (SP-BELA) for the definition of
vulnerability curves is presented. Conceptually, the method
may be applied to any structural typology; however, herein it
is employed to study the vulnerability of Reinforced Concrete
(RC) bare frame buildings not designed for seismic loads,
representative of the “as built” in Mediterranean countries.
The effect of infill walls will be the subject of further
developments of the methodology. The input motion severity is
described through the peak ground acceleration (PGA) as this
is consistent with the parameter commonly used for seismic
zonation in current design codes. Displacement response
spectra anchored to the PGA are also utilised, thus allowing
the relationship between the frequency content of the ground
motion and the period of vibration of different classes of RC
buildings to be taken into account.

This paper begins with a brief literature review of analytical
methods available for vulnerability assessment in order to
locate the proposed methodology within the framework of

0141-0296/$ - see front matter c� 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.engstruct.2007.05.021

SIMPLIFIED PUSHOVER-BASED EARTHQUAKE LOSS
ASSESSMENT (SP-BELA) METHOD FOR MASONRY
BUILDINGS

Barbara Borzi,1 Helen Crowley,1 and Rui Pinho2
1European Centre for Training and Research in Earthquake Engineering
(EUCENTRE), Pavia, Italy
2Università degli Studi di Pavia, Pavia, Italy

A simplified pushover-based earthquake loss assessment (SP-BELA) method, which was
originally developed to study the vulnerability of reinforced concrete buildings has been
adapted in the current work to produce vulnerability curves for unreinforced masonry
buildings. The main target of the current article is to adopt various components of existing
methodologies, which define the capacity of masonry buildings, within the probabilistic
framework of SP-BELA to generate vulnerability curves. In the current application, the
curves have been calibrated using data related to the structural characteristics of Italian
buildings. Although more data on the characteristics of masonry buildings is necessary to
increase the confidence in the results presented herein, a validation exercise has nevertheless
been carried out to compare the vulnerability curves with independent studies related to the
vulnerability of masonry buildings. These preliminary results show that there is a good
agreement between the vulnerability predictions, especially for those which apply to the
Italian building stock.

KEY WORDS: loss estimation, simplified pushover, vulnerability assessment,
vulnerability curves, masonry buildings

1. INTRODUCTION

Seismic vulnerability is a measure of how prone a building is to damage for a
given severity of the ground shaking. The aim of much of the research work dedicated
to this subject is to give amathematical formulation to the vulnerability. The twomost
largely utilized formulations to describe the vulnerability are: damage probability
matrices and vulnerability curves. A curve that describes the conditional probability
of being in or exceeding a certain damage limit state for a selected intensity of
the ground motion is a vulnerability curve. The same probability in discrete terms
is a component of a damage probability matrix. The conditional probability is
expressed as:

Pik ¼ P½D # di S ¼ skj $ (1)
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Probabilistic seismic vulnerability and loss assessment 
of the residential building stock in Costa Rica

A. Calderon1 · V. Silva2 
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Abstract
This study presents a seismic vulnerability and risk assessment of the residential building 
stock in Costa Rica. It proposes a new exposure model using housing census data, pub-
lic construction statistics, and private construction information to quantify and character-
ize the residential building portfolio. A complete vulnerability catalogue is established by 
developing fragility functions for the most common building classes and combining them 
with existing models derived for risk assessment in South America. An existing probabil-
istic seismic hazard model was implemented within the OpenQuake-engine, and comple-
mented with a simplified site model to account for site effects. Earthquake risk assessment 
is achieved by means of a probabilistic event-based analysis, which allowed the estima-
tion of several risk metrics. These include average annualized losses at a national scale, 
disaggregated per building class and administrative regions. The probable maximum 
losses and exceedance probability curves were generated using a stochastic event set with 
100,000 years of events per logic tree branch.

Keywords Costa Rica · Seismic hazard · Seismic risk assessment · Exposure · Structural 
vulnerability · Earthquake losses

1 Introduction

Due to its location alongside the Pacific Ring of Fire and the subduction interaction 
between the tectonic boundaries of the Caribbean and Cocos plates, most of the territory 
of Costa Rica is characterized by a high seismic hazard. Recent hazard studies estimated a 
peak ground acceleration (PGA) of 0.2 g at the 475-year return period for the entire conti-
nental territory (Climent et al. 2008). Earthquakes have caused over 170 fatalities and more 
than 650 million USD in economic losses between 1988 and 2009. These losses represent 

 * A. Calderon 
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 V. Silva 
 vitor.silva@globalquakemodel.org
1 IUSS, Pavia, Italy
2 Global Earthquake Model Foundation, Pavia, Italy

ISET Journal of Earthquake Technology, Paper No. 472, Vol. 43, No. 3, September 2006, pp. 75-104 

DEVELOPMENT OF SEISMIC VULNERABILITY ASSESSMENT 
METHODOLOGIES OVER THE PAST 30 YEARS 
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ABSTRACT 

 Models capable of estimating losses in future earthquakes are of fundamental importance for 
emergency planners and for the insurance and reinsurance industries. One of the main ingredients in a 
loss model is an accurate, transparent and conceptually sound algorithm to assess the seismic 
vulnerability of the building stock and indeed many tools and methodologies have been proposed over the 
past 30 years for this purpose. This paper takes a look at some of the most significant contributions in the 
field of vulnerability assessment and identifies the key advantages and disadvantages of these procedures 
in order to distinguish the main characteristics of an ideal methodology. 

KEYWORDS: Vulnerability Assessment, Loss Estimation, Unreinforced Masonry, Reinforced 
Concrete 

INTRODUCTION 

 In the last few decades, a dramatic increase in the losses caused by natural catastrophes has been 
observed worldwide. Reasons for the increased losses are manifold, though these certainly include the 
increase in world population, the development of new “super-cities” (with a population greater than 2 
million), many of which are located in zones of high seismic hazard, and the high vulnerability of modern 
societies and technologies (e.g., Smolka et al., 2004). The 1994 Northridge (California, US) earthquake 
produced the highest ever insured earthquake loss at approximately US$14 billion, and the US$150 
billion cost of the 1995 Kobe (Japan) earthquake was the highest ever absolute earthquake loss. Although 
the dollar value of economic losses in other parts of the world may be far lower than in Japan and the US, 
the impact on the national economy may be much greater due to losses being a larger proportion of the 
gross national product (GNP) in that year. Coburn and Spence (2002) report the economic losses due to 
earthquakes from 1972 to 1990; the three largest losses as proportions of the GNP are in the Central 
American countries of Nicaragua (1972, 40% GNP), Guatemala (1976, 18% GNP) and El Salvador 
(1986, 31% GNP). When the economic burden falls entirely on the government (such as occurred after 
the 1999 Kocaeli earthquake in Turkey), the impact on the national economy can be crippling; one 
possible solution is to privatise the risk by offering insurance to homeowners and then to export large 
parts of the risk to the world’s reinsurance markets (e.g., Bommer et al., 2002). In order to design such 
insurance and reinsurance schemes, a reliable earthquake loss model for the region under consideration 
needs to be compiled such that the future losses due to earthquakes can be determined with relative 
accuracy. 
 The formulation of an earthquake loss model for a given region is not only of interest for predicting 
the economic impact of future earthquakes, but can also be of importance for risk mitigation. A loss 
model that allows the damage to the built environment and important lifelines to be predicted for a given 
scenario (perhaps the repetition of a significant historical earthquake) can be particularly important for 
emergency response and disaster planning by a national authority. Additionally, the model can be used to 
mitigate risk through the calibration of seismic codes for the design of new buildings; the additional cost 
in providing seismic resistance can be quantitatively compared with the potential losses that are 
subsequently avoided. Furthermore, the loss model can be used to design retrofitting schemes by carrying 
out cost/benefit studies for different types of structural intervention schemes.  
 Earthquake loss models should, ideally, include all of the possible hazards from earthquakes: 
amplified ground shaking, landslides, liquefaction, surface fault rupture, and tsunamis. Nevertheless, 
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Evaluation of seismic risk and mitigation strategies
for the existing building stock: application of LNECloss
to the metropolitan area of Lisbon
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Abstract Decisions to mitigate seismic risk require a consistent approach to evaluate
the effects of future earthquakes on population, on civil engineering structures and infra-
structures. The mathematical and probabilistic methods that are the support to those
approaches are generally called Risk Analysis; in the particular case of seismic events and
mitigation strategies it will be named Seismic Risk and Mitigation Analysis, SRMA. The
paper will address the subject of estimating the seismic risk and evaluate mitigation strategies
for the existing building stock of the metropolitan area of Lisbon by describing the methods
and showing preliminary results obtained with LNECloss numerical tool. Even though such
a sophisticated tool needs validation on some parameters to become more reliable, it is shown
that it is possible to compare results of different mitigation strategies.

Keywords Risk analysis · Mitigation strategies · LNECloss · Metropolitan
area of Lisbon

1 Introduction

Decisions to mitigate seismic risk require a consistent approach to evaluate the effects of
future earthquakes on population, on civil engineering structures and infra-structures. The
mathematical and probabilistic methods that are the support to those approaches are generally
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a b s t r a c t

Despite the moderate ground motions observed during the seismic events in Northern Italy, May 2012,
reinforced concrete (RC) precast industrial buildings suffered excessive damage, which led to substantial
direct and indirect losses. The aim of this paper is to present a seismic fragility model for Italian RC pre-
cast buildings, to be used in earthquake loss estimation and seismic risk assessment. An analytical meth-
odology has been used that consists of (1) random sampling of one hundred structures for each building
typology, (2) pushover analysis to establish a number of damage limit states, (3) execution of nonlinear
dynamic analysis and comparison of the maximum demand with the limit state capacity to allocate the
structure in a damage state, and (4) regression analysis on the cumulative percentage of buildings in each
damage state for a set of intensity measure levels to derive the statistical parameters of the fragility func-
tions. The building population employed in the analysis was generated considering both material and
geometric variability that was obtained from the field surveys of 650 industrial facilities, as well as other
information available in the literature. Several aspects of the fragility derivation process were further
analysed, such as the correlation between different intensity measure types and damage, the considera-
tion of different collapse mechanisms (e.g. beam–column connection failure) and the differences in the
resulting fragility curves when adopting a 2D or a 3D modelling environment. A good agreement with
preliminary empirical fragility functions based on field data was also observed.

! 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Seismic fragility is a measure of the likelihood of a building suf-
fering damage for a given severity of ground shaking, and it can be
mathematically formulated by fragility curves, which describe the
probability of reaching or exceeding a certain damage limit state
for a given intensity of ground motion. Fragility models have been
developed mostly for residential buildings, and there are few cap-
able of characterising the seismic behaviour of reinforced concrete
(RC) precast structures, notwithstanding the damage often
observed in these structures during moderate earthquakes, and
the associated direct and indirect consequences in terms of both
human casualties, as well as economic losses due to business
interruption.

In May 2012, the seismic events in Northern Italy revealed the
seismic vulnerability of typical Italian precast industrial buildings.
These structures are frequently more flexible than traditional rein-
forced concrete frames due to their structural scheme, which is
composed of cantilevered columns fixed at the base and a high

inter-storey height. The connections between precast beams and
columns, and between roof elements and beams should be able
to sustain the seismic displacement demand associated with the
structure’s high flexibility, but are often designed only to transfer
horizontal forces by friction or through steel dowels. Fig. 1.1
demonstrates how the use of these connections has led to the loss
of support of the structural elements, and consequently to their
collapse, in the aforementioned recent events.

The poor seismic behaviour of these structures during the May
2012 event in Northern Italy is mainly due to the fact that the first
seismic design regulation for this typology was introduced in Italy
only in 1987 and a seismic hazard zonation of the Italian territory
that adequately considered the hazard in this part of the country
was released only in 2004. As a consequence, a large number of
structures were designed before the enforcement of the more
recent seismic regulations, and thus exhibit a number of structural
deficiencies (Belleri et al. [1]). The aforementioned deficiencies
affect strongly the response of precast industrial buildings to seis-
mic excitation, as compared to traditional cast-in-place RC struc-
tures, and for this reason this paper investigates whether the
inevitably necessary simplifications in the modelling and method-
ologies used to derive fragility curves still allow the effects of such
design deficiencies to be captured.

http://dx.doi.org/10.1016/j.engstruct.2015.02.034
0141-0296/! 2015 Elsevier Ltd. All rights reserved.
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Chapter 4
Epistemic Uncertainty in Fragility Functions
for European RC Buildings

Helen Crowley, Miriam Colombi, and Vitor Silva

Abstract This chapter briefly summarises the work carried out under the auspices
of the SYNER-G project to collect, harmonize and compare fragility functions for
European RC buildings. All of these functions have been stored in the Fragility
Function Manager described in Chap. 13. Examples of a methodology for estimat-
ing the epistemic uncertainty across a collection of fragility functions is presented,
which, as discussed herein, should first be carefully reviewed for reliability, for
example following the methodology presented in Chap. 3.

4.1 Introduction

The identification of the seismic fragility functions for common buildings types
is a fundamental component of a seismic risk loss assessment model and, for this
reason, many research studies have addressed this topic in the recent past.

In the context of the SYNER-G Project, the main typologies of reinforced
concrete buildings in Europe have been identified and the existing fragility func-
tions have been reviewed with the objective of homogenizing the existing model
building types (through a new taxonomy, called the SYNER-G taxonomy), and
comparing these functions amongst themselves. The main output is method to
identify a set of fragility functions (with associated uncertainties) for the main
reinforced concrete typologies present in Europe. For further details, the reader is
referred to Crowley et al. (2011a, b).
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Advanced inelastic static (pushover) analysis
for earthquake applications

A.S. Elnashai
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Abstract. Whereas the potential of static inelastic analysis methods is recognised in earthquake designand assessment, especially in contrast with elastic analysis under scaled forces, they have inherentshortcomings. In this paper. critical issues in the application of inelastic static (pushover) analysis arediscussed and their effect on the obtained results appraised. Areas of possible developments that wouldrender the method more applicable to the prediction of dynamic response are explored. New developmentstowards a fully adaptive pushover method accounting for spread of inelasticity, geometric nonlinearity, fullmulti-modal, spectral amplification and period elongation, within a framework of fibre modelling ofmaterials. are discussed and preliminary results are given. These developments lead to static analysisresults that are closer than ever to inelastic time-history analysis. It is concluded that there is great scopefor improvements of this simple and powerful technique that would increase confidence in its employmentas the primary tool for seismic analysis in practice.
Key words : seismic analysis; pushover; inelastic response.

1. Preamble

Notwithstanding the advances made in recent years in understanding the seismic behaviour of
inelastic systems. design practice is still struggling with this subject. Perhaps two of the main
reasons for this situation. the large gap between research and application, are (i) the limited or non
existent training given to civil engineers in advanced structural dynamics and inelastic behaviour
and (ii) the difficulties encountered by design offices in utilising advanced software for inelastic
dynamic analysis. Under the pressure of researchers, and a sub-class of professionals with vision
and exceptional abilities, seismic codes do require, explicitly or implicitly, that sources of inelastic
energy dissipation are identified. and their energy absorption capacity quantified. if elastic forces are
to be reduced for design purposes. The required ‘identification’ and ‘quantification’ of sources of
inelastic energy absorption necessarily call for inelastic analysis.
The complications and requirements for decisions in dynamic analysis are an order of magnitude

higher than for static analysis. Whereas static modelling is concerned with stiffness and strength
(with masses represented by point loads), dynamic analysis is sensitive to stiffness, strength and
mass modelling and location. The issue of viscous, hysteretic and algorithmic damping (Bathe
1982) adds significantly to the complications. In recent years. it was shown that the relationship
between ductility-driven hysteretic damping and equivalent viscous damping is significantly more

Professor
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Abstract The methodology followed by the Aristotle University (AUTh) team for
the vulnerability assessment of reinforced concrete (R/C) and unreinforced masonry
(URM) structures is presented. The paper focuses on the derivation of vulnerability
(fragility) curves in terms of peak ground acceleration (PGA), as well as spectral
displacement (sd), and also includes the estimation of capacity curves, for several R/C
and URM building types. The vulnerability assessment methodology is based on the
hybrid approach developed at AUTh, which combines statistical data with appropri-
ately processed (utilising repair cost models) results from nonlinear dynamic or static
analyses, that permit extrapolation of statistical data to PGA’s and/or spectral dis-
placements for which no data are available. The statistical data used herein are from
earthquake-damaged greek buildings. An extensive numerical study is carried out,
wherein a large number of building types (representing most of the common typolo-
gies in S. Europe) are modelled and analysed. Vulnerability curves for several damage
states are then derived using the aforementioned hybrid approach. These curves are
subsequently used in combination with the mean spectrum of the Microzonation study
of Thessaloniki as the basis for the derivation of new vulnerability curves involving
spectral quantities. Pushover curves are derived for all building types, then reduced to
standard capacity curves, and can easily be used together with the Sd fragility curves
as an alternative for developing seismic risk scenarios.

Keywords Capacity curves · Fragility curves · Hybrid methodology · Loss
assessment · R/C buildings · URM buildings · Vulnerability
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Abstract

Fragility curves are useful tools for showing the probability of structural damage due to earthquakes as a function of ground motion indices.
The aim of this study is to develop the fragility curves for mid-rise R/C frame buildings in Istanbul, which have been designed according to the
1975 version of the Turkish seismic design code, based on numerical simulation with respect to the number of stories of the buildings. Sample
3, 5 and 7 story buildings were designed according to the Turkish seismic design code. Incremental dynamic analyses were performed for those
sample buildings using twelve artificial ground motions to determine the yielding and collapse capacity of each sample building. Based on those
capacities, fragility curves were developed in terms of elastic pseudo spectral acceleration, peak ground acceleration (PGA) and elastic spectral
displacement for yielding and collapse damage levels with lognormal distribution assumption. To investigate the effect due to the number of
stories of the building on fragility parameters, regression analysis has been carried out between fragility parameters and the number of stories of
the building. It was observed that fragility parameters change significantly due to the number of stories of the building. Finally, using constructed
fragility curves and statistical methods, the maximum allowable inter-story drift ratio and spectral displacement values that satisfy the “immediate
occupancy” and “collapse prevention” performance level requirements were estimated.
c⃝ 2006 Published by Elsevier Ltd

Keywords: Fragility curves; Damage; Yielding; Collapse; Performance levels; R/C frames

1. Introduction

The behavior of reinforced concrete structures under the
effect of ground motions has always been a subject of
investigation, especially in seismic regions. Meanwhile, the
damage to buildings from recent earthquakes has emphasized
the need for risk assessment of existing building stock to
estimate the potential damage from future earthquakes. Seismic
risk analysis of a building is important for identifying the
seismic vulnerability of a structural system under the effect of
potential seismic ground motions. For this purpose, fragility
curves are useful tools, since they allow estimation of the
probability of structural damage due to earthquakes as a
function of groundmotion indices or various design parameters,
e.g, peak ground acceleration (PGA), elastic pseudo spectral
acceleration (Sa), and elastic spectral displacement (Sd). This
approach is useful for retrofitting decisions, damage estimation,

∗ Corresponding author. Tel.: +90 212 259 70 70x2679; fax: +90 212 236
41 77.

E-mail address: kircil@yildiz.edu.tr (M.S. Kirçil).

loss estimation and disaster response planning. The aim of
this study is to develop the fragility curves for mid-rise
R/C frame buildings in Istanbul which have been designed
according to the 1975 version of the Turkish seismic design
code with respect to different numbers of stories of buildings
and the estimation of limit values of spectral displacement
and inter-story drift ratio that satisfy the immediate occupancy
and collapse prevention performance levels. Representative
3, 5 and 7 story buildings were designed according to the
former version (1975) of the Turkish seismic design code [1].
Although previous studies have employed different damage
levels and corresponding quantities to specify those damage
levels, in this study only yielding and collapse are considered,
since they can be determined analytically with reasonable
accuracy. Under the effect of twelve artificial ground motions,
incremental dynamic analyses were performed to determine
the yielding and collapse capacity of the sample buildings
in terms of Sa, PGA and Sd. Those capacities are evaluated
by statistical methods to develop the fragility curves. A two-
parameter lognormal distribution is assumed for fragility curve
construction, as was done traditionally in previous studies,

0141-0296/$ - see front matter c⃝ 2006 Published by Elsevier Ltd
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Abstract The European Commission funded the RISK-UE project in 1999 with the
aim of providing an advanced approach to earthquake risk scenarios for European
towns and regions. In the framework of Risk-UE project, two methods were proposed,
originally derived and calibrated by the authors, for the vulnerability assessment of
current buildings and for the evaluation of earthquake risk scenarios: a macroseismic
model, to be used with macroseismic intensity hazard maps, and a mechanical based
model, to be applied when the hazard is provided in terms of peak ground accelera-
tions and spectral values. The vulnerability of the buildings is defined by vulnerability
curves, within the macroseismic method, and in terms of capacity curves, within the
mechanical method. In this paper, the development of both vulnerability and capacity
curves is presented with reference to an assumed typological classification system;
moreover, their cross-validation is presented. The parameters of the two methods and
the steps for their operative implementation are provided in the paper.

Keywords Ordinary buildings · Vulnerability assessment · Fragility curves ·
Damage scenario · Seismic risk analysis

1 Introduction

After the socio–economical and political impact of the earthquakes in Izmit, Turkey,
and Athens, Greece, the need for a global programme devoted to the assessment of
the seismic risk within European regions, proved to be an urgent requirement. For
this reason, in 1999, the European Commission founded and launched the RISK-UE
project (Movroux et al. 2004), An advanced approach to earthquake risk scenarios
with application to different Europeans towns. The aim of the project was to develop
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Incorporating intensity bounds for assessing the seismic safety of
structures: Does it matter?

Nuša Lazar and Matjaž Dolšek*,†

Faculty of Civil and Geodetic Engineering, University of Ljubljana, Slovenia

SUMMARY

The closed-form solution for assessing the proportion of the mean annual frequency of limit-state exceedance
as a function of integration limits is introduced, in order to study whether or not the mean annual frequency of
limit-state exceedance is overestimated if the lower and(or) upper integration limit of the risk equation are(is)
not selected in a physically consistent manner. Simple formulas for assessing the threshold value of the lower
and upper integration limits are also derived. These formulas can be used to quickly assess the significant
range of ground motion intensity that affects the mean annual frequency of limit-state exceedance. It is shown
that the threshold values of the integration limits depend on the median intensity causing a limit-state, the
corresponding dispersion and the slope of the hazard curve in the log domain. For several reinforced concrete
buildings located in a region with moderate seismicity, it is demonstrated that the mean annual frequency of
collapse can be significantly overestimated when assessed by integrating the risk equation over the entire
range of ground motion intensity. Copyright © 2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Decisions regarding the seismic safety of structures are often based on the mean annual frequency of
limit-state exceedance (e.g. collapse), which can be obtained by integrating the limit-state fragility
function with the seismic hazard over the entire range of ground motion intensity [0,∞) (e.g. [1–5]).
In the simplest case, the so-called risk equation in closed form can also be used. Its derivation dates
back to 1990, as discussed by McGuire [6]. Later on many authors have used it for different
purposes (e.g. [7–9]). The closed-form risk equation was directly or indirectly implemented in
structural codes and guidelines. It represented a basis for the definition of design criteria for
structures, systems and components that are important for nuclear safety [10] and was also used to
derive load and resistance factors for the design of steel moment resisting frames [11].

However, several authors have argued that the closed-form risk equation gives inaccurate results (e.g.
[2–4]). Aslani and Miranda [2] concluded that when the mean annual rate of exceedance of the response
is estimated for a wide range of deformations, for example, in the case of loss estimation, the simplifying
assumptions of the closed-form solution can lead to significant errors. Similar conclusions were reached
by Bradley and Dhakal [3], who, however, agreed that the closed-form analytical solution for the annual
frequency of structural collapse is without doubt insightful. Recently, Vamvatsikos [4] has shown that
the accuracy of the closed-form solution could be significantly affected by the procedure of the power-
law fitting of the seismic hazard curve. This issue was partly solved by Dolšek and Fajfar [9]. However,
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Conditional Spectrum Computation Incorporating Multiple Causal

Earthquakes and Ground-Motion Prediction Models

by Ting Lin, Stephen C. Harmsen, Jack W. Baker, and Nicolas Luco

Abstract The conditional spectrum (CS) is a target spectrum (with conditional
mean and conditional standard deviation) that links seismic hazard information with
ground-motion selection for nonlinear dynamic analysis. Probabilistic seismic hazard
analysis (PSHA) estimates the ground-motion hazard by incorporating the aleatory
uncertainties in all earthquake scenarios and resulting ground motions, as well as the
epistemic uncertainties in ground-motion prediction models (GMPMs) and seismic
source models. Typical CS calculations to date are produced for a single earthquake
scenario using a single GMPM, but more precise use requires consideration of at least
multiple causal earthquakes and multiple GMPMs that are often considered in a PSHA
computation. This paper presents the mathematics underlying these more precise CS
calculations. Despite requiring more effort to compute than approximate calculations
using a single causal earthquake and GMPM, the proposed approach produces an exact
output that has a theoretical basis. To demonstrate the results of this approach and
compare the exact and approximate calculations, several example calculations are per-
formed for real sites in the western United States. The results also provide some in-
sights regarding the circumstances under which approximate results are likely to
closely match more exact results. To facilitate these more precise calculations for real
applications, the exact CS calculations can now be performed for real sites in the
United States using new deaggregation features in the U.S. Geological Survey hazard
mapping tools. Details regarding this implementation are discussed in this paper.

Introduction

Ground-motion selection for structural and geotechnical
system analysis is often associated with a target response
spectrum that is derived from probabilistic seismic hazard
analysis (PSHA) results. The conditional spectrum (CS) is
one such target spectrum that estimates the distribution (with
mean and standard deviation) of the response spectrum, con-
ditioned on the occurrence of a target spectral acceleration
value at the period of interest. As this CS concept is considered
for practical use, several common approximations need to be
further explored. Typical CS calculations to date are produced
for a single earthquake ground-motion scenario (i.e., magni-
tude, distance, and ground-motion intensity of interest) and
computed using a single ground-motion prediction model
(GMPM, previously known as an attenuation relation, a
ground-motion prediction equation, a ground-motion model,
or a ground-motion relation). The scenario is generally deter-
mined from PSHA deaggregation, but PSHA deaggregation
calculations for real sites often show that multiple earthquake
scenarios contribute to the occurrence of a given ground-
motion intensity. Additionally, modern PSHA calculations
are performed with multiple GMPMs using a logic tree that
also includes seismic source models. Incorporating those fea-

tures is thus necessary to compute a CS that is fully consistent
with the PSHA calculations upon which it is based.

This paper presents the methodology for performing re-
fined CS computations that precisely incorporate the aleatory
uncertainties (which are inherently random) in earthquake
events with all possible magnitudes and distances, as well
as the epistemic uncertainties (which are due to limited
knowledge) from multiple GMPMs and seismic source
models. Three approximate calculation approaches and the
exact calculation approach are presented, with increasing
levels of complexity and accuracy. To demonstrate, several
example calculations are performed for representative sites
with different surrounding seismic sources: Stanford in
northernCalifornia, Bissell in southern California, and Seattle
in the Pacific Northwest. The results evaluate the exact and
approximate calculations, and analyze factors that contribute
to the differences in accuracy. Note that while the exact ap-
proach is more cumbersome, it does not need to be computed
by the user, because these exact CS calculations have been
implemented in the U.S. Geological Survey (USGS) seismic
hazard mapping tools, and could be incorporated into other
PSHA software as well. Details regarding this new tool
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Development of Fragility Curves for Confined 
Masonry Buildings in Lima, Peru 
Holger Lovon,a) Nicola Tarquea), Vitor Silva,b) and Catalina Yepes-
Estradab) 

This paper aims at investigating the seismic fragility of confined masonry 

structures in Lima (Peru), which can be used to perform earthquake scenarios at 

urban scale. A database describing the geometric properties (walls density, 

building area, height) of this type of structures was developed using data from 

field surveys. This information was complemented with results from experimental 

tests to compute a large set of capacity curves using a mechanical procedure. 

These models were tested against a set of ground motion records using the 

displacement-based earthquake loss assessment (DBELA) procedure, and the 

structural responses were used to derive fragility functions for four building 

classes. The resulting fragility curves were convoluted with seismic hazard curves 

to evaluate the annualized expected loss ratio and annual collapse probability. 

INTRODUCTION 

Confined masonry (CM) has been one of the most common types of construction in the 

Peruvian coast. In the capital Lima, with a population of almost 10 million people, confined 

masonry buildings represent about 56% of the total building stock (Yepes-Estrada et al., 

2017). The majority of these structures are built without following adequate construction 

practices (i.e. without the consideration of modern seismic codes), mostly due to the low risk 

awareness of the inhabitants and an inefficient legal enforcement. According to Blondet et al. 

(2004), this trend in the informal construction is associated with Lima’s rapid population 

growth, especially in the sub-urban areas. Given the expected poor seismic performance of 

informally built structures (Blondet et al., 2004), their popularity, and the high seismic 

hazard in the region (e.g. Monroy & Bolaños, 2004), it is fundamental to understand their 

seismic fragility, and explore strategies to reduce their seismic risk. 

                                                 
a) Pontificia Universidad Católica del Perú, 1801 Universitaria Ave., Lima, Perú 
b) GEM Foundation, Via Ferrata 1, Pavia, Italy 

Development and assessment of damage-to-loss models for
moment-frame reinforced concrete buildings

Luís Martins1,*,†, Vítor Silva2,3, Mário Marques1, Helen Crowley3

and Raimundo Delgado1
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SUMMARY

The assessment of earthquake loss often requires the definition of a relation between a measure of
damage and a quantity of loss, usually achieved through the employment of a damage-to-loss model.
These models are frequently characterized by a large variability, which inevitably increases the uncer-
tainty in the vulnerability assessment and earthquake loss estimation. This study provides an insight
on the development of damage-to-loss functions for moment-frame reinforced concrete buildings through
an analytical methodology. Tri-dimensional finite element models of existing reinforced concrete buildings
were subjected to a number of ground motion records compatible with the seismicity in the region of
interest, through nonlinear dynamic analysis. These results were used to assess, for a number of damage
states, the probability distribution of loss ratio, taking into consideration member damage and different
repair techniques, as well as to derive sets of fragility functions. Then, a vulnerability model (in terms
of the ratio of cost of repair to cost of replacement, conditional on the level of ground shaking intensity)
was derived and compared with the vulnerability functions obtained through the combination of various
damage-to-loss models with the set of fragility functions developed herein. In order to provide realistic
estimates of economic losses due to seismic action, a comprehensive study on repair costs using current
Portuguese market values was also carried out. The results of this study highlight important issues in the
derivation of vulnerability functions, which are a fundamental component for an adequate seismic risk
assessment. Copyright © 2015 John Wiley & Sons, Ltd.
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KEY WORDS: analytical vulnerability; repair costs; damage-to-loss model

1. INTRODUCTION

Seismic risk analysis should be performed with the highest possible level of accuracy, in order to
provide decision makers with reliable information that can be used for risk mitigation purposes.
However, the process of performing risk analysis still involves a number of steps, which could
benefit from further improvements, mainly in the definition of the relationship between damage and
loss, arguably one of the highest sources of uncertainty within an analytical vulnerability assessment.

The first stage of an analytical vulnerability assessment is to employ the results from structural
analysis to establish a relation between a meaningful engineering demand parameter (EDP) (e.g. drift
ratios, dissipated energy and floor acceleration) and a structural damage threshold. Then, the
evaluation of the evolution of damage with increasing ground shaking intensity can be used to derive
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a b s t r a c t

This paper has evaluated the seismic capacity of some structural models which represent real RC existing
buildings designed to gravity loads only, through non-linear dynamic simulations. A simulated design of
the selected structural models has been performed on the basis of the codes in force and the state of prac-
tice at the time of construction. A total of 216 building classes have been defined by varying building age,
number of storeys, the presence and position of infill, plan dimensions, external beam stiffness, and con-
crete strength. Seismic response has been analysed by taking into consideration various peak and integral
intensity measures, and various response parameters, such as ductility demands and inter-storey drift.
The results confirm that the best intensity measure to be used is the Housner Intensity IH, and that all
the response parameters have correlation coefficient values statistically significant with IH, but the best
correlation is obtained between IH and drift. Different performances have been discussed with regard to
two main groups of results relevant to building age. Infill distribution and height play the most influential
role in building performance among the parameters adopted to classify the structural types. The analyses
performed in the present paper deal with structural types representative of whole buildings and can thus
be seen as verifying and extending results already available on plane frames.

! 2012 Elsevier Ltd. All rights reserved.

1. Introduction

During past earthquakes (e.g. Southern Italy 1980, Turkey 1999,
L’Aquila 2009) Reinforced Concrete (RC) buildings designed either
with outdated or non-anti-seismic criteria have often displayed
unsatisfactory seismic behaviour. However, RC buildings currently
represent a large proportion of the building stock in many coun-
tries all over the world, including Italy and other Mediterranean
earthquake-prone countries and thus an assessment of their seis-
mic vulnerability is mandatory. The specificity of the problem, par-
ticularly in large scale evaluations, requires ad hoc methods that
are both sufficiently reliable and not too costly.

Although a number of studies are currently available on the
subject (e.g. [1–6]), an examination of them shows that some is-
sues require further consideration.

Models which are representative of real structures typically
present in the built environment under examination are necessary
for an adequate analysis. Moreover, for European buildings, perfor-
mance evaluations provided in approaches such as HAZUS devel-
oped in the US by FEMA–NIBS [1] as well as in other specific
studies (e.g. [7]) cannot be directly adopted. These studies are rel-
evant to specific RC style constructions and are sometimes based

on empirical formulas calibrated on the observed behavior and
damage data from local earthquakes. A first step towards overcom-
ing these and other shortcomings of existing studies has been ta-
ken in the Risk-UE Project ‘‘An advanced approach to earthquake
risk scenarios with application to different European towns’’ [8], fi-
nanced by the European Commission in the period 2001–2004.
Many research centres were involved in the project, whose main
objective was to develop a general and modular methodology to
create earthquake-risk scenarios specifically relevant to European
towns (see studies specifically devoted to RC buildings reported
in [3,4]).

Existing RC buildings frequently have a framed structure. Ma-
sonry infills have a significant influence on the seismic behaviour
of such structural types which has to be recognized, particularly
when their design takes into account only vertical loads. Thus, re-
sults obtained in studies where their contribution has been ne-
glected (e.g. [5]) need to be updated.

The recognition of the fundamental role of seismic input in
evaluating seismic response (e.g. [2]) means that results based on
non-linear static analyses, such as those achieved in the RISK-UE
Project as well as in other specific studies (e.g. [5]), need to be val-
idated through more realistic non-linear dynamic analyses. Specif-
ically, Kwon and Elnashai [2] stated that: (i) at high ground motion
levels, material properties contribute to the variability in structural
response, but the resulting variability is much smaller than that
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PERIOD-HEIGHT RELATIONSHIP FOR EXISTING EUROPEAN 
REINFORCED CONCRETE BUILDINGS 

W. CROWLEY AND R. PINHO 
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Simple empirical relationships are available in many design codes to relate the height 
of a building to its fundamental period of vibration. These relationships have been 
realised for force-based design and so produce conservative estimates of period such that 
the lateral shear force will be consemtively predicted from an acceIeration spectrum. 
Where assessment of a structure is concerned, however, it is the displacement demand . 

that gives an indication of the damage that can be expected; this displacement would be 
underestimated with the use of the aforementioned period-height formulae. Furthermore, 
the period of vibration of interest in assessment is the yield period, which is calculated 
using the yield stiffness, also often referred to as the cracked or elastic stiffness. The 
derivation of a yield period-height formula for use in displacement-based assessment of 
European buildings is thus the focus of this work. Analytical fibre element models of 
RC frames of varying height have been developed and the yield period has been sought 
using eigenvalue, pushover and dynamic analyses. 

Keywords: Yield; elastic; cracked period; building height; reinforced concrete; assess- 
ment. 

1. Introduction 

The determination of the natural period of vibration of a reinforced concrete struc- 
ture is an essential procedure in earthquake design and assessment. An improved 
understanding of the global demands on a structure under a given seismic input 
can be obtained from this single characteristic. This property is dependent on the 
mass, strength and stiffness of the structure and is thus affected by many factors 
such as structural regularity, number of storeys and bays, section dimensions, axial 
load level, reinforcement ratio and extent of concrete cracking. The latter may be 
induced by gravity loading and/or seismic action, even if of moderate intensity, 
introducing significant decrease in the stiffness of RC members and thus period 
elongation. Hence, its correct modelling in analyses to determine an expected pe- 
riod of vibration is paramount. 

The above can all be taken into account with relative ease when computing 
the period of vibration of individual reinforced concrete structures, using either 
eigenvalue or pushover analyses. However, when carrying out loss estimation studies 
for urban areas exposed to earthquake action, it is necessary to estimate the seismic 
vulnerability of hundreds or thousands of buildings. Evidently, in such large-scale 
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Derivation of vulnerability functions for European-type RC
structures based on observational data
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Abstract

In this paper existing vulnerability relationships for reinforced concrete structures are reviewed with a view to their application
to a European (and similar) seismic risk assessment scenario. New empirical fragility curves for reinforced concrete building
populations are derived based on a data bank of 99 post-earthquake damage distributions observed in 19 earthquakes and concerning
a total of 340 000 RC structures. The heterogeneous observational data are reinterpreted in terms of a new damage scale: homogen-
ised reinforced concrete (HRC-scale), which is calibrated experimentally and allows a distinction to be made between the seismic
resistances of different structural systems. The feasibility of using observation-based data for the generation of vulnerability curves
for different strong ground motion parameters is investigated. The notion of developing a set of ‘homogeneous’ vulnerability
relationships, applicable to different lateral-load resisting systems is explored and a series of relationships for different building
height and age-classes are proposed. Large uncertainties are associated with the empirical relationships due to the nature and scarcity
of observational data. The role of combined observation-testing-analysis as the basis for deriving reliable vulnerability formulations
is thus emphasised. Notwithstanding, the statistics of the new vulnerability functions are a significant improvement over existing
observation-based curves for European RC structures.
© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Vulnerability curves; Limit states; Observational damage data; RC buildings

1. Introduction

Seismic risk assessments were carried out on popu-
lations of buildings to identify the urban areas most
likely to undergo large life and economic losses during
an earthquake. The results of such studies are important
in the mitigation of losses under future seismic events
as they allow strengthening intervention and disaster
management plans to be drawn up. In Europe, the
majority of existing reinforced concrete buildings are not
designed to meet modern seismic codes. Nevertheless,
most have an inherent lateral resistance, born of over-
strength factors in design codes, which may be sufficient
to resist the moderate earthquakes that typify European
seismicity with an acceptable degree of damage. The
definition of ‘acceptable’ damage varies according to the
importance of the buildings, their use and the severity
of the ground motion. Typically multiple performance
criteria need to be satisfied. Therefore prediction tools
such as vulnerability curves are required that will allow

0141-0296/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved.
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the seismic risk assessment of populations of buildings
to be carried out within a performance or consequence-
based framework.
Vulnerability curves relate the probability of exceed-

ence of multiple damage states to a parameter of ground
motion severity and can therefore be regarded as a
graphical representation of seismic risk. In the case of
building populations, their use yields a prediction of the
proportion of the exposed stock in each damage state
after an earthquake that causes a certain spatial distri-
bution of ground motion severity. In the first part of this
paper existing vulnerability curves for different classes
of reinforced concrete structure are reviewed with a view
to their application as European seismic risk assessment
tools. Consequently the use, application and reliability
of observational damage data alone as a source for the
development of new vulnerability relationships for popu-
lations of RC buildings of typical European, and similar,
construction is explored. A concerted effort has been
dedicated to the collection of as wide an observational
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Abstract

A new procedure is proposed for the derivation of analytical displacement-based vulnerability curves for the seismic assessment of
populations of reinforced concrete structures. The methodology represents an optimum solution compromising between reliability and
computational efficiency. Adaptive pushover analysis is employed within a capacity spectrum framework of assessment, to determine the
performance of a population of building models for increasing ground motion intensity. The building model population is generated from a
single design through consideration of material parameter uncertainty, with design of experiment techniques used to optimise the population
size. Uncertainty in ground motion is accounted for through the use of suites of accelerograms with characteristics that are representative
of the hazard level associated with the performance level assessed in each vulnerability curve. The new homogeneous reinforced concrete
damage scale, which is experimentally calibrated to maximum inter-storey drift for different structural systems, is used to determine the
damage state of the building at the performance point. The results of the assessments are used to construct response surfaces from which the
damage statistics forming the basis of the vulnerability curves are generated through re-sampling. The proposed methodology is illustrated
for the case of low-rise, infilled RC frames with inadequate seismic provisions. The derived curves show good correlation with observational
post-earthquake damage statistics.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Vulnerability curves; Capacity spectrum assessment; Adaptive pushover analysis

1. Introduction

Vulnerability curves relate the probability of exceedence
of multiple damage states to a parameter of ground motion
severity, and can therefore be regarded as a graphical
representation of seismic risk. At any given ground motion
value, the vertical distance between adjacent damage state
curves represents the probability of a building being within
the lower of the two damage states considered. In the
case of building populations, use of vulnerability curves
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yields a prediction of the proportion of the exposed
stock in each damage state after an earthquake. Several
vulnerability relationships for reinforced concrete (RC)
buildings have been proposed in the past which are based on
analytically simulated building damage statistics. No unique
methodology exists for the derivation of these relationships,
with a variety of analysis techniques, structural idealisations,
seismic hazard and damage models being used. These
factors strongly influence the derived vulnerability curve
shapes, and different choices have been seen to result
in significant discrepancies between the seismic risk
assessments made by different authorities for the same
location, structure type and seismicity [1]. Regardless of
these choices, all existing methods for analytical fragility
function derivation are computationally very intensive, as a
large number of analyses are required to fully represent the

Bull Earthquake Eng
DOI 10.1007/s10518-014-9669-y

ORIGINAL RESEARCH PAPER
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Abstract A vulnerability model capable of providing the probabilistic distribution of loss
ratio for a set of intensity measure levels is a fundamental tool to perform earthquake loss
estimation and seismic risk assessment. The aim of the study presented herein is to develop
a set of vulnerability functions for 48 reinforced concrete building typologies, categorized
based on the date of construction (which has a direct relation with the design code level),
number of storeys (height of the building) and seismic zonation (which affects the design of the
buildings). An analytical methodology was adopted, in which thousands of nonlinear dynamic
analyses were performed on 2D moment resisting frames with masonry infills, using one
hundred ground motion records that are compatible, to the extent possible, with the Portuguese
tectonic environment. The generation of the structural models was carried out using the
probabilistic distribution of a set of geometric and material properties, compiled based on
information gathered from a large sample of drawings and technical specifications of typical
Portuguese reinforced concrete buildings, located in various regions in the country. Various
key aspects in the development of the vulnerability model are investigated herein, such as the
selection of the ground motion records, the modelling of the infilled frames, the definition of
the damage criterion and the evaluation of dynamic (i.e. period of vibration) and structural
(i.e. displacement and base shear capacity) parameters of the frames. A statistical bootstrap
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Evaluation of analytical methodologies used to derive vulnerability
functions
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SUMMARY

The recognition of fragility and vulnerability functions as a fundamental tool in seismic risk assessment has
led to the development of more and more complex and elaborate procedures for their computation. Although
these functions have been traditionally produced using observed damage and loss data, more recent studies
propose the employment of analytical methodologies as a way to overcome the frequent lack of post-earthquake
data. The variation of the structural modelling approach on the estimation of building capacity has been the
target of many studies in the past; however, its influence on the resulting vulnerability model for classes of
buildings, the impact in loss estimations or propagation of the uncertainty to the seismic risk calculations has
so far been the object of limited scrutiny. In this paper, an extensive study of static and dynamic procedures
for estimating the nonlinear response of buildings has been carried out to evaluate the impact of the chosen
methodology on the resulting capacity, fragility, vulnerability and risk outputs. Moreover, the computational
effort and numerical stability provided by each approach have been evaluated and conclusions drawn regarding
the optimal balance between accuracy and complexity. Copyright © 2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Vulnerability functions, a fundamental component in the process of assessing seismic risk, can be
defined as the probabilistic distribution of loss ratio conditional on a certain level of ground motion.
Fragility functions, defining the probability of exceeding a set of damage states, can be combined
with a consequence model, which establishes the relation between physical damage and a
percentage of loss, to derive vulnerability functions. Building damage and repair cost data from past
earthquakes can be used to derive both of these types of models [1–3]. However, empirical
methodologies can have some disadvantages such as the subjectivity in allocating each building to a
damage state or the lack of accuracy in the determination of the ground motion affecting the region.
Furthermore, there are only a few dozen places in the world where post-earthquake damage and
repair cost data has been collected from a number of buildings large enough to permit the
development of reliable vulnerability functions. To overcome these limitations, analytical
methodologies can be employed in either a single structure that is believed to be representative of a
class of buildings, or a set of randomly generated buildings, modelled using structural analysis
techniques, and subjected to specific lateral loading patterns or accelerograms [4–7].
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SUMMARY

Incremental dynamic analysis (IDA) is a parametric analysis method that has recently emerged in several
di!erent forms to estimate more thoroughly structural performance under seismic loads. It involves
subjecting a structural model to one (or more) ground motion record(s), each scaled to multiple levels
of intensity, thus producing one (or more) curve(s) of response parameterized versus intensity level. To
establish a common frame of reference, the fundamental concepts are analysed, a uni"ed terminology
is proposed, suitable algorithms are presented, and properties of the IDA curve are looked into for both
single-degree-of-freedom and multi-degree-of-freedom structures. In addition, summarization techniques
for multi-record IDA studies and the association of the IDA study with the conventional static pushover
analysis and the yield reduction R-factor are discussed. Finally, in the framework of performance-based
earthquake engineering, the assessment of demand and capacity is viewed through the lens of an IDA
study. Copyright ? 2001 John Wiley & Sons, Ltd.

KEY WORDS: performance-based earthquake engineering; incremental dynamic analysis; demand;
collapse capacity; limit-state; non-linear dynamic analysis

1. INTRODUCTION

The growth in computer processing power has made possible a continuous drive towards
increasingly accurate but at the same time more complex analysis methods. Thus, the state
of the art has progressively moved from elastic static analysis to dynamic elastic, non-linear
static and "nally non-linear dynamic analysis. In the last case, the convention has been to run
one to several di!erent records, each once, producing one to several ‘single-point’ analyses,
mostly used for checking the designed structure. On the other hand, methods like the non-linear
static pushover (SPO) [1] or the capacity spectrum method [1] o!er, by suitable scaling of
the static force pattern, a ‘continuous’ picture as the complete range of structural behaviour
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Development of a uniform approach 

o  Employment of nonlinear time-history analysis 

o  Consideration of single degree of freedom (SDOF) oscillators  

o  Consideration of a large set of ground motion records 

o  Avoid scaling factors below 0.5 or above 2 

o  Employment of four damage states (similar to HAZUS) 

o  Consideration of structural and non-structural components 

o  Consideration of building contents 



From MDOF to SDOF – structural modelling 

Multi-degree of freedom 
(MDOF) system 

Single-degree of freedom 
(SDOF) system 



Recording	sta@on	

Collection ground motion records globally 

Over 3500 ground motion records collected. 



Derivation of fragility functions 
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Derivation of vulnerability functions 
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Current database of vulnerability functions 

Approximately uniform 500 vulnerability functions 



Exposure in Sub-Saharan Africa 
Assessment of building distribution in the region 

                        Seismic Risk 



Simulation of 1 year of seismic events 

Generation of Stochastic Event Sets 



Stochastic event set equivalent to 50 years 

Generation of Stochastic Event Sets 





Modelling	geometry	of	earthquake	ruptures	

M8.1	



Propaga@ng	ground	shaking	variability	(M8.1)	

        
        
   

PGA	(g)	

>	0.50	0.15	<	0.05	



Exposure	dataset	for	Costa	Rica	

        
        
   

Buildings	(thousands)	

>	50	1.0	<	1.0	



Es@mated	economic	losses	for	Costa	Rica	(M8.1)	

        
        
   

Losses	(thousands	USD)	

>	20	1.0	<	0.01	



Offshore	earthquake	rupture	(M7.0)	

M7.1	



Median	ground	shaking	distribu@on	(M7.0)	

        
        
   

PGA	(g)	

>	0.50	0.15	<	0.05	



Es@mated	economic	losses	for	Costa	Rica	(M7.0)	

        
        
   

Losses	(thousands	USD)	

>	20	0.5	<	0.01	



Earthquake	rupture	in	the	Central	Valley	(M6.5)	

M6.5	



Median	ground	shaking	distribu@on	(M6.5)	

        
        
   

PGA	(g)	

>	0.50	0.15	<	0.05	



Es@mated	economic	losses	for	Costa	Rica	(M6.5)	

        
        
   

Losses	(thousands	USD)	

>	1000	200	<	10	



Global average annual losses  

Presented on a hexagonal grid, with a spacing of 0.30 x 0.34 decimal degrees 
(approximately 1,000 km2 at the equator).  



Variation of construction costs globally 

Construction costs can vary more than one order of magnitude between the 
developed and underdeveloped countries. 



Presented on a hexagonal grid, with a spacing of 0.30 x 0.34 decimal degrees 
(approximately 1,000 km2 at the equator).  

Global average normalized annual losses  



Presented on a hexagonal grid, with a spacing of 0.30 x 0.34 decimal degrees 
(approximately 1,000 km2 at the equator).  

Global average annual human losses  



Average annual economic losses  
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Top 15 countries 

 46.4 B USD 

 Total annual loss: 55.7 B USD 



Average normalized annual economic losses  
 Total normalized annual loss: 93.7 M (m2) 
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 Total annual fatalities: 12.5 thousand 

Average annualized human losses  





Documentation and release of models  



1991	M6.8	URarkashi,	India	
2017	M	8.2	Chiapas,	Mexico	

1995	M5.5	Paphos,	Cyprus	

Verification of the Global Risk Model 



1971	M6.6	San	Fernando,	USA	

2014	M8.4	Iquique,	Chile	

2013	M6.5	Seddon,	New	Zealand	

Verification of the Global Risk Model 



CollaboraDon	with	USGS	on	a	conDnuous	validaDon	framework		



Where we are 

Next Steps: 
o  Improvement of datasets in high risk 

regions. 
o  Further engagement of the scientific 

community and risk managers. 
o  Release of models and datasets (Q1-Q4) 
o  Calibration of existing model against 

empirical data. 
o  Investment in capacity building and 

training. 
o  Inclusion of model and tools in 

universities curricula. 
o  Involvement of committees responsible 

for the draft of design regulations. 
o  Extension of the current model to 

infrastructure risk assessment and 
secondary hazards. 



Thank you 


